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PREFACE

The Tenth International Symposium on Space Terahertz Technology was held on the Grounds
of the University of Virginia on March 16-18, 1999. A total of sixty-two papers were
presented, including thirteen poster papers. There were about 150 attendees from over a dozen
countries representing academia, industry and national laboratories. The topics ranged from
terahertz mixers and sources through new circuit architectures, materials and antennas.
Continuing a recent trend, research on Hot Electron Bolometric Mixers contributed the most
papers. However, SIS mixers remain dominant below about 1 TH2 and Schottky mixers
continue to improve for applications that either can not afford or do not require cooling.
Although there continues to be much work on terahertz sources, including frequency
multipliers, flux-flow oscillators and photomixers, this remains the major obstacle to greater
implementation of terahertz technology. Clearly, new ideas are still needed and the existing
technologies must be better supported if they are to reach their full potential in time for major
upcoming programs such as ESA's Far-Infrared and Submillimeter Telescope and NRAO's
Millimeter Array.

Recently, there has been much discussion about the future of the symposium. Although there
is strong consensus that it provides a vital service to the community and should continue, it
lacks a strong base of administrative support. To address this problem, we have formed an
administrative steering committee consisting of the six most recent conference hosts. These
include Gabriel Rebeiz, Jonas Zmuidzinas, Robert Weikle, Ray Blundell, Rob McGrath and
Tom Crowe. The first action of the committee has been to approve Jack East of the University
of Michigan as the host of the eleventh symposium to be held in May 2000. Other issues to be
addressed include an organized method to determine future sites, possible extension of the
symposium beyond space applications and reaching out to include the direct detector
community or pulsed terahertz technology. We also must consider forging closer ties to
agencies that have supported the symposium, such as NASA and IEEE, as well as other
agencies. If you have any suggestions with regard to these or other STT issues, please forward
them to any member of the steering committee.

Thomas W. Crowe
Robert M. Weikle

For Information on the eleventh symposium, please contact:

Dr. Jack East
Elec. Eng. 8z Comp. Science
University of Michigan
1301 Beal Avenue
Ann Arbor, MI 48109-2122
FAX: (734) 763-9324
jeast@eecs.umich.edu

The SEMs on the cover show several views of GaAs mixer circuits integrated on a quartz
substrate by the MASTER process, courtesy S.M. Marazita, University of Virginia.
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TIME RESOLVED MEASUREMENTS OF
FLUX-FLOW OSCILLATOR

LINE WIDTH

U. Miller, K. Jacobs
KOSMA, I. Physikalisches Institut, University of Cologne

Zuelpicher Str. 77, 50937 Cologne, Germany

ABSTRACT

Superconducting Flux-Flow Oscillators (FFO) as local oscillators for radio astronomy
are perfectly suited to be combined with SIS-mixing-devices in standard Nb/A1-
AlOxfNb technology, having the potential to result in highly sophisticated integrated
receivers up to the terahertz region. Oscillator linewidth and -stability are of
exceptional importance for radio astronomical applications.
A spectroscopic measurement setup for the 350GHz-band has been built up to
investi gate the radiation properties of superconducting oscillators. We report on
unique time resolved measurements of Flux-Flow Oscillator radiation characteristics
usin g a modified KOSMA Acousto-Optical Spectrometer (AOS). Measurements with
an inte gration time of 1 us result in a FFO linewidth of less than 1MHz at 350GHz. A
simultaneously recorded spectrum analyzer trace with a sweep time of 40ms shows a
FFO-linewidth of more than 20MHz. It is concluded that the time averaged linewidth
of the Flux-Flow Oscillator - as can be seen on the spectrum analyzer - is due to
frequency modulation of the intrinsic FFO-signal by low frequency pickup. A series of
time resolved FFO-spectra gives a detailed impression of the evolution of the intrinsic
FFO lineshape with time.

I. INTRODUCTION

In the frequency range up to 1THz radio astronomical receivers nowadays are based
on superconductor-insulator-superconductor (SIS) tunnel-detectors, which offer the
hi ghest possible sensitivity. Because of the hi gh frequencies and the demanded
spectral resolution of f/Af----10 6 the receivers make use of the heterodyne principle.
Linewidth as well as frequency stability of the local oscillator have to be far smaller
than the resolution of the employed spectrometer. Only a radiation-linewith of
significantly less than 1.MHz qualifies a local oscillator (LO) for the spectroscopy of
radio astronomical si gnals at frequencies of several hundred GHz and typical 3dB-
linewidths of 1MHz-10.MHz.

13



I 
CL

Figure 1: Flux-Flow Oscillator. Bias current
through Josephson contact drives fluxon-chain
towards junction end.
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The Flux-Flow Oscillator has developed to a promising alternative to the commonly
used gunn-oscillator/multiplier combination as a local oscillator for the mm- and
submm-wave region. The fabrication of the FFO-devices is fully compatible to the
standard Nb/Al-AlOx/Nb-technology used for SIS-mixing elements. The combination
of both devices on one chip will result in highly sophisticated integrated receivers for
radio astronomical applications.
In comparison with gunn-oscillator/multiplier combinations Flux-Flow Oscillators
distinguishes themselves by low weight and volume, extremely low power
consumption, a wide operation band and the easy frequency tuning of an ideal voltage
controlled oscillator. Especially the low power dissipation and the low weight makes
them very interesting candidates for satellite based heterodyne systems. For array
receivers the conventional distribution of available LO-power onto the detector
elements make high demands on the complex optical setup and gets increasingly
difficult with growing pixel number. Here the small dimensions of the FFOs offer the
possibility to integrate an own local oscillator with every SIS-junction and to
separately optimize the LO-level for every element.
In this work we report on the investigation of the radiation characteristics of Flux-
Flow Oscillators with regard to their radio astronomical application.

FLUX-FLOW OSCILLATORS

Superconducting Flux-Flow
Oscillators (FF0) are traveling
wave type oscillators for the
mm- and submm-wave region.
They are based on the
unidirectional and viscous flow
of magnetic flux quanta in a
Josephson junction.
According to the Josephson
penetration length Aj Flux-
Flow Oszillators are long and
even quasi-one-dimensional superconductor-insulator-superconductor (SIS) contacts
(LxW---- 400p.mx31.1m) with L>>Ä4 and W<<Adj (figure 1). A control line current 'CL

through the base electrode produces a magnetic field B(Ias) penetrating through the
barrier. It nucleates equidistant magnetic flux-quanta in the junction. The acting
Lorentz force produced by the bias current 'Bias through the element accelerates the
vortices to one junction end. In balance with the quasiparticle losses this leads to a
constant propagation velocity u of the traveling fluxons. When the velocity of the
vortex-array approaches the speed of light e in the junction this results in a steep

14
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241,8 GHz 483,6 GHz 725,4 GHz 967,2

0,5 1,0
Voltage [mV]

Figure 2: Measured I-V characteristics of a FF0 for different applied control
current 3mA, 3.5mA...18mA. The currents correspond to a magnetic field of —1.2G to
11.3G in the tunnel barrier or 3 to 17 trapped magnetic flux quanta respectively. The
inset displays the complete I-V in absence of a control current.

current step in the I-V characteristic of the oscillator, the so-called flux-flow step
(ITS). The oscillation frequency is related to the dc-voltage drop across the junction
by the Josephson relation: f =Vd,10 0 (flux quantum 43 0 = hI2e). The frequency
can be continuously tuned over a wide range by changing the applied magnetic field
and bias parameters. Figure 2 shows an overlay of measured I-V curves of a FFO for
different applied control currents. For operating the Flux-Flow Oscillator in the
3500Hz band a bias voltage of around —0.7mV is required.
The linewidth of the emitted FFO-signal is mainly affected by the dc differential
resistance Rd at the bias point [1]. For low Rd the linewidth is limited by external
low frequency interferences (due to RF-signal pickup, hum etc.) with Af FF0 — Rd . At
high differential resistance the value of AfFF0 is determined by a superposition of
shot noise and thermal noise in the junction: Af FF0 Rd

2
 . Therefore the smallest

linewidth is obtained for operating the FFO on the Fiske steps (geometric resonances
of oscillating fluxons in the tunnel junction) with especially low Rd , which are
superimposed on the FFS for Vbias < 900/2V in figure 2. Above that bias value the
effect of Josephson self-coupling leads to an abrupt increase of the quasiparticle
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damping [2] where the FFO enters the pure flux-flow regime and the linewidth
increases.

111 MEASUREMENT SETUP

To investigate the FFO-linewidth and -stability in a radio astronomically interesting
frequency range, a spectroscopical measurement system based on a KOSMA 345GHz
SIS-mixer [3] has been set up. The FFO-radiation represents the signal to be detected
whereas the mixer is operated by a PLL stabilized Gunn-oscillator as a heterodyne
receiver. Mixer and Flux-Flow Oscillator are placed together in an immersion cryostat
and are cooled with liquid helium. The FFO-Chip is embedded in a separate
waveguide environment with integrated diagonal horn (see chapter W). The signals
are coupled to the SIS-mixer quasioptically.
Figure 3 shows an outline of the cryogenic system. The FFO-radiation is imaged by
the elliptical mirror „1" and is superimposed with the local oscillator signal at the
beamsplitter. The beam is then focused onto the aperture of the diagonal horn antenna
and detected in the SIS-mixer.
Figure 4 depicts a photograph of the central part of the cryogenic setup. The
dimensions are roughly 10cm in diameter and 30cm in height. Hidden by the sidewalls
the lower level contains the beamsplitter and the two elliptical mirrors. It is solidly
attached to the following level which holds SIS-mixer (left) and FFO (right). The
HEMT amplifier is located on top of the setup, separated from the lower levels by
teflon poles. It is connected to the SIS-mixer via a semi-rigid coax-cable and ensures
an amplification of the E l-signal by 20dB at the cold stage. The majority of the optical
paths of the system are capsuled in teflon. The FFO is magnetically shielded during
measurements by three layers of MUMETALL ® , which posses a high permeability of
/1r 10000 at 4.2K.
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N.RF-LAYOUT AND WAVEGUIDE ENVIRONMENT OF FFO-CHIP

For the detection in the SIS-mixer the FFO-radiation has to couple to the Gaussian
optics of the measurement setup. For that purpose, a FFO-chip and corresponding
waveguide environment for a central frequency of 350GHz have been developed.
For the RF-design of the chip the

At O.
r FA it • -4Flux-Flow Oscillator can be A Nb 350n-

described in good approximation Amur-Armr
11W1b..

as a linear Josephson transmission W41.,
line with characteristic impedance 409,

Nio Base,

Z.
c. Figure 5 illustrates the cross

sectional view of a FFO in Nb/Al-
AlOxiNb overlap geometry. The Figure 5: Schematic cross-sectional view of FF0-
c apaciti ve electrode overhang layers.
affects the impedance per unit
length significantly. For the given values in figure 5 the characteristic impedance
evaluates to Z c = 0.33E2 [4].
Figure 6 displays an schematic sketch of the FFO-quartz-chip. The layout uses an
optimized microstrip-to-waveguide transition for 350GHz developed at MRAO
University of Cambridge [5]. It has been designed for operation in low noise radio
astronomical SIS-mixers and shows excellent coupling to the waveguide over a wide
frequency band. The low impedance of the FF0 in figure 6 is matched to a 190
microstrip line via a two-step impedance transformer and couples to the waveguide by
the microstrip-to-finline transition. The quartz taper matches the empty to the filled
waveguide. The implemented projection length of the flux-Flow Oscillator at the
junction end results in an improved bias feed and reduces the oscillator linewidth [6].
The magnetic control line current is fed through the base-electrode.

Quartz tape,- I r-peolance Transfscrrner

III II II III II 11111111 II III

„411411111Www_ LENIN' 111111M111111111111114.
111111111111111111111111 1111

II MOO ALLiti
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ne -to MI crostri p Bcnolpads

Figure 6: Plot of FFO-chip. FF0 is matched to 19D microstrip-line via a two-step
impedance transformer. The optimized microstrip-to-finline transition [5] couples to
the wave guide.
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2C0n,
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k.-
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Figure 7: Photograph of split-block half with mounted FFO-chip. From left to right:
diagonal horn, waveguide, FFO-chip, SMA-connector and dc-feeds.

The waveguide environment of the FFO-devices has been manufactured in split-block
technology. Figure 7 shows a photograph of the split-block half with the mounted
FFO-device. The outer dimensions of the block-half are 20mmx37.5mmx1Omm
(Wx.LxH). The FFO-chip couples to the TEMormode of the waveguide which feeds
the integrated diagonal horn visible at the far left in figure 7.
The FFO-elements in Nb/Al-AlOx/Nb-technology were fabricated in house. The
process has been proven to be fully compatible with the standard 4-layer process used
for the production of SIS-mixing elements. It has already been used for the fabrication
of combined SIS/FFO-devices [7].

V. KOSMA ACOUSTO-OPTICAL SPECTROMETER

The Acousto-Optical Spectrometers (AOS) which have been developed at the
University of Cologne [8] are used both as real time spectrometers and receiver
backends in radio astronomy. They can easily be modified for use in time resolved
spectroscopy.
Acousto-optical spectrometers are based on the diffraction of light at ultrasonic
waves. A schematic drawing is given in figure 8. A RF-signal (e.g.. the 1-2GHz IF-
signal coming from the SIS-mixer) drives a piezoelectric transducer, which generates
an acoustic wave in a crystal. The acoustic wave modulates the refractive index of the
crystal and induces a phase grating. The deflector (Bragg cell) is illuminated by a
collimated laser beam. The refracted light than is collected and imaged onto a linear
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Figure 8: Schematic diagram of the acousto-optical spectrometer. For time resolved
measurements the laser diode is pulsed within 1/is to 13.5,us [9].

diode array (CCD) in the focal plane. The angular dispersion of the diffracted light
represents the true image of the IF-spectrum.
The resolution of the spectrometer depends on the aperture of the Bragg cell (i.e.
dimensions of crystal), the crystal material and the imaging optics. For these
measurements the KOSMA Low Resolution Spectrometer (LRS) has been available.
The AOS-bandwidth of 1000MHz distributed over the 1450 pixels of the CCD result
in a channel spacing of 688kHz.
In contrast to the working principle of a spectrum analyzer, the integration of a
spectrum with an AOS happens for all channels simultaneously. In standard mode the
laser is operated continuously. The default integration time of 10ms is given by the
control electronics. The spectrum analyzer on the other hand sweeps sequentially
through the frequency range and averages for a given time at every frequency point.
The typical sweep time for a spectrum is 50ms to 100ms.
For time resolved measurements the laser diode of the acousto-optical spectrometer is
pulsed by an external function generator with a pulse width in the range of 1 ms to
13.5ms [9]. The rising edge of the pulse is synchronized with the system-intrinsic
integration time of 10ms. The width of the laser pulse determines the integration time
of the spectrometer in time resolved operation mode.
The transient time of the signal in the crystal limits the useful reduction of the
integration time. For a measurement the phase grating has to be established in the
complete Bragg cell, for which the signal has to cross the crystal. For the LRS the
transient time is about 1 ms. Higher frequency resolution demands a larger crystal and
results in an increased transient time of the acoustic wave, about 20ms for the
KOSMA High Resolution Spectrometer with its resolution-bandwidth of 30kHz.
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VI. TIME RESOLVED SPECTROSCOPY OF FFO-LINEWIDTH

Time resolved measurements of FFO-lineshape were taken with the modified
KOSMA Acousto-Optical Low Resolution Spectrometer.
Fig. 9 shows an schematic overview of the measurement setup. The FFO-signal is
superimposed with the PLL stabilized Gunn-LO-radiation and detected in the SIS-
mixer. The IF-band from 1-2GHz is amplified by 20dB at the cold-stage (HEMT) and
by another 40dB outside the dewar. For time resolved measurements, the laser diode
of the AOS was pulsed in the range from lps to 13.51.ts by means of a function
generator. The signal is displayed simultaneously on a spectrum analyzer and the
acousto-optical spectrometer. This allows direct comparison between „standard" and
time resolved spectra.
Figure 10 presents a time resolved FFO-spectrum at 350GHz taken with the modified
KOSMA AOS. The integration time was 1.0gs. The FF0 was biased in a region with
extremely low Rd . The linewidth of the Flux-Flow Oscillator signal is smaller than
1 MHz. In this measurement the frequency-resolution is limited by the AOS channel
width of 688kHz. The inset of figure 10 shows the simultaneously recorded spectrum
analyzer trace (sweep time 40ms) with an FFO-linewidth of more than 20MHz.

20o1B

I HP 8569B

Figure 9: Systematic setup for time resolved measurements. The FFO-signal is
displayed simultaneously on a spectrum analyzer (HP 8569B) and the KOSMA AOS.
The laser diode of the acousto-optical spectrometer has been pulsed by the function
generator in the range from 1 ps to 13.511s.
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Integration time: 1.0p.s
688IcHz/channel

•
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500

channel
Figure 10: Time resolved AOS-spectrum of FFO-Signal at 350GHz (1 ps integration
time) with a linewidth smaller than 1MHz. The inset presents a simultaneously
recorded spectrum analyzer trace with a FFO-linewidth of about 20MHz (sweep time
40ms).

The evolution of FFO lineshape with time is visible in figure 11. The spectra a)-c)
have been taken in intervals of a few seconds with an integration time of 1 gs each.
While for the spectra a) and b) several maxima can be recognized, in spectrum c) the
entire oscillator power is concentrated in a narrow peak with 41<1MHz. The
integrated intensity of the spectra varies less than 7% around the average of 8832 AOS
counts. This means that the FFO-power has been constant over the period of
measurement but experienced a frequency modulation on scale of the 1 gs integration
time. Figure 11d) illustrates the sum of spectra a)-c). The Gauss-profile fitted to the
common curve has a 3dB-linewidth of 18MHz. This is in good agreement with the
spectrum analyzer trace of the Flux-Flow Oscillator signal displayed in the inset of
figure 11d) that shows a linewidth of 25MHz. A larger number of summarized time
resolved AOS spectra should result in a further approach of the fitted linewidth to the
value seen on spectrum analyzer.
The influence of the integration time on the linewidth of the measured signal can be
seen in figure 12. The integration time of the acousto-optical spectrometer has been
varied between 1.0p,s and 13.5gs by choosing the appropriate pulse-width for
operating the laser diode. The function generator limited the maximum pulse-length to
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13.5gs (50kHz). The 1gs-snapshot in figure 12a) resolves a narrow FFO-signal. For
the longer 3.31is integration time (figure 12b) a significant smearing of the FF0-
lineshape can be observed. The linewidth in this case corresponds to the value
measured with the spectrum analyzer. A following increase of the integration time up
to 13.5ps results in no further change in the detected FFO-linewidth, as can be seen in
figure 12d).
As mentioned in chapter II the Flux-Flow Oscillator linewidth Af FF0 for a high
differential resistance Rd at its bias point is mainly given by a combination of shot
noise and thermal noise, with 6IFF0, Rd

2 . Figure 13 displays a spectrum analyzer
trace and a simultaneously taken AOS-spectrum of an FFO operated in that regime. A
large linewidth of ZS" FF0 = 120MHz can be seen. The AOS integration time was
1.011s. An improved signal/noise-ratio has been obtained by averaging over nine
spectra. The linewidth at half maximum of the fitted curve is identical with the one of
the spectrum analyzer trace (sweep time 40ms) in the inset of figure 13. The good
agreement of measurements with short and long integration time gives evidence that
the FFO-linewidth is probably determined by inherent noise processes which cannot
even be resolved on the 1ps time scale.

250 300 350 400 450 500 550 600 650 700 750 800 850

channel

Figure 13: Time resolved measurement ( 1 ps integration time, average of 9 spectra)
of FFO-signal: 4f=120MHz. The inset shows the spectrum analyzer trace with
identical FFO-linewidth (sweep time 40ms) taken at the same time.
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VII. DISCUSSION OF MEASUREMENTS

Time resolved measurements with the modified KOSMA AOS can distinguish
between the instant (intrinsic) FFO-linewidth and additional broadening due to
external contributions. Low frequency interferences up to the order of the AOS-
integration time can be resolved.
AOS-measurements with an integration time of 1.0gs result in a FFO-linewidth of less
than 1MHz at 350GHz (figure 10). The narrow FFO-signal is modulated by external
disturbances (low frequency pickup on bias feeds, hum etc.) which result in an
effective signal broadening. Due to its long sweep time of 40ms the spectrum analyzer
trace taken at the same time with the AOS-spectrum shows a time averaged FF0-
linewidth of 20MHz.
The evolution of FFO-lineshape with time - as can be seen in the AOS-spectra in
figure 11 - gives a detailed impression of the modulation of the intrinsic FFO-signal.
The lineshape visible on the spectrum analyzer arises from a superposition of these
time resolved spectra (figure 11d). The smeared FFO-signal for the integration time of
llts in figure 11 and the equidistant side-peaks visible in figure 10 suggests a
modulation frequency in the MHz-region.
An increase of the AOS integration time from 1.0iis up to 13.5gs leads to an increased
signal-averaging. Already for a 3.3iis integration time the FFO-linewidth approaches
the value seen in the spectrum analyzer measurements. This also is an indication for a
pick-up frequency in the MHz-region.

CONCLUSION

The determined intrinsic FFO-linewidth of less than 1MHz in principle qualifies the
Flux-Flow Oscillator for use as a local oscillator in integrated radio astronomical
heterodyne SIS-receivers.
An optimized RF-filtering of the bias-feeds of the Flux-Flow Oscillator and a more
sophisticated magnetic shielding will result in a reduction of the effective (time
averaged) FFO-linewidth and an enhanced long-term frequency stability of the
oscillator signal.

For a practical integrated radio astronomical receiver it probably will be necessary to
control the Flux-Flow Oscillator by a fast (>>1MHz) PLL circuit. This will further
improve EFO-linewidth and -stability W.
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damage threshold, the increase of the laser power reflects directly the THz output power. The
increase of the laser power density may also contribute to the output power improvement,
because the output saturation effect could be reduced by increasing the laser power density, as
described above. This can be done by shortening the active area length (laser spot size), and
it contribute to reduce the stripline loss, too. Another way is increasing the photoconductivity
by narrowing the stripline gap. If the 1-1.1m gap device is used, the output power increases by
a factor of 4, though the ohmic loss would increase and cancel the power gain a little. In
addition, the radiation loss can be reduced by narrowing the total stripline width, and the
substrate absorption can be eliminated by employing a silicon substrate. The silicon based
photornixer offers additional benefit of high power handling capability. 5 By combining these
power gain factors, one order of magnitude output power improvement would be achieved.
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DESIGN OF A DISTRIBUTED TERAHERTZ PHOTOMIXER

E. K. Duerr', K. A. McIntosh, and S. Verghese

Lincoln Laboratory, Massachusetts Institute of Technology

Lexington, MA 02420

Abstract

Photomixers generate coherent radiation at the difference frequency of two lasers by per-

forming optical heterodyne conversion in low-temperature-grown (LTG) GaAs. Antenna cou-

pled photomixers have been demonstrated as local oscillators (LO) up to 630 GHz [1] and

have produced power up to 5 THz [2]. Using a distributed photomixer structure may increase

output power at high frequencies. The distributed photomixer consists of coplanar strips (CPS)

fabricated on top of a dielectric ridge waveguide that guides the combined output of two diode

lasers. The conductance of a thin layer of LTG-GaAs between the CPS and optical guide is

modulated by the evanescently coupled optical beat signal. To collect the photocurrent and

to velocity match the THz and optical waves, the CPS are periodically loaded with thin elec-

trodes. The CPS are terminated in a planar antenna that efficiently radiates the THz wave

guided by the CPS.

1 Introduction

Photomixers generate coherent radiation at the difference frequency of two lasers by per-

forming optical heterodyne conversion in low-temperature-grown (LTG) GaAs. LTG-GaAs is

an ultrafast photoconductor with carrier lifetime measured to be less than 200 fs [3], which

gives the photomixer an extremely hi gh intrinsic bandwidth. In previously demonstrated pho-

tomixers, a dc-biased LTG-GaAs switch is modulated by the optical beat signal of the beam-

combined output of two lasers operating at slightly different frequencies [4, 5]. The metal

lines which provide the dc-bias also act as the RF structure which couples the THz radiation

out of the LTG-GaAs switch [6]. In addition to being demonstrated as an LO, photomixers

have been used for time-domain [7] and frequency-domain [8, 9, 10] THz spectroscopy.

Using a distributed photomixer structure may increase the output power at high frequen-

cies and provide a broader bandwidth than current "lumped-element" designs. Current de-

signs exhibit a frequency roll-off component from the antenna resistance and capacitance of

the LTG-GaAs switch. A distributed photomixer based on an active transmission line can

electronic mail: duerr@alurn_mitedu
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Figure 1: (a) Schematic of the distributed photomixer showing the periodically loaded cps
waveguide, dipole antenna and optical waveguide. (b) Detail of optical waveguide showing
LTG-GaAs absorber layer.

eliminate this roll-off. A second frequency-roll-off component is due to the finite photocarrier

lifetime and is intrinsic to the material. Additionally, because the primary failure mode of

photomixers is through excess thermal heating of the photomixer by the pump lasers [11], a

distributed structure would mitigate this problem by causing the laser power to be absorbed in

a much larger area.

2 Distributed Photomixer Design

The distributed photomixer shown in Figure 1 (a) consists of coplanar strips (CPS) fabricated

on top of a dielectric ridge waveguide that guides the combined output of two diode lasers.

The conductance of a thin layer of LTG-GaAs between the CPS and optical guide is modu-

lated by the evanescently coupled optical beat signal. The THz conductance wave between

the dc-biased CPS creates a THz electromagnetic wave which propagates along the CPS. To

velocity match the THz and optical waves, the coplanar strips are periodically loaded with thin

electrodes that add a small shunt capacitance to the line. The CPS are terminated in a planar

antenna that efficiently radiates the THz wave.
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2.1 Dielectric Waveguide Design

The dielectric waveguide must be designed so that the optical signal is weakly coupled to

the absorbing LTG-GaAs layer. Weak coupling ensures that optical power is absorbed over

a long distance 150 pm) and that the thermal load is distributed. Weak coupling also

allows the optical guide and THz guide to be analyzed separately. Confinement of the optical

mode in the plane of the wafer is provided by layers of Al„Ga i_„As with different Al and Ga

fractions. Lateral confinement is provided by a strip etched from the upper cladding layer of

the waveguide as shown in Figure 1 (b). The strip-loaded waveguide provides the weak lateral

confinement necessary to guide a single optical mode.

The dielectric ridge waveguide was analyzed with the effective index method to yield mode

propagation constants. With these values, the mode profile was calculated and the fraction of

power in each part of the waveguide was calculated. This information leads to an estimate of

the absorption coefficient and, therefore, the extinction length of the optical mode—the length

at which the remaining optical power is 37% (e -1 ) of the incident power.

For the first generation of devices, the dielectric stack consists of a 5000-A-thick A10.2Ga0.8As

core (n = 3.38) grown on top of 3.5 pm of A1 0.35 Ga0.65 As (n = 3.33). The upper cladding is

formed by 2500A of A10.35 Ga0.65 As followed by 1000A of LTG-GaAs of absorber. A ridge

height of 2500A produces a mode which is approximately lpm by 3 m and has 0.15% of the

mode in the LTG-GaAs absorbing layer. The predicted extinction length for this geometry is

90pm. The effective index seen by the optical mode is neff = 3.35.

2.2 THz Waveguide Design

Coplanar strips (CPS) fabricated on top of the ridge waveguide perform the dual function of

providing the dc-bias for the LTG-GaAs photoconductor and guiding the THz signal. Because

the velocity of the THz signal (0.38c) is higher than the group velocity of the optical signal

(0.3c), the CPS must be periodically loaded with thin electrodes to slow the THz signal and

velocity match it to the optical signal for optimum power transfer [12].

Quasi-static electromagnetic models provided an initial estimate for the CPS dimensions

required for a particular impedance [13]. Because the LTG-GaAs is very high impedance

under constant wave (cw) illumination, the photoconductor can be considered a current source.

Therefore, assuming a matched antenna impedance, the output power is linearly related to the

CPS impedance. However, for high values of CPS impedance the lines become very narrow

and thus excessively lossy. For our first generation of devices, the CPS consist of 3.2-pm-wide

strips separated by a 3 pm gap. The calculated impedance of the line was 90 12 before being
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Figure 2: (a) The circuit used to determine radiation loss from a method-of-moments calcula-
tion. (b) Calculated radiation loss for CPS with and without interdigitated electrodes.

loaded with interdigitated electrodes.

The spacing and dimensions of the thin electrodes periodically loading the CPS are critical

for determining the velocity of the THz wave. Quasi-static models [14] are useful for initial es-

timates for electrode dimensions, but a more accurate model is desirable. More precise dimen-

sions were calculated using Hewlett Packard's electromagnetic field solver for planar circuits,

Momentum [15]. Perfect metal conductors were assumed in all the calculations. Quasi-static

calculations predicted that 2.1-gm-long electrodes spaced by 0.6 pm provide optimal veloc-

ity matching. Momentum calculations revised those dimensions to 2.0-pm-long electrodes

spaced by 0.8 pm . The impedance of the line at 1.5 THz as modified by the presence of the

electrodes is 76 S/ according to Momentum and 72 C2 according to quasi-static calculations.

The loaded CPS impedance varies from 78 Ci at 170 GHz to 72 C2 at 2.4 THz.

The variation in impedance with frequency can be attributed to radiation loss, which de-

scribes attenuation of the THz wave through unwanted radiation into the substrate. To calcu-

late the radiation loss, the S-parameters of the two-port network shown in Figure 2(a) were

calculated using the method-of-moments code, Momentum. By comparing the power trans-

mitted from the source to the power absorbed in the load, the power loss due to radiation was

calculated. The results for an unloaded CPS line and for a CPS line loaded with electrodes

for optimal velocity matching are shown in Figure 2(b). The radiation loss remains less than
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Table 1: Planar Antenna Designs
Frequency
[THz}

Length prediction
from [17]

Momentum
length prediction

Width
[pm]

Zant
[n]

[A0] [A0]
0.85 0.18 0.20 2 37
1.6 0.18 0.22 1.5 ' 41
2.5 0.17 0.24 1.5 44

2 dB/mm up to 3 THz and is cubic with frequency as expected from closed-form approxi-
mations [16]. The interdigitated electrodes do not introduce significant loss below 3 THz.
Oscillations in the data can be attributed to standing wave effects that are significant in the
short length of line used in the calculations.

In order to test the CPS modeling, three different electrode geometries were designed:
1) no electrodes, 2) theoretically optimal electrode dimensions which add the correct capaci-
tance (0.06 1E ), and 3) electrodes with a 0.4pm gap and 2.3 m length which add 0.1 f- . The

A
ni

PM

first fabrication run of distributed photomixers included these three designs for CPS.

2.3 Antenna Design

A planar antenna at the end of the active area of the CPS radiates the THz wave. Two types

of antennas were designed and fabricated, bowtie antennas and resonant half-wave dipoles.
The bandwidth of the transmission line structure will be measured by terminating the CPS
in a broadband bowtie antenna structure. Resonant half-wave dipoles have superior radiation
patterns and better polarization performance than bowtie antennas. Therefore, dipoles were
designed for 850 GHz, 1.6 THz, and 2.5 THz. Initial estimates for dipole dimensions were
obtained from [17] and were revised using Momentum. Table 1 lists dimensions for the dipole
antennas. Lengths deviate more from the calculations in [17] as frequency increases, because
the 3pm gap between the CPS feeding the dipole becomes a larger fraction of the free-space
wavelength Ao.

2.4 Performance Estimates

By combining the data from these analyses with experimentally obtained data for photocon-
ductance and carrier lifetime in a SPICE circuit model, photomixer performance is quantita-
tively predicted. An approximate model of the distributed photomixer is formed by cascading
one hundred segments of the discrete circuit shown in Figure 3, where each segment repre-
sents an incremental length of the optical or THz guides. Each segment of the THz CPS model
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Figure 3: One segment of a SPICE circuit model for the distributed photomixer. The upper
section is the optical guide model. The lower section is the THz CPS model.

Table 2: Distributed Photomixer Performance. Values indicate fraction of power available
compared to optimal velocity match (Cadded = 0.06

1--pm
F ).

C added

[fF/tani
Frac. Popt

at 1 THz
Frac. Popt

at 1.5 THz
Frac. Popt

at 2 THz
Frac. Popt
at 2.5 THz

1.0 0.67 0.33 0.17
0.048 1.0 1.0 0.95 0.90
0.072 0.90 0.87 0.87 0.83
0.10 0.70 0.57 0.50 0.33

consists of a transmission line segment to model the CPS, a lumped capacitor to model the thin

electrodes, a resistor to model losses in the photoconductor, and a voltage-dependent current

source to model the current generated by the biased photoconductor. The voltage upon which

the current source depends is the voltage at the corresponding segment along the optical guide

circuit model. This voltage represents the optical intensity at the corresponding point along

the real optical guide. The scaling factors are the experimentally determined photoconduc-

tance and an attenuation factor to model diminishing optical power in the optical guide. The

simulations predict output power of 8p,W at 1.7 THz and 4pW at 2.4 THz.

To demonstrate the dependence of power on velocity matching, the distributed photomixer

was simulated with different values of distributed capacitance added by the periodic thin

electrodes. Table 2 shows the fraction of power available for 4 cases: 1) no electrodes,

2) 0.8Coptimal, 3) 1.2Coptimai, and 4) added capacitance corresponding to a gap of 0.4 m and

length of 2.3pm. A power bandwidth plot for cases 1 and 4 as well as the optimal velocity

matched design are shown in Figure 4. These three designs were normalized to have the same

overall dc photoconductance.

TCPS
• • •
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Figure 4: Power bandwidth plot for the distributed photomixer structure comparing the per-
formance the an optimal velocity-matched structure to a structure with no electrodes and a
structure with dense electrodes (case 4 in Table 2).
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3 Conclusions

Distributed photomixers have been designed to overcome the limitations of current photomixer

designs and provide higher power over a larger bandwidth. Through a combination of analyt-

ical and numerical techniques, the performance of distributed structures has been modeled as

a function of several design parameters.

References

[1] E. K. Duerr, K. A. McIntosh, S. M. Duffy, S. D. Calawa, S. Verghese, C.-Y. E. Tong, R.

Kirnberk, R. Blundell, to appear in Proc. 1999 IEEE MTT Intl. Micro. Symp. (1999).

[2] K. A. McIntosh, E. R. Brown, K. B. Nichols, 0. B. McMahon, W. F. DiNatale, and T.

M. Lyszczarz, Appl. Phys. Lett. 67, 3844 (1995).

[3] K. A. McIntosh, K. B. Nichols, S. Verghese, E. R. Brown, Appl. Phys. Lett. 70, 354

(1997).

[4] S. Matsuura, G. Blake, P. Chen, J. C. Pearson, H. M. Pickett, Proc. 9th Intl. Symp. on

Space THz Tech. 445 (1998).

[5] S. Verghese, K. A. McIntosh, and E. R. Brown, IEEE Trans. Micro. Theory Tech. 45,

1301 (1997).

[6] K. A. McIntosh, E. R. Brown, K. B. Nichols, 0. B. McMahon, W. F. Dinatale, and T. M.

Lyszczarz, Appl. Phys. Lett. 69, 3632 (1996).

[7] M. Tani, S. Matsuura, K. Sakai, J. Comm. Res. Lab. 43 151 (1996).

[8] S. Verghese, K. A. McIntosh, S. Calawa, W. F. Dinatale, E. K. Duerr, K. A. Molvar, Appl.

Phys. Lett. 73, 3824 (1998).

[9] P. Chen, G. A. Blake, M. C. Gaidis, E. R. Brown, K. A. McIntosh, S. Y. Chou, M. I.

Nahan, and F. Williamson, Appl. Phys. Lett. 71, 1601 (1997).

[1O] A. S. Pine, R. D. Suenram, E. R. Brown, K. A. McIntosh, J. of Molec. Spect. 175, 37

(1996).

[11] S. Verghese, K. A. McIntosh, and E. R. Brown, Appl. Phys. Lett. 71, 2743 (1997).

[12] L. Y. Lin, M. C. Wu, T. Itoh, T. A. Yang, R. E. Muller, D. L. Sivco, and A. Y. Cho, IEEE

Trans. Micro. Theory Tech. 45, 1320 (1997).

[13] K. C. Gupta, R. Garg, I. Bahl, P. Bhartia, Microstrip Lines and Slotlines, Boston: Artech

House, Ch. 7, 1996.

36



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

[14] Y. C. Lim and R. A. Moore, IEEE Trans. Elec. Dev. ED-15, 173 (1968).

[15] MOMENTUM, method-of-moments solver for planar conductors. Hewlett-Packard

EEsof division, 5301 Stevens Creek Blvd., Santa Clara, CA 95052-8059.

[16] M. Y. Frankel, S. Gupta, J. A. Valdmanis, G. A. Mourou. IEEE Trans. Micro. Theory

Tech. 39, 910 (1991).

[17] M. Kominami, D. M. Pozar, and D. H. Schaubert, IEEE Trans. Ant. and Prop. 33, 600

(1985).

37



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

TRAVELING-WAVE PHOTOMIXERS BASED ON
NONCOLLINEAR OPTICALITERAHERTZ PHASE-

MATCHING

Shuji Matsuura and Geoffrey A. Blake
Division of Geological and Planetary Sciences, California Institute of Technology,

Pasadena, CA 91125

Rolf A. Wyss and J. C. Pearson
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109

Christoph Kadow, Andrew W. Jackson and Arthur C. Gossard
Materials Department, University of California, Santa Barbara, CA 93106

Abstract

Traveling-wave THz photomixers based on angle-tuned optical/THz phase-matching are
experimentally demonstrated. A dc-biased coplanar stripline terminated by a planar antenna is
fabricated on low-temperature-grown GaAs. A distributed area between the striplines is
illuminated by two noncollinear laser beams which generate interference fringes accompanied
by THz waves. The velocity of the optical fringe is matched to the THz-wave velocity in the
stripline by tuning the incident angle of the laser beams. The device can handle the laser
power over 300 mW and provides the THz output of -0.1 I.LW with the 3-dB bandwidth of 2
THz. The experimental results show that traveling-wave photomixers have the potential to
surpass conventional small area designs.

1. Introduction

The difference frequency generation of THz waves by optical-heterodyne (photo) mixing
in low-temperature-grown (LTG) GaAs has been investigated as a highly tunable, compact,
solid-state THz source for high-resolution molecular spectroscopy and as a local oscillator for
heterodyne receivers in remote-sensing applications. 1 -5 The spectral purity and frequency
stability of the THz output is basically determined by the pump laser source, and sufficiently
high performance has now been achieved. 6 ,7 However, the THz output power has been
limited to less than 11.t.W above 1 THz, which is insufficient for many applications.

According to a photomixer theory, 1 the photomixer output power is proportional to the
square of the photocurrent, which is proportional to both the pump laser power and the
photoconductance. On the other hand, for conventional photomixers, the bandwidth is
limited by the carrier lifetime and the electrode capacitance. 1 Since both the photoconductance
and the capacitance are inversely proportional to the electrode gap width, photomixers have
been designed to have small active areas (5_10 2 gm2). However, such designs have limited
power handling capabilities, 5 thus restricting the THz output power. The thermal damage
threshold of typical LTG-GaAs film is <2 mW/1.1m2, and the maximum laser power has been
limited to _�.100 mW.

In order to overcome this difficulty, we propose a large area traveling-wave photomixer
design. The device consists of a dc-biased coplanar stripline terminated by an antenna
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fabricated on the LTG-GaAs. The —10 3 gm2 area in the stripline gap is illuminated by
noncollinear two laser beams. The photocarrier density traveling-waves induced by the
optical interference fringes are generated in the stripline and accompanied by the THz waves.
The THz waves are transmitted to the antenna through the stripline. Owing to large active
area, the laser power handling capability of the order of 1 W is expected. The traveling-wave
photomixer not only has high power handling capability, but its bandwidth is also not limited
by the electrode capacitance because of the nature of stripline. As high power laser sources
are improved, the traveling-wave photomixer can provide good THz output with wide
bandwidths, and should ultimately be superior to conventional small area photomixers.

For traveling-wave photomixers, the velocity (phase) matching between the optical
interference fringes and the THz waves is essential for efficient THz wave generation. Under
the phase-matching condition, the THz waves from the distributed active area are superposed
in phase in the stripline. Several authors have achieved phase-matching between optical
waves and microwaves in traveling-wave optical waveguide photodetectors, which slow
down the microwave velocity with periodic capacitance loading of the microwave
transmission line. 8,9 Such a phase-matched waveguide photomixer requires careful design
and fabrication because of its fixed structure, and these devices have not yet been extended to
the THz range. We propose the noncollinear optical/THz phase-matching scheme for the free
space traveling-wave photomixer, which does not require such complicated waveguide
structure. In this method, the velocity of the optical wave is tuned by changing the incident
angle of the two laser beams.

In this paper, the phase-matching scheme is briefly described and experimentally
demonstrated. The device properties and future direction for the output power improvement
are discussed.

2. Optical/THz phase-matching

As described above, the phase-matching is achieved by tuning the incident angle of the two
laser beams. In order to formulate the phase-matching condition, we consider a simple
picture as shown in Fig. 1. When the photomixer surface is illuminated by two plane waves
of

Fi g.. 1: Optical/THz phase-matching scheme.
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frequency Ii and f2 , and the wave vector of k1 and k2 , respectively, the propagation constant
of the interference fringe oscillating at the difference frequency, df = -f2 is given by the
parallel (II) component of the difference of the two wave vectors, Ak = lc ] - k, . Since
absorption occurs in a thin surface layer (penetration depth I gm), the photocarriers have the
same spatial distribution as the optical interference fringes. The velocity of the interference
fringes along the surface is given by

(1)V = 27t.op

It is clear that the velocity can be tuned by changing the incident angles of the optical beams.
In a simple case that k2 is perpendicular to the photomixer surface, Eq. I can be written as

f,)v = _
°P sin 0 J 1

where c is the speed of light in the free space and 0 is the incident angle of the fi laser beam.
If it is assumed that the stripline has no dispersion, the velocity of the THz wave is
approximated by

1)THz ,V(1 er / 2
(2)

where Er is dielectric constant of the substrate material (Er = 12.8 for GaAs). The phase-
matching condition is v„p = umfz •

3. Photomixer

The photomixer used in the present experiment is a 1-gm thick LTG-GaAs film grown on
semi-insulating GaAs substrates by molecular beam epitaxy (MBE) at a temperature of 225°
C. Diffuse Reflectance Spectroscopy (DRS) was used to maintain the substrate temperature
within 5° C of the setpoint through the growth. The material was annealed ex situ by rapid
thermal annealing (RTA) for 30 s at 600° C in a forming gas environment. The photocarrier
lifetime of the material measured by time resolved reflectance was 0.28 ps. The device
structure is shown in Fig. 2. The Ti/Pt/Au metal electrodes (0.02/0.02/0.2 gm thickness)
fabricated on the LTG-GaAs consist of a 2-fim gap and 4-gm wide coplanar stripline. The
stripline is terminated by a 47-gm long and 5-ftm wide dipole antenna or a log-periodic
antenna. The other side of the stripline is terminated by wire bonding pads for the dc bias,

Fig. 2: LTG-GaAs traveling-wave photomixer.
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which has tapered shape to reduce the reflection. Most of the THz output power from the
antenna goes into the substrate and is emitted to the free space through a hyper-hemispherical
high-resistivity silicon lens attached to the back side of the substrate.

4. Experimental setup

The experimental setup for the device characterization is shown in Fig. 3. The optical
source is a two-frequency master oscillator power amplifier (MOPA) 850 nm semiconductor
laser system. A tapered semiconductor optical amplifier is simultaneously injection-seeded by
a tunable external cavity laser (Al = 848-853 nm) and a cavity-locked fixed frequency laser
(A2 = 854 nm), and provides a maximum two-frequency power of 500 mW. 10 The output
from the MOPA is split into two beams by a 2000-groove/mm diffraction grating. The
advantage of the split collinear beam over two individual lasers is the nearly identical spatial
mode quality of the two colors, which is essential for efficient THz wave generation.

For a grating incidence angle of a = 50 c , the 1st order diffraction angle and its dispersion
is p = 70° and dP/df = 0.8c THz- 1 , respectively. At this configuration the diffraction
efficiency is about 80%. The diffracted beams are reflected by two plane mirrors and focused
onto the photomixer by a 6-mm-focal-length cylindrical lens. The -2-mm diameter circular
MOPA beam is compressed to a -0.4 mm x 2 mm elliptical beam by the grating. The
maximum available laser power after the grating is -300 mW.

In the present implementation, the incident angle of the fixed frequency laser beam is set to
zero (perpendicular to the photomixer surface). For the GaAs substrate, the phase-matching
condition is fulfilled when the angle separation between the two laser beams, 0, is
approximately half the dispersion angle of the two beams, or U 0.5d/3. The angle and
position of the mirror M 1 is adjusted to overlap the two laser beams at the photomixer surface.
The THz output power was measured with a silicon composite bolometer placed -3 cm from

Fig. 3: Experimental setup.
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Fig. 4: The bias voltage dependence of the dc-photocurrent, dark current, and the THz
output at f = 1 THz.

the photomixer by chopping the laser beams at 100 Hz. Thermal emission caused by the laser
and electrical power was estimated from the bolometer signal when one laser beam was
blocked.

5. Results and discussions

5-1. Bias dependence
Shown in Fig. 4 is the bias voltage dependence of the dc-photocurrent of the log-periodic

antenna photomixer and the THz output measured at 1 THz under the phase-matching
condition. The pump laser power is 280 mW at the photomixer surface. The dc-photocurrent
shows a super-linear dependence, whereas linear (ohmic) dependence is expected, for the bias
voltage greater than 5 V which corresponds to E >2.5x104 V/cm . The quadratic or super-
linear dependence of the photocurrent has been seen in LTG-GaAs photomixers with sub-I.tm
electrodes at high bias fields (E > 105 V/cm), where the space-charge-limited currents take
place.2 ,5 The data shows a super-linear dependence even at low bias voltage, which might
arise here, because the photon or photocarrier density in the active area is -5 times lower than
that for small area photomixers. The space-charge-limited current is basically slow
phenomenon and increases the dc current greatly but does not contribute to the ac current,
which generates the THz wave. However, the THz output shows a super-quadratic
dependence and it obeys the photocurrent square law 1 below 20 V, as seen in Fig. 4. The
super-linear dependence of the photocurrent might be caused by the other effects such as
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potential barrier at the metal contact. The THz output shows the saturation above 20 V, and
the 'knee voltage agrees with the breakdown voltage seen in the dark current curve.
However, the dark current could not smooth out the photocarrier density waves directly,
because it is the order of 10- 3 of the photocurrent. Such saturation effect has been seen for
small area photomixers and practically eliminated or reduced by increasing the laser power.11
In order to clarify the saturation mechanism and improve the output power, more detailed
theoretical consideration and further measurements under much higher photon density
condition are required.

5-2. Phase-matching
For traveling-wave photomixers, the THz output power decreases with increasing the

phase mismatch. Fig. 5 presents the THz output dependence on the incident angle of then
laser, measured at I THz for the dipole device. The data show a maximum at 0 = 0.42°,
which is close to that expected from Eq. I and 2. If it is assumed that the laser power density
is uniform over the whole active area of the photomixer, the ac photocurrent integrated over
the active area is expressed as a sinc function, and the THz output power is then given by

PTHz = A
(AkL I 2)2

where ilk is the phase mismatch,

,
1

VTliz V oP )

A is a constant, and L is the length of active area of the photomixer. The calculated profile for
= 200 j.t.m, shown b the solid curve in Fig. 5, shows good agreement with the data. The

(sin2 (Aid, 1 2 (3a)

(3b)
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1 1.5 2 2.5 3
Frequency [T Hz]

Fig. 6: The phase-matching angle vs the THz-wave frequency. The solid line is calculated
from Eq. 1 and 2.

Frequency [T Hz]
Fig. 7: The THz output spectrum of the dipole antenna device (circles) and the log-periodic
antenna device (triangles).
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effective active area would be smaller than the estimated laser spot size of —400 tim, because
the laser beam has a gaussian distribution rather than uniform distribution.

According to Eq. 1 for small 8, the angle mismatch curve, shown in Fig. 5, is independent
on the THz-wave frequency. In fact, the measured mismatch curve was almost frequency
independent. In Fig. 6 the phase-matching angle is plotted against the frequency. The data
show good agreement with the tuning coefficient of 0.42° THz- 1 predicted from Eq. 1 and 2,
indicated by the solid line. Small scatter of the data from the predicted line might be due to the
dispersion of the stripline. These results shown in Fig. 5 and 6 demonstrate that the present
device works as a (phase-matched) distributed device.

5-3. THz output spectrum
The THz output spectra for both the dipole device and the log-periodic device are shown in

Fig. 7. As noted above, the bandwidth of the ideal traveling-wave photomixer should be
determined mainly by the LTG-GaAs carrier lifetime, which rolls-off as 6 dB/Oct. However,
the data show a 3-dB bandwidth of 1.8 THz for the dipole and 2 THz for the log-periodic,
which exceed the carrier-lifetime-limited bandwidth of 600 GHz, and a roll-off of ..� 1 0
dB/Oct, similar to that of small area photomixers. l The spectral difference between the two
devices is mainly due to the antenna impedance difference. The impedance of the log-periodic

0.5 1 1.5 2 2.5 3

Frequency [THz]

Fig. 8: The calculation of various losses; the carrier lifetime roll-off, conductor (ohmic) loss
of the stripline metal, the radiation loss, and the substrate loss (the dielectric loss and the
substrate transmittance).
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Frequency [T Hz]

Fig. 9: The comparison between the data for the log-periodic device (circles) and the
calculation (solid curve).

of 72 SI is well-matched to the stripline impedance of 760, while the dipole impedance is
frequency dependent and matched to the stripline impedance only at restricted frequencies.

The additional roll-off can be interpreted as that arising from the conductor (ohmic) loss
and radiation loss in the transmission line, and the substrate absorption. The conductor
loss 12 calculated from the skin-effect resistance is 101/f dB/mm, where fis the frequency in
THz. The radiation loss 13 is calculated to be 0.6f 3 dB/mm. The substrate absorption
measured with the FT-IR spectrometer is less than 2 dB/mm at �3 THz. Fig. 8 presents the
THz power transmittance for the 400-gm long stripline calculated from these losses,
assuming the THz-waves are uniformly generated in the active area. The total loss other than
the carrier lifetime roll-off is less than 8 dB at 5_3 THz.

Fig. 9 presents the calculated spectrum for the log-periodic device, taking into account the
carrier lifetime and the losses described above. The calculation shows rough agreement with
the data, but the measured bandwidth is much wider than the calculation, due to the presence
of a flat region at 1-2 THz. In order to clarify the details of the device property, further
measurements for the devices with various electrode structures and detailed analysis are
required. The bolometer signal of 1 V in Fig. 9 corresponds to -0.1 [LW, while the output
power is predicted to be >4 1.1,W at 1.5 THz for a dc-photocurrent of 2.4 mA. At present, the
cause of this large discrepancy is not clear. It might be due to a shallow depth of the optical
interference fringes and a effect which causes the output saturation at high bias end as
described in 5-1.

6. Future direction

There are several practical ways to increase the THz output power. One is the increase of
the laser power. Since the laser power density per unit area is presently -1/5 of the thermal
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damage threshold, the increase of the laser power reflects directly the THz output power. The
increase of the laser power density may also contribute to the output power improvement,
because the output saturation effect could be reduced by increasing the laser power density, as
described above. This can be done by shortening the active area length (laser spot size), and
it contribute to reduce the stripline loss, too. Another way is increasing the photoconductivity
by narrowing the stripline gap. If the 1-gm gap device is used, the output power increases by
a factor of 4, though the ohmic loss would increase and cancel the power gain a little. In
addition, the radiation loss can be reduced by narrowing the total stripline width, and the
substrate absorption can be eliminated by employing a silicon substrate. The silicon based
photomixer offers additional benefit of high power handling capability. 5 By combining these
power gain factors, one order of magnitude output power improvement would be achieved.
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Abstract:: We demonstrate a fabrication process where heterostructure barrier
varactors are fabricated on a copper substrate which offers reduced parasitic losses
and improved thermal conductivity. This have been done without degrading the
electrical characteristics.

I. INTRODUCTION
The heterostructure barrier varactor (HBV) has received considerable attention as a
promising symmetric varactor element for frequency multiplier applications at millimeter
and submillimeter wave frequencies [1]. Compared with a Schottky barrier varactor, an
HBV simplifies frequency tripler and frequency quintupler circuits and has the ability of
epitaxial stacking, which increases its power handling capacity considerably [2].
However, parasitic resistance and limited thermal conductivity decrease the efficiency
and the power handling capability of an HBV multiplier [3]. This paper describes a
fabrication process which reduces the spreading resistance (part of the series resistance,
Rs) and improves the heat sink by replacing the InP substrate with a copper substrate.
The benefits of a copper substrate are excellent thermal and electrical conductivities.

II. DEVICE FABRICATION
The structure shown in Table 1 was grown by MBE. A Ti/Pt/Au ohmic contact is e-beam
evaporated on the InAs top layer. The chip is then annealed at 200°C to improve the
adhesion of the contact. Copper is then plated from a solution based on CuSO 4 and H2SO4
for 1 hour to a thickness of about 50 gm. For chemical protection, a gold layer
is plated on the copper. The InP substrate is etched away in a HC1:1-1 3PO4 3:1 solution for
about 2 hours (the epitaxial lift-off process (ELO) [4, 5]). The InGaAs buffer layer serves
as etch stop layer. The buffer layer is reduced to about 0.5 gm using a wet etch
(H3PO411202 : if70). Notice that the epitaxial layers now are stacked on copper in reversed
order compared with the growth order on the original InP substrate.
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Table 1: The material structure. (The structure was originally designed for planar diodes.)

I Material Doping (cm -2 ) Thickness (A)
[ Contact InAs >1019 100
i Contact In c,. Ga ,,As >1019 300
i Contact i

In_s,Ga ,As >1019 3000t
I Modulation layer In „Ga „As 1017 2500
Spacer layer In ,3Ga 4-As Undoped 50
Barrier layer In s-Al As Undoped 90

: Barrier layer AlAs Undoyed 20
: Barrier layer In c:A1 As Undoped 90
Spacer layer In „Ga ,As Undoped 50,
Modulation layer In "Ga ,As 10'' 2500

i Spacer layer j In GaAs Undoped 50
i Barrier layer In c:A1 4,As Undoped 90
i Barrier layer AlAs Undoped 20
I Barrier layer In 5:A1 .4As
i

Undoped 90
i
t Spacer layer In_c3Ga,As Undoped 50
! Modulation layer In "Ga „As 10'.. 2500
' Spacer layer In „Ga ,As Undoped 50
.: Bather layer In „Al_isAs Undoped 90
' Barrier layer AlAs Undoped 20
' Barrier layer In c:A1 .4gAs Undoped 90
Spacer layer In Ga,As Undoped 50

i Modulation layer In Ga As 101 2500
Buffer layer In GaAs >I 0 19 30000
Substrate InP S.I.

After the ELO process. diode mesas of 3. 4.5. 7, 10, 15 and 301.tm diameter are
fabricated using standard photo lithographic methods and e-beam evaporation of
Au/Ge/Au/Ni/AuiTi. The titanium serves as etch mask. After anealing at 370°C, diode
mesas are etched using a chlorine based Reactive Ion Beam Etching (RIBE) and a wet
etch.
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Au/Ge/Au/Ni/Au

barrier layers

n+ InGaAs

n-InGaAs

n-InGaAs

n-InGaAs

n-InGaAs

ri*-InGaAs

n -In.53.,Ga„.°As

Ti/Pt/Au n+-InAs

copper substrate

Figure 1: Schematic cross-section through HBV diode fabricated on copper substrate.

To prevent the whisker wire from sliding off the mesa, gold cups were fabricated on top
of the mesas using photo lithography, sputtering of titanium and gold, and lift-off. Figure
1 shows the schematic cross-section of an HBV diode fabricated on copper, and figure 2
shows a SEM picture of HBV diodes fabricated on a copper substrate. For comparison,
diodes have also been fabricated on the original InP substrate.

Figure 2: An array of 10 pm HBV diodes fabricated on a copper substrate

I-V and C-V characterization
The conduction current and the capacitance-voltage characteristics of HBVs on copper
and InP are shown in figures 3-4. A very small difference in the electrical characteristics
of the HBVs on copper and InP can be seen from the figures. This verifies that the
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fabrication process does not degrade the epitaxial layers. The measured C-V
characteristics are displayed with a C(V) generated by the quasi-static HBV model

(Q) = N bQ + 2-
sQ

+ S
i'gn(Q)

EbA

L
D l

kTEd 

q 2 N d

( ( 1 Q1 \ \
Q 2 4kT

+____ i —e "DAqN d
2q. / V dEdA 2 	q

\ \ I , )

where N is the number of barriers, b is the barrier thickness, s is the undoped spacer
layer thickness, A is the device area, Nd is the doping concentration in the modulation
layer, 

e 
and Ed are the dielectric constant in the barrier material and modulation layer

respectively, T is the device temperature, q is the elementary charge, and Q is the charge
stored in the HBV[3, 6]. With b=200, s=50 A, Nd=1.15 ion cm-3 and N=3, the model
agrees excellent with the measured C-V. The measured conduction current density was
fitted to the simple empirical expression

Jcond = a * sinh(b * V) (2)

with the constants a= 50.3 and b=1.13.

Figure 3: Measured and modeled conduction current density through an HBV fabricated on InP and
copper respectively.
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Figure 4: Measured and modeled capacitance-voltage characteristics for HBVs on InP and copper
respectively. The C-V characteristic was measured with a LCR-meter (HP4285) at 1 MHz.

Thermal resistance of the heat sink
For heat flow from the diode into a semi infinite heat sink, the thermal resistance can be
estimated by

—
T,heat sink — 2dic

(3)

where d is the diode diameter and K is the thermal conductivity of the heat sink material.
The thermal conductivity of copper is -K-..--400 Wm-1 1C 1 , to be compared with

Wmf 1 K-1 for InP and -K.,-45 Wm-1 K-1 for GaAs.
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Figure 5: The thermal resistance of copper, InP and GaAs heat sinks as a funktion of diode diameter.

For a complete thermal analysis, the diode mesa and the whisker wire must be included
in the calculations [7].

The series resistance
The series resistance is the sum of the resistance of the diode mesa, the spreading
resistance, and the ohmic contact resistance. The resistance of the modulation layers,
which dominates the mesa resistance, can be estimated by

Rsmesa —
11-1V dqA

were N is the number of barriers, t is the thickness of the modulation layers, p. is the
electron mobility, Nd is the doping concentration in the modulation layers, q is the
elementary charge, and A is the area of the diode. We have assumed the electron
mobility to be 6500 crn 2/(Vs). The specific contact resistance have been measured using
TLM patterns to 40 Qum' for the Ti/Pt/Au on InAs contact and 60 .1m 2 for the
Au/Ge/Au/Ni/Au on InGaAs contact. Figure 6 shows the specific contact resistance of
the latter contact as a function of temperature. Notice that copper can be anealed at
temperatures above 400°C were InP is unstable.

•

0,1

+1)t
(4)
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Figure 6 The specific contact resistance of the Au./Ge/Au/Ni/Au on In 0.53Ga047As contact as a function of
temperature.

The spreading resistance at high frequencies can be estimated by:

R –  d , 
2ircR5

ln(—
D

)

(5)

were D is the diode chip diameter, a is the conductivity at the surface of the substrate,
and 5 is the skin depth. In our case, the substrate surface is covered by gold, platinum and
titanium which makes the calculations more complicated. However, for frequencies
below 1 THz the skin depth of platinum and titanium is larger then the film thickness
(500 A of titanium and 500 A of platinum was evaporated). Therefore, the losses in the
gold layer and the copper substrate dominates. We have used the conductivity of gold,
4.3 10' S/m, in our calculations. The chip diameter, D. have been assumed to be 200 gm.
To include effects of surface roughness etc, we have multiplied the resistance from (5) by
a factor 2. Table II shows estimated series resistances at DC and 1 THz. If the
capacitance is extrapolated to the break down voltage, 9 Volt, and the DC series
resistance is assumed, the dynamic cut-off frequency

fc = 

27rRs
( Cinin Cax

(6)

can be estimated to be 2.7 THz.
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Table II: Estimated series resistances.
diode diameter

(1.1-m)
Rs at DC

(0)
IZ, at 1 THz

(n)
3 28 29

4.5 13 13
7 5.2 5.5
10 2.5 2.8
15 1.1 1.4
30 0.28 0.46

IV. SIMULATIONS
We have made harmonic balance calculations for frequency multipliers with the
described HBV diodes. In the simulations the series resistance, conduction current and
capacitance voltage models described above were used. Circuit losses are not included in
the simulation and optimum embedding impedances are assumed.

For our harmonic balance simulations to be valid, the velocity for the electrons in the
modulation layers may not exceed the saturation velocity, 2.5 1 0 5 m/s for In0.53Ga0.47As.
If an abrupt depletion region is assumed, the current density is given by:

J N d q v (7)

where v is the velocity of the electrons in the modulation layers. Consequently, it is
possible to estimate the maximum electron velocity from the current waveform. Table III
shows results from simulations of a 250 GHz tripler and a 750 GHz quintupler. The
simulations predict 44 % efficiency for the 250 GHz tripler and 10 % efficiency for the
750 GHz quintupler.

Table III: Multiplier simulations of a 250 GHz tripler and
a 750 GHz auinttrnler for HBVs on conier substrate.

Output frequency 250 GHz 750 GHz
Input frequency 83.3 GHz 150 GHz
Diode diameter 10 gm 4.5 gm
Estimated series resistance 2.7 CI 12.8 f2.
Input power

,
40 mW 18 mW

Output power 17.5 mW 1.9 mW
Efficiency 44 % 10.4 %
Input impedance 6.0-62j Q 26-165j C2
Optimum load impedance 10.5+26j C2 20+40j 0
Optimum idler impedance -- 73j CI
Maximum voltage 8.9 V 9.0 V
Maximum electron velocity 1.1-105 rn/s 2.5.105 m/s
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V. CONCLUSION
We have demonstrated that HBV diodes can be fabricated on copper substrate without
degrading the electrical characteristics. This fabrication process should decrease the
spreading resistance and improve the heat sink significantly. Simulations predict very
competitive efficiencies for HBV diodes on copper. Another advantage with this
fabrication process is that HBV material grown on semi-insulating substrate can be used
for whisker diodes, enabling the same material to be used for whisker contacted diodes
and planar diodes.
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Abstract

Planar Heterostructure Barrier Varactor l (HBV) frequency multipliers are now

demonstrating levels of performance that are better than the best planar Schottky varactor

multipliers23 . For high powered, narrow band HBV triplers, the circuit design is

dramatically simplified as the need for both second harmonic idler and bias are removed.

For a waveguide tripler the inclusion of movable shorts can ensure that the HBV is

optimally matched at both the input and output. However, for fixed tuned broad band

IIBV triplers this is not the case. For specific applications where pump power is limited it

becomes necessary to carefully consider both the HBV and waveguide mount together.

The HBV has the advantage that unlike the Schottky varactor there are two design

parameters that can be adjusted, allowing the device to be tailored for a specific

application. By adjusting the number of barriers and its size, a HBV's capacitance can be

kept more or less constant whilst its power handling capability can be adjusted over at

least an order of magnitude. Thus it becomes necessary to consider a multiplier's

application and the HBV used, hand in hand, if the optimum performance is to be

attained over the frequency range required.

This paper describes the analytical simulation of a HBV frequency multiplier. An

analytical model for the HBV is incorporated with a fast harmonic balance code allowing
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pump power and device parameters to be varied at will. All code is integrated with

Mathematica and so allows flexible graphical output along with parametric variation of

both circuit and HBV. A quick HBV design code is used to determine the initial starting

point for the HBV design. This approach has been taken as it allows fast optimisation of

circuit and device parameters. The simulation incorporates movable backshorts and easy

adjustment of both waveguide and microstrip filter circuit. It therefore becomes possible

to perform animations of the complete multiplier's frequency response as a function of

input and output backshort position, number of barriers, device area, pump power, etc.

Higher harmonics are also taken into account so quintuplers and septuplers can also be

studied. On a 300MHz Macintosh a frequency sweep from 240-360GHz in 6GHz

increments takes 30 seconds for the complete multiplier.

Introduction

Planar HBV triplers are now producing higher efficiencies and output powers than

conventional planar Schottky varactors. When this is combined with their automatic

cancellation of even harmonics and ability to be engineered for specific applications right

the way up to terahertz frequencies it appears that the days for the Schottky are numbered.

Because the HBV has more variable parameters other than size and doping level, as is

the case with a Schottky, the design of a HBV multiplier can be rather more complex.

This is particularly true for broadband fixed tuned devices or higher order multipliers

such as quintuplers or septuplers. Starting a custom design from scratch can therefore be a

time consuming affair when using a full field simulator such as HFSS etc., even after

taking into account the recent improvements in computational speed. In order to quickly

examine a particular circuit or HBV's suitability for a specific application we have

developed an extremely fast analytical simulator for the complete multiplier. The circuit

medium is waveguide and is based on a very simple waveguide geometry which has been

chosen for its suitability for simulation using a proven analytical model and its
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fabrication via micromachining techniques. With the use of micromaclaining standard

waveguide sizes need not be used, thus to be able to quickly analyse custom waveguide

mounts is an advantage. By combining analytical models for the complete RF circuit and

the HBV itself a very fast modelling tool is produced

This approach, however, does not take all circuit effects into account, it is therefore

intended that it should be used in conjunction with full field simulation, providing a

sound starting point for the final design.

Simulation Procedure

The simulation is carried out in the following way:-

1.Determine frequency and power specification of the multiplier to be designed.

2.Design the HBV for the power level and impedance level required.

3.Run the HBV optimisation code (either Harmonic Balance or HBVQuic k Design, see

below) to determine the embedding impedances required over the frequency range

desired.

4.Model waveguide multiplier circuit , using visual comparison, adjust for best match at

the input and output.

5.Run full model to determine performance of the complete device.

6.Verify circuit design using HFSS, etc.

(HBVQuick design is available at the website;- http:04108/99/devicesitmee.virginia.edu  )

For this paper we examine a real specification required for astronomy, a fixed tuned

HBV tripler. The device is to have a nominally flat frequency response, provide 5011W of

power for an input power level of 10mW and operate fixed tuned from 250-350GHz.
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HBVQuick Design shows that a single barrier GaAs HBV will provide sufficient

efficiency and output power.

Target circuit impedances across the band of interest are now provided by an

optimisation routine in the Mathematica frontend which.

The harmonic balance used is a modified version of the splitting method 5 to suit HBV

frequency multipliers. In most harmonic balance algorithms the non-linear device is

excited with a voltage. However, we model the HBV by a voltage-charge model, V(Q),

which makes it rather complicated to calculate the current from the voltage. Therefore,

we have chosen to excite the diode with a current. Our algorithm can briefly be described

as follows.

1: An initial displacement current, Io, at the pump frequency is estimated.

2: The current is integrated to a charge, and the voltage over the non-linear subcircuit is

calculated using a voltage-charge model.

3: The leakage current, I.) , is calculated from the voltage using a non-linear current-

voltage model.

4: The voltage over the linear subcircuit is assumed to be equal to the voltage over the

non-linear elements.

5: The current through the linear subcircuit, 10 ', is calculated from the voltage over the

linear subcircuit.

6: A new displacement current I, is estimated between Io and Io'-I, as
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where the variable s is the two-dimensional splitting factor. A two-dimensional splitting

factor is used to make it possible to deal with both the amplitude and the phase of the

current.

7: Steps 2-6 are repeated until convergence is reached.

8:The input power is calculated and steps 2-7 are repeated with new current estimations

until the set value of the input power is reached

The harmonic balance routine has been turned into a Mathematica function

TIBVreflect'. This can then be used in the same way that the functions Cos[x] and Sin[x]

are used. This allows the Mathematica kermel to invisibly link the HBV code with the

analytical simulation code. Mathematica is used as it can generate excellent graphics

including animation. The function HBVreflect' is shown below.

?HB Vreflect

71BVreflect[F,Pavail,ls,Rsdc,(Zol, Zo2, ...1] calculates the performance of\

a HBV multiplier at a frequency F (Hz) with available power Pavail (W),

Initial current Is (A), DC series resistance of Rsdc (Ohms) with odd\

harmonic embedding impedances of Zoi (Ohms)."

?SetHBVPararn

SetHBVParam[T, A, \[Epsilon]b, \[Epsilon]d, b, s, Nd, N,VPhdb, a, EN sets

the listed HBV device parameters.

In the code the diode is pumped with 10mW across a range of frequencies and the

optimum impedance is returned for the fundamental and output harmonics.
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The structure that is modelled in the Eisenhart and Khan analysis is shown below in

figure 1. More information can be found in 6

Planar Whisker

a

Figure 1: The basic Eisenhart and Khan waveguide coupling structure.

The circuit used in the simulation is shown below in figure 2 along with the parameters

which can be varied within the code.

Output Signal

Figure 2: A schematic of the multiplier geometry modelled.
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Waveguide circuit•

at

Filter Channel

Main Circuit parameters:

at: Input waveguide width

bi= Input waveguide height

w i= Input probe width

g i= Input probe gap

I i= Distance to input backshort

a o= Output waveguide width

bo= Output waveguide height

W o= Output probe width

g o= Output probe gap

lc= Distance to output backshort

a= Filter channel width

h. Filter channel height

Wx =Filter section x's width

Lx= Filter section x's length

h1=Height to filter metalisation

h2=Height from filter metalisation to channel roof

d . Dielectric constant of fitter substrate

lh 2 

hi

Figure 2(coned): The simulated circuit and parameters.

The simulation is carried out as follows:-

].The ideal input diode embedding impedances are transformed through the filter circuit

to provide a goal for the input circuit to meet. (figure 3)

2. The filters dimensions are adjusted and its response confirmed(figure 4)

3.The Input circuit and filter are modified to provide the best matching conditions across

the band (figure 5)

3. The output circuit is modified to provide the most optimum impedance match across

the band (figure 6)
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4. The impedances relating to the best solution is used in the harmonic balance code to

determine the complete device's performance (figure 7)

Diodes input impedance The diode's impedance The complex conjugate impedance
0m1111 pump power translormed through the that the input CIIC1J1i has to provide

!Met to the input lot petted input match
waveg woe circuit

Figure 3: The diodes impedance as a function of input frequency.
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S21 lot the lour section tiller, note
Jess than 10B insertion ioss to
140Ghz and better than 10aB
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than adequate tor the specification

1. Z0=50
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centring oi the band required
around the short circuit position, a
requirement tor accurate use al the
E&K anaiysis

Figure 5: Impedance presented to the diode by the input circuit /filter compared with the

ideal impedance required by the diode.
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ure 6 Impedance presented to the diode by the output circuit compared with the

ideal impedance required by the diode

67



85 90 SS 100 105 110 115 120

,Outpuot:owsl,(),

0.4

0.3

0.2

0.1

2$0 280 300 320 360 3

65 90 95 100 105 310 115 1

(=P. ...MO)

12
10 

2

83 90 95 100 103 110 115 120

(Aborted Paw (1st) )
lo

115 90 95 IC0105110115:22

(001.0t Dorer(8.))
0.5

0.4

0.3

0.1

0.1

260 280 300 120 3so 2so 2

af Siamese,' (S) )
5

260 260 300 320 5sc 312

$5 SS 10o 105 110 115 120

V:20tP0 t  0..01,01
0.3

0.4

0.3

0.2

0.1

260 2.0 300 320 340 3 0

S5 90 95 100 105 110 115 120

Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

(IliputiPower(8901 (Absorbed, Power<46)

These plots show The final compete
frequency response of the tripe! . from
240-360GI-12, lixea tunea for afferent
backshort positions ana wa y eguiae ana
inter anEnsions.
Ev en though the return Jess is seioorn
better than 30E3 the specification is easily
mei!
Total simulation time 35 seconds for 40 
frequency points 

Figure 7: The complete fixed tuned frequency response of the tripler for varying

backshort positions.

Discussion

The use of a complete analytical model for a HBV tripler gives valuable insight into its

behaviour as a function of frequency. It has shown that very broadband devices (>30%

bandwidth) can be realised and also has shown that the input circuit is presently the

limiting factor for low powered devices. Analytical models for different waveguide

coupling structures are available and could easily be incorporated into the Mathematica

front-end as importable packages.
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Conclusions

A complete analytical model for HBV multipliers has been developed and has been

applied to the design of a fixed tuned very broadband HBV tripler. This approach is very

fast and adaptable.

Experimental verification as to its accuracy is now underway.
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177-207 GHz Radiometer Front End,
Single-Side-Band Measurements
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ABSTRACT: Twenty years of progress in 200 GHz receivers for spacebome
remote sensing has yielded a 180-220 GHz technology with maturing
characteristics. The maturing characteristics are evident by increasing hardware
availability —supply side—that parallels further refinement in receiver front-end
(RFE) performance requirements—demand side—at this important spectrum
band. The 177-207 GHz super-heterodyne receiver, for the Earth observing
system (E0S) microwave limb sounder (MLS), effectively illustrates such
technology developments. This MLS receiver simultaneously detects six different
signals, located at side-bands below and above its 191.95 GHz local-oscillator
(LO) frequency.
The paper describes the MLS 177-207 GHz RFE, and provides measured data
for its lower and upper side bands. Side-band ratio data is provided as a function
of intermediate frequency (IF), at different LO power drive, and for variation in the
ambient temperature.

INTRODUCTION
The 191.95±15 GHz receiver of the MLS employs a sub-harmonic (x2) mixer
simultaneously producing (Table 1) six IF outputs, three of which originate at the
lower RE side-band (191.95-15 GHz) and the other three at the upper RF side-
band (191.95+15 GHz).

Table 1. MLS 191.95 GHz Receiver Spectrum Characteristics

As Table 1 illustrates, each one of the 191.95 GHz MLS side bands contain RF
inputs and image (1M) inputs; therefore, 1M rejection with a filter is not a practical
option. In effect, this MLS receiver relies on the availability of a double-side-band
(DSB) mixer with superior single-side-band (SSB) sensitivity—Le., mixers
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yielding extremely low-noise-temperature and a side-band ratio, which
approximates unity, over an RF band spanning 30 GHz.
A mixer is the prime determinant of the RF side-band characteristics of a super-
heterodyne receiver—especially at high millimeter-wave (MMW) frequencies,
where a low-noise MMW amplifier is not available to precede the mixer. The DSB
inputs, i.e., upper/lower REdRF.. side band respectively, down converts
simultaneously to the same output IF band, following the relation fiF = I fLo-fRF+1
Mixers employing non-linear resistive devices exhibit theoretically identical RF-to-
IF power conversion loss [1 I, for fRF+ inputs symmetrically paired 2xf iF apart
relative to the frequency fLo of the local-oscillator.
Practically, DSB mixer operation is spectrum bounded: high-end bound, by the
bandwidth of the mixer's circuit and the parasitic elements associated with a non-
li near resistive device; and low-end bound, by the frequency stability of the LO.
Progress at Aerojet in subharmonic (x2) mixer's RF and IF circuit design [2] and
improvements at University of Virginia in mixer Schottky diode technology [3] are
the prime facilitators of the MLS 191.95±15 GHz RF side band's characteristics
reported in this paper.

SINGLE-SIDE-BAND TESTS SET-UP
Single-side-band (SSB) measurements have been performed at JPL, on this
MLS RFE, in the 177-207 GHz input RF band and 8-15 GHz output IF band. The
test set-up is based on a parallel two-grid Fabry-Perot interferometer (FPI)
configuration previously described [4]. This test set-up was originally constructed
for measuring RFE conversion loss at each side band, for IF frequencies up to
about 12 GHz. A minimum grid spacing of about 2900 pm accommodated such
test capabilities, and also determined the orders of resonance of the parallel grid.
The MLS higher IF frequency requires an FPI with reduced grid spacing and
lower orders of resonance, to ensure avoidance of aliasing of the lower and
upper side-bands between consecutive resonance orders of the grids. Reduction
in grid spacing—modified FPI achieves a minimum grid spacing of less than
1000 pm required installing a shim on the step micrometer shaft driving the
slide assembly holding one of the grids. The variable differential transformer
reference was then readjusted to indicate positions to the controlling computer,
consistent with the modified minimum grid spacing.
This test set-up facilitates relative measurements of RFE conversion-loss at the
lower side-band (L) and the upper side-band (L.), for which the mixer is
assumed the sole determinant. The specific spectrum of a SSB application
determines the relations between RE; RF + , and RF; IM respectively, to yield a
side-band ratio LRF/Lim. This ratio enables the calculation of the receiver's SSB
noise-temperature (TR(SSB)) from measured receiver DSB noise-temperature
(TR(DSB)).
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SINGLE-SIDE-BAND MIXER MEASURED PERFORMANCE
The MLS 191.95 GHz RFE is designed to exhibit T R (DSB)-1000 K over an IF of
8-15 GHz, yielding TR(SSB)�3000 K (side-bands imbalance (52) is
accommodated) over the 177-207 GHz RF band. Figure 1 summarizes MLS
receiver DSB and SSB measurements at nominal operation conditions of base
temperature 22.5°C, and an optimum 91.95 GHz LO power drive (+5 dBm).
Figure 1 shows measured T R(SSB) data in comparison with measured TR(DSB)
data. The measured DSB data is converted in the figure to a SSB receiver
yielding "ideal" side-band balanced <TR(SSB)> = 2xTR(DSB). Hence, the
difference between T R (SSB) and <TR(SSB)> in the figure illustrates LRFILim
deviation from perfect balance.

-16 -12 -8 -4 0 4 8 12 16
IF Side-Band Frequency [GHz]

Figure 1. Measured T R(SSB) Data Compared to Measured TR(DSB).
(<TR (SSB)> is for an "Ideal" Mixer with Balanced Side bands).

72



11.47.9IF [GHz]

LO=+6.5dBm
TAmBIENT=22.5°C

+17%

SIDE-BAND-RATIO °Jo CHANGE
(Relative to:L0=±5dBm TAMBIENT=

LO=+5dBm
TAMBIENT=40°C

+6% -8% 0%

L.0=+5dBm
AmBiENT=22.5°C

Side-Band-Ratio
0.90

Side-Band-Ratio
1.85

Side-Band-Ratio

L0=-1-3.5dBm
TAmBIENT=22.5°C

LO=+5dBm
TAMBIENT=40C

0% +3% 0%

0% 0%

Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

Table 2 depicts the percent variation in side-band balance, relative to the nominal
operation conditions, for changes in the receiver's ambient temperature
(22.5°C±1 7.5°C) and variation in LO power drive (+5dBm±1.5dBm).

Table 2. The Percentage Variation in Side-Band Balance for Different
Ambient Temperatures and LO Power Drives, Within The MLS IF Band.
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Abstract

Higher levels of device and circuit integration lead to vast improvements in millimeter
and submillimeter wave Schottky mixer performance. Monolithic technologies exhibit
wider operating bandwidth, reduced noise temperature, and lower LO power consumption
than flip-chip methods. In addition integrated technologies offer a simplified design
process, easier assembly, and drastically improved repeatability. These characteristics
make planar integrated Schottky mixers the most promising technology for radiometers
when cryogenic cooling is not acceptable.

This discussion focuses on the development of 585 GHz and 1 THz integrated mixers.
The devices are fabricated using the MASTER wafer bonding technique on a hybrid
GaAs/quartz substrate. At 585 GHz the integrated mixer's DSB performance has been
measured to be T,= 1608 K, T rnix.1184 K, Linix=6.5 dB at 

PL016 mW. If the LO powersy
is reduced to 'L030° iW, DSB Tsys is only 1890 K. This is the best room temperature
mixer ever reported above 500 GHz for either planar or whisker-contacted technologies.

I. Introduction

Detection of submillimeter-wave radiation is of great interest to scientists studying
interstellar chemistry, star formation, and galactic structure. Research has also been
driven by the need to observe radiation emitted from a number of molecules in the Earth's
atmosphere such as 0 3 , C10, and OH at 206 GHz, 640 GHz, and 2.5 Tilz, respectively.
The military is also interested in analyzing submillimeter wavelength radiation. For
example, compact range radar uses heterodyne detectors to measure the radar signatures
of objects in a laboratory environment.

These applications require mixers with sufficient spectral sensitivity, bandwidth, and
minimal LO power consumption. Although SIS junctions and hot electron bolometers
now offer the best sensitivity in the THz frequency range, for many applications
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cryogenic cooling is not acceptable. Also, this level of sensitivity is often not required.
In these instances, GaAs Schottky diodes are the preferred mixer technology. State-of-
the-art receivers in the THz regime have used quarter-micron diameter whisker-contacted
Schottky diodes [1]. These mixers have achieved record sensitivity [2][3], but they are
difficult to space qualify due to the fragility of the whisker contact.

Several groups have developed planar Schottky diode technologies with an integrated
finger replacing the whisker [4][5][6]. The UVA surface channel diode is depicted in
Figure 1. This device is more easily space-qualified due to the integrated contact between
finger and anode. Several research groups have successfully used discrete planar diodes
in millimeter and submillimeter wave applications in both waveguide and quasi-optical
implementations [7][8][9].

Jeffrey Hesler's work at UVA on a 585 GHz fundamental, fixed-tuned waveguide mixer
deserves a special note. This mixer was completely designed using Hewlett Packard's
HFSS and MDS and demonstrated one of the best-reported receiver and mixer noise
temperatures at 585 and 690 GHz [10]. Hesler used a traditional flip-chip soldering
technique to mount a discrete planar mixer diode onto his quartz circuit. Although this
scheme was successful around 585 GHz, the mixer was challenging to assemble and
would be difficult to scale to the THz regime.

Fig. 1: UVA surface channel planar diode
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II. Integrated Planar Mixers on Quartz

As operating frequencies are pushed higher, there are several issues which limit discrete
planar mixer performance. The bulky, high dielectric GaAs substrate increases pad to
pad capacitance, dielectrically loads the waveguide, adds extra losses to the mixer
circuitry, and makes fitting discrete diodes into higher frequency blocks difficult or
impossible. In addition, the imprecise alignment of the diode to the surrounding circuitry
and the non-repeatable nature of the flip-chip mounting process negatively impacts RF
performance, test repeatability, and computer simulation predictability.

One method of eliminating these problems is to integrate the GaAs diode with a low
dielectric substrate. Removing the GaAs substrate and replacing it with quartz, for
example, significantly reduces the pad to pad capacitance by leaving only a small, thin
GaAs active area around the device anodes. UVA successfully has fabricated discrete
planar diodes on quartz [11] and RF results at 215 GHz indicate improved performance
over GaAs substrate devices [12]. Figure 2 shows a mixer diode with a quartz substrate
[11]. Further integration is possible by incorporating the mixer circuitry. This achieves
perfect alignment between the diode and filters without soldering or handling a discrete
diode chip. The potential benefits of this configuration include better noise performance,
wider bandwidth, better LO coupling, higher maximum operating frequency, better
modeling predictability, and easier, more repeatable mixer assembly [13].

Fig. 2: Planar mixer diode with quartz substrate
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In 1993 NASA's Jet Propulsion Laboratory (JPL) developed an integrated mixer on
quartz using a heat-cured epoxy to hold the mixer diode and filters down to the substrate
[14]. This device structure, named QUID, was an excellent first step. At first the epoxy
that filled in the surface channel was causing problems with coupling radiation into the
diode. An epoxy etch technique developed at UVA helped improve the mixer
performance by 20-30% [15][16]. QUID devices exhibit good subharmonic performance
at 640 GHz with DSB T =2500 K and Lmix --,-9 dB [17]. The DSB T mi, remains less than
3500 K over a 1.5 to 14 GHz LF band. However, the presence of the epoxy is worrisome.
Even after etching it from the surface channel area. this lossy material still sits beneath
the diode pads and filters. This impacts RF performance and also has reliability issues in
terms of out-gassing and lone-term robustness.

HI. MASTER Integrated Mixer Technology

To avoid the concerns associated with epoxy bonding, an integrated mixer technology has
been developed at UVA. The Method of Adhesion by Spin-on-dielectric Temperature
Enhanced Reflow (MASTER) uses a patent pending semiconductor to substrate bonding
process to attach the thin GaAs active areas of the mixer diode to a quartz substrate in a
rightside-up orientation [13][181. In addition. the filter circuitry is fabricated in perfect
alignment with the diode using a raised diode mesa structure. Using this technique, 585
GHz and 1 THz integrated, fundamental mixers have been fabricated.

The fabrication process begins by forming the anode and ohmic contacts on a full
thickness GaAs wafer covered with an Sia: passivation layer. The wafer is mounted
face-down to a carrier. and wet etchants are used to remove the bulk GaAs substrate and
AlGaAs etch stop layer. The remaining 4-5 pm of GaAs are the active layers of the mixer
diode and are bonded ri ghtside-up to a quartz wafer using the MASTER technique. A
mesa etch then removes the GaAs from outside the device areas, and the spin-on-
dielectric (SOD) bondin g material is plasma etched in those regions to reveal the surface
of the quartz substrate. A layer of TL/.Au is e-beam deposited over the entire wafer to
form the Schottky anode contact. This seed layer is also used to electroplate the diode
fin ger contacts and microstrip filter Circuitry. After plating the seed layer is removed with
a RIE process_ Figure 3 shows an array of MASTER devices after this step. Note the
microstrip filters are formed directly on quartz outside of the device mesa. The surface
channel etch step is performed next to form a low parasitic air bridge underneath the
finger contact_ The SOD is then plasma etched to remove it from the surface channel
area In the final devices. the SOD only remains underneath the small device pads.
Figures 3 and 5 show MASTER devices after the surface channel air bridge is formed.
The device wafer is then mounted face down to a carrier and the quartz substrate is
thinned to the proper thickness_ For the 585 GHz and 1 THz mixers fabricated for this
work, the quartz substrate thicknesses were 37.6±.0.9 pm and 25.0-±0.7pm, respectively.
Dicin g :s performed to separate the wafer into individual circuits. The overall dimensions
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Fig. 3: MASTER devices after seed layer removal step

Fig. 4: MASTER device after surface channel etch
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Fig. 5: Close-up of MASTER device after surface channel etch

for 585 GHz and 1 THz mixers were 1850 x 92 pm and 1065 x 59 pm. At this point, the
diode's 1-V characteristics are measured. Table 1 summarizes typical DC I-V and
capacitance parameters for these devices. The uniformity from chip to chip was
excellent.

1Y. RF Design and Test Results for MASTER Mixers

The designs for the 585 GHz and 1 THz integrated mixers were based upon Hesler's
previous 585 and 690 GHz fundamental fixed-tuned waveguide mixers [19]. The
computer modeling was done in Sonnet and Hewlett Packard's HFSS and MDS. Figures
6 and 7 show the 585 GHz and 1 THz designs that were fabricated in each wafer batch.

RF testing of the 585 GHz MASTER mixers was performed in UVA's FIR lab. The
wave guide block. mountin g techniques, and RF test setup are explained in Hesler's
dissertation [19]. However. with integrated devices the mounting now only requires
placin g the mixer in the block. buttin g the LO waveguide probe up against the input
waveguide. and attaching two bond wires. Fi gure 8 shows a MASTER mixer mounted in
a metal 585 GHz wave guide block. The LO source was a CO : pumped FIR laser. Only
preliminary RF data has been taken thus far. The best performance at 585 GHz is DSB
T=1608 K. T,=1184 K. L...,=6.5 dB consuming PL0=1.6 mW. T s„ increases only 18%
when the LO power :5 reduced to 0.3 mW. Table 2 summarizes these results and includes
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Fig. 6: 585 GHz MASTER mixer circuit variations
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Diode Parameter
,

Measured Value

Nd 4x10'7 cm"' n-type

danade 0.9 pm nominal

Rs 10-12 S/

Vknee (I=111A) 490-510 mV

AV (I.10-100
m A)

11 77-78 mV 1.31-1.33

Cj @ f=1 MHz 1.5 if (calculated)

Ctotal 
@ f.--1 MHz 5-7 fF

Table 1: I-V parameters for 585 GHz and 1 THz MASTER mixers
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Fig. 7: 1 THz MASTER mixer circuit variations

Fig. 8: 585 GHz MASTER mixer mounted in block RAL
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Freq.
(GHz)

Device Technology
Description

Tv,
(K)

Trnix
(K)

I-tii.
(dB)

1),,
(mW)

Refer.

557
Whisker-contacted,
waveguide, mech.
tuners, metal block

1600

.

1200 8.0
not

known

,

.

[21]

585
MASTER Al integ.
planar, fixed-tuned,

RAL block
1608 1184 6.5 1.60

this
work

585
MASTER Al integ.
planar, fixed-tuned,

RAL block
1890 — — 0.30

this
work

585
SC1T5-S10 discrete
planar, fixed-tuned,

RAL block
2380 1800 7.6 1.16 [10]

640
QUID integ. fund.

planar, mech. tuners,
Metal block

2720 1636 7.93 0.35 [20]

,

640
QUID integ. subharm.
planar, mech. tuners,

Metal Block
— 2500 9.0 3.5-3.8

,

[17]

640
MASTER integ.

subharm. planar, mech.
tuners

Metal Block

— 2396 10.98 4.7 [13]

690
SC ITS-SS discrete
planar, fixed-tuned,

RAL Block
2970 2240 8.8 1.04 [10]

Table 2: Summary of Schottky Mixer Performance in the 500-700 GHz range

current state-of-the-art RF measurements from the literature as a comparison [20][21].
All data quoted is room temperature. From this table it is deduced that this research has
produced the best room temperature mixer results above 500 GHz. This is the first time a
planar Schottky mixer has achieved better performance than the best whisker-contacted
mixers [21] in this frequency range.

Currently, the 1 THz MASTER mixers have been designed, fabricated, and fully
characterized at DC. They are awaiting a waveguide block before RF testing is begun.
The small dimensions of the waveguides at terahertz frequencies are a major difficulty for
fabricating high quality blocks.
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V. Summary

Waveguide mixers based on planar Schottky diodes have promised to match the
performance of whisker-contacted mixers while producing more repeatable and
predictable behavior. However, the increased parasitics associated with the planar
structure and the imprecision of mounting discrete diodes into surrounding mixer
circuitry have kept the planar mixer from achieving this goal. The QUID technology
developed at JPL was a good first step. The integration of the diode and filter circuitry
improved planar mixer performance, but the presence of the epoxy adhesive limited its
ability to supercede whisker-contacted devices. The MASTER device technology has
overcome these shortcomings through the conception and full development of a novel
integrated Schottky mixer. By forming the mixer diode rightside up and the microstrip
filters directly on the quartz substrate, parasitic capacitance and dielectric losses have
been minimized. These mixers have demonstrated the lowest room temperature noise
temperature above 500 GHz, outdoing even the best whisker-contacted mixers. They also
maintain good performance at significantly reduced LO power levels. This has been
accomplished without any mechanical tuning in an easy to assemble package which
requires no solderin g or diode alignment. The mixers are easy to design and model, and
their performance is predictable from device to device.

This work has extended the usability of monolithic device technologies far into the
subrnillimeter wavelength regime. MASTER integrated devices have set new levels of
achievement for Schottky mixers in terms of noise performance, LO power consumption,
and conversion efficiency in a robust, space-qualifiable structure. This technology is
readily extended to other devices such as varactors and amplifiers. With the use of a low
parasitic hybrid device technology such as MASTER, the possibility of submillimeter
wavelen gth NLMIC chips inte grating not only passive but active devices has become a
reality.
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Abstract

Anti-parallel planar Schottky diodes using the Quasi-Vertical Schottky Diode

(QVD) geometry, developed by TU Darmstadt, have been fabricated and mounted on

subharmonically-pumped waveguide mixers at 220 GHz. The design of the waveguide

mixers was done at Helsinki University of Technology. The diode's geometry, an

evolution of the substrateless Schottky diode [1] for integration in planar circuits [2],

assures intrinsically-vertical current flow and minimizes the volume of the

semiconductor diode mesa. This improves heat sink capability and simultaneously

reduces diode parasitics, in particular high-frequency series-resistance increase due to

skin effect. Furthermore, gold pillars grown on the contact pads confer the diode

higher physical strength and protect anode air-bridge contacts, both facilitating

soldering to the microstrip filters and allowing a safe flip-chip mounting technique.

The QVD shows DC parameters comparable to those of whisker-contacted

substrateless diodes. Measured forward I-V characteristics are identical, which

contributes to minimize mixer conversion loss. The technology and the electrical

characteristics of the Anti-Parallel Quasi-Vertical Schottky Diodes (APQVSD) are

presented, as well as the first measurement results obtained with the 220 GHz

subharmon ic mixer.
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Introduction

GaAs-Schottky diodes are used as the non-linear mixer element (varistor) in

heterodyne receivers for THz applications because of their high cut-off frequency and

low parasitics as compared with other semiconductor devices.

The Quasi-Vertical planar Schottky Diode (QVD). developed by TU

Darmstadt. is based on the substrateless, whisker-contacted. Schottky-diode concept. It

inherits its extremely reduced diode chip and the correspondingly increased heat-sink

capabilities and combines them with the advantages of planar designs. which offer a

reliable anode contact and open the door for full integration in MMIC's.

Recently. the Anti-Parallel Quasi-Vertical Schottky Diodes (APQVD) have

been developed. fabricated and mounted on 220 GHz subharmonically-pumped

wavecruide mixers. Figure I shows the sketch of the mixer block having two tuners.

IF connector

Figure 1: Sketch of the 220 GHz mixer block.
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Like the whisker-contacted substrateless diode and the QVD, the APQVD

present vertical current flow and low parasitics. The scheme developed to model their

predecessors can be applied to them without further modifications [3].

Diode Design and Modeling

The APQVD have a structure similar to that of the single QVD. The complete

geometry is presented in Figure 2, which shows some of its advantages with respect to

other planar-diode concepts.

protecting pillar backside ohmic contact

Figure 2: Geometrical structure of an APQVD chip.

The diode mesas, about 2-pm thick, lye directly on top of a gold platform. This

improves the diodes heat-sink capabilities, which in other planar structures is limited

to the anode finger and in normal whisker-contacted diodes to the anode whisker.

Additionally, dramatically-reduced mesa size eliminates the influence of skin effect on

high-frequency series resistance.

Compared with whisker-contacted devices, a general drawback of planar diodes

is the pad-to-pad stray capacitance. The need to keep air-bridges short in order to

reduce their parasitic inductance sets a limitation to the minimum pad-to-pad

capacitance achievable. The APQVD show two major improvements in this respect.
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Firstly, a reduced substrate thickness of 10 pm is achieved by means of a novel etch-

separation technique in which the diodes are photo-lithographically protected on their

front side and the rest of the wafer is etched away. Reduced substrate thickness

reduces in turn pad-to-pad stray capacitance. Secondly, high air-bridges have been

successfully fabricated. Bridge height above the mesa is about 2 pm, whereas the

backside ohmic contact lies 4 pm below the bridges. This reduces their parasitic

capacitance to negligible values, which allows bridge widening without significant

capacitance increase. This in turn reduces the inductive effect of the air-bridge, and in

this way the necessary compromise between bridge inductance and pad-to-pad stray

capacitance can be shifted to more convenient values of both.

A further geometrical improvement of the APQVD is the fabrication of gold

pillars about 6 pm in height in order to facilitate flip-chip techniques. The pillars,

grown on the contact pads, confer the diodes greater physical strength and protect the

air-bridge anode contact during device handling. This facilitates soldering to the

microstrip filters and allows a safer flip-chip mounting techniques.

According to previous experiences, a doping level of 3 x 10 17 cm -3 and a

thickness of 100 nm is chosen for the active n-layer, while anode diameter is set to be

0.8 firil. The thickness of the nt layer is 2 pm, which approximately equals the skin

depth of ntdoped GaAs at 220 GHz, eliminating the high-frequency increase of series

resistance due to skin effect.

At millimeter wave lengths, diode dimensions become comparable to the

wavelength and, thus, the distributed effects of the passive structure are remarkable.

Also, parasitics are introduced due to the associated mounting structure and a

microstrip channel surrounding the diode in the mixer block. Therefore, an accurate

modeling of the APQVD is crucial for a reliable design of the mixer circuitry.

The diode model has been constructed from the active and passive diode parts.

The active part includes the nonlinear junction resistance, nonlinear junction

:.ipacitance, series resistance and a series inductance. The passive part including the

-,3.rasitics due to the diode structure, microstrip channel, and a quartz microstrip
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substrate has been modeled with help of an electromagnetic high frequency simulator

(HFSS) based on the finite element method (FEM) [4]. After the construction of a

diode equivalent circuit, the results of the FEM simulations have been fitted into the

equivalent circuit. The equivalent circuit of the diode chip is shown in Figure 4. The

theoretical modeling work is to be further supported by vector network analyzer

(VNA) measurements using CPW on-wafer test structures of single and anti-parallel

diodes. The VNA measurements with coplanar probes will take place at the frequency

range from 50 MHz possibly up to 110 GHz.

Figure 4: Equivalent circuit of diode chip. Twoports are for soldering pads.

Diode Fabrication and Characterization.

The fabrication process is based on the technologies of single QVD which were

developed in the last years. Figure 5 shows a SEM picture of an APQVD chip, where

the 4-pm height of the air-bridges as well as the protection gold pillars can be

appreciated.
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Figure 5: Side view of an APQVD chip (SEM microiraph).

Figure 6 shows an APQVD chip soldered on a quartz-substrate microstrip

circuit using a flip-chip technology. The effective protection of the lateral gold pillars

can be seen.

Figure 6: Anti-parallel quasi-vertical Schottky diode after soldering onto a microstrip

filter on quartz substrate (SEM micrograph)

Figure ?? shows measured I/V curves of two APQVD. The diodes show an

inverse saturation current of 6 x 10 -16 A, a series resistance of 25 , an ideality factor

of 1.14 and a total capacitance (junction capacitance at zero bias plus parasitic

capacitance) of 21 fF. The simultaneous and identical processing of both diodes in an
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integrated pair achieves practically identical I/V characteristics for all current values

above 10 nA. This contributes to reduce mixer conversion loss. Noise temperature

measurements at 1.4 GHz have been performed on the diode pairs for different bias

currents. At a typical bias of 500 jiA, a noise temperature of 350 K is achieved which

is comparable to values obtained with whisker-contacted diodes.

voltage (V)

Figure ??: I/V characteristics of two APQVD

Performance of 220 GHz Subharmonic Mixers

The anti-parallel pair of Schottky diodes has been employed in two 220 GHz

subharmonic mixers. These mixers are used as scaled models for a 650 GHz mixer.

One of the mixers is based on a two-tuner block [5] (Figure 1) and the other one is

quite similar but employs four backshort tuners [6] for better tuning possibility. So far.

some diode chips have been tested. A 10.5 dB SSB conversion loss has been achieved

with The two-tuner mixer design. The measured noise figures are much higher than

expected. We believe that this is due to the deterioration of the diode chip during the
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measurements. The best results have been obtained by using the four-tuner block. The

SSB results are a 9.2 dB mixer conversion loss and a 3520 K mixer noise temperature.

These figures were obtained at 215 GHz and 1 07 GHz RF and LO frequencies,

respectively. The used LO power was 3.5 mW. The series resistances of the two diodes

in the applied chip are 11 12 and 12.5 and the ideality factors are 1.29 and 1.28,

respectively

The measured conversion loss value is comparable to those of the best

published subharmonic planar Schottky diode mixers at this frequency range. On the

other hand, the noise temperature is somewhat higher. It should be emphasized that the

diode parameters are not optimized for 220 GHz but for 650 GHz. The same diode

chip will be used in the 650 subharmonic mixer.

Conclusions

Anti-parallel planar Schottky diodes using quasi-vertical structure have been

developed, fabricated and mounted on different 220 GHz sub-harmonic waveguide

mixers. To reduce parasitic capacitance of the contact pads, reduced chip thickness of

10 microns and high air-bridges are realized. For a reliable handling of this thin device

two flip-chip pillars have been introduced in the fabrication. Several batches of

APQVD have been reliably processed.. A wide-band equivalent model has been

theoretically developed which includes the passive and active regions of the diode.

This model will be further improved by comparison with measured values.

DC characteristics of APQVD prove to be similar to those of whisker-

contacted diodes and show that the variation between two diodes of the same pair is

negligible. Noise measurements performed on flip-chip-mounted structures show

diode noise temperature to be 350 K at a bias current of 500 pA.

The best performance obtained to date with subharmonic mixers usin g these

diodes is 9.2 dB of SSB conversion loss and a corresponding mixer noise temperature
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of 3520 K. These values were measured at 215 GHz and 107 GHz RF and LO

frequencies, respectively, for an LO Power of 3.5 mW.
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Abstract
The design and testing of a 400 GHz fixed-tuned subharmonic mixer using anti-

parallel planar Schottky bather diodes is presented. Fixed-tuned, two-sided waveguide-
to-microstrip transitions are used to couple power into a microstrip channel, in which the
diode is mounted. A low-pass filter is used to block the RF signal, and a short-circuited
half-wave stub is used to terminate the LO. The first tests of the mixer yielded a double-
sideband mixer noise temperature of 1120 K and a mixer conversion loss of 8.0 dB at 420
GHz using 5 mW of local oscillator power.

Introduction
This paper describes the design and testing of a 400 GHz anti-parallel planar-

diode subharmonic mixer. The main goal of this research is the development of robust
solid-state room-temperature mixers at 380 GHz and 425 GHz with broad IF bandwidth
for space-based microwave sounding. In addition to this goal, we desire to develop a
sensitive fixed-tuned room-temperature mixer with broad RF and IF bandwidths that is
rugged and uses a relatively simple block geometry, in particular one that is compatible
with molding and micromachinin g block fabrication techniques [1]. The use of an E-
plane split block design, with the RF and LO guides machined in the same plane of the
block makes this design amenable to these inexpensive block fabrication techniques. The
mixing element used for this mixer will be a planar Schottky diode [2], which is
mechanically robust and can give excellent sensitivity without the need for cooling.
Subharmonically pumped anti-parallel diodes will be used because this configuration
suppresses LO noise and eliminates the need for an external diplexer since the RF and LO
signals are coupled through different ports [3]. Finally, the use of the anti-parallel diode
configuration tends to reduce the diode's IF impedance, thus simplifying broadband IF
matchin2.

e-mail address: hesler@virginia.edu
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Mixer Block Configuration
The mixer block is split in the E-plane of the RF and LO waveguides, which

simplifies mixer assembly and reduces the losses in the waveguides. The planar diode is
mounted on a 35 gm thick fused-quartz substrate and then placed in a shielded rnicrostrip
channel which runs perpendicular to the RF and LO waveguides. A schematic of the
mixer block circuit configuration is shown in Fig. 1. Fixed-tuned waveguide-to-
microstrip transitions, with the microstrip running through the waveguide, are used to
couple power into the microstrip channel, where the diode is mounted. The use of two-
sided waveguide-to-microstrip transitions required the use of reduced height RF and LO
waveguides to achieve reasonable bandwidths. For this mixer, half height waveguide was
used for the RF, and third height guide was used for the LO.

A low-pass microstrip filter is used to prevent the RF signal from coupling to the
LO guide, and a short-circuited half-wave stub is used to provide the LO termination.
The RF embedding circuit is conceptually similar to that of a successful 700 GHz
fundamental planar-diode mixer [4], indicating that this design can be readily scaled to
higher frequencies using existing flip-chip type planar diodes.

Block Design
The mixer was designed using Ansoft's Maxwell finite-element simulator to

model the waveguides, planar diode chip, and quartz circuit. Coaxial probes were
artificially introduced at the two diode junctions during the finite element modeling to
allow the direct prediction of the diode embedding impedance. The circuit was designed
to present an LO embedding impedance of 70+j inn, and an RF impedance of 65+j4011.
Harmonic balance simulations were performed for the University of Virginia SD1T7-D20
planar diode (1.1.26, Isat=2 16 A, Rs=18 0, and q0=1.3 fF), and for the above
embedding impedances the simulation predicted a mixer conversion loss of 5.0 dB (DSB)
and noise temperature of 250 K (DSB) using 1 mW of LO power. The total conductor
and dielectric loss for the horn, waveguide, microstrip, and diode was estimated to be
about 2 dB. Using this loss, the predicted performance is a mixer conversion loss of 7 dB
(DSB) and mixer noise temperature of 600 K (DSB). Fig. 2 shows a plot of the RF
embedding impedance as a function of frequency. It is seen that the fixed-tuned RF
bandwidth of the mixer is predicted to be about 70 GHz, or about 18%. The fixed-tuned
LO bandwidth is expected to be only about about 5%, with the smaller bandwidth caused
by the presence of the half-wave stub terminating the LO circuit.

Mixer Testing
The sensitivity of the mixer was measured at room temperature, yielding an

overall system noise temperature of 2930 K (DSB) using 5 mW of LO power. The local
oscillator power for this mixer was provided by a 105 GHz Gunn oscillator with about 75
mW output power driving a planar balanced doubler [5]. A variable attenuator was used
to vary the IF noise temperature from 100 K to 440 K, thus allowing the measurement of
the mixer parameters Tmix=2130 K (DSB) and Lmix=9.8 dB (DSB). Correction of the IF
standing-wave-ratio of 4:1 will improve the performance to
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Fig. 1. Schematic of subharmonic mixer block circuit configuration.

Fig. 2. RF embedding impedance from 360 GHz to 440 GHz (13.3
GHz steps) and computed noise temperature contours (contours
calculated with 1.5 mW LO power, 100 S/ IF impedance, and with no
transmission line losses).
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Fig. 3. Measured IF standing-wave-ratio for mixer at 420
GHz with 5 mW of LO pump power.

Tmix,c=1120 K (DSB) and Lmix,c=8.0 dB (DSB) (note that a room temperarature circulator
was used at the input of the IF amplifier chain). A plot of the IF mismatch versus
frequency is shown in Fig. 3.

Conclusions
We have developed an a robust 400 GHz planar-diode mixer with excellent

sensitivity which can use an all-solid-state LO source. This mixer block is compatible
with rnicromaching and molding techniques, thus allowing for the possibility of reduced
component cost for submillimeter-wavelength mixers. Future testing will examine the
experimental RF and IF bandwidths for this mixer. Based of previous results with
fundamental mixers, it is expected that this mixer can be scaled to at least 700 GHz using
existing planar flip-chip diodes, and can be scaled to THz frequencies by integrating the
diode with the mixer circuitry [6].

Acknowledgments
This research was supported by NASA-GSFC Grant No. NAG5-6507 and the

U.S. Army N.G.I.C. contract DAHC90-96-C-0010.

References

1. T.W. Crowe, P.J. Koh, W.L. Bishop, C.M. Mann, J.L. Hesler, R.M. Weikle II, P.A.D. Wood, D.
Matheson, "Inexpensive Receiver Components for Millimeter and Submillimeter Wavelengths," Proc. of
Eighth Mt. Symp. on Space THz Tech., Cambridge, MA, March 25-27 1997.

2. W.L. Bishop, E. Meiburg, R.J. Mattauch, T.W. Crowe and L. Poli, "A lm-thickness, planar Schottky
diode chip for terahertz applications with theoretical minimum parasitic capacitance," IEEE-107-S Mt.
Microwave Symp. Dig., 1990, pp. 1305-1308.

98



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

3. A.R. Kerr, "Noise and Loss in Balanced and Subharmonically Pumped Mixers: Part I - Theory," IEEE
Trans. Microwave Theory Tech., vol. MTT-27, pp. 938-943, Dec. 1979.

4. J.L. Hesler. W.R. Hall, T.W. Crowe, R.M. Weikle, H, B.S. Deaver, Jr., R.F. Bradley, and S.-K. Pan,
"Fixed-Tuned Submillimeter Wavelength Waveg-uide Mixers Using Planar Schottky Barrier Diodes," IEEE
Trans. Microwave Theory Tech., Vol. 45, pp. 653-658, May 1997.

5. D.W. Porterfield. "A 200 GHz Broadband. Fixed-Tuned. Planar Doubler." Proc. of Tenth Mt. Symp. on
Space Tliz Tech.. Charlottesville. VA. March 16-18 1999.

6. S.M. Marazita. J.L. Hesler. R.Feindu2le, W.L. Bishop, and T.W. Crowe, "Planar Schottky Mixer
Development to 1 THz And Beyond." Proc. 1998 Int. Symp. On Space THz Tech., Jan. 1998.

99



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

REGARDING THE IF OUTPUT CONDUCTANCE OF SIS TUNNEL JUNCTIONS
AND THE INTEGRATION WITH CYROGENIC InP MMIC AMPLIFIERS

J. W. Kooi 1 , F. Rice', G. Chattopadhyay 1 , S. Sundarum
S. Weinreb and T.G Phillips

1- MS 320-47, Caltech, Pasadena, CA 91125
2University of Massachusetts. Amherst. MA 01035
3
Jet Propulsion Laboratory, Pasadena CA 91108

Abstract

There is a strong interest in the Submillimeter community to increase the IF
bandwidth of SIS receivers in order to facilitate extra-galactic astronomy. However,
increasing the IF bandwidth generally also means increasing the IF operating frequency
of the mixer, because it is very difficult to achieve a good IF impedance match to a
low noise amplifier (LNA) for more than an octave bandwidth.
Complicating the matter is that most cryogenic amplifiers do not have a very good
input match, which nearly always results in severe standing waves between the mixer
and amplifier, especially since the amplifier is connected to the mixer via a finite (10
cm) length of coaxial line. The use of a cryogenic isolator would eliminate the
standing wave issue, however all of the currently available cryogenic isolators have
less than an octave of bandwidth. The second approach would be to integrated an low
noise amplifier into the mixer block, minimizing the distance between the junction and
LNA.

In this paper we investigate the SIS junction's IF output conductance and the
possible integration of SIS mixers with InP MIMIC low noise amplifiers, as an
alternative to the traditional matching network/isolator approach. In particular we look
into the use of a grounded Gate and grounded Source configured low noise InP
amplifier, and the performance one is likely to achieve.

I. Introduction

From literature the IF output impedance of a Superconducting-Insulator-
superconducting (SIS) junction is typically 10 times the normal state resistance of the
junction [1-3]. The junction's IF output is shunted by the parasitic capacitance of the
junction (A SIS junction is made of two closely spaced superconductors) and RF
matching network. The resulting capacitance of a A10., tunnel junction with 101(A/cm 2

current density is on the order of 80fF/ p,m 2 . The matching network required to match
the SIS junction's RF impedance to the waveguide embedding impedance is commonly
implemented in micro-strip mode, and fabricated with either SiO or SiO 2 as the
dielectric between the wire layer and ground-plane. For example, the JPL process uses
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450- and 200 nm thick SiO (sr=5.6) dielectric layers. The relatively high dielectric
constant of the dielectric guaranties that any type of RF matching network
implemented in micro-strip mode introduces a significant parasitic capacitance, hence
significantly limiting the obtainable IF bandwidth of the mixer.

Consider the coltnC product of a SIS junction. For a niobium SIS junction using
an AlO x barrier with current density equal to 7-10k/6k/cm 2 , the coll..0 product is unity at
about 100 GHz. It can be seen that the combined junction and RF matching network
geometric capacitance is nearly the same for all micro-strip tuned SIS devices. This is
especially the case if one considers that the fabrication process for SIS devices is
universal, i.e. similar world-wide. We are justified therefore to do a case study of the
popular and widely used "End-Loaded stub" RF matching network, without loosing
too much generality [4-10].

For the wave-guide devices currently in use at the CSO, the RF matching
network has a parallel plate capacitance of approximately 220 fF, and a junction
capacitance of 40 if giving a combined parasitic capacitance of 260 if at the IF Port
of the mixer (Fig . 1). Superconducting mixer computer simulations using Supermix, a
recently developed software tool [11], have been performed in order to better
understand the IF output conductance, optimum IF load impedance and IF frequency
limitations of the SIS mixer. Using the results of these simulations, we investigate
what happens when one of these devices is interfaced directly with an ultra-wide
bandwidth InP NSIIC device.

II. IF Output Conductance

The outline of the computer simulations is shown in Figure 2. We use a
program called "Supermix- [11] which is developed at Caltech. The antenna
impedance is taken to be 40-i20 Ohm. For clarity we show the RF choke with the SIS
junction situated at the center of the bowtie antenna. To the left of the junction the RF
matching network is visible. Also shown are two bond-wires, ordinarily one of the
bond-wires is connected to ground, the other to a if matching/bias network [12]. The
IF output in the computer model is taken throu gh the RE matching network and
terminated into a 50 Ohm load via a transformer. This technique enables us to
calculate both the mixer gain and IF output impedance.

In Fi gure 3 we plot the junction's IF output admittance as a function of bias
voltage. For reference sake we show the pumped and unpumped IV curves as well.
The IF frequency is 6 alz, and 3 harmonics were used in the harmonic balance part of
the program. The Junction's IF output impedance consists of a real part (10Rn)
shunted by a capacitive component of 307 if. This includes the quantum susceptance
and is a more accurate value than the estimated 260 fF mentioned earlier. To see how
the junction's IF admittance varies as a function of IF frequency we ran the mixer
simulation from 0.5 to 12 GHz. The results is shown in figure 4. Clearly the IF
admittance is made up out of a parallel RC, whose values are 10Rn, and 307 fF.
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III. RF Port Reflection Coefficient

Intuitively one may think that it is best to conjugate match the above mentioned IF
output conductance. This does indeed provide maximum mixer gain (Fig. 5), but also
gives a reflection gain at the RF input of the mixer! This likely results in significant
standing waves (VSWR) between the mixer and the telescope and consequently an
unstable baseline for the back-end spectrometer. A more suitable value for S11(RF) is
perhaps -3 to -5 dB, which results in a slightly lower mixer gain but more stable
receiver.
We used the optimizer in Supermix [11] to calculate the required IF load impedance
from 0.5 to 12 GHz that provides a particular RF reflection coefficient. When we do
this, the mixer gain (Gmix) happens to be nice and flat as well. The required IF load
impedance is complex and is plotted against IF frequency in figure 6.

Traditionally the IF port of a SIS junction has often been terminated by a real
impedance, simply because it turns out to be very complicated to precisely calculate
the required load impedance needed to achieve both an acceptable RF reflection
Coefficient and mixer gain. For comparison's sake, we plot Gmix and Sll(RF) for two
distinct real load impedance's, 2Rn and 5Rn. In the case of a 1-2 GHz IF frequency, a
IF load impedance of 5Rn is quite acceptable. It provides a near optimum mixer gain
and a RF reflection coefficient of about -1 to -3 dB. The disadvantage is of course that
the mixer gain is very much IF frequency dependent (10dB from 1-12 GHz)! For
higher IF frequencies then 2 GHz, an IT load of 2Rn is not a bad choice. However the
mixer gain is still a slight function of IF frequency and 2-3 dB in mixer gain is
sacrificed as compared to an optimal design.

The real and imaginary components of the calculated IF load admittance are
presented in Figure 6. Note that the real part of Yif varies from 10Rn for a conjugate
match (maximum Gmix and Sll(RF)) to 2.3 Rn for a RF reflection coefficient of -
10dB. The imaginary part is essentially constant at -296 if, the conjugate of the
combined junction capacitance, junction quantum susceptance and RF matching
network parasitic capacitance. In general, the required IF load impedance will be on
the order of (2.8-3.7) * Rn shunted with a ne gative capacitor whose magnitude is the
total combined junction capacitance.

102



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

Iv. IF Matching Network

Since nature does not provide us with a negative capacitance, we need to come
up with some kind of compromise to obtain the required IF load impedance. An
inductance will do at a single frequency, with a 3dB bandwidth related to the Q of the
circuit. A wider bandwidth (octave) is achieved with a more complicated circuit. As
an example we use a 7 pole Chebyshev impedance transformer, implemented in
micro-strip mode (Fig 7) and centered from 4-8 GHz. The conditions are S11(RF) =
-3dB with a flat/optimal mixer gain. On the Smith chart we show the simulated IF
load impedance and actual obtained IF impedance as measured at the junction
(Match[S22]). If we replace the junction with the required IF load, and look into the 50
Ohm output of the matching network we see a return loss of -14 dB (4% reflected
power).

Now that we have designed a complete IF matching network, we calculate the
combined IF matching network/RF choke impedance from 0.5 - 12 GHz and present
this to the IF port of the mixer. Re-running the superconducting mixer software
(Supermix) with this new load impedance gives us the final mixer performance (Fig.
8). Note that Gmix is nice a flat at -1.4 dB, while the RF reflection coefficient is -5dB.
This is slightly different from the design goal of -3dB, because we were not able to
perfectly match the required IF load for a RF reflection coefficient of -3db
(Figures 6, 7). It should also be noted that at the LO frequency (0 GHz) the RE
reflection coefficient goes positive. In practice this problem can be prevented by
including a termination resistor in series with a small inductance.

V. Reality check

To compare our superconducting mixer simulations against actual
measurements, we plot the IV and Total Power curves of both the simulation and
measurement in Ea. 9. The difference in the total power curve shape is primarily due
to a difference in Antenna impedance. From the simulations we get a 345 GHz mixer
noise temperature of 12 K and a mixer gain of -1.4 dB (IF frequency = 6 GHz). The
optics loss at the RE frequency is measured to be about -0.5 dB using a Fourier
Transform Spectrometer. Using the intersecting line technique[13, 14] we calculate an
actual optics temperature of 25K.
The 352 GHz measured result uses a SIS receiver with a 1-2 GHz GaAs balanced low
noise amplifier (noise temperature equals 5-6 K) as opposed to the 6 GHz intermediate
frequency in our computer simulations. Finally, if in our simulations we use an InP
Hemt amplifier centered at 6 GHz with a noise temperature of 7K, we calculate a
receiver temperature of about 53K DSB. This compares very well with the measured
receiver temperature of about 52K (different IF frequency). From this discussion it is
clear that the noise in the receiver is very much dominated by the optics loss in front of
the mixer!
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VI. InP MMIC's

A promising technology for wide IF bandwidth applications are InP
In figure 10 we show the characteristics of three of such devices. The simulations
cover 1-20 GHz and show very good gain and noise performance, especially for the
grounded gate devices. The input impedance for a grounded gate device is about 20
Ohm, with the optimum noise impedance close to 50 f2. The models were obtained
from Professor Sander Weinreb [15]. At the present time, none of the NSIEC's have
been measured. Nevertheless it is very instructional to connect the ANTIC models to
the SIS junction under discussion ("End-Loaded stub" RF matching network) and re-
run the Supermix mixer simulations.

The result is shown in Figure 11. The MIMIC is wire-bonded directly to the RF
choke without a matching network. Because the MMIC's and SIS device are not
matched to one another, the mixer gain and RF reflection coefficient are quite erratic.
This experiment clearly demonstrates two important points.
First, if a MIMIC is to be used with a existing SIS junction then an IF matching
network is inevitable. This of course will restrict the IF bandwidth that can be
achieved.
Secondly, to obtain a wide IF bandwidth system the junction has to have very low
parasitic capacitance[16] an be designed to properly match the IVSEC. In other words,
both MIMIC and SIS devices need to be very well characterized and understood.

VII. Conclusion

SIS devices employing highly capacitive RF matching networks such as the
popular "End-Loaded" stub can be used up to IF frequencies of at least 8 GHz. The
parasitic capacitance from the actual SIS device, RF matching network, and junction's
quantum susceptance is significant for most mixers in operation at the present time.
Increasing the IF bandwidth to 8 GHz, or higher, requires a knowledge of the proper
IF load impedance if one is to obtain an optimally flat mixer gain and acceptable RF
reflection coefficient. As a rule of thumb, the IF load impedance will be on the order of
(2.8-3.7) * Rn shunted with a negative capacitor whose magnitude is the total
combined junction capacitance. Presenting a real load impedance to the IF port will
limit the mixer performance at the higher IF frequencies. Another important
observation is that the RF choke will resonate with the junction parasitic capacitance at
about 9-10 GHz for most SIS devices currently in use. This sets a practical upper limit
to IF frequency, unless the junction is redesigned of course.

Low noise InP MIMIC technology is very promising indeed. If one is to take full
advantage of the MMICs bandwidth however, the Junction/RF matching network
combination needs to be carefully re-designed and characterized. Current SIS devices
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can of course be used with NIMIC's, but will need to use some sort of IF matching
network, which will limit the available IF bandwidth.
Last, we have demonstrated Supermix as being a very useful tool for superconducting
mixer analyses.
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E-BEAM SIS JUNCTION FABRICATION USING CMP
AND E-BEAM DEFINED WIRING LAYER

Patrick Pueti, Karl Jacobs

KOSMA, 1. Physikalisches Institut, University of Cologne
Zuelpicher Str. 77, 50937 Koeln, Germany

ABSTRACT

High frequency (> 0.5 THz) circuit design of SIS mixer elements used in
radioastronomical heterodyne receivers demand tightly controlled junction areas with
sizes smaller than 0.5 tim 2, suggesting the use of electron beam lithography (EBL).
The thin PMMA electron beam resist, however, cannot be used for the usual self-
aligned liftoff of the insulating dielectric. We implemented a new processing scheme
similar to the PARTS (Planarized All-Refractory Technology for Superconducting
electronics [1]) fabrication process developed at IBM. In this process a chemical
mechanical polishing (CMP) step is used to planarize the dielectric (Si02). CMP of
the circuits on fused quartz substrates was performed on a standard lapping machine
with a simple motorized polishing head. Dielectric thickness variations across the
active chip diameter (0 20 mm) of only ± 20 nm were achieved. In order to test the
quality of our junction fabrication, square and rectangular junctions with areas ranging
from 0.02 pm' to 25 gm' were fabricated and DC-tested. We further investigated EBL
for the wiring layer, thus extending the process to a precise definition and positioning
accuracy of all critical circuit geometries. This is especially interesting for tuning
circuits at 1 THz and beyond, with typical lengths and widths in the order of a few
microns. First results indicate that junctions with EBL defined wiring layers can have
the same quality as those with UV defined wiring.

I. INTRODUCTION

Junction area is a crucial design factor for the integrated tuning circuits of SIS
junctions. With the development of SIS mixers for frequencies at or above 1 THz,
e. g. for use in the receivers of the Far Infrared Space Telescope (FIRST), junction
areas have to become smaller (< 0.5 pm') and more precisely defined (AA/A, < 10 %)
in order to ensure optimum performance of the integrated tuning circuits. At lower
frequencies, ongoing developments of multi-junction circuit designs and array

puetz @ph I .uni-koeln.de
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applications make tightly controlled junction areas necessary. Junction designs
employing rectangular submicron areas or distributed junctions are very demanding
for junction definition.

Standard UV300 contact mask-aligner lithography has its limits with linear
dimensions approaching 0.8 pm and thus needs to be replaced by a more powerful
technology. Two commonly employed solutions are deep UV stepper technology or
EBL. In this paper we will focus on latter, as EBL technology has already been
developed at KOSMA for fabrication of hot electron bolometers [2].

In the conventional self-aligned liftoff process for the fabrication of SIS junctions, a
thick (� 1.2 pm) photoresist is used both for the definition of the top electrode and for
the following self-aligned liftoff of the evaporated insulating dielectric. The electron
beam resist PMMA used for high resolution EBL is too thin (190 nm) to be used for
these purposes (Figure 1, first column). Therefore a different fabrication scheme has
to be implemented.

One possibility for pattern transfer is the use of a relatively thick polyimide
underlayer beneath the EBL resist as described in [3] shown in Figure 1, second
column. A disadvantage of this process is the rather difficult processing of the
polyimide films and the fact that the critical liftoff step still has to be used.

A completely different approach is the use of a chemical mechanical polishing (CMP)
step for planarization of the dielectric, first used in the PARTS (Planarized All-
Refractory Technology for Superconducting electronics) process [1]. Here a self-
aligned process step is not necessary, thus eliminating the need for a thick EBL resist.
After junction top electrode RIE the dielectric is deposited onto the whole wafer
without any patterning and then the dielectric is locally and globally planarized in a
polishing step. Polishing is terminated when the junction top electrodes emerge at the
dielectric surface (Figure 1, third column).

119



600 cm Si02

New KOSM A junction fabrication with
E-Beam Lithography and CMP - a comparison

standard junction definition

with self-aligned liftoff process

1200 rim

UV resist

I nlayer : typically

150 not Nb Top

10 nm Al/A10x
1 150 nm Nb

resist patterned

(UV + photomask)

development

I

op electrode definition:

RIE of Nb: resist as etch

mask (eg. NF3. CF4)

> 0.8 g m

SiOx deposition

(junction isolation)

E-Beam submicron area junction definition

with self-aligned liftoff process

(schematic. IPL)

 120 am PM MA

 •E-Beam resist,

500 no pclimide

resist patterned ty ESL

development

Cr deposition (etch mask)

, 30 nm Cr

PM MA removed

pattern transfer:

RIE of polyimide (02l

< 0.5 g m

I

top electrode definition:

RIE of Nb: polyimide etch mask

(CCl2F2 + CF4 + 02)

E -B earn sutrn i.:7o:t area

jun:nor defiriicon a it CM F

( KOSMA

am PYM

I
E-3earn ,:hograph:.

de,elopmen: , /3K

Si02 de:osition
etch mast

$0 em SIO:

PMM A removed laze:one

1
 definition of dielectric
wildo.

to; elecucte deficlucn-

RIE of Nb: Si02 as etc:::
mask IN F3 .

remains

11

L.

11=nitainl

de;csition

(Junction isolation'

definition of tuning I wiring layer

111111111 1111

definition of tuning / wiring layer
PATR ICK t T

ISELF-ALIGNED

4Liftoff
resist removed (acetone)

3

definition of tuning / wiring layer

SiO deposition

(junction isolation)

self-aligned liftoff:

polyimide removed (CH2Cl2)

CM P

topography is planarized

top electrode is free

.__'..ff111111111.17M

typically

200 nm SiO

200 am SiO

Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

Figure 1 Comparison of junction definition with CMP to standard self-aligned liftoff and JPL processing schemes
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II. CHEMICAL MECHANICAL PLANARIZATTON OF INTERLAYER DIELECTRICS

CMP for planarization of
interlayer dielectrics (LLD)
was developed at IBM in
the mid 80's for multilevel
VLSI chip developments
out of the need to cope with
increased topography
generation (also referred to
as oxide CMP).

In a typical application the ILD, SiO, is deposited onto underlying circuits and is
planarized through CMP and thinned until interconnections can be used for further
contacting (Figure 2). During CMP the wafer is pressed onto a polishing surface (a
polyurethane polishing pad) with both the wafer and the pad being rotated. A caustic
aqueous polishing slurry, containing small abrasives (typically silica particles of
approx. 100 nm diameter) is dispensed onto the pad. The SiO, surfaces of the ILD on
the wafer and the silica particles become hydroxylated, and hydrogen bonding in
combination with the mechanical induced slurry flow then carries away material from
the ILD [5].

Because of the complex hydromechanical
interactions at the ILD surface, an empirical
approach for establishing the proper set of
parameters for an optimal planarization yield
and process stability has to be chosen. In order
to establish a high planarization rate (i. e. the
time it takes to reduce ILD topography to a
desired level) and global uniformity of the ILD
thickness, the wafer has to be in partial contact
with the polishing pad. This is achieved by
empirically influencing the slurry fluid film
thickness through pad velocity, pad properties,
wafer applied load and the wafer mounting,
with the latter determining how much the
wafer is recessed into its carrier. As shown in
[6] for 2" wafers, this semi-direct contact
mode is achieved when the wafer sticks out le
surface. Another important effect is the feature
rate. Structures with larger linewidths planarize
the finite deformability of the polishing pad
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establishing interconnection of all circuits on a chip. This must be solved by the
appropriate chip design.

KOSMA E-BEAM SIS JUNCTION FABRICATION SCHEME

The trilayer structure for the waveguide junctions is sputter-deposited onto fused
quartz substrates (LNFRASIL, 0 25 mm, 250 jim thickness) into UV lithographically
patterned bilayer AZ 7212 photoresist windows [10]. The trilayer film thicknesses are
150 nm niobium for the bottom electrode, 10 nm aluminum, which is oxidized in-situ
to form the A10. tunnel barrier with critical current densities around 17 kA/cm, and
230 nm niobium for the junction counter electrode. After liftoff, alignment marks are
defined onto the chip through sputter-deposition of aluminum and gold, also as a
liftoff process. These marks are needed for pattern alignment during EBL. Then the
chip is spin-coated with a monolayer 190 nm PMMA (4 %, 496 k) and covered with
10 nm aluminum for charge dissipation during EBL.

Our EBL system, based on a CAMBRIDGE S240 SEM, is controlled by a PC running
customized AutoCAD software in which the structures are defined using AutoCAD
trace elements. Patterns are written into the PMMA with a beam current of 14.0 pA
and doses ranging from 100 to 150 1.1C/cm2 (structures are not proximity effect
corrected, but larger structures receive less dose for compensation). After removing
the aluminum in an acidic solution and PMMA development, 50 nm SiO, as the etch
mask for RM is electron beam evaporated into the PMMA patterns. A thorough 0,
plasma clean to remove H 20 from the chips' surface prior to deposition has proven to
be necessary for proper Si0 2 film adhesion. After junction etch mask liftoff, a
secondary etch mask, patterned with UV lithography, defines the junction isolation
window. Now the top electrode is etched with RIE using NF, at 40 1.thar, -55 V.
0.13 W/cm 2 for 48 sec.

600 nm Si0 2 as dielectric for the integrated tuning structures is electron beam
evaporated (after plasma cleaning) onto the whole chip in agreement to the PARTS
processing scheme (a minimal dielectric thickness according to the feature step height
to be planarized, in our case 390 nm, is needed for planarization). CMP is terminated
after 3-4 polishing passes when the mean dielectric thickness in the junction isolation
windows is measured to be 200 nm. After CMP and post-CMP cleaning procedures —
which are discussed in following chapters — the integrated tuning circuits are sputter
deposited into UV-lithographically (or EBL — discussed later) patterned photoresist
windows, again as a liftoff process. The wiring layer consists of 350 nm niobium
covered with 30 nm gold for wire bonding. Prior to deposition the chip is argon
plasma cleaned (4 min, 3.0 Pa, -450 V, 0.4 W/cm 2) in order to remove any residue
from CMP (in particular the modified niobium layer on the junction tops). The chip is
then diced into several parts, ultrasonically wire bonded and DC tested.
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Iv. EXPERIMENTAL ASSEMBLY FOR CMP

CMP was developed on a standard lapping machine [11]. This machine is equipped
with a 12" plate drive with continuously variable speeds from 0-70 rpm and a semi-
circle roller sweep arm, with variable sweep amplitude and frequency, to guide the
lapping / polishing head (Figure 4). Because this machine is also used for lapping
fused quartz substrates it was placed in our clean room facilities or in an individual
flow box environment.

A machined DELRLN

(PVC) disc containing the
wafer pocket on the
bottom is mounted to the motor holding

polishing head. The disc is motor spi
device

.

grooved to improve slurry
flow towards the wafer
pocket. The applied load
on the wafer is controlled
by adding a specific
weight on top of the
polishing head. Because
we use delicate 250 gm
thick fused quartz
substrates they are wax mounted onto a 2" silicon wafer. A thin (2-3 um) wax films
ensure the necessary planarity of the configuration. The wafer/substrate pocket depth
is designed to project the chips' surface 4 mil above the polishing head underside
(Figure 5).

The wafer pocket is backed 250 pm fused

by a soft buffed poromeric quartz  thin (2-3 pm)

self-adhesive film [12] for 
to polishing

1100 gm 
wax film
for substrate

reasons of reducing pocket
surface roughness and
therefore unifying load
distribution onto the wafer / polishing head (0 5", PVC disc on pad side)

substrate combination. The
polishing head is driven by

Figute 5 Schematic view of wafer pocket with wax mounting of substratean electric motor, its speed
is adjusted according to the
polishing pad speed to ensure constant relative velocity for all points of the wafer [7].

We chose a similar configuration as investigated in [6] for pocket geometry, polishing
pad and slurry [12]. The IC-1000 is a hard polishing pad and exhibits greater

brass PVC polishing head

slurry feed
pad rotation

load
ndle s.

,1

sweep arm axis

sem i-circle
sweep arm

roller for head guidance

Figure 4 Schematic side-view of CMP assembly
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planarization capabilities than softer pads [6]. Slurry feed is automated by a
membrane dose pump. All CMP relevant process data can be found in Table 1.

polishing head I polishing pad slurry
size

pocket size

wafer projection

rotation speed

position

sweep arm

applied load

wafer backing

0 5"

0 2"

4 mil

60 rpm

center of pad
radius

frequency 0.1 Hz
amplitude ± 2 cm

55 N

RODEL DF200
film

brand RODEL IC-1000

material perforated
polyurethane with
soft backing

pad velocity 0.96 m/sec
(60 rpm)

size 0 12"

compressibility 5 %

specific gravity 0.6-0.8

surface roughness 12 Am rms

removal rate 12 nm/min

brand

pH

specific gravity

abrasive

mean particle
size

flow rate

silica
concentration
(dilution with
Hp)

RODEL ILD-1200

11.0

1.08

silica

0 140 nm

6 ml/min

3 % weight

Table 1 Summary of current CMP process data

V. CMP RESULTS

We observed no negative influence of the non-cleanroom surrounding of our CMP
assembly. This can partly be explained by careful cleaning procedures, which include
the storage of polishing pad and head in containers and thorough H 20 rinsing of all
parts prior to CMP. We believe that the conditioning of pad surface with H 20 and the
slurry also has a cleaning effect. The very small number (< 10) of microscopical
scratches result from broken away material at edge of the fused quartz substrates. As a
result only a few devices (of 248) on the chip actually become useless through
scratching, because most of the scratches only extend 2-3 mm from the edge.

This area of the chip cannot be used anyway, because in this edge region the removal
rate of the dielectric is much higher than the remainder of the chip. This effect is
actually common to CMP and is described in [6]. In order to compensate for loss of
chip area through this edge exclusion zone, we increased the diameter of our fused
quartz substrates from 22 to 25 mm.

The IC-1000 is conditioned after every polishing pass with a diamond conditioning
head to ensure constant surface roughness, which is essential for constant
planarization results.

Figure 6 shows the progress of planarization on trilayer-generated SiO, topography,
and a typical planarization result is shown in Figure 7.
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FigLre 6 Profilometer scans of planarization progress (note: ordinate scale changes and is not absolute)

Another important observation we
made is effect of planarization
feature size dependency: The
geometry of the individual
waveguide mixer devices in our
chip layout result to a higher SiO,
planarization rate at the junction
area (the tapered waveguide
probes) than on the larger bondpads
at the end of each device (Figure
7). Contact problems arising from
this situation were solved by
patterning windows into the
dielectric on the bondpads.

Post-CMP cleaning is made by
extending the CMP pass for
another two minutes, with stopped
slurry flow but generous 1-1,0
rinsing of the polishing pad. The
wafer/substrate combination is kept
wet for transport into the cleanroom and then swabbed with H 20 and dried with IPA
on a photoresist spinner.

VI. INVESTIGATION OF EBL DEFINED WIRING LAYER

Terahertz mixer circuits react very sensitive to misalignment of the integrated tuning
structures relative to the SIS junctions. Typical tolerances of 1-2 gm in wiring
positioning by optical mask-aligner tolerances are not tolerable for circuits working at
these high frequencies. We therefore investigated EBL definition of the integrated
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Figure 8 Photograph of a 800 GHz shorted stub tuning structure EBL
patterned in photoresist prior to wiring layer deposition

tuning circuits, which allows a relative positioning accuracy of about 100 nm. This
precision makes it possible to use tuning circuit designs which are even more critical
in adjustment, such as rectangular junctions embedded in narrow tuning lines (Figure
8).

Another large advantage of EBL of tuning circuits is its flexibility. Changes in tuning
designs can easily and fast be incorporated into the fabrication process, as there is no
need to fabricate chrome masks for UV lithography.

EBL defined tuning structures could
easily be integrated into our new
EBL/CMP junction process scheme
described earlier: After CMP the wafer is
spin-coated with a 600 nm thick UV
photoresist (AZ 5206, resolution 0.3 gm)
and 10 nm copper is deposited on top for
charge dissipation during EBL. The
tuning structures are written with a beam
current of 14.0 pA and a dose of
15 p.C/cm2 without any proximity effect
corrections. After removal of the copper
layer through an FeC1 3 solution etch, the
photoresist is developed with AZ 400K
(diluted 1:3 with H20).

Figure 9 Close-up on waveguide feed of the same tuning
structure depicted in Figure 8 after liftoff of 380 nm thick
wiring layer
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The wiring layers are then sputtered into these photoresist windows as a liftoff
structure in the same manner as described previously for UV definition. Pattern
alignment during wiring EBL is made with the same alignment marks as used for
junction EBL.

Liftoff of the 380 nm thick wiring in the 600 nm thick photoresist produces very
smooth edges (Fi gure 9). We attribute this to the fact that EBL intrinsically produces
undercut photoresist sidewall profiles, because a large exposure contribution is made
by backscattered secondary electrons from underneath.

VII. DC IN ANALYSIS

Junction areas of square and
rectangular shape ranging from 0.02
to 25 gm' were defined and their
subgap leakage characteristics
examined. The tuning structures
were UV-lithographically and EBL
defined for different parts of the
chips in order to investigate possible
adverse effects of wiring EBL on
junction quality.

To present date our IN analysis data
does not give clear indication that
the junction barrier quality is
deteriorated due to charge buildup
during wiring EBL

Figure 10 1N-curve (0.5 mV/div, 5 p A/div) of a 0.1 p m2
Nb/A10./Nb SIS junction (Jc = 17 kA/cm2 , Rsubgap/RN = 18) with
E-Beam defined wiring layer

All junctions, with areas from 0.1 im to 0.6 gm analyzed, were fabricated with EBL
wiring.

,
share of junctions with
R fR > 1 0

N

84%

share of junctions with
R /R > 15

v-"t 1C14" N

38%

variation of junction area
< 0.61.un2

7%

'
80 junctions measured 20 junctions measured

Table 2 Junction prccess yield of one chip (all junctions measured have EBL wiring, Jc = 13 kA/cm2)

The precision of area definition was calculated from the junction normal resistance
variance, as it is not easy to measure such small area deviations in an optical
microscope. The junction area variations are below 10 %.
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CONCLUSION

It has been shown that a CMP process step in combination with EBL defined SIS
junctions on thin fused quartz substrates for use in radioastronomical heterodyne
waveguide mixers is feasible with off-the-shelf equipment. The approach of using an
existing lapping machine with a simple polishing head and the "piggyback" mounting
of fused quartz substrates on 2" Si wafers delivers very promising first results. We are
convinced that further evaluation of the process and more detailed investigation of all
input variables will improve the global planarization results.

With RsubgaiR,, ratios well above 10 our new fabrication process delivers Nb/A10./Nb
junctions with the same quality as with the present standard self-aligned liftoff
junction fabrication, with highly reproducible junction areas as small as 0.2 pm'.

EBL definition of the wiring layer does not noticeably deteriorate junction quality and
will lead to an increased precision in alignment and definition of the integrated tuning
circuits.
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Abstract

We describe the design, fabrication, and the performance of a low-noise dual-polarized quasi-optica:
superconductor insulator superconductor (SIS) mixer at 350 GHz. The mixer utilizes a novel cross-
slot antenna on a hyperhemispherical substrate lens. two junction tuning circuits. niobium trilayer
junctions, and an IF circuit containing a lumped element 180

0
 hybrid. The antenna consists of an

orthogonal pair of twin-slot antennas. and has four feed points. two for each polarization. Each
feed point is coupled to a two-junction SIS mixer, and therefore, for each polarization there are
two IF outputs and four junctions, for a total of eight junctions on the chip. Due to the mixer
structure and the use of series bias of the junction pairs, it turns out that the two IF outputs for a
given polarization are 180

0
 out of phase, requiring a 180

0
 hybrid to combine the IF outputs. The

hybrid is implemented using a combination of lumped elementimicrostrip circuit located inside
the mixer block. Fourier transform spectrometer (FTS) measurements of the mixer frequency
response show good agreement with computer simulations. The measured co-polarized and cross-
polarized patterns for both polarizations also agree well with the theoretical predictions. The noise
performance of the dual polarized mixer is excellent. giving uncorrected receiver noise temperature
of better than 115K (DSB) at 528 GHz for both the polarizations.

I. INTRODUCTION

Dramatic advances in millimeter and submillimeter wave receivers in recent years have
resulted from the development of sensitive superconductor insulator superconductor (SIS)
mixers, which now offer unsurpassed performance from 70 GHz to 1 THz. In principle.
the sensitivity of SIS mixers is limited only by the zero-point quantum fluctuations of the
electro-magnetic field. In terms of the single-sideband (SSB) noise temperature. this limit
is Iiii/k/ B 0.05 K/GHz. In practice. the SSB noise temperatures of the best SIS receivers
now fall below 0.5 K/GHz over the 100-700 GHz band. dropping as low as 0.2 KIGHz in
some cases. One should note that 0.5 K/GHz is about the level of performance of HEMT
amplifiers in the 30 GHz band. SIS mixers have improved to the point that optical elements
such as the cryostat vacuum window and the LO injection beamsplitter often contribute a
significant fraction of the receiver noise.

One way to increase the sensitivity of SIS receivers further is to use a dual polarized re-
ceiver. When both polarizations are received simultaneously. there is a v:ri improvement
in signal to noise (S/N) or a factor of two reduction in observing time. Dual polarization
operation can be achieved by using a wire grid polarizer to split the telescope beam into
two polarizations. The local oscillator (LO) can be injected using a beamsplitter. either
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Fig. 1. Cross-slot antenna structure showing the field distribution in the slots when the two horizontal slots
are excited symmetrically.

after the polarizer, in which case two beamsplitters are necessary; or before the polarizer.
necessitating a single, correctly oriented beamsplitter. Either approach tends to lead to
fairly complicated optical designs, especially for receivers with multiple bands. A much
more elegant and compact solution is to directly construct a dual-polarization mixer. This
is reasonably straightforward for quasi-optical designs, since the receiving antenna is litho-
graphically fabricated, and can be designed to receive both polarizations simultaneously.
The slot-ring mixer is one such example where a single annular (circular or square-shaped)
slot is used. which is fed at two points which are 90

0
 apart, and which has been shown to

provide good results at 94 GHz [1]. A slot-ring antenna could easily be adapted for use
in a SIS mixer. One drawback for this antenna is that it has a broader radiation pattern
(in angle) than the twin-slot antenna [2]. This is simply due to the fact that at any given
frequency, the transverse dimensions of a slot-ring are smaller than those of a twin-slot. This
broader pattern of the slot-ring will be somewhat more difficult to couple to, so the efficiency
will be a bit lower than for a twin-slot.

However. we adapted the twin-slot antenna for dual-polarization simply by crossing two
sets of slots at 90

0
. as shown in Fig. 1. In this case, there are four feed points as can

he seen in the figure. The field distribution in the slots can be intuitively obtained from
symmetry considerations. In particular, the field distributions in the -vertical slots must be
antisymmetric and therefore, the voltage at the orthogonal ports (3,4) must vanish. The
characteristics of the cross-slot antenna have been calculated using the method of moments
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PORT

so layer

S'o:s

PORT 2

Fig. 2. Details of the mixer layout. CPW lines carry the IF output to the 180° hybrid. The junctions are
placed as shown to allow suppression of the Josephson effect with a single magnet.

( MoM), and this design was found to have an excellent radiation pattern with fairly sym-
metric E-plane and H-plane beams, low impedance, wide bandwidth. low cross polarization.
and high coupling efficiency [3].

II. .MIXER DESIGN AND FABRICATION

To design an SIS mixer using the crossed-slot antenna, the easiest method would be to
couple a separate tuned SIS circuit to each of the four ports. One possible concern in this
approach would be that the resonant frequencies of the four SIS circuits might not all be
the same, which would lead to degraded cross-polarization. and inferior performance overall.
To minimize this effect, we decided to use tuning circuits in which the junction separation
dictates the tuning inductance. The four SIS circuits are combined into the two horizontal
and vertical polarization outputs simply by biasing in series from IF port 1 to 2. and from 3
to 4. This also eliminates the necessity of attaching an electrical connection to the isolated
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ground plane in the center of the cross-slot. Fig. 2 shows the details of the mixer layout.
The mixer tuning circuit design is quite similar to twin slot mixer described by Zmuidzinas
et al. [5]. The two section mic,rostrip transformer, shown in Fig. 2. allows a good impedance
match between the antenna 30 CI) and the tunnel junctions 7 Q). The relatively low
antenna impedance promotes good matching to even low resistance tunnel junctions. We
used a simulation program, developed in house [6]. to simulate and optimize the RF device
performance. We used JPL's all optical-lithography junction fabrication process to fabricate
junctions with three different junction areas 1.44 pm', 1.69 1 2 m 2 . and 1.96 iim 2 . Though the

• • -design was optimized for 1.69pm
2
 area junctions, vve decided to fabricate three different

junction area devices to allow for process variations. We used a three mask level Nb/Al-
Oxide/Nb junction fabrication with a 2000 A thick niobium ground plane, 2500 A thick
niobium wiring layer and a single layer of 2000 A thick SiO which is used as the dielectric for
the superconducting microstrip line. The SIS mixer chip is placed on a hyperhemispherical
silicon substrate lens. It can be seen from Fig. 2 that for each polarization there are to IF
outputs and four SIS junctions, for a total of eight junctions on the chip. In principle, single
junction mixers could also be used which vvould require only four junctions per chip.

Port 1

Slots

IF Output 2
Port 2

(a)

Current Flow

— Negative DC Bias IF Output 2

b )

Fig. 3. .Schematic showing how the two IF outputs for a given polarization are 180
0
 out of phase : (a)

shows the current flow for biasing the junctions in series and (b) shows the equivalent circuit.

Due to the mixer structure and the series bias of the junction pairs, it turns out that the
two IF outputs for a given polarization are 180° out of phase. This can be easily explained.
For a given polarization (let's assume for the horizontal pair of slots). the LO and RF will
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2 pF

30Q Term 2

30Q Term 3

1.2 pF

Fig. 4. Circuit diagram for the 180 0 hybrid.

have the same relative phase at either port (1 or 2). so we would expect the IF currents to be
in phase. However, due to the series biasing of the junctions one junction pair is -forward -

biased while the other is "reverse" biased. As shown in the equivalent circuit in Fig. 3(b).
the two IF outputs are 180° out of phase and hence, a 180° hybrid is necessary to combine
the IF outputs. The hybrid circuit is designed using a first order lowpass-highpass filter
combination, whose bandwidth at 1.5 GHz center frequency is wide enough for our 500 MHz
bandwidth HEMT amplifier. The hybrid is implemented using a combination of lumped
element/microstrip circuit as shown in Fig. 4. and is located inside the mixer block. The
circuit was optimized using Hewlett Packard's microwave design system (MDS) [7] to deliver
maximum power to a .50 ,Q load at terminal 1 (the LNA input impedance) from two 180°
out of phase 30 ,Q generators at terminals 2 and 3 (the SIS IF output impedance). We have
measured the input reflection coefficient (S ii ) of the lumped hybrid IF circuit at cryogenic
temperatures to evaluate its performance and to verify the design.

III. RECEIVER CONFIGURATION

A general view of the receiver configuration is shown in Fig. 5. specific modifications for single
and dual-polarization measurements will follow in the next section. The LO used is a tunable
Gunn oscillator with a varactor multiplier [ST [9]. The RF signal and the LO inputs pass
through a 10 pm thick mylar beamsplitter and the combined signal travel into the cryostat
through a 3.8 mm thick crystal quartz pressure window at room temperature. followed by a
0.1 mm thick Zitex [10] IR filter at 77 K. Inside the cryostat the well-collimated F/17)
beam is matched to the broad beam pattern of the cross-slot antenna with a polyethylene
lens and a silicon hyperhemisphere lens with anti-reflection (AR) coating of alumina-loaded
epoxy [5], {11]. The quartz pressure window is AR coated with Teflon.
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Dewar

Local Oscillator(LO)
496-584 GHz

Zitex
Filter 77K

SIS
Mixer
Chip

Silicon
Hyperhemisphere
with AR Coating

HEMT
Amplifier

HEMT
Amplifier

'\\171 Lens IF Amplifiers
& Power Meter

IF Amplifiers
& Power Meter

Fig. 5. Simplified receiver layout. The elements within the dewar are mounted on a 4.2 K cold plate.

For the dual-polarization mixer, we used our existing single polarization mixer block,
described in detail by Gaidis ct al. [12], with some minor modifications, such as another
SMA connector to bring out. two IF outputs for the two polarizations. Fig. 6 presents a
detailed view of the mixer block and the associated circuitry. Fig. 6(a) shows a disassembled
block with the mixer chip at the center. Fig. 6(b) shows the hardware details for the mixer
block and Fig. 6(c) shows the bias and IF circuitry. The back side of the SIS mixer chip is
glued [13] to one side of a silicon support disk, and the silicon hyperhemisphere is glued [13]
to the opposite side of the disk. The SIS devices are fabricated on a 0.25 mm thick, 50 mm
diameter silicon wafer. which is then diced into 2.0 x 2.0 mm individual chips. The high
resistivity (> 1000 Q-cm) silicon support disk is 2.5 cm in diameter and 1.0 mm thick. The
silicon hyperhemisphere is similar to the one described by Gaidis et al. [12].

The silicon disk is clamped in the mixer block by a printed circuit board, which itself
is held in place by metal clamps and screws as shown in Fig. 6(a). The circuit board is
0.64 mm thick TNIM6 temperature stable microwave laminate from Rogers corporation [14].
with room temperature dielectric constant 6.0.

DC bias supply and readout leads enter from the multi-pin connector on the right. and
the mixer outputs. after being combined by the 180° hybrids, are carried on two different
microstrip lines to SMA connectors on the left. The schematic in Fig. 6(c) details the cir-
cuitry on the printed circuit hoard. The dc bias source resistance is adjustable by feedback
to present the mixer with either a current source or a voltage source. Resistor Rne9 is chosen
at approximately 100 to prevent unstable biasing due to regions of negative dynamic resis-
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tance in the SIS I-V curve. The current-sensing resistor R„,, is 10 Q.. and the IF-blocking
spiral inductors (17 n1-1) at liquid helium temperature (4.2 K) add < 1 series resistance.
The 150 pF dc blocking capacitors in Fig. 6(c) are attached to the IF output microstrips
with silver-loaded epoxy. The chip inductors are wire-bonded to the top electrodes of the
150 pF bypass capacitors. The SIS mixer chip sits within a through hole at the center of the
board, allowing straight forward wire-bonding of the mixer chip to the biasing network and
to the 180 0 hybrid circuits. The remaining chip resistors. chip capacitors. and connector
pins are attached to the circuit board traces with either solder or silver-loaded epoxy.

150 oF

To iF Output
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112.4 S2

X ma els amz#4 —
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Q 47 .1
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.
 01.5 .2

2 I, 50 P, 3C0 o,

(c)

Fig. 6. Details of the mixer block and associated circuitry : (a) shows the block revealing the internal
components, (b) provides a key to the hardware used within the block. (c) shows the details of biasing
circuit along with the components on the printed circuit board.
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Fig. 7. Actual picture of an assembled block, with the polyethylene lens removed to show the AR coated
silicon hyperhemisphere.

The picture in Fig. 7 shows the assembled mixer block. with the polyethylene lens removed
to re-veal the silicon hyperhemispherical lens. Semi rigidcoaxial cables connect the SM A
ports with HEMT low noise amplifiers (LNAs). The measurements presented below were
obtained using a 1.0-2.0 GHz LNA with measured noise temperatures of 5 K [15]. The LNA
outputs are sent to room temperature amplifiers and diode detectors which measure the total
power in 500 MHz IF bandwidth.

IV. MEASUREMENT AND RESULTS

A. Antenna Beam Pattern Measurements

The beam pattern of the dual polarized antenna was measured with an antenna measure-
ment system built in-house [16]. The test setup consists of an aperture limited chopped
hot-cold load on a x-z linear stage, stepper motors to drive the linear stage, a lock-in ampli-
fier, and a data acquisition system. The IF output of the mixer is detected and amplified in
a total power box and is fed in to the lock-in amplifier. The hot-cold load linear stage was
placed at 24 cm away from the cryostat vacuum window for our beam pattern measurement.
The hot-cold load aperture was set at 3.2 mm and the lock-in amplifier time constant was
set at 3 seconds, giving signal to noise of about 18 dB for the measurement set-up. The
mixer was pumped with a 528 GHz LO source. The hot-cold RF signal and the LO were
coupled to the junction through a 10 pm thick beamsplitter. Fig. 8 shows the co-polarized
beam pattern along with E-plane and H-plane cuts for the horizontal pair of slots and Fig. 9
shows the same for the vertical pair of slots. The E-plane beam is wider than the H-plane
beam (as is expected) for both the polarizations. For the horizontal slots, the E-plane and
H-plane FWHM was found to be 18.5 mm and 14 mm respectively, giving E/IT ratio of
1.3, which is higher than our theoretical prediction of 1.1. The discrepancy between the
measured and the calculated beam asymmetry may be a result of distortion of the shape
of the plastic lens at liquid helium temperature (4.2 K). We are currently investigating this
possibility. Similarly, for the vertical slots, the E-plane and H-plane FWHM was found to
he 18 mm and 13 mm respectively. For cross polarization measurement we used a wire grid
polarizer in front of the cryostat window. The hot-cold load aperture was set at 6.4 mm
and the lock-in amplifier time constant was set at 10 seconds, which improved the signal to
noise to about 28 dB. The cross polarization beam pattern is shown in Fig. 10. It can be
seen from the cross polarization beam pattern that the cross polarization is indeed low as
predicted by MoM calculations [3].
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-20 -10 10 20

H-plane in mm

Fig. 8. Antenna beam pattern for the horizontal pair of slots : (a) shows the contour plot, (b) and (c) are
the E-plane and H-plane cuts for the beam. The LO frequency for the beam pattern measurement was
set at 528 GHz.
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Fig. 9. Antenna beam pattern for the vertical pair of slots : (a) shows the contour plot, (b) and (c) are the
E-plane and H-plane cuts for the beam. The LO frequency for the beam pattern measurement was set
at 528 GHz.
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Fig. 10. Cross-polarization beam pattern in dB relative to peak co-polarized power. The LO frequency for
the beam pattern measurement was set at 528 GHz.

B. Fourier Transform Spectroscopy

The receiver response as a function of frequency was measured with an FTS system built
in-house using the mixer as a direct detector [17]. Although we can not measure the absolute
response using the FTS, the shape of the relative response as a function of frequency is quite
reliable and useful. Fig. 11 shows the FTS response for each polarization of the receiver.
The device we used for this measurement was a 1.69 m2 area junction optimized for .550
GHz frequency band. The FTS response agrees well with our simulation results. as can be
seen from Fig. 11. The dip around 350 GHz is due to the water absorption line. shown by
the transmission graph. The FTS response is very similar for both the polarizations. and the
peak response was found at .528 GHz. which means that the best noise temperature should
be around that frequency.

C. Heterodyne Measurements

We measured the noise temperature of the receiver, for both the polarizations, first with
one polarization active at a time, and then with both polarizations simultaneously active.
using the Y-factor method. The cryostat temperature was 4.2 K for all the measurements.
The noise temperatures reported here are referred to the input of the beamsplitter: no
corrections have been made for beamsplitter or any other optical losses.

For measuring one polarization at a time, we mounted the device in such a way that the
active pair of slots was horizontal with respect to Fig. 6(a) and biased only two of the ports
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Fig. 11. FTS measured response (solid lines) versus mixer simulation (dashed lines) : a) for the horizontal
slots and (b) for the vertical slots. The dotted lines show the transmission for the instrument.

125 600600 125

(a) (b)

Fig. 12. Current and IF power versus bias voltage at 4.2 K : (a) for the horizontal polarization and (b)
for the vertical polarization. The LO frequency for both of them is 528 GHz and the measured DSB
receiver noise temperatures are 145 K.

at a time (1.2 or :3.4) in series. The correctly polarized LO pumped only four junctions for
the active polarization. Fig. 12 shows the d-c current voltage characteristics for the "hori-
zontal - and the "vertical - pair of slots. The pumped and unpumped IA' curves clearly show
the photon step around V 1.4 mV, as expected from a 528 GHz LO source (hvle 2.2
mV. since the junctions are in series. the gap voltage is at 5.8 mV and the photon step will
appear at 3.8 mV - 2 x 2.2 m•  1.4 mV). Also shown in Fig. 12 are the total IF output
power in a 500 MHz bandwidth when hot and cold loads (absorber at room temperature and
at SO N respectively) are placed at the receiver input. The curves for both the polarizations
are relatively smooth, in spite of the fact that four junctions were under a single magnet,
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indicating good suppression of Josephson noise. At 328 GHz the best DSB noise temperature
was measured to be 143 K for both the polarizations. We also measured noise temperatures
at frequencies from 312 GHz to 580 GHz. and found that the results closely follow the FTS
response, giving close to the best noise temperature near 528 GHz. getting . vorse near the
water absorption line and getting better again towards the 370 GHz range.

1000 --- --- •  , 125 1000 - - 125

— Unpumpedl-V - UnC.Jrn0f0.

Pumped I-V PumpeC I -V

Pccid

200 - 25 200 - 25

—
7 C

0  —
0 1 2 3 4 5 5

Bias voltage in mV Bias voltage in mV

(a) (b)

Fig. 13. Current and IF power versus bias voltage at 4.2 K when we measured both the polarizations
simultaneously : (a) for the "horizontal" polarization and (b) for the "vertical" polarization. The LO
frequency for both of them is 528 GHz and the measured DSB receiver noise temperatures are 115 K.

For measuring noise temperature for both the polarizations at once, we mounted the device
at 45° angle with respect to the horizontal microstrip line shown in Fig. 6(a). The junctions
are biased as shown in Fig. 6(c), where the IF outputs of the two different polarizations
are isolated from each other by two 43 nH spiral inductors. A single LO source pumped
the junctions for both the polarizations simultaneously. We confirmed that we indeed were
measuring two orthogonal polarizations at the same time by using a wire grid polarizer in
between a cold load (SO K) and the beamsplitter input. As we rotated the wire-grid. the
cold load became visible to one polarization and its IF output power went down while the IF
output power for the other polarization went up as it could not see the cold load. confirming
dual-polarization operation. We adjusted the LO and the magnet current to get a smooth IF
output for both the polarizations and then measured the noise temperature. Fig. 13 shows
the pumped and the unpumped I-V curves along with the IF outputs for hot and cold loads
at 528 GHz. We measured DSB noise temperature of 115 K for both the polarizations at 528
GHz. The receiver noise temperature was also measured from 512 GHz to 580 GHz range
and was found to be similar to the single polarization measurement.
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V. CONCLUSION

We have designed, fabricated and measured a dual-polarized quasi optical SIS receiver at
550 GHz using a cross slot antenna structure on a anti reflection coated hyperhemispherical
silicon lens which gives excellent noise temperature performance (113 K DSB) for both the
polarizations. The measured antenna radiation patterns agree reasonably well with theoret-
ical predictions. We have shown that this receiver has almost identical performance for both
the polarizations, and could be very effectively used for submillimeter radio astronomy ob-
servations. We think the improvement in the performance of the receiver would be possible
if we integrate the 180° hybrid with the SIS chip. It is also possible to use this device as a
balanced mixer and we will look into that in future.
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Abstract

It is expected that the integration of NbTiN striplines with Nb-based SIS junctions
will extend the range of operation of sensitive SIS mixers up to the energy gap of NbTiN
(— 1.2-1.25 THz) to meet the requirements of the HIFI instrument for the Far-Infrared
Space Telescope (FIRST). We have fabricated prototype RS waveguide mixers in which
Nb/A1-A10,INb SIS junctions are integrated with NbTiN and Al wiring layers. DC
current-voltage measurements of these devices show that the voltage gap is somewhat
lower and the sub-gap current is somewhat higher for devices with two NbTiN wiring
layers in comparison with those in which the top wiring layer is Al (Vgap = 2.7 mV vs.
2.8 mV, and R2.0/RN — 32 vs. 35). Additionally, the gap voltage of the NbTiN stripline
devices is further suppressed by the application of 890-1040 GHz local oscillator power
during heterodyne measurements. These effects are attributed to the trapping of heat in
the Nb junction electrodes due primarily to quasi-particle trapping at the Nb/NbTiN
interface. FTS measurements result in what is believed to be the first reported
observation of direct detection response in a NbTiN stripline device above 1.1 'THz.
From an analysis of the resonance frequencies of several devices, it appears that the
frequency response of the NbTiN striplines is predicted reasonably well by the Mattis-
Bardeen theory for the conductivity of a superconductor in the extreme anomalous limit.
Furthermore, we present what is believed to be the first reported heterodyne
measurements of NbTiN stripline devices in the 0.9-1 THz range. These measurements
yield a receiver sensitivity of TN = 830 K at 930 GHz at a bath temperature of 3.3 K, after
correction for beamsplitter losses.
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1. Introduction

The development of the Heterodyne Instrument for the Far-Infrared Space
Telescope (HIFI) requires the development of SIS mixers with noise temperatures below
200 K (DSB) at 1 THz. According to Mattis-Bardeen theory [1], Nb striplines become
lossy at frequencies above the Nb gap frequency (— 680 GHz). Thus, the development of
sensitive THz SIS mixers requires the use of novel stripline materials such as Al [2,3],
NbN [4], or NbTiN [5,6,7]. To-date, the best results in this frequency range have been
obtained with Nb SIS junctions in combination with Al striplines, with the best-reported
sensitivity being TN, uncorrected = 840 K at 1042 GHz [3]. Although it has been predicted
that this sensitivity could be enhanced by the use of junctions with a smaller sub-gap
current [8], losses in the Al striplines are expected to limit the optimum noise temperature
of this device geometry to TN 500-600 K [8,9]. A significant improvement upon these
results likely requires the use of a low-loss superconducting stripline material with a
frequency gap larger than 1.1-1.2 THz. In particular, it is hoped that the integration of
NbTiN strip-lines with Nb-based SIS junctions will enable the development of low noise
SIS receivers in the 0.8-1.2 THz frequency range. With this in mind, NbTiN films, which
have been used for thin-film coated RF cavities for high-energy accelerators [5], have
recently been introduced as a stripline material for SIS mixers [6,7,10].

In this paper we discuss the DC and RF properties of SIS mixers in which Nb
junctions are integrated with either NbTiN striplines or a combination of NbTiN and Al
striplines. First, an examination of their DC current-voltage characteristics allows us to
evaluate the degree to which the trapping of heat in the Nb junction electrodes is a
problem in these devices. Next, we present a comparison of the measured and predicted
spectral response of several devices as one means of evaluating the behaviour of NbTiN
as a stripline material at high frequencies. Additionally, we present what we believe to be
the first reported high frequency (0.9-1 THz) heterodyne measurements of NbTiN
stripline devices. Finally, we discuss the significance of these results in view of the
ongoing work to develop sensitive SIS mixers for the 0.8-1.2 THz range.

2. Device Fabrication

As described in [10], Nb/Al-A10,/Nb junctions are integrated with NbTiN and Al
striplines following a process similar to that previously developed for the fabrication of
Al stripline devices [11]. Figure 1 shows the layer structure and the stripline geometry of
the devices discussed in this paper. The devices are fabricated using a mask set that was
originally designed for Nb and Al stripline devices in the 400-1200 GHz range. In this
mask layout, the mixers are equally split between the end-loaded stripline geometry
shown in Figure lb and the 1/4-X stripline geometry shown in Figure lc. Table 1
summarizes the layer parameters for the three fabrication runs from which devices are
taken.
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Figure 1 - a) device cross-section, b) optical microscope image of an end-loaded stripline device,
where the stripline length is varied to obtain a range of resonant frequencies (L = 15-120 pm),
c) optical microscope image of a 1/4-X stripline device, where L 1 and L, are varied to obtain a
range of resonant frequencies (L1 = 3-50 pm and L2 = 20-75 gm).

Past work has shown that there is a strong inverse correlation between
compressive stress and resistivity in NbTiN films deposited at room temperature [5,6,10].
Although films can be obtained with resistivities of — 80 gacm, their high compressive
stress (> 2.5 GPa) precludes their integration with Nb SIS junctions. For this reason, the
NbTiN films used here have a nominal resistivity of — 110 pacm, 0.5 GPa of
compressive stress, and a transition temperature of 14.4 K [10].

Table 1 - Layer parameters for the three fabrication runs
Batch Bottom

Wiring
Trilayer (*) Dielectric Top Wiring

A 260 nm NbTiN 23 x 10 mTorr 02 250 nm SiO, 400 nm NbTiN
B 300 nm NbTiN 23' x 10 mTorr 02 250 nm Si02 250 nm Al +

100 nm Nb
280 nm NbTiN 20' x 6 mTorr 0 2 250 nm Si02 400 nm NbTiN

*oxidation parameters only, trilayer = 90 nm Nb + 6 nm Al + oxidation + 90 nm Nb

3. Measurement Configuration

DC current-voltage characteristics are obtained at 4.2 K by 4-point dipstick
measurements in a magnetic field for cancellation of the Josephson effect. Tuning the
magnetic field allows the identification of resonant features in the sub-gap current at
voltages corresponding to the resonant frequency of the junction plus microstrip tuning
structure, according to the Josephson relation (484 GHz/mV).

After DC testing, the substrate is polished to 40-gm thickness for testing in a
1-THz waveguide mixer block with a 120 by 240 pm 2 waveguide and a 90 by 75 gm

2

substrate channel [2]. A 15 gm mylar beamsplitter is used to couple the local oscillator
and blackbody signal power through a Teflon lens, a 100 gm Mylar window and a
200 p.m quartz heat filter at 77 K. A diagonal horn is used to couple radiation into the
waveguide and a contacting backshort is used as a mechanical tuning element. A Fourier
transform spectrometer is used to measure the mixer bandwidth and centre frequency
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with the junction operated as a direct detector. The heterodyne sensitivity of the receiver
is measured using a standard 293-K / 77-K hot-cold measurement with a Carcinotron plus
tripler as a local oscillator in the 840-930 GHz range and a BWO local oscillator in the
900-1100 GHz range.

4. Heating Effects in DC Current-Voltage Characteristics

Current-voltage characteristics of four "1-mm 2 " junctions are shown in Figure 2 a-
d, with the average device parameters for each batch summarized in Table 2. As can be
seen in Figures 2a and 2b, the lower current-density devices (6.3-6.5 kA/cm 2) have a
relatively small amount of sub-gap leakage current, with a sharp current rise at the gap
voltage. Due to the higher current-density of devices from batch C (12 kA/cm2), a
significant amount of sub-gap leakage current is seen in the current-voltage characteristic
in Figure 2c. The marked features in the sub-gap currents of the devices seen in Figures
2a-c are due to resonances of the junctions' AC Josephson radiation (484 GHz/mV) with

Figure 2 - sample I-V characteristics of four junctions (a-c in voltage-bias mode, d in current-bias
mode): a) a 6.5 kA/cm 2 , stripline device with two NbTiN wires, b) a 6.3 kA/cm 2 end-loaded
stripline device with one NbTiN and one Al wire, c) a 12 kA/cm 2, end-loaded stripline device with
two NbTiN wires, d) a 12 kAJcm 2, end-loaded device with NbTiN striplines mounted in the 1-THz
mixer block: unpumped and with 6 increasing levels of 890 GHz local oscillator power. Note the
decrease in Vga, and increase in Vphoton step with increasing LO power.
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Table 2 - DC current-volta e characteristic summ
Batch Wiring V gap Rn.A. Jc A R2.0 mv/Rn

(mV) ( .pm2) (kA/cm) (pm)
NbTiN 2.65-2.72 32 6.5 0.9-1.0 — 32

B NbTiN - Al 2.68-2.81 35 6.3 0.6-0.9 — 35
C NbTiN 2.63-2.72

.
18 12 0.5-0.8 — 10

the RF stripline structure. The correlation between the measured and predicted resonant
frequencies will be discussed in more detail in section 5 of this paper.

From the data in Table 2, it is seen that the gap voltage and resistance ratio,
R2.0 „N/Rri , are somewhat lower for devices with two NbTiN striplines, as compared with
devices with one NbTiN and one Al stripline. Additionally, a significant amount of
hysteresis can be seen at the gap voltage in devices with two NbTiN striplines (Figures 2a
and 2c). These effects can be attributed to Joule heating of the junction electrodes,
enhanced primarily by quasi-particle trapping at the Nb/NbTiN interfaces [121. Further
evidence of heating in junctions with two NbTiN wires is seen in Figure 2d, in which the
current-voltage characteristics of a device mounted in the 1-THz mixer block are
compared for a range of 890 GHz pumping powers. From this figure, it can be seen that
the gap voltage decreases and the first photon step moves to higher voltages with
increasing pump power.

Using the gap voltage to estimate the effective electron temperature in the Nb
electrodes, it is possible to estimate the relationship between the junction temperature and
the dissipated Joule power at the gap voltage for the unpumped and pumped current-
voltage curves in Figure 2d. The calculated relationship between junction temperature
and DC power is seen in Figure 3a. The observed back-bending in the unpumped curve
is used to estimate the dependence of junction temperature on heating power by assuming
that V—Vgap(T) in the back-bending region. For each of the six pumped curves, a
temperature is estimated from either the maximum voltage at the bottom of the gap (for
the three curves in which back-bending is observed) or the point of maximum slope (for
the remaining three curves). Comparing the estimated electron temperature versus DC
power for the pumped and unpumped curves, it is clearly seen that the observed junction
temperature can not be explained by Joule heating alone — RF power must also be
dissipated in the junction. If the temperature is assumed to follow the approximately
linear dependence on total power observed for the unpumped junction, it is possible to
estimate the amount of dissipated RF power. In particular, for the third pumped curve in
Figure 2d, it is estimated that, in addition to Joule heating, — 200 nW of RF power must
be dissipated in the junction to raise the effective electron temperature to 6.5 K.
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(a)

Figure 3 - (a) Effective electron temperature versus DC power calculated from the pumped current-
voltage curves in Figure 2d, using Vgap as a measure of temperature. The set of points for the
unpumped curve is generated from the back-bending at the gap voltage by assuming that V-Vgap(T)
in this region. The temperatures of the pumped junctions are estimated using either the maximum
voltage at the bottom of the gap (for curves with back-bending) or the point of maximum slope.
(b) Results of a Tucker theory calculation to estimate the LO power needed to generate the measured
pumped curve (third pumped curve from Figure 2d chosen due to the absence of a Shapiro step).

The estimated RF dissipation in the junction can be compared with the RF power
needed to generate the measured photon-assisted tunneling current, using the RF voltage-
match method [13] to determine the junction's embedding impedance and the Tucker
theory [141 to calculate the pumped current-voltage curves. Figure 3b presents the
measured and calculated pumped current-voltage curves for the third pumping level in
Figure 2d (the only curve in which the Shapiro step is negligibly small). From this
calculation, it is estimated that 180 nW of RF power is needed to generate the observed
photon-assisted tunneling current. However, due to heating of the junction by the
absorption of RF power, the observed current increase due to pumping is actually a sum
of photon-assisted tunneling and an increase in the thermally generated quasi-particle
current. This may explain why the calculated pumped curve under-estimates the current
in the region below the photon step, as seen in Figure 3b. The correlation between the
calculated and measured curves below the photon step is improved if 5 pA is added to the
unpumped sub-gap current (6.5% of the current at the gap). In this case, the pumping
power needed to match the measured and calculated curves is estimated as 150 nW.
Thus, it can be said that the RF power contributing to the observed photon-assisted
tunneling is - 150-180 nW, which is comparable to the estimated RF dissipation in the
junction, 200 nW.

5. Measured and Predicted Spectral Response

Fizures 4a-c present the measured FTS spectra for three NbTiN stripline devices
operated in a direct detection mode. Also seen in these figures are the calculated spectral
response and a description of the stripline geometry for each device. From Figures 4a
and 4b it can be seen that the high-frequency end-loaded devices have broad tuned
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bandwidths, with central frequencies of - 900 and 1000 GHz, fixed-tuned bandwidths as
high as 100-120 GHz (Figure 4a), and significant responses up to 1150-1200 GHz
(Figure 4b). To the best of our knowledge, this is the highest frequency at which a direct
detection response has been reported in NbTiN stripline devices. As seen in Figure 4c.

(a)

(b)

(c)
Figure 3 - Spectral response of three Nb SIS junctions integrated with NbTiN striplines. Seen
here for each device are measured FTS spectra for a range of backshort positions, calculated
resonance spectra for a match to a 50 O. source impedance, and a sketch of the corresponding
device geometry (all dimensions in gm). (a) response of an end-loaded stripline with a 0.6 gm2,
6.5 kA/cm2 junction, (b) response of an end-loaded stripline with a 0.6 gm2 , 6.5 kA/cm2 junction,
and (c) response of a 1/4-2 stripline device with a 0.6iim 2, 12 kA/cm2 junction.
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the 1/4-X stripline device has a much sharper spectral response than the measured end-
loaded devices, with a peak frequency of 775 GHz and a fixed-tuned bandwidth of
< 50 GHz. The cause of the dip observed at - 1100 GHz in Figure 4b is not known (the
measurement is performed in a vacuum FTS to minimize absorption by water vapour).
However, it may be a waveguide effect, possibly related to the fact that the substrate
thickness is - 1

/4-A, at 1100 GHz.

Included in each of Figures 4a-c are two calculations of the predicted transmission
of power to the junction from a 50 source located at the input of the stripline. In all
cases, the surface impedance of the NbTiN wiring layers is calculated using the local
limit approximation for the surface impedance as a function of the frequency-dependent
conductivity, as. This conductivity is determined from the Mattis-Bardeen formulation
for as = ad . a, in the extreme anomalous limit [1], using the previously measured
parameters for our films (pn.pc - 110 pacm, Tc = 14.4 K [10]). The uncorrected
transmission curve is calculated from the actual device geometry, and can be seen to
predict, in each case, a resonance frequency significantly higher than the measured
central frequency. The correlation between the measured and predicted spectra is
significantly improved if an extra length of 3.7 jim is added to the stripline on each side
of the junction, as seen from the "corrected" calculations in Figures 4a-c. This effect is
seen to be particularly significant for the 1/4-A. stripline device in Figure 4c, due to the low
length-to-width ratio of the striplines in this structure. An examination of the sub-gap
current resonances for a number of end-loaded and V4-X devices finds a similar
correlation between the measured voltages and the resonant frequency predicted by the
corrected calculation (for resonances from 350 GHz to 1100 GHz).

6. Heterodyne Response

Figure 5 shows the results of a hot/cold measurement of a NbTiN stripline device
pumped at 930 GHz at a mixer block temperature of 4.5 K. To the best of our
knowledge, this is the highest frequency at which heterodyne sensitivity in an SIS mixer
with NbTiN striplines has been reported to-date. Figure 5a presents the pumped and
unpumped current-volta ge characteristics, together with the hot and cold IF output
powers as a function of bias voltage. Figure 5b presents the corresponding Y-factor and
uncorrected noise temperatures as a function of bias voltage. The measured device is a
0.6 Ifin2, 12 kA/cm2 junction with the same end-loaded stripline geometr y as that seen in
Figure 4a.

From Figure 5b, it is seen that the minimum receiver noise temperature calculated
from the measured IF output powers is - 1000 K DSB. Correcting for loss in the 15-pm
Mylar beamsplitter yields a corrected receiver noise temperature of - 900 K. However,
because this sensitivity is calculated at 2.1-2.2 mV, in the region of the small side-peak in
the IF output power, it is sensitive to avera ging and small offsets between the hot and
cold curves. A manually chopped hot-cold measurement at an optimum bias point
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(a) (3)
Figure 5 - Noise temperature measurements of a 12 kA/cm 2 , end-loaded stripline device at 930 GHz
and a mixer block temperature of 4.5 K. (a) unpumped and pumped current-voltage curves and IF
output powers for a hot (293 K) and a cold (77 K) blackbody load. Note that the dip at 2-2.1 mV is
too high in voltage to be due to a Shapiro step. (b) calculated Y-factor and noise temperature within
the sub-gap region..

produces a Y-factor of 0.51 dB, which corresponds to a corrected noise temperature of
1540 K. Pumping on the helium bath is seen to improve the corrected noise temperature
to 830 K at a mixer block temperature of 3.3 K, also for a manually chopped hot/cold
measurement at a fixed bias point.

These receiver measurements are complicated by the already mentioned
suppression of the gap voltage by Joule heating and the absorption of RE power. This
effectively reduces the bias range available for high frequency measurements.
Furthermore, an observed instability in the magnetic field needed to suppress the
Josephson effect adds an additional degree of complication — at these frequencies the
Shapiro step (at 2.07 mV/THz) lies in the centre of the already reduced bias range. As a
result of these effects, it is not possible to produce reliable heterodyne measurement
results at 1040 GHz for the device whose spectral response is seen in Figure 4b.

7. Discussion and Conclusions

It has been seen that the gap voltage of Nb junctions integrated with NbTiN
striplines is suppressed by the trapping of Joule heat and absorbed local oscillator power.
For a junction with a current density of 12 kA/cm2 , the unpumped gap voltage is 2.7 mV,
while the application of 890 GHz local oscillator power further reduces the gap voltage to
2.3-2.4 mV for pumping levels typically used in a heterodyne experiment. This
corresponds to effective electron temperatures of 5.2 K for the unpumped junction and
- 6.5 K for the pumped junction. This large temperature difference can only be explained
if - 200 nW of local oscillator power is dissipated in the pumped junction. Furthermore,
from Tucker theory, it is estimated that 150-180 nW of local oscillator power are needed
to generate the observed photon-assisted tunnelling. Although these estimates are not
accurate enough to draw firm conclusions, the excess dissipated power could represent
RF loss in the Nb electrodes due to the incident radiation being higher in frequency than
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the Nb gap frequency. In a heterodyne measurement, such a loss would result in
reduction in device sensitivity for frequencies above — 700 GHz.

Heating of the Nb junctions by a combination of DC and RF power will affect
mixer performance in at least three ways:

1. an increase in mixer noise due to an increase in the thermally generated
sub-gap leakage current

2. a reduction in the maximum frequency which can be efficiently detected
by the junction (Fmax Vgap-484 GHz/mV)

3. a reduction in the bias range available during receiver measurements due to
the reduced gap voltage and increase in the voltage of the the first photon
step from the negative branch of the I-V curve

The observed trapping of heat in the junction electrodes can be attributed primarily
to quasi-particle trapping at the Nb/NbTiN interface. Because of this effect, heat may not
escape the Nb electrodes through electron diffusion. Rather, heat must be transferred to
the phonons in the Nb electrodes through the electron-phonon interaction. Heat may then
be transferred to the NTiN, and eventually the substrate, through phonon-phonon
interactions. Further study is needed to identify the rate-limiting step(s) in this process,
in order that the device geometry can be modified to reduce the observed heating effects.
For example:

1. Replacing one NbTiN wire with Al will eliminate one trapping interface,
at the cost of increased stripline losses.

2. The use of the recently introduced Nb/Al-AIN x/NbTiN junction structure
[15] will also eliminate one trapping interface.

3. If the bather to heat transfer from NbTiN to the substrate (the Kapitza
resistance) is high, an Al layer between the NbTiN and the substrate may
enhance the cooling of phonons in the NbTiN.

4. The effect of THz radiation being absorbed in the Nb electrodes may be
reduced by a change in the junction geometry to shorten the current path
within the Nb.

As mentioned previously, the reduction of the available bias range is further
complicated by the apparent instability of these devices with respect to the magnetic field
needed to suppress the Josephson effect. This instability means that it is desirable to bias
the device well away from the Shapiro step (at 2.08 mY/THz). However, this is difficult
because in the frequency range of interest, around 1 THz, this voltage lies within the
already reduced bias range. Although the cause of the observed instability has not been
examined, it is thought that flux trapping within the NbTiN wires may be responsible.
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The frequency response of Nb SIS junctions integrated with NbTiN striplines has
been compared with model calculations to evaluate the high frequency behaviour of
NbTiN. These measurements include the first reported measurements of direct detection
response above 1.1 THz in devices with NbTiN striplines. The qualitative agreement
between the measured and calculated central frequency for the end-loaded devices is
generally good. This qualitative agreement is seen to break down for the higher
frequency 1/4-2 stripline devices, likely due to the small length-to-width ratios in the
striplines in these devices. However, relatively good quantitative agreement for all
devices can be obtained by the addition of an extra stripline length of 3.7 gm on each side
of the junction. This extra length may approximate the effect of the discontinuity in width
between the 1-gm junction and the 10-gm stripline. Thus, absolute confirmation of the
high frequency properties of NbTiN striplines will require either the calculation of the
two-dimensional current distribution in the stripline geometries used here, or the testing
of new devices with geometries which are much less sensitive to the effects of
discontinuities. In general, though, the results presented here, together with those of
previous studies [6,7] indicate that the frequency response of NbTiN striplines can be
reasonably well predicted by the Mattis-Bardeen theory for a superconductor in the
extreme anomalous limit.

The receiver sensitivity measurement reported here is, to the best of our
knowledge, the first heterodyne measurement above 900 GHz of a Nb SIS junction
integrated with NbTiN striplines. It has been shown that an end-loaded device with a
high current-density junction yields a sensitivity of TN, corrected — 830 K DSB at 930 GHz,
at a mixer block temperature of 3.3 K. Although this sensitivity remains 4-5 times higher
than required for HIFI, it approaches the best sensitivity reported for Al stripline devices
in this frequency range — TN, uncorrected = 840 K at 1040 GHz and a bath temperature of
2.5 K [3].

Unfortunately, the DC and RF heating of the junction complicate the use of the
standard Tucker theory to determine the contributions of individual elements to the
measured receiver noise. Thus, it is difficult to draw further conclusions from these
heterodyne results at this time. However, three general comments can be made. First, it
is noted that, due to the effects of Andreev reflection enhanced shot noise [9,16], it
should be possible to improve upon these results by the use of a junction with a lower
current-density than that used here (12 kA/cm 2). Furthermore, the dewar window and the
77 K heat filter are found to have significant losses at 930 GHz (- 19 % and 35%,
respectively), and thus, are likely responsible for a significant contribution to the receiver
noise. Finally, FTS measurements show this device to have relatively broad fixed-tuned
bandwidths (up to 140 GHz, similar to Figure 4a), which may be the result of poor
matching of the incoming radiation to the junction impedance. Indeed, calculations of the
coupling of radiation from a 50 S2 source to the junction predict only - 25% coupling for
this geometry, although the use of a tunable backshort makes it difficult to know what the
junction's real embedding impedance is. In general, these calculations indicate that other
stripline geometries, such as the 1/4-X stripline, may give much better coupling at these
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high frequencies. Thus, although these initial results are promising, further
measurements of a range of devices with different resonant frequencies and stripline
geometries are needed before the benefits of using NbTiN as a stripline material can be
fully quantified.
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ABSTRACT

A wide band 500 GHz integrated receiver has been designed fabricated and

tested. The receiver combines a ring slot antenna SIS mixer with a twin junction type

tuning circuit and a Josephson Flux-Flow oscillator as LO. The receiver layout has

been made using Nb technology. The receiver chip is glued on the silicon elliptical

lens with antireflection coating. According to calculations a 30% 3-dB bandwidth can

be achieved with this design. Measured SIS mixer pumping level is sufficient for SIS

mixer operation in the band 400-570 GHz. We present the antenna beam pattern of a

ring slot antenna on a silicon elliptical lens, a DSB noise temperature of the receiver

and a FTS spectrum. The measured receiver DSB noise temperature is analyzed.
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Introduction

A single chip heterodyne receiver comprising a Superconductor-Insulator

Superconductor (SIS) junction as sensitive element and a long Josephson junction

Flux-Flow Oscillator (FF0) as a local oscillator (LO) is very attractive as imaging

array in space and airborne applications because of its low weight and power

consumption. A double dipole integrated receiver has recently demonstrated a 100 K

DSB noise temperature at 500 GHz [1]; which is on the level of state of the art

receivers in this frequency band. This receiver had an internal LO (FFO) and had a

bandwidth of about 10 %. A possibility to phase lock a FFO to an external reference

source in 300-430 GHz frequency band has been shown [2]. This makes it more

attractive to design a wide band integrated receiver to utilize a wide tuning range of

FFO. The increasing complexity of integrated receivers demands a more accurate

analysis of receiver parameters.

In this report a layout of a wide band quasioptical integrated receiver utilizing a

one port annular slot antenna is described. The preliminary measurements of receiver

DSB noise temperature, receiver beam and integrated control parameters are

presented. A receiver DSB noise temperature is analyzed in detail in one frequency

Fig. 1 Photograph of the central part of receiver chip
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point.

Receiver layout

The photograph of the central part of the receiver chip is shown in fig. 1.

Quasioptzcal configuration. 

The receiver uses an annular slot line antenna on a silicon substrate. The

receiver chip (3 x 4.2x 0.5 mm) is mounted on the flat surface of a (synthesized)

elliptical lens such that the center of the antenna is the focal point. An antireflection

layer with center frequency 500 GHz covers the front surface of the lens. No

additional optical elements are used to form the receiver beam.

Ring slot antenna. 

The ring slot antenna is known to have a symmetrical linear polarized antenna

beam pattern [3], [4]. It is a compact antenna surrounded by a ground plane. This

gives more flexibility to place all strip line elements very close to antenna itself. This

antenna doesn't need a blocking capacitor if the central part is made in the wiring

layer. The antenna with a circumference of one wavelength for 500 GHz has been

chosen. The input impedance of the antenna has been calculated using the momentum

method in the Momentum TM software package as a part of a HP ADS design system.

The calculated impedance is shown in fig. 2 and it is in agreement with values used

in [3], [4].

LO chain. 

A FFO junction has a size of 500 x 4 The three stage tapered strip line

impedance transformer is used to convert the low (0.5 Ohm) source impedance to the

100 2.2C Ix 4:C ts:.: f..x 	..:C 43: SOC 630 700
f
t
.
ot.,encv C.:•4z Frequercy (GFiz)

Fig. 2 Impedance of ring slot antenna Fig. 3 Calculated layout parameters
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level appropriate to combine it with the DC-break. The single insulator layer is used

for in first transformer section to decrease its characteristic impedance. The pi-shape

DC break is used in order to disconnect the SIS junction bias current and the FFO bias

current path. A common ground plane is used throughout the design. The additional

micro strip line tuner is used to transform the resulting impedance of LO path to

create a required mismatch between LO and detector. This mismatch is needed to

avoid leak of a rf sign.al from antenna towards the local oscillator.

The magnetic field for FFO operation is applied by passing current through the

bottom electrode along the junction.

Signal chain and SIS tuning elements. 

A twin junction tuning circuit [5], [6] is used to compensate the SIS junction

geometrical capacitance in wide frequency range. A two stage CPW transformer

followed by a one stage strip line transformer is used to match the rather high ring slot

line antenna impedance (100 Ohm) to the input impedance of twin junction circuit.

An integrated control line supplies the magnetic field required for suppression of

Josephson effect during SIS mixer operation. The control line is placed in the top

electrode. Possible leak

of IF signal should be

blocked outside the chip.

The return path of SIS

junction magnetic field
-1_

- 1
control current is located

- 1

across the cross-
-2 01 polarized port of the ring

- 2 slot antenna to avoid the
- 2

- 2 influence to the antenna
- 3

-3- 	properties by the other
- 3

port. A CPW choke filter

is used to prevent the

leak of rf signal towards

the bias leads.
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The result of layout calculation for 1.1 x 1.1 tm junction size, 8 kA/cm2 critical

current density and two 135 nm thick insulator layers made of Si02 is presented in

fig. 3. The mismatch between antenna and twin junction circuit is stable across 30 %

bandwidth and is about 1.5 dB. The mismatch between FFO and SIS mixer has been

chosen to be 12.5 dB. This level still allows to get sufficient LO power.

Fabrication and Measurement

The first batch of integrated receiver has been fabricated using Nb-A10x-Nb

technology. The SIS junctions size in tuning circuit was estimated to be 1.6 times

larger than expected and critical current density was 2 times smaller than required.

The only preliminary experimental results can thus be presented.

Antenna Beam Pattern

The antenna beam pattern of antenna lens combination has been measured by

scanning a point source in the far field of the lens. A Thomson carcinotron with an

horn output blocked by a 1 mm diameter diaphragm has been used as a point source.

It allows measuring the antenna parameters within +/- 15 degrees at 500 GHz. The

result of the X-Y scan at 475 GHz is presented in fig. 4. It shows the rotationally

symmetrical beam with sidelobe level at about —10 dB. The F-ratio of the beam is

about #5. Asymmetric excitation of CPW transformer or influence of the edge of

ground plane can explain measured sidelobes level.

FFO Test

The pumping level of SIS mixer was measured while scanning the FFO I-V

Fig. 5 FFO I-V characteristics. Pumping Fig. 6 SIS mixer pumping level vs.
level is indicated in ray scale. Magnetic FFO frequency.
field is a parameter.
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curve. The recorded set of FFO I-V curves is presented in Fig. 5. Figure 6 shows the

measured frequency dependence of the LO level of SIS mixer. The pumping level is

sufficient for SIS mixer operation in frequency region 250-550 GHz. It was possible

to operate the FFO with magnetic field control line current in the range —30...30 mA

and bias current in the range 0...40 mA.

SIS junction magnetic field control line test

The SIS mixer I-V curve has been scanned to determine a critical current while

the SIS mixer control line current was changed as a parameter. It was possible to

obtain up to third minimum of the critical current without switching the control line in

a normal state. The dependence of critical current from the control line current in

fig. 7 shows also the SQUID like behavior structure. This is because a twin junction

tuning circuit forms SQUID interferometer. The experiment showed that for efficient

Josephson effect IF noise suppression the first minimum determined by the junction's

area rather than the area of SQUID loop is required.

Noise Temperature Measurement

For the noise temperature measurement the receiver has been mounted on the

cold plate of LHe cryostat. The input window was made of 10 mkm thick kapton. The

100 mkm thick quartz plate was used as 78 K far infrared radiation filer. The Zitex TM

plate was used as 4.5 K level radiation filter. A circulator and a low noise HEMT

amplifier were used in IF chain. A directional coupler has been installed between

circulator and receiver chip for reflection measurements of SIS junction dynamic

resistance at IF frequency. This measurement is required for an accurate estimation of

Fig 7 SIS junction critical current vs.  Fig 8 System DSB noise temperature
magnetic field control line current. vs. LO frequency. Pumping level is

indicated in gray scale.
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receiver parameters. The Y-factor has been measured by using two switchable black

bodies (78 K1300 K). The IF output power was detected and a calibrated logarithmic

amplifier was used to record the Y-factor automatically while scanning the FFO I-V

curve. The resulting DSB noise temperature graph is presented in fig. 8. The lowest

noise temperature was 300 K for a given production parameters.

Noise Temperature Analysis

The receiver consists of several linear elements connected in series. Each

element has its own gain G, and equivalent input noise power /3," . The output power

from such an element can be written as Pout = (Pm P,") • G. It is convenient to

express all powers in equivalent noise temperatures, because a wide band calibration

noise source is used for the measurement. The corresponding noise temperature can

be expressed as Pn Af , where df is a bandwidth of the intermediate

frequency detector. The output power of a linear element can be redefined as

Tow = (T, T,")- G.. The receiver gain G„ and the receiver noise temperature Tsys

can be calculated:

G,, = G. - G, • ... • Gk , + 7:27 !GI ± 77 AG, - G2 ) + + Tk
" l(G i • . (1)

The overall receiver performance can be measured using the Y-factor technique.

A calibrated black body source can be used to measure G T The properties

of all receiver elements can be measured independently except for the rf loss in the

tuning elements and the lens. This unknown loss of tuning elements and lens can be

found by solving (1) when G. , and all other G4. is known. The same is true for the

eas Bias Yottace (my)

Fie. 9 SIS junction 1-V curves. Fie. 10 SIS junction IF output power.
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1,0  noise of this 'element'.

0,8

415 0,6
0

14.
0,4

0,2

Unpumped I-V Curve

The parameters for the dewar

window and all radiation filters can be

determined separately by measuring the

film transmission with a Micelson FTS

spectrometer.

Pumped I-V Curve

amplifier chain and detector can beFig. 11 IF port test tone reflected
signal for pumped and unpumped calibrated using the unpumped SIS
curves

junction as a calibrated noise source [7].

The noise temperature of the IF chain as well as the impedance as seen by the

junction at the IF port can be determined by fitting the unpumped SIS junction IF

output power calculated from the measured I-V curve and dynamic resistance to the

measured data.

The SIS mixer can be analyzed with the Tucker theory [8]. The information

about mixer gain and noise can be obtained from the pumped and unpumped I-V

curves and the independently measured dynamic resistance of the junction. Using the

measured dynamic resistance allows us to avoid the numerically unstable calculation

of the junction's embedding impedance at the rf port. A DSB operation of the mixer

with equal lower and higher side band parameters is assumed. Rf loss due to mismatch

in the tuning circuits or non optimal receiver beam efficiency and the associated noise

are found using measured receiver parameters. Details of this method will be

published elsewhere.

12 14 16 18 20 22 24

Bias Voltage (mV)

Fig. 12 Calculated rf loss and matched
mixer conversion gain.
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Element T1 (K) G (
Dewar Window (10 Jim capton) 6 -0.09

IR Filter at 78 K (Quartz Plate) 8 -0.1

IR Filter at 4.3 K (Zitex ) 0.3 -0.13

rf Mismatch 73 -9

Mixer Gain Element (Tucker theory) 86 0.16

if Mismatch 38 -1.9

if Amplifier and Detector 91 0
Receiver 302.3 -10.93

Table 1. Receiver elements noise temperature (recalculated to the front of receiver)
and gain for bias point of 2 mV and LO frequency 410 GHz.

Noise Temperature Analysis Result and Discussion.

Experimental data needed for the receiver analysis is shown in fig. 9-11. The

analysis is made for a LO frequency of 410 GHz. Based on these curves one can

calculate the noise budget for all receiver components. The matched mixer conversion

gain along with the calculated rf loss is shown in fig. 12. The value of the rf loss

should not depend on the bias voltage across the first photon step. This is seen from

the measurement despite the varying mixer gain. The noise temperature associated

with rf loss is shown in fie. 13. It corresponds to a level of approximately 85 K

referred to the front of the receiver and 10 K if it is attributed after this element. The

value of 10 K is the zero-point fluctuations level at this frequency. The ripple near

bias voltage of 1.7 mV corresponds to the position of second Shapiro step and reflects

the additional noise due to Josephson effect. A noise temperature and gain budget for

the receiver is shown in table 1. Noise temperature is referred to the input of the

receiver. so the receiver noise temperature can be obtained by adding all

contributions. From the table follows that the main contribution to the system noise

temperature arises from ?floss. This loss is due to increased junction area.
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Conclusion

A wide band integrated receiver layout with a ring slot line antenna and a twin

junction tuning circuit has been developed. Calculation showed 30% instantaneous

bandwidth. The preliminary experiments showed that this design could be used as a

wide band integrated receiver for frequencies of 400...550 GHz. The receiver noise

temperature analysis demonstrated stable receiver parameters across first photon step

of SIS junction and shows the most critical parts of the measurement setup.
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GAIN AND NOISE SPECTRA FOR YBa 2Cu30 7 HOT-ELECTRON
BOLOMETER MIXERS

C. -T. Li, G. Schoenthal, B. S. Deaver, Jr., R. M. Weikle IL and Mark Lee
University of Virginia, Charlottesville, VA 22903

R. A. Rao and C. B. Eom
Duke University, Durham, NC 27708

The conversion gain and output noise spectra for YBCO hot-electron bolometer
(HEB) mixers will be presented. Devices were formed from a small area of YBCO thin
film, with nominal physical dimensions of 1 Jim (wide) x 2 tm (long) x 1000 A (thick).
coupled to planar log-periodic antennas. Two tunable Gunn oscillators, providing several
mW radiation from 75 to 106 GHz, were used. One acted as the LO, the other one as the
RF. Both signals were combined first with a 3 dB directional coupler before emerging
from a corrugated feedhom. Measurements were performed quasi-optically. with the
devices mounted on the back of a Si extended hemispherical lens, and coupling losses
estimated 12 dB. Within the IF range (2-18 GHz, set by the amplifiers we were using),
single Lorentzian roll-off bandwidths were observed for mixer conversion gain, with
conversion efficiency close to -18 dB around 2 GHz, and 3 dB bandwidth —6 GHz.

A broadband amplifier chain, connected with a tunable band-pass filter and
microwave power detector, was used to measure the output noise up to 12 GHz. To
cancel Johnson noise contributions from the HEB, circulator matched load, and lossy
transmission lines, we also measured the noise using a 50 Q thin-film resistor in place of
HEB. The mixer input noise temperature, not taking into account the coupling loss, was
estimated of the order of 10,000 K. A tungsten lamp with 3200 K color temperature will
be used as the hot load to implement the hot/cold load experiment.
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MICROWAVE MIXING AND IF BANDWIDTH IN SUB-MICRON LONG

HIGH-T O HOT-ELECTRON BOLOMETERS

Oliver Harnack i , Boris Karasik, William McGrath, Alan Kleinsasser, Jeff Barner

Center for Space Microelectronics Technology, Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, CA 91109, USA

On leave from Institute of Thin Film and Ion Technology, Research Center Juelich, 52425 Juelich,
Germany

Abstract

We have systematically measured both the length and temperature dependence of the
intermediate frequency (IF) bandwidth of hot-electron bolometer (HEB) mixer made
from a high-T superconductor (HTS). Mixer devices with lengths (L) between 50 nm and
1 im were fabricated from 25 - 35 nm thick YBCO films on YA10 3 (YAO), MgO, and
sapphire substrates. Bandwidth measurements were done using signal and local oscillator
(LO) frequencies in the range 1 - 300 GHz. At low operation temperatures where self-
heating effects occured, the IF bandwidths were about 30 MHz, 100 MHz, and several
100 MHz for devices on YAO. MgO. and sapphire, respectively. The theoretically
predicted L - '-dependence of the IF bandwidths was not observed. At higher operation
temperatures. where self-heating disappeared and flux-flow effects define the shape of the
IV characteristic (IVC), the measured IF bandwidth increased significantly, while the
overall conversion efficiency at low W's decreases by several dB. Our data indicate that
the temperature dependence of the HEB mixer performance may be influenced by vortex
dynamics effects in HTS materials.

I. Introduction

The hot-electron bolometer (HEB) mixer made from a high-Tc superconductor (HTS) was
introduced recently as a competing alternative to a Schottky-diode mixer. The HEB mixer
would require 1W-times less LO power and thus would be a desirable candidate for long-
term atmospheric remote-sensing and planetary missions. The required operating
temperatures between 65 K and 75 K can be achieved with available space-qualified
coolers or even with passive radiative coolers.
The HEB mixer consists of a microbrids.,e of HTS material between normal metal
contacts t Fi

g
.. 1). Electrons in the microbrid ge can be heated by absorbed RF radiation

and dc transport current. Nonecluilibrium -hot" electrons (e*) transfer their energy to the
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lattice (ph*) during a very short electron-phonon relaxation time T. which is about 1-2
ps at 80-90 K in YBa2Cup7 (YBCO) [1-31 The performance of the mixer depends
strongly on the total thermal conductance for heat removal from the phonon sub-system.
As shown in Fig. 1, this heat can be removed by escape of the phonons to the substrate
(%) or by diffusion of phonons to the normal metal contacts (T,). In the case of the
phonon diffusion, the mixer IF response would depend strongly on the microbridge
length. In contrast, the heat removal through the film-substrate boundary is determined by
the thermal boundary resistance and the heat diffusion in the substrate. Two substrates
with good dielectric properties and high thermal conductivity on which high quality HTS
films can be grown are magnesium oxide (MgO) and sapphire (Al :00. MgO provides a
low boundary resistance of about 5.3l0 -4 KcthW, while Al_0 3 gives 1.1-10 -3 Kcrd/W [4].

Modelling of the performance of HTS HEB mixers was done by some of us and the
results showed that single sideband mixer noise temperatures around 2000 K, optimum
LO power levels in the range of a few IAW, and IF bandwidths of several GHz could be
possible [5]. However, this approach assumes that phonon diffusion into the normal metal
contacts takes place and dominates for the heat removal out of the microbridge. Based on
the calculations in [5], phonon diffusion could be a dominat thermal process, only if the
length of the bolometer is less than a few hundred nanometer.

The aim of our experimental work was to fabricate sub-gm long HTS HEB mixer on
MgO and sapphire substrates and to determine their intrinsic thermal relaxation times as
inferred from the - 3dB IF bandwidth. Available HEB mixers on YAO substrates were
also measured in order to compare our results with the performance of devices on a
perovskite substrate that has a good lattice match to YBCO but less favorable thermal
properties [6].

Fig. 1: Schematic of a HTS hot-electron bolometer mixer Fig. 2: Sub-p.m YBCO HEB on MgO. The gold/YBCO sandwich
and possible energy-relaxation mechanisms for the heat electrodes are visible on the left and right. The YBCO strip which
removal (see text for details) forms the microbridge is located in the center, L=100 nm, w=1
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II. Sample fabrication

For the fabrication of HEB mixers, YBCO films with thickness of about 20-40 nm were
grown on MgO and sapphire substrates using the laser deposition method. In the case of
sapphire we used a 30 nm thin Ce0 2 buffer layer between the substrate and the YI3C0
film. The thin )(BC° films were protected by an in-situ sputtered gold layer. Inductive
Tc-measurements showed critical temperatures of 89-90 K for YBCO films on sapphire
substrates and 84-86 K for films on MgO substrates. The transition widths were in the
range between 0.5 and 1 K. After patterning the microbridges (width of the bridge
w,-.-,11.1m), with integrated bow-tie antennas, a small-area window (50 nm to 500 nm length
and 1 gm width) was defined across the bridge by using electron beam lithography. After
removing the gold layer from the window using ion beam etching (IBE), a SiOx
protection layer was deposited by thermal evaporation. HEB mixers on YAO substrates
were fabricated using a similar growth technique. However, for the lithographic steps a
self-alignment process was used and for the gold removal a selective Cl, etch was applied
(see ref. [7] for details). A finished HEB device on MgO is shown in Fig. 2.

III. IF bandwidth measurements at low operation frequencies

IF bandwidth measurements were done using two monochromatic signals in the
frequency ranges 1-20 GHz, 100 GHz, and 300 GHz. The lowest frequency range was
choosen due to the simplicity of the microwave circuits and readily available RF
equipment. If the mixer relaxation properties are determined by the thermal properties of
the HEB device only, one could assume that the IF bandwidth measured at low operation
frequencies would be comparable with that at submillimeter waves. Low-frequency
effects (e.g., because of possible Josepshon weak links in the bridge) can certainly give a
misleading picture of the HEB performance. Therefore, similar measurements at 100 GHz
and 300 GHz are a necessary test for operation frequency dependent effects. In this way
we expect to be able to get more data on the real HEB performance in the submillimeter
wave range, rather than from mixer measurements at optical frequencies done earlier [8].

1. Setup for 1-20 GHz signal frequencies

As shown in figure 3, two sweep oscillators feed the LO signal (OSC 2) and a second,
weaker signal (OSC 1) into a 12.4 GHz-broadband directional coupler (I d. c.). The
output port was connected to a 18 GHz-broadband directional coupler (II d.c.) in order to
use the same coaxial cable for the LO/signal input and the IF signal output. The coaxial
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cable, the bias-tee, the voltage bias
1 SPA source and the mixer mount were
1 17 assembled inside a dipstick in order

OSC 2 '.> to make measurements in a

I dc. II d.c. transport helium dewar at different
temperatures. The IF bandwidth
was measured by maintaining the

HTS HEB mixer signal frequency constant and
sweeping the LO frequency. The

LHe
2

LO level was adjusted for each data
point in order to keep the amount of

Fig. 3: Setup for IF bandwidth measurements, LO range 1-20 GHz, d.c. = LO power coupled to the device
constant. The whole measuring

process was computer-controlled. The biaspoint and LO level were adjusted in order to
get stable mixing conditions. Oscillations which occur in the region of negative
differential resistance in the IVC were avoided by biasing the mixer in the resistive
branch close to the drop-back voltage. (Self-heating, i.e. the formation of a hot-spot
across the microbridge, is the reason for the hysteric device behaviour. Inside the hot-
spot, the electron temperature is higher than Tc).

We have to point out that we never adjusted the mixer for best conversion efficiency,
since this would require a bias point very close to the hysteretic region where the device
output noise becomes very large. Therefore, the absolute level of the low-IF conversion
efficiency does not necessarily represent the best mixer performance. More important in
our investigation was to get a measure of the IF dependence of the conversion efficiency.

2.a. HEB device on Mg0 substrates

Fig. 4 shows a set of IVCs of a 50 nm long YBCO HEB on Mg0 taken at different
temperatures. Self-heating was observed in most of our devices below 70 K, flux-flow
like IVCs were observed at temperatures above 70 K. The normal-state resistance of this
device was about 50 a Fig. 5 shows the result of measurements of the conversion
efficiency at different temperatures. The data clearly show a temperature dependence of
the IF bandwidth. At 50 K we measured a bandwidth of about 100 MHz. At the highest
temperature (83 K) the bandwidth increased to about 2 GHz. Additional measurements
with devices with lengths of 200 nm and 300 nm gave very similar results. This is a first
indication that the length dependence of the IF bandwidth does not exist or reveal itself in
our type of device (As a caveat, it should be noted that the resistance of our devices did

OSC 1

directional coupler, SPA = spectrum analyzer
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Fig. 4: TVCs at different temperatures of a 50 nm long HTS Fig. 5: IF bandwidth measurement at different temperatures using a
HEB on MgO, pumped at 1 GHz for optimum conversion 50 nm long HTS HEB on MgO

not scale as expected with length, and this may effect the results). Additionally, at
temperatures below 60 K, the hot-electron plateau was clearly seen starting around 2 - 3
GHz. This indicates that the relaxation mechanisms can be explained by the two-
temperature model in this temperature range, similar to results reported earlier [8]. At
temperatures above 70 K, where the measured IF bandwidth increased significantly, self-
heating disappeared and we speculate that flux-flow effects began to dominate.

2.b. Temperature dependence of conversion efficiency

In order to get a better measure of the variation of the optimum conversion efficiency
with temperature in the low-frequency limit, we biased the mixer very close to the
hysteresis (but avoided any biaspoints at negative-differential resistance to keep the noise
low) and adjusted the LO level for optimum output signal. As shown in Fig. 4 the shape
of the IVC changes completely with temperature. At temperatures higher than 73 K we
cound not obtain a hysteresis any longer. In this regime it was possible to find an
optimum biaspoint on the IVC without a large increase of the output noise. We attribute
this regime to a vortex-flow mechanism inside the bridge. A similar shape of the IVC can
be obtained also at lower temperatures by appling enough LO power. However, physical
reasons for that could be different and in latter case a smooth IVC under strong pumping
can be explained by the heating processes only.
Fig. 6 shows the optimum conversion efficiency versus operation temperature (same
device as in section 2.a.). The IF was 10 MHz, the LO frequency was 1010 MHz and the
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Fig. 6: Temperature dependence of maximum conversion efficiency of a 50 nm long HTS HEB on MgO

signal frequency was 1000 MHz. We can clearly separate the temperature range by
different shapes of the P/C. At temperatures below 60 K, the self-heating was still
present the at optimum LO level. At temperatures between 60 K and 73 K the hysteresis
was still present without LO, but suppressed by the LO at optimum pumping. As
mentioned before, at higher temperatures no self-heating was present.

The data show that the maximum conversion efficiency OdB !, corrected for coupling)
can be found at 65 K in the range where self-heating can be suppressed by the LO. By
increasing the temperature, the conversion efficiency starts to drop and reaches a plateau
about 10 dB below the maxium value. At the same time the self-heating disappears and
flux-flow type rounding starts to dominate the shape of the IVC. A further increase of the
temperature results in a decrease of the conversion efficiency. A T>T c we obtained pure
resistive-bolometric mixing, due to the temperature dependence of normal-conducting
YBCO. Fig. 6 also displays the coupled LO power. In the range of maxium conversion
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efficiency, about 50 f.i.W of LO power is needed to pump the mixer. In the flux-flow
regime starting at 73 K, the optimum LO level increases by a factor of 10 reaching of
about 10011W. This in fact indicates that the mechanism of mixing could have changed at
this point. Also the unexpected high bandwidths would confirm this suggestion.

3. HEB on Ceaisapphire substrates

Fig. 8 shows the results of IF bandwidth measurements done by using a 50 nm long
mixer on Cea/sapphire at different temperatures. The normal resistance of this device
was about 5 a which is consistent with its length and film sheet resistance. All curves
show a clear roll-off with a -20 dB/Dec slope starting at about 2 GHz, as expected in the
two-temperature model [5]. This slope does not change with temperature. In contrast to
the data on MgO devices, we could not clearly obtain a comparable hot-electron plateau
over our IF measurement range up to 8 GHz. Measurements at higher IF may be needed.
At temperatures below 50 K the conversion at low IF's slightly increases due to self-
heating. which leads to effectively lower IF bandwidths  460 MHz at 10 K).
However. as the set of IN/Cs in Fi g..7 shows, the self-heating at low temperatures is much
weaker than was seen for a similar device device on MgO. This indeed suggests that the
heat removal on Cea/sapphire substrates is more effective than on MgO, due to a lower
thermal boundary resistance and/or higher thermal conductivity of Ce0,/sapphire. Also, a
ionizer device (80 nm) on Cea/sapphire gave very similar bandwidth data.
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4. HEB on YAO substrates

Fig. 9 displays a set of IV curves for a 1 gm long HTS HEB on YAO. Note that self-
heating effects are evident at temperatures up to 77 K, indicating that heat removal from
the device is less efficient with this substrate than with MgO or sapphire. Fig. 10 shows
the results of the IF bandwidth measurements. In contrast to the MgO and sapphire data
these IF characteristics show no low-frequency plateau, but instead a continuous drop of
the conversion efficiency starting at the lowest frequency point of 10 MHz. This in
general indicates that the heat diffusion into the substrate is a dominant heat removal
process. This behaviour also was earlier reported for very large-area devices [8].

According to [5], the thermal resistance due to the diffusion in the substrate becomes
Important if the device area is large and/or the substrate has a poor thermal conductivity.
Our devices were small enough to eliminate this effect for MgO and sapphire substrates
but the thermal resistance was still significant for YAO substrates. Due to this fact, the IF
bandwidth is in the range of a few 10 MHz in the low-temperature limit. At 77 K it is still
around 100 MHz, however, the high-frequency (hot-electron-like) plateau which we also
see in this device, moved up by about 16 dB. A similar dependence was measured on
MgO, but not on CeOlsapphire.

176



% • . ..s . • .
1 % • .1 ••••s . . ''.%0. e . -• • id... - • •• • . 78 K (1 GHz)• • c , ie

c
o
 . ' Iii. .

5.
44, •. .°. . .. c

0 
•

.• 0
. 8 v•;:s

. .
0 , a 0 a .. e .. 0. 77K

. °.. 0 0 c .--(100 GHz)

' ez-------._ 77 K
I

A (300 GHz)
-.

....:4" (100 GHz)

65 K (1 GHz)

• •

. , 66.7K

Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

IV. IF bandwidth measurements at 100 GHz and 300 GHz

1. Setup

IF bandwidth measurements at 100 GHz and 300 GHz were performed inside a vacuum
cryostat with optical windows. The mixer was a 50 nm long HEB device an MgO. The
signals were generated by multiplied solid-state sources (100 GHz, 300 GHz) and by a
backward wave oscillator (300 GHz). The mixer chip was glued with the backside to an
elliptical lense made from high-resistivity silicon and the IF signal was coupled to a
coaxial cable and directly monitored with a spectrum analyzer.

2. IF bandwidths

Fig. 11 shows a set of IF characteristics taken at 100 GHz and 300 GHz in the low and
high-temperature limit. The most important result is that the IF bandwidth in the high-
temperature limit 450 MHz at 77 K) is not as large as it was at operation frequencies in
the 1-20 GHz range (----- 1.4 GHz at 78 K). The bandwidth of about 200 MHz is even lower
at a signal frequency of 300 GHz.
This indicates that the mixing mechanism responsible for the large IF bandwidth does not
continue to operate well or at least does not couple to the radiation well at high RF. Of
course flat response with RF would be expected in the case of bolometric mixing. In
contrast to this, in the low-temperature limit the IF bandwidth seems to increase slightly
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Fie. 1 1: IF bandwidth measurements at different operation frequencies using a 50 nm long HTS HEB on MgO in the low-
temperature limit (around 65 K) and high-temperature limit (around 77 K)
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with increasing operation frequency. However, the absolute conversion efficiency could
not be estimated from these experiments, as the RF coupling efficiency is both poor and
unknown.

VI. Discussion and Conclusion

For practical mixer applications, IF bandwidths larger than 1 GHz are desired. Our data
show that HTS HEB mixers can meet this requirement. The measured bandwidths are
lower than expected and a dependence on the device length was not found in a first set of
devices. These facts suggests that phonon diffusion may not effectively decrease the
energy relaxation times in our mixers. The reason for this and whether it depends on the
specific device geometry is still under investigation.

However, the bandwidth performance of the HTS HEB even without heat diffusion into
the contact is already encouraging. Thinner films may make the phonon escape into the
substrate faster and enhance the bandwidth. Devices on Ce0,/sapphire have shown the
best bandwidth performance. Mixer noise measurements have to be done in order to get a
direct measure of the device performance. In fact, first noise measurements (to be
discussed in a later publication) already indicate that the HTS HEB mixer performance
agrees well with a model which does not include phonon diffusion.

Whether mixing in the high-temperature limit gives any advantage also depends on the
device noise in this regime. The corresponding experimental data and analysis will be
published soon [9]. The discovered temperature dependence of the IF bandwidth can
probably account for previously reported unexpectedly high bandwidth of HTS mixers
[ 10

] . The origin of mixing in the flux-flow regime at high-temperatures, which obviously
give larger IF bandwidths - but lower conversion efficiency, needs to be studied.
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DEVELOPMENT OF HIGH-T, DETECTORS FOR SUB-KM RADIATION
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We investigate heterodyne detectors based on high-T, superconducting materials, for

the frequency range of 500-2500 GHz. Our current research includes detectors based

on the Josephson effect and on the hot-electron bolometric effect. These devices are

predicted to outperform Schottky-diode type mixers, with respect to sensitivity and

LO-requirements. This, together with a required operating temperature which can be

easily reached by space-qualified cryo-coolers, makes the high-T e detector a

promising candidate for long lasting space missions for atmospheric research.

Hot-electron bolometer devices made of 1 xlx0.2 urn YBCO on sapphire have been

fabricated. 30 nm thick ceriumoxide buffer layers and YBCO films were grown by

using pulsed laser deposition technique and optical lithography was used to define the

microbridge and gold electrodes. These detectors are mounted in a 500 GHz

waveguide system. We will present data on the RF and IF behavior of these devices.

For higher frequencies, we designed a quasi-optical RE-coupling scheme consisting

of a double-slot antenna mounted on a Si-lens. Devices for this set-up are currently

fabricated.
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YBa2Cu 307.5 HOT-ELECTRON BOLOMETER
WITH SUBMICRON DIMENSIONS

S.Cherednichenko L2 . F.ROnnung 1 . G.Gol' tsman2 , E.Gershenzon 2 and D.Winkler'
Department of Physics. Chalmers University of Technology and Goteborg

University. Goteborg S-412 96, Sweden
Department of Physics, Moscow State Pedagogical University, Moscow 119435,

Russia

Photoresponse of YBa,Cu 30,. 6. hot-electron bolometers to
modulated near-infrared radiation was studied at a modulation
.frequency varying from 0.2 MHz to 2 GHz. Bolometers were
_fabricated from a 50 12M thick film and had in-plane areas of

10x10 ,um 2. 2x0.2 sum', 1x0.2 p.m', and 0.5x0.2 jim. We found
that nonequilibrium phonons cool down more effectively for the
bolometers with smaller area. For the smallest bolometer the
bolometric component in the response is 10 dB less than for the
largest one.

Recently there has been increasing progress [1-7] in the development of

bolometric mixers which utilize electron heating in thin Nb and NbN superconducting

films. Re gimes of both phonon cooling [1-4] and diffusion cooling [5-7] of hot

electrons have been studied. These results prove that hot-electron bolometric (HEB)

devices can successfully be used in terahertz heterodyne receivers [4]. Implementation

of high-T superconducting materials may allow one to operate the mixer at liquid

nitrogen temperature and also to increase the intermediate frequency bandwidth up to at

least 20 GHz [81 while the fundamental limitation suggests 140 GHz.

The major obstacle to the realization of superconducting electronics on the basis

of nonequilibrium effects is the presence of the bolometric component in the resistive

response of high-T. films. For mixers this component significantly increases the

conversion loss and noise temperature. Since the bolometric response relates to phonon

heating in the film. it may be diminished by improving the heat exchange through the

film/substrate interface. There are two approaches in doing that: decreasing acoustic

mismatch between the film and the substrate or making use of thinner films. Another

phenomenon which delays the phonon cooling is the heating of the substrate

underneath the film. Such an effect substantially contributes to the total thermal

resistance between phonons and substrate [9]. Minimization of the substrate heating can

be achieved by makin g_ use of a smaller bolometer fabricated on a substrate with larger

181



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

heat conductivity. Finally, there is a possibility for phonons to be cooled down via their

diffusion from the bolometer to contacts [10]. The contribution of this channel to the

total cooling rate should also increase with a decrease of the bolometer dimensions.

In this work we studied how the coolin g rate of phonons in a YBa,Cu30,_6

(YBCO) HEB evolved with a decrease of the bolometer size.

We manufactured bolometers with different in-plane area (see Table I), which

were integrated into planar bow-tie antennas. YBCO films with a thickness of 50 nm

were deposited onto LaA10 3 substrates by pulsed laser deposition in an oxygen

atmosphere. Details of the deposition technique are described elsewhere [111. After

deposition, the films had a superconducting transition temperature of 88 K. X-ray

diffraction showed that the films were predominantly c-axis oriented. Bolometer and

antenna structures were patterned using electron-beam lithography and argon ion

milling. After processing, the devices had a transition temperature of 87 K. A

scanning electron microscope (SEM) image of device #4 with the antenna is shown in

Fig.l.

Table I. Length (1), width (w), critical temperature (T) and critical current

density (j) at T=77 K for samples #1 through 4.

Sample
number

I

[Pin]

w

[gm]

I',
E K1

,
jcx106

[A/cm2]

1 10 10 87 5.2

2 0.2 2 87 6.7

3 0.2 1 87 4.8

4
,

0.2 0.5 87 2.0

The experimental setup is shown in Fig.2. A semiconductor laser (1.56 um

wavelength) coupled to a single-mode fiber was used as a radiation source. The

radiation power in the fiber was 1.4 mW. An optical isolator added 3 dB loss. The

intensity of the laser radiation was modulated by a high-frequency signal generator. The

modulated part of the total radiation intensity was about 10%. The bolometer was
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driven into resistive state by a dc bias current. The bolometer response was measured

with a Tektronix 494AP spectrum analyzer for modulation frequency from 0.2 MHz

to 2000 MHz. For frequencies higher than 300 MHz additional amplifiers with a total

gain of 30 dB were used. The magnitude of the photoresponse and, thus, responsivity

depended on the bias current (see Fig.3). Measurements were performed at 77 K using

the bias current that corresponded to the largest responsivity.

The photoresponse of different bolometers versus modulation frequency is

shown in Fi g..4. The curves are made to cross each other at frequency 300 MHz for

comparison.

For sample #1 in the frequency range from 1 MHz to 10 MHz there is a

gradual decrease of the response according to f -'3 , where f is the modulation

frequency. At frequencies larger than 40 MHz this dependence changes to f which

characterizes a roll-off process with a single relaxation time. Such an evolution of the

response agrees well with the observation made earlier [12] for bolometers of the same

size. Samples #1 and #2 demonstrate practically the same dependence of the response

on the modulation frequency. The response of the sample #3 shows a 5 dB smaller

decrease in the low frequency bolometric range. For this sample the response remains

constant for f<1 MHz. decreases according to f -°3 at larger frequencies, and follows a

f_ I law at f>40 MHz. For sample #4 that has the smallest bolometer area the magnitude

of the response remains constant until 60 MHz (within 3 dB) and then rolls off

accordin g to f

Several studies of hot-electron detectors from thin YBCO films have been made

in the optical and millimeter wavelength ranges [11-16]. Both bolometric and

nonbolometric components have been identified in the resistive response. The

nonbolometric component controls the early stage of relaxation after pulse excitation or,

in the case of modulated continuous wave excitation, the frequency dependence of the

response at high modulation frequency (above 2 GHz) [11. 171. The nonbolometric

component corresponds to the heating up and cooling down of quasiparticles. The

quasiparticle cooling rate is controlled by the reciprocal electron-phonon interaction time

)- in the resistive state of the superconductor. Recent direct measurements have

shown that in thin YBCO films at 80 K this time equals 1.1 ps [17], i.e. the electron

temperature can be modulated with a frequency as large as 140 GHz.
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The bolometric component of the response is related to the heating of both the

phonons and electrons in the film. If the film thickness d is smaller than 10,./af_s

nm [9], where lph.f is the phonon mean free path in the YBCO film and a:  is the

transparency of the film/substrate interface for thermal phonons, thermal diffusion in

the film towards the substrate can be neglected. Hence, the rate of phonon cooling is

determined by the heat exchange rate through the film/substrate interface. It has been

shown [9] that the total heat exchange rate depends not only on the rate of phonon

escape (Tesc ) -1
 from the film into the substrate but also on the rate of reverse flow (TRY'

of phonons back from the substrate to the film. Depending on the substrate material, for

a 50 nm thick film the phonon escape time varies from 2 ns to 5 ns [9, 11], which

corresponds to roll-off frequencies from 80 MHz to 30 MHz. The reverse phonon

flow slows down the cooling of phonons in the film and results in the gradual decrease

of the bolometric component of the response at small modulation frequencies according

to r", where m is between 1/2 and 1/3. The characteristic time of the phonon return

to the film can be estimated as T R
.--tph.s/(as _f)

2 where iph., is the phonon scattering time in

the substrate and a c _f is the transparency of the interface for phonons in the direction

from the substrate to the film. Corresponding characteristic length is

TR ) 112=10,.,/a s_ f where D s is the phonon diffusivity in the substrate and l ph. , is the

phonon mean free path in the substrate. The length I R is the mean distance over which a

phonon travels in the substrate until it returns to the film. The reverse flow of phonons

can be minimized making use of substrates with larger heat conductivity, i.e. larger Tph.

and l ph.„ and also by decreasing the in-plane sizes of the bolometer down to a

magnitude less than 1R . Using Tph. , 42 ps and as _f 
.--0.059 [9] we estimate IR O.4 am

for our samples. Our estimate corresponds well to the area (0.5x0.2 im 2 ) of the

bolometer #4 that demonstrates a flat response in the frequency range from 2 to

60 MHz.

In the absence of the reverse flow of phonons from the substrate to the

film, the response of HEB follows predictions of the two-temperature model [18] even

at lowest modulation frequencies used in our experiment (see the solid line in Fig.4).

The frequency dependence of the conversion loss in the heterodyne regime is controlled
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by the frequency dependence of the responsivity [19]. Therefore the conversion loss in

the hot-electron mode scales with the magnitude of the bolometric component. This

su ggests that at frequencies larger than 30 MHz and, consequently, in the hot-electron

mode the conversion loss for a submicron YBCO HEB mixer should be 5 dB and

dB less, than for a 1 um and 21.tm wide HEB mixer, respectively.

Further decrease of the conversion loss can be achieved due to additional

improvement of the heat removal from the bolometer. One possibility is to decrease the

film thickness and. consequently, shorten the phonon escape time. Another direction is

to utilize the diffusion of nonequilibrium phonons from the bolometer to contacts. This

mechanism of phonon cooling has been discussed in [10]. Authors theoretically

estimated out-diffusion time td , ty for a 0.2 p.m long bolometer. They found T
diff

=260 ps

that is an order of magnitude less than T es, for a 50 nm thick film. The effective cooling

time due to both cooling mechanisms can be estimated as (T„: 1 -1-tdiff
-1 ) -1 which results

in a 240 ps overall cooling time and a corresponding roll-off frequency of 650 MHz. In

comparing modulation frequency dependence of the response we did not find a

noticeable difference between roll-off frequencies of bolometers with the length 10 gm

and 0.2 um (devices #1 and #3). The absence of the diffusion contribution to the

phonon cooling rate in our samples can be attributed to defects and impurities that are

not considered in [10] but may decrease the diffusivity of phonons.

In conclusion. we studied the response of YBCO hot-electron bolometers of

different sizes to modulated laser radiation. We found that the decrease of the in-plane

size of the bolometer below 1 um resulted in the disappearance of the f °

of the bolometric component in the response. It means that for a bolometer with such a

small area the bolometric response is flat at frequencies smaller than the roll-off

frequency corresponding to the phonon escape time, and above this frequency drops

accordin g to the two-temperature model. The obtained results suggest that the use of the

submicron bolometer as mixer in the hot-electron mode should result in an increase of

the conversion efficiency of the order 10 dB compared to larger bolometers.
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Fig.l. Scanning electron microscope image of sample #4.

Fig 2. Experimental set-up.
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Fig.3. Current-voltage and detected signal vs. bias
voltage characteristics of sample #4 (0.54.2 1.1,m2).
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Abstract

We report on noise temperature measurements of a NbN phonon-cooled hot-
electron bolometric mixer at different bias regimes. The device was a 3 nm thick
bridge with in-plane dimensions of 1.7 x 0.2 gm 2 integrated in a complementary
logarithmic spiral antenna. Measurements were performed at frequencies
ranging from 0.7 THz up to 5.2 THz. The measured DSB noise temperatures are
1500 K (0.7 THz), 2200 K (1.4 THz), 2600 K (1.6 THz), 2900 K (2.5 THz), 4000 K
(3.1 THz) 5600 K (4.3 THz) and 8800 K (5.2 THz). Two bias regimes are possible
in order to achieve low noise temperatures. But only one of them yields
sensitivity fluctuations close to the theoretical limit.

1. Introduction

High resolution heterodyne spectroscopy in the frequency range from 1 to 6 THz
yields important information on astronomical objects as well as on the chemical
composition of the atmosphere of the earth. Some prominent examples are the CII
fine structure line at 1.6 THz and the OI fine structure line at 4.75 THz which are
major coolant lines of the interstellar medium. The OH rotational transitions at 2.5
THz and 3.5 THz allow for the determination of the OH volume mixing ratio in the
stratosphere and gives important information on the catalytic cycles which are
responsible for the destruction of stratospheric ozone. A number of on-going
astrophysical and atmospheric research programs are aimed at these goals.
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So far Schottky diodes have commonly been used as mixers in heterodyne receivers
at frequencies above 1.2 THz. The achieved double sideband (DSB) receiver noise
temperatures range from 2500 K at 1 THz to about 70000 K at 4.75 THz [1,2]. These
numbers are far above the quantum noise limit. However, many research and
observation goals require a receiver noise temperature close to the quantum limit.
Superconducting hot-electron bolometric (HEB) mixers are prominent devices in
order to satisfy this requirement. In the following we report on the results of noise
temperature measurements performed with the same phonon-cooled NbN liEB mixer
at seven frequencies from 0.7 THz to 5.2 THz.

2. Mixer Design

The investigated FMB was made from a 3 nm thick superconducting NbN film. The
film was deposited by dc reactive magnetron sputtering onto a 350 gm thick high
resistivity Si substrate (5 kQ cm). The details of the process are described elsewhere
[3]. The bolometer itself is a 1.7 gm wide and 0.2 gm long bridge; it has a transition
temperature of 9.3 K and a 870 p,..Q cm resistivity at room temperature.

A planar two-arm logarithmic-spiral antenna is used to couple both the signal and the
local oscillator (LO) radiation with the bolometer (fig. 1). The central part of the
antenna was patterned using electron beam lithography while the outer part was
defined by conventional UV photolithography (for details see Ref. [4]). The circle,
inside which the antenna arms formed inner terminals and seized to represent a spiral,
has 2.6 gm diameter. The diameter of the circle that circumscribes the spiral structure
is 130 gm. Between these circles, the antenna arms make two full turns. A radial line
from the origin of the antenna intersects a spiral arm at an angle of 70

0
. The spiral

structure terminates a coplanar line that has an impedance of 50 CI and was
lithographed on the same substrate. According to estimates [5], such an antenna
should have rf impedance of about 75 C2 when suspended in free space. We expect an
even smaller value for our antenna since it is supported by the semi-infinite dielectric
half-space simulated by the substrate with the thickness much larger than the
wavelength.

The substrate supporting the HEB with the planar antenna was glued onto the flat side
of an extended hyperhemispheric lens. The lens was cut off from an optically
polished 6 mm diameter sphere that was made from high resistivity (>10 kn cm)
silicon. No antireflection coating was used. The extension of the lens together with
the substrate yields a total extension length of 1.2 mm. This is very close to the
optimal extension length for which the beam pattern of the hybrid antenna is
diffraction limited, i.e. the pattern is rather determined by the diameter of the lens
than by the beam properties of the planar feed antenna. In this case the side-lobes are
still low. It is worth mentioning that in the range of the diameter to wavelength ratios,
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which we covered in the experiment, the optimal extension length is almost
independent on the wavelength [6].

Fig. 1: SEM picture of the inner part of the spiral antenna with the NbN ITEB.

3. Experimental Setup

The lens and the HEB were mounted in a copper holder which in turn was directly
screwed to the 4.2 K cold plate of an Infrared Labs HD-3 LHe cryostat. The cryostat
has a wedged 1.5 mm thick TPX pressure window. A 1.2 mm thick quartz window
with an antireflection coating was mounted on the 77 K shield. This filter has a cut-
off frequency exceeding 6 THz. The intermediate frequency (IF) signal was guided
out of the HEB via a 50 n coplanar line, which was soldered to SMA connector. A
bias tee followed by an isolator was used to feed the bias to the mixer and to transmit
the IF signal to a low noise (< 3 K) 1.2 - 1.8 GHz FIEMT amplifier (36 dB gain at 1.5
GHz). Bias tee, isolator and amplifier were also mounted on the cold plate of the
cryostat. The output of the amplifier was filtered at 1.5 GHz with a bandwidth of 75
MHz, further amplified and finally detected with a crystal detector.

The device was investigated at seven different frequencies ranging from 0.7 THz up
to 5.2 TFIz. Two FIR gas laser systems were used to cover this frequency region. The
measurements from 0.7 THz to 2.5 THz were performed using an optically pumped
FIR ring laser [7]. The ring laser design prevents back-reflection of CO2 pump
radiation from the FIR cavity into the CO2 laser cavity resulting in a stable output
power of the FIR laser. Out-coupling of FIR radiation was performed through a 3 mm
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diameter hole in one of the laser mirrors. For the measurements between 2.5 THz and
5 .2 THz a transversely excited FIR laser was used. As it is the case for the ring laser
this design inhibits the back-reflection of CO 2 radiation into the pump laser. For this
laser a 45° moveable mirror was used for the output coupling of the FIR radiation.
This mirror can be moved transversely to the optical axis of the FIR laser and allows
for optimization of the output power for each laser line separately [8]. It should be
mentioned that the noise temperature measured at 2.52 THz was the same
independently on which laser system was used for the measurements.

Freq. [THz] 0.6929 ' 1.3971 1.6266 2.5228 3.1059 4.2517 5 2456
Lasing medium HCOOH CH2F2 CH2F2 CH3OH CH3OH CH3OH CH3OD
CO2 pump line 9R20 9R34 9R32 9P36 9R10 9P34 9R8

Table 1: The laser lines used for the investigations.

The output radiation of the ring laser (see fig. 2) was focussed onto the HEB mixer by
two high-density polyethylene lenses (one lens for the setup with the transversely
excited FIR laser). In order to monitor the LO output power a wire grid in the LO
beam path deflected a minor fraction of the LO radiation onto a pyroelectric detector.
A second, rotatable wire grid served for attenuation of the LO power delivered to the
HEB. The signal and the LO beam were superimposed by a 6 p.m thick Mylar
beamsplitter.

Fig. 2: Experimental setup.
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Double sideband (DSB) receiver noise temperatures were determined by the Y-factor
method. Ecosorb was used as the hot and cold load. The temperature of the hot and
cold load was 293 K and 77 K. respectively_ The stability of the laser systems was
good enough to measure the noise temperature by putting alternately the hot load and
the cold load for about ten seconds in the signal path behind the beamsplitter_ The not
evacuated optical path from the load to the pressure window of the cryostat was about
25 cm long. The hot and cold reading were averaged by a computer and the Y-factor
as well as the noise temeperature were calculated. Due to the relatively weak laser
line and the narrow line profile the noise temperature at 5_2 THz was measured by
chopping (frequency: 15 Hz) between the hot and cold load using lock-in technique_
It was verified at the other frequencies that the direct technique and the chopping,
technique yield the same result At frequencies above 1 THz the Rayleigh-Jeans
approximation does no longer closely describe the power radiated by a black body
into a single mode. Therefore, we used the general form of the dissipation-fluctuation
theorem (Callen and Welton, [9]) for deriving the receiver noise temperature from the
measured Y-factor.

4. Noise Temperature Measurements

All noise temperatures reported in this paper were measured with the same NbN HEB
mixer. Compared to previously published results with this device [10] we were able
to improve its performance mainly by improving the accuracy of the mounting of the
HEB with respect to the center of the Si lens and by using a lower loss beamsplitter.
It is worth mentioning that the device has shown no degradation in either the dc
characteristics or the noise performance, although it has been already eight months
under test.

In Fig. 3 the unpumped and pumped I-V curves of the HEB mixer at a temperature of
4.2 K are shown. The series resistance in the superconducting state is about 3 Q.
There is a first plateau in the IV-characteristic at a current of 45 gA that is followed
by a second linear increase corresponding to a resistance of 40 Q. Another plateau
develops at a current of 55 [LA. After the third almost linear increase, which
corresponds to a resistance of 80 n, the maximum critical current of 90 1.1A is
reached. The normal resistance of the HEB at the operation temperature was almost
the same as at room temperature. This behavior is likely to be due to the existence of
three patches in the superconducting film each with a different critical current. We
speculate that two of them are situated under the contact pads. The critical current in
those parts is reduced due to the proximity effect between NbN and gold. A tail seen
in the resistive transition of the device below the critical temperature likely supports
this tentative explanation.
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We have measured the receiver noise temperature for different bias conditions and
different LO powers. Low noise temperatures were usually found at a moderate bias
voltage (around 1.8 mV and 22 [IA) corresponding to an almost linear part of the IV-
characteristic (region 1 in fig. 3). However, at smaller bias voltages (around 0.05 mV
and 24 gA) corresponding to the nonlinear regime the noise temperature was usually
somewhat lower (region 2 in fig. 3). At 2.5 THz we measured a lowest noise
temperature of 2900 K in region 1 while in region 2 the lowest noise temperature was
2200 K. At 1.4 THz it was 2200 K (region 1) and 1600 K (region 2). The values for
region 2 are corrected for the direct detection contribution which is significant while
insignificant in region 1. The region 2 is very close to the unstable region of the IF
signal (fig. 3). In the following part of this section we will discuss only the results for
the region 1 which is better suited for radiometric applications (see section 5).

100
HEB: #a_3
T = 4.2K

80 -
2.52 THz

.Ze 60 region 2

0 40 -

20

2 3 4

Bias voltage [mV]

Fig. 3: Unpumped and pumped ( at 2.5 THz) IV characteristics of the investigated
HEB mixer. Also shown are the different regions with low noise temperatures and the
unstable region (explanation see text).

In table 2 and fig. 4 the DSB receiver noise temperature is shown as a function of the
LO frequency between 0.7 THz and 5.2 THz. Also shown in Fig. 4 is the DSB
receiver noise temperature when corrected for the losses in the optical elements as
given in table 3_ In this case the increase is linear and follows closely the 10 hv/k line.
This result suggests that the hybrid antenna of the mixer is frequency independent
from 0.7 THz up to 5.2 THz.
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Freq. [THz] 0.6929 1.3971 1.6266 2.5228 3.1059 4.2517 5.2456
T

rec DSB [K]
,

1500 2200 2600 2900 4000 5600 8800 .

Tab. 2: Measured DSB receiver noise temperatures at different frequencies.

We use the criterion k/2 D (D =.130 gm) [5] for the cut-off at the low frequency
side. For our antenna this yields the free space wavelength outside the silicon of 884
gm (0.34 THz). The shortest wavelength for which the spiral antenna is still working
properly is about 10 times the inner radius at which the spiral deviates from the ideal
shape [111 In our case this is 1.3 gm yielding a lower wavelength limit of 44 gm (6.8
THz).
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Fig.: 4: DSB receiver noise temperature as a function of frequency. The circles
indicate the measured noise temperature while the squares correspond to the noise
temperature corrected for losses in the optics.

According to table 2 the quartz filter and the Si lens give the major contributions to
the total losses. Using a Zitex filter instead of the quartz filter could reduce the noise
temperature by about 0.6— 1.4 dB in the frequency range from 0.7 THz to 2.5 THz.
This for example would yield a DSB noise temperature of about 2400 K at 2.5 THz
(loss of Zitex filter 5_0.5 dB [12]). This is comparable with other phonon cooled HEB
mixers [13,14] as well as with Nb diffusion cooled HEB mixers [15]. However Zitex
has a roll-off slightly above 2.5 THz [12]. Above this frequency a quartz filter has an
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advantage. For the reduction of the loss in the Si lens no straightforward solution is
available. One possibility to reduce the reflection could be the use of grooves and
separation of a certain shape on the surface of the Si lens. This approach is discussed
in Ref. 16.

Loss [dB]
Frequency 0.7 TI-2 1.4 THz 1.6 THz 2.5 THz 3.1 THz 4.3 THz ' 5.2 THz
Bearnsplitter 0.1 0.2 0.3 0.6 0.7 1.2 1.2
TPX window 0.4 0.4 0.5 ' 0.6 0.6 0.8 0.9
Quartz filter

,
1.1 1.8, 1.9 1.2 1.3 1.5 1.9

Si lens (refl.) 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Si lens (absorp.) 0.1 0.1 0.1 ' 0.1 0.1 0.1 0.1
Sum 3.2 4.0 4.3 4.0 4.2 I 5.1 5.6

Table 2: Losses in the optics (data for the beamsplitter are calculated, data for the
TPX window and the quartz filter are from the transmission curves as given by the
manufacturer, data for the Si lens are estimated).

The LO power absorbed in the HEB was evaluated from the pumped and unpumped
Iv characteristics. We used the isothermal method described elsewhere [12]. An
absorbed LO power around 100 nW was determined at all frequencies.

5. Sensitivity Fluctuation

It is instructive to determine not only the noise temperature but also the sensitivity
fluctuation AT of a receiver. Fig. 5 shows the sensitivity fluctuation for the optimum
bias (region 1 in fig. 2) at 1.4 THz. The first half of the scan is with the cold load in
the signal path while the second half is with the hot load in the signal path. This scan
documents the good stability of the laser LO. The temperature ATinin that corresponds
to fluctuations of the total output power of the receiver is given by AT„iin = Lys I (Av
tint)

' 
2 

[ 1 7] (bandwidth Av = 75 MHz, integration time Tint 2 ms). From the scan in
fig. 5 we estimate a rms sensitivity fluctuation of 7.4 K. that is in a good agreement
with the calculated value of 6.2 K. In comparison. the rms fluctuation sensitivity is
about 30 K in region 2. for which the best noise temperature was measured (1600 K).
The situation at 2_5 THz is similar. While in region 1 the sensitivity fluctuation is
close to the theoretical limit it is up to 100 K in region 2. We attribute this dramatic
Increase of sensitivity fluctuations to an enhanced magnitude of rms noise at the
device output. The region 2 corresponds to the strongly nonlinear operation regime
when the impedance of HEB is very sensitive a gainst small variations of the bias
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voltage, LO power, and operation temperature. This was also experimentally found
and is indicated in fig 2 by the much smaller area of region 2 compared to region 1.
Instabilities of any of the operation parameters effect the operating point of the HEB
and, consequently, the matching of the HEB to the IF network. This results in
additional noise. Besides that there could be intrinsic reasons caused by physics of the
detection and mixing process, e.g. switching of the bias current between different
paths in a non-uniform film driven in the resistive state. However, at this stage a
definite answer to the question about the origin of excess rms noise is not possible.
Results of our measurements make clear that, although region 2 yields the better noise
temperature, it is not readily suitable for radiometric applications.

0.56 —

0.55 -
HEB a_3

0.54 - 1.4 THz

0.53 -
cci

0
a.
.5 0.50 -
-5 0.49 -0

0.48 - cold load (77K)

0.47 -

0.46 
0

hot load (294 K)

50 100 150 200 250 300
Time [sec]

Fig. 5: Output noise of the HEB mixer as a function of time.

6. Conclusions

We have measured the noise temperature and fluctuation sensitivity of a phonon-
cooled hot-electron bolometric mixer operated in different bias regimes in the
frequency range from 0.7 THz to 5.2 THz. We demonstrated that the superlinear
increase of the DSB noise temperature with frequency resulted from frequency
dependent losses in coupling optics. When corrected for losses, the noise temperature
of the mixer increased linearly with frequency with the slope 10 hv/k, thus suggesting
that the hybrid antenna was frequency independent in the specified frequency range.
We found two distinctive bias regimes resulting in fairly low noise temperature, of
which only one provided fluctuation sensitivity corresponding to theoretical
estimates. Our results show that it is possible to build a broadband HEB mixer with
lowest noise temperatures.
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I. INTRODUCTION

Hot Electron Bolometric (HEB) mixers have recently demonstrated the lowest receiver noise tem-

peratures ever measured in the THz frequency region. HEB receivers have become the most promising ap-

proach for applications such as high-resolution heterodyne spectral measurements of astronomical objects

from airborne or space-based platforms at frequencies above 1 THz. At most frequencies the lowest noise

temperatures attained so far have used NbN Phonon-cooled HEB (PHEB) mixers. We have developed NbN

PHEB devices and have improved their characteristics very substantially since our paper at the Ninth STT

Symposium. We report total DSB receiver noise temperatures of 485 K at 620 GHz (440 K when the device

was cooled to 3 K), 1,000 K at 1.56 THz, and 2,200 K at 2.24 THz. NbN HEB mixers have been shown to

have sufficient bandwidths for the anticipated applications such as future receiver frontends for THz astro-

nomical observation from space. We have measured a conversion gain bandwidth of 3 GHz at 620 GHz for

one of our devices and calculated the receiver noise bandwidth to be 6.5 GHz with a sufficiently wideband

IF amplifier. The lowest LO power required is 500 nW which makes NbN PHEB mixers suitable for use

with future solid state tunable THz sources. However, the LO power is not at such a low level that its operat-

ing point is affected by input thermal noise power. This paper describes the development of our NbN PHEB

mixers and discusses device fabrication and optical coupling issues as well as our measurement setup and re-

sults.
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H. DEVICE DESIGN AND FABRICATION

NbN Films

The NbN films were fabricated on silicon substrates at Moscow State Pedagogical University

(MSPU) by magnetron reactive sputtering in an argon/nitrogen gas mixture. For this work we have primar-

ily used films of thickness 3.5-4 nm in order to maximize the conversion gain bandwidth. The production of

such thin films is still an evolving technology but recent films on both sapphire and silicon substrates have

shown much improved properties [Cherednichenko et al. , 1997] . The optimum thickness, based on the sap-

phire work, appears to be close to 3.5-4 nm. The surface resistance of the films is from 300 Cl/square to 600

Cl/square. The devices fabricated during the last year have shown an improvement of T c from 7.5-9 K to

10-10.5 K (11 K for the 5 nm device). The transition width is still about 1 K and the critical current density

can be as high as 3 x 106 to 4 x 106 A/cm2 for the 3.5 to 4 nm devices.

Optical Design

Optical design considerations are crucial for efficiently coupling LO and signal power into the de-

vice. Quasi-optical coupling to the device is most common for frequencies above 1 THz. We still use an ex-

tended hemispherical silicon lens coupled to a self-complementary log-periodic toothed antenna (see Figure

1), as successfully demonstrated and analyzed at 250 GHz and 500 GHz by [Filipovic et al, 1993] . The

log-periodic toothed antenna is convenient since it can be used over a very wide frequency range; later ver-

sions will employ other antennas tuned to smaller frequency bands, which may possibly have higher effi-

ciency. For our original design, we scaled the dimensions of the lens and the antenna used in the 250 GHz

setup by a factor of ten, resulting in a lens diameter of 1.3 mm. We chose an extension length, beyond the

hemispherical lens, of 0.33 times the lens radius. We can predict the amount of beam-scan which would be

RF, LO

Figure 1: Log-periodic antenna fabricated on an extended hemispherical lens.
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caused by misalignment of the center of the antenna with respect to the center of the lens: a 20 micrometer

misalignment results in a 5 degree beam scan. This makes it imperative to use an accurate alignment proce-

dure, which will be described below. We are not employing a matching layer at this stage. The beamwidth

of this lens at 1.56 THz is 8 degrees, which is sufficiently narrow for the beam to clear the dewar window.

Recently, we have also used an elliptical lens with a base diameter of 4 mm. The elliptical lens is less critical

in terms of alignment and does not require the substrate thickness to be adjusted. The device is then mounted

at the foci of the lens.

Device Fabrication

Devices were fabricated at UMASS/Amherst. The gold log-periodic antenna is fabricated using

liftoff. After the pattern has been defined in the photoresist, 20 nm of Ti and 100 nm of Au are deposited by

E-beam evaporation and the lift-off is performed. The NbN strips (strip) are then defined and etched using

Reactive Ion Etching (RIE). In the most recent fabrication run, we tested wet etching of the NbN as an alter-

native technique with excellent results. All devices fabricated since the beginning of 1998 have had a config-

uration of a single wide strip which results in the lowest normal resistance and thus the best match to the an-

tenna. For the device used with the 1.3 mm lens, the substrate is thinned by lapping to a thickness equal to

the lens extension length. The position of a square alignment window for the lens is defined in a photoresist

layer on the opposite side of the substrate from the antenna and device using an infrared mask aligner,

whereupon the alignment window is etched by RIE to a depth of 100nm. The lens is attached to the silicon

substrate using purified bees wax. The final dimensions of the device strips for the original design are about

0.6 pm long by 1.0 pm wide. The single strips have the same length and are either 5 pin or 10 pm wide. Two

different sizes of antennas with maximum frequencies of 1.2 THz (Antenna A) and 2.4 THz (Antenna B) ,

respectively, were employed. Figure 2 shows an SEM picture of a device of the older type with four strips.

Figure 2: SEM photographs of the NbN device.
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III. EXPERIMENTAL SETUP

Receiver Configuration

The integrated antenna/HEB device and lens are attached to a copper post, which is thermally an-

chored at the other end to the liquid helium reservoir of an IRLAB dewar (see Figure 3). The antenna is con-

nected to the IF and bias system via a microstrip/semirigid coax line and bias tee. A cooled HEMT amplifier

with isolator input is also used inside the dewar. This IF amplifier has a bandwidth from 1250 to 1750 GHz

with a noise temperature of about 13K except for in the most recent experiment in which we used an ampli-

fier with 7 K noise temperature.

Figure 3: Top view of the IRLAB dewar showing the de and IF connections.
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Optical Setup
The optical coupling loss as well as the receiver noise temperature are measured with a CO, laser

pumped FIR gas laser as the LO source. The laser setup is illustrated in Figure 4. Mylar beam splitters with

a thickness of 6 gm act as diplexer between the LO and a chopped hot/cold noise source. The LO radiation is

focused by a TPX lens. The active medium of the FIR laser is difluoromethane and two output frequencies

of 1.56 THz (wavelength 191 gm) and 2.24 THz (wavelength 134 gm), respectively, are available. The gain

bandwidth of NbN HEB devices at the IF cannot be easily measured at THz frequencies. At present, we

measure the mixer gain bandwidth at 94 GHz instead. Noise temperature and bandwidth measurements at

0.6 THz to 0.75 THz were also performed at Chalmers University in a setup which used a BWO as LO

source and a 12.5 gm beam splitter . The experimental arrangement was as described in [EkstrOm et a!.,

1997].

FTS Spectra of the Device Response
Fourier Transform Spectra were obtained at Chalmers University by employing the device as a de-

tector at a temperature close to T.

Figure 4: Optical setup for measurement of optical coupling loss and receiver noise temperature.

204



—0--- (a) parallel
(b) perpendicular

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0
0 200 400 1200 1400 1600 1800 2000

Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

Iv. RESULTS AND DISCUSSION
FTS Spectra of the Device Response

Figure 5 shows the spectra obtained for a NbN device integrated with the larger version of the log-

periodic antenna described above. The device was mounted in two perpendicular orientations in order to

elucidate the frequency-dependence of its optimum polarization. [Kormanyos et al. , 1993] showed that the

polarization for optimum response varies periodically with frequency at an amplitude of ±22.5°. This is

consistent with the spectra we observed in which dips in the response occur at frequencies which are one oc-

tave apart. As the orientation of the device was changed by 90 degrees, peaks appear where dips occur for

the perpendicular orientation. The highest frequency peak corresponds to when the second smallest tooth is

one quarter wavelength long when considering the effective dielectric permittivity of the silicon medium.

When utilizing self-complementary log-periodic antennas, one has to be aware of their sensitivity to the in-

cident polarization. The power available, when lasers are used as the LO sources, is generally sufficiently

large such that a polarization rotater can be used to produce the optimum polarization. This was confirmed

in our experiments at both 1.56 THz and at 2.24 THz.

Frequency [GM]

Figure 5: FTS spectra of the device for (a) device orientation parallel to the FTS polarization, and (b) per-
pendicular to the FTS polarization.
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Noise Temperature Measurements

Our results from the noise temperature and conversion loss measurements at different frequencies

are summarized in TABLE I below.

TABLE I: Noise Temperature and Conversion Loss Summary

f [THz] Dev.# / Ant. T [K] [K] Le tot [dB]
V.-.,,,,A44.,26%,4,..,•=w- - .4, • Mit- • -.

I 0.62 #1/A 82 485a 12.5

1.56 evB 10 5,800 27

1.56 #3/B 44 2,800 20

1.56 #4/B 43 2,700 20

1.56 #5/B 70 1,000 14.5

2.24 #5/B 70 2,200 18

a 

440 K at a device temperature of 2 K.

The Y-factor was measured by inserting a liquid nitrogen cooled absorber by hand into the path of

the beam several times. In the 1.56 THz experiment, the IF output power was recorded on a chart recorder

and the results of several individual Y-factor measurements were averaged. The fact that it was possible to

perform the Y-factor measurement at this noise temperature level without the use of a rotating chopper is a

tribute to the excellent amplitude stability of the UMass/Lowell laser used for this experiment. The stability

is also evident in the I-V curves recorded by our fast (about 1 ms) computerized recording system. In a sepa-

rate test we measured the amplitude stability of the FIR laser at 1.56 THz with a relatively fast (0.1 sec) inte-

gration time over a period of several minutes. We found that the amplitude stability was ±0.3 % . The opti-

mum operating point for the devices reported here is not very sensitive to variations in LO power or bias

voltage. This is a distinct advantage compared to the DHEB Nb mixers which must be adjusted to a bias volt-

age very close to an unstable region of the IV-curve in order to optimize the receiver noise temperature. The

antenna/lens combination clearly performed well at 1.56 THz as evidenced by the fact that during a chopped

noise measurement on the system, it was possible to blank out essentially the entire signal by blocking the

cold source with a piece of absorber of a size equal to the predicted beamwidth (about 8 degrees with the 1.3

mm diameter lens and 2.5 degrees with the 4 mm diameter lens). The LO power absorbed by the device with

the lowest noise temperature at 1.56 THz was 500 nW. TABLE I shows the estimated break-down of the to-

tal conversion loss into components. We assume that the optical coupling loss is essentially given by the

losses of the different components, such as the window, the Zitex thermal radiation filter, the reflection loss

of the lens, etc.. The remaining loss is attributed to the mixer itself. The intrinsic conversion loss, includ-
ing IF output mismatch, is about 8.5 dB at all three frequencies (620 GHz, 1.56 THz, and 2.24 THz)

within the accuracy of the measurement and the error in our estimate of the optical losses is about ±2 dB.

This shows that the intrinsic receiver noise temperature does not depend on the frequency, up to 2.24

THz. We measured both the receiver noise temperature and the output noise temperature for several de-
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vices. The intrinsic receiver noise temperature, the intrinsic conversion loss, and the output noise tempera-

ture were analyzed and compared with predictions of the standard model in a different separate paper at this

symposium [Yngvesson and Kollberg]. The measured data agrees well with the theory. Both conversion

loss and output noise temperature are relevant in establishing the receiver noise temperature. It should be

clear, however, that receiver noise temperatures of NbN HEB mixers at THz frequencies are likely to pro-

gressively get lower. Specifically, we expect to be able to lower the optical coupling loss substantially in the

future. We note that so far none of the HEB mixers above 1 THz have employed a matching layer for the

lens.

V. CONCLUSIONS

We have demonstrated receiver noise temperatures of 485 K at 620 GHz, 1,000 K at 1.56 THz, and

2,200 K at 2.24 THz for a NbN HEB device, coupled through a silicon lens and a log-periodic toothed an-

tenna. The very small LO power required by such devices when optimally matched (presently 500 nW) has

been verified. We expect that measured receiver noise temperatures of NbN HEB mixers will continue their

downward trend at frequencies above 1 THz in the future.
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NBN PHONON—COOLED HOT ELECTRON
BOLOMETER MIXER DEVELOPMENT

AT IRAM

C. ROsch, F. Mattiocco,
K.H. Gundlach, K.-F. Schuster

IRAM, Institut de Radio Astronomie Millimetrique
300, Rue de la Piscine, 38406 St. Martin d'Heres, France

Introduction :

NbN phonon cooled bolometric mixers offer very competitive performance up to the highest
frequencies. Processing of NbN HEB's is relatively easy and reliable and due to microstructuring
by Ebeam lithography LO power could be reduced to a level where pumping is possible with
solid state sources and simple beam splitters up to around 1 THz. The typical sheet resistance for
very thin NbN films is relatively well adapted to a variety of antennas or waveguide coupling
structures. All these points make the NbN bolometric mixers very attractive for radio
astronomical applications in the THz regime [8]. The main problem with the NbN devices
however stays the limitation in IF bandwidth and contrary to predictions bandwidths beyond 2-3
GHz are hardly reached for NbN films on substrates which are suitable for high frequency
applications. After establishing a reliable process [1O], we have focused on the characterisation of
the devices and improvements of antenna device coupling.

Bandwidth characterisation :

A variety of IF bandwidth characterisations for HEB's have been proposed in the past [1,2,3,4].
The IF bandwidth of a HEB mixer generally depends on the bias point which itself strongly
influences noise and gain of the mixer. At heterodyne operation a global optimisation of all
parameters is therefore required which is time consuming and often not straight forward.
For optimisation of film processing parameters, impedance measurements offer a more direct
way to access the intrinsic characteristic time scales of the NbN films.
After having measured the bandwidth of a device with a 5 nm thick NbN film by a direct signal
injection method [4], we investigated the possibilities of characterisation by an impedance
measurement similar to the procedure, which was described by Karasik et al. [1].
In order to allow for rapid measurements we installed the set-up in a dipstick, which could be
immersed in liquid He. The measurement was done with a HP8510 network analyser. The DC
bias was directly fed over the internal bias input of the HP8510. The measurements were
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performed with a sweep between 200MHz and 5GHz and a power level of —60 dBm at the
device. Using the available signal averaging option, we did not find any particular need for an
additional cryogenic wide band amplifier. With a similar calibration scheme as described by [1]
we obtained the complex impedance as plotted in Fig. 1. The solid lines show the results of a
simultaneous fit to the real and imaginary part of the measured impedance to a theoretical model
[9]

1 + CO T
+ C 1 + C

Z (CO) R

Where R is the device resistance and rT (intrinsic electron temperature relaxation time) and C
(self heating parameter) were the free fitting parameters. The fit is good for the real part of the
impedance but only just acceptable for the imaginary part, a phenomenon that has been observed
by other groups. The resulting IF bandwidth is 1.7 GHz, which is in reasonably good agreement
with the bandwidth of 2GHz measured by the direct injection method.

150 

C.,

. , 1

1 2 3 4 5
Frequency [GHz]

Fig. 1: Measured complex impedance for a HEB with a 5nm NbN film.
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New Antenna Detector Structure for very high Frequencies :

Our first results on NbN HEB mixers were obtained with single lean bowtie dipoles in
combination with elliptical or hyperhemispherical quartz lenses [4]. Such an antenna is largely
sufficient to pass most of the radiation pattern through a dewar window of reasonable size and
therefore allows for simple mixer tests. However the resultin g beam is not well suited for
coupling to practical antennas for radio astronomy. A variety of planar antenna structures have
been proposed for HEB Mixers [1,4,5,6]. Here we investi gated a double dipole structure with two
different integration schemes of the HEB mixer elements.
In a first structure one central bolometric element is fed symmetrically over coplanar striplines
(Fig 2). IF output and DC bias are connected over coplanar if blockin g filters on either side.
Other groups [5] have successfully used the described double dipole structure with a central
detector element with slight modifications. The structure was designed for a workin g frequency
around 800 GHz assuming a fused quartz substrate.

Fig 2 Double dipole with single central HEB element.

To control the frequency dependent response of this antenna detector structure we performed FTS
measurements using the bolometer element in the direct detection mode. The FTS spectrometer
consisted of a computer controlled Martin-Puplett Interferometer with a chopped liquid nitrogen
cold load and a phaselock amplifier which is read out automatically. The response is plotted in
Fig 3. The measured response is very wide band and shows that the structure is reasonably well
tuned to 800 GHz. It should however be mentioned that the atmospheric absorption which is
clearly present in our current set-up (typical pathlength is 1.5 m) does not allow to exclude a
coupling maximum at higher frequencies. In this sense the measurement should be considered
preliminary until we have installed a dry nitrogen container for the spectrometer.
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Fig.3: FTS measurement of a double dipole structure with
central HEB element designed for 800 GHz .

The result for heterodyne mixing is given in figure Fig.4. The heterodyne mixing results for this
structure are comparable to the results which were obtained with a simple dipole. Yet future
beam measurements still have to show the desired improvement in the beam shape.

Fig. 4: Heterodyne measurement of a double dipole structure with central HEB element for
800 GHz . The best DSB receiver noise temperature is 1250 Kelvin (IF 1.5 GHz).

211



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

A disadvantage of the described double dipole is that the coplanar connections to the central
detector element perturb the antenna pattern and at very high frequencies cause also undesired
ohmic losses. Furthermore control over the characteristic impedance of the connecting
transmission lines becomes increasingly difficult for frequencies above 1 THz.
The wide range of achievable device impedance for NbN HEBs did suggest another antenna
coupling solution for the double dipole. We propose a structure where each dipole is equipped
with its own HEB element and the signals of both dipoles are combined in the IF path Fig. 5.
With such a structure the losses in the connections to a central mixing element are avoided. This
makes the structure especially interesting for the very high frequency region where ohmic losses
are important.

Fig 5 Double dipole with individual HEB elements for each dipole.

In a sense such a structure represents a miniature interferometer where the phase reference is
given by the common local oscillator radiation field. Obviously such a structure requires identical
mixer elements in order to conserve the symmetry of the antenna and therefore challenges
processing of the devices. Gain imbalance would cause an increased sidelobe level and phase
imbalance would lead to a beam deflection.
It should be mentioned that a simple FTS measurement does not anymore represent very well the
frequency behaviour of the heterodyne mode because in the direct detection mode used for the
FFT measurements one measures the incoherent sum of the response of the individual dipoles
rather than the phased response.
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Fig. 6: First heterodyne measurement of a double dipole structure with individual HEB elements
for each dipole. The best DSB receiver noise temperature is 1800 Kelvin at 810 GHz

(IF 1.5 GHz).

First heterodyne results with the distributed mixing element structure at 800 GHz yielded
receiver noise temperatures which were higher than our best results. However the conversion
curve is cut off at the most sensitive area and we were clearly LO power starved in these
measurements (Fig.6).
We do not yet really understand the particular structure of the conversion curves. As both of the
HEB elements are connected with a common superconducting Nb film on either side of the
elements we investigated possible SQUID effects but could not find any sensitivity to magnetic
field. We suspect that the observed effect does origin from an instability which is due to the in
parallel bias of the two elements.
Possible improvement of this problem could be obtained by completely separated IF branches for
the two antenna elements with individual DC bias and cryogenic amplifiers. Although the effort
seems high. such a solution would have other very interesting features as for example the
possibility of very fast beam switching by a phase switch in the IF line.
The described antenna detector coupling scheme is not restricted to double dipoles but can also
be applied for double slot antennas if the impedance level of the HEB elements can be made
reasonable close to the feed point impedance of the slots.
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NOISE AND BANDWIDTH MEASUREMENTS OF DIFFUSION-COOLED Nb HOT-
ELECTRON BOLOMETER MIXERS AT FREQUENCIES ABOVE THE

SUPERCONDUCTIVE ENERGY GAP

R.A. Wyss, B.S. Karasik, W.R. McGrath, B. Bumble and H. LeDuc

Center for Space Microelectronics Technology,
Jet Propulsion Laboratory, California Institute of Technology,

Pasadena, CA 91109

ABSTRACT

Diffusion-cooled Nb hot-electron bolometer (HEB) mixers have the potential to
simultaneously achieve high intermediate frequency (IF) bandwidths and low mixer noise
temperatures for operation at THz frequencies (above the superconductive gap energy).
We have measured the IF signal bandwidth at 630 GHz of Nb devices with lengths L =
0.3, 0.2, and 0.111M in a quasioptical mixer configuration employing twin-slot antennas.
The 3-dB IF bandwidth increased from 1.2 GHz for the 0.3 pm long device to 9.2 GHz
for the 0.11M1 lon g device. These results demonstrate the expected 1/L

2
 dependence of

the IF bandwidth at submillimeter wave frequencies for the first time, as well as the
largest IF bandwidth obtained to date. For the 0.1 pim device, which had the largest
bandwidth, the double sideband (DSB) noise temperature of the receiver was 320-470 K
at 630 GHz with an absorbed LO power of 35 nW, estimated using the isothermal
method. A version of this mixer with the antenna length scaled for operation at 2.5 THz
has also been tested. A DSB receiver noise temperature of 1800 ± 100 K was achieved,
which is about 1,000 K lower than our previously reported results. These results
demonstrate that lar ge IF bandwidth and low-noise operation of a diffusion-cooled HEB
mixer is possible at THz frequencies with the same device geometry.

I. INTRODUCTION

To date, diffusion-cooled hot electron bolometer (HEB) mixers have achieved low
receiver noise temperatures at 1.100 GHz tli and 2.5 THz r21 and large intermediate
frequency (IF) bandwidths- 31 . Phonon-cooled HEB mixers have also shown very good
performance though the IF bandwidth is ultimately limited by the electron-phonon
energy relaxation time. The combination of low-noise and hi gh lEF is both desirable and
critical for applications in radioastronomy. Unlike the SIS mixer, the HEB mixer works
k‘ell above the superconductive enemy gap frequency (fo --- 750 GHz for Nb) which
makes it the detector of choice for observational science applications at THz frequencies.
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In fact, the HIFI Instrument planned for ESA's Far-IR and Sub-millimeter-wave
Telescope (FIRST) will employ HEB-based receivers for its two hi ghest THz bands.

We will present recent measurements of the small area Nb HEB mixers, which have
been measured at frequencies above the superconductive energy gap. The purpose of this
work is to verify theoretical predictions of large IF bandwidth in the diffusion-cooled
regime and ascertain that low receiver noise temperatures are maintained for the same
device geometry for operation at THz frequencies. First, IF bandwidth measurements at
630 GHz are discussed, followed by mixer noise temperature measurements at 2.5 THz
and 630 GHz. Comparison with other published works shows that these results are
among the best reported to date.

II. HEB MIXER DESIGN AND EXPERIMENTAL CONSIDERATIONS

The dimensions of the Nb devices tested are designed to have bridge lengths of 0.3,
0.2, and 0.1 pm, and a width of 0.1 gm. The thickness of the bridge is nominally 12 nm,
however, the actual thickness may vary because it is inferred by monitoring the
deposition time. A detailed account of the self-aligned fabrication process, DC electrical
characterization and mask layout are given by Bumble et al. E71 . Good thermal and
electrical contact between the Nb microbridge and the gold contact pads is assured
because the evaporation of the two films is done consecutively without breaking the
vacuum. Figure 1 depicts the mixer design showing the layout of the twin-slot antenna,
the CPW transformer connecting the antenna to the HEB device located at the center, and
the CPW rf filter structure used for DC bias of the bolometer and coupling the IF signal
out of the mixer.

For our quasioptical mixer design, the silicon chips containing the HEB device,
antenna, and embedding circuit are glued to the backside of an elliptical Si-lens with an
cyanoacrylate adhesive. Using a microscope and micropositioners, the device center is
placed at the second focus of this lens. The alignment accuracy of this procedure has
been verified to be better than 25 gm (see discussion of beam pattern measurements
below). The Si-lens is then clamped into the mixer mount and aligned with the optical
axis of an Infrared Labs dewar.

The IF signal bandwidth was measured using two monochromatic sources. A fixed
frequency signal source at 630 GHz signal is provided by a Gunn oscillator pumping a
frequency doubler followed by a frequency tripler (x2x3). The tunable local oscillator
(LO) source is a backward-wave oscillator (BWO), which is easily tuned over a 20 GHz
span by varying the anode voltage. Since the spatial mode pattern of the emitted radiation
from the over-moded BWO varies with voltage, a polyethylene lens is used to redirect the
beam into the dewar. The radiation from the BWO and from the multiplier is combined
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using a 2 mil Mylar beamsplitter. At each frequency point the LO radiation is re-aligned
as necessary to maintain a constant pump power level and hence a fixed bias point of the
HEB. Since the objective is to observe a large signal bandwidth, narrow-band cooled
amplifiers were not used for this measurement. The frequency dependent loss of the
microstrip line connecting the HEB chip to the K-connector, the semi-rigid cable used to
bring the signal from the 4.2 K stage to the outside of the dewar, the two 30-dB room-
temperature Miteq amplifiers, and the input of the spectrum analyzer, were all carefully
measured. The product of these losses was used to calibrate the data before extracting the
intrinsic frequency dependence of the HEB mixer. The receiver noise temperature was
also measured at 630 GHz by the Y-factor method using a similar setup. The
monochromatic signal source was replaced with a hot or cold load. These loads are made
of a cone-shaped eccosorb foam which was either at room temperature or LN,
temperature. A 4.2 K cooled HEMT amplifier was used as the first stage for the IF
system to amplify the signal from the HEB mixer by —40 dB, and a bandpass filter with
center frequency of 2.180 GHz and bandwidth of 300 MHz was inserted before the two
Miteq amplifiers. A power meter was used to measure the IF output.

The receiver performance at THz frequencies is measured using an experimental
setup similar to that described Karasik et a/. f2} , and briefly discussed here. The local
oscillator source is a CO 2-pumped far-infrared laser operating on the 118.8 gm (i.e. 2.5
THz) lasing line of methanol gas. The radiation is steered towards the input window of
the dewar using two mirrors and a 1 mil thick Mylar beamsplitter. The power level and
polarization is controlled using two metal grids which can be rotated relative to each
other. The Y-factor is determined by switching between a hot (295 K) and cold load (-95
K). Atmospheric absorption is eliminated in the signal path and part of the LO path by
placin g the beamsplitter and the temperature loads in a vacuum box mounted to the
dewar. The need for a vacuum window on the dewar is hence eliminated and only a Zitex
filter181 is mounted on the LN,-shield to prevent room-temperature infrared radiation from
reachin g the mixer block. This minimizes the loss between the hot/cold load and the
HEB mixer, and reduces superfluous noise temperature contributions. Thus our system
accurately measures the receiver noise temperature without any corrections for
atmospheric absorption or windows. The mixer IF output is amplified using a LHe-
cooled HEMT amplifier having a gain of —40 dB with a noise temperature <4.0 K in the
frequency band of interest, 1.9 to 2.4 GHz. The IF signal is bandpass limited to
300 MHz, with center frequency of 2.18 GHz and is further amplified using two room-
temperature 30-dB amplifiers. A 3-dB attenuator is inserted between the amplifiers to
avoid standing-waves and reflections. A DC voltage proportional to the signal intensity
is obtained usin g a fast rectifier diode after the amplifier chain. The Y-factor is derived
from measurin g the AC and DC component from the voltage of the diode as a chopper
periodically switches between the hot and cold load. The AC voltage component is
measured usin g a lock-in which measures the rms value of the waveform. Since the
waveform created by the chopper is approximately sinusoidal, the Y-factor is calculated
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as follows: Y = (DC + JAC) /(DC JAC). Due to power fluctuations in the FIR-
laser power it is currently necessary to use this technique. A more stable LO source
would make a lock-in measurement technique unnecessary.

III. RESULTS AND DISCUSSION

A. DC Measurements

In Fig. 2 a representative I-V characteristic of an Nb HEB device is shown at 4.2 K
(upper trace). This curve was measured during the initial DC tests of the device, using a
dipstick setup. The nominal device dimensions are LxWx1-1.0.1x0.1x0.012 jim a . The
critical current of 186 RA implies a critical current density of this device is
1.6x107 A/cm2 . The normal state resistance is 15.4 S2. The lower three traces are of the
same device, measured at 2.2, 3.1 and 4.2 K, after mounting it into the mixer block
several times. The critical current density is noticeably reduced, 75 gA at 4.2 K, but is
almost fully recovered when the bath temperature is lowered to 2.2 K. This change to the
microbridge effectively lowers the T, of the superconductor and results in a small kink in
the I-V when the critical current density is reached. This kink typically occurs with a
reduction of the critical current. All receiver noise measurements at 2.5 TH2 were
performed using this device after this small change occured. Excellent mixer performance
was obtained as discussed below, and other devices showing similar small changes have
also given good performance.

B. Twin-slot Antenna Beam Pattern

The proper alignment of the HEB mixer was verified by measuring the beam pattern
of the receiver, as shown in Fig. 3. The HEB was operated as a direct detector for this
measurement by heating it to just below the transition temperature of the superconducting
film and biasing it in a constant current mode. The dewar is placed in the far-field (>10x
Rayleigh length) of the beam from an FIR-laser operating at 2.5 THz. The magnitude of
the AC response to the chopped far-infrared radiation is recorded as a function of the E-
plane rotation around the axis of the bolometer. The main beam full-width-half-
maximum, eHp is 0.87° degrees with the first sidelobe intensity down 10 dB. The
calculated effective Gaussian beam waist of the exiting beam from the Si-lens is

2237r61
Hp = 5 mm which agrees well with published findings at lower frequencies[93.

The highly collimated receiver beam pattern, having an f-number 66, is due to this large
beam waist which is directly related to the diameter of the Si-lens. The slight asymmetry
of the receiver beam is believed to be due to displacement of the HEB from the lens
center. For the Si-lens used in the experiment, the thickness along the central axis is
8.153 mm. A displacement of the HEB along in the E-plane, 8x , can be related to the off-
axis angle, 0, of the exiting beam: 8x=40•0 11m/degree. Hence the displacement seen in
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Fig. 3 of <0.1 degrees translates to less than 5 p.m in the E-plane. The resulting
displacement of the beam away from the central axis in the E-plane is, in this case, only a
very small fraction of a degree. A displacement might also exist in the orthogonal
direction, the H-plane, but currently we have no method of adjusting the dewar pitch
an gle in a controlled manner.

C. RF Spectral Response

Prior to characterizing HEB mixer performance the RF spectral response has been
checked using a Bruker IFS120HR Fourier-transform spectrometer. The center
frequencies and bandwidths ( ,-,50%) in general agreed with that expected for twin-slot
antennas, indicating that the mixer RF spectral response is dominated by the planar
antenna. The center frequency found experimentally for a twin-slot design at 600 GIL
matches well with theory, however, a shift to lower frequencies of 20% is observed for
designs at 2.5 THz [21 . A new twin-slot design, with a 10% reduction in the slot length
was therefore fabricated to obtain a more desirable center frequency for the 2.5 THz
measurements. The HEB was used as a direct detector for the spectral response
measurements. In order to increase the HEB voltage responsivity, the device was
operated at 6.9 K. Since, based on the design, the peak response was expected to occur
around 2.5 THz. the spectra were measured using a 23 gm Mylar beamsplitter which was
judged to be ideal for the required frequency band: 1,200 GHz to 3,450 GHz (the Fabry-
Perot resonances of the beamsplitter were outside of this band). The spectral response for
antenna/RF-filter Type I (our first design), shown in Fig. 4, peaked at 2.0 THz having a
somewhat asymmetric shape. The 10% shorter version, Type II (new design), not only
displays the desired shift upwards in frequency, centered on 2.2 THz, but it's shape is also
more symmetric. At an LO frequency of 2.5 THz, Type II offers an increase of I dB in
responsivity relative to Type I. Hence, the device geometry we have investigated has an
slot len gth of 0.28?„, ( is the free-space wavelength) and a RF-filter Type II. The large
ringing present in the spectra. especially pronounced for the shorter slot antenna device, is
due to standing waves in the device substrate. From the 164 GHz period of the
undulations. the predicted substrate thickness is 267 pt.m which is close to the nominal
254 p.m thickness specified by the wafer supplier. The 5 to 10% amplitude variations are
due to the finite thickness of the cyanoacrylate adhesive that is used to glue the devices to
the Si-lens. This adhesive is currently used since it readily dissolves in Acetone. If a less
viscous adhesive. such as UV-curable optical glues, is substituted, this thickness would
decrease and the standing wave pattern would be negligible.

D. Intermediate Frequency Bandwidth Measurements at 630 GHz

A systematic study of the mixer 3-dB IF bandwidth on the HEB device length has
been performed. The objective is to confirm that the 1/L2 dependence, measured at low
microv.ave frequencies'''. holds as expected at submillimeter wave frequencies (where
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these mixers will find practical applications). The IF bandwidths of HEB devices with
lengths of 0.3, 0.2, and 0.1 pm were measured. Figure 5 shows the results of two devices
with dimensions LxW=0.1x0.1 iim2 , which had a normal state resistance of 17 and
critical currents of 160 and 130 1.tA. The data exhibits some scatter and periodic dips
which we attribute to the interplay between the frequency sources, and also to reflections
in the microstrip section. Since the two sources are not frequency locked together, the
BWO displays a frequency drift on the order of 10 to 15 MHz. Although the IF spectrum
is averaged during the measurement, the IF-power can vary by as much as ±1 dBm over
the 15 MHz span. The data points in the graph represent the average power throughout
this band. Reflections are caused by impedance mismatch at the bonding wire transition
from the device chip to the microstrip line and the solder joint between the microstrip line
and the K-connector. From a 1-pole fit to the data, the 3-dB points are found to be
8.1 GHz and 9.2 GHz. The difference in the IF bandwidth could be caused by the choice
of the bias point and physically different bridge lengths. The IF bandwidth of a
0.08x0.08 gm 2 device has also been measured. The results showed no clear roll-off for
frequencies up to 15 GHz. Due to the large scatter in the data, about 4 dB, this
measurement result has not been included in the analysis of the length dependence.

In order to compare the experimental findings to theoretical predictions, the length
and width of selected devices have been inspected using an SEM. The measured and
"designed" sizes P °3 are plotted together in Fig. 6. A trend is apparent that the length is
about 20% longer and the width is about 20% narrower for the very smallest devices.
Taking account of this correction the IF bandwidth has been plotted versus the actual
bridge length in Fig. 7. The plot also includes our previous microwave results [31 for
comparison. Using a electron diffusion-cooling limited model, the frequency roll-off is
predicted to depend on the bridge length as: f3dB = irD I 2E2 , where D is the diffusion

coefficient and L is the device length. As seen in Fig. 7, the 630 GHz results fit the
expected length dependence well. From the fit we find the diffusion coefficient to be 0.95
cm2/s, which is a reasonable result for a 120 A thick Nb film1111.

E. Receiver Noise Temperature Measurements at 2.5 THz

In Fig. 8(a), a series of pumped I-V curves are shown when systematically varying the
LO power of the 2.5 THz FIR-laser. For each of the curves, the optimal bias point
resulting in the lowest receiver noise temperature, is indicated with a square marker. The
position of the marker is consistently coincident with the knee in the I-V curve separating
the normal state domain from the large differential resistance domain. The corresponding
receiver noise temperature as function of the bias voltage is also shown - a characteristic
parabolic shape is apparent.

Figure 8(b) shows the receiver noise as a function of LO power at 2.5 THz. The
absorbed LO power is estimated using the "iso-thermal" method [123 . This method
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assumes the HEB mixer element can be treated as a lumped element with a single
electron temperature. The best result of 1,800±100 K was obtained for an absorbed LO
power of 22 nW, at a bath temperature of 4.2 K. The large error bar for the noise
temperature is due to laser power fluctuation during the measurement. These power
fluctuations are due to oscillations between several transverse modes in the FIR laser,
only one of which couples to the HEB mixer {13 ' 143 . Efforts are underway to improve the
stability of the FIR laser. This result is an improvement over our previous results {151 and
is attributed primarily to the improved antenna design.

F. Receiver Noise Temperature Measurements at 630 GHz

The lowest stable receiver noise temperature achieved at 630 GHz was 470 K, as
shown in Fig. 8(b), with an estimated absorbed LO power of 35 nW. Because of the
stability of the local oscillator source (a BWO was used to pump the HEB mixer)
chopping techniques were not needed during the measurement. For some LO power
levels a lower receiver noise temperature (minimum was 320 K) was observed when
biasing the device at a point of large or slightly negative differential resistance. However,
biasing at a point of negative differential resistance should not be considered a viable
operating point because of stability problems and fluctuations.

Figure 9 summarizes the DSB receiver noise temperatures available in the published
literature to date. In this work we have been able to achieve the lowest receiver noise
temperature for diffusion-cooled Nb HEB mixers at two frequencies: 630 GHz and
2.5 THz.

Iv. SUMMARY

This paper presents recent experimental results obtained with Nb HEB mixers having
geometrical dimensions which makes diffusion the dominant cooling mechanism. A
systematic study of the 3-dB IF bandwidth with length has shown the expected 1/L2
dependence for the first time at submillimeter wave frequencies. In fact, a 0.1 pm long
device has given an IF bandwidth of 9 GHz, a receiver noise temperature of about 470 K,
and an absorbed LO power of only 35 nW at 630 GHz. This is the largest IF bandwidth
reported to date with extremely low receiver noise. In addition, by improving the mixer
antenna and RF filter circuit, a receiver noise temperature of 1800±100 K has been
achieved at 2.5 THz. This is the lowest noise to date obtained at this high frequency, and
represents a significant improvement in the state-of-the-art for THz heterodyne mixers.
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FIGURES
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II H CPW RF-filter

FIG. 1. Layout of HEB mixer circuit. Two slot lengths, 0.31A.90 and a 10% reduced
version measuring 0.28k0 (where ko is the free space wavelength), together with two
variations of the first section of the rf bandstop filter, Type I and Type II, have been
implemented.

200

150

100

0
50

0.0 0.5 1.0 1.5

Voltage [mV]

FIG. 2. DC I-V characteristics of a Nb HEB device measured during the initial dipstick
test into Llie (dashed line) and three months later after multiple mountings in the mixer
block (solid line). Note the decrease of the critical current from 186 jiA to 74 1..tA at 4.2
K, which is partially recovered when lowering the bath temperature to 2.2 K (150 [tA).

224



-2 0 2 4

0

Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

E-Plane Angle [degrees]

FIG. 3. Measured E-plane beam pattern at 2.5 THz receiver with HEB operated as a
direct detector.
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FIG. 4. RF-response of HEB mixer. A spectral resolution of 1 cm -1 was used during the
measurement with the Fou4 :er-transform spectrometer.
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FIG. 5. Relative SSB conversion efficiency vs. intermediate frequency for two different
HEB devices with 600 GHz twin-slot antennas.

FIG. 6. Design and actual dimensions of Nb microbridge. The actual dimensions are
found by visual inspection of SEM photographs.
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FIG. 7. Scaling of signal bandwidth with device length.
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FIG. 8. (a} Pumped DC I-V of HEB mixer for increasin g LO power levels at 2.5 THz.
The square symbol indicates the optimal bias point to achieve the lowest DSB noise
temperature. (b) DSB noise temperature of HEB mixer vs. the estimated absorbed LO
power.
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FIG. 9. The graph gives a summary of the currently reported DSB noise temperatures of
competing heterodyne receiver technologies. In the graph, the most recent results, 320-
470 K at 630 GHz and 1800±100 K have been included.
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Abstract

We report on heterodyne measurements with a Nb diffusion-cooled hot-electron
bolometer in a fixed tuned waveguide mixer at 700 GHz. The device is a 300 nm
long and 12 nm thick Nb microbridge, with a normal state resistance of 31 Si. We
have measured the DSB receiver noise temperature using a standard Y-factor method
with a 300 K and 77 K blackbody load. At 700 GHz, a bath temperature of 4.3 K, and
an intermediate frequency of 1.25 GHz, the receiver noise temperature Tre, ,DsB is
1690 K after correction for the losses in the beamsplitter. Reducing the bath
temperature to 3.3 K decreases Trec .Dsg to 1100 K. Careful inspection of the pumped
differential I(V) characteristics does not reveal any influence due to direct detection.
From the data we extract a maximum value of —17.8 dB for the conversion gain of
the mixer at 4.3 K. The minimum mixer noise is determined to be 1170 K by
applying a noise breakdown calculation. We expect significant improvement of the
receiver noise performance upon further reduction of the bath temperature.

I. Introduction

Since the suggestion of using superconducting HEBs as mixer elements in
heterodyne receivers [1], there has been a wealth of experimental results using these
devices. An HEB mixer roughly consists of a superconducting microbridge, which is
operated in a resistive state by dc biasing and irradiation with THz radiation
generated by a local oscillator (LO) power. Heterodyne mixing occurs when a small
RF siznal is applied, leading to a modulation of the dissipated radiation in the
microbridge at the intermediate frequency (1F). This leads to a length variation of the
resistive region, called a hotspot, and consequently to a modulation of the resistance
[2]. Based on the way in which the thermal energy of the hot electrons is removed,
they can be divided into two classes.

The first class uses outdiffusion of the hot electrons as a cooling
mechanism [3]. Nb based diffusion-cooled hot-electron bolometers have been tested
successfully in heterodyne experiments and the results have clearly confirmed the

a Corresponding address: University of Groningen. Department of Applied Physics, Nijenborgh 4,
9747 AG Gronineen. The Netherlands
Electronic mail: wilms@phys.rue.nl
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expected advantages of Ras at frequencies between 533 GHz and 2.5 THz [4-6].
They have shown a low-noise, low LO power consumption, and a reasonable IF
bandwidth. Further improvement of diffusion-cooled HEBs is expected by using Al
instead of Nb for the microbridge [7]. A disadvantage of using Al, however, is the
need of cooling the mixer well below a bath temperature of 1 K.

The second class uses electron-phonon coupling as a cooling mechanism for
the hot-electrons. Commonly, the superconducting material in phonon-cooled devices
is NbN. In order to achieve a very fast phonon escape time, the film is made very
thin, — 3 nm. Experiments with NbN HEB mixers have been performed up to
3.12 THz [8-11].

In this paper we report on heterodyne receiver measurements with a Nb
diffusion-cooled HEB at 700 GHz in a fixed-tuned waveguide. In section II we give a
short overview of the technology used to fabricate the devices. In section III we
describe the RF experiments, consisting of a FTS measurement and heterodyne
measurements with hot and cold loads.

Device fabrication

The essential part of the fabrication process of Nb HEBs is the definition of
the Nb microbridge and cooling pads. In order to let diffusion-cooling dominate over
electron-phonon cooling, the length of the bridge should be shorter than — 400 nm.
Also, to achieve a reasonable match between mixer and the IF load, the resistance
should be about 50 O. This can be achieved by making the film thin (— 12 nm) to get
a high sheet resistance (± 20-30 1-2) and by choosing a proper length-width ratio.
Thus, to define the microbridge, electron-beam lithography (EBL) is required.

The process starts off with the deposition of a 12 nm thick Nb film by dc
sputtering over the whole area of a 300 gm thick fused quartz wafer. Then the Au
cooling pads are defined by EBL using a standard lift-off process with PMMA. The
RF choke structure and electrical contacts are defined by optical lithography and lift-
off. In the last step, the etch-mask to pattern the microbridge via reactive ion etching
(RIE) is defined using a combination of deep-UV photolithography and EBL. Before
heterodyne measurements, devices are diced and polished so that the substrate has a
width of 90 gm and a thickness of 50 gm. A more detailed description of the process
can be found in [12]. Note that the devices used for the measurements in this paper
have been fabricated in June 1997 and have not shown any significant degradation
upon storage in ambient atmosphere.

III. Experimental results

111A FTS measurement

Before mounting a HEB in the mixerblock, the devices are characterized by a
dc I(V) measurement on a dipstick and by inspection under the scanning electron
microscope (SEM). A SEM picture of the device that has been used for the
measurements described in this paper is shown in Fig. 1. Typically, the microbridges
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have a critical temperature of 5.9 K and a critical current density of — 4x10 m A/m
2

.
The device that has been used for the measurements described in this paper has a
normal state resistance Rn of 31 O. The device is mounted in a fixed-tuned (tunerless)
waveguide l which is designed for frequencies around 700 GHz. Photographs of the
complete mixermount and the substrate channel are shown in Fig. 2a and Fig. 2b. The
mixer is placed in a dewar and cooled down with liquid helium to a temperature of
4.3 K.

The frequency response of the HEB mixer with the waveguide is measured
by operating the device as a direct detector in a Fourrier Transform Spectrometer
(FTS) using a broadband source. Fig. 3 shows the measured spectra with and without
a vacuum between the source and dewar. During the measurement the device is
biased in a resistive state close to the dropback point in the I(V) characteristic (see
inset). The peak response is of the waveguide is at 690 GHz, and the bandwidth is
120 GHz. The dip around 560 GHz in the measurement without vacuum is due to
water absorption. The exact shape of the spectrum is not well understood at this
moment and is still under investigation.

IMB Measurement of the receiver noise temperature

We have measured the receiver noise temperature using a standard Y-factor
method. LO power is provided by a carcinotron-doubler combination, with a
frequency range from 660 GHz to 760 GHz. All experiments described here are
performed at exactly 700 GHz. To couple enough LO power to the device, we used a
thick beamsplitter (55 p.m mylar), because, due to a technical problem, the LO source
did not allow to pump the device with a thinner beamsplitter. This causes an extra 2.3
dB loss in the RF path. The IF chain consists of a Berkshire HEMT cryo-amplifier
and two room temperature amplifiers with a total gain of 68.7 dB, a center frequency
of 1.4 GHz, and a gain bandwidth of 0.6 GHz. The intermediate frequency is tuned
with a narrow bandpass filter. The measurements described here are performed at an
IF of 1.25 GHz in a 65 MHz band. The IF output power was measured with a HP
power meter. A schematic picture of the experimental set-up is given in Fig. 4.

The maximum measured Y-factor by manual switching between the hot
(300 K) and cold load (77 K) is 0.29 dB, which corresponds to a DSB receiver noise
temperature of 1690 K, after correction for the beamsplitter loss. Fig. 5a shows the IF
output power of the pumped mixer with hot and cold load. The corresponding
pumped I(V) curves are shown in Fig. 5b, together with the unpumped I(V). In order
to exclude contributions of direct detection to the receiver noise temperature, we have
performed a careful inspection of the pumped I(V) curves with hot and cold close to
the optimum operating point (inset Fig. 5a), as well as a calculation the differential
resistance of the I(V) curves (Fig. 5b). Both do not show any significant differences
upon switching between the blackbody loads, indicating that the measured signal is
truly heterodyne. The observed peaks in the dV/dI curves are not well understood at
this moment. They are device specific and usually not observed. Possibly they are
related to (electronic) inhomogeneities in the microbridge.

The noise of the receiver decreased to 1100 K upon reducing the bath
temperature to 3.3 K. A further reduction of the bath temperature was not possible

I wave.quide and mixermount developed at SRON by H. van de Stadt and H. Schaeffer
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due to the limited capacity of the pump for the helium bath. However, it is reasonable
to expect a receiver noise well below 1000 K at about 2 K.

IV. Calculation of the mixer gain and mixer noise temperature

We have extracted the mixer gain Gmix and mixer noise T r„,„ of the bolometer
at 4.3 K from the measured IF output powers with hot and cold load. The gain is
calculated according to

APout APout
G inix •

APin G, 2k, (Teff.h — Teff .c )G if

Here, APin and APou, are the RF input power from the blackbody loads (USB and
LSB) and IF output power of the HEB mixer, respectively. GIF is the gain of the IF
chain. Teff,h and Teff,c are the effective input and output temperatures of the hot and
cold load at the mixer input, corrected for the loss in the RF optics. Here, the
waveguide is assumed to couple the radiation without loss to the bolometer.

Calibration of gain (and noise temperature) the IF chain is performed by
using a SIS tunnel junction as a calibrated shotnoise source. The values for Teffil and
T

eff,c are calculated using the known transmission coefficients and physical
temperatures of the beamsplitter (55 gm mylar, 300 K), dewar window (125 gm
mylar, 300 K), and heatfilter (115 gm black poly-ethyleen, 77 K). The values for the
gain and noise temperature of the RF optics and IF chain are summarized in table 1.
The high noise contribution of the RF optics is mainly due to the high loss in the
55 gm beamsplitter. Once the gain of the mixer is calculated, the mixer noise follows
from

Tmi
Trec = TRF

TIF 

G RF

Figure 6 shows the calculated gain and noise of the HEB mixer as a function
bias voltage, together with the pumped I(V) curve. Close to the dropback point of the
I(V) characteristic, a gain of —17.8 dB is observed, whereas the corresponding mixer
noise is 1170 K. It was not possible to do the same calculation for the Y-factor
measurements at 3.3 K, because the IF chain is not calibrated at this temperature.
Therefore, on the basis of our measurements, we cannot conclude whether the strong
decrease in receiver noise temperature on decreasing the bath temperature is due to an
increase of the mixer gain, a decreased mixer noise, or a combination of both. In the
near future, we hope to answer this question by performing a systematic measurement
of the mixer gain and noise as a function of the bath temperature.

Table 1 : Gain and noise contribution of the IF chain and RF optics.

[1]

[2]

Gain (dB)
Noise Temperature (K)

IF chain RF optics
68.7 -2.5
7.1 214
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V. Conclusions

In summary, we have presented receiver measurements with a Nb diffusion-cooled
HEB mixer in a fixed-tuned waveguide. At an LE of 1.25 GHz and a bath temperature
of 4.3 K, the DSB receiver noise temperature is 1690 K. This value decreases to
1100 K upon reduction of the bath temperature to 3.3 K. The maximum mixer gain at
4.3 K was —17.8 dB and the corresponding mixer noise is 1170 K. On the basis of our
measurements, we cannot resolve what the origin is of the strong decrease in receiver
noise temperature after reducing the bath temperature.
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Figures

I Fig.1 : SEM picture of the device that has been used for the measurements described
in this paper. The length and width of the device are approximately 300 nm.

Fig.2 : (a) Photograph of the mount of the fixed-tuned mixer in combination with a
diagonal horn.
(b) Part of the mixerblock where the device is mounted. The arrow indicates
the substrate channel.
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Fig.3 : FTS response of the HEB-waveguide combination. The measurement is
performed with (solid line) and without (dotted line) vacuum between dewar
and source. The inset shows the I(V) characteristic of the device. The dot
indicates the bias point durin g the measurement of the spectra.
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I Fi g .4 : Schematic representation of the experimental set-up used for the receiver noise
measurements.
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Fig.5 : (a) IF output power of the mixer with hot and cold load as a function of bias
voltage. The inset shows the pumped I(V) with hot and cold load close to
the optimal operation point.
(b) Measured pumped and unpumped I(V) curves together with the
calculated differential resistance as a function of bias voltage.
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Abstract

The performance of NbN based phonon-cooled Hot Electron Bolometric (HEB)
quasioptical mixers is investigated in the 0.7-3.1 THz frequency range. The devices are
made from a 3.5-4 nm thick NbN film on high resistivity Si and integrated with a planar
spiral antenna on the same substrate. The length of the bolometer microbridge is 0.1-
0.2 gm, the width is 1-2 gm. The best results of the DSB receiver noise temperature
measured at 1.5 GHz intermediate frequency are: 800 K at 0.7 THz, 1100 K at 1.6 THz,
2000 K at 2.5 THz and 4200 K at 3.1 THz. The measurements were performed with a far
infrared laser as the local oscillator (LO) source. The estimated LO power required is less
than 500 nW at the receiver input. First results on the spiral antenna polarization
measurements are reported.

Introduction

In the past years, several research groups have been working on the development of
low noise broadband receivers for detection of THz radiation. They are needed in
particular for atmospheric observation and radio astronomical applications. Only Schottky
diode mixers are used now as receivers at frequencies beyond 1 THz. The prime
advantage of this mixer technology is the possibility to operate at room temperature.
However, Schottky diodes have rather poor sensitivity which makes it difficult to detect
weak signals. In addition, the local oscillator (LO) power requirement for these mixers is
very high. Due to the few available powerful laser lines in the THz frequency range, this is
a very important issue.

The concept of superconducting HEB mixers has been suggested for receivers at
submillimeter wavelengths in [1]. They have already been shown to be competitive with
SIS mixers at frequencies around 1 THz [2-4] and represent a very attractive candidate at
higher frequencies [5-7]. The development has now reached a stage where they are
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successfully used for astronomical observations [8]. HEB mixers can in principle operate
up to at least 30 THz without degradation in performance. Optical losses, however,
increase with frequency. Therefore, careful design and choice of materials for the optical
components in the receiver is needed.

An intermediate frequency (IF) bandwidth of several GHz has been achieved for both
phonon-cooled [9-11] and diffusion-cooled [12,13} HEB mixers in experiments below
1 THz. Another attractive feature of HEB mixer technology is a very low power required
from the LO source. In our experiments the measured power absorbed in the bolometer
element is about 100 nW. Taking into account the estimated optical losses of 3-5 dB we
end up with less than 500 nW needed from the LO source at the input of the receiver. This
is 3-4 orders of magnitude lower than that of Schottky diode mixers.

At the previous Symposium we reported the measurements of NbN HEB mixers in the
0.65-1.1 THz frequency range [2]. Since that time we went up towards higher frequencies
and in this paper we present results of heterodyne mixing between 0.7 and 3.1 THz.

Mixer fabrication and design

The devices are made from a 3.5-4 nrn NbN film sputtered on a high resistivity, double
side polished, silicon substrate. The film is patterned by e-beam lithography to form a 0.1-
0.2 4m long and 1-2 4m wide strip across the center gap of an Au spiral antenna. A SEM
micrograph of the bolometer integrated with the antenna is shown in Fig. 1. Details of the
fabrication process can be found in [14]. The normal state resistance of the bolometer
measured at 20 K ambient temperature is 250-450 Ohm depending on the bolometer strip
geometry and film thickness. The critical current density at 4.5 K is about 4x10 6 A/cm2.
The antenna is an equiangular spiral with a 90° arm width yielding a self-complementary
design. This implies that the antenna impedance is purely real and equal to 75 Ohm for the
antenna on a Si substrate. Three different antenna designs have been used: spiral "A", "B"
and "C". The spiral structure of all antennas extends 1.5 turns and the spiral expansion
rate is 3.2 per turn. The spiral "A" antenna is the largest one with an outer radius of
100 4m and inner radius of about 10 pm. Spirals "B" and "C" are the products of scaling
down spiral "A" by a factor of 2 and 4, respectively.

Measurement setup and technique

The setup for heterodyne measurements at frequencies between 0.7 THz and 3.1 l'Hz
is shown in Fig. 2. The local oscillator source is a far infrared (FIR) laser which is optically
pumped by a CO2 laser. To prevent back-coupling between the FIR and CO, laser cavities
the FIR laser cavity uses a ring laser design. The FIR laser power is coupled out via a
3 min diameter hole coupler. To be able to monitor its output power, part of the FIR laser
beam is coupled onto a pyro detector via a wire grid. For measurements at 3.1 THz a
different laser system is used. Here, the FIR laser consists of a high-Q FIR cavity that is
transversally excited by the CO: laser. Outcoupling is done by a movable mirror.

A photograph of the mixer block is shown in Fig. 3. The mixer chip and the 12 mm
diameter elliptical lens are mounted from opposite sides on a Si substrate which is clamped
on the copper mixer block. The mixer block is placed in a liquid helium vacuum cryostat
(Fig. 4,) equipped with a high-density polyethylene window. IR radiation is blocked by a
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380 im Zitex G115 filter. The device output is connected through a bias-T to a 1.3-
1.7 GHz cooled HEMT amplifier with a noise temperature of  K. The output of the
FLEMT amplifier is filtered with a 1.5±0.02 GHz bandpass filter, further amplified and
detected with a power meter.

The LO and the signal are combined by a thin dielectric beamsplitter. Earlier we used a
Martin Puplett diplexer based on 10 gm thick wire grids but it introduces losses of about
1-2 dB in the signal path. Since the FIR laser is powerful enough it is possible to pump the
mixer by reflection from a 6 j.tm Mylar beamsplitter with almost no transmission losses for
the signal. The LO power is adjusted by a rotatable wire grid in the LO path before the
beamsplitter.

The receiver noise temperature is measured using the traditional Y-factor technique by
alternatively placing a hot/cold (295/77) load in the signal path of the receiver which is
normally done without chopping. Using a chopper was necessary only at 3.1 Tliz because
of the poor stability of the laser system at this frequency.

For polarization measurements we used one more rotatable grid in the LO path as
shown in Fig. 2. The Mylar beamsplitter is replaced by a metal mirror in order to avoid the
polarization modification by reflection from the dielectric film. By changing the orientation
of both grids (polarizer and analyzer) and measuring the coupling efficiency one can
determine the polarization of the receiver antenna. The radiation coupling to the bolometer
is obtained from the pump level of the IV curve which is a measure of the power absorbed
in the bolometer. Details of the absorbed power measurement technique can be found
elsewhere [3].

Device dc parameters

The results presented here are obtained with 5 devices from two different batches,
named "V" and "W". The full information about the devices' geometry, dc parameters and
noise temperature data are summarized in Table 1. The device dc parameters (resistance
and critical current) scale very well with the geometry of the bolometer element. This fact
indicates the spatial uniformity of the film and the reproducibility of the fabrication
process. The normal state resistance, however, is about factor of 2-3 higher than that
derived from the sheet resistance of the non-patterned an, which is 600-800 Ohm/sq for
a 3.5 nrn NbN film. A possible reason for this discrepancy is a poor dc contact between
the film and antenna arms. The actual length of the bolometer is thus longer and the NbN
film covered by Au contact pads also contributes to the device dc resistance. Another
indication of this fact is the "multiple tooth" structure of the IV curve for some devices,
where several critical currents are observed, see the I for devices V24 and V33. The first
two critical currents in the IV curve can be thus attributed to the critical currents of the
superconducting film under the contact pads and the third one to the critical current of the
microbridge in between. We are trying to improve the electrical contact between the NbN
film and Au contact pads by using an in-situ cleaning of the film before depositing Au.
This could decrease the dc resistance of the bolometer. In addition, it might improve the
performance of the mixer because absorption of rf radiation in the film with suppressed
superconductivity (under the contact pads) most probably deteriorates the conversion
gain.
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Noise temperature

The noise temperature data shown in the table is the total DSB receiver noise
temperature, not corrected to any losses. It is derived from the measured Y-factor with
77/295 K loads at the input of the receiver. At terahertz frequencies and low temperatures
the radiated power temperature of a black body is not equal to its physical temperature.
The value of the load noise temperature has been calculated using the Callen & Welton
formula which is the Planck formula plus half a photon. The difference between receiver
noise temperatures calculated using the "standard" Rayleigh-Jeans and Callen & Welton
laws is perceptible at frequencies beyond 2 THz. Details can be found in [15].

All devices measured in this work show very similar performance. The best results of
the DSB receiver noise temperature obtained at 4.2 K ambient temperature are: 800 K at
0.7 THz, 1100 K at 1.6 THz, 2200 K at 2.5 THz and 4200 K at 3.1 T'Hz. Lowering the
device ambient temperature gives slight improvement of the noise temperature. For
instance, 2200 K at 2.5 THz measured for device W24 at 4.2 K drops to 2000 K at 3 K.
The reason for the strong rise in the noise temperature to 4200 K at 3.1 THz is not clear
yet. We believe that it could be due to increase of optical losses in the mixer (cryostat
window, Zitex filter, etc.) and the strong water absorption in the atmosphere at this
frequency.

The degradation of the sensitivity of the devices V33 and W47 at 0.7 THz is because
this frequency is well below the lower cutoff frequency of antenna "C", see next chapter
for details.

Antenna polarization

As mentioned before we have used three antenna designs, spiral "A", "B", and "C".
Spiral "A" has inner and outer radii of 10 and 100 1..tm, respectively. The spirals "B" and
"C" are just downscaled versions (factors of 2 and 4) of spiral "A".

The total antenna arm length of spiral "A", calculated from its radii and the expansion
rate of 3.2 per turn, is about 300 gm. Setting this equal to a maximum effective
wavelength yields a lower cutoff frequency of the antenna of 300 GHz in free space. The
cutoff of spiral "B" and "C" is 600 GHz and 1.2 THz. This explains the deterioration of
the noise temperature performance of the mixers V33 and W47 (utilizing spiral "C") at
700 GHz.

The higher cutoff frequency of the antenna is defined [16] as the frequency at which
the antenna polarization becomes elliptical with an axial ratio of 2 to 1. This frequency
depends on the construction precision of the antenna feed. Since the spiral arms naturally
converge to a point, one has to terminate the center in a tapered section, see Fig. 1.
According to [16] the cutoff frequency occurs when the total length of the tapered section
becomes effectively a half-wavelength. This length is roughly 20 p.m, 10 tim, and 5 p.m for
spirals "A", "B", and "C" setting the upper frequency limit to 2.2 THz, 4.4 THz, and
8.8 THz, respectively.

The axial ratio of elliptical polarization increases towards higher frequencies. Notice,
however, that since there are no distinctive changes in pattern shape of the antenna at
these frequencies [16], the antenna can still work efficiently although the polarization
might not be circular.
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The antenna polarization measurements have been performed at 2.5 THz with a device
based on spiral "C". The polarization is elliptical with the ellipse axial ratio of about
3 to 1. The last number is within ± 50% error due to the uncertainty of the absorbed
power measurement technique. This technique is based on the assumption that the
resistance of the bolometer is equally affected by dc and rf power. The limited accuracy of
this technique causes an error for determining the coupling efficiency and hence the ellipse
axial ratio. The long axis of the ellipse coincides with the direction of the tapered section
in the antenna center, Fig. 1.

The obtained result on the antenna polarization does not agree well with that reported
in [16]. In that paper the change of polarization from circular to elliptical with 2 to 1 ratio
happens at a frequency such that the tapered section is equal to the effective half-
wavelength. At higher frequencies the ellipse axial ratio increases further. In our case the
length of the tapered portion is only 117 of the effective wavelength but the axial ratio is
already larger than 2 to 1. One possible reason is that not only the length but also the
shape of the tapered section is important. The design of the antenna terminal region used

ref [16] is quite different from our one and may be more advantageous in terms of the
polarization property. Another explanation could be that by some reasons (high resistivity
of the Au, impedance mismatch, etc) the field decays faster along the antenna arms making
the influence of the antenna center larger. To understand this better, further investigation
(testing different antenna designs at different frequencies) is needed.
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Fig.l. SEM micrograph of the spiral antenna integrated HEB mixer. The antenna design is
spiral "B".

Fig.2. Setup for noise temperature measurements.
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Fig.3. Photograph of the mixer block. The 12 mm diameter Si lens is clamped with springs
and four plastic screws against the Si substrate.

Fig.4. The interior of the LHe vacuum cryostat. The HEMT amplifier is in the center
of the cold plate.
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Device number V14 V24 V43 V24 V47

R300K, Ohm 160 160 230 100 190
R2OK, Ohm 350 320 410 230 430
Antenna design A B C B C
Bolometer length, gm 0.2 0.15 0.15 �0.1 5_0.1

width, pm 2 2 1 2 1

IC, gA (at 4.2 K) 290
,

180,215,285 110,120,130 280 145
Bias current, gA 45 45 30 60 30

voltage, mV 1.2 0.8 1.2 1.1 1.0
Absorbed LO power, nW 100 100 50 nm nm

DO NT, K
0.7 THz 800 800 1750 1100 1900
1.4 THz 1500 1100

,
1500 1300 1700

1.6 THz 1300 1100 1300 1300 1700
2.5 'THz 2300

_
2100 2300 2300 2200(2000*)

3.1 THz nm nm
,

nm 4200 4200
nrn = not measured
*measured at 3 K ambient temperature

Table 1. Device parameters and results of noise temperature measurements.
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NB HOT ELECTRON BOLOMETER MIXERS

AT 1 THz AND 25 THz
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Abstract

We have designed quasi-optically coupled Nb diffusion-cooled Hot
Electron Bolometer Mixers (DC HEBMs) using a twin-slot antenna
and Co-Planar Waveguide (CPW) transmission lines for 1.0 and 2.5
THz. The devices have been realized using two-step e-beam litho-
graphy and deep UV lithography. DC measurements give a critical
temperature of the bridge of 6.1 K and a critical current density of
7 x 10 10 Am-2 . Typical normal state values for R-___quare are in the order
of 300. At 1 THz, we obtain, in contrast to results at 2.5 THz, ex-
cellent agreement between design and the response as measured in a.
Fourier Transform Spectrometer. For the 2.5 THz devices the peak re-
sponse is shifted to 1.5 THz, similar to results reported in literature[1].
Heterodyne measurements on a 1 THz mixer have shown a corrected
receiver noise temperature TN,corr of 3600 K at Tbath -= 3.3K. The
Y-factor measurements at different IF suggest an IF bandwidth of at
least 1.7 GHz.

1 Corresponding address:
Department of Applied Physics
University of Groningen
Nijenborgh 4, 9747 AG Groningen, The Netherlands
electronic mail: W.F.M.Ganzevlesgphys.rug.n1
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1 Introduction
The recent interest in the investigation of the universe through one of the
last major windows of the electromagnetic spectrum has given large impetus
to research and development of sub-millimeter detectors.

Up to about 1 THz, Nb superconductor-insulator-superconductor (SIS)
mixers have proven to be very suitable. Above this frequency. superconduct-
ing Hot Electron Bolometer Mixers (HE13Ms) are promising candidates to
fulfill the need for low-noise, high frequency detectors.

In order to study diffusion-cooled Nb HEBMs at high frequencies. we
develop an RF setup using Quasi-Optical (Q0) techniques to couple radiation
to the microbridge. Our design includes lens. holder. on-chip RF and IF
structures and the connection to the IF chain.

In this contribution, we will describe our on-chip RF design and the device
fabrication process. DC measurements are reported and we will describe
the design of some major components used in our receiver. Predicted RF
response is then compared to the measured response around both 1 THz
and 2.5 THz as considerable disagreement exists between calculation and
measurements of the response. This is observed by both Karasik et al. [1]
and the authors. Lastly, we report heterodyne measurements at 0.93 THz.

2 RF design and characterization
Out of a number of possible antenna geometries such as log periodic, log
spiral and double dipole, we have chosen the twin slot antenna because it
has properties suitable to possible applications. Among these. there are
reasonably small bandwidth, linear polarization, circular beam pattern, good
Gaussian coupling and low sidelobe levels.

The antenna geometry we use has lengthl 0.32A0 . separation s = 0.16AD
and width w = 0.05 . 1, where Ao is the free-space wavelength. Several anten-
nas close to this geometry have been investigated. We have chosen this
particular geometry because it has almost zero imaginary part at the center
frequency f-center and a reasonably symmetric beam pattern.

To feed the signal to the heart of the detector, a superconducting Nb
bridge with a length, width and thickness of typically 200 nm x 200 nm x 12 nm.
we use a Co-Planar Waveguide (CPW) transmission line. This line has nom-
inal dimensions slot width a = 0.5pm and center line width b  2//m.
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Figure 1: Lay out of a 2.5 THz device. The antenna and filter are clearly visible, as is
the IF CPW on the left. The CPW transmission lines connect the antenna to the bridge.

RF filter is used to prevent signal from entering the IF chain. The
filter consists of high impedance sections with a width of 1.5 pm and low
impedance sections having a width of 8 pm. At 2.5 THz, the length of the
sections is 12 pm. A CPW transmission line is connected to the filter. This
acts as the connection to both the DC bias supply and the IF amplifier. Fig.
1 shows an SEM micrograph of a 2.5 THz device. A similar design is reported
in literature at various frequencies[1],[2].

To design the RF structure to be used in the QO HEBMs, we use a
method in which we separate the antenna, filter and CPW transmission line
to obtain the coupling efficiency of the antenna-bridge combination. The
impedance of each of these elements is calculated separately, using analytical
formulas from [3]. The antenna impedance however is calculated using a
computer program by Zmuidzinas and Chattopadhyay[4], based on a model
by Kominami et al.[5]. We only include geometry and Er of the structure.

For small CPW-structures, we find that the models from[3] yield results
that are doubtfull[6]. Therefore, we use several commercially available soft-
ware programs ([7],{8}), yielding Zo ,cpw = 39 Q. This value then is linearly
extrapolated using the CPW geometry as measured after device fabrication.
The impedance of each filter section is calculated using a model from [3], as
the filter is relatively large and both [3] and [7],[8] yield similar results. In
this paper, we will call this approach the analytical approach, although not
fully justified.

For the HEB impedance ZHEB, we assume the normal state resistance of
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zt
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Figure 2: Equivalent circuit used in the analytical RF modeling.

the device RN. Using the equivalent circuit shown in Fig. 2 (which is similar
to the one in [2]), we then calculate the coupling efficiency ri between the
HEB and the antenna-filter-loaded CPW, having total impedance Z 1 , using
the relation

=
4Re (ZHEB ) Re (Zi)

(1 )

I LiHEB + Z1 1 2

where Z1 is the effective impedance seen by the bolometer. Results will be
presented in section 5.2. Note that in this approach, the disturbing influ-
ence of the filter on the antenna geometry is not taken into account. Only
reflection losses are taken into account.

3 Device Fabrication
A fabrication process for Nb HEBMs has been developed using two-step
electron beam lithography (EBL) to define both bridge length and width.
Deep UV lithography is used to define the RF structure. In this section, we
shortly sketch the fabrication process of the device. DC measurements will
be shown in section 4, indicating that this process is suitable for production
of diffusion cooled QO HEBMs.

In the first step, 75 nm thick Au squares are DC-magnetron sputtered on
the high-resistivity Si substrate (double-sided polished). These are used as
alignment markers in subsequent optical and e-beam lithography steps.

Then we deposit 12 nm Nb using magnetron sputtering. Using a lift-off
mask, only patches 12 pm x12 pm are covered. This decreases the amount
of Nb to be opened up for etching, thus reducing the writing area in the EBL
machine. Also, only a small fraction of RF current has to run in —lossy-
Nb. Au coolpads (100 nm thick) are defined using EBL in a double layer
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PMMA system. RF cleaning of the Nb in an Ar-plasma is used to remove
the native Nb oxide, in order to achieve a high interface transparency. In
situ, — 10 nm Au is sputtered. Then, 90 nm Au is e-beam evaporated at a
pressure of 2 x 10-6mbar.

After lift-off, 5 nm Al plus 10 nm Au is sputtered, using a lift-off mask
in Shipley DUV III-resist. This layer requires the use of DUV lithography
because of the 0.5 gm slots in the CPW structure. 160 nm Au is evaporated
under similar conditions as the cooling pads. As a last optical step, we
deposit 100 nm Nb on the IF CPW-transmission line.

In the last production step, we define the bridge width. Using EBL, we
define a PMMA bridge in the double layer resist system as before. Only the
Nb parts that have to be etched are opened up, see Fig. 3. In a mixture
of CF 4 -7-3%02 , the Nb is reactive ion etched. We monitor the process by
measuring the optical reflectivity of the Nb on the Si substrate by using a
laser endpoint detection system. Using this process we are able to produce
Nb bridges as small as 60 nm. as shown in Fig. 3.

Figure 3: The microbridge after etching. The PAIMA etch mask is still present. Bridge
dimensions: lx u; —60 nmx 80 nm. The tapered structures are the Au cooling pads.

During processing. all devices are electrically shorted. After dicing these
shorts are opened. Therefore, all further handling must be done with extreme
care to prevent damage due to electrostatic discharge. After wire bonding,
DC measurements are performed at 4.2 I< in a metal vacuum can.
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4 DC Measurements
Suitable devices for RF measurements are selected based on IV-curves. Also
the R-T curve is used for quality assessment. Several devices show IV-curves
that are suitable for use in RF experiments.

Measurements on a large structure yield for 12 nm Nb a residual resistance
ratio (RRR) of 1.65 and a square resistance of about Ilsquare = 33Q. The gold.
175 nm thick, that is used for the RF structure has an RRR of around 3.3
and R-- --oquare 0.1Q.

As can be seen in Fig. 4, the critical temperature of the Nb bridge Tc.briclo-e

is 6.1 K. The Nb under the cooling pads Tc.pads is 5.2 K. Both values are close
to what is found in literature[1]49], [10].

60-

50-

40-
a

30-

20-

10
50 515 61.0 6.5

T(K)

7.0 7.5 8.0

Figure 4: RT-curve of 1 THz device. The simulation (dashed) is done assuming
T

c,bridge K; 33n.

The RT-curve is modelled according to [11] (dashed line in Fig. 4), taking
into account the superconducting proximity effect, Andreev reflection and
charge imbalance. The measured curve can be modelled reasonably well.
This indicates that our devices show RT-behavior as one would expect.

An unpumped IV-curve of a bridge (nominally 200 nm long, 200 nm wide,
12 nm thick) is shown in Fig. 8 (dashed line). We observe a critical current
density of 7 x 10'° Am'. This agrees to values found in literature[1],[9],[12]
within a factor of 2.
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Figure 5: Photograph of the mixer block. The lens and (h.l. broken) chip (1) and IF
cable (2) can be clearly seen. Upper left is the thermometer (3). The connecting IF board
(4) is also visible.

5 RF Measurements

5.1 Receiver Setup
The on-chip HEB is placed in the second focus of a synthesized elliptical
high-resistivity Si lens by gluing it to the lens. Instead of using beeswax we
now use superglue. This is done to avoid damaging the bridge by heating it
to melt the wax 80°C).

Before applying glue, we align the antenna to the optical axis (accuracy
better than 5 pm) by moving the die with micrometers to the center of the
lens. Using a microscope with XY-table, this center is found relative to the
lens' outer edge, which is accurately machined.

The lens itself is held in a copper block as can be seen in Fig. 5. To
obtain good thermal contact, 4 springs press the lens softly into the In foil
between the flange of the lens and the Cu block.

We find the temperature of the lens to be 4.7 K, not pumping the He-
bath. The block is bolted to the cold plate, applying a small amount of
Apiezon N vacuum grease for thermal contact. Connection to a standard
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IF-chain' (centered at 1.4 GHz) is made by wire bonding to a microstrip
line on a printed circuit board (DuroidTM , 0.5mm thick, Er = 4.7), having <
—10 dB reflection over a bandwidth of 4.7 GHz. A standard SMA-connector
is soldered to its end to connect to the IF chain.

The window of our de-war is made of 195p,m Mylar. Behind that, a black
polyethylene IR-filter (105 m)is placed.

Y-factor measurements are done using a carcinotron or, in the near fu-
ture, an FIR laser as a Local Oscillator (LO) source. A standard hot/cold
setup (300 K/77 K) is used as a calibrated source, the signals of both being
combined by a M3Tlar beam splitter (15p,m).

5.2 RF Response Measurements

To characterize the RF response of the HEBMs, we use a Fourier Transform
Spectrometer (FTS) to measure the relative coupling efficiency as a function
of frequency. In doing these measurements, the device is kept at a tempera-
ture of about 4.8 K. A bias point slightly above the drop-back point is chosen
to have optimal signal. In this paper, we show results for devices designed
for both 1 THz and 2.5 THz. The data we show are obtained from 1 specific
device, although similar data are measured on several devices.

Relative coupling efficiency for 1 THz devices shows good agreement with
the predictions by the model sketched in section 2. The vertical scale of the
FTS data is adjusted to give the best match to the simulation. As can be
seen in Fig. 6 (solid line), a downward shift of about 12% from design value
(1 THz) is observed. This can be well accounted for by taking actual device
parameters into account (dashed line): the 500 nm line widths needed in the
CPW turn out slightly wider (800 nm) in the fabrication process and RHEB
is 50% higher than designed.

The fact that we do not observe the increase in the measurements (start-
ing around 1.3 THz) is due to the decrease of the main beam efficiency when
off-center. Radiation is coupled into this main beam, so the observed effi-
ciency goes down with respect to calculation. Optimization is done for the
first peak only.

The 2.5 THz device on the contrary, shows its peak response over a wide
band around 1.5 THz (solid line), a decrease of  30% with respect to the

1 The IF chain consists of a Berkshire cryo-amplifier (44dB), an isolator, room tempera-
ture amplifier (44dB), band pass filter (80 MHz at 1.4 GHz) and a Hewlett Packard power
meter. The total gain is 76dB.
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Figure 6: FTS results and simulations on 1 THz-device. The solid curve is the mea-
surement, the dotted curve is the analytical simulation. The solid dots are the distributed
calculation with RHEB 51f/. See the text of section 6.

curve that is simulated based on actual device geometry (Fig. 7, dotted).
A similar, though not as severe, shift is observed by Karasik et al.[1]. Cal-
culating the expected response based on actual device parameters results in
a center frequency of 2.1 THz (dashed line). The observed and calculated
bandwidth are in reasonable agreement.

5.3 Heterodyne measurements
Using a standard hot/cold technique we performed heterodyne measurements
on a 1 THz bolometer. We determine the corrected receiver noise temper-
ature to be 3600 K at an estimated bath temperature of 3.3 K and an IF-
bandwidth of 1.25 GHz. The correction is for the beam splitter only.

Using the isothermal technique at relatively high Vbias, we find that about
40 nIV of LO power is needed to obtain the highest Y-factor.

Fig. 8 shows the IV-curve of the pumped and unpumped device. The
Y-factor does not change noticeably with varying LO frequency in the range
of 0.90-0.94 THz. The IF bandwidth of the mixer is limited by the IF chain
used (1.7 GHz).

The P1-curve of the device is fit using the hot spot model by Wilms Floet
et al.[13]. This model describes the mixing in terms of a hot spot oscillating
at IF. The IV-curves can be predicted using this model. Our experimental
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1.0 1.5 2.0 21.5 31.0

Frequency (THz)

Figure 7: FTS results and simulations on 2.5 THz-device. For ZHEB the measured value
RHEB = 519 is taken. The solid curve is the measurement, the dotted curve is the ana-
lytical simulation. The solid dots are the distributed calculation with infinite agroundplane,
the open dots assume agroundplane = 4.1 x 107,Qm-1.

data can be well described by this model using realistic values for the relevant
parameters in the model. For the LO power needed, we find 55 n'W. This
value agrees with the 40 nW obtained in the isotherm method, where it is
assumed that absorption of DC power is uniform over the microbridge and
hence, less RF power is needed to sustain the same hot spot length.

6 Discussion
Heterodyne measurements done on a similar system[14], although using a
doube dipole, yield TN = 1880 K at 1.267 THz, measurements on a twin slot
by [1] at 2.5 THz yield 2750 K. Waveguide devices[15] have shown a best
noise temperature of 1100K at 0.70THz. We expect to be able to decrease
the noise temperature by cooling the device to 2.2K. Based on the decrease
seen by[15], we expect a value in the order of 2500 K. A full noise breakdown
has to be done in order to identify the major noise contributions.

As shown in the section on RF response measurements, devices designed
for 1 THz have an RF response that can be well accounted for. Because the
reason for the large difference between these devices and those designed for
2.5 THz is not clear, we investigate the origin of the additional shift in our
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Figure 8: Pumped (dotted) and unpumped (dashed) IV-curve of 1 THz device J1. The
solid line is a simulation by the hot spot model. Hot (dots) and cold (line) IF output are
also shown.

2.5 THz geometry.
We do this by simulating the structure in a distributed element ap-

proach, in which we take into account the finite conductivity (agroundpiane
4.1 x 10 7 Cr m -1 ) of the gold groundplane and the geometrical effect of the
filter on the antenna. These calculations are done for both 1 THz and
2.5 THz.

The antenna-CPW-filter combination is drawn in Momentum[7]. At the
position of the microbridge, a slot is assumed, keeping both CPW signal lines
unconnected. To define a good plane of reference, a microstrip line with a via
to the end of one CPW signal line is included. At the end of this microstrip
line the reference plane is defined. It is checked that this microstrip line/via
combination has little or no effect on the actual device. After calculation
of the impedance at the position of the bolometer, the coupling of both
impedances is calculated using equation 1 and the measured value for RHEB

Fig. 7 includes the results of a distributed element simulation on the
designed structure compared to both measurement and an analytical simula-
tion. It can be seen that the distributed element approach predicts the peak
response frequency to be 10% lower than the original design (2.5 THz).

When the actual device geometry is put into the analytical simulations,
peak response is expected at 2.1 THz. This is still 30% higher than the
observed value.

257



Conclusions

Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

To identify a possible cause for the shift, the influence of agroundplane is
looked at. It can be seen that including a finite groundplane conductivity
(agroundplane = 4.1 X 10 71 -1 m-1 , a reasonable value for our films) yields a
small shift and also increases the band width. Including a finite groundplane
conductivity still does not explain the large shift in response frequency.

We performed a similar analysis for the 1 THz device using the distributed
element approach. Fig. 6 includes the results of a distributed element simu-
lation on the designed structure compared to both measurement and an ana-
lytical simulation. The lumped (dotted) and distributed (solid dots) element-
approach differ less than 10% in peak position, both their bandwidths agree
with the measured bandwidth. Considering the fact that the actual CPW
impedance, which is an important factor in the lumped-element peak posi-
tion, is only roughly known, agree reasonably well in all three curves. The
shoulder around 1.2THz is believed to be caused by structures present in the
ground plane, e.g. the filter or filter-IF line transition.

To get rid of the structures in the CPW groundplane (i.e. filter, CPW
transmission line) that may influence the antenna performance, we designed
and produced a microstrip line design[16]. In that design, filter and antenna-
bridge transmission line are included in the top layer of an Al/Si0 2 /A1 mi-
crostrip line.

There are various reasons why we prefer the microstrip line design to the
CPW. First, in a CPW-design, there is the already mentioned influence on
the antenna properties. This is absent in the microstrip line design. Second,
the rnicrostrip transmission line has proven to work very well in an SIS-
mixer up to 1 THz[17],[18]. Third, it allows us a much larger variation in
characteristic impedance of the transmission line, making it easy to match
a diffusion cooled HEB, which usually has a low impedance. Lastly, with
respect to the fabrication, the microstrip line design is easier than that of the
CPW transmission line because the structures can be defined by conventional
optical lithography without the need of a high-resolution lithography such as
e-beam lithography[1].

We report the design and fabrication of our quasi-optically coupled HEBMs
for use at 1 and 2.5 THz. A twin slot antenna is used, in which the signal is
transferred to the microbridge using CPW transmission lines.
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The fabrication process for these devices is shown to work well. FTS
measurements show the relative coupling efficiency to be in good agreement
with the expected curve for 1 THz devices. For devices designed for 2.5 THz,
a considerable down shift in peak response is observed. This shift cannot be
accounted for in a more sophisticated approach based on the field distribution
in the structure.

Our preliminary heterodyne measurements show a noise temperature of
3600 K at 0.93 THz. The IF bandwidth of the receiver is limited by the IF
chain used
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FABRICATION OF AN ALUMINUM BASED HOT ELECTRON MIXER
FOR TERAHERTZ APPLICATIONS

P. M. Echternach, H.G. LeDuc, A. Skalare and W.R. McGrath
Center for Space Microelectronics Technology, Jet Propulsion Laboratory,

California Institute of Technology, Pasadena, CA, 91109-8099

ABSTRACT

Aluminum based diffusion cooled hot electron 1)olometers (I-IEB)
mixers, predicted to have a broader bandwidth, to require less LO power,
and perhaps even have lower noise than Nb based diffusion cooled
HEBs, have been fabricated. Preliminary DC tests were performed. The
bolometer elements consisted of short (0.18 to 0.53 gm), narrow (0.08 to
0.15 pun) and thin (11 nm) aluminum microbridges connected to large
contact pads consisting of a novel trilayer Al/Ti/Au. The patterns were
defined by electron beam lithography and the metal deposition involved
a double angle process, with the aluminum microbridges being deposited
at —degree (i.e. straight on) and the pads being deposited at a 45 degree
angle without breaking vacuum. The Al/Ti/Au trilayer was developed to
provide a way of making contact between the aluminum microbridge and
the gold antenna without degrading the properties of the microbridge.
The titanium layer acts as a diffusion barrier to avoid damage of the
aluminum contact and bolometer microbridge and to lower the transition
temperature of the pads to below that of the bolometer microbridge. The
Au layer avoids the formation of an oxide on the Ti layer and provides
good electrical contact to mixer if embedding circuit and planar antenna.
The resistance of the bolometers as a function of temperature was
measured. It appears that below the transition temperature of the
microbridge (1.8K) but above the transition temperature of the contact
pads (0.6K), the proximity effect drives much of the bolometer
microbridge normal, which gives the apperance of a very broad
transition. This however should not affect the performance of the
bolometers since they will be operated at a temperature below the Tc of
the pads, and hence no proximity effect will be present. This is evident
from the IV characteristics measured at 0.3K. RF characterization tests
will beg in shortly.
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INTRODUCTION
Hot electron bolometric mixers , both phonon' or diffusion' cooled have become a
very attractive choice for heterodyne detection above I THz, in terms of temperature
noise and LO power. However, requirements and constraints of future missions and
applications will benefit from even lower LO power, higher bandwidth. and lower noise
temperatures. It has been predicted that aluminum-based diffusion cooled bolometers
might have better performance in all counts. Absorbed LO power, which is proportional
to the square of the transition temperature and inversely proportional to the device
resistance, could be a factor of at least5 to 10 times lower than either Nb or NbN for
optimized devices. 5 In terms of IF bandwidth, aluminum should also be better due to its
higher diffusion constant, having the potential to yield bandwidths of several tens of
GHz.
We have now fabricated and performed DC characterization on Al-based hot electron
bolometers. The DC characterization reveals that the devices are well within the design
parameter space for optimal performance.' RF characterization will start shortly.

CONTACT
PAD PMMA

2300K

PMMA
950K

PMMA
2300K

PMMA
950K

Figure I. Schematic drawing of microbridge and its cross section. The
microbridge materal is deposited straight on and the pads at a 45 degree angle.
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FABRICATION PROCESS

The devices were fabricated on 3 inch silicon wafers with a 20 nm thermally grown
silicon oxide layer. The microbridge and contact pad patterns were defined by electron
beam lithography on a double layer PMMA structure. Since the bottom layer (140 nm
thick 950K PMMA) is more sensitive than the top (120nm 2300K PMMA) an undercut
profile is achieved upon developing in a MIBK:IPA 1:3 solution for 90 seconds. The
microbridge width varied from 80nm to 140 nm. Metal depositions are performed in an
electron beam evaporator with a base pressure of 3x10 -6 Pa equipped with a tilt stage that
allows evaporations at two angles. The microbridge material (11 nm Al) is evaporated
with the substrate perpendicular to the material flux. The contact pad material (63nm
A1/28nm Ti/28nm Au) is evaporated at a 45 degree angle. This ensures that the contact
pad material hits the PMMA vertical wall in the microbridge region as depicted in Figure
1. Lift off in acetone is performed next. Note that this process results in a 0.25 p.m
inconsequential misalignment between the contact pads and the microbridge.
The twin slot antennas and RF filter circuits are defined next using a process developed
for Nb HEB devices'. The layer composition is 500nm Polyimide/40nm Nb/130 nm
PMMA9500K/ 120nm PMMA 2300K. Electron beam lithography followed by chromium

Figure 2. Pictures of finished Al based hot electron bolometer and schematic
representation of layer structure.
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deposition and lift off in acetone is used to define an etch mask for the high resolution
portion of the twin slot antennas and RF filter circuit. A matching photoresist mask for
the low resolution portion is defined by standard photolithography using AZ5214 photo-
resist. With chromium and photoresist as a composite mask, the Nb in exposed areas is
etched with CF4 +10%0 2 and the polyimide with pure 02 • This is followed by deposition
of 2.5 nm Ti and 300 nm Au. The last step is lift-off in methylene Chloride. Figure 2
shows a finished device and its layer composition.

ELECTRICAL CHARACTERIZATION

Resistance versus temperature and 1-V characteristics of a number of devices were
measured. The table shows a summary of resistance measurements at room temperature
and at 2K. The actual dimensions were measured from SEM micrographs. The difference
between design and actual dimensions is due to an over-compensation for the over-sizing
inherent to the electron beam lithography process and will be corrected for the next
iteration. The uncertainty in each dimension measurement is 10% yielding a 20%
uncertainty in the R values. The average value is roughly 51 which would provide a
good match for the IF amplifier for a microbridge containing one or two squares. This
should yield a diffusion constant D010 cm2 and is well within the desired range of the
design parameters.'

Device Antenna Design dim. Actual dim. R300K R2K R 2K

L(lm) WOlm) 1.,(1m) W(m) (n) (0) (0)
1 1.9THz 0.3 0.15 0.35 0.14 128 90 36±7

1.9Thz 0.2 0.1 0.25 0.08 149 108 35±7
1.9THz 0.15 0.15 ' 0.25 0.14 159 120 67±14
4.25THz 0.2 0.1 0.27 0.08 - 175 133 40±8
1.9THz 0.2 0.1 0.27 0.08 251 190 56±11
2.5THz 0.1 0.1 0.18 0.08 204 162 71+14
1.9THz 0.3 0.15 0.35 0.14 195 135 54±10

The resistance of the devices was measured as a function of temperature down to 0.3K.
Figure 3 shows the results for three devices with different lengths. The curves were
normalized to the resistance at 2K of the shortest sample. The curves feature a broad
transition starting at 1.8K(which would be roughly the transition temperature of the
microbridge film) and a second sharper transition at 0.6K, which is the transition
temperature of the contact pads. Since the second transition features a large drop in
resistance, it can not be due to the resistance of the contact pads. It must be that a large
portion of the link undergoes a superconducting transition at that temperature. The
contact pads while in the normal state are driving a significant portion of the microbridge
normal through the proximity effect. As the temperature is lowered, gradually larger
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portions of the microbridge become superconducting, lowering the overall resistance.
This explains the broad transition. Note that the shortest sample features the largest
fractional drop in resistance at 0.6K and the longest shows the smallest effect. This is
consistent with our explanation and provides a rough measurement of the normal metal
coherence length 4N • For the sake of simplicity, we assume that the center of the
microbridge is superconducting at 0.6K, and divide it in two halves. The coherence
length would be roughly equal to the normal length of a half bridge, if we assume that the
proximity effect acts up to a distance roughly equal to the coherence length. For the 180
nm bridge this would be roughly 90 nrn, since the resistance drop at 0.6K is about equal
to the total normal resistance, i.e. 4N =90nm. For the 270 nm it would be

55C2 270nm
-- = 83nm . For the 350 nm bridge it would be

90O 2
40K) 350nm 

90 2
 = 78nm . Using the average value, we would have 4N= 84 nm,

0 

Figure 3. Resistance vs temperature of selected devices. All values were normalized to
the values of the shortest microbridge at 2K.
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k T
yielding a diffusion constant D = -..--1-6cm2/s, which is consistent with the value of

h
D estimated from the resistance. Attempts to model the data using results for the
proximity effect in bulk materials provide qualitative but not quantitative agreement,
which is not surprising since all the dimensions in this case are smaller than or
comparable to the normal metal coherence length. We have tried to fit our data using the
charge imbalance and Andreev reflection model developed for Nb devices', which could
be viewed as a microscopic picture of the proximity effect. Again, the agreement was
qualitative, at best.
Even though the resistance vs temperature characteristics of the bolometers has such
broad features that at first glance would be undesirable, in actual operation the mixers
would be kept below the transition temperature of the pads. At those temperatures the
pads are superconducting and the signal would "see" just the superconducting
microbridge. This is corroborated by IV characteristics measured at 0.3K. One such IV
characteristic is shown in figure 4.
To check that the transition temperature of the pads was at 0.6K we fabricated
macroscopic samples with the same layer composition and measured its transition
temperature obtaining a value of 0.67 K. The agreement is reasonable, since in additional
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Figure 4. I-V characteristic of 3.50nm long Al based HEB
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to the precision of the layer thickness measurement (10%) there is an additional
uncertainty due to the evaporation at an angle. Not only the angle has an uncertainty but
also the thickness should vary across the wafer, since the distance to the evaporation
source varies. We fabricated and measured the transition temperatures of samples with
thicknesses of Al ranging from 100 to 630 A for fixed thicknesses of Ti (280A) and Au
(280A). Figure 5 shows the results, indicating that we can tailor the Tc of this trilayer
from 350 mK up making it very useful for applications such as transition edge sensors.
We have also fabricated one sample without an Au layer to demonstrate that the Au layer
has an influence on the Tc and is not just acting as a normal metal layer on top of the
Al/Ti proximity layer. This confirmation is important for applications in which this
normal layer would be undesirable. We have also heated some of the samples up to
170C for 10 minutes and measured their characteristics afterwards with no discernible
changes. This makes the AliTiAg superior to Al/Ag bilayers, which are extremely
sensitive to heating, making them unsuitable for applications in which processing is
necessary after the deposition of the film.

200 300 400 500 600 700
Al thickness(A)

Figure 5. Transition temperatures of Al/TilAu trilayers as a function of Al
thickness_
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CONCLUSION

We have fabricated aluminum based hot electron bolometers to be used as mixers at 1.9
and 2.5THz. DC electrical characterization shows that the devices are within the design
parameters. A novel trilayer Al/Ti/Au was developed to provide contact between the
microbridge and the antenna structures. This trilayer is superior to AllAg bilayers due to
its insensitivity to heating.

This research is supported by the Center for Space Microelectronic Technology, Jet
Propulsion Laboratory under contract to the National Aeronautics and Space
Administration, Office of Space Science.
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SuperMix: A Flexible Software Library for
High-Frequency Circuit Simulation, Including SIS

Mixers and Superconducting Elements

John Ward, Frank Rice Goutam Ch.attopadhyay, and Jonas
Zmuidzinas

California Institute of Technology, 320-47, Pasadena ; CA 91125, USA.

Abstract

'SuperMix" is a software library written to aid in the calculation and optimization of the signal
and noise performance of high -frequency circuits, especially those including superconductors and
superconducting tunnel junctions. Using this library, C++ programs can be written to simulate
circuits of arbitrary size, complexity, and topology. The library includes an optimizer which can
minimize an arbitrary error function by varying chosen circuit parameters. Using SuperMix, it is
now possible to directly optimize an SIS receiver design to minimize the average noise temperature
across the desired RF frequency band. including a full harmonic balance analysis at every frequency.
point together with a full analysis of the IF amplifier circuit and its noise contribution.

I. INTRODUCTION

A. Motivation: designing arid simulating SIS receivers

Although there are many excellent software packages available to aid in the design
of microwave circuits, none provide the specialized elements needed for the design
of complete superconducting tunnel junction (SIS) receivers. For instance, thin film.
microstrip lines, which are widely used in SIS mixers for impedance matching cir-
cuits, have characteristics which depend on the surface impedance of the normal or
superconducting metal films. Surface impedance calculations usually involve nontriv-
ial numerical computations, such as numerical integration or the solution of integral
equations [1], [2], [3], and are not available in commercial microwave software pack-
ages. Furthermore, the calculation of the signal and noise properties of SIS mixers
requires the use of Tucker's theory [4] combined with a nonlinear harmonic-balance
calculation [5], [6] of the local oscillator waveform. Again, the required calculations
are numerically intensive and are not available in commercial packages.

It is clear that a complete simulation of an SIS mixer is a substantial computational
task. Because of this, SIS mixer design is usually performed using simplifying approx-
imations. For instance, the RF circuit is usually designed and optimized by treating
the problem as an impedance matching exercise. Once a circuit is designed in this
way, the embedding admittances it presents to the SIS junction can be calculated,
and these can be used in a Tucker theory calculation to determine the conversion loss
and noise temperature of the mixer. The results of such a calculation could then be
imported into a standard microwave program to explore the effect of the HEMT IF
amplifier and its matching circuit. This was the approach followed by Padin et al. [7]
for the design of an integrated HEMT IF amplifier for an SIS mixer.
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However, to our knowledge, no one has ever designed an SIS receiver by directly
calculating the noise temperature across some desired RF band. including the har-
monic effects and the IF amplifier contribution, and optimizing this total receiver
noise temperature as a function of the circuit parameters. Even though this sounds
like the most obvious and straightforward approach to the design. the software to do
this has simply been unavailable until now. Furthermore. with the exception of a
few special cases involving two junction circuits [8], [9], parallel arrays [10], and dis-
tributed junctions [11], most of the Tucker-theory programs that have been written
for SIS design assume that only a single SIS junction will be used. However. now
that junction fabrication processes are reliable and reproducible. there is a clear trend
toward more complex mixer designs incorporating multiple junctions.

B. Alternative approaches

There are several possible solutions to our problem. Some commercial circuit sim-
ulators allow user-defined elements to be written using an interpreted "scripting -

language. However, we felt that this approach would not provide the necessary level
of computational performance needed for simulating and optimizing superconducting
mixers. Indeed, the Tucker theory SIS mixer programs we are aware of are written
in standard compiled programming languages such as FORTRAN. Alternatively. we
could have attempted to work with a software vendor to have our routines for SIS
mixer simulation incorporated directly into a commercial microwave package. How-
ever, our judgement was that few vendors would be interested given the very limited
market. Furthermore, given that we are continually developing new materials and
mixer designs, we felt that it would be extremely important to be able to rapidly add
new elements and models to the code. Finally, we wanted to have software that would
run on a large variety of platforms, and not be plagued by licensing restrictions. For
these reasons we decided to develop our own stand-alone code.

C. SuperMix: a C++ class library

We have developed a C++ library, which we call "SuperMix'. to provide a flexible
tool with which to design and optimize receiver circuits, and microwave circuits in
general.

SuperMix calculates circuits in the familiar wave representation, in which the be-
havior of a linear circuit is specified by a scattering matrix, a noise wave correlation.
matrix, and an outgoing source wave amplitude vector. The source wave vector repre-
sents the effects of generators inside the circuit, such as a local oscillator. Easy-to-use
functions can convert the wave representation to other quantities, such as impedance
or admittance matrices, gain, or noise temperature.

The C++ programming language [12] was chosen for this project to provide flexibil-
ity, ease of use, and a means to design the library with a modular approach. For this
project, complex numbers, vectors, and matrices are used extensively. Although these
data types are not included as part of standard C++, the language can be extended
to include them in a natural and powerful way. For instance, the standard arithmetic

270



Tenth international Symposium on Space Terahertz Technology, Charlottesville, March 1999

Basic
Elements

Transmission
Lines

Transistors Miscellaneous
Elements

Resistor
Capacitor
Inductor
Attenuator
Terminator

Superconducting Film
Normal Metal Film
Layered Film
Dielectric
Microstnp
Transmission Line
Radial Stub
Time Delay

Transconductance
FET
Fujitsu FHRO2X
Fujitsu FHX1:3X
Kukje HEMT

Mixer
SIS junction
Transformer
180

0
 Hybrid

900 Hybrid
Circulator
Voltage Source
Current Sink
Generator

TABLE I

CIRCUIT ELEMENTS CURRENTLY PROVIDED BY THE LIBRARY.

operations with complex numbers can be defined, as can the operation of multiplying
a vector by a matrix.

As an object-oriented language, C++ provides a natural way to write modular pro-
grams. The SuperMix library was written from the ground up to be highly modular,
flexible, and expandable. Circuits and circuit elements are implemented as C++ class
objects. The modular approach used allows new elements to be added to the library
by writing only a few lines of code (to calculate the scattering and noise matrices)
without having to deal with details about how the overall library works. The modu-
lar design of the optimizer provides a straightforward means to add new optimization
algorithms if needed. Almost every part of the library benefits from the flexibility
provided by the C++ programming language.

Each circuit element in SuperMix inherits the properties common to all devices.
This way. each element added to the library automatically includes a standard inter-
face, for instance, a function to return scattering parameters of the circuit element.
Lossy elements which generate noise can be assigned arbitrary temperatures. A list
of circuit elements currently available in the library is given in table I.

II. THE WAVE REPRESENTATION

Internally, circuits are represented using a "wave" representation based on the scat-
tering matrix. The incoming and outgoing wave amplitudes at some port i of a linear
circuit are defined in terms of the voltage V; across the port terminals and the current
/i flowing into the positive terminal by the expressions

1 1 
a i 21rz_o_ (14 + Zo/i ) and b.,

2.NTZT

where Zo is some standard normalizing impedance. These definitions are motivated
by transmission line theory. Note that the normalization is chosen such that power
can be calculated simply by squaring the wave amplitudes. For instance, the incoming
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power at port i is Pincident la,1 2 and the reflected power is Pre f iecre = bd 2 . Extensive
discussions of the scattering matrix and its use in circuit calculations can be found in
the references {13], [14]. [15].

SuperMix uses three quantities to represent a circuit: the scattering matrix S. the
noise wave correlation matrix Cs. and the wave source vector b,. The definition of
these quantities comes from the following expression. in which the out going wave
amplitudes b are considered to be dependent upon the incoming wave amplitudes a:

b = Sa 813 +

The source vector bs represents the effect of deterministic voltage or current gen-
erators inside the circuit which cause outgoing waves with various amplitudes and
phases to emanate from the circuit's ports even in the case that the incoming wave
amplitudes a all vanish. In contrast. 813 represents outgoing noise waves. which are
the result of various noise current or noise voltage generators inside the circuit. These
noise waves are characterized by the noise wave correlation matrix. whose elements
are the expectation values

( Cs) = (8bi RC)

Finally, the product Sa represents the outgoing waves that are generated when the
incoming deterministic waves a are scattered by the ..'V—port circuit. which has a
scattering matrix S.

III. NOISE IN PASSIVE ELEMENTS

The noise correlation matrices of passive elements or passive circuits at a uniform
temperature T are computed from their scattering matrices:

hv
Cs = coth(hv/2kBT) (I — S St)

where S is the scattering matrix. I is the identity matrix. and Cs is the noise corre-
lation matrix. These equations are derived and discussed in [16]. [17]. ,r1:31.

The Callen—Welton formula [18] used for the noise spectral density can be considered
to be the sum of a Planck term and a zero—point quantum fluctuation term,

hv hv IkB hv
coth(hv/2kB T) =

2kB 	exp(hv I kB T) — 1 2kB

and reduces to T in the Rayleigh—Jeans limit, hv << kB T . Because the zero—point
term is included, the use of the Callen-Welton spectral density for passive elements
ensures that the correct value of the IF output noise is calculated for a mixer whose
RF input is terminated with a load [19]. [20]. Thus, SuperMix automatically includes
both quantum noise as well as the thermal noise produced by lossy elements (e.g.
warm optics). Note that commercial microwave programs usually use the Rayleigh—
Jeans approximation for thermal noise, which is inappropriate for cryogenic receiver
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systems at millimeter wavelengths which have components at temperatures below

The passive noise computations are carried out by a single standard function. Thus,
when adding new passive elements to the library, it is usually sufficient to program
only the scattering matrix calculation. and then use the standard library function to
calculate the noise correlation matrix.

Iv. CONNECTING CIRCUITS

The SuperMix library provides an object of type circuit to create composite cir-
cuits. A user can assemble a circuit from the basic elements (resistors, capacitors,
etc.) by calling the connect -member" function belonging to the circuit object.
The connect function allows the user to connect ports between circuits or basic ele-
ments. For instance. the output port of an isolator might be connected to the input
port of an amplifier. The circuits being connected can have arbitrary numbers of
ports: hence the concept implemented by the connect function is much more general
than a simple cascade of two—ports. Furthermore, the connect function allows both
interconnections. in which the two subcircuits are distinct, as well as intraconnec-
tions. in which two different ports of the same circuit are being connected. Series and
parallel -tee - components are available to allow series or parallel connections.

Since all elements including the composite circuits share the same "software inter-
face' . (in C++ parlance. they are derived from a single generic device class), composite
circuits themselves can be used in other composite circuits. Thus, a hierarchical design
is possible: large. complicated circuits can be built up from smaller, more manage-
able pieces. This capability is a direct benefit of the modular design described in the
Introduction.

A composite circuit calculates itself by making a single connection between the ports
of its elements or subcircuits at a time. The S and Cs matrices for the two subcircuits
are combined using equations developed by Wedge and Rutledge [13] using signal
flow graphs. When a composite circuit is asked to calculate itself, it splits itself into
two subcircuits and asks each for its S and Cs matrices and source vector bs . Each
of these subcircuits splits itself in two. The process continues until all subcircuits
are broken down to the original basic elements. This process creates a binary tree.
The desired circuit is the base. and the tips of the branches are the components of
the circuit. The intermediate subcircuits form the branches. This algorithm is fast
because the tree only needs to be built a single time yet can be used for an unlimited
number of calculations. such as for different frequency points or in the inner loop of
the optimizer.

V. TRANSMISSION LINES

The SuperMix C-- library includes a number of classes which can be used to
calculate the properties of normal and superconducting transmission lines such as the
characteristic impedance and propagation constant. The transmission lines can be
used as elements in circuits such as SIS mixers. At present. microstrip is the only
physical type of transmission line available in SuperMix. although adding new types
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is straightforward. In particular, the user only needs to calculate the characteristic
impedance and the propagation constant; the conversion of these quantities into the
scattering and noise correlation matrices is handled by library routines.

The characteristics of thin-film transmission lines (such as microstrip) often depend
heavily on the surface impedance of the metal conducting films used. At present. Su-
perMix can calculate the surface impedance for normal metals and superconductors [11
in the case of a local conductivity o-(.h.:). defined by Ohm's law .1(F.,,;)
Addition of the nonlocal anomalous skin effect in normal metals is planned for a future
release. Multilayered metal films can also be created. The simplifying assumption is
that the conductivity of any given layer is not influenced by the properties of the
surrounding layers. This assumption may not be valid in some circumstances - for
instance, in cases where the superconducting proximity effect is important.

Transmission lines such as microstrips often use dielectric films or substrates. and
the complex dielectric constant c of the material must be specified. Dielectrics can be
defined in SuperMix by specifying the real part of c and the loss tangent. Im[d/Rekj.
If necessary, a table of values specifying a frequency-dependent f(y) can be read from
a data file and automatically interpolated. Actually this can be done for any circuit
parameter, and the interpolation can be done with respect to any other parameter
(e.g. temperature), not just frequency. Metal films. layered films. and dielectrics form
the building-blocks for transmission lines. After the dielectrics and conductors have
been specified, transmission lines such as microstrip can be assembled from them.

VI. MIXERS

Mixers are created using a combination of linear circuits and devices derived
from a generic nonlinear device class named junction. The junction class simply
provides a standard "software interface" for devices that can calculate both their
large and small signal responses. At the moment. the only nonlinear devices available
within SuperMix are superconducting tunnel (SIS) junctions. The SIS junction reads
its current-voltage (IV) curve from a data file, which can be either experimentally
measured or mathematically generated. However, other nonlinear devices (such as
Schottky diodes) could be added by writing the code that simulates the device behav-
ior, and interfacing this code to SuperMix using the junction class. This would allow
a complicated multiple diode mixer circuit to be simulated, including a full harmonic
balance solution of the LO waveform. In principle, one could even simulate a circuit
containing a mixture of superconducting and semiconducting nonlinear devices.

The mixer device is assembled from any number of junctions, a radio-frequency
( RF) linear circuit and an intermediate-frequency (IF) linear circuit. These circuits
can be arbitrarily complicated and can contain arbitrary numbers of ports. The local
oscillator (LO) can be injected anywhere in the RF linear circuit. The mixer will
then calculate its operating state by performing a harmonic balance; the number
of harmonics used in the balance is arbitrary as well. Once the operating state is
determined, the user can ask the mixer object to perform a small signal analysis [6].
Once the calculation is complete, which typically takes a few tens of milliseconds per
frequency point, the user may examine standard quantities such as noise temperature
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or conversion gain. or look into details such as the impedance, admittance, or reflection
coefficient looking into each port at each sideband of each harmonic of the LO, as well
as the transmission via mixing from one harmonic of the LO to another, including
the IF. In other words. the entire multifrequency scattering and noise matrices are
calculated and are available to the user.

VII. THE OPTINIIZER

The optimizer was designed to be a very general tool that can minimize general
error functions by varying nearly any circuit parameter, real or complex. At present,
SuperMix allows the standard quantities of interest such as gain, noise temperature,
input or output match to be readily included in the definition of the error function.
These quantities are usually calculated while sweeping the frequency over one or more
bands. For instance. the design of a bandpass filter requires that the transmission
across the passband be maximized while the transmission in stopbands be minimized.
SuperMix supports this capability; furthermore, any parameter can be swept, not just
frequency. Even multi-dimensional sweeps are allowed.

The modular design allows easy addition of new types of error function terms. In
addition, the interface between the error function and the optimization algorithm
is very simple and generic. and so it is easy to add new minimization algorithms.
Although SuperMix allows for the possibility of multiple minimization algorithms,
the only algorithm currently implemented is PowelFs method. This routine is both
robust and fast. In practice, it has been used to optimize 10 parameters of a 50
element linear amplifier across an octave bandwidth. On a 333 MHz Sun Ultra 10,
this entire optimization and simulation runs in less than 10 seconds. One downside of
Powell's method is that it can converge upon local minima, so the user must choose
reasonable initial values for the parameters being optimized. This is a generic feature
of aggressive optimization alogrithms that make use of gradient information. Other
approaches. particularly the stochastic algorithms, are much slower but are better at
finding global minima. and could easily be added to SuperMix.

VIII. LSING THE SUPER.MIX LIBRARY

A circuit is simulated by writing a C-r-- program that uses the SuperMix library,
Devices in the library are represented as C++ class objects. which can be used simply
by declaring a variable of the appropriate type. For example. declaring a variable of
type resistor will automatically provide all functionality needed for the simulation of
a resistor. including parameters for resistance and physical temperature, and functions
to return the scattering matrix. noise correlation matrix, noise temperature, etc. of
this element. All elements are derived from a single generic device class, guaranteeing
a uniform standard interface for all devices and allowing the user to add elements to
the library with a minimum of effort.

_4. Simulation of a low-noise amplifier

The code in figure 6 is a complete program to optimize and simulate the single-
sage low-noise HEMT amplifier drawn in figure 1. This program demonstrates the
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key features of the linear circuit library. including creating circuit elements. connecting
them, and running the optimizer. Results are plotted in fi gure 2.

trans rdrain

igate

1 2
0  0

0

0

2 1 2

trans rdrain

Igate
2

1
0

amp

Fig. 1. Block diagram of single stage LNA.

In this example, there are only three subcircuits being connected together to pro-
duce the composite circuit amp: the gate inductor lgate. the Fujitsu FHX13X tran-
sistor trans, and the drain resistor rdrain. (The SuperMix library actually con-
structs a composite equivalent circuit to calculate the transistor according to the
F'ospieszalski model [21].) Each of the subcircuits is a two—port: the ports are la-
beled by integers as shown in figure 1. The C++ statement amp . connect (lgate ,
2 , trans , 1) connects port 2 of the inductor to port 1 (the gate) of the transistor.
Similarly, amp . connect (trans , 2 , rdrain , 1) connects the drain of the transistor
to the resistor. The statement amp . add_port (lgate , 1) simply specifies that port 1
of the inductor will be used as port 1 (input) of the overall amplifier circuit. Finally.
amp . a.dd_port (rdrain , 2) specifies the output port of the amplifier.

15

10

5

4 5 7 8
Frequency (GHz)

Fig. 2. Gain (top curve) and noise temperature (bottom curve) of a single stage LNA.
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Fig. 3. Block diagram of a 650 GHz quasi-optical twin-slot double-junction SIS receiver.

B. Simulation of a section of microstrip

The code in fi gure 7 is a complete program to simulate a segment of superconducting
microstrip. It demonstrates the ease with which a circuit can be constructed and the
high level of readability of a C++ circuit file.

C. Simulation of a 6,50 GI-Iz receiver

A 650 GHz quasi-optical twin-slot double-junction SIS receiver (figure 3) was sim-
ulated using the SuperMix library. The frequency-dependent impedance of the slot
antenna and a measured unpumped current-voltage (IV) curve were read from data
files. The losses of optical components such as the LO injection beamsplitter, the
cryostat vacuum window. etc. were simulated using attenuators whose temperatures
were set to the physical temperatures of the optical components. In this way, the
thermal noise produced by these components was included in the simulation. In ad-
dition. a complete 3 stage HENIT amplifier was included at the IF output as part
of the simulation. The complete simulation can calculate about 35 frequency points
per second on a 333 MHz Sun workstation. including a full simultaneous harmonic
balance calculation for the two SIS junctions at every frequency point.

The simulated pumped IV curve and IF power curves (figure 4) agree reasonably
well with measured data. The measured and simulated receiver passband and noise
temperatures (fi gure 3) are also similar. In this example, we have made no attempt
to adjust the parameters of the simulation to make it agree with the measured data.
However. in the future these types of simulations could be used to extract information
about the performance of the receiver (e.g. the noise contribution due to optics
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Fig. 4. Simulated pumped IV curve with 300 K and 77 K IF power curves at 63 GHz
compared to the measured values (right). The HENIT amplifier and IF matching circuit that
were simulated are not the same as in the actual receiver: hence. the shapes of the IF power
curves are not expected to be the same in detail.

Fig. 5. Simulated passband and noise temperature of a 650 GHz receiver. The double curves are
for lower and upper sidebands; the IF frequency is 6 GHz.

losses, the behavior of the tuning circuit, etc.) and to provide insight for possible
optimizations.

Ix. COMPATIBILITY AND AVAILABILITY

The software was written in standard C++ and should compile on any UNIX plat-
form using an ANSI C++ compiler that supports the Standard Template Library
(STL.) The package has been tested using the freely available GNU g+-1- compiler on
the SPARC Solaris 2.6 and Intel Linux platforms.

The library, which is currently composed of over 28.000 lines of source code. is al-
ready nearly fully functional, and a user's manual is being prepared. Our intention
is to provide this software, including the source code. free of charge to any interested
users. We hope that other users will find SuperMix useful and will contribute to its
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include "supermix.h"

int main(void)

// Set the global temperature.
device: :T = 4.2 * Kelvin;

// Declare the components we will use for the circuit.
fhx13x trans; // Fujitsu HEMT transistor

inductor lgate; // Gate tuning inductor
resistor rdrain; // Drain bias line

// The inductor is series, resistor parallel.

lgate.series();
rdrain.parallel();

// Construct the circuit.

circuit amp;
amp.add_port(lgate, 1); // Put the gate inductor at the input.

amp.connect(lgate, 2, trans, 1); // Connect the inductor and transistor.
amp.connect(trans, 2, rdrain, 1); // Connect the transistor and resistor.

amp.add_port(rdrain, 2); // Make the drain resistor the output.

// Define the optimization band.
sweeper bandl;
bandl.sweep(device::f, 4.*GHz, 8.*GHz, 0.5*GHz);

// Declare an error function.
err_func ef;

// Define which parameters are optimized.

lgate.L = ef.vary(1.*nHenry, 3.0*nHenry, 10.*nHenry);
rdrain.R = ef.vary(30.*Ohm, 50.*Ohm, 100.*Ohm);

// Define the error functions.
gain_dB gain(12, 1, 2, err_term_mode::MATCH); // Optimize for flat gain.
ef.add_term(1.0, bandl, gain, amp);
input_tn tn(0.0, 1, 2, err_term_mode::MATCH); // Optimize for low noise.

ef.add_term(2.0, bandl, tn, amp);

// Use the Powell algorithm for minimizing.

powell pow1(ef); // Minimize the error function we created above.
powl.POW_TOL = 0.00001; // Define the tolerance for the convergence test.
powl.minimize(); // Run the optimizer.

ef.get_parms().show(); // Print the optimized parameters.

cout << "\n Freq S21(dB) Tn(K)" << endl;

// Print out gain and noise temperature in our optimization band.
for(double freq = 4.0*GHz; freq <=8.0*GHz; freq += 0.2*GHz)

device::f = freq;

sdata sd = amp.get_data();
cout << freq/GHz // Print the frequency in GHz.

<<

<< sd.SdB(2,1) // Print the gain in dB.
<< "

<< sd.tn (2,1)/Kelvin // Print the noise temperature in Kelvin.

<< end',

Fig. 6. Simulation and optimization of a I stage LN.A.

279



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

include "supermix.h"

main()

device: :T = 4.2*Kelvin
device::ZO = 50.*Ohm

// Define metal film
super_film nb1;

// Default temperature
// Normalization impedance

// Standard parameters for Niobium
nb1.Vgap = 2.9*mVolt
nbl.Tc = 9.2*Kelvin

double cm = 1.e4 * Micron;
nbl.rho_normal = 5.*Micro*Ohm*cm

// Set thickness
nbl.Thick = 2000.*Angstrom

// Define dielectrics
const_diel sio
const_diel vacuum

vacuum.eps = 1.0
vacuum.tand = 0.0

sio.eps = 5.6 ; // dielectric constant
sio.tand = O. ; // loss tangent

// Now make a microstrip line
microstrip ms1;

ms1.top_strip(nbl) ; // use Nb film for top strip
ms1.ground_plane(nbl) ; // same for ground plane
ms1.superstrate(vacuum) // nothing above
msl.substrate(sio) ; // SiO insulator
msl.sub_thick = 2000.*Angstrom ; // SiO thickness

ms1.1ength = 100.0*Micron ; // microstrip length
msl.width = 5.0*Micron ; // microstrip width

// Print out S21 for this microstrip from 100 to 1000 GHz, step by 10 GHz.
for(double freq = 100. ; freq <= 1000.; freq += 10)
{

device::f = freq*GHz
complex 521 = msl.S(2,1) ; // The S(2,1) function returns 521.
cout << freq <<

<< zabs(S21) << " " // Print 1S211
<< arg(521)/Degree << " // and arg(521)
<< endl

Fig. 7. Simulation of superconducting microstrip in SuperMix.
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development by adding new circuit elements. optimization algorithms, etc. However,
we cannot yet make SuperMix available for public download until certain copyright is-
sues have been resolved. After these issues are resolved and the documentation is com-
pleted. the package \\ill  he available at http://www.submm.caltech.edu/supermix.html.
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Abstract

We have extended the spectral domain harmonic balance method of Withington and Kollberg :1]
to handle quasiparticle mixer circuits of arbitrary complexity containing any number of supercon-
ducting tunnel junctions. Our algorithm uses a multidimensional Newton-Raphson technique to
achieve rapid convergence. even when many harmonics are included in the analysis. Another im-
provement is to perform all linear circuit calculations using the scattering matrix representation
typical of modern circuit modeling techniques. This algorithm has been implemented as part of
an extensive C++ class library for modeling the signal and noise performance of superconducting
heterodyne receivers (Super -Mix). Using the common. free C++ compiler - g++" (Free Software
Foundation). impressive results can be achieved on modern workstations of moderate capability.
Such speeds will make complex nonlinear optimization calculations a routine part of SIS receiver
design.

I. INTRODUCTION

As the state of the art in submillimeter wave heterodyne mixers utilizing supercon-
ductor-insulator-superconductor (SIS) devices has progressed. SIS mixers are rapidly
evolving to ever more complex and wide bandwidth designs. Examples include a
sideband separating mixer [2]. distributed junction arrays [3]. and a dual-polarization
receiver [4]. Additionally, the quest for wide IF bandwidth is spurring several inves-
tigations regarding the design of integrated SIS/HEMT receiver systems. To success-
fully optimize the performance of such sophisticated designs. accurate and efficient
software modeling is required. Correctly calculating the complex interactions of the
nonlinear responses of multiple SIS junctions will be vital to the success of such mod-
eling. Consequently such software must include a fast and accurate harmonic balance
method.

The small signal response of an electronic circuit containing nonlinear elements.
such as a mixer, obtains from a perturbation analysis of the operating state. The
operating state is determined by the large signal voltage and current waveforms across
the nonlinear elements. Clearly it is essential to accurately determine these waveforms
in order to proceed with the small signal analysis. The harmonic balance technique
is a well established method for determining these large-signal waveforms.

For the purposes of harmonic balance, a network involving two-terminal nonlinear
devices is normally modeled as in figure 1. Each nonlinear device is connected to its
own port in the linear embedding network: the network includes dc and ac sources.
The goal of harmonic balance is to determine the voltage and current waveforms v(t)
and i(t) at each nonlinear device, thereby fixing its operating state and resultant small
signal behavior. Traditionally harmonic balance proceeds by analyzing the linear
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Fig. 1. SIS junctions attached to a linear network.

network in the frequency domain. constructing the Thevenin or Norton equivalent at
each of the harmonic frequencies present in the network. Concurrently a time domain
calculation of the response at each nonlinear element is conducted starting with some
suitable initial driving function (current or voltage). The results of the two analyses
are compared following suitable transformation; differences lead to adjustment of the
harmonic signals present at the ports of the linear network and the time domain
waveforms used for the driving functions of the nonlinear elements. The process is
iterated until reaching convergence of the solutions. Hicks and Khan [5] provide a
detailed analysis of this technique and its convergence properties.

In the case of mixers utilizing SIS devices as the nonlinear elements, the tradi-
tional harmonic balance approach outlined above has a very serious limitation: the
time domain analysis must proceed for many cycles in order to determine the steady-
state waveforms. greatly increasing the computation time for each iteration of the
procedure. This limitation was overcome by Withington and Kollberg [1] who de-
veloped an algorithm for performing the nonlinear analysis of such devices purely in
the frequency domain. a technique they refer to as spectral domain analysis. Start-
ing from the mixer theory of Tucker [6]. they develop the equations needed to fully
analyze the frequency domain current response of a single SIS junction to the set of
large-amplitude voltages induced by a dc bias and local oscillator source.

This paper extends the results of Withington and Kollberg to networks containing
multiple SIS devices. The large signal solution is found using a multidimensional
Newton-Raphson technique to achieve very rapid convergence, even when several
harmonics and junctions are included in the analysis. The technique requires the
Jacobian matrix of the nonlinear SIS response to changes in the large signal voltages.
As will be shown. this matrix can be easily generated from the small signal RF
conversion matrix. A final improvement is to conduct the linear circuit calculations
using the scatterin g matrix representation rather than an impedance or admittance
representation ( which might not exist for certain circuit configurations).
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2

Fig. 2. Typical normalized SIS I-V characteristic curves

II. THE HARMONIC BALANCE EQUATIONS

A. Nonlinear Calculation of the Harmonic Currents

To perform the spectral domain analysis of the SIS operating state. the voltages
and currents across each junction are represented as:

v(t) = Vo" + Re m=1 eirriWot ; i(t) = R Lt=, e-777-3t (1)

where Vo and /0 are the constant (de) components. 'o is the local oscillator frequency.
and the Tim' and I, are complex phasors. In the case where the circuit contains a
single junction, the Fourier coefficients in (1) can be represented by the single. complex
valued vectors v and i; if there are multiple junctions, these vectors will still be used.
but the individual components will be denoted by VT,7, and 1.

77e . where m is the harmonic
number (m = 0 for the dc component) and n is the junction index. ranging from 1
to the total number of junctions in the circuit. Withington and Kollberg's ada.ption
of Tucker's mixing theory provides an "admittance - representation of an SIS device:
the junction currents i are calculated from the junction voltages v. i = i(v).

The currents through an SIS junction may be calculated as follows ( cf. '11):

= Re [1- (o)] Im -1-( m) m > 0

where:

I(m) = — E ckcr-±,. i(vo + kvph) • < 17/ < OC (3)
k=—oo

In this equation 1/0" is the junction dc bias voltage, Vp. h (h I e) ,co is the photon
voltage of the local oscillator frequency. the Ck are complex phase factors defined
below, and 1(v) is the complex dc I-V characteristic function of the junction. 1(v) E
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Ikk( l-' ) Idc(v). Td(V) is the measured dc I-V characteristic curve of the junction;
Ikk (v) is its Kramers-Kronig transform. A typical Ide(v), Ikk (v) pair is shown in
figure 2. where the curves have been normalized so that the junction's gap voltage and
normal resistance are both unity. Various versions of the Kramers-Kronig transform
are seen in the literature; the version shown in figure 2 is that due to Tucker, which
vanishes at V = 0:

1 oo 1
Ikk(V) = P 

f 

Idc(v) 
)

V
( 1 — (4)

— v'

where the P denotes the Cauchy principle value of the integral. Id(v) is an odd
function and Ikk (v) an even function of the voltage v, so that I( — v) = r(v). The
parentheses around the subscripts in (2) and (3) are used to distinguish harmonic
indices of Fourier coefficients which range over negative as well as positive values;
harmonic indices without the parentheses may take on nonnegative values only. This
notation will be used extensively in Section III.

The complex phase factors C k are defined by:

00
Ck=lim C ro _ s 

Ork'.
 . on>0 on-1 A

k . k v k
T72 =-CO

where 60 , k is Kronecker's delta and the complex coefficients Am ,n are given b

Am. Jrn(an) e
—jrnn (6)

The coefficients an and On are derived from the magnitude and phase of the har-
monic voltage phasor . where the magnitude is normalized by the photon voltage
of harmonic n, which is n h :

63'" = lin /(n Vph) (7)

Expressions (2) to (7) define the harmonic currents through a junction in terms
of the harmonic voltages thereby defining the vector function i(v). Note that
the functions A. of the V, (expressions (6) and (7)) are not analytic; this will
be an important consideration when constructing the Jacobian matrix used by the
Newton-Raphson algorithm.

B. The Junction Operating States and the Linear Network

The linear embedding network (figure 1) connecting the junctions will be repre-
sented as having a port for every junction at every harmonic frequency and dc; its
behavior may be represented by a scattering matrix S and wave source vector bs.
Referring to figure 3. the linear network experiences incoming waves a and responds
by emitting waves b. Because there are active sources embedded in the network (the
dc bias and local oscillator). the network will emit waves b s in the absence of any
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Fig. 3. The scattering matrix representation of a linear network.

incoming waves (as well as noise, which we ignore for the purposes of harmonic bal-
ance). Also indicated in figure 3 are the conventional voltages v and currents i at the
ports. The various vectors are related as follows:

b=--b s +Sa; v=03-1- Zo ; i = (b — a), v Zo (8)

where Zo is the normalizing impedance of the scattering representation of the net-
work (usually 50 CO. A major advantage of the scattering representation over the
impedance and admittance representations of a linear network is that it always exists:
some common networks have either no impedance representation or no admittance
representation. Note that the voltages and currents in (8) are RMS. whereas the vec-
tors of Fourier coefficients from (1) are peak amplitudes. This means that we must he
careful about factors of-\/.2 for the ac coefficients when solving the harmonic balance
equations.

The relationships in (8) where v and i are the RMS harmonic voltages and currents
through the SIS devices attached to the network lead to the nonlinear system of
equations which must be solved by the harmonic balance routine:

Zo (I S) i(v ) (I — v Zo bs = 0 (9)

where I is the identity matrix. One advantage of this scattering matrix formulation is
that the impedance and admittance matrices are not needed: as already mentioned.
one or the other of these matrices may not exist. For example. a mixer circuit
containing a series array of junctions would not have an impedance representation.

C. Newton-Raphson Iteration Calculations

The Newton-Raphson method for solving a nonlinear system y(x) = 0 is to replace
the estimated solution x i with the improved estimate x i+i = x, +8x i . where 6x i is the
solution to the linear system (dy/dx) x, jxi = —y(x,), and (cly I dx),c, is the Jacobian
matrix of y(x) evaluated at x i . This method is quadratically convergent so long as
the Jacobian does not vanish at the root and the initial estimate is sufficiently close
to the root.

In expression (9), S , I, bs , and Zo are not functions of v and i, so differentiating
with respect to the components of v results in the following equation for the correction
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(5 v to an estimated v:

(Z0 (/ + S) —di + (i S)
dv

When using (9) and (10) the elements of the source vector 13 9 representing ac signals
must be multiplied by O.,- to convert them to peak amplitudes from their RMS values,
since these are the relevant quantities in the Tucker theory. The final values of the
harmonic currents i and voltages v should be divided by v ir2, if their RMS values are
required. One must be careful not to apply these corrections to the dc bias values.

The harmonic balance routine will seek a solution to the nonlinear system (9) by
first calculating the linear network characteristics S and bs . After assuming an ini-
tial trial voltage vector v, the routine must update v by finding the Jacobian matrix
dildv and then solving (10) for the corrections .5v. The process is repeated until the
corrections become sufficiently small. The actual implementation of a satisfactory
Newton-Raphson algorithm is somewhat more complicated; it must continually mon-
itor the convergence behavior of the iterations and be prepared to adjust (5v. Potential
difficulties include the algorithm's behavior near saddle points or local extrema of the
right hand side of (10).

III. GENERATING THE JACOBIAN MATRIX

A. Basic Properties

In order to use (10) we must form the Jacobian matrix dildv with elements
a/71/01/m

-n: ranging over all pairs of harmonics m and m' and SIS devices n and n'.
Since the currents through one device n do not directly depend on the voltages across
a different device n', where n n', we know immediately that:

8n,n , ai davz, (11)

Unfortunately, because the A, ,, defined in (6) are not analytic, it is impossible to
define a single complex derivative aim" al/mi. The solution chosen here is to define
the Jacobian matrix in terms of separate derivatives of the real part and imaginary
part of each harmonic current 1m with respect to the real part and imaginary part
of each harmonic voltage Vm , (recall that harmonic number 0 denotes the dc bias
component). These four derivatives are real, not complex, and will be symbolized by:

aim; , r aim ;i
av;„,, Wm, ;r aVm' ;i

where the "; r" and ": i" suffixes denote the real and imaginary parts, respectively,
of the harmonic voltages or currents.

As for harmonic 0 (the de bias) the imaginary parts Jo and Vo will be assumed to
be identically zero. In order to keep the resulting Jacobian from becoming singular.

(12)
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we set the derivatives as follows:

aV
M,
 r altm 1/0 ; 51' : z

a aIO:r aio 
= 0 • = 1 (1:3)

avo" ; r aVO : 31/0 : i

In the actual implementation we apply (13) not to dildv in (10), but to the entire
matrix multiplying (5v, saving a little time. Another alternative to (13). of course.
would simply be to eliminate the imaginary part of the dc bias current and voltage
from the equations.

B. Relation to the Small Signal Admittance Matrix

When the SIS junction is used as a heterodyne mixer, the infinitesimal signal voltage
and current response can be expressed using the following Fourier expansions:

0 m > 0

M-= - 771= -oc,

where W(m) = MiWO , and wif is the IF output frequency. Note that parentheses
are used with the harmonic index 772 since it takes on negative values as well as
nonnegative in these expressions. The infinitesimal sideband currents and voltages are
linearly related through the small signal RF conversion admittance matrix, Y(m.,,):

00

JI(m) EY(m.n.c)(51/imi) (15)
= -co

Clearly this is the case if and only if

(16)(m ,, m 1 ) = a vim i)

In the limit of zero IF frequency, w(m) = mwo, and (14) becomes an alternate form of
the harmonic expansions in (1). The relation expressed in (16) pro-vides the connection
between )2(7mm!) and the derivatives in (12).

Equating the expansions (1) and (14) we find the relations between the coefficients
in the alternate expansions for i(t):

= 1(0) ; = i(m) , 772 > 0 (17)

with a similar relation for the harmonic voltages. Note that 1 (0) has been arbitrarily
chosen to be real with no loss of generality in (14). since CA: if = O.

Consider the real and imaginary parts of hn , for in > 0, using (17):

/in /in , 772 > 0

Im r (I (m) + (_m) r(m) F(''_m)) /2 (18)

Im:i (1 (m) — (_m) — P(,m ) r(c_m)) /2j
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Using these

dI, =

expressions and the similar ones for the Vm , we can differentiate 1):

dim , + j dim; i rn > 0

L,
, ,r + i 777, , 2 d /7 -m.' ; r + (.2., ' r + 3 , . a

i
m , : i

s
x')-c-, Wm,, al- .• a im . . a im . i \

ni t =0 DIZm' ; r aymi ; r UV mi . • al/mi,i)

( aim: . . a Im, : ,\ 7\ avo;, + 3 •a vo;r j aV(o)

1 
C

-
r .  a Im:t 

5
-
 2— + 3

av,, r av-772 , :rm.'=1

•a / ; r 2 

3 AT AT -
UV m

f
: j UVmIj J

aIm,:r , . aim „	• aim : r aim:, 
+ + 3 ' ,

al
/
rni:r 

-t- 3 avn, ; r avm, .i avm , . •
(a/772: r . aim:, .a/m,r aim:i 

+ _ + 3  + 3 . ,. . '
a l/

m
i : r av-m , : r avny :„: avny , •

aim m z • a rn ; r aim z
	+ 3  3 -

• avm,:r 	at/rm, ; r avrn,.

where we've made use of the fact that Vo" = is real.
Performing a similar expansion starting from (17) and using (15) and (16),

di, diem) + . 172 > 0

E(Y( mm' ) dVi mi ) 37- 7.1 ainv))

(Y(m.o) 3
7
( d1/(0)

▪ E y(x_m,,,) 
(7719

rrif = 1

+ + , (-- ) (20)

Finally consider 1.
0 = 1(0) (real), making use of (13):

d.10 dI0 r

a i0. r d1/0
UVO:r

r JT
-vo r (0)

1 f ôI0:7- . DI
—
2 2---d ,m'=1 av •m 

r

(

oo A T,Ao:r
dl/m

.
 , • r + 

pi° . r
'

m , . 1 ay,/ : r ' Olimi.
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al/Cni:r

a Irn i

älm ;r (
a Vrn

y(n.my) Y(rn.-m1))
a

Re G ,= 
R ,rn ) Y(

a
(2S)
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and

di° 	di(o) diro) (d

) ( o.o)di (o)
1
9 (Yam') ai

rr-,/ =

+ Y(0 , -m o
) (11:Fm,

3:7( O. ) Trz. )-

3;1-1‘-r7-,1') dl ;7- )

Comparing (19) to (22) we find the following relations between the derivatives
needed for the Jacobian matrix and the small signal admittance matrix Y ,) ( when

= 0):
( - rn in' ) = 3/Trr,,rni

a/O:r
• = )(0,0)81-/

0 r

DIO:r 01();r
yo.Re }Om') avn , .

aim = 9 Im Yort,o)
aim; r 9 Re y(m,,o)

017 0,OV0,

93

(94

(23;

(26)

where m > 0 and rn! > 0 in (23) to (28).

C. Calculating the Small Signal Admittance Matrix

The small signal admittance matrix );(7„ .m, 1 must be calculated in order to perform
the RF conversion analysis of a heterodyne receiver. Tucker's theory provides the
following expressions for );(m., , ) in the case of an SIS mixer:

Y(m,m i ) =

2( '14
kliph) -1(1/b (k - mi)Vph

,h )

— ( Vo (k rn)Vph + 14 f ) + r(1/7
0 (k m — rni)Vph)] (29)

where V; = (h/e),..cif is the photon voltage of the IF frequency
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For w, f = 0. expression (29) becomes:

Y(m.mf �0)
cc

277111Ph
C [I(Vo VI -ph) — I(tio 7721)Y,h)

— I'(Vo (k m)li
ph) 	(Vo (k rn Trzi ) 17P 

h (:30)

Y(rr,,O)

9
 Ecc- [rn + kVi- 	) — (k m)Vph)]k+rn –Tr,' 0 ph 0 s (31)

The primes ( i ) on the currents in (31) denote derivatives of the I-V characteristic
curves (figure 2) with respect to voltage. A little effort with index manipulation in
(30) and (31) would suffice to show that these expressions satisfy (23). Now we have
all the information needed to perform the Newton-Raphson iteration (10).

D. Final Considerations

Once routines to calculate i(v) and the );( m., , ) have been developed, along with
more traditional circuit routines to determine the linear embedding network behav-
iors S and b s . the harmonic balance routine may be implemented. Expressions (9)
and (10) define the complex vector function of v and its Jacobian which are used by
the Newton-Raphson solver to perform the harmonic balance. The vectors and ma-
trices involved are potentially large, having dimension N ni ( m,,,, + 1), where ni is
the number of SIS junctions in the circuit and ni max is the number of harmonics to be
included in the analysis: each element must hold a pair of real numbers to represent
the complex quantities involved.

The potentially most time-consuming calculation in these expressions is the matrix
multiplication (. S)(di. dv) in the formula for the Jacobian. This calculation is not
as bad as it seems. however. because the matrices involved are block-diagonal. This
characteristic was previously described for di/ dv in expression (11). Consider the
elements of the matrices ( I = $). Since the embedding network is linear, it cannot
connect signals Nvith different frequencies: therefore the elements of S must look like
(using the same index notation as in (11)):

cnn A- cn.ni
' 7.71-m1 m

The elements of the matrix product in (10) are therefore:

017'7,11
= Sr') ,

and no summing over an index is required to perform the multiplication.

(3:3)
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I v. IMPLEMENTATION AND RESULTS

Routines to perform the calculations outlined above have been implemented and
included in an extensive C++ class library (named -Super.Mix" ) used to model SIS
mixers and receivers. This library includes a complete complex linear algebra capa-
bility as well as a multiparameter optimizer and is described in more detail in IT:. It
can perform gain and noise analyses of superconducting and conventional circuitry of
arbitrary complexity, including superconducting surface impedance calculations and
modeling of HEMT amplifiers. The source code of this library will he made freely
available. It compiles under the Free Software Foundation's freely available compiler
g++ and has been tested on Linux (Pentium) and Sun CltraSparc platforms.

Twin-slot, two-junction mixers as described in [8] have been modeled using Super-
Mix. A schematic block diagram of the circuit model is illustrated in figure 4. Not
shown is the dc bias circuit for the two junctions. which is modeled as an ideal voltage
source (battery). Note that the entire RF superconducting circuitry is included in the
model, including both SIS junctions. To illustrate some of the capabilities of the li-
brary interface, we have included figure 5, which shows the short C++ file which fully
specifies the physical design parameters of the twin-slot circuitry to SuperMix. The
parameter objects declared in the file are given initial values which may be modified
by the program. Because the circuit parameters are modifiable. SuperMix's optimizer
may be used to adjust them during program execution. The illustrated specification
file is for a "device 63", which is a mixer designed for operation in the 600 to 700
GHz range and which is described in detail in [8]. The SIS I-V characteristics used
are those shown in figure 2; SuperMix scales these normalized curves using the SIS
parameter data provided in the specification file.

Figure 6 shows various dc current-voltage characteristic curves predicted by the
model. The pumped curves show the effect of varying local oscillator (LO) frequency
around the design frequency of 650 GHz: the LO power at the antenna was held
constant at 200 nW. In this and subsequent figures the currents shown are the total
bias currents obtained by summing the currents from each of the two SIS junctions.
The values of these currents are found in elements of i(v) following a successful
harmonic balance calculation. Even though each harmonic balance considered both
junctions and three harmonic frequencies, the Newton-Raphson technique required
an average of only four iterations to converge to about 0.1% or better accuracy. On
average, a full harmonic balance took approximately 0.015 seconds to complete using
a 33:3 Mhz Sun Ultra 10 workstation (6.3 seconds total execution time: :324 harmonic
balances were required).

Figure 7 shows hot and cold load (RF background temperature) total IF output
power into 100 MHz bandwidth centered at 6 GHz. The LO power was set to 200 nW
at the antenna, with a frequency of 650 GHz. As with the other simulations shown.
the LO fundamental frequency plus two harmonics were included in each harmonic
balance and subsequent mixer analysis. The noise effects of the associated optics
and IF stage were not included in the figure 7 analysis, although SuperMix is fully
capable of including their effects as well. The curves were obtained by performing
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Fig. 4. Schematic block diagram of the twin-slot, two-junction mixer circuit used for the examples.
Each labeled block is a circuit element. Several of the labels correspond to the names used in
the SuperMix specification file shown in figure 5 and represent superconducting transmission
line elements. The splitter is an ideal power splitter which is used to feed the RF and LO signals
equally to the two slot antennas.

two complete harmonic balances (for the unpumped and pumped conditions) and two
complete RF conversion analyses. including conversion gain and noise calculations;
at each of Si bias points. The total execution time was under 10 seconds, of which
approximately 1.3 seconds were required for initialization (reading data files and
building interpolation tables). again on a 333 Mhz Sun Ultra 10 workstation.

As a final example. figure 8 compares a calculated Fourier-Transform Spectrometer
(FTS) response with a measured response for a device 63 twin-slot mixer. The FTS
technique is described in detail in [8]. FTS "response" is defined as the change
in mixer bias current in response to a large change in the RF background source
temperature as a function of RF frequency, normalized to arbitrary units in which
the peak response is set to approximately unity. There is no separate local oscillator
source: the back ground RF thermal energy serves as a very weak local oscillator
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// 63 Device specification file
// 2/1/99 FRR

// The superconductors used:
const sc_material & GP_MATERIAL = nb;
const sc_material Sc TOP_MATERIAL = nb;

// niobium ground plane material
// niobium top strip material

// SIS junction parameters
parameter RNA = 19.9*Ohm*Micron*Micron; // normal resistance - area product
parameter SCAP = 85.0*fFarad/Micron/Micron; // specific capacitance (per area)
parameter AREA = 1.3*1.3*Micron*Micron; // effective junction area
parameter VGA? = 2.8*mVolt; // SIS gap voltage
parameter VBIAS = 2.4*mVolt; // SIS bias voltage
const char * const IDC_FILE = "72_idc.dat"; // DC IV characteristic (normalized to Vgap and Rn)
const char * const IKK_FILE = "72_ikk.dat"; // Kramers-Kronig transform of the DC IV curve

// layer thicknesses:
parameter GP_THICKNESS = 2000.*Angstrom;
parameter TOP_THICKNESS = 2000.*Angstrom;
parameter MS_THICKNESS = 4000.*Angstrom;
parameter TUNE_THICKNESS = 2000.*Angstrom;

// ground plane
// top strip
// SiO layer generally
// SiO in tuning inductor

// Microstrip dimensions (width,length)
wl TR_1 = { 2.0*Micron, 37.7*Micron };
wl TR_2 = { 4.5*Micron, 41.1*Micron };
wl MS_S = { 2.0*Micron, 2.5*Micron I;
wl IF_1 = { 2.0*Micron, 44.0*Micron I;
wl IF_2 = { 10.0*Micron, 41.*Micron };
wl IF_3 = { 10.0*Micron, 1.0*Micron };
wl TUNE = { 5.0*Micron, 9.8*Micron };
wl TUN2 = { 5.0*Micron, 2.5*Micron };

// 90 degree radial stub dimensions:
parameter STUB_R = 36.0*Micron;
parameter STUB_L = 2.5*Micron;

(each entry is a parameter):
// transformer section 1
// transformer section 2
// bit between radial stub and TR_1
// if section 1 (nearest radial stub)
// if section 2
// if section 3 (nearest IF output)
// full length of tuning inductor
// tuning inductor between transformer and SIS

// radial stub radius
// length of strip from antenna into stub

// Local Oscillator and IF output parameters:
parameter LO_POWER = 50*Nano*Watt; // the LO power at the antenna
parameter LO_FREQ = 650.0*GHz; // the LO frequency
parameter LO_TEMP = 0.0*Kelvin; // thermal noise source temperature at input
parameter IF_FREQ = 6*GHz; // the IF frequency
complex_parameter IF_TERM = complex(50*Ohm);// the input impedance of the IF amplifier

// The antenna impedance information (these cannot change during runtime):
const char * const ANT_FILE = "Zslot.750"; // antenna impedance file name
const double ANT_FILE_FREQ = 750.0*GHz; // antenna center frequency used in the file data
const double ANT_TUNE_FREQ = 650.0*GHz; // the actual antenna design center frequency

// Mixer calculations:
int HARMONICS = 3;

// The receiver temperature (remains constant during runtime):
const double TEMPERATURE = 4.0*Kelvin;

Fig. 5. SuperMix specification file for the twin-slot mixer shown in figure 4. Nearly all of the
numerical values may be modified as required during program execution: this file provides initial
or default values.

294



31 2
Bias Voltage (mV)

600

---  80 K Load
— 290 K Load

1.-4(-1 •1 400

0

u_ 200 -

Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

400 -
- - - 600 GHz LO

 650 GHz LO
— 700 GHz LO

65 200 -

0

1 2
Bias Voltage (mV)

Fig. 6. Calculated pumped IV curves for a 650 GHz twin-slot, two-junction mixer. LO power 200
nW. The unpumped curve is also shown. The sum of the bias currents for the two junctions
was calculated every 0.05 mV for a total of 324 points for the four curves. Each point required
a full harmonic balance using 3 harmonics. The total execution time was 6.3 seconds on a 333
MHz Sun Ultra 10.

Fig. 7. Calculated hot and cold load IF power curves into a 200 MHz IF bandwidth centered at 6
GHz for a 6:50 GHz twin-slot mixer. LO power 200 nW. The IV curves are also shown. Only the
superconducting mixer circuitry is modeled: noise contributions of the optics and IF amplifier
are not included. Required 162 complete harmonic balance calculations and 162 mixer gain and
noise analyses: execution time was under 10 seconds on a 333 MHz Sun Ultra 10.

3 4
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\

- Measured

Fig. 8. Calculated and measured FTS response curves for a 650 GHz twin-slot mixer (device 63).
Bias voltage was 2.0 mV. 802 harmonic balances were required to calculate the curve shown;
execution time was 11.7 seconds. The text describes how the simulated response was calculated;
at the peak, the calculated change in bias current is only 3 parts in 106.

which slightly pumps the junctions in the mixer. To model this measurement using
SuperMix, the program balances the mixer for a very small LO power (0.1 picoWatt
was used to generate figure S); it then rebalances the mixer with the LO source
turned off. The resultant change in the total calculated dc bias current drawn by the
two junctions is then output as a function of LO frequency. The calculated current
differences in the simulation are extremely small--only 31 picoAmps at the peak of
the curve (3 parts in 10 6). The fidelity of the result demonstrates the precision of
the harmonic balance calculations. The curve shown was calculated every 2 MHz,
requiring 802 total harmonic balances. Execution time was 11.7 seconds, again giving
0.015 seconds per harmonic balance. The similarity of the calculated and measured
responses is evident in the figure 8; it is important to note that no adjustment of free
parameters was done to the mixer model in order to optimize the match of the curves;
the parameters shown in figure 5 were the values used by the simulation, except that
the bias voltage was set to 2.0 mV to match that used for the measured response.
The only adjustment was to uniformly scale the calculated bias current responses
(following the program run) to match the scaling used by the measured data.

296



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

ACKNOWLEDGEMENTS

This work was supported in part by NASA/J1 3 1, and its Center for Space Micro-
electronics Technolo gy. by NASA grants NAG5-4890. NAGW-107, and NAG2-1068,
by the NASA/USRA SOFIA instrument development program, and by the Caltech
Submillimeter Observatory (NSF grant AST-9615023).

REFERENCES

:1] S. Withington and E. Kollberg. "Spectral-domain analysis of harmonic effects in superconducting quasi-
particle mixers,.. IEEE Trans. Microwave Theory Tech., vol. 37, pp. 231-238, 1989.
A. Kerr. S.-K. Pan. and H. LeDuc. An integrated sideband separating SIS mixer for 200-280 GHz,"
Proc. Ninth International Symposium on Space Terahertz Tech., pp. 215-221, 1998.
S.-C. Shi. T. Noguchi. J. Inatani. Y. Irimajiri, and T. Saito, "Experimental results of SIS mixers with
distributed junction arrays. - Proc. Ninth International Symposium on Space Terah.ertz Tech., pp. 223-
234. 1998.

-47 G. Chattopadhyay. D. Miller. and J. Zmuidzinas, "A 550 GHz dual polarized quasi-optical SIS mixer,"
Proc. Tenth International Symposium on Space Terahertz Tech., 1999.

Lj R. Hicks and P. Khan. "Numerical analysis of nonlinear solid-state device excitation in microwave cir-
cuits... IEEE Trans. Microwave Theory Tech., vol. 30, pp. 251-259, 1982.

[6] J. Tucker. "Quantum limited detection in tunnel junction mixers," IEEE Jour. Quantum Electronics,
vol. 15. pp. 1234-1258. 1979.

[7] J. Ward. F. Rice. and J. Zmuidzinas. "SuperMix: a flexible software library for high-frequency circuit
simulation. including SIS mixers and superconducting components," Proc. Tenth International Sympo-
sium on Space Terahertz Tech.. 1999.
M. Gaiciis. H. LeDuc. M. Bin. D. Miller. J. Stern, and J. Zmuidzinas, "Characterization of low-noise
quasi-optical SIS mixers for the submillimeter band," IEEE Trans. Microwave Theory Tech., vol. 44,
pp. 1130-1139. 1996.

297



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999
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ABSTRACT - Quasi—optical planar circuits include large arrays integrated with non-
linear devices. Their design requires the modeling of the planar array as well as the
characterization of the active devices. In this paper we present a method for the
calculation of the voltages induced on the elements of a planar array by the input beam,
as well as the evaluation of the array impedance matrix. These parameters, together with
the active device modeling, allow for a full characterization of the quasi—optical circuit.

1. INTRODUCTION

In the recent years, a considerable attention has been devoted to the design and

modeling of quasi—optical circuits [1]. They find many applications (mixers, frequency

multipliers, amplifiers, etc.) in the microwave as well as in the millimeter—wave range.

Moreover, they are relatively easy to fabricate, small and light, and represent a very

attractive solution for circuits operating in the submillimeter—wave range.

In many millimeter—wave applications, quasi—optical circuits consist of a planar array

of antennas on a semiconductor substrate, monolithically integrated with non—linear

devices. In order to improve the system performance, it is typically required the use of

external filters and of dielectric matching layers (Fig. 1) [2].

The design of a quasi—optical circuit requires, on one hand, the characterization of the

active device (Schottky diode, HBV, Gunn diode, etc.), and, on the other hand, the

electromagnetic modeling of the whole structure, including the planar array, the filters

and the dielectric layers.
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Fig. 1 — Complete setup of a quasi—optical circuit for millimeter—wave applications.

The global modeling provides a multi—port equivalent junction, each port being

connected to a non—linear active device (Fig. 2).

Many research groups have been involved in the accurate modeling and

characterization of active devices [3,4], achieving an excellent level in the device

optimization. On the contrary, less attention has been devoted to electromagnetic issues.

The use of commercial software may result not satisfactory, due to the long computation

time and, consequently, to a cumbersome optimization process.

Fig. 2 — Equivalent circuit model of a quasi—optical active circuit.
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In this paper, we present a fast and rigorous method for the electromagnetic

characterization of the linear part of the quasi—optical circuit. This analysis provides:

i) the voltages induced at the antenna terminals of a planar array by the input beam

(typically gaussian);

ii) the impedance matrix of the planar array.

This approach is very efficient from a computational point of view, since the

calculation of both the voltages and the impedance matrix can be reformulated under the

infinite array approximation. Moreover, the algorithm is very flexible: the array

geometry, as well as the position and characteristics of filters and dielectric layers, can be

given arbitrarily.

2. CALCULATION OF THE VOLTAGES

For the calculation of the voltages induced at the antenna terminals, we consider an

input beam with a gaussian transverse distribution on the plane of the array (Fig. 3). This

hypothesis well represents a typical setup of quasi—optical structures, where the field

radiated by a horn is focused on the array by a system of mirrors.

Even if the array has a finite transverse dimension, the incident field effectively

illuminates only a portion of the array: as a consequence, from an engineering point of

view, the edge effects can be completely neglected and the array can be considered as an
infinite array.

Fig. 3 — Planar array exited by a gaussian beam.
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In order to calculate the voltages induced on the array elements, the incident gaussian

field Ein` can be approximated by the combination of a set of uniform plane waves

incident from different directions

is K,
E

inc

(x, y, z) = Fmne
j( 

m
x + v) 

e
_v z

m,n=—N

where

2Anwo
Fmn =

T2

w(1C2
xm 	)
4

j
.  

K

Y„, 
ilz

= —

2n

m = k sirramn cos ymnxm T

K = — fl = k sini5mn sin (pninYn T

ymn 110(2x. + K 2v. k2

(5)

Moreover, k = ojEi is the wave—number at the operation frequency, O nin , ymn

represents the direction of the (m,n)—th incident plane wave, T is the transverse

dimension of the array and A and wo are the amplitude and the beam waist of the incident

gaussian field, respectively.

Each plane wave determines a periodic excitation of the array. Therefore, due to the

periodicity of the array and of the excitation field, the calculation of the voltages induced

on all the array elements by each plane wave can be performed under the infinite array

approximation. With this assumption, the analysis of the array reduces to the

investigation of a single unit cell (Fig. 4).

Fig. 4 — Elementary cell of the array.
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The elementary cell of the array is a rectangular waveguide with periodic boundary

conditions [5]. It includes a metal screen, with an arbitrarily shaped aperture. and

(possibly) a layered medium stratified along with the z direction. The layered medium

inside the waveguide accounts for the presence of filters and dielectric slabs.

The aim of the work becomes the calculation of the partial voltages V,To n , due to the

single plane wave (m,n) on a generic array element (a,13). These voltages have the same

amplitude on all the array elements and a periodic phase shift depending on the angle of

incidence of the plane wave and on the position of the element in the array.

The analysis of the unit cell is based on the equivalence theorem and on an integral

representation of the fields. The resulting integral equation is solved by the Method of

the Moments [6].

Once the partial voltages induced by all the plane waves on the unit cell have been

computed, the total voltages on all the array elements can be obtained using the

superposition of the effects.
In such a way, we reduce the calculation of the voltages on all the array elements to

the solution of a number of "small" problems (one for each plane wave used in the

gaussian beam representation).

3. CALCULATION OF THE IMPEDANCE MATRIX

The method applied in the calculation of the impedance matrix is similar to the one

previously presented for the evaluation of the voltages.

In the case of an array, the generic element of the impedance matrix is defined as

I k = 0 Vk�j

(6)

where Ij is the test current applied to the terminals of the j—th element of the array—being

all the other elements open circuited—and V i is the voltage induced by the same current

on the i—th element.
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The test current 
I 

is defined on a narrow strip, connecting the terminals A—B. We

observe that it is possible to represent the filament of current on a single cell as a

summation of a finite number of periodic excitations

( X y) =, ir-nn (X y) — G
J ' J

nr.n j(Kxm x + Kyn y)

m,n=—N

Each current Irn is periodic and defined on all the elements of the array. Therefore, the

infinite array approximation can be applied, and the problem reduces to the investigation

of a single unit cell of the array. The aim of the work, in this case, is the calculation of

the voltage Vi
mn on the i—th element of the array, due to the impressed current Irn . As

shown in the previous section, the voltages on all the elements can be deduced from the

voltages on an element taken as a reference. In fact, all these voltages have the same

amplitude, and a periodic phase shift depending on the position of the element in the

array.
The calculation of these voltages is based on an integral method, and is exploited

using the Method of the Moments [7]. Once the voltages due to all the excitation currens

have been calculated, the voltage V i is found by the superposition of the effects.

4. CONCLUSIONS

The approach we present in this paper is very efficient, from a computation point of

view. In fact, the analysis of a finite array with a non—uniform excitation is reduced to a

number of "small" analyses, each performed under the infinite array approximation.

Furthermore, this method is very flexible, since the array geometry, the shape of the

antennas and the characteristics of the layered medium (filters, slabs) can be given

arbitrarily.

This algorithm has been implemented in a Fortran code, which represents a useful

CAD—tool for the analysis and the design of quasi—optical structures, e. g. frequency

multipliers [8].

(7)
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ABSTRACT - In this paper, we present an efficient algorithm for the analysis of Frequency
Selective Surfaces, which consists of a periodic array of arbitrarily shaped apertures in a
conductive screen. The effectiveness of our algorithm strongly depends on the
application of the Boundary Integral—Resonant Mode Expansion (BI—RME) method. The
computational efficiency and the flexibility of the method are discussed through some
examples.

1. INTRODUCTION

Frequency selective surfaces (FSSs) typically consist of a metal screen, perforated by

periodic apertures of arbitrary shape, possibly backed by a dielectric layer (Fig. 1). FSSs

find several applications as antenna sub—reflectors, quasi—optical filters and polarizer

grids in the microwave and in the millimeter—wave range [1].

In this paper, we present a novel approach for the analysis of FSSs. In our analysis,

the shape of the apertures can be given arbitrarily. Moreover, we consider both thin and

thick metal screens.
Our approach is based on the equivalence theorem and on the representation of the

fields as a modal expansion. The fields in free space are given as a summation of Floquet

modes, whereas the fields on the aperture S are expanded on the modal fields of the

waveguide of cross—section S.
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perforated metal screen

Fig. 1 — Structure of a frequency selective surface.

The analysis requires the determination of the mode spectrum of the waveguide and the

calculation of the coupling integrals between the waveguide modes and the Floquet

modes on the aperture S.

The waveguide modes are determined by the Boundary Integral—Resonant Mode

Expansion (BI—RME) method [2] in a fast and reliable way. Moreover, the calculation of

the coupling integrals can be obtained as a by—product of the BI—RME analysis.
This algorithm has been implemented in a computer code. An example proves the

effectiveness and the accuracy of the method.

2. ANALYSIS OF THIN FSSs

An algorithm for the analysis of periodic arrays of apertures in a thin—screen metal

layer is presented in [3]. Using the equivalence theorem, the problem is split in two parts

(Fig. 2). The aperture S is closed by a metal screen and two sheets of (unknown)

magnetic current densities M and —M are defined on the opposite sides of the screen.
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aperture S dielectric layer

Fig. 2 — Equivalent problem for the analysis of thin frequency selective swfaces.

The continuity of the tangential component of the electric field is automatically

guaranteed by the proper choice of the magnetic current densities, equal in amplitude and

opposite in phase.

The value of the unknown M is determined by imposing the continuity of the tangential

component of the magnetic field across the aperture S

11 1 ' (r) + 11 - (r) H+ (r) on S (1)

where H inc is the (given) incident magnetic field, i.e., a plane wave incident at an

arbitrary angle. Moreover, H + and H - are the magnetic fields which propagate in

direction z and —z, respectively, due to the magnetic current densities defined on S.
Using the Floquet theorem [4], the magnetic fields in free space are expressed as a

summation of Floquet modes dim . In particular, the fields H + and H- are defined as

follows

11 - (r) = Yr; dim 5M(r) . 4t dS (2)

11 + (r) = m M (r ) dS (3)

where Yr; is the modal admittance of the m—th Floquet mode, and Y, 4„; is the modal

admittance seen through the dielectric layer (Fig. 2).

Using (2H3) in (1), we obtain an integral problem, which is solved by the Method of the

Moments (MoM). In the application of the MoM, the magnetic current density M is

307



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

expanded on a set of basis functions, corresponding to the magnetic modal fields li g of

the waveguide of cross—section S

M = xq h q 	(4)

As discussed in [3], the choice of entire domain basis functions, which satisfy the right

boundary conditions, is very convenient, since it leads to a matrix problem of small

dimension.

After expanding M using (4) and testing the continuity condition (1) using the same

functions h q , the following matrix problem results

[A]M= [13] (5)

where

Aqi = (Ym
+ + YT; h q - dim

* dS h i dim dS (6)

B i = 2 fh i -1-l inc dS (7)

If Hinc is a plane wave, it can be expressed as a combination of Floquet modes. Thus,

the integral appearing in (7) can be written as a combination of the integrals appearing in

(6), i.e., the coupling integrals between the waveguide modes and the Floquet modes.

Therefore, this analysis requires i) the determination of the mode spectrum of a

waveguide of cross—section S, and ii) the calculation of the coupling integrals between

the waveguide modes and the Floquet modes.

If the aperture S has a conventional shape (rectangular or circular), both the mode

spectrum and the coupling integrals are known analytically [5]. On the contrary, if the

shape of S is arbitrary, a fast and reliable algorithm is required, to numerically evaluate

the waveguide modes as well as the coupling integrals.

In this work, we apply the Boundary Integral—Resonant Mode Expansion (BI—RME)

method [2] to perform the evaluation of the mode spectrum of the waveguide. The BI-

RME method provides the cutoff frequencies and the normalized modal fields in a

prescribed frequency band. This method is accurate and reliable, with no risk of either

missing some modes or yielding spurious solutions.
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With regards to the calculation of the coupling integrals, it can be proved that the

surface integrals on S can be reduced to contour integrals on the aperture boundary as

h dS =
th 2 2 \ f an m (8)

Ki k& m Ki as

(9)

sih' i -de*m dS =0 (10)

h" i 	dS = – —

1
 (p i (n ) de (11)

K.I as

h" i -dem dS = Ki (n • den, ) df (12)
(KT –IC-m ) as

Sh" i 	dS = – —

1

 .1 (p i (n ) de (13)
Ki 

as

In expressions (8)–(13), the superscripts prime, double prime and zero refer to TM, TE

and TEM modes, respectively. Moreover, ij and (p i are the potentials of the TM and TE

waveguide modes, and m s the potential of the Floquet modes; K i and km are the

resonance wave–numbers of the waveguide and Floquet modes, respectively. Finally, n

is the outward unit vector normal to S.
Integrals (8)–(13) involve the potential (p i of the TE waveguide modes and the normal

derivative of the potential ii i of the TM modes, on the aperture boundary as. It is worthy

noting that both these quantities are provided by the BI–RME method as a by–product of

the mode calculation. Moreover, the Floquet modes are known analytically. Therefore,

the calculation of the coupling integrals can be efficiently performed by a numerical

integration.

Occasionally, if K k relations (8) and (12) are not applicable: in these cases, the

numerical integration on the surface S is required.

dS =0
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3. ANALYSIS OF THICK FSSs

The theory presented in the previous section can be extended to the analysis of thick—

screen FSSs. The approach is very similar: using the equivalence theorem, the problem is

split in three parts (Fig. 3).

The electric and magnetic fields are expressed as a summation of Floquet modes dim

in regions I and III, and as a summation of waveguide modal fields h q in region II. The

magnetic current densities M 1 and, 1%/12 ensure the continuity of the fields across the

apertures S 1 and S2

By imposing the continuity condition at the apertures S 1 and S, and applying the

MoM, an integral problem similar to (5) is obtained.

It results that, also in this case, the only significant computational efforts are the

determination of the mode spectrum of the waveguide of cross—section S and the

calculation of the coupling integrals (8)—(13) between the waveguide modes and the

Floquet modes.

Therefore, all the advantages deriving from the use of the BI—RME method well apply

also in the case of thick—screen FSSs.

aperture Si aperture S2 dielectric layer

M 1 M2

metal screen 1

II III

Fig. 3 -- Equivalent problem for the analysis of thick—screen frequency selective sutfaces.
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4. VALIDATION OF THE METHOD

In order to validate the method described in this work, we report the analysis of a FSS

firstly presented by Mittra [1]. The filter (Fig. 4) consists of a free—standing array of

apertures in a thin metal screen. Each aperture has a Jerusalem—cross shape.

The analysis with our code on a workstation Sun Ultra 10 required only 30" for

calculating 30 waveguide modes and the corresponding samples on the boundary as, and

230" for calculating the reflection and transmission coefficients in 15 frequency points.

Fig. 5 shows that our results are in good agreement with the ones reported in [1].

■••■•■

Fig. 4 — Unit cell of the FSS proposed in W. Dimensions: t=0.19 cm, P=1.52 cm.

4 6 8 10
frequency [GHz]

Fig. 5 — Transmittance of the Jerusalem cross FSS
(solid line = our simulation, markers = from literature [1] )

12
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5. CONCLUSIONS

This paper presents an efficient algorithm for the analysis of thin and thick frequency

selective surfaces.

The analysis requires the determination of the mode spectrum of an arbitrarily shaped

waveguide and the calculation of the coupling integrals between the waveguide modes

and the Floquet modes. We apply the BI—RME method for the determination of the mode

of the waveguide, and obtain the calculation of the coupling integrals as a by—product of

the BI—RME analysis.

An example demonstrates the accuracy and the rapidity of the method.
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Abstract

The accurate design and successful implementation of very high frequency nonlinear
circuits requires both a detailed understanding of the physical operation of the active
devices and of how these nonlinear devices interact with the linear embedding circuit.
This work addresses the specific task of establishing a robust simulation tool that can be
used to for the future design of GaAs Schottky diode multipliers at terahertz (— 0.3-10.0
THz) frequencies. This paper will present an entirely new algorithm for the optimization
of these combined multiplier elements. In this novel approach, the available second-
harmonic power of the diode is first optimized over all allowable diode excitation
voltages and harmonics.

I. INTRODUCTION

It is well known that energy-transport effects become important above approximately 300
GHz, where the oscillation period becomes comparable to the intrinsic energy relaxation
time in GaAs (— 3 picoseconds). Hence, the accurate modeling of the electron dynamics
within reversed- or forward-biased GaAs Schottky diodes, even in the lower portion of
the terahertz frequency band, requires the incorporation of a hydrodynamic, or energy-
transport. approach. The specific focus of this paper is on energy transport effects and
their influence on the harmonic multiplication within reversed-bias Schottky-barrier
varactor diodes. Equally important to the characterization of diode multipliers is the
optimization of the nonlinear element to the externally coupled embedding impedance.
Here, the second-harmonic power (i.e., current and voltage) of the matched diode is
optimized before constraints on embedding impedance, local voltage and dc bias are
specified. The key of this approach is the reduction of systems variables by an efficient
mathematical ordering of the optimization procedure. Specifically, this new method
reduces the typical optimization problem (i.e., where device and circuit are considered
simultaneously) for a doubler, where 2 harmonics are considered, from n+2 variables to n
variables. As will be shown, this approach leads to a significant computational advantage
for Schottky-diode multiplier design.

In this paper, a one-dimensional time-dependent simulation algorithm is presented which
employs a fully hydrodynamic transport model (i.e. first three moments of the Boltzmann
equation) to describe the diode physics within the depletion and bulk regions. These
preliminary studies consider diode operation in the lower portion of the terahertz band
(i.e. < 1 THz ) where electron momentum relaxation is not a factor. These studies assume
a reversed-biased situation and employ appropriate boundary conditions at the barrier
interface. Specifically, boundary conditions include an energy-dependent constraint on
the thermionic-emission current and an energy-dependent constraint on the energy-flow
density. In addition, this work combines the physically accurate diode model with a
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modified harmonic-balance algorithm to determine diode-circuit designs that maximize
power generation and/or power efficiency in the second harmonic. The modified
harmonic-balance method utilizes a novel two-step procedure where the available
doubler-power and the second-harmonic diode-impedance is first derived as a function of
first and second harmonic diode excitation. The harmonic diode-voltages and second-
harmonic diode-impedance at the optimum power-point are then used define the matched
embedding impedance and the optimum local-oscillator (LO) voltage. Note that the
optimum values for both the direct and alternating components of the LO source are
derived. The utility of this simulation tool is illustrated by comparing to prior studies, by
others, that employed traditional drift-diffusion transport models, Monte Carlo transport
models and a conventional harmonic-balance algorithm. Specifically, this work
demonstrates a computationally efficient and accurate physical description as well as a
more robust approach for circuit optimization.

II. PHYSICS-BASED DIODE MODEL

These multiplier studies utilize a physics-based Schottky-diode model accurate for both
momentum and energy relaxation effects. Here, a one-dimensional time-dependent
simulation algorithm is implemented that employs a fully hydrodynamic transport model
(i.e. first three moments of the Boltzmann equation) to describe the diode physics within
the depletion and neutral regions. The application this type of approach will be necessary
for GaAs diodes operating at terahertz frequencies because energy relaxation is important

above 300 GHz (i.e., since r. 3.0 x10 -12 seconds) and momentum relaxation is

important above 1 THz (i.e. since r,n 0.25 x10 -12 seconds). While our method is fully
amenable to momentum relaxation these initial studies will consider device operation
below 1 THz and the explicit time-dependence on current density (i.e., momentum) in the
momentum balance equation will be suppressed for computational convenience. These
studies consider the large-signal operation of a Schottky-barrier varactor frequency
multiplier and will therefore consider diodes under time-dependent reverse-bias up to the
breakdown voltage. Hence, these studies assume a reversed-biased situation and employ
traditional boundary conditions at the barrier interface. Specifically, boundary conditions
include an energy-dependent constraint on the thermionic-emission current and an
energy-dependent constraint on the energy-flow density.

Hydrodynamic Transport Model

The electron-transport model equations used here are similar to that in [1]. Specifically,
the time-dependent hydrodynamic model used in this study conserve electron density, n,

electron charge-flux, Jn , and average electron energy, w„ , according to

q
— V (J„)= 0

—a

j„=qD„Vn+n,11„(kBVTe—qVv).

Owa(nwn) 
+V g„ = j„ * V W ±n(

„

e t
)-at
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and derives self-consistent, y, , potentials from Poisson's equation

V - (e V v) = q(n— ND ) . (4)

Here, q is the free electron charge, D„ is the diffusion coefficient, ,u,, is the electron

mobility, k B is the Boltzmann constant, Te is the electron-gas temperature, ,§„ is the

electron energy-flux density, e is the electric permittivity and N is the donor
concentration. The diffusion coefficient is determined from the generalized Einstein
relation

n 
k

B
r

e 

q

The electron energy flow gn is given by

j,
= —K nVre — (w„ + k BTe) —'

The thermal conductivity K„ is related to the mobility Il i, by the Wiedmann-Franz law

K = (-
5

+ c)qpig„(-2---)2'7 2

where c is an adjustable parameter, taken here to be —1/2. The average electron energy
wn is defined using the usually thermal approximation (i.e., drift component ignored)

wn = —
3

kBTe.
2

The collision terms are modeled by the relaxation-time approximation. The energy
collision term in (3) is expressed as

w„ W
n
 

—W0 
=t

where wo 3 ic,7" 12 is the equilibrium energy at the lattice temperature To and r is the

energy relaxation time. In this work, a constant relaxation time, r = 3 ps, has been
utilized [11 The diffusion coefficient is defined from the generalized Einstein relation (5)
where a general mobility with a temperature dependence is assumed. For free particle
path-lengths much less that the epitaxial layer width, the mobility dependence on electric
field. F —V w . can be approximated by [1]

(5)

(6)

(7)

(8)

(9)
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P(F) v , Fo4
„ 

1 +(F/F0)4

where [10 is the low-field, doping-dependent mobility, v s, is the saturation velocity and

F0 is the critical electric field. Here, v sa, .1.5 x10 5 m/s and Fo = 4.0 x10 5 Vim has been
utilized. The doping-dependent mobility is given by

_Loo

110 =
1 + [log(NT )/ B]"

where NT is the total doping density (here total ionization is assume so N 7 = ND ). Here,

Poo = 0.838 rn2/V-s, n = 23, and B = 23.26 are used for GaAs. A temperature-dependent
mobility may be obtained by requiring the energy transport equation in the spatially
homogeneous bulk to be consistent with the empirical field dependent mobility.
Specifically, the energy-balance equation for a spatially homogeneous semiconductor
yields

win (F)F2 3 kB (Te — T0)

2

which can be solved self consistently with Eq. (10) to determine mobility as a function
Te . The previous model was utilized in this work to incorporate the effects of electron
energy into the time-dependent operation of a reverse-bias Schottky varactor embedded
into an arbitrary tuning network. A consistent and physically accurate set of boundary
conditions will now be presented.

Boundary Conditions at the Schottky and Ohmic Contacts.

The accurate implementation of the hydrodynamic model to diode operation requires that
an appropriate set of boundary conditions be applied to the device. Here, we will consider
the case where a reverse bias is maintained on the diode during large signal operation. It
is also important to note that the boundary conditions used in the physical devices must
be applied at the ohmic-contact (i.e., at z = L , where L is the diode epitaxial length) and

on the semiconductor-side of the Schottky-contact (i.e., at z = 0 + ). In this investigation,
conditions on the electron potential, electron density and electron temperature were
enforced at both contacts. Here, nonlinear, mixed boundary conditions [1] were employed
at the Schottky-contact to allow for nonequilibrium variations in density and energy.
These boundary conditions are physically accurate and reasonable for reverse-bias diode
operation, see discussion in [2].

The potential applied to the diode is defined in terms of the shift in the Fermi-energy
between the Schottky-contact and the ohmic-contact. Hence, if y(L) is used to denote
the potential energy at the conduction-band edge of the ohmic-contact then the electron
potential at the semiconductor-side of the Schottky contact is given by

(10)

(12)
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v(o+ )= v(0- )-4 = v(L)-4 — EFO +VD' (13)

where VD is the diode applied bias, çb is the metal-semiconductor barrier height and EF,9

is the difference between the Fermi-energy and the conduction band edge at the ohmic
contact. The potential at the ohmic-contact v(L) is used as the reference voltage and is
kept constant during a simulation

The electron concentration at the ohmic-contact is assumed to be in dynamic equilibrium
with the reservoir and therefore specified as

n(L) = N D (14)

The carrier concentrations at the Schottky-contact are determined from Sze's thermionic-
diffusion theory [1]. The electron concentration is defined dynamically from the electron
exchange between metal and semiconductor. Here, the relative recombination velocity for
electrons in the semiconductor, v  in the metal, vm , are employed. Hence, the
thermionic-emission current of electrons across the metal-semiconductor boundary is
expressed as

J,E (0' ) = q(vs n(0 )—v1nivf) (15)

where n(O ) is the electron concentration in the semiconductor at the interface and nm is
the electron concentration in the metal with energy enough to reach the conduction band
of the semiconductor. This electron concentration is given by

= Ar
c exp( ) 

•kBT,
013 (16)

where Ar
c. is the effective density of states. A hemi-Maxwellian distribution at the

interface is use to approximate the electron recombination velocity in the semiconductor
as

vs = jkB Te (0
± )/ff m„ , (17)

and in the metal as

V „ =1.1kBToirm„ (18)

where, To is the lattice temperature.

The electron energy, or electron temperature, at the ohmic-contact is assumed to be in
dynamic equilibrium with the reservoir and therefore specified as

T(L)=To (19)
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The condition on electron temperature, at the Schottky-contact, is determined such that
the energy crossing the boundary, derived from a recombination velocity model, is
consistent with the energy-flux terms of the physical model. Here, energy carried by
electrons passing from metal-to-semiconductor is balanced against energy carried by
electrons passing from semiconductor-to-metal to derive the phenomenological energy-
flux boundary condition [1]

S„(0 + ) = VM n„,, er5 kB T, —vs n(0 + )Sk,Te (0
+ ), (20)

where 8 = 2 is used. The hydrodynamic electron transport model was solved subject to
the previous boundary conditions to provide a physically accurate description for
Schottky-diode varactor operation.

III. VARACTOR FREQUENCY-MULTIPLIER NUMERICAL SIMULATION

Harmonic-Balance Technique

While an accurate model for the physical diode is very important as one attempts to
design varactor multipliers at very high frequencies, the ability to effectively couple the
device to the proper embedding impedance is of paramount importance. In fact, the
majority of the analytical and numerical effort involved in realizing efficient multipliers
is expended in the matching of the nonlinear device to the embedding circuit [3]. For
example, many harmonic-balance methods have been derived (e.g., accelerated fixed
point [4] and multiple reflection algorithm [5]) to improve the matching of the various
harmonics between nonlinear device and linear circuit. Here the difficulty lies in the large
number of iterations that are required to optimize power-efficiency of a given nonlinear
element over both embedding impedance and local oscillator (LO) voltage. This problem
becomes compounded for optimization over the physical diode design and in circuits that
contain many nonlinear device elements [6]. Of course, in some situations where multiple
diodes are involved equivalent-circuits can be developed that reduce groups of diodes to a
single nonlinear element.

When a conventional harmonic-balance (HB) algorithm is applied to the analysis of a
varactor-doubler the problem is to optimize the second-harmonic generation. Here,
embedding impedances are selected for the first- and second-harmonic circuits and short-
circuit conditions are assumed at the higher harmonics. While there are many HB
techniques one of the most popular is the multiple reflection algorithm [5] that seeks to
smooth transients via the introduction of a loss-less transmission-line section. This
relaxation method, which in some cases requires long convergence times, has been
improved by Tait [4]. Regardless of the exact mathematical algorithm employed, the
primary challenge in the design of a doubler is to determine the embedding impedance
that will yield the maximum second-harmonic power. In the conventional approach, the
physical model of the Schottky diode is used in conjunction with the HB algorithm to
optimize the second-harmonic power. Specifically, the HB technique will iterate between
the Fourier-domain solutions of the circuit(s) and the current/voltage harmonics derived
from steady-state time-domain simulations of the diode. Since this combined Fourier-
domain and time-domain analysis inevitably leads to extensive iterations and to a large
computational cost, it is natural to seeks alternative methods that reduce the numerical
burden of the optimization task. In the simulations presented here, a new two-step
procedure has been utilized to achieve this goal. This modified HB algorithm introduces a
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new optimization constraint that enables a natural separation of the device-circuit
problem. Specifically, this procedure allows the current/voltage harmonics of the
nonlinear device to be optimized independently of the external circuit. Subsequently, the
optimum embedding circuit can then be derived from a very simple analysis.

The key to this simplified approach is to formulate the optimization-problem of the
varactor-doubler in a completely different way. Specifically, to recognize that the
available-power of the diode at the doubler-frequency may be optimized a priori (i.e.,
independent of the external circuit) and that the Fourier results can be used, subsequently,
to determine the embedding impedance and LO voltage. While this technique represents,
in a manner of speaking, a inverse transformation of the conventional problem, it is
completely valid and offers definite computational advantages. The technique is outlined
in the text that follows. Invoking the normal assumptions that the nonlinear diode-
element of a doubler experiences first- and second-harmonic voltage excitation, it is
possible to express the total instantaneous voltage across the diode as

vp (0 = —1 1/Do FC1 CO*0 +V(
.
2 cos(20) t) -1- Vs 2 sin(2o) t) (21)

where, co , is the fundamental angular frequency and V„ 0 , Vci , Vc , and Vs, is the dc,
first. and second harmonic voltages, respectively. Note, the absence of the first sine-
harmonic is completely general in that one only needs a specific time-reference point.
The assumption that these harmonics are known and presented to the diode, only require
that we assume that the first- and second-harmonic embedding impedances are matched
and that the higher-harmonics are subject to an short-circuit. While a traditional I-1B
algorithm is able to treat arbitrary embedding impedances, these imposed conditions are
ones that are optimal for the final design. Hence, they are completely consistent with an
optimization of the varactor-doubler. The main goal of the technique now is to maximize
either (1) the second harmonic power available from the diode, or (2) the overall
efficiency of diode-doubler. The first-harmonic power delivered to the diode is,

Pi 
M. 

Vc i l c i /29 (22)

and the available second-harmonic power from the diode is

= (
V

C. 2 
/

C
 
2 + 

V
C

 
2 IS 2 )12 (23)

The simple relations then in Eqs. (22) and (23) can now be used to optimize multiplier
operation. The first step in the problem is to maximize either P., , or P2 /./), , over the four-

dimensional space (V0 ,V
s2

 ) Here, the current harmonics '(1 , IC2 , and 'S2

supplied by Fourier transform of time-domain simulations from the physical diode
model according to

'D (r) = 'DO + 1{Ic k cos(kco + Is k sin(k co t} (24)
k.1

Note that this new approach offers an immediate reduction in problem complexity as
compared to the conventional HB approach. Specifically, the traditional HB method will
maximize the nonlinear diode-circuit problem over LO voltage (dc and ac) and over the
real and imaginary parts of the first- and second-harmonic embeddin g, impedance which
is a six-dimensional space. It should be noted that this reduction from N to N-2 in the
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double problem also occurs in the analysis of a varactor-tripler due to symmetry
considerations.

Once the optimization over diode-voltages has been completed. the matching embedding
impedances are easily determined from

R, = 2P, (25)

x1 = R, I si (26)

R 2 = 2P2 M: 2 t
r:; .2 ) (27)

X2 = (V S2 I C l IS2 VC2 )/(/C2. 2 /52'2 (28)

The final step to the procedure is to derive the optimum LO voltage. Shifting the time
reference-point again (i.e., by 6) so that the fundamental harmonic of LO voltage only
depends cosine leads to

(t) = — V11)0
 + J/ t — 9) + V"c2 cos(2co t — 20) + Vs: sin(2co t — 20) (29)

where

(cost9,sine) = (./c1,—/s,)/V/(2., +

The total LO voltage is now given by

V(t) = Vo + V Lo COS(CO t)

where

V LO = 2 R I Vic21

Vo = /0 R0 —

(30)

(31)

(32)

(33)

Here, the real impedance of the dc bias circuit is R o and /0 is the dc diode current. Figure
1 summarizes the major differences between the conventional HB technique and the
modified approached discussed here. As shown, the traditional HB technique requires
two iterations. For each mapping over the six-dimensional LO-impedance space, one
must perform convergent iteration to balance the harmonics between the embedding
impedance and the nonlinear device. On the other hand, the modified method invokes
allowable constraints on the available diode power and the embedding impedance(s) (i.e.,
are always matched to the diode impedance) to reduce the optimization space by two
variables. Furthermore, the method requires a trivial calculation in the second step to
derive the final impedance(s) and the LO voltage. In simplest terms reducing the degrees
of freedom allows for a significant reduction in computation.

320



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

Conventional-Doubler

z,
rate over

• -=Ionics

Physical
Diode
Model

A

Physical
Diode
Model

Modified-Doubler

Figure 1. Comparison of harmonic-balance schemes. (A) The conventional-doubler
approach requires a map over six system variables and iterations for the harmonic-
balance. (B) The modified-doubler only requires a map over four system variables and no
balance iterations.
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Simulation Results

The modified harmonic-balance approach was utilized with the hydrodynamic diode
model to study Schottky diode multiplier operation at a doubler-frequency of 200 GHz.
Here, the earlier varactor diode investigations that were presented in [7] were considered
for comparison purposes. The GaAs Schottky diode considered was a UVA-6P4 with an

epitaxial doping density of nD 3•5 x 016cm-3, epitaxial thickness of 1.0 1..tm, anode

diameter 6.3 p.m, series resistance 9.5 ohms and a breakdown voltage of 20 volts. The
earlier studies in [7] were based upon a drift-diffusion diode-model. Hence, the studies
presented here utilized both a simple depletion-region physical model and the
hydrodynamic model presented in the last section.

The depletion-region (DR) diode model is based upon the familiar abrupt-junction
approximation width depletion layer with w and neutral region width L-w. The thermionic
emission current JTE follows directly from Eqs. (15) and (16) and may, for the
nondegenerate conditions considered here, be expressed as [8]

f =qvnioNcexp( 
,CbB  )[exp(qv q2 1y

n.
dW2

) 1] .
1c8T, k

B
T 2ek

B
T

The total particle and displacement current density for the diode is therefore given by

axi. 141

D = TE v D •St

The system of equations resulting from application of the DR model to the diode are [9]

J L" =v
D vbi 

+ qNdw2

glio Nd 2e

dw ,u,, qN W2 IT,
=

dt 2e qNd

where e is the permittivity, p o is the low-field mobility and V the built-in potential.
The DR model was utilized to provide an initial guess for the hydrodynamic simulator
and for comparing to the final optimized results. The DR model and the modified
harmonic-balance algorithm were used to estimate the optimum second-harmonic power
of the Schottky-diode multiplier. The location this optimal power point in harmonic-
space (i.e., VDo, V°, Vc2, Vs2) was then used to define a new neighborhood for the
hydrodynamic-based simulation algorithm. The hydrodynamic diode model simulator
was used to generate the second-harmonic power map given in Fig. 2. Here, the second-
harmonic power is mapped over the space (Vc2,Vs2) at the optimal values VD° = 8.6,
and Vci= 9.0. The results indicate the strongest dependence on Vc2.

(34)

(35)

(36)

(37)
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Power versus Second Harmonics
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The optimized results obtained from the hydrodynamic-based model are very close to the
results from the DR model as shown in Table I-A. The very good agreement between
both power and efficiency from the two models is not surprising since the frequency is
much below the terahertz regime. These conclusions are further substantiated by the time-
dependent results derived from the hydrodynamic model for electron charge-density and
electron temperature given in Fig 3. As shown, the regular variation in the depletion-
region edge (i.e., shown by the time-contour in Fig 3 (A)) and the nominal heating
outside the depleted region are consistent with the assumptions of the simple DR model.
The results are also in good agreement with the optimal power results, derived from the
Monte Carlo transport model in reference [7]. These results are given in Table I-B. The
discrepancy in the power results derived from the drift-diffusion model It is important to
note that the results

Table I-A

Hydrodynamic  Model Depletion-Region Model
with Modified HB with Modified HB
Second
Harmonic
Power (mW)

Pout/Pin
(%)

Second Pout/Pin
Harmonic • 

( %)

Power (mW) . 
13.03 60.34 12.57 57.06

Table I-B

Table II-A

Hydrodynamic Model DepIetion-Region Model
with Modified HB ; with Modified HB
ZI Z2 ; z1,
34+j251 41+j111 35+j253 40+j1-13

Table II-B

MCHB simulator DDHB simulator with
weighted average a.c. mobility

;

62+J249 60+J128 39+j232 1 42+j117
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Figure 3. (A) electron density . and (B) electron temperature, versus position and time.

325



0.06

0.04

0.02

0.00
E.I.)

(10 0.1 02 0.3 0 0.5 0.6 0.7 0.8 0.9 1.0
0 -0.02

I2-0.04

-0.06

A

0.2 0.4 0.6

Time (normalized to period)

0.8 1.0

Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

-0.08

Time (normalized to period)

5.0

Figure 4. Large signal , (A) diode current density, (B) diode voltage derived from the
hydrodynamic transport model.
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for the time-dependent current and voltage waveforms of the UVA-6P4 diode, derived by
the hydrodynamic model, are in very good agreement with those obtained from the Monte
Carlo harmonic-balance simulator given in reference [7]. As shown in Fig. 4, the peak
current density at the optimal power point was approximately -0.06 amps. This peak
value and the overall large-signal current-density characteristic are in almost exact
agreement with the MCHB results from [7]. Conversely, the peak value in the large-
signal voltage reported here is just below the breakdown value of 20 volts and this is
significantly larger the value —15 volts reported in [7]. It should be noted that the earlier
studies in [7] used a constant dc bias voltage did not optimize over the dc bias voltage as
was done here (i.e., optimal VD0 = -8.6). Hence, our preliminary conclusion is that the
previous studies given in [7] did not arrive at the absolute optimal results. This is
supported by the difference in embedding impedances for the two studies given in Table
II-A and Table II-B. Future simulation studies are planned to resolve the issue of the
absolute optimal biasing and embedding for this doubler design.

IV. CONCLUSIONS

This paper has applied a hydrodynamic transport model and a modified harmonic-balance
algorithm to the problem of Schottky diode multiplier optimization. The results for a
100/200 doubler study have be compared to an earlier investigation that utilized Monte
Carlo and Drift-Diffusion based harmonic-balance algorithms. These results show that
this approach can be used to realize improved multiplier operation with a minimal
expense of numerical computation. This model will be used in the future to optimize
multiplier operation at terahertz frequencies. The physical model and optimization
algorithm will be very important to integrated device design that seeks to optimize
harmonic-power generation at very high frequencies.
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A 200 GHz Near Field Measurement System

C.C. Chin, S.C. Yang, Robert Hu and S.S. Shen
The Institute of Astronomy and Astrophysics,

Academia Sinica, Nankang,
Taipei, Taiwan

We have designed a near field measurement system operating at 200 GHz which has a
dynamic range more than 60 dB. The system has a short term (over a period of a second)
and long term phase variation (over a period of 15 to 20 minutes) less than 0.5 degree and
2 degree respectively. By turning on the averaging function of the network analyzer, each
measurement point was averaged by an average number of 128, and then the short term
phase variation decreases to less than 0.2 degree. The phase of the system did not vary
more than 2 degrees during the measurement, which took approximately 4 hours. The
contours of the near field obtained shows that the field is highly circular as expected from
the theoretical predication. In our talk, we will give the details of the design of the near
field measurement system and the method of data corrections. We will also demonstrate
that the system can distinguish the quality of the corrugated feed horns.
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THE DESIGN CONCEPT OF A TERAHERTZ IMAGER
USING A Ge:Ga PHOTOCONDUCTOR 2D ARRAY

Ken-ichi Watabe, Mikio Fujiwara, and Norihisa Hiromoto
Communications Research Laboratory, Ministry of Posts and Telecommunications

4-2-1 Nukui-kita, Koganei, Tokyo 184-8795, Japan.

ABSTRACT
A terahertz (3-THz band) camera using a gallium-doped germanium (Ge:Ga)

photoconductor two-dimensional (2D) direct hybrid array is proposed. We describe the
design concept of the camera, which has high spatial resolution, high responsivity, and
photon-noise-limited noise equivalent power (NEP).

INTRODUCTION

Terahertz imaging has applications in the spectroscopy of molecules and solids,
biology, astronomy, plasma diagnostics, etc. Conventional terahertz imaging mainly
uses a single detector and a scanning mechanism [1], [2]. The use of such multiple

detectors as a detector array, however, eliminates the need of mechanical scanning and
makes video-rate (30-Hz frame rates) imaging possible. We are developing a terahertz
passive camera using a 20 x 3 Ge:Ga terahertz photoconductor 2D direct hybrid array
[3], [4]: the camera still uses mechanical scanning but the number of scans necessary
for taking a 2D image is greatly reduced as a result of using the array detector.

Ge:Ga 2D ARRAY

The Ge:Ga photoconductor [5] detector array has a format of 20 x 3, with a unit
sensitive area of 0.5 x 0.5 min2. The pixel pitch of the detector array is 0.55 mm and the

detector has high responsivity and photon-noise-limited NEP. Crosstalk between
neighboring detectors is less than 5 %. The Ge:Ga photoconductor array is directly
hybridized to a cryogenic Si-pMOS FET readout circuit with 20 x 3 format each of
which is a source-follower-per-detector type circuit.

DESIGN OF TERAHERTZ CAMERA SYSTEM

A configuration of the terahertz camera is shown in Fig. 1. The optical system
was designed to have a spatial resolution of 0.5 mm, a dimension of 120 x 120 pixels, a

magnification of 1.1, and an effective F-number of 4.5. The optics has been designed by
using a ray tracing method. An example of the ray trace is illustrated in Fig. 2. The
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Fig. 2. Ray tracing for designing optics.
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Fig. 1. Schematic layout of the terahertz camera.

optics consists of eight mirrors:
mirrors Ml, M2, M3 and M4
are in the vacuum box of — 10-3
Ton at room temperature, and
mirrors M5, M6, M7 and M8
are cooled at 4.2 K in a 5-inch
helium dewar. The distance
between object and MI. is 150

mm. The beam is collimated
by M2 and forwarded to the
decollimator of M3 which

focuses again at an entrance
aperture of the dewar via the
flat mirror of M4. An

expanding beam inside the

dewar is collimated by M5, and forwarded to the flat mirrors of M6 and M7, the latter of

which is aperture stop. The decollimator of M8 reflects and focuses the beam on the 20
x 3 Ge:Ga detector array through the filter wheel. A long axis of the detector array is

perpendicular to a plane on which the optical axis of the beam is arranged. The flat

mirror of M1 is continuously scanned in the horizontal direction and it is shifted in the
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vertical direction by 6 times to
take an image of 120 x 120
pixels, and the offset paraboloid

mirror of M2 is straightly 2 7722 r,?>2 

scanned on the optical axis to
the Ml in order to adjust the

focal depth. Ray tracing :2:  ,z?2 -2 

-

indicates that spot sizes (Fig. 3)
are less than 0.25 mm even for

the worst (off-axis edge) pixels,
-e e

well below the pixel size of 0.5 Fig. 3. Spot diagrams for the camera optics. OW is the position
mm square, and the image

	

	 of object point, and IMA is the image point_ The squares
are 0.4 mm in size.

distortion is about 10 % of the

pixel size even for the worst pixels. This implies that the performance of this optics is

sufficient for the required resolution and the distortion. A field of view (60 x 60 mnf)
will be useful in observing biological and biomedical obje,cts, such as a leaf or a skin of
a human being.

Better spatial resolution up to the wavelength of light can be obtained by
decreasing a F-ratio of the input optics down to one-fifth of the present design.

ESTIMATED PERFORMANCE OF TERAHERTZ CAMERA

The camera will be used to map spatial variation in the terahertz properties of
objects such as dielectric constants, emissivity, absorbance, and temperature, including

the spectral properties of dielectrics and semiconductors, superconductors, biological
objects, liquids, and gases. We estimate that noise equivalent temperature difference
(NETD) at a background of 300 K is 0.09 K (Table I) for each area of 0.45 x 0.45 mm2

with emissivity of 1.0, when it is measured with the object space of F-number of 4.1,

spectral range of 300 GHz, and a integration time of 0.2 ms, which corresponds to a
frame rate of 1.7 Hz. The optical quantum efficiency of the detector is supposed to be

about 0.2. In the measurement of biological objects, we can, for example, detect the
water content of a leaf because the emissivity of the water is different from that of leaf.
We will obtain a signal-to-noise ratio of 49 dB for emissivity of 0.96 (water) and 0.90
(leaf). Better NETD can be obtained by increasing the integration time, decreasing the
F-ratio of the input optics and increasing the spectral range. We can, for example,
obtain NETD of 0.009 K by adopting an integration time of 6.1 ms and an input optics's

F-ratio of 0.9. Using illumination of terahertz light, we will be able to have much higher
contrast, because the water content inside the leaf causes strong absorption of far-
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TABLE I
Specifications and performance of the terahertz camera

Resolution of each detector 0.45 x 0.45 mm2

F-number of object space 4.1

Field of view 60 x 60 mm2

Format of array 20 x 3

Quantum efficiency
,

0.2

Spectral range 300 GHz

Minimum integration time 0.2 ms

Background 300 K

Emissivity of object 1.0

NETD (Noise equivalent
temperature difference)

0.09 K

Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

infrared light. If far-infrared
light of 1 mW is illuminated at
behind the sample, a signal-to-

noise ratio will increase to 79
dB.

CONCLUSION
In this paper, we proposed

a novel concept for the terahertz
imaging system using Ge:Ga
photoconductor array. The
camera will have high

performance for taking terahertz
images with high resolution,

high responsivity, and high S/N ratio. Construction of the camera system is progressing
and applications to imaging of various materials including biological and biomedical
objects will be carried out in the future work.
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A folded Fabry-Perot diplexer of triangular shape.
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ABSTRACT.

In this paper we present a novel triangular, multiple-beam diplexer. Its properties
are compared with existing square diplexers. Our triangular folded Fabry-Perot (FFP)
diplexer is a ring-interferometer consisting of two partially-transparent mesh filters and a
slightly concave mirror. The reflector is tunable in position and the three components are
mounted in the shape of a triangle with 60-degree angles. The purpose of the diplexer is
to superimpose a signal and a local oscillator (LO) beam with frequencies of order 1 THz
and a difference frequency of order 10 GHz.

INTRODUCTION.

The operation of a THz heterodyne receiver in space requires a large IF
bandwidth in order to increase the speed of line surveys and to allow observation of
broad weak line emission from distant galaxies. For example the HIFI instrument on
board of FIRST will have a 4 GHz IF bandwidth for RF frequencies ranging from 480
GHz to over 2.5 THz [1].

For efficient coupling of the signal and the local oscillator (LO) power to the
mixer one often uses diplexers to combine the signal and LO beams. A diplexer is an
interferometer allowing nearly loss-less superposition of two beams of different
frequency. The optical path length in the interferometer, Lo pt, is related to the difference,
or intermediate frequency IF by:

Lopt = c / (2 IF) (1)

The usual diplexer in heterodyne receivers is a dual-beam, polarizing Martin-
Puplett [2] interferometer, (MP). However, its transmission is sinusoidal as a function of
frequency, which makes this interferometer less suitable for wide IF bandwidths. Wide
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bandwidths have been achieved with multiple-beam interferometers of the Fabry-Perot
type in a folded version, originally proposed by Gustincic [3]. General properties of the
mentioned interferometers are described in ref [4].

In table I we give the calculated efficiency (i.e. transmission) of a loss-less MP
diplexer in the case of a 6 and a 10 GHz IF center frequency and 4 GHz bandwidth. Also
given is the efficiency (i.e. reflection) of a loss-less FFP diplexer for the same IF
frequencies and for mirror reflectivities of 67% and 77%, i.e. a finesse of 7.8 and 12.0,
respectively.

Diplexer type Efficiency @ IF
center frequency

Efficiency @ IF
center freq. ± 2 GHz

Martin-Puplett @ IF= 6 GHz 1.0 0.75
Idem @ LF=10 GHz 1.0 0.90

Fabry-Perot, R=0.67 @ IF= 6 GHz 0.961 0.949
Idem, @ IF=10 GHz 0.961 0.957

Fabry-Perot, R=0.77 @ IF= 6 GHz 0.983 0.978
Idem, @ LF=10 GHz 0.983 0.981

Table I: Calculated efficiency of loss-less diplexers with 4 GHz bandwidth.

In practice diplexers are never loss-less. Some sources of loss can be:
- coupling losses because of small diplexer size as compared to QO beam size,

scattering or absorption losses at wire grids or mesh filters,
coupling losses due to imperfect re-imaging of multiple beams,

- imperfect angular alignment of diplexers' optical components.

Design aspects of our triangular diplexer will be discussed in this paper against
the background of the mentioned loss mechanisms. Some measurements illustrate its
performance.

DESIGN AND QUASI-OPTICAL PROPERTIES.

Figure 1 gives a schematic diagram of the triangular FFP. The signal beam is
reflected upon incidence on the first mesh filter, while the LO is transmitted by the FFP
after incidence on the other mesh. Note that the reflector and the meshes have a width W
and that the roundtrip path of the multiple reflected beams is:

Lopt = 3 Vvir 2 (2)

The curvature of the reflector is such that it re-images the minimum beam waist, wO, of
the quasi-optical beams at a distance zf from the center of the mirror, where

= 3 \V ' 4 (3)
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Note however that this does not mean that the focal distance of the mirror is z f- , except in
the case that the FFP is used in the far-field region of the propagating beams. We will
come back to this later on.

Figure 2 is a graph of the calculated reflection of LO and signal beams for an FFP
with R=0.67. The figure illustrates the case that IF is 2/3 of the center IF frequency.
representing a bandwidth of one octave.

Propagation of a wavefront with beam radius 1,v(z) at distance z from the
(minimum) waist w0 goes as:

w(z)2 = w02 (1 ± z2/zR2) (4)

, where zR = w02 / is the confocal or Rayleigh distance, see ref [4], eq. (2.2 lb), and
w0 is the beam waist radius. If we require that the mirror must have a projected size
sufficiently large for 4 beam radii, we have approximately:

W = 4 w(zf) 2 / \I3 (5)

Combination of eqs. (5) and (4) with z = z f (3) gives:

(w0)4 _ 3 w2 (w0)2 / 64 + w2 A,2 / (16 It )2 = 0 (6)

Solving this equation for w0 gives the two values of w0 for the extreme cases of near-
and the far-field. The minimum value of the expression yields the size of w0 for the case
of confocal imaging.

As an example we take IF = 6 GHz and f = 800 GHz, i.e.  = 0.375 mm. This
yields Lcpt = 25 mm, W = 16.67 mm and z f = 12.5 mm. In table II we summarize the
values for w0 and w(zf) for the near-field, confocal field and the far-field. This is further
illustrated in figure 3, where the propagating beam waists at — w and —w are drawn.

w0 (mm) w(zf) (mm) zR (mm)
Near-field 3.58 3.61 107.6
Confocal 1.22 1.73 12.5
Far-field 0.42 3.61 1.45

Table II: Quasi-optical parameters of a triangular FFP with IF = 6 GHz and f= 800 GHz.

From table II and figure 3 it can be seen that in the confocal case the beam does
not use the corners of the diplexer and allows ample space for mechanical support of the
mesh filters. In the near-field and far-field however there is no space for mechanical
support, making these extreme cases not realistic for beam diameters of 4 waists. In other
words the efficiency of the diplexer will be reduced by truncation of the beams.
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The question is whether there will always be a confocal situation possible. The
answer is that this depends on frequency: there will be a lowest frequency where 4 beam
waists are just transmitted by the diplexer. The minimum frequency is determined by
calculating the value of X for which eq. (6) has a single root. This gives:

f
min = 96 IF / TC (7)

For IF = 6 GHz we find 183 GHz as the minimum frequency of a triangular diplexer.
This is much lower than the value of 489 GHz, which we find for an equivalent square
diplexer.

MIRROR CURVATURE.

The radius of curvature, R(z), of a Gaussian beam propagating along the z axis is
described by the following equation:

R(z) = z (1 zR2 1 z2) (8)

, where zR is the confocal distance as before. The mirror of the diplexer should have an
elliptical shape in order to match the Gaussian beam wavefront, see ref [5]. For a
triangular diplexer the angle of incidence is 30

0
, which means that the semi-major axis of

the ellipse is a = Rf = R(ZO, where Rf is the radius of curvature of the wavefront when it
hits the mirror. This is further illustrated in figure 4. Note that R f is always larger than zf,
except in the far-field, where Rf is approaching zf because z >> zR. The effective radii of
curvature of the elliptical minor in the horizontal and vertical direction are:

Rho, = 2 Rf and Rvei. = Rf -\13 /2 (9)

For example in the earlier case with IF = 6 GHz and f = 800 GHz we find the
following values:

Confocal
distance,
zR (mm)

Wavefront radius
of curvature,

Rf (mm)

Horizontal radius
of ellipse,
Rhor (mm)

Vertical radius
of ellipse,

Rvert (mm)
Near-field 107.6 939.3 1085 813
Confocal 12.5 25 28.88 21.65
Far-field 1.45 12.67 14.63 10.97 _

Table III: Properties of the elliptical mirror in a triangular diplexer for IF = 6 GHz and f =
800 GHz.
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POLARIZATION.

The resonant frequencies in a triangular diplexer are polarization dependent
because of the odd number of reflections. This is not a problem in general, since the LO
and signal beams need to have identical polarizations (linear in horizontal or vertical
direction) anyway. For the LO beam it means that the cross-polarized component of the
beam is not transmitted by the triangular diplexer.

BEAM SYMMETRY.

Off-axis beams propagate through the triangular FFP in an asymmetric way. This
is illustrated in figure 5, which gives the trajectories for the central beam and one off-axis
beam. After multiple reflections inside the interferometer the off-axis beam propagates
alternately above and below the central beam. For symmetric beam modes this is not a
problem, since the round-trip optical path is independent on the amount of offset.
However, asymmetric modes with 180° phase difference between the upper and lower
halves of their mode pattern will be attenuated by this phenomenon.

COMPARISON BETWEEN TRIANGULAR AND SQUARE FFPs.

In the preceding sections we have derived equations for triangular FFPs. Similar
equations have been derived for square FFPs (ref [5]) and can be derived for modified
versions of triangular FFPs.

In table IV, at the end of this paper, we give parameters of four different FFPs:
1. a square FFP with a single curved mirror,
2. the same as 1, but with 2 curved mirrors,
3. the triangular FFP as described in this paper,
4. a diamond FFP with 60

0
 top angle.

Relevant parameters have been mentioned in the preceding chapters. To quantify the
various parameters in the table we calculated the values for the case IF=6 GHz and f=800
GHz, which may be applicable to the RIFT instrument of FIRST.

In order to get a feel of the optical aperture of the beams we added to the table the
so-called F-ratio. This parameter, F/D, corresponds to an 11 dB edge taper, i.e. we
assumed an "optical diameter", D, for which the beam waist radius in the far field is w =
0.889 D/2. This applies e.g. to the quasi-optical beam at the secondary mirror of the
FIRST telescope.

From table IV we can see that the triangular FFP has the lowest fr,,,, and
consequently the widest range of possible F/D ratios. The diamond shaped FFP can be
regarded as a deformed square FFP with the advantage that the focal distance, z f, of the
mirrors is more than 4 times larger. This means that the mirror in the diamond FFP will
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be much less strongly curved than in the square case. Moreover, the resonances of the
diamond FFP are independent of polarization, in contrast to the triangle FFP.

The square FFP with a single curved mirror offers a minimum of flexibility for
the chosen frequency: in its confocal case we have w0 = 1.22 mm, which means that 4
beam radii at the mirror (4 w0 Ni 2 = 6.9 mm) is larger than the projected mirror size (W .q2
= 5.72 mm). This is equivalent to saying that only 3.6 beam radii fit instead of the desired
4 beam radii.

ALTERNATIVE CONFIGURATIONS.

Many alternative configurations of FFPs can be thought of. However, it is not
possible to combine any set of FFPs like with a box of bricks, because the images of
multiple beams must be coinciding.

We want to mention one version consisting of two triangles in series: see figure 6.
Effectively this is a 3-mirror FFP, discussed in the literature [6] and actually tested at 490
Gliz [7, 8]. One advantage of this configuration is that the transmission peak for the LO
becomes wider without reducing the reflection of the signal. Thus the required tuning
accuracy is reduced. Another advantage is that the two outer reflectors can have a much-
reduced reflectivity, R1 = R3 = 0.243, so that presumably scattering and/or absorption
losses in the 2 outer grids will be reduced. Moreover, the asymmetry for off-axis beams,
as was illustrated in figure 5 for a single triangular FFP, is now removed.

However, disadvantages of the setup of figure 5 are as follows. The 2 triangles
need to have identical optical pathlengths and the tuning mechanism must maintain this
equality. Also, in this design the difference in resonances between the two linear
polarizations still exists.

EXPERIMENTAL RESULTS.

The use of a square FFP was recently reported [9] at IF = 6 GHz and f=640 GHz.
Another application of square FFPs can be found in ref [10], describing the heterodyne
instrument in U.kRS-MLS, where an FFP is used for frequencies of 205 and 268 GHz.

At SRON we have built a prototype triangular FFP using 2 inductive, nickel mesh
filters of 150 lines/inch providing a reflectivity of about 73% and a plane reference
reflector. The measured reflection and transmission as a function of mirror position are
given in figure 7 for a frequency of about 345 GHz.

The maenitude of scattering and absorption losses in mesh filters are not well
known, but will certainly be present. In this respect further tests on triangular FFPs need
to be performed in the future.
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CONCLUSIONS.

THz heterodyne receivers in space require the use of diplexers in order to
efficiently couple the available LO power to the mixer. Application of a folded Fabry-
Perot (FFP) diplexer is especially useful in heterodyne receivers requiring a wide IF
bandwidth for a relatively low IF center frequency.

In this paper we described the properties of an FFP with triangular cross-section.
The main advantage over the usual FFP with square cross-section is the larger size of the
triangle, allowing accommodation of a much wider range of different beam sizes. We
have demonstrated the feasibility with a prototype triangular FFP.
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Square Square 2 Triangle Diamond

Square 1 Square 2 Triangle Diamond

Size W W1 =
c / (4\12 IF)

W2 = W1 W3 =
c / (3 IF)

W4 =
c / (6 IF)

Optical Path Lopt 2 W1 -\i2 2 W2 -\i2
—

3 W3 / 2 3 W4

Focal distance z f W1 -\i2 W2 / -\,/2 3 W3 /4 5 W4 / 4

Minimum freq. min 512 IF / it 256 IF / it 96 IF / it 320 IF / It

Values for IF=6 GHz
and f= 800 GHz

W 8.84 mm 8.84 mm 16.67 mm 8.33 mm

Zf 4.42 mm 2.21 mm 12.50 mm 10.41 mm

f min 978 GHz 489 GHz 184 GHz 612 GHz

w0 for Near field - 1.48 mm 3.58 mm 1.64 mm

wO for Confocal (1.22 mm) * 0.86 mm 1.22 mm 1.12 mm

w0 for Far field - 0.51 mm 0.42 mm 0.76 mrn

F/D for beam with
1 1 dB edge taper.

F/D for Near field - 5.51 13.35 6.09

F/D for Confocal - 3.22 4.55 4.15

F/D for Far field - 1.88 1.55 2.83

Table IV: Summary of properties of different types of folded Fabry-Perot diplexers. The
*symbol indicates that the design frequency is lower than the minimum frequency.
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Figure 1: Schematic diagram of a triangular FFP.

AIF
1.00

0.75

Iti)
 0.50

9—
a)

0.25

0.00

IF frequency in GHz.

Figure 2: Calculated reflection of the signal beam and transmission of LO beam in a FFP with
R ----- 0.67. For comparison we also give the transmission of a Martin Puplett interferometer.
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Figure 3: Quasi-optical beam trajectories in a triangular FFP for IF = 6 GHz and f ---- 800 GHz.
The pictures are an illustration of the values in Table II.
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Figure 4a: Geometry of the elliptical reflector in a triangular FFP with 0, = 30°.

Figure 4b: Geometry of the elliptical reflector in a square FFP with. 0, = 45°.
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Figure 7: Transmission & reflection measured with prototype of triangular FFP at f 345 GHz.
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THEORETICAL ANALYSIS OF THE POTTER HORN-
REFLECTOR ANTENNA FOR SUBMILLIMETRE-WAVE
APPLICATIONS

G. YASSIN, S. WITHINGTON, P. KITTARA AND K. G. ISA.A.K
Department of Physics, University of Cambridge,
Madingley Road, Cambridge CBS OHE, UK

ABSTRACT We present a new horn-reflector feed design for SIS
mixers. The antenna comprises an offset parabolic reflector fed by a
Picket-Potter horn. The horn is easy to machine, and yet still preserves
the desirable electrical properties of a corrugated horn, namely low cross
polarisation and low sidelobe level, albeit over a reduced bandwidth. We
calculate the aperture field distribution and the scattering matrix of the
horn using the modal matching method and provide design curves which
show the dependence of the beamwidth and the cross polarisation level
on the antenna design parameters.

INTRODUCTION

The horn-reflector antenna is an offset parabolic reflector fed by a metallic horn.
This arrangement is used to increase the aperture efficiency of the antenna,
without using lenses. When fed by a corrugated horn, the antenna has the addi-
tional advantage of low cross polarisation and sidelobe level. In a previous pub-
lication (Withington et. al, 1996) we demonstrated that this antenna is suitable
for SIS mixer optics, guaranteeing efficient coupling between the telescope and
the SIS detector over a large bandwidth. Such good performance, however, can
only be achieved if a high rate of corrugations is maintained deep in the throat
of the horn in order to prevent the excitation of higher order modes. Clearly,
machining of corrugations in the horn throat at submillimetre-wavelengths is
difficult. and the practical realisation of this unique design becomes very awk-
ward at THz frequencies, and very expensive and time consuming for imaging
arrays.

In this paper we present a new horn-reflector antenna design which employs a
Picket-Potter horn, which is essentially a smooth-wall conical horn, with a single
step at the throat. We show that this horn, clearly much easier to manufacture
than the corrugated horn, has comparable electrical characteristics over a 15%
fractional bandwidth.
We have developed software which allows us to predict accurately the perform-
ance of the Potter horn-reflector antenna. This is done by calculating the scat-
tering matrix and the aperture field distribution of the horn using a modal
matching technique. followed by the conformal mapping of the horn fields onto
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FIGURE I The Potter horn

the projected aperture of the antenna. These results are then used to derive
expressions for the gain and the beam efficiency of the antenna and to calcu-
late the co-polar and cross-polar antenna radiation patterns. In particular, we
investigate the useful bandwidth of the antenna for high performance SIS split-
block mixers. This will allow us to incorporate a high performance and yet
easy-to-machine horn into our split-block technology, one which we have been
developing over the past few years.

THE POTTER HORN

The conventional Potter Horn

The idea of synthesising a field distribution over the aperture of a horn by corn-
bining orthogonal waveguide modes was first suggested and successfully imple-
mented by Potter (Potter, 1963). Potter demonstrated that a dual-mode horn
could be realised by exciting both the TEn and the TMn modes at the throat
of the horn. He showed that the radiation pattern of the horn becomes circular
if the two modes reach the horn aperture with a particular relative amplitude
and phase. This means that the horn beamwidth becomes independent of po-
larisation and the sidelobes become low in both the E-plane and H-plane. By
converting a small percentage of the incident power carried by the TEn mode
into the TMn mode, the E-plane sidelobes cancel. This results in an E-plane
beam pattern which is almost identical to the H-plane pattern which in itself
is unaffected by the step discontinuity. Potter presented a detailed empirical
procedure for designing dual-mode horns shown in Fig. I. First, the TEn and
TM ii modes are launched at the step discontinuity with a relative amplitude
a and relative phase . The two modes are then allowed to propagate in a
straight circular waveguide section. As the modes propagate, the phase differ-
ence between the modes is reduced prior to being launched into the conical horn
of semi-flare angle 9 0 . The length of the phasing section is chosen so that the
TE il and TIVIn modes are in phase at the horn aperture. It is this requirement
of zero phase difference between modes at the horn aperture that limits the horn
bandwidth. As an example, if we require the cross-polar level to be less ther_
-20 dB, we find that horn has a bandwidth of 10%. The bandwidth increases to
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FIGURE II The Pickett-Potter horn

20% if the tolerance on the cross-polar level is relaxed to -16dB.

The Pickett-Potter horn

A simplified version of the conventional Potter horn was first introduced by
Pickett et. a/ (Pickett, Hardy and Farhoomand, 1984). Here, the phasing section
is removed, leaving a single step discontinuity at the throat of the horn (see
Fig. 2). This simplifies greatly the horn fabrication, however, the relative phase
between the modes can now only change as the modes propagate along the
horn itself. As a result, the horn dimensions, normally chosen to obtain a pre-
determined beam shape, are now constrained by the requirements of minimum
phase difference between the two modes. We shall show later that this in turn
restricts the minimum allowed semi-flare angle and thus tends to increase the
length of the horn. In all other respects, the electrical properties of this simplified
horn should be identical to the original Potter horn.

Calculation of the electrical properties of the Pickett-Potter horn

We have calculated the field distribution across the aperture of the Potter horn
using the well-known modal matching method. To do this, the horn is divided
into discrete sections. At each junction a scattering matrix is calculated by
matching the expansion coefficients of the field on either side of the junction
and applying the constraint of conservation of power. The overall scattering
matrix of the horn is calculated by cascading the matrices of the individual
sections. In particular, the scattering matrix of the horn contains information.
about the complex mode coefficients across the horn aperture and the reflection
coefficient at the horn input. Once the field distribution across the field aperture
has been found. the radiation pattern of the horn can easily be calculated.

We have developed software to analyse the behaviour of the Pickett-Potter
horn to be used for SIS mixer applications. The following parameters were used
to define the horn: a centre frequency of 350 GHz, a semi-flare angle at 15° and
an aperture diameter of a few millimetres. To simplify the calculation procedure,
in particular for the horn-reflector antenna, we calculated the radiation pattern
of the Pickett-Potter horn by assuming that the field at the aperture is given by
that of a cylindrical waveguide, multiplied by the spherical phase error factor,
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kr2exp • where r is the radial distance in the horn aperture. k is the free space2L
wavenumber and L is the horn length. The phase difference between the two
modes as they propagate along the horn is given by

Ac5 = dz dz 
(1)

J AgTE(Z) AgrAi(Z)

where z is axial distance along the horn. We have used this method in the
past to calculate the radiation pattern of a corrugated horns and have obtained
agreement between the computed and measured results down to -40 dB. Using
Kirchhoff's aperture diffraction theory to calculate the radiated far fields we
obtain:

_ jk exp –jkR 
(1 + 

3 cos() r
E = )[fx cos o + .f . sin 0]

47rR k
3

E0 = 
jk exp –jkR 

(cos° + --)[fs sin o – f, cos o]
47rR k

where R,0 and are the spherical coordinates of the plane of observation, 0 is
the guided propagation constant and fx,y are the far field components of the
Eas,y aperture field components and can be written as:

f f
2 f a 

Ea (r', 01 ) exp [j kr' sin cos (0 – 1 ) -jr' dr' del (4)

The co-polar and cross-polar patterns can then be written using Ludwig's third
definition of cross polarisation as:

Ecp (
 
sin9 cos Ea,

(5)Exp cos° – sin Ec5

An example of these calculations is shown in Fig. 3 where we have computed
the radiation pattern at three frequencies. Note that the pattern quality at the
optimum frequency (350 GHz) is comparable to that of a corrugated horn. By
380 GHz, however, the cross-polarisation level has already increased to -15 dB.
A plot of the -3 dB and -10 dB beamwidths of the Pickett-Potter horn as a
function of frequency is shown in Fig. 4. The best indicator of the bandwidth of
the Pickett-Potter horn is the cross-polarisation level,(the sidelobe level is low
over a very wide band). We have therefore plotted the cross-polar level as a
function of frequency in Fig. 5, where the horn dimensions have been chosen
to match those used in Fig. 3. We see that, over this frequency range, the
cross polarisation level is comparable to that of a corrugated horn of similar
dimensions and, unsurprisingly, much better than that of a diagonal horn over
much of the frequency band of comparison.

A very useful design tool is the plot of the relative beamwidth of the horn
) as a function of the phase error parameter A which defined as

a 0c,
A = –

A
 tan —

2
 (6)

An example design curve, which was computed for a fixed semiflare angle of 15°
is given in Fig. 6.

(2)

(3)

CI 0
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It should be noted that at each point on the plot the dimensions of the
step were adjusted (by varying r 1 . r2 ) to give optimum performance t minimum
cross-polarisation). It is interesting to note that the plot has a minimum which
corresponds to the minimum beamwidth for a given horn semi-flare an gle. A
similar minimum occurs for corrugated horns. where the horn design becomes
"optimum" in the sense of having maximum gain. Less encouragin g was the
discovery that the dynamic design range is severely compromised by the ab-
sence of the phasing section. This is why the phase error parameter cannot be
increased to the values obtained by corrugated horns. In spite of this. it can be
seen from Fig. 6 that a Pickett-Potter horn that is not diffraction-limited can
still be realised using a moderately small flare angle.

THE POTTER HORN-REFLECTOR ANTENNA

Beams shape

The radiation pattern of a horn-reflector antenna fed by a conical horn is cal-
culated by assuming that the parabolic reflector removes the spherical error of
the horn. It is therefore assumed that the fields mapped onto the projected
aperture are those of a cylindrical waveguide. This implies that an optimised
horn design would automatically yield a good horn-reflector antenna pattern.
This is because if the two modes reach the horn aperture in phase. then. as-
suming that the reflector only removes the quadratic phase error. they will also
be in phase at the projected aperture plane. It should. however. be  emphas-
ised that if the length of the horn is changed, for example. to obtain a different
beamwidth, then the step dimensions will also have to be changed in order to
re-phase the two modes. Our analysis nevertheless shows that it is indeed feas-
ible to realise a horn-reflector fed by a Pickett-Potter horn with performance
comparable to that of a corrugated horn-reflector, however. a longer horn is re-
quired. This is demonstrated in Fig. 7 where we plotted the radiation pattern
of the Potter horn-reflector antenna at two different frequencies. The patterns
were computed for longitudinal input polarisation for either longitudinal (LL)or
transverse (LT)observation planes (Yassin et al. 1993). It can be seen that the
bandwidth of the antenna is at least as good as that of the horn and that the
main beam shape resemble that of a corrugated horn. In Fig . 8 we compare
the pattern of a horn-reflector antenna fed by a Potter horn with those when the
antenna is fed by either a corrugated horn or a smooth-wall conical horn. We
notice that the sidelobes of the Potter antenna are comparable to those of the
corrugated horn and are much lower than those obtained in the &plane of the
smooth wall conical horn. Finally. we would like to emphasise that in spite of the
difficulties that arise from the phase error removal discussed above. the circular-
ity of the Potter horn-reflector beam is insensitive to changes in the horn length.
Apart from the expected change in beamwidth, the difference between the LL
and LT main beams is very small as the length of the horn is increased from
2 cm to 6 cm. This can easily be understood by noting that the additional phase
created at the aperture of the horn is a combination of the spherical phase error
and the phase deference which results from the difference in the propagation con-
stants of the TE ii and the TM ii modes. When the length of the horn is further
increased the phase error change is removed, as usual, by the reflector and the
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LL
LT

FIGURE VII Radiation patterns of the Potter horn-reflector antenna in the
frequency range 330-380 GHz for a horn with semiflare angle of 15° and horn
length of 1.65 cm for longitudinal polarisation. (a) 350 GHz (b) 380 GHz .
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FIGURE VIII Comparison of the radiation patterns of the Potter horn-
reflector antenna with those of corrugated and smooth wall conical horns.

change resulting from the difference in the propagation constant is very small.
As a result, the phase change in the projected aperture remains very small and
consequently the beam circularity is maintained. In contrast. the diameter of
the projected aperture. which in fact determines the beamwidth. is proportional
to the horn diameter, hence the beamwidth is substantially changed.

Design recipe

The procedure to design a Pickett-Potter horn-reflector antenna is similar to that
would be used to design a corrugated horn-reflector. The following approximate
design formulas are provided for the reader's convenience. The relation between
the projected aperture diameter D and the full beamwidth is, for moderate
semi-flare horn angles, is given by:

A
AO 1.2—

D

The design of the horn reflector antenna can be realised as follows:

• Determine the diameter of the projected aperture according to the required
beamwidth from the above formula

• Calculate the horn aperture diameter, d, according to the relation:

D = d[ 
1 + sin Oo

cos 0,,

• Design a potter horn with a semiflare angle 10 0 – 20 0 with optimum per-
formance around the band centre frequency.

• Determine the focal length of the 90
0
 offset parabolic reflector using the

relation
D 4f tan 00 (9)

• Calculate the radiation patterns of the antenna and refine the step discon-
tinuity dimensions to achieve maximum beam circularity.

(7)

(8)
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CONCLUSION

We have shown that the Pickett-Potter horn can be employed in conjunction
with horn-reflector antennas, provided that the TEn and TM ii modes reach
the projected aperture in phase. Although the absence of a phasing section in
the Picket-Potter version restricts the horn design flexibility, our study showed
that practical horn-reflector antenna dimensions suitable for submillimetre-wave
array receivers can still be found. The bandwidth of the antenna is clearly
dependent on the specified cross- polarisation level. For example, a -20 db
cross-polar level can be maintained over a fractional bandwidth of 10%, while
-15 db level can be achieved over a fractional bandwidth of 25 %.
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Abstract: Phase gratings find useful application in array receivers as passive multiplexing devices in
the local oscillator injection chain. In particular, the Dammann phase gating is one of the simplest class
to model and manufacture, and can be used to generate multiple images of a single input beam in a
quasi-optical system. It is a binary grating consisting of a regular arrangement of milled slots or
recesses in some suitable transparent dielectric or conducting block of material. The basic operation of
the phase grating can be understood in terms of Fourier optics. However, Gaussian beam mode analysis
is a powerful tool when investigating the limitation of the grating in a real submillirneter system of finite
throughput and bandwidth. This is especially the case when evaluating the couplin g to an array of horn
antenna feeds. In this paper we present the results of our investigation into the modellin g of phase
gratings using Gaussian beam modes analysis and discuss new experimental measurements.

Introduction

Phase gratings are now being incorporated into submillimeter-wave array receivers as
low loss multipliers in the local oscillator injection optics [1-3]. Such quasi-optical
devices have the advantage in the submillimeter waveband of being straightforward to
manufacture, the required tolerances being relatively easy to achieve compared with
their visible-wavelength counterparts. As well as the possibility of manufacturing
reflection gratings, there are also a number of dielectric materials whose mechanical
and optical properties in the far infrared make them ideal candidates for use in
transmission phase gratings [4]. In our investigations we have concentrated on the
Dammann Grating (DG) which is a binary optical component, that is the optical path
length through the grating takes on just two values ideally separated by half a
wavelength [5-8].

The theoretical analysis of phase grating multiplexers is important in determining the
practical limitations of such devices in quasi-optical LO injection schemes.
Ultimately, it is important to be able to produce quasi-uniform power coupling across
an array of mixer feed horns over some useful bandwidth (typically of the order of
10% for ground based astronomical systems covering a submillimeter atmospheric
window). Since Gaussian beam mode analysis is ideally suited to the analysis of
coupling efficiencies in the case of typical horn antennas [9], and is also useful in
analysing submillimeter optical systems of finite throughput [10], it was chosen as the
optical analysis tool in this investigation.
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In this paper we also report on experimental measurements made on transmission
Dammann phase gratings. Three different gratings, designed to produce 2 x 2, 3 x 3 &
5 x 5 uniform two-dimensional arrays of images at 100GHz, were manufactured and
tested as quasi-optical multiplexers. It was decided to test the principles involved at
this frequency since both the manufacture and experimental measurements are easier.
Such phase gratings can, of course, be designed for the submillimeter/terahertz
wavebands. The test facility consisted of a simple Fourier 4-f optics set-up with a
conical horn antenna fed by a Gunn diode source of variable frequency (90-105 GHz).
The results presented confirm such gratings to be particularly suitable multiplexers for
sparse arrays of finite bandwidth.

Basic Theory of Multiplexer

As indicated above, the basic operation of a phase gating multiplexer can be
understood in terms of Fourier optics. The grating is best illuminated by a quasi-
collimated incident field xg(x,y) produced by the source feed, this being achieved by
arranging that the source beam has a waist at the grating (Figure 1). A Dammann
grating consists of a two dimensional array of identical basis cells, with the
transmission function of the (on-axis) basis cell being given by t(x,y). Since a binary
grating implies a phase step difference of it then t(x,y) = ± 1. In the example of the
basic period of a one-dimensional cut through a gating shown in Figure 2, the free
parameters are ±X , ±x2 , ±x3 , etc. The transmission of an entire grating with
rectangular symmetry is then given by a sum of the form: E,, , , t(x-m&, y-ndy), where
Ax and Ay are the grating periods in the x and y directions, respectively. The grating
then produces a strong corrugated modulation of the quasi-planar wavefront of the
incident field, severely affecting the resulting beam pattern. At the Fourier plane of the
grating an array of beams is produced as predicted by the Array Theorem, the intensity
of the beams being determined by the diffraction pattern (i.e. the Fourier Transform)
of a single cell T(zi,v).

Figure 1 Optical set-up for beam multiplexing with a Dammann Grating.
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At the output focal plane of the system illustrated in Figure 1 (the Fourier plane of the
plane where the grating is placed), the diffraction pattern resulting is given by:

E(u,v) = {T(u,v). (5(u —mAu. V — nAv)}*
n

where II f(u,v) is the Fourier Transform of w(x,y), the incident field at the grating, and
capital symbols represent Fourier Transforms [11]. The pattern can thus be described
mathematically as an array of spots (delta functions) convolved with the output LO
beam that would have been obtained directly in the absence of the grating. The spatial
frequencies u and v are related to the co-ordinates in the output plane through u = x0
/ Af and v = y0 /Af,fbeing the focal length of the lens. The array of beams are separated
by a common distance of Au = 1/dx- in the x-direction and Av 1/Ay in the y-direction,
and correspond to the different diffraction orders of a uniformly illuminated grating.
In the x-direction for example, the different grating orders are centred at u = m Au,
where m is some integer, equivalent, of course, to the usual grating formula: n. = d
sin 0.

- -x2 1 x1 x21 X3

0.0

+1

-1

Figure 2 One-dimensional, symmetric binary function with period Ax.

The grating will usually possess rectangular symmetry, so that one can write
t(x,y)=t(x)t(y), and only the one-dimensional response of the grating need be
considered. Then, if we require a 2M+1 array of non-overlapping images of the source
beam of equal intensity in the x-direction, T(u), must satisfy IT(mAu)1=17 -(0)1 for m
between -M and M (giving 2M+1 diffraction orders of equal intensity), and T(m Au)
0, otherwise, for high efficiency. To ensure this in terms of a Dammann grating the
values of ±xi, ±x2, ±x3, etc. mentioned above must be chosen for a single period (cell)
of the grating. This is discussed in detail in [5], where various solutions are tabulated
for different values of M. Given that t(x) = ±1, one can show that T(u) is given by:

,
T(u). _E (-1) " (sin 27zux n ± 1 — sin 27zux n ),

rtu
n=0
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where N is the number of transition points between x = 0 and Ax/2.

If an even number of output spots is required then neighbouring elements must be out
of phase by 7E. This will cause the grating maxima to lie not in the direction given by
nA= d sin 0, but rather (n +1/2)2= d sin 0, where d is the original cell size, and an even
number of equal intensity diffraction spots is obtained [12].

Design of Grating

Now we consider applying the above theory to the design of the multiplexer shown in
Figure 1 to produce an array of output beams arranged on a square grid. The position
and widths of the slots making up the basis cell determine the number of beams in the
array. If we require a diffraction order spacing (the inter-beam spacing on the output
plane) of Ax,-,, then the grating period dx is determined by Ax = 2t. f/ Axo . The number
of gratings cells illuminated by the source beam determines the ratio of the output
beam spacing to beam width. If one assumes a transmitting scalar feed (corrugated
horn) as the source, then, to a good approximation the resulting propagating beam can
be considered to have a simple Gaussian field distribution, whose form does not
change as the beam propagates. At the grating we can write the incident field xv(x,y) cc

(x2+y2yw G2),expe where WG is the usual Gaussian beam waist radius for the source
beam. At the output Fourier plane y(x0,y0) cc exp(4x02+),02)/WF2), where for this
Fourier arrangement WF = kfhrW G . This implies W c/ Ax = [7z(W F Ax)1 -1 , so that the
incident beam width to cell size ratio at the grating is inversely proportional to the
beam width to inter-beam spacing for the array of images at the output plane.

Consider, for example, the situation where we want to couple the output array of
beams from the multiplexer to an array of closely spaced diagonal horns (a typical
scenario for quasi-optical local oscillator injection in an astronomical heterodyne array
receiver system). The best-fit Gaussian beam to the field at the mouth of a diagonal
horn has a radius given by: W = 0.43a [13]. For a horn of finite length the beam waist
radius at the horn phase centre will be somewhat less than this, a typical value for a
horn of moderate length being: Woh = 0.38a . Thus, to match this radius to the incident
LO beams ( WF = Woh = 0.386,x0), the corresponding beam width, WG, at the grating
must be: WG = t, fin WF = X, f I rc(0.38a) = 0.837dx. The Gaussian beam radius is of
order the grating period! The implications of this for the phase array is that we only
need a small number of periods in the grating, reducing the complexity for
manufacture.

The theoretically predicted resulting set of image Gaussian beams is shown in Figure
3, for the case where the total number of periods in the DG equals 4 x 4. The grating
is designed to produce a 5 x 5 array of images with the slot edges of the basis cell in
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the x-direction at xi = ±0.1326,x & X2 = ±0.480,Ax. For comparison, a set of 5
Gaussian beams is shown in intensity and, as can be seen, the coupling is high. Since
about 77.4% of the power is contained in the central orders for the one-dimensional
case [5], the total LO coupling loss is of the order of 60% (in two dimensions). This
power is lost into higher diffraction orders than 2, and so some power spills round the
side of the array of diagonal horns. However, this power can be easily terminated
using an absorbing microwave material around the array. It should also be possible to
reduce loss by having a basic grating cell with more grooves (more degrees of
freedom).

-4 -2 0 2 4

relative distance off axis (output plane)

Figure 3 Array of Gaussian beams (dotted line) superimposed on DG beam array.

Gaussian Beam Mode Analysis of Multiplexer Performance

As described in the last section the basic operation of a phase grating is understood in
terms of straightforward Fourier optics. However, Gaussian beam mode analysis is a
powerful tool when investigating the limitation of the grating in a real submillimeter
system of finite throughput and bandwidth[14]. A serious consideration in
millimetre/submillimetre-wave systems is that compact optics may result in some of
the spatial frequencies in the beam being truncated in the optical train between the
grating and the final output plane where an array of image beams is to be delivered.
Ultimately, what one is interested in is evaluating the coupling to the horn antenna
feeds of the detector array. From a multimode beam viewpoint the grating has the
effect of seriously disturbing the lower order modes making up the incident quasi-
Gaussian beam, thus scattering significant power into very high order modes.

362



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

Because of the Cartesian symmetry of the grating array the fields can be most
conveniently expressed in terms of Hermite-Gaussian beam modes, Winn:

E(x, y) a„,„tginn (x, y),
m=0 n=0

where w mn(x,y) are given by the usual expression [16]:

mn(x, , = hm (x;W)hn (y;W)exp(—ik(z + (x 2
 + y 2 )1 2R) +

with

h (s;W) = [2 1" m!NbriV2
 

11 2 

H ( as I W)exp(-s 2 / W2),

and Hm a Herrnite polynomial of order m. The beam width parameter, phase radius of
curvature and phase slippage terms, W, R and 6,4)„,n, respectively are functions of
position z, which is taken to be zero at a waist (at the grating, in this instance).

Crucial to the efficiency of the Gaussian beam mode approach in analysing the system
is the choice of the optimum beam mode set. We require that the array of beams
scattered by the grating can be described accurately by a finite sum of as few modal
contributions as possible. At first sight one might think that a large number of on-axis
modes will be required to accurately describe the array of beams at the output plane,
since, of course, in the absence of the grating just one on-axis beam is produced. In
fact, a naive extension of a multi-moded analysis using a beam set appropriate for a
single on-axis beam can lead to computational and numerical difficulties as too many
modes have to be included. However, as shown in [15] there exits a mode set of
modest size in terms of which one can to a good approximation describe all of the off-
axis beams with adequate sensitivity. The beam waist radius for the best choice mode
set at the output plane is given by:

nA ffr
W - ch ,

\ N

where A is the area of the array of beams at the output plane, W oh is the corresponding
equivalent waist width of a simple Gaussian approximation to one of the beams on the
output plane and V is the maximum diffraction order of the beams that we want to
describe. Thus. for a 5 X 5 array with Woh = 0.386,x 0, N = 2, and A = (5 &, )2  one
obtains if -, = 0.73 Az. Clearly, in order for the system to operate efficiently as a
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multiplexer, the throughput of the optics (between the grating and the output plane)
must be such that the highest order mode transmitted extends spatially over a region
that includes all of the array of images of the feed horn in the output plane.

Having chosen the mode set, the amplitude coefficients for the source horn feed are
determined by performing the relevant overlap integral at the aperture of the source
feed to determine the mode coefficients: am, =55 (x,y) * gx,y) thaty. The change in
the form of the beam as it propagates away from this plane is determined by the
evolution of the phase slippage term exp( *mn(z)). This term does not depend on (x.y)
and can conveniently be included in the amplitude coefficient Am, = am„ exp(i4,„,(z)).

The effect of the grating on the source beam can be understood in terms of the
scattering of the power carried by the component modes into higher order modes:

1,:nn = S mm i,nn' l I

where

S mne,nn = ficixdy exp(i Ø(x Y))hm(x;W)h,(Y;W)hm, (x,W)h ( y; W)

and the phase term has been absorbed into the amplitude coefficients. Note that 4(x,y)
represents the phase modulation introduced by the grating. The field scattered by the
grating is given by:

E(x, y) = I Amn {1, mn (X, y)1
5
 = zz AmnS ,nn i C

V
 m

in' (
x y)

mn mn

Thus, the new mode amplitudes for the transmitted beam are given by:

b = E S mm t ,nn , A mn

mn

As the beam the propagates away from the grating the phase slippage terms
exp(i4m,i) further evolves. For propagation to the Fourier plane of the grating, 64, m,, =
(m+n+1)7c12, so that on the output plane the amplitude coefficients are given by B

mn =
i(m+n-1) 7 mn.

10 However, if the optics between the grating and the output plane truncates
the system of diffracted beams to any extent then some modal filtering takes place.
This process can also be described in terms of the scattering of the component modes
as discussed in [10].
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Grating Bandwidth

To evaluate the performance of a grating as a multiplexer, one can calculate the
coupling efficiency of the system of image beams to a test receiver horn moved about
the output plane. We can conveniently represent the beam pattern of any of the
receiver array horn antennas in terms of a sum of on-axis modes, the amplitudes of the
modes depending on the position of the horn on the image plane. Clearly, it is most
convenient to expand the fields of the test horn antenna aperture in terms of the same
mode set as is used for the array of images Eh = Cmn Kin. For optimum coupling to
the array of image beams the phase centre of the horn should be located on the image
plane, and the beam width should closely match those of the array of images. The
coupling of the horn antenna to the field is then given by: ri = Emn (Bnin) * Cmn12, where
C„,„ = exp(idOmn)c.n, takes into account the phase slippage between the horn aperture
and its phase centre.

As with all binary optics the DG will only operate correctly over a finite bandwidth.
This may pose a limitation for certain applications as noted in the introduction. We
therefore investigated a frequency detuning of the order of 10% using Gaussian beam
modes. Two effects occur if the wavelength of the LO beam is not at the design
wavelength of the grating:

(i) The actual inter-beam diffraction order separation in the output plane will change
implying some of the beams will no longer couple well to the detector array as they
will be misaligned with the horn centres. Realignment, however, can be achieved
easily by designing some variable magnification into the LO path optics.
(ii) The two binary phase delays for the grating are wavelength dependent, and so the
grating will only produce the required phase modulation of sts(x,y) = ±1 at the design
frequency.

These effects reduce the idealised coupling to an array of test horns both in terms of
the uniformity of the intensities and the displacement of the array of image beams
with wavelength. Gaussian beam mode analysis can again be applied to determine the
deterioration in the power coupling characteristics for an array of test horns. The
results of the analysis for a 5 x 5 grating are presented in Figure 4. It is worth noting
that SIS mixer sensitivity to local oscillator power for optimised performance is
usually not so critical that such a variation would cause a significant deterioration in
performance across the array.
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Figure 4 Power coupling to horns at six distances from the centre of a 5x5 array
(b) with and (a) without variable magnification.

Experimental Measurements

The practical feasibility of using DGs was evaluated at Maynooth using a 100-GHz
test facility. 2x2, 3x3 and 5x5 gratings were designed for use at this frequency and
Figure 5 shows a cross-section along one of the axes for each grating. The gratings
were manufactured from 112mmx112mm slabs of fused quartz by the Lithuanian
optics company, Eksma.

The DGs were tested using the Fourier 4-f set-up shown in Figure 6. A 100-Gliz
Gunn oscillator was used with a conical horn-antenna feed as the source. The horn
phase centre was placed at the focal point of an off-axis ellipsoidal mirror, Ml, with
an angle-of throw of 45°. The gratings were mounted on a perspex holder at the
common focal point of the two mirrors M1 and M2 where the source beam had a
waist. The mirror M2 was used to image the output of the grating onto the detector
plane. The crystal detector was mounted on a computer-controlled XY raster-scanner
centred on the focal point of M2. The scanner was capable of covering an area of
550mm x 550mm with a step resolution of 0.03mm. Eccosorb was used to avoid
unwanted reflections from component mountings.
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Figure 5 Designs for 2x2, 3x3 and 5x5 DGs. Designs for the 3x3 and 5x5 gratings were
based on the calculations of Dammann & Klotz [5]. 6x6 grating periods were used in the

2x2 grating, and 4x4 periods in the other two. The efficiencies, i, refer to the 1-dimensional
case. (The tolerance on each dimension was ±0.1mm).

Figure 6 4-f set-up to test the Dammann gratings.

The beam patterns obtained with the three gratings are presented in Figure 7. These
are to be compared with the theoretical patterns predicted using the Gaussian beam
mode analysis discussed previously and shown in Figure 8.
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Off-Axis Position (arbitrary units)

Figure 7 Output intensity patterns obtained with the 2x2, 3x3 and 5x5 gratings
(contours are linear)

Off-Axis Position (arbitrary units)

Figure 8 Cross section of the expected beam pattern from the 2x2, 3x3 and 5x5 gratings

In all cases a 2-dimensional grid of beams is obtained. The long focal length of our
mirrors meant that the beam waist at the grating was —2A.x. From the previous
discussion, the predicted beam-separation to beamwidth ratio at the output plane is
then — 3:1, in agreement with what was found. For our particular choice of 3 x3 grating
both the theoretical and experimental plots show that the next highest order diffraction
peaks are not completely suppressed. The output grid spacings are as expected for a
square array reflected through 45° by an ellipsoidal mirror. The overall efficiency of
the 2x2 and 5x5 gratings is higher and in these cases the central grid of peaks is far
more intense than the higher orders. In practice we found that for the 5x5 array, the
bottom row of 5 beams was consistently of a lower intensity than the other four rows,
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this we attribute to the fact that our mirrors were not large enough to cover the entire
output beam pattern. For the 5x5 measurements, therefore, we replaced the mirrors
M1 and M2 in Figure 6 with HDPE lenses (f= 250mm).

In order to investigate the bandwidth limitation of DGs, the 100-GHz Gunn diode was
replaced with one whose frequency could be varied over the range 90 — 105 GHz and
the measurements repeated.

Measurements on the 3x3 grating at 90.4 GHz are presented along with the theoretical
prediction in Figure 9. As expected the inter-beam spacing increases by a factor of
A.1/20 and the intensity of the central beam increases at the expense of the other eight.

Off-Axis Position (arbitrary units)

Figure 9 Cross-section of the measured and predicted beam patterns from the 3x3 grating.
The output for the design wavelength and a 9.6% detuning are shown. Calculations were

made using the Gaussian beam mode analysis discussed in this paper.

The uniformity of the 2x2 and 5x5 beam patterns was also found to remain high over
the bandwidth investigated. Figure 10 shows the output from the 5x5 grating at A.1.1.10
= 5%.
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-
Figure 10 Output intensity patterns (linear contours) obtained

with the 5x5 grating at 95.2 GHz.

Conclusions

In this paper we have presented a study of the feasibility of using Dammann gratings
for beam multiplexing at millimeter and submillimeter wavelengths. We have shown
from a theoretical study that at the design wavelength we get good diffraction
efficiencies of around 60% for a 5 x 5 array, with the missing power being channelled
into higher diffraction orders which can easily be terminated.

The theoretical bandwidth of such a grating would be of the order of 15%, which is
typical of astronomical array receivers operating in the submillimeter waveband.

In the case of the astronomical receiver, an LO multiplexing scheme would work best
for the case where mixer characteristics are very similar, so that the LO requirement of
individual mixers is the same. The scheme is particularly suitable for sparse arrays.

We also investigated the practical feasibility of producing a 2x2, 3x3 and 5x5 grating
at submillimeter wavelengths for the scenario referred to above, and presented
measurements of a prototype grating.

Since with the transmission grating there may be some reflection loss, we are also
looking into reflection grating designs. These would have to be operated off-axis to
prevent beam vignetting.

Acknowledgements

The authors would like to thank Forbairt (The Irish Science and Technology Board)
and the Board of the JCMT for financial support of this project.

370



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

References

[1] Klein T., Ediss G.A., Gusten R., Hauschildt H. & Kasemann C., "LO beam array generation at
480GHz by use of phase gratings," Eighth International Symposium on Space Terahertz Technology,
Harvard, 1997

[2] Graf U.U., Haas S., Honingh C. E., Jacobs K., Schieder R. & Stutzki J., "Array receiver
development at KOSMA for the sub-millimeter and terahertz spectral range", in Advanced Technology
Millimetre Wave, Radio and Terahertz Telescopes, Thomas G. Phillips, Editor, Proceedings of SPIE
Vol. 3357, 159-166 (1998)

[3] Gusten et al, "CHAMP: The carbon heterodyne array of the MPIfR," in Advanced Technology
Millimetre Wave, Radio and Terahertz Telescopes, Thomas G. Phillips, Editor, Proceedings of SPIE
Vol. 3357, 167-177 (1998)

[4] Belousov V.I., Denisov G.G. and Peskov N. Yu., "Quasi-optical multiplexing based on reflecting
diffraction gating," Mt. J. IR & MM Waves, 12, 1035, 1991

[5] Dammam H. and Klotz E., "Coherent optical generation and inspection of two-dimensional
periodic structure," Optica Acta, 24, 505, 1977

[6] Jahns J., Downes MM., Prise E.M., Streibl N. and Walker S.J., "Dammann gratings for laser beam
shaping," Optical Engineering, 28, 1267, 1989

[7] J.A. Murphy, S. Withington & H. van de Stadt, "Dammann Gratings for Local Oscillator Beam
multiplexing," in Multi-feed Systems for Radio Telescopes, (ed. D.T.Emerson and J.M. Payne) A.S.P.
Conf. Ser. Vol. 75, (1995)

[8] J.A. Murphy, S. Withington and M. Heanue, "Local oscillator splitting using Danunann phase
gratings," Proceedings of the 3rd International Workshop on Terahertz Electronics, Zermatt,
Switzerland, (Sept. 1995)

[9] J.A. Murphy, M. McCabe and S. Withington, "Gaussian beam mode analysis of the coupling of
power between horn antennas," International Journal of Infi-ared & Millimeter Waves, vol. 18, 501
(1997)

[10] J.A.Murphy, S. Withington & A. Egan, "Mode conversion at diffracting apertures in millimetre
and submillimerre-wave optical systems," IEEE Trans. Microwave Theory and Techniques, vol.41,
1700-1702 (1993)

[11] Goodman J.W., Introduction to Fourier Optics, McGraw Hill, New York, 1968

[12] Morrison R.L. 1992, J. Opt. Soc. Am. A, 9, 464

[13] S. Withington & J.A.Murphy, "Analysis of diagonal horns through Gaussian-Hermite modes,"
IEEE Trans. Antennas & Propagation, 40, 198-206 (1992)

[14] S. Withington. & J.A.Murphy, "Modal Analysis of Partially Coherent Submillimetre-wave Quasi-
optical Systems." IEEE Trans. Antennas & Propagation, vol. 46, 1650-1658, 1998

[15] J.A. Murphy & S. Withington, "Gaussian-beam-mode analysis of multibeam quasi-optical
systems," in Advanced Technology Millimetre Wave, Radio and Terahertz Telescopes, Thomas G.
Phillips, Editor, Proceedings of SPIE Vol. 3357, 97-104 (1998)

[16] Goldsmith P.F.. "Quasi-optical techniques at millimeter and submillixneter wavelengths", in
Infrared and Millimeter Waves, 8, 227, 1982

371



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

SUBMILLIMETER CRYOGENIC TELESCOPE WITH ANDREEV TYPE MICROBOLOMETER
FOR THE INTERNATIONAL SPACE STATION. PROJECT SUBMILLIMETRON

A. Vystavkin i , D. Chouvaev3, T. Claeson3, D. Go1ubev2-3, V. Gromov2, N. Kardashev2,
A. Kovalenko l , V. Kurt2, L. Kuzmin3, M. Tarasov i , A. Trubnikov 2, M. Wi1lander3

'Institute of Radio Engineering and Electronics of Russian Academy of Sciences (RAS) ,
11 Mokhovaya Str., 103907 Moscow, Russia;2

Astro Space Center of P.N. Lebedev Physical Institute of RAS, 84/32 Profsoyuznaya
Str., 117810 Moscow, Russia;
3Department of Microelectronics and Nanoscience, Chalmers University of Technology,
S-412 96 Gothenburg, Sweden.

vyst@hitech.cplire.ru , gro@asc.rssi.ru , kuzminriffy.chalmers.se

Abstract. The tasks of the celestial sphere observations in the Terahertz (500-1000 GHz)
frequency band are analyzed and the place of wideband microbolometers in these tasks is
determined. Among such microbolometers the Andreev type is one of most promissing. It is
based on the heating electrons in the thin film of normal metal with superconducting electrodes
(the S-LN-S structure, where "S" means the superconductor and "LN" means the long film of
normal metal), cooled down to temperatures of order of 100 mK. Preliminary estimations and
measurements [I, 2] show the possibility to reach the noise equivalent power of such
bolometer down to 10 

-18
wy Hz 112 at least in the part of the THz frequency band. The Astro

Space Center of the P.N. Lebedev Institute of the Russian Academy of Sciences is developing
the Submillimetron Project [3] that includes a submillimeter wave cryogenic telescope with the
Andreev microbolometer as one of receiver candidates to be mounted at the International
Space Station.

1. Introduction. One of the fundamental problems of the contemporary physics, in general,
and the astrophysics, in particular, is the problem of the investigation of the electromagnetic
radiation of the celestial sphere in the terahertz frequency region (0.5 - 3.0 THz), as a result of
what they are expecting an abundant information which will bring us forward to the significant
broadening of our ideas about the Universe and events taking place in it.

First of tasks on this way is the systematic observation of definite regions of the celestial
sphere with the purpose to map the brightness of a distributed radiation and compile
catalogues of discrete sources keeping in mind the finding objects unknown earlier as well as
the obtaining the ranging of sources in accordance with their intensity and other characteristics
what is necessary for the understanding the structure of the Galaxy and the Universe as a
whole. The gap between the observation data of the celestial sphere radiation in the centimeter
and infrared waveband regions is too big to permit at least slightly reliable oncoming
extrapolation into the region of millimeter and submillimeter waves (or terahertz frequency
band).
Next task is the investigation of the background radiation solving which, one may discover
characteristics of as the distributed objects (the radiation of interstellar and interplanetary dust,
initial background radiation) so the total radiation of spatially unresolved objects. Main goal

Presented at the 10-th Intern. Symp. on Space THz Technology, 16-18 March, 1999, Charlottesville, VA, USA.
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here is the investigation of the initial background radiation (3 K) and its anisotropy on
scales less than 10 angle degrees up to 5 angle minutes in Wien region of electromagnetic
spectrum.

Further we have to indicate tasks of investigation of selected objects: spectra of discrete
sources (stars, galaxies, quasars, active galaxy nuclei); radiation intensity time variations of
quasars and active galaxy nuclei; the atmosphere radiation observation of planets and their
satellites; the investi gation of dust in the Solar System, the Galaxy and extragalactic
formations.

Here we have indicated just some of tasks of the contemporary terahertz radio astronomy. One
may find the impressive description of these and many other tasks in the said region of
spectrum in the Proceedings of the European Space Agency Symposium named "The Far
Infra-Red and Submillimetre Universe", taken place in Grenoble, France, on April 15-17, 1997
[4]

Geophysical tasks are adding to the astrophysical tasks in the terahertz frequency region [5]:
the global monitorin g of the Earth ozone sphere, including the study of the ozone content
distribution in the Earth atmosphere and its variations; the global monitoring of the
anthropogenic Earth atmosphere pollution etc.

To attack mentioned above tasks the receivers of the radiation in various bands of the terah.ertz
frequency rezion. having highest sensitivity and different frequency resolution: high, medium
and low. are necessary. To the present time three groups of such receivers have become clear
as the result of the research and developments of many institutions. We are describing below
these three groups after the example of the already formed groups of the receivers for multi-
chanel FIRST telescope (Far InfraRed and Submillimeter Telescope) of the European Space
Agency

1) The superheterodyne receivers based on SIS-mixers at frequencies 0.5-1.25 THz and on
superconductin g hot-electron bolometers at frequencies 1.25 - 2.5 THz. The achieved
characteristic noise temperatures here are: 80 K at 0.5 THz, 750 K at 1.0 THz and 1900 K
and 2500-3000 K at 1.3 and 2.5 THz correspondingly; the frequency resolution: R=f/d.f=
1.2x10' . the operatin g temperature of these receivers - 4.2 - 2.0 K [6].

2 ,) Direct detection receivers based on bolometers at frequences 0.5 1.5 THz. The cha-
racteristic noise equivalent powers estimated in accordance with measurements on dc (so-
called electrical NEP) here are —2x10 - ' 8 Willz i 2 ; the frequency resolution R-10 3 when
working together with grating or Fabr-y-Perot spectrometers; the time constant is 65 ms; the
operating temperature of bolometers is —0.1 K [7, 8].

3) Direct detection receivers based on photoconductors at frequencies 1.5 - 3.5 THz. The
achieved characteristic noise equivalent powers (NEP) here are —4x10 -18 W/Hz 112; the
frequency resolution R-2 x103 - 2 x104 when working together with Fabry-Perot spectrometer;
operating temperature is —1.7 K [9].

The direct detection receivers based on photoconductors are only ones being most sensitive of
known now receivers at frequency region —1.5 - 3.5 THz. The selection of two types of
receivers for frequenc y region 0.5 - 1.5 THz, superheterodyne and direct detection types, is led
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mainly to the reason that when they are observing weak but broadband radiation sources it may
occure that the integral sensitivity of narrowband superheterodyne receivers could be not
enough and at the same time the bolometer owing to its very wide frequency band will detect
this radiation. Besides as bolometers don't need heterodyne pumping it is much easier to
construct on their basis multi-element receiving structures for an observation spatially
inhomogeneous distributed radiation sources though having not too high frequenc y resolution.

The Earth-based operation of all considered receivers is limited by the atmosphere that is not
enough transparent in 0.5 - 3.0 THz frequency region. At the same time all measures right up
to cool receivers down to 0.1 K are taking as regards to achieve ultimate low noise equivalent
power. Measures are taking also to cool antennae and radiation guided elements to reduce
significantly their thermal noise coming

Thus it can be concluded that the receivers based on bolometers are pla ying among other
receivers their own important part in the terahertz radio astronomy.

2. The Submillimetron Project. The Submillimetron Project [3] is dedicated to solve most of
said above tasks of terahertz radio astronomy using the Cryogenic Telescope located on the
Russian segment of the International Space Station (ISS). The Astro Space Center of the P.N.
Lebedev Physical Institute of the Russian Academy of Sciences is responsible for developing
the Submillimetron Project. The Project was selected by the Russian Academy of Sciences in
1997 along with seven other Russian experiments as candidates for scientific radioastronomical
payloads on the Russian segment of the International Space Station (Fie. 1). Currently the
Astro Space Center is carrying out pre-project study under the contract with Russian Space
Agency. If the Project will succeed experiments with the onboard cryogenic telescope can be
performed between the years 2001 and 2004. Besides said above tasks the secondary goal of
the Submillimetron Project is to provide a test bed to perform the technological experiments
needed to develop follow on projects.

The Submillimetron Project intends to fill the time gap between the IRAS, COBE and the
follow on projects SIRTF, FIRST and PLANCK. If it succeeds it can provide information on
research targets for these projects as well as test/resolve some technological issues needed to
build these telescopes.

The uniqueness of the proposed telescope lies in the deep cooling of the entire telescope and
even deeper cooling of the detectors (bolometers and photoconductors) to achieve a high
sensitivity at terahertz frequency band. Comparative sensitivity performances of the telescopes
of the flown project (IRAS and COBE) and projects under development (SlRIT. FIRST,
PLANCK) and Submillimetron Telescope are given in Fig.Fie. 2 and 3.

Telescope concept. The telescope payload consists of the Cryogenic Telescope itself and the
Data Registration and Processing Unit.

The telescope will be positioned on the Russian Segment of the International Space Station
(Fig.4). The telescope assembly shall be oriented in such a way as to preclude interference
from the thermal radiation of the station elements, and the Sun and Earth. The angle between
the optical axis of the telescope and the directions to these objects shall be larger than 60
degrees in all possible telescope pointing positions.
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The data registration and processing block will be located in one of the scientific modules of
the Station and connected with the telescope assembly by a cable.

The Cryogenic Telescope parameters are:

Diameter: D = 0.6 m,
Focal length: F = 4 m,
Wavelengths:
- submillimeter band: 0.3, 0.4, 0.5, 0.6, 0.8,

1.0 and 1.5 mm,
- infrared band: 3, 10, 30, 100, 200 p m.
Cooling:
- telescope as a whole: 5 K,
- detectors (bolometers): down to 0.1 K,
Detectors:
- bolometer arrays.
Number of elements in the detector arrays.
- about 100 at wavelengths shorter than

0.5 mm,
- 7 elements at the wavelength 1.5 mm.
Angular resolution:
- submillimeter band: 5-20 min of arc,
- infrared band: 5 min of arc.
Sensitivity of the detectors:
- subrnillimeter band: 1048 W/Hz112,
- infrared band: 10-17_3.10-16 w/Hz 112

Sensithity of the telescope (integration
time = 1 s):
- subrnillimeter band: 3-12 mJy,
- infrared band: 6-40 nay.
Cryo_genic Telescope (see Fig. 5) includes
following main units:

Mass (kg)/Power (W)
- Optic Cryogenic Assembly (OCA) 300/40,
- Active Cooling System (ACS) 30/300,
- Telescope Electronics Assembly (TEA)

10/10,
- Telescope Pointing System (TPS) 90/80,

- Star Tracker (STR) 10/10,
Total 440/440.

Technical Requirements on Active Cryogenic
System (ACS):

-The ACS system shall provide cooling of the
internal screens of the Optic Cryogenic
Assembly (OCA) from 300-350K to the
screens operating temperature of 20K,
- Load temperature = 20 K,
- Minimum heat load = 1 W,
- Power consumption = 300 W,
- Maximum mass = 30 kg,
- Power voltage = 23-34 V.

Technical Requirements on Star Tracker
(STR). 

-The Star Tracker shall define the telescope
optical axis pointing information (two
perpendicular axes in the plane perpendicular
to the optical axis and the rotation angle) and
provide the correction signals to the
Telescope Pointing System (TPS),
- Accuracy of the telescope pointing axes =
±10 arc sec,

- Accuracy of the telescope rotation angle axis
= ±1 deg,

Telescope pointing data rate = 1 point per
10 sec,

- Power consumption = 10 W,
- Maximum mass = 10 kg.

Bolometric array concept. Scientific objectives connected with observation of extremely
distant objects determines main features of the instruments and requirements for the detectors.
In accordance to the main goal of the experiment - to achieve extremely high sensitivity in
spectral density of continuum emission, this features includes: wide spectral bands and
simultaneous observation in all spectral and spatial channels, maximum number of spatial
elements in field of telescope, minimum instrumental thermal emission of cryogenic optics
comparable with extraterrestrial background. Spectral region 0.3 -1.5 mm correspond to
minimum in spectral density of this background. Corresponding requirements are the
following:
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- Wavelengths: 0.3, 0.4, 0.5, 0.6, 0.8, 1, 1.5 mm,
- Bandwidth: 10 - 30% of the observing frequency,
- Number of elements in the bolometer arrays:

- about 100 at wavelengths 0.3 - 0.4 mm,
- 7 elements at the wavelength 1.5 mm,

- Sensitivity of the bolometers: 5_10 -1 ' W/Hz

The last figure corresponds to measure of fluctuations in number of quanta in background
radiation and can be achieved only with thermal detectors (bolometers). For phase sensitive
receiver (heterodine mixer) in accordance to indefinity principle the noise temperature is
restricted by a value about hfik.

3. Normal-metal hot-electron microbolometer based on Andreev reflection effect. Taking
into account the said above requirements to the bolometer receiver for the Terahertz
Cryiogenic Telescope we have chosen one of most promissin g bolometers - the normal-metal
hot-electron microbolometer [1, 2] based on the Andreev reflection fenomenon [10] which is
based on the heating electrons in the thin film of normal metal with electrodes of metal-
superconductor (in the so-called S-LN-S structure (Fig. 6), where "S" means the
superconductor and "LN'' means the long film strip of normal metal), cooled down to
extremely low temperatures of order of 100 - 200 mK. Briefly, the construction of the said
microbolometer is the following: the comparatively simple structure consisted of normal metal
strip (Cu, Cr or some other normal metal) with the dimensions: length - 3 - 12 p ITL width -
0.1 - 0.3 It m and thikness - —40-75 nm - with the Al or Pb superconducting electrodes at the
ends and with S-I-N (superconductor-insulator-normal metal) tunnel junction at the central
part of the strip - is evaporated under three angles onto the silicon substrate obtained by means
of the usual electron-beam lithography using shadow evaporation technique. The radiation is
absorbed by electrons in the strip of normal metal. Two circumstaces lead to the effective
heating of electrons by the radiation: (a) the super low temperature (0.1 - 0.3 K) owin g to
what the interaction between electrons and substrate through electron-phonon collisions and
therefore the energy transfer from electrons to the substrate lattice (low heat conductance G) is
extremely low and (b) the phenomenon of Andreev reflection of electrons at the normal metal -
superconductor boundary which takes place without the energy transfer of electrons to the
superconducting electrodes at all [10]. At temperatures < 1 K the electrical resistance of the
normal metal strip doesn't depend on temperature. By this reason the temperature increment of
electrons in the strip is measuring by means of the mentioned above S-I-N tunnel junction. For
the best matching of the bolometer with an incident radiation beam including the providing the
maximum capture of the receiving radiation as in case of single so in case of multi-element
receiver the log-periodic antenna (Fig. 7) is integrated on the same substrate. The bolometer is
placed in the center of the antenna.

The estimation of noise equivalent power (NEP) of the normal-metal hot-electron bolo-
meter (NHEB). The shape of IV curve of the S-I-N tunnel junction depends on the electron
temperature in the normal part, and by biasing the junction with a constant current and
measuring voltage on it we can get a responce z V(T) linear in a rather wide range.

There are three major components contributing to the NEP of NHEB according to the
expression:

376



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

, V 2 v2
NEP=[ 4k
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where Te is the temperature of electrons in the absorber (thin metal film), G=d13/cIT is the
thermal conductance for the outflow of signal-induced heat, S=dV/dP= dV/dTG' is the power
responsivity of the bolometer, V is voltage noise of the SIN-junction and V, is voltage noise of
an amplifier. The first term describes the electron temperature fluctuations in the absorber and
sets the fundamental noise limit for a given device at a given temperatire. It is clear from the
expression above that it is mostly the small G that provides comparatively low NEP in this type
of bolometer.

For an experimental verification of the NEP several test samples of the NFIEB were fabricated.
We performed measurements of IV curves of the SIN-junction at different temperatures and
with different dissipated power from the signal current (Fig.8). The dependence of the voltage
V at constant bias current through the junction on the signal current 'ABS in the absorber was
measured at constant temperature for two devices with different absorber lengths. The
corresponding curves V(I) for the two devices are almost overlapped (Fig.9). The derivative
drdIABs directly related to the form of the curve can be expressed via temperature
responsivity, inverse thermal conductivity and dP/dIABs:

dy_ dy  
dP dV ( ciP) 1  dP

•di ABs dP dIABs dT 71') di ABs

One can find from the Joule law

c
P = P = R =2R1"Joule ABS

IP
ABS

ABS

The inverse thermal conductance can be found from the expression for the heat excange in case
of the hot-electron effect:

Pe
dp

	

	 4
— 5EUT,ph= EUV: 7-;h ) dT

where Y., is a material-specific parameter and we assume equilibrium, P
Joule

=
	ph. After

substitution we get

cIV dV (  21
S
 1? R

di „as dT

The overlapping of the curves means then, that increase of dissipated power (P) due to higher
resistance (R) has been exactly compensated by increase of the heat conductance due to larger
volume (UT), i.e. no substantial thermal transport through the NS-contacts has been present.
The dependence T(I,.: Bs ) was then re-calculated to give V(P). Maximal power responsivity at
an optimal = 0.3 n..k was found to be Smax= dV I dP =3-107 V/W. Combining the data

V(/bias , 7) and varas, P) the dependence P(Td could be calculated (Fig. 10).

(1)

(2)
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From a fit to the expression (2) we could find the parameter E =3-10-9 nW-K -5 - p m-3 and
consequently the thermal conductance G=6-10 -12 W/K at 300 mK. This value is twice as low as
the one which can be calculated using the data from [1]. This decrease was due to the smaller
volume of the absorber in our case. The thermal fluctuation component of the NEP (1)
calculated for the value of G is about 5-10 -18 W/Hz 12 . At 100 rnK the thermal conductance was
considerably decreased to G=7-10 -14 W/K. This value of G gives a thermal fluctuation noise
component of the total NEP=2-10 -19 W/Hz 1 /2 which is well below the requirements for the
Cryogenic Telescope (see the paragraph 2) as well as the ESA requirements for the total NEP
for future spaceborn bolometers [11].

The thermal time constant can be computed as Z =CG where C is the electron heat capacity.
For the obtained value of I we get 1- =5T3 ns. At T=300 m.K the time costant r =0.2 u s and
at T=100 mK the time costant r=5 p s which is considerably shorter as what is typically
required and much lower of 1 s what is the integration time of the Cryogenic Telescope (see
the paragraph 2).

The recently measured sensitivity of the Andreev microbolometer about 5 • 10-18 w Jul 2 is

presented in detail in separate paper at this Symposium [12].
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Figure 1. The International Space Station. General view shows a position of the
Cryogenic Telescope Assembly and Science-Power Platform (SPP).
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Figure 2 The sensitivity related to discrete sources. Rectangles - the Subrnillimeteron
Project. circles - other projects. NEFD - noise equivalent flux density.

381



1010 10
Wavelength. mrn

v1(W/m2sr), NEN' 1,.(W/m2srHir2)
-5

10
••

-6
10

CMB•

-7
10

SIRTF/MIPS

•

1 0

10

-10
10

-11
10

-12 1.
10

-2
10

ISO-PHT
/ IRIS \\,-
/

•
•

•
•
•

•
•

•

IRAS

ISD

Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

Figure 3. The sensitivity related to brightness of extended sources. Rectangles - the
Submillimetron Project, circles - other projects. NE vI - noise equivalent brightness

with S/N= 1. The brightness of sources given for comparison: CMB - cosmic micro-
wave background, ISD - interstellar dust emission, IPD - interplanetary dust emission.
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Forward
direction

Figure 4. International Space Station. Top view. CS/SIAM - Cargo Ship "Progress"
(the Submillimetron telescope in the special transport bay); SM - Service Module with
remote manipulator; SPA - Solar Power Array; SPP - Science-Power Platform. Large
SPA's on both sides of US se gment are not shown.
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Figure 5. Block-diagram of the Cryogenic Telescope. FDB - Focal Dichroic Beam-
splitters assembly; IDA - Infrared Detector Array; SBA - Submillimeter Bolometer
Array; CAU Cool Amplifiers Unit; mi(C - milli-Kelvin Cooler (100-300 mi();
DRPU - Data Registration and Processing Unit.
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Figure 6. Schematic of the microbolometer: the SIN junction is biased at a small
constant current. A junction voltage depends on the smearing of the IV-curve which
is used to measure the electron temperature in the normal metal absorber (hatched).
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Figure 7. View of a chip with a planar log-periodic antenna and the microbolometer in
the focus of the antenna designed for device tests at 100-1000 GHz.
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Fi gure 8. IV-curves of the SIN junction measured for different temperatures without
any si gnal current and for two different powers dissipated by the signal current at the
base temperature of 30 mK.
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Figure 9. The junction voltage V at constant bias current hi through the junction as
a function of the signal current I ABs for two devices with different absorber lenght 6

m and 12 ,u m at T=30mK.
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electronsdeduced from measurements V(Il.:, T) and Tph
=30 na is temperature of the

lattice (measured temperature of the sample holder). Linear fit corresponds to the
relation (2).

389



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

CHARACTERIZATION OF THE ELECTRON ENERGY RELAXATION
PROCESS IN NbN HOT-ELECTRON DEVICES

K. S. G. N. Gol'tsman,* and B. M. Voronov

Physics Department, Moscow State Pedagogical University, Moscow 119435, Russia

*email. goltsman@rpl.mpgu.msk.su

Roman Sobolewski

Laboratory for Laser Energetics and Department of Electrical and Computer Engineering

University of Rochester, 250 East River Road, Rochester, NY 14623-1299

Abstract
We report on transient measurements of electron energy relaxation in NbN films

with 300-fs time resolution. Using an electro-optic sampling technique, we have studied

the photoresponse of 3.5-nm-thick NbN films deposited on sapphire substrates and

exposed to 100-fs-wide optical pulses. Our experimental data analysis was based on the

two-temperature model and has shown that in our films at the superconducting transition

10.5 K the inelastic electron-phonon scattering time was about (111}+-__.2) ps. This response

time indicated that the maximum intermediate-frequency band of a NbN hot-electron

phonon-cooled mixer should reach (16+41-3) GHz if one eliminates the bolometric

phonon-heating effect. We have suggested several ways to increase the effectiveness of

phonon cooling to achieve the above intrinsic value of the NbN mixer bandwidth.

Introduction

In the terahertz frequency range, hot-electron mixers (HEM) have reached noise

temperatures lower than the other mixer types, such as superconductor—insulator-

superconductor tunnel junctions or Schottky diodes. Both Nb diffusion-cooled and NbN

phonon-cooled devices demonstrate roughly the same noise temperatures. For a phonon-

cooled, 3.5-nm-thick NbN mixer, the 4-GHz gain bandwidth has been demonstrated 1 at

140-GHz and 660-GHz frequencies, and the noise bandwidth at 620 GHz has been found

to breach twice the gain bandwidth. 2 For a diffusion-cooled Nb HEM, the 9-GHz gain

bandwidth has been measured at 600 GHz.3

hi the HEM device, the rate of electron cooling controls the bandwidth of the

intermediate frequency output; thus, the intrinsic bandwidth of an ideal phonon-cooled

HEM corresponds to the inverse of the inelastic electron-phonon scattering time. In real
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HEM' s, unfortunately, nonequilibrium phonons hamper the device performance. Re-

absorption of excited phonons by electrons slows the electron cooling, leading to the

increased response time and the decrease of the HEM bandwidth. This explains why

numerous experimental studies of NbN ultrathin HEM's resulted in a measured bandwidth

smaller than one would expect from the value of the electron-phonon scattering time

determined in independent experiments. Thus, secondary processes, such as phonon re-

absorption and phonon escape from the film to the substrate, directly affect the results of

frequency-domain HEM measurements.

In this work, we report our direct measurements of the electron energy relaxation

time in a 3.5-nm-thick NbN HEM using a time-domain electro-optic (EO) sampling

technique with 300-fs resolution.4 EO sampling does not require the response signal to be

transmitted out of the cryostat; instead, the signal is measured in situ, in the close vicinity

(less than 100 ,um) to HEM integrated into a coplanar waveguide. As compared to

frequency-domain methods, EO sampling provides much more accurate data on the

intrinsic picosecond response of the device. Our studies show that the intrinsic gain

bandwidth of the NbN HEM is up to 16 GHz, which is sufficient for most coherent

terahertz detection applications.

Experimental
Films with a 3.5-nra thickness were deposited on sapphire substrates by reactive dc

magnetron sputtering in the Ar+N2 gas mixture.5 The largest values of both the critical

current density Jc and the transition temperature Tc were achieved at the discharge current

of 300 mA, the partial N2 pressure of 1.1 x 10-4 mbar, and the substrate temperature

850 C. The Ar pressure proved to have no substantial impact on the film deposition rate or

film composition, and for this reason, the 4.8 x 10- 3 -mbar pressure was selected to

maintain a stable discharge. The deposition rate was 0.5 nm/s, defined as the ratio between

the film thickness (measured with a mechanical profilometer) and the deposition time.

A typical experimental configuration, used for the EO sampling measurements, is

shown in Fig. 1. The test structure was patterned into a 4-mm-long coplanar waveguide

(CPW) with a 30-gm-wide central line, separated by 5-pm-wide gaps from the ground

planes. The tested HEM consisted of 25 parallel, 2-pm-wide strips, located in the middle

of the CPW, between the central line and grounds. Vanadium strips terminated both ends

of the CPW to assure 50-0 output impedance of our device. Typically, after processing,

the device exhibited the midpoint of the superconducting transition (definition of Tc) at

10.3 K, with -1.0-K transition width, and a critical current density Jc at 4.2 K of

106 A/cm2.

391



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

The sample was mounted on a copper cold finger inside an exchange-gas, liquid-

helium dewar, with optical access through a pair of fused-silica windows. During our

measurements, the sample was in the He exchange gas with the temperature regulated in

the range from 4.2 K to 12 K and stabilized to 0.2 K. One end of the CPW was grounded,

while the other was wire-bounded directly to a 50-0 coaxial cable connected through a

bias-tee to the 14-GHz sampling oscilloscope. To facilitate E0 measurements the entire

waveguide structure was overlaid with an electro-optical LiTa03 crystal.

A block diagram of our experimental setup is shown in Fig. 2 and described in

detail in Ref. 4. A commercial self-mode-locked Ti:Al203 laser, pumped by an Ar-ion

laser, was used to excite picosecond pulses in the HEM and, simultaneously, to electro-

optically measure the resulting electrical transient propagating in the CPW line. The laser

provided a train of —100-fs-wide optical pulses with 800-nm wavelength and 76-MHz

repetition rate at an average power of >1 W. The train was split into two beams by a 70/30

bearnsplitter. The first (excitation) beam was frequency doubled in a nonlinear crystal,

intensity modulated, and focused by a microscope objective to an —100-1.2m-diam spot to

excite the HEM structure. The microscope objective was also a part of the viewing

arrangement that allowed us to observe the sample during beam positioning. The average

power of the 400-nm excitation beam measured outside the dewar was —0.75 mW. By

calculating the amount of light absorbed and reflected by two dewar windows and the

LiTa03 crystal, as well as taking into account reflectivity and transmissivity of the NbN

film, we estimate that the power actually absorbed by the HEM was only 4.5 i/W, which is

equivalent to approximately 1.5 x 10 16 3-eV photons per cm3 , and induced below 0.1 K

permanent heating of the device area. The second (sampling) beam traveled through a

computer-controlled delay line and was focused to a < 10-,um-diam spot inside the LiTa03

at the gap between the center and ground CPW lines, less than 100 ,um from the HEM (see

Fig. 1). The transient birefringence introduced in the LiTa03 crystal by the electric field

associated with the HEM photoresponse was detected by the sampling beam, which

allowed us to measure the time evolution of the photoresponse voltage signal. 4 From the

operational point of view our EO system can be regarded as a sampling oscilloscope

featuring <200-fs time resolution and <150-,uV voltage sensitivity, which are well below

the characteristics of the transients reported here.

392



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

Results and Discussion

A typical response of our device measured with our E0-sampling technique is

presented in Fig. 3. We note that the signal (solid line) contained a large amount of noise,

but it was acquired at low bias current, 175 pA, and at temperature 10.5 K, right at the

superconducting-resistive transition. The dashed-dotted line represents the response of the

sample calculated for the single-pulse input on the basis of the two-temperature (2T)

mode1.6 Since the reflection-free time window for our experiments, due to limited length

of the CPW and large signal propagation velocity on sapphire, was only about 40 ps, the

reflections from the CPW ends contributed to the measured EO sample response and had

to be included in simulations. The dashed line in Fig. 3 shows the result of our 2T model

calculations that took those reflections into account.

The 2T model assumes a very short thermalization time of quasiparticles. Fast

thermalization occurs at high energies via both electron-electron interactions and electron-

optical-phonon scattering, while at low energies it is mainly due to electron-electron

scattering. For phonons the single-temperature approximation remains reasonable for a

relatively weak coupling between phonons and the substrate. For low-temperature

superconductors, it is well known that establishment of the phonon nonequilibrium

temperature occurs via electron-phonon interactions.

In our simulations, we considered a superconducting film carrying a constant

current that drives the sample into the resistive state at the temperature T b very close to T.

Under this condition the energy gap is very small as compared to kB Tb , and the

quasiparticle energy spectrum is close to that of electrons in a normal metal. Consequently,

the inelastic scattering of quasiparticles, as well as their recombination into Cooper pairs,

can be described by the electron-phonon interaction time. We assume that the film is

uniformly illuminated by radiation and that the bias current is uniformly distributed over

the bridge's cross-section area. We also neglect joule heating by the biasing current and

consider only small deviations from equilibrium.

The time-dependent effective temperatures Te and Tph are obtained as a solution of

the 2T coupled linear heat-balance equations:

Ce
	= 

aFin
 (t) 

dt V
 (Te — Tph ) ,

e—ph

(1)

dT
C-1—)11 CPh

dt
r — h

(
T ) —p Tph — Tb) ,

ph

ph

ph-e res
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where Ce and Cph are the electron and phonon specific heats, a is the radiation absorption

coefficient, V is the volume of the bridge, and is the sample temperature. P 1 (t) is the

incident optical power, in our case modeled as a Gaussian-shaped pulse. The equations also

contain the characteristic times Te _ph for electron-phonon scattering, and ; s for phonon

escape to the substrate. The energy balance equation is Te_ph = rph_e(Ce/Cph), where Tph_

e is phonon-electron scattering time. To obtain the corresponding time evolution of the

device voltage response, we invoked the methods described in detail in Ref. 6.

A diagram of energy relaxation processes taking place in a metal film under the

influence of the electromagnetic radiation is presented in Fig. 4. For the ideal Te_ph << Tph_e

and 'T << T-es _ _ _ph_e case, the electron energy relaxation back to equilibrium is essentially due

to the inelastic electron scattering with phonons. Thus, the voltage signal decay should

occur according to the exponential law with a single characteristic time constant Te_ph . For

real NbN films at T 10 K, Ce = 1.7 x 10- 3 J cm- 3 K- 1 , and Co = 1.1 x 10-2

J cm-3 K- 1 , which leads to Tph_e = 6.5 Te _ph . In addition, Tes = 13 X d(nm) ps, which for

our 3.5-nm-thick films results in Tph_e = 1.7 `res. Consequently, in our case, the energy flow

from electrons to phonons dominates over the re-absorption of nonequilibrium phonons by

electrons; however, the energy backflow cannot be neglected. Compared to the ideal device,

the shape of the response for a real HEM has a more complicated waveform that cannot be

described by the single-time-constant exponential law. In this case, it is only possible to

determine the "average" decay time (see Fig. 3), which is given by the time that elapses

from the pulse arrival until the magnitude of the response decreases down to lie from its

maximum value. Using this criterion, we obtained for our device the 30-ps relaxation time

which corresponds to the HEM gain bandwidth of 5.3 GHz.

The Te_ph value was obtained as the fitting parameter in the 2T equations, which

provided the best agreement (dotted and dashed lines in Fig. 4) with the experimental

transient and was determined to be (1a-1-_..2) ps. This value can be regarded as the intrinsic

electron-phonon scattering time and limits the maximum gain bandwidth of the 3.5-nm-

thick phonon-cooled NbN HEM' s to (16+41-3) GHz.

There are several possible ways to increase the current experimental 5.3-GHz

bandwidth limit to the intrinsic 16-GHz value. Further technological development of NbN

film deposition (e.g., epitaxial growth) should result in decreased film thickness without

degrading its operational parameters, such as Tc and J. This should increase the escape

rate of nonequilibrium phonons from the film. Phonon escape Zes also depends on the

transparency of the film-substrate interface; using substrate materials that provide better

acoustic matching with NbN films (e.g., MgO) one would additionally lower 'res . Out-

diffusion of hot electrons into the metal contact pads bounded to the superconducting
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bridge is commonly used in Nb devices (so-called diffusion-cooled HEM's) to increase

their gain bandwidth. 7 The same approach could be implemented for NbN structures,

despite NbN's very small electron diffusivity. Finally, it might be beneficial to deposit an

acoustically matched, low-loss dielectric layer on top of the device to act as an additional

channel for the phonon escape.

Conclusions

We have measured the 30-ps photoresponse of NbN ultrathin films at 10 K and

calculated the corresponding (10±2)-ps inelastic electron-phonon scattering time. This latter

value imposes the fundamental limit of (16±4/-3) GHz to the intermediate frequency

bandwidth of phonon-cooled NbN HEM's. We have also indicated the possible ways to

approach this maximal bandwidth in real devices.
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Abstract—We are currently exploring ways to improve the performance of SIS mixers
above 700 GHz. One approach is to use NbTiN in place of Nb for all or some of
the mixer circuitry. With its high gap frequency and low losses demonstrated up to
800 GHz, it should be possible to fabricate an all-NbTiN SIS mixer with near quantum-
limited noise performance up to 1.2 THz. Using a quasioptical twin-slot two-junction
mixer with NbTiN ground plane and wiring and hybrid Nb/A1N/NbTiN junctions, we
measured an uncorrected receiver noise temperature of TRx 500 K across 790–
850 GHz at 4.2 K bath temperature.

Our second approach is to reduce the RC product of the mixer by employing very
high current density Nb/A1N/Nb junctions. By using these we will greatly relax the
requirement on tuning circuits, which is where substantial losses occur in mixers op-
erating above the Nb gap frequency. These junctions have resistance-area products
of RNA 5.6 CZ p,m2 , good subgap to normal resistance ratios, R89 I RN 10, and
good run-to-run reproducibility. From FTS measurements we infer that wRNC = 1
at 270 GHz in these junctions. This is a substantial improvement over that available
using Nb/A10x/Nb technology. The sensitivity of a receiver incorporating these high
current density mixers is TRx = 110 K at 533 GHz using a design for lower J mixers,
which is close to the best we have measured with lower J, Nb/A10x/Nb mixers.

I. INTRODUCTION

515 mixers have now developed to the point where their noise performance under
700 GHz (the gap frequency of niobium) is nearly quantum-limited, and near 1 THz their
sensitivity is still better than those of competing technologies. Though it is clear that SIS
mixers using Nb junctions can work efficiently above 700 GHz, resistive loss in the tuning
circuit ultimately limits their performance. Indeed, the best results at 1 THz were achieved
by using tuning circuits made with good normal metal conductors; however, even in this
case the power coupled to the junctions is only about 20% [1]. There are two major ways
to improve the performance of SIS mixers above 700 GHz: 1) Use low-loss superconduct-
ing films with 7', higher than Nb, and 2) reduce the RC product of the junctions. We are
pursuing both of these options.

We recently began an effort to use NbTiN film in our quasioptical SIS mixers. Our
previous work with these mixers has convincingly demonstrated that NbTiN films can have
very low loss at frequencies as high as 800 GHz, and thus may be suitable for use in
mixers operating up to its gap frequency, 2A/h 1.2 THz. For example, a mixer with
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Nb/A10,c/Nb junctions, Nb wiring and NbTiN ground plane gave very impressive perfor-
mance: TRx -= 110 K at 638 GHz [2]. This measurement showed that the loss in the ground
plane near 650 GHz is at least as low as in a Nb ground plane. Fourier transform spectrom-
eter (FTS) characterization of a mixer made entirely from NbTiN film indicated that the
surface resistance of the mixer wiring was Rs < 0.03 Q, at 500 GHz, and had an upper
limit of roughly Rs < 0.1 CZ at 800 GHz [3]. These measurements support the claim that
NbTiN films are not as lossy at submillimeter wavelengths as NbN films. In the past year
considerable progress has been made in the fabrication process [4],[5], and we presently
report on measurements made near 800 GHz on a mixer with NbTiN ground plane, NbTiN
wiring, and Nb/A1N/NbTiN junctions.

Kleinsasser et al [6] studied the use of MN as a barrier material for extremely high
current density Josephson junctions. The practical difficulty in fabricating AlO x junctions
with high current densities, say J, 10 kA cm', is that the quality of the junctions, as in-
dicated by the subgap to normal resistance ratio, degrades rapidly with increasing J. Using
AN as the barrier material, however, it is now possible to reliably produce very high cur-
rent density junctions while maintaining their quality. In addition, the material parameters
for MN and A10, are similar, so A1N-based junctions are amenable for incorporation into
existing designs based on AlO x bathers in contrast to using MgO, which has a much higher
specific capacitance for the same current density. We presently demonstrate the operation
of a low-noise receiver incorporating high current density Nb/A1N/Nb junctions with an
input bandwidth of about 300 GHz.

II. RECEIVER SETUP

The mixer configuration we use is a quasioptical planar twin-slot antenna coupled to a
two junction tuning circuit [7]. The antenna and junctions are fabricated simultaneously on
the same Si substrate. This substrate is attached to a hyperhemispherical Si lens, which is
anti-reflection coated with Al2 03 -loaded epoxy. The lens/substrate combination is clamped
into a mixer block assembly, which is mounted in a liquid helium-cooled cryostat. The
beam passes through a high-density polyethylene lens at 4.2 K, and several layers of porous
Teflon on the 77 K radiation shield. A 23 am mylar film serves as the vacuum window. This
receiver setup is nearly identical to that used for prior measurements and is known to give
excellent receiver performance up to 1 THz [1],[8].

III. MIXERS WITH NBTIN GROUND PLANE AND WIRE, NB/ALN/NBTIN JUNCTIONS

The NbTiN film used for the ground plane is deposited on unheated Si and has 71
13 K. p(T) = 80 p.Q. cm and A L 230 nm. The mixer layout was designed using these as
nominal values. The wiring layer NbTiN film is deposited on SiO, and has slightly lower
71 and higher resistivity. which together imply a larger penetration depth. The junctions are
defined to dimensions of 2.6 x 0.25 pm, and are made to stretch across the width of the tun-
ing inductor while preserving an area of 0.63 pm 2 . This junction geometry is used instead
of square junctions to lessen the impact of non-ideal behavior stemming from spreading
inductance.
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Figure 1: Current-voltage characteristics of an 850 GHz mixer with NITLN ground plane and
wiring and Nb/A1N/NbTiN junctions. Shown are the IV curve traced with (dashed heavy) and
without (solid heavy) LO power applied at 4.2 K bath temperature. The IF power in response to
295 K (solid light) and 77 K (dashed light) loads are shown as a function of changing bias. The
mixer is normally biased at 2.0 mV. For this particular measurement. a 25 pm Mylar beam splitter
was used to couple the optimum amount of LO power to the mixer, and TRx = 520 K.

The current-voltage curve of an 850 GHz mixer with is shown in Fig. 1. The junction's
quality is good, Rsg/R N 	12, but for the mixers in this batch. the gap voltage is only
179 3.2 mV. This is about 0.3 mV lower than seen in mixers produced in other batches.
These are still significantly lower than the 4.0 mV gap we expect from this hybrid junction.
We do not presently understand why the gap in these junctions is so much smaller than the
sum gap value. Note that the gap is further reduced under LO pumping. We speculate that
this is caused by LO-injected quasipartilces trapped near the junction.

The spectral response of an 850 GHz mixer was measured with an FTS. and is shown
in Fig. 2. The response agrees reasonably well with a model that assumes that there is
no loss in the ground plane and that there is an excess surface resistance in the wiring
layer, Rs 0.1 1 at 900 GHz. This value tolerable, but further measurements are needed
to better quantify this value. Nevertheless, the width of the resonance indicates that the
excess surface resistance cannot exceed Rs < 0.3 Q., which is still better than the surface
resistance of polycrystalline NbN film [9].

Heterodyne tests were performed following the FTS test, and their results are sum-
marized in Table 1. For the 850 GHz mixer it was necessary to use a 25 pm mylar beam
splitter, with transmission of about t 76 %, to couple enough LO power for optimal noise
performance. The best receiver noise temperature was TRx = 520 K at an LO setting of
834 GHz. Generally, using a 13 pm beam splitter (t  92 %) improved the noise perfor-
mance even though the mixer was LO starved. The best noise temperature thus achieved
was TRx = 460 K at an LO frequency of 824 GHz. For the 550 GHz mixers enough LO
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Figure 2: Direct detection FTS measurements of the mixer's spectral response. The measured
response is shown as a histogram. The absorption feature near the peak of the response at 875 GHz
is a measurement artifact. Model calculations are plotted as follows: a circuit model that assumes
no loss in either the NbTiN ground plane or wiring is shown as a solid line; the dashed line assumes
an excess surface loss in the wire layer of R, = 0.1 .Q at 900 GHz; and the dotted line, R, = 0.3 Q.

power was coupled using a 13 btm beam splitter (t  97 %). Though we have some prob-
lems understanding the spectral response of the 550 GHz mixers, their noise performance
is still quite respectable.

It is quite clear from our measurements that substantial improvements can be made to
the receiver's sensitivity, especially for the 850 GHz mixer. For this receiver the 25 pm
beam splitter accounts for approximately 200 K of the total receiver noise temperature.
We forsee immediate improvement in the receiver performance by upgrading the optics to
a similar configuration used in the 850 GHz CSO waveguide receiver [10]. Furthermore,
since the circuit design was optimized for mixers using NbTiN ground plane and Nb wiring,
we should see some improved performance with a new design.

Mixer's peak LO frequency TRX,DSB
frequency response (GHz) (GHz) (K) 

530 536 160
550 536 160
850 834 520

824 460

Table 1. Noise performance of mixer with NbTiN ground plane and wiring, and Nb/A1N/NbTiN
junctions. For the measurement in the last line. a 13 pm mylar beam splitter was used.
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200 400 600 800 1000

Frequency (GHz)
Figure 3: Direct detection FTS response of high- and low-current density Nb/ALNPNb mixers de-
signed for the same frequency band. The histograms are the measured receiver responses, and the
lines are model fit to these. Those shown in black are the response of hid' current density mixer
with RNA = 5.6 1ipm2 ; grey, the low current density mixer with R N A = 20 Qpm2 . For the high
current density mixer, we infer coRC = 1 at 270 GHz, whereas for the low current density mixer.
coRC = 1 at 110 GHz. The rather large ripples on the response are caused by reflections between
layers of new infrared filters, which have since been replaced.

Iv. HIGH-CURRENT DENSITY NBiALN/NB JUNCTIONS

The high current density mixers were fabricated using an existing design for low current
density Nb/A10x1Nb SIS mixers which gave good performance and whose behavior was
well-understood [8]. However, in place of the AlOx barriers, AIN barriers are formed by
plasma nitridation following the Al deposition. The junctions are square, with a nominal
area of A = 1.7 p,M

2
. The mixers used in our study have J, 30 kA cm -2 , yielding

junctions with RNA = 5.6 pm 2 and good quality, Rsg /RN 10. To allow a direct
comparison, a batch of mixers with low current density was also fabricated. with R N A =
20 Q p,m2 . These mixers have very similar Rsg l RA- ratios as the high current devices.

The spectral response of 650 GHz mixers of each kind was measured with an FTS,
and the results are shown in Fig. 3. The difference in response between the two types of
junctions is dramatic and impressive. The response of the high current mixer spans nearly
an octave! Nevertheless, the curves are well-modeled, and provide tight constraints to the
value of the junction capacitance. Combined with the junction normal resistance, which
is trivially determined from DC measurements, we derive that wRN C = 1 at 270 GHz.
Similarly, for the low current density mixer, we find a)FIN C = 1 at 110 GHz.

Measurements of the receiver noise temperature followed the FTS experiments. The
best performance was recorded for a 550 GHz mixer, where TRx = 110 K at 530 GHz. We
stress that the mixer circuit design was optimized for a junction with RN A ;---# 20 Q pm2,
so that the coupling is not optimal at either the IF or RF. Regardless, the performance
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at 530 GHz is still competitive with the best receivers employing lower Je Nb/A10x/Nb
mixers.

The use of high current density mixers in SIS mixers should greatly advance the devel-
opment of low-noise mixers above 1 THz. Mixers using Nb junctions and normal metal
tuning circuits could see an improvement in their sensitivity by a factor of about 2. Even
for millimeter-wave mixers, the the large bandwidth made possible by these mixers offers
obvious advantages.

V. CONCLUSIONS

We have made conclusive measurements that show NbTiN-based mixers will work with
low-noise performance up to at least 900 GHz Modest improvements to the receiver optics
should allow us to demonstrate a receiver with a noise temperature near TRx',-Zdj 300 K
across 800-900 GHz with the existing set of mixers. Tests are on-going to determine
whether or not this type of mixer will work comparably well up to 1.2 THz. The spectral
response of a 1 THz mixer is shown in Fig. 4.

. .
500 l000 1500

Frequency (GHz)

Figure 4: Spectral response of a 1 THz mixer measured with an FTS.

In addition, we demonstrated low-noise performance of a mixer with a very high-
current density AIN junction. Generally. this technology will allow the development of
SIS mixers with very wide bandwidth operation. Most notably, reliance on tuning circuits
will be relaxed; and clearly. this has important consequences for mixers with normal metal
turning circuits operating near 1 THz. But it is obvious that the development of low-loss
tuning circuits using NbTiN does not diminish the advantages gained by using high current
density junctions: rather. we soon hope to develop a mixer that draws the benefits from each
approach, a terahertz mixer with low-noise performance and wide bandwidth operation.

This work was supported in part by NASA/JPL and its Center for Space Microelec-
tronics Technology. by NASA grants NAG5-4890. NAGW-107. and NAG2-1068, by the
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NASA/USRA SOFIA instrument development program, and by the Caltech Submillimeter
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ABSTRACT
The results of measurements of the refractive index and power ab-

sorption coefficient of Zitex at 290K and 77K in the spectral region
from 1 to 1000 microns are presented. Zitex is a porous Teflon sheet
with a filling factor of 50%, and is manufactured in several varieties
as a filter paper. Zitex is found to be an effective IR block, with thin
(200pm) sheets transmitting less than 1% in the 1-50pm range while
absorbing 1.0% at wavelengths longer than 200pm. Some variation
in the cutoff wavelength is seen, tending to be a shorter wavelength
cutoff for a smaller pore size. Additionally, the thermal conductivity
of Zitex at cryogenic temperatures has been measured, and is found to
be roughly one-half that of bulk Teflon.

1. INTRODUCTION

To reduce the loading on cold op-
tical elements operating in the far
infrared, room temperature radiation
must be blocked efficiently while al-
lowing the desired wavelengths to pass
unattenuated [1 - 21 . Commonly used ma-
terials include blackened polyethylene
and Quartz. Unfortunately, the trans-
mittance of black polyethylene is de-
pendent on the size. concentration. and
form of the carbon used to blacken it.
and varies .substantiaily in its far-infrared
properties-3-. Quartz is a low-loss mate-
rial when a suitable antireflection coat-

ing like Teflon is applied, but this is dif-
ficult and restricts the wavelengths over
which it can be used as a highly transmis-
sive elementK Teflon itself is a good IR
block, but transmits power in the 5-10pm
range and longward of 50pm, limiting its
usefulness. Several more absorbing mate-
rials, such as Fluorogold and Fluorosint,
have been used for low frequency applica-
tions, but their slow spectral cut-off char-
acteristics are not ideal for receivers op-
erating near 1 THz 14 ' 5].

Zitex is a sintered Teflon material
with voids of 1-60pm and a filling factor
of 50%. Several different varieties are

'Present address: Code 685. NASA-Goddard Space Flight Center, Greenbelt, MD 20771
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available, divided into two categories by
manufacturing process. Zitex A 16- is de-
signed to reproduce filter paper. and so
has many narrow linear paths through it
and is a rough but soft sheet. It is avail-
able in 11 grades with effective pore sizes
ranging from 3pm to 45pm and in thick-
nesses from 0.13mm (0.005") to 0.64mm
(0.025"). Zitex G is made of sintered
Teflon spheres of small sizes. resulting in
a denser, smoother material. Available
in 5 grades, the pore sizes range from
1.5pm to 5.5pm and is available in stan-
dard thicknesses of 0.10mm (0.004") to
0.38mm (0.015"), although larger thick-
nesses are available.

Zitex is similar in geometry to glass
bead filters, in which dielectric spheres
are embedded into a suspending mate-
rial with a different index of refraction.
A single sphere of radius a will scatter
strongly for wavelengths ra(n-1){1.
Thus, for Teflon (n = 1.44 [81 ), a sphere of
radius lOpm produces a shadow for wave-
lengths shortward of 15 m. At short
wavelengths, then, a perfectly scattering
screen will redistribute the optical power
in an incident beam equally in all direc-
tions, resulting in a large loss for well-
collimated beams.

2. MEASUREMENTS

Because of the large wavelength range
involved, three FTS instruments were
used to characterize Zitex. For the near-
to mid-infrared (1 - 80 pm; 10000-125
cm- ') a commercially available Nicolet
60SX spectrometer M was used. The far-
infrared (50 - 200 pm; 200 - 50 cm')
measurements were made on a Bruker
interferometer at JPL. The submillime-
ter data (200-1000 pm, 50-10 cm-1)
was obtained on an FTS at Caltech[1°).
The focal ratio of the spectrometers was
roughly 1/4. A perfectly scattering

surface would yield a transmission of
roughly 0.49 in this case. Table 1 lists
the samples we measured.

3. TEFLON

In order that we might character-
ize qualitatively the difference between
bulk Teflon and Zitex sheets. we mea-
sured one thin (0.25mm) and one thick
(0.75mm) sample of plane-parallel Teflon
sheet. Figure 1 shows the results of a
measurement of the far-infrared trans-
mission of the thick sample near the
cut-on region at 50-100pm. The sam-
ple was measured at room temperature
and liquid nitrogen temperature, show-
ing a slight improvement in the trans-
mission when the sample is cold. Fig-
ure 2 shows the mid-infrared transmis-
sion of the thinner sample. which high-
lights the fairly narrow regions near 10-
20pm where the absorption is large.

4. ZITEX G104. G106, GI08, G110. G115.
A155

The samples of G104 and G106 were
measured in the near- to mid-infrared
to derive a transmission and an effective
absorption coefficient. as shown in fig-
ure 3. The absorption coefficient a for
a sheet of thickness h is calculated from
the transmission T as —Ln(T)/h. Since
some wavelength-dependent fraction of
the loss (1 — T) is from scattering and
some from absorption. the absorption co-
efficient cannot be used to estimate the
transmission of arbitrary thicknesses. It
does, however, provide a useful means of
comparison with other. more purely ab-
sorptive, materials.

Combining sets of data in the near-
through far-infrared for samples of G108
and G110 allows us to build a more com-
plete picture of the profile of the cut-on
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Pore Size Thickness Filling
(pm ) (mm) Factor*
5-6 0.10 0.45
4-5 0.16 0.50
3-4 0.20 0.55
1-2 0.25 0.60
1-2 0.41 0.60
-3 3.53 -0.5
2-5 0.27 0.40

N IR FIR Submm
data data data

X X
X

Grade

G104
G106
G108
G110
G115
G125
A155

Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

Table 1. Zitex samples measured.

* Relative density of Teflon.
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Fig. 1.- Far-Infrared transmission of the thick slab of Teflon at 300K and 77K.
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Fig. 2.- Mid-Infrared transmission of a 0.25mm thick Teflon sheet, highlighting the
regions of good absorption.
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Wavelength 0.tm)

Fig. 3.— Transmission and absorption coefficient in nepers/cm of Zitex G104 and
G106.

of Zitex near 100 m, as shown in fig-
ure 4. Measurements of G115 and A155
are shown in figure 5. A marked shorten-
ing of the cut-on wavelength can be seen
in the A155 sample, presumably as a re-
sult of its different structure.

5. ZITEX G125

As the thickest of all the samples,
the G125 sheet of Zitex was used for
the longest wavelengths, covering 400
and 1600 GHz (188 and 750pm). Even
with a 3.5mm thick slab, the loss was
small enough to be below detectability
at longer wavelengths. The sample was
cooled to 2K in order to determine its
suitability as a mid-infrared blocking fil-
ter for helium-cooled cryostats. The
transmission and effective absorption co-
efficient are shown in figure 6. The 1400
GHz absorption feature is known as an
absorption band seen in cold Teflon[8].

Combining the data on G125 near

1 THz with data at shorter wavelengths
allows us to determine a broadband
transmission and absorption coefficient.
as shown in figure 7, for the range
20-1000,um (300 GHz-15 THz). The ef-
fective absorption coefficient as well fit
by a = 23 expRA,,/37)°-"] nepers/cm.
The transmission, neglecting the absorp-
tion band, follows T = exp(-7000A;8).

6. MULTIPLE LAYERS

A helium-cooled receiver is likely to
have several layers of infrared-blocking
filtration in the optical path. As a re-
sult, it is natural in the case of a scatter-
ing material like Zitex to question its ef-
ficacy in a multilayer application. Layer-
ing single-, double-, and triple-ply sheets
of Zitex in close proximity (limited only
by the natural wavy contours of the thin
sheets) yields the transmission measure-
ments shown in figure 8. Because the
transmission drops more slowly that for
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Fig. 4.— Transmission and absorption coefficient in nepersicm of Zitex G108 and
G110 using near-, mid-, and far-infrared data.
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Fig. 6.— Transmission and absorption coefficient in nepers/cm of Zitex G125 between
400 and 1600 GHz (188 and 750ym).
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Fig. 8.— Transmission of single. double, and triple layers of Zitex in close proximity.
The transmission drops more slowly than for a pure absorbing medium, implying
strong scattering.

a pure absorbing medium (i.e. T3 =
and T2 = Tfl in the mid-infrared, we can
infer than scattering is the dominant loss
mechanism and that multiple sheets are
not substantially more effective than sin-
gle sheets.

If, however. we separate the layers
slightly and look at longer wavelengths.
the picture changes. Using Zitex A155
sheets spaced by roughly 5mm. we find
find the transmission shown in figure 9.
At mid-infrared wavelengths, the Zitex
still appears to be dominated by scatter-
ing. whereas at far-infrared wavelengths,
the transmission appears to be increas-
ingly determined by absorption (presum-
ably in the bulk of the Teflon).

— TEMPERATURE VARIATION

In the case of many materials (e.g..
quartz). the absorption of mid-infrared
radiation is known to vary as the temper-

ature changes [11] . To determine if there
was any temperature effect in the trans-
mission of Zitex, we measured the trans-
mission of samples of G110 at 300K and
77K in the far-infrared near the cut-on
region. No significant variation in the
transmission was seen upon cooling (fig-
ure 10). which is to be expected for di-
electric scattering.

8. REFRACTIVE INDEX

Measuring the refractive index of a
material of low dielectric constant is diffi-
cult near 1 THz for a nondispersive FTS.
Only the thick sample of G125 could
be measured, via a determination of the
fringe spacing in the 3.5mm thick slab.
The fringe spacing, averaged between
13 and 45 cm-1 (200-800 pm or 400-
1350 GHz), was 1.18 cm'. This yields
a refractive index for Zitex of is n =
1.20 ± 0.07 at a temperature of 2K. This
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Fig. 9.— Transmission of single and double layers of Zitex in an f/4 beam with 1cm
spacing. At mid-IR wavelengths, the Zitex acts as two scattering surfaces; at far-IR
wavelengths, like an absorber.
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Fig. 10.— Far-Infrared transmission of Zitex at 300K and 77K. No substantial vari-
ation is seen.
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can be compared to Teflon, which has
n = 1.44 {8] ; with a filling factor of 50%,
the expected refractive index is n = 1.22,
exactly as measured.

9. THERMAL CONDUCTIVITY

The thermal conductance of a thick
slab of Zitex was measured in the direc-
tion along the sheet using an apparatus
developed for the purpose [12] . At cryo-
genic temperatures (T < 150K), the con-
ductivity of Zitex is found to be well fit
by K (T) = 0.01 T°- 58 W This
value is half the bulk conductivity of
Teflon. indicating that the porous na-
ture of Zitex does not substantially af-
fect its thermal conductance beyond the
geometric reduction. However, since Zi-
tex sheets tend to be thin ( e,, 0.3mm),
even the small power incident on Zitex
when used as a near-infrared blocking fil-
ter will raise its temperature by a sig-

nificant fraction. This suggests the use
of two layers for good blocking, whereas
one Teflon layer might have been suffi-
cient to handle the optical loading. How-
ever, since the loss in Zitex at long wave-
lengths is so low, this solution is likely to
be more efficient than the use of Teflon.

10. CONCLUSIONS

We have measured the refractive in-
dex and power absorption coefficient of
Zitex at 290K and 77K in the spectral
region from 2 to 200 microns. Its ab-
sorption at wavelengths longer than this
is found to be extremely small, and with
an index of refraction of it = 1.2, there
is very little reflection loss. Zitex is an
effective IR block when used at wave-
lengths longward of 200pm, having lower
absorption/reflection losses than black
polyethylene or quartz and better IR
blocking characteristics than Teflon.
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Abstract - The Applied Electrophysics Laboratory at the University of Virginia has
developed a web based device simulation environment to accurately model and
simulate high frequency mixers, multipliers and oscillators. The simulation
environment uses a three-tier client server architecture to free the user from low
level computing details. The user interfaces for the devices being simulated have
been developed in Java. A major benefit of Java programs is that they can be run on
any hardware architecture for which a Java virtual machine exists, allowing our
simulation programs to run on a variety of platforms. The simulation environment
has been successfully implemented, and is being used by researchers for simulation
and design of high frequency devices. This environment hides the less important
details of simulation and lets the researcher concentrate on the most important
parameters. This environment has the additional benefit of allowing researchers to
run simulations from any computer connected to the Internet.

I. INTRODUCTION

Computer simulation is widely used in many fields for design, development, and
research. Semiconductor researchers in particular employ a wide variety of tools to
simulate material processing and device performance. The millimeter and submillimeter-
wave regions of the electromagnetic spectrum continue to be areas of increasing interest.
Millimeter waves correspond to the frequencies between 30GHz and 300GHz, while the
submillimeter-wave range is defined to be the region between 300GHz and 3THz. In
recent years, scientists and engineers have intensified their efforts to create more complex
systems at millimeter and submillimeter wavelengths affording improved range,
increased frequencies, frequency stability, and durability. In order to effectively design
these complex systems, which consist of highly nonlinear circuits such as large-signal
amplifiers, frequency converters such as mixers and multipliers, or oscillators, various
accurate and fully self-consistent computer aided simulation tools have been developed.

In general these simulation tools operate as computationally intensive Fortran
programs. Expensive and powerful computing hardware is required to run these tools
effectively. Many of these simulation tools are potentially reusable for related research
efforts and educational purposes. However, they tend to be used only at the places where
they were developed because of limited availability of required resources and the
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problems inherent to porting and distributing software. The complex nature of these
Fortran codes coupled with the cost of the necessary computing hardware makes the
large-scale distribution of these codes impractical and inefficient. Hence, an ability to
quickly access and run such tools via the Internet would be very beneficial to designers.

The main aim of this research is to develop a simulation environment that allows
designers and researchers around the world to run these tools quickly and effectively
without the need to maintain expensive and powerful computing hardware. We describe a
simulation environment which allows for accurate modeling and simulation of high
frequency devices and circuits. The applications developed under this simulation
environment include Heterostructure Barrier Varactors (HBV), GaAs Schottky Bather
Diode Mixers (SBM), GaAs Schottky Barrier Diode Varactors (SBV), InP & GaAs
Transfer Electron Oscillators (TEO), and high frequency Bipolar Junction Transistors
(BJT).

These applications are divided into three categories: Local Applications,
Relatively Fast Network Applications and Slow Network Applications. The Local
Applications, also known as Quick Design applications, are developed to aid in the HBV
and SBV full simulations. Prior to the submission of a full simulation, the user can run
the corresponding Quick Design application, which returns results in few seconds.
Though the Quick Design application results are less accurate than the full simulation
results, they provide insight into the optimal embedding impedance values and device
parameters. After the iterative process of using the Quick Design application to estimate
the results of full simulation, the user can then run the full simulation to obtain more
accurate results. The HBV and SBV full simulations, which are Slow Network
Applications, have simulation times as high as few hours. The Local Applications are run
exclusively and entirely on the end-user's system and do not make use of the network for
simulation purposes.

The Relatively Fast Network Applications and the Slow Network Applications are
network-aided applications. Actual simulations are run on high-end Unix machines,
which reside at the University of Virginia. These applications use a client-server
architecture to transfer data between the simulation clients and the compute servers
running the actual simulations. The input parameters and results are transferred between
the client and the server over the network, which in our case happens to be the Internet.
The Relatively Fast Network Applications have faster computation times than the Slow
Network Applications.

The simulation environment has been developed in Java using a client-server
architecture. The platform independence of Java programs allows the applications in our
simulation environment to be run from a variety of platforms. This environment allows a
worldwide workgroup of design and research engineers to concurrently share the same
computational resources without getting lost in the minute details of computing.

415



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

II. APPLICATIONS DEVELOPED

We have developed six applications — two Local Applications, three Relatively
Fast Network Applications and one Slow Network Application. All applications are up
and running and can be downloaded from our web-site. The Schottky Barrier Varactor
(SBV) Quick Design for design of 50-600 GHz GaAs SBV frequency doublers and the
Heterostructure Barrier Varactor Quick Design for design of 100-900 GHz AlGaAs/GaAs
HBV frequency triplers are the two Local Applications. The SBV Quick Design employs
the equivalent circuit model proposed by Jones and Lipsey [1] with the semi-empirical
coefficients derived from the Monte-Carlo Harmonic Balance (MCHB) simulator. The
HBV Quick Design employs the equivalent circuit model proposed by Jones and Stake
[2] with the design coefficients derived from the Drift-Diffusion Harmonic Balance
(DDHB) simulator. The simulation times for both these applications are on the order of a
few seconds and the results are displayed in text format.

Transferred Electron Oscillator (TEO) Design, Bipolar Junction Transistor (BJT)
Design and Schottky Barrier Diode Mixer (SBM) Design are the three Relatively Fast
Network Applications. For these three applications a combination of textual, tabular, and
graphical results are displayed on the end-user's machine once the simulations are
completed on the high-end Unix workstations. The TEO Design is for analysis and design
of 50-200 GHz InP and GaAs transferred electron devices. It employs the integrated
DDHB simulator developed by Jones and Zybura [3]. The simulation time varies with the
tolerance parameter — the lower the tolerance, the higher the simulation time. The
simulations take from a couple of minutes to a maximum of ten minutes depending on the
tolerances. The BJT Design is for analysis and design of bipolar transistors. It employs
the Vertical Bipolar Inter-Company (VBIC) [4], which is an equivalent circuit model.
VBIC was defined by a group of representatives from the IC and CAD industries as an
industry standard replacement for the Spice Gummel-Poon (SGP) model. VBIC is public
domain and the complete source code is available at http://wvvw-stall.rzat-
esslingen.de/institutetiafgp/neu/VBIC/ . The simulation time for this application varies
from 30 seconds to a couple of minutes. The SBM Design is for analysis and design of
100-1000 GHz Schottky diode mixers. This application employs the integrated
Equivalent Circuit/Harmonic-Balance (ECHB) simulator proposed by Siegel and Kerr
[5]. The simulation time for this application is comparable to the BJT Design. It varies
from 30 seconds to a couple of minutes.

Heterostructure Barrier Varactor (HBV) Design, the Slow Network Application,
is for analysis and design of 100-1000 GHz GaAs/AlGaAs HBV frequency multipliers.
This application employs the integrated DDHB simulator developed by J.R. Jones and
S.H. Jones [6]. The simulation time for this application depends on the tolerance
parameter. It varies from a few minutes to a couple of hours. It is impractical to expect
the user to be logged on and wait for the results for this amount of time. Hence, the
results are sent to the user by email once the simulations are completed.
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III. SIMULATION ENVIRONMENT ARCHITECTURE

In this section we discuss the details of the simulation environment. Figure 1
gives a graphical description of our system. The simulation environment uses a three-tier
client server architecture comprising of simulation clients, simulation servers, and
middle-ware to connect the client and server. The simulation client consists of a graphical
user interface (GUI) where the simulation parameters are entered. These clients have
been implemented as Java applications. We have developed clients for the high frequency
devices mentioned above.

Figure 1 Simulation Environment Architecture

The simulation servers are where the actual execution of the simulations takes place.
These machines are powerful UNIX servers running the Fortran programs developed for
the devices.

The RMI objects allow for communication between the clients and the servers.
RMI (Remote Method Invocation) is a Java technology that allows Java objects to invoke
methods on other Java objects residing on different machines. This allows our simulation
clients, residing on any machine connected to the Internet, to start simulations on
machines residing at UVA. This also allows the simulation servers to return results back
to the clients. Each simulation application has a RMI object on the simulation servers
listening for messages from the respective simulation client.
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The steps that take place in executing a simulation in this environment are as
follows. The user starts the client associated with the particular device being simulated.
The parameters are entered into the input fields of the client application. The simulation
is then initiated. If the simulation is a Quick Desi gn, the computation takes place on the
user's machine and the results are displayed in a few seconds. If the simulation is a
Network Application, the user is presented with a list of machines on which that
particular simulation is available. The user then selects one machine on which the
simulation will take place.

Once a machine has been chosen, the client invokes a method on the RIVII object
residing on the selected machine, requesting the execution of a simulation. This method
invocation also results in the input parameters being transferred to the RMI object. The
RMI object then uses the input parameters to create a input file for the simulation. The
RMI object then starts the simulation engine for the device being simulated. Once the
simulation is completed, the RMI object collects the results and returns it to the client.
The Slow Network applications email the results back to the user, as it is unreasonable to
expect the user to wait a few hours for the results.

In order to use this simulation environment, the software for the clients needs to
be downloaded from our web site. We currently have a convenient client installation
program available for users running Windows 95/98 and Windows NT on their machines.
Users on Unix platforms currently have to manually install the client software on their
machines (An automatic install option is currently being developed).

Our simulation environment is advantageous to the researcher for several reasons.
We are able to offer an ever increasing library of device simulation programs. All that is
required of the researcher is a one-time download of the client software. Moreover, the
clients can be run from any platform and from any computer connected to the Internet.
The three-tier architecture also gives us flexibility in maintaining the simulation servers.
We are able to quickly bring in newer, more powerful servers into the environment
without bringing down the entire simulation environment. Overall, this simulation
environment gives researchers a powerful, virtual compute center for carrying out an
array of high frequency device simulations.

IV. DEMONSTRATION APPLICATION

This section gives a walk-through of the simulation environment using one of the
device simulations. Accurate and efficient analysis of InP & GaAs 50-200 GHz
Transferred Electron Oscillators can be obtained with the TEO Design application. This
application employs the integrated drift and diffusion device/harmonic-balance (DDHB)
nonlinear circuit simulator developed by Jones and Zybura. When the application is
started, the GUI window shown in Figure 2 is displayed. The device parameters such as
the length of the device, diameter, anode and cathode doping, the initial condition (J/JC),
fundamental frequency, dc bias, and the impedances and tolerances at different
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harmonics are entered through this window. This application allows the analysis of two
types of TEDs: the conventional Gunn diode and the Standard Depletion Layer (SDL)
TED. The Gunn diode employs a n+-n-n+ epitaxial doping profile whereas the SDL TED
employs a n-n' epitaxial doping profile. The semiconductor material for these TEDs can
be either Gallium Arsanide (GaAs) or Indium Phosphide (InP). Users can select the diode
type and the material for the diode from the GUI window.

Figure 2 TEO Simulation Client GUI

After entering all the necessary parameters, the simulation is started by clicking
the "Simulate" button. After the "Simulate" button is clicked, a machine selection dialog
box is displayed. The machine selection dialog box along with the GUI window is shown
in Figure 3. This dialog box has a list of machines on which the simulations can be run.
The user can select a particular machine depending on the level of computation necessary
for the simulation.

Once the machine has been selected, the simulation is started on that particular
machine. The results are sent back to the client on the end-user's system after the
simulation has finished execution. When the client has received the results, the window
shown in Figure 4 is displayed. This window contains device data such as the power,
voltage, impedance and admittance values at the six harmonics, starting and ending
temperature of the active layer, and the D.C. current and voltage values. Other results can
be viewed by selecting the options provided on this window. This window has options for
displaying graphs and tabular data for the following results:
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• Terminal Currents (i) Vs. position (x), time (t)
• Electron concentration (n) Vs. x, t
• Voltage (P) Vs. x, t
• Electric Field (E) Vs. x, t

Figure 4 TEO Application Results Summary
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The TEO application has demonstrated the feasibility of our simulation
environment. Using the simulation environment, researchers concentrate on the most
important simulation parameters while not having to deal with minor computing details.
The client uses a simple GUI to gather information from the user. The platform-
independence of Java programs allows the simulation client to be run from a variety of
hardware platforms. Finally, the user is able to submit simulations from any computer
connected to the Internet.

V. CONCLUSION

We have described a new simulation environment for the simulation of high
frequency mixers, multipliers, and oscillators. Existing device simulation applications run
as stand alone applications on expensive Unix servers. The complex nature of these codes
and the effort involved in porting them to other platforms prevents large-scale
distribution of these applications. Our approach uses a three-tier architecture of
simulation clients, simulation servers, and Java RMI middleware to connect the clients
and the servers. Using our simulation clients, users can initiate device simulations from
any computer connected to the Internet. Users also have access to an expanding library of
device simulation applications. Our simulation environment allows researchers all over
world to execute an array of device simulations without having to buy expensive
computing hardware or maintain complex simulation codes.
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ABSTRACT — In this paper we describe a novel
drift-diffusion and time-domain analysis for GaAs
Schottky diode mixers operatiing at THz
frequencies. The simulator allows for transient
analysis and multiple non-commensurate driving
tones typical of down-converters.

I. INTRODUCTION

The simulation of THz mixers requires
a better understanding of the strong
interaction between the nonlinear active
device and the linear embedding circuit.
As such, mixer numerical simulation
techniques must incorporate a
combination of a non-linear device
simulator and a linear circuit simulator.
Simulations should accurately calculate
the conversion loss, noise temperature,
absorbed and reflected power, device
impedances, and time varying current and
voltage waveforms, as well as the electron
and electric field distributions verses time
and position.

In this paper we describe the
development of an accurate and efficient
simulation tool for THz GaAs Schottky
diode mixers. This novel simulation
technique incorporates a detailed drift-
diffusion device simulator coupled to a
time-domain circuit simulator.

TLME DOMAIN AND HARMONIC

BALANCE METHODS

Traditionally, mixer simulations use
harmonic balance techniques to analyze
the nonlinear diode embedded in the linear
circuit. The diode is typically modeled
using a small signal, quasi-static
equivalent circuit model. In a harmonic
balance circuit simulator (HB) [1], only
those frequency components associated
with the harmonics of the local oscillator
(LO) tone are considered. In the HB
frequency domain analysis, only steady-
state properties are considered when
solving for the device large-signal current
and voltage waveforms. Then, small-
signal approximations are used to
calculate the properties of the down-
converted intermediate frequency (IF)
signal.

Given the limited frequency
components strictly related to the LO, the
HB technique is unable to account for
complex nonlinear device and circuit
interactions during transient conditions.
Also, detailed and self-consistent analysis
of the current and voltage waveforms
cannot be completed using HB since it is
impossible to include multiple and non-
commensurate frequency signals. At
extremely high frequencies one would
prefer to use the most complete and
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detailed analysis of the mixer in order to
better understand the complex mixer
behavior.

A time domain method (TD) [2]
allows for complete transient analysis, the
incorporation of multiple and non-
commensurate driving tones, and the self-
consistent, direct calculation of down-
conversion. However, it is
computationally intensive and requires
efficient implementation to be practical.

Time domain methods are usually
convolution based. Unlike 11:13, where only
circuit impedance or admittance is
required for the analysis, the time-domain
analysis requires the entire embedding
circuit frequency response from DC to at
least twice the LO frequency. During the
simulation the frequency response is
converted to the impulse response using
the fast Fourier transform (FFI). The
convolution of the impulse response and
the device current determines the driving
terminal voltage, which is then iteratively
applied to the device at each time interval.
By this process, the diode current and
voltage are consistently calculated as
functions of time.

Several techniques were proposed to
realize the time domain method efficiently
[2]. Combined with a drift-diffusion
device simulator, this general technique
was employed to study transferred
electron oscillator (1E0) circuits.

111. DEVICE MODELS AND COMBINED
CIRCUIT-DEVICE SIMULATION

Often, the diode can be represented as
an equivalent circuit model (EC) of
lumped elements [1]. Though simple and
fast, an equivalent circuit based code fails
to predict proper device performance at
high frequencies and drive levels. The

model cannot inherently account for
phenomena such as current saturation,
velocity saturation, and transit time
effects. To cope with these difficulties and
provide a means for studying the internal
physics occurring within the device, more
complex drift-diffusion numerical device
simulators (DD) and Monte Carlo
numerical device simulators (MC) have
been incorporated in HB algorithms [3, 4,
6].

The drift-diffusion technique is based
on a numerical solution to the first two
moments of the Boltzmann transport
equation coupled to Poisson's equation [3,
4].

The Monte Carlo technique actually
simulates the motion of electrons in both
k-space and real space [5, 6]. The Monte
Carlo technique offers increased accuracy
over the drift-diffusion technique owing to
its direct modeling of carrier transport, but
suffers lengthy run times and convergence
problems.

The three different device simulators
have been coupled to harmonic balance
methods to simulate complete diode
circuits [3, 4, 6].

The numerical ECHB simulation
technique developed by Siegel and Kerr is
widely used to simulate Schottky diode
mixers [1]. First employing a harmonic
balance technique, the diode terminal
current and voltage waveforms are
determined in a large-signal analysis.
Then in a small signal analysis, the
lumped element values for the equivalent
circuit model are extracted, and the
conversion loss and noise temperature are
calculated.

The DDHB and MCHB codes were
developed for Schottky barrier varactor
(SBV) frequency multipliers [3, 4, 6].
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Both the DDHB and MCHB codes allow
for the self-consistent study of device
electron transport phenomena and circuit
performance. Besides terminal current and
voltage waveforms, internal physics are
also calculated with excellent
computational speed and convergence
properties. However, the DD and MC
codes have not been implemented in
mixer HB simulators to date.

IV. DRIFT DIFFUSION-TIME DOMAIN
SIMULATION OF 2.5 THz GAAs SCHOTTKY

DIODE MIXERS

The goal of this research is to
implement the combined drift-diffusion
and time-domain (DD'TD) simulation tool
for submillimeter wave mixers. At such
high frequencies, accurate simulation is
very important for the design and
optimization of mixers. The task requires
the synergistic integration of the drift-
diffusion device simulator and the time
domain circuit simulator. The DDTD
mixer analysis is the first fully self-
consistent analysis of high frequency
mixers that directly and accurately
predicts mixer conversion loss. This
analysis will also allow us to observe the
electron transport within these devices at
high frequencies.

The flow chart of the DDTD code is
shown in Fig. 1. The device voltage signal
is applied to the DD device model, and the
device current signal and internal physics
parameters are calculated. A new device
voltage is then derived from the TD
convolution.
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Fig. 1. Flow chart of the DDTD code

The intrinsic device voltage is
calculated, via convolution, as
V,(t)=V w sin(2RfLot)+V„ sin(27tf„t)

—[he (t)+ hp(t)]*

where Id(t) is the device current, he(t) is
the embedding impulse response, hp(t) is
the parasitic impulse response, and VLO.

VRF, fLO, and fRF are the LO voltage, RF
voltage, LO frequency, and RF frequency,
respectively. The equations modeling the
device are

an(x,t) = 1 a 1- n(x,t) 
at q ax

aon(x,t)
.1 (x,t)=—qpn(x,t)n(x,t)

ax
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—

a
[e(x)

aip(x.t
)]=q[n(x,t)—N,(x)]

ax ax

n(x,t) = n i.ref 
exP[—q—

ki, (V(x,t) + 17,(x) On(x,t)]

where ./.„ is the electron particle current
density, n is the electron density, On is the
electron quasi-Fermi potential, tit is the
electrostatic potential, k is Boltzmann's
constant, q is the electron charge, T is the
absolute temperature, n i, ref is the intrinsic
electron density in the reference maetrial
(GaAs), and V,„ j, e, and .111i) are the alloy
potential, electron mobility, dielectric
permittivity, and donor impurity
concentration, respectively. Combined
with the appropriate metal-semiconductor
interface and ohmic contact boundary
conditions, the carrier transport equations
are solved via the coupled-equation
Newton-Raphson finite difference
technique.

The time step of Vd(t), d(t), he(t), and
hp(t) should be smaller enough than the
LO cycle.

The DDTD code was used to simulate
a 2.5 THz Schottky diode mixer
incorporating the UVa IT2 GaAs mixer
diode [7]. The LO and RF frequencies are
2.511 THz and 2.524 THz, respectively.
The diode has parameters of area = 0.28
lam

2

 epilayer doping = 5x10 '7 cm
-3

,
epilayer thickness = 0.055 Rm. The diode
is driven by a DC bias voltage of 0.8 V
and available LO power of 1 mW and an
RF power of 0.4 1.1W. The time step is 20
fs and much smaller than 1/2.5 THz = 400
fs. The mixer block frequency response
has been estimated and is shown in Fig. 2.

Over a relatively long time scale, the
entire process from turn-on transient to
steady state, as a function of time, is self-
consistently and autonomously simulated

(Fig. 3). The voltage and current
waveforms in a LO cycle are shown in
Fig. 4. Sampled uniformly in a LO cycle,
electron concentration, electric field, and
electron potential energy are calculated to
give insight into the internal physics of the
device (Fig. 5). By simulating in the time
domain, the IF signal is naturally created
(see low frequency ripples in the
waveform of Fig. 3) and the conversion
loss from the incoming frequency to the IF
is directly calculated without using any
standard small signal analysis. The
conversion loss predicted by the DDTD
code is 17 dB.

-

-F

_ 

t

(a)

r

-00

(b)

Fig. 2 Frequency-dependent impedances (solid:
real part, dashed: imaginary part) (a) Embedding
impedance. (b) Parasitic impedance.

The time domain method can also be
combined with a Monte Carlo algorithm
to enable more accurate device modeling.
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Fig. 3. Device voltage: from turn-on transient to
steady state

(a)

• .6 1

(b)

(c
Fig. 5. Snapshots of the internal parameters of the
diode. (a). Electron concentration. (b) Electric
field. (c) Potential energy.

V. SUMMARY AND CONCLUSIONS

A combined drift-diffusion time
domain simulator that allows for transient
analysis, the direct calculation of mixer
down-conversion, and insight into the
internal physics of the device has been
demonstrated for the first time. The time
domain method can also be combined
with a Monte Carlo device model to
enable more powerful simulation tools.
Continued research is on going to
calculate noise temperature and compare
simulation results with the actual 2.5 THz
mixer.

Fig. 4. Device voltage and current (a) Voltage. (b)
Current.
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A DUAL FREQUENCY (810/492 GHz) SIS RECEIVER
SYSTEM FOR THE AUTHENTIC SUBMILLIMETER
TELESCOPE & REMOTE OBSERVATORY (AST/RO)

C.K. Walker, Jacob Kooi, Karl Jacobs

Steward Observatory, Caltech, KOSMA

We have constructed a dual frequency receiver system for AST/RO. AST/RO is a 1.7 m,
submillimeter telescope located at the geographic South Pole. Through polarization
diplexing, the receiver can observe simultaneously at 492 and 810 GHz. The 492 GHz
mixer utilizes a corrugated feedhom with a transition into full height rectangular
waveguide. The impedance match to the junction is achieved through an on-chip
impedance transformer and by adjusting two waveguide backshorts. The 492 GHz
junction was fabricated at JPL. The 810 mixer and junction were constructed by
KOSMA. The signal is fed into the mixer via a Potter horn. The SIS junction is matched
to the waveguide by an on-chip tuner and a single, fixed backshort. The system is now in
operation at the South Pole.
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A MODERATE COST 2.5THz HIGH PERFORMANCE FEEDHORN

D S Wilsher l , .1* J Spencer' , C M Mann', M C Gaidis2

'Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 OQX

2California Institute of Technology, Jet Propulsion Laboratory, Pasadena, CA 91109

Abstract

Corrugated waveguide feedhorns operating at terahertz frequencies were first

demonstrated in 1994 and have been used successfully since this time. Whilst offering

unrivalled performance their production requires state of the art precision machining and

can be time consuming. Also, each has to electroformed around an aluminium mandrel.

Feedhom fabrication is carried out on a one for one basis as the mandrel is eventually

destroyed as part of the manufacturing process. The cost of the end product is therefore

very high.

A modified version of the Potter horn was demonstrated to operate at these frequencies

in 1998 but these feedhoms whilst being easier to machine than their corrugated

counterparts were still fabricated using an aluminium mandrel. We have now developed

the machining and electro-forming procedure to allow such horns to be made using an

extractable stainless steel mandrel that incorporates the circular to reduced height

waveguide transition. This approach has so far allowed six identical feedhoms to be

made from one mandrel which has subsequently shown no sign of damage or

degradation.

The resulting horns radiation characteristics have been measured and are found to be in

excellent agreement with theory.

In addition. we have developed a technique that allows the feedhorn to be removed and

replaced whilst maintaining near perfect alignment of the waveguides.

This paper describes the manufacturing process and presents the radiation properties of

the horn.

Introduction

Since the introduction of corrugated feedhorns at true terahertz frequencies in 1994', it

has become possible to realise terahertz receivers that have near perfect Guassian

coupling efficiency2 . This is of paramount importance for microwave limb sounding

where the field of view of the radiometer must be more or less completely restricted that
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portion of the limb being observed. However, the cost associated with such feedhoms

is still very high as the fabrication process requires the machining of a complicated

aluminium former or mandrel that possesses micron scale features. The electro-forming

process that must be used necessitates the removal of this mandrel via chemical etching.

Therefore horns are realised on a one for one basis.

An alternative desig,n3 that also offers adequate performance for limb sounding has

also been fabricated and demonstrated in working 2.5THz mixers 4.5 .However, whilst

this design of horn in principle allows the mandrel to be extracted it was still machined

from aluminium because of its desirable machining properties. This paper describes

how a new manufacturing process has been realised whereby the mandrel is machined

from stainless steel which allows the mandrel to be released after electro-forming

allowing it to be subsequently re-used. So far six feedhorns have been pulled from the

same mandrel with no apparent wear . This process has several advantages, firstly, it

promises to dramatically reduce the future cost of terahertz feedhoms fabricated in this

way and also ensures that provided the master mandrel has been machined correctly the

tight tolerances required are easily maintained .All horns produced are effectively

identical to the master. Finally there is no degradation of the surface finish of the horn

as the stainless steel mandrel requires no pre-treatment etch of its surface prior to gold

electroplating as is the case with aluminium.

The Fabrication Process

Firstly the circular sections of the stainless steel mandrel are machined on a precision

lathe. This lathe is fitted with high precision positional slides that allow tool placement

to within +1-linn. The tool used is a conventional lathe turning tool fabricated using a

precision grinder and hand lapped to a point. The lathe is also fitted with high

performance microscopes with large working distances and magnifications of 50-100X.

In order to machine the rectangular waveguide section and circular to rectangular taper

the mandrel is then moved to a ultra high precision milling machine. This can achieve

repeated tool placement to within +/- 0.5/4m. This detail is machined using a 150ym

diameter carbide endmill. An optical non-contacting measurement system is used at all

stages to ensure that the tight tolerances required by this design are met. Dimensions can

be determined to an accuracy of +Minn. The finished 2.5THz stainless steel mandrel

with a human hair to give an idea of scale is shown below in figure 1.
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Figure 1: A finished 2.5THz stainless steel mandrel and human hair

Once machined and inspected the mandrel is coated in a 2pim thick layer of electroplated

gold followed by copper electro-forming. Compared to the electro-forming of

aluminium the process is quicker, more straightforward and has less risk associated

with it as the solutions are near neutral pH. The only area of uncertainty is in obtaining

sufficient adhesion between the mandrel and the gold to stop the gold lifting but allow

the mandrel to be easily extracted. Once the required thickness of copper has been

formed the profile of the feedhom package is machined and the mandrel extracted. For

extraction a simple non-rotating sliding pulling mechanism is employed. Very little force

is required for the removal as the surface area of the horn is so low.

The basic construction of the mixer is the same as that described in Ref:4. The

backshort waveguide section that also houses the RF circuit and Schottky diode is

formed in two parts. A machined waveguide/RF filter channel and micromachined diode

pill package which is soldered in to form the waveguide roof. However, whereas in the

earlier design the feedhom had to be optically realigned each time the mixer was

modified for the Engineering Model mixers this was not possible because of the

requirement for an integrated bias circuit and the mixer mounting scheme adopted.

Therefore it was decided to use a self aligning approach whereby the feedhom is

automatically aligned to the waveguide upon assembly. This is achieved by the use of

two 0.7mm stainless steel dowels. An external clamping fixture is used to hold the

feedhom securely in place. An assembly drawing is shown in figure 2 alongside a

photograph of a finished mixer block.
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Figure 2: An assembly drawing and photograph of a 2.5THz mixer block

To achieve the alignment required, +/-1/m, the feedhom is backlit and moved whilst

observing through a powerful microscope. When the waveguide in the feedhom and the

mixer are aligned it is clamped and the two dowel holes are drilled and reamed. Some

care was required to obtain a sufficiently close fit between the dowels and holes to allow

easy removal and replacement without the loss of positional accuracy. In order to check

that the feedhorn could be removed and replaced without the waveguides becoming mis-

aligned it was carried out several times and checked visually. A series of photographs

showing the alignment of the waveguides before and after removal and replacement are

shown below in figure 3. The entrance to the filter channel can also be seen.

Figure 3: The alignment between feedhorn and waveguide after removal 3 times

A photograph of the finished horn is shown below in figure 4 alongside a view of the

waveguide aperture. For scale a human hair is shown, the waveguide dimensions are

27.5x105p/m. The feedhorn alignment dowels can be clearly seen to the left and right of

the horn aperture.
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Figure 4: The feedhorn and waveguide apertures.

An early mixer was assembled which could then be used to carry out beam pattern

measurements at JPL. The diode was used to detect the applied signal for a far infrared

laser operating at 2.5THz whilst the mixers field of view was scanned in 2 axis. A

photograph of the measurement system is shown below in figure 5. The laser is fired

through a pinhole in order to shape the beam, then through a beam splitter to separate a

small amount for power level reference. A chopper is using to modulate the beam and

the bias of the mixer is used to determine the power level seen by the mixer.

Figure 5: The measurement set-up used to determine the radiation pattern

The horns radiation pattern is shown below in figure 6.
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Figure 6: The measured radiation pattern of the feedhorn at 2.511-1z

From the plots it can be seen that the horn as a very high quality radiation pattern. Some

asymmetry exists between the E and the H plane, also, a spurious side lobe is present in

the E-plane. This lies outside the antenna's field of view in the 2.5THz E0S-MLS

system and its origin is at present unknown. More measurements will be required on

subsequent mixers in order to determine if it is a characteristic of all horns extracted

from this mandrel.

Discussion

The ability to automatically align the feedhorn to waveguide combined with the reduced

cost allows the possibility of a miniature mixer package. The mixer and feed horn can

be simply assembled and fixed together with adhesive. The potential exists for the
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completed mixer to be simply included in the backend low noise amplifier housing. This

in term may allow the realisation of compact imaging arrays.

Conclusion

A new fabrication process has been demonstrated that can produce at moderate cost high

quality waveguide feedhoms. It is expected that the technique could be extended to at

least 5 THz. In addition to the reduced cost, the technique also has the advantage that

each subsequent horn is an exact copy of the original therefore maintaining radiation

properties between different horns.

Finally the removal of the need for a mixer block type housing by incoporporating

automatic alignment opens the way forward for small compact terahertz imaging arrays.
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ABSTRACT

We are developing a superconductor-insulator-superconductor (SIS) receiver for a submillimeter-

wave limb emission sounder (SMILES) on the Japanese Experiment Module (JEM) of the

International Space Station. SMILES is a sensitive heterodyne spectrometric radiometer in 640

GHz band, and observe thermal emission lines of stratospheric trace molecules in the limb

sounding method. SMILES operates two SIS mixers simultaneously in sin g le-sideband (SSB)

mode using only one local source. For the SSB filter we employ a frequency selective polarizer

(FSP), which consists of two sets of a wire grid and a flat mirror and operates in the principle of

Martin-Puplett interferometer. The SIS mixers and the first low noise amplifiers will be cooled to

4.5 K and 20 K, respectively, by a compact Stirling refri gerator combined with a Joule-Thomson

circuit. We succeed in demonstrating the cooling capability of 20 mW at the 4-K sta ge. 200 mW at

the 20-K stage, and 1000 mW at the 100-K sta ge with a power consumption of 250 W. We

expect a system nose temperature below 500 K in the SSB mode. In 2003 SMILES will become

the first SIS receiver flown on space.

INTRODUCTION

Stratospheric minor constituents (e.g.. 03, ClOx, N0x) play an important role in the Earth

environmental change such as ozone depletion. Although we know that the basic ozone depletion

process are caused by man-made chemical substances such as chlorofluorocarbons. researches on

the complicated chemical network of the ozone depletion are still in progress. We need data of

global distributions of these minor gases and their diurnal and seasonal variations with a high

altitude resolution. We are now developing a highly sensitive submillimeter-wave limb emission
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sounder (SMILES) to promote sciences related to the ozone depletion (e.g., Masuko et al. 1997;

Manabe et al.. 1998). SMILES will be installed on the exposed facilities of the Japanese

Experiment Module (JEM) of the International Space Station (15S). In the limb sounding method,

thermal emission from the stratospheric molecules are observed by a sounder on the orbit (e.g.,

Barrath et al.. 1993). Figure 1 shows the schematic drawing of the limb sounding observation by

SMILES. We expect to start a operation of SMILES in 2003 for at least one year, and now we are

in the final design trade-off of the system. This paper mainly describes the current instrumental

desi gn of the 640 GHz SIS receiver system, and also reports some experimental results.

OVERVIEW OF JEM/SMILES

Table 1 summarizes the basic specifications of JEM/SMILES, and Fi gure 2 shows the signal

flow diagram of SMILES. We employ a hi ghly sensitive heterodyne superconductor-insulator-

superconductor (SIS) receiver, and observe twelve emission lines of stratospheric molecules as

listed in Table 2. The SIS receiver makes it possible to detect extremely weak emissions and

reduce the observational time for each observational positions. We retrieve the altitude profile of

the molecules at a high altitude resolution over a wide altitude range together with their global

diurnal and seasonal variations from the sensitive data set.

A 60 cm x 30 cm main reflector gathers the thermal radiation from the atmospheric limb

region at an altitude resolution of 2 km. The 638.4 GHz fixed frequency LO signal is injected into

the RF signal by wire grids. In order to measure the intensity of the si gnal in one sideband

precisely. we use the receiver in single-sideband mode (SSB) by a quasi-optical SSB filter. We

operate two SIS mixers simultaneously. one for upper sideband (USB) and the other for lower

sideband (LSB) detection. The IF signals of 9.8 -14.8 GHz are further down-converted in

frequency and amplified to a power level large enough for spectroscopy. In the IF subsystem only

frequency ran ges around the molecular emission lines of interest are chosen to save the band

width of the spectrometer. We use three acousto-optical spectrometers (AOSs) for high resolution

spectroscopy. The system noise temperature is expected to be less than 500 K in SSB mode,

which g ives a sensitivity of 1.3 K for an integration time of 0.2 sec and a spectral resolution of

1.4 MHz.

SUBMILLIMETER ANTENNA

We require several technical specifications in the antenna of SMILES for demonstrating a

highly sensitive limb emission technique from the space. First requirement is an altitude resolution

of 2 km with precise pointing accuracy of 0.01 We use an offset Casegrain type elliptical (60 cm

x 30 cm ) antenna. The long axis of 60 cm is chosen to realize an altitude resolution of 2 km, and

another axis is reduced to 30 cm for compactness. The main reflector of the antenna will be

polished aluminum. and special attention is paid in the frame structure of the main reflector and

thermal insulation around the antenna for minimizin g the thermal distortion. We drive the pointing

elevation an g le of the antenna in a step size smaller than 0.01'. The altitude pointing of the antenna
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Table 2. Observin g. Molecular Species
.
Species Frequency

(GHz)
Brightne ss
Temp. (K) Comments

,
() 650.733 220

.
Ozone Ler.Globa! Warming

0 ! '0 6 2 7.773 80 T and P measurement,
CIO 649.45 20 Ozone Depletion
HCI 100 Cl Reservoir
HOC1 3 Cl Reservoir
NO 651.772 8 Ozone Depletion
N:0 652.834 30 NOx Reservoir
HNO3 650.279 5 NOx Reser\ oir
HO: 649.701 5 Ozone Depletion
H20.: 627.087 0.3 HOx Reservoir
BrO 624.77 0.3 Ozone De.pletion
SO: 624.344

,
O.") _Aerosol Source
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Fig. 1. Schematic view of the limb sounding observation by
JEWSMILE.

Table 1. Basic Specifications of
JEM/SMILES

Receiver

,
Heterodyne Spectrometric-
Radiometer

Observation Scheme Limb Sounding

Observation Platform International Space Station

Orbit Altitude —400 km.
5 r inclination

Observable Latitude
Observation Altitude
Altitude Resolution

65°N - 38°S
h = 10 - 60 km.
_. h = 2 km

Antenna Type

Size & Beam width

Offset Cassegrain
60 cm. 0.055°(EI.).
30 cm, 0.117° (Az.)

Pointing Accuracy 0.01°(EI.)

Signal Frequency 624 - 629 GHz (LSB)
649 - 654 GH7 (USB)

SSB Separation
Method

Quas- optical SSB filter
FSP

LO Source Gunn diode (109.4 GHz)
doubler+tripler

Mixer
Operation Temp.

Low noise Amps.

PCTJ type Nb/A10x/Nb
@4.5K
HEMT amps@20K.100K

Spectrometer

Spectral Resolution

Acousto-Optical
Spectrometer (AOS)
1.4 MHz

System Noise Temp. 500 K (SS B)
Mission Life Time 1 year
Weight & Power 500 kg. 500 W
Size 0.8 x 1 x1.9 m
Launch Date _2003
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support structure is monitored by a stellar compass installed ver close to the antenna. We ‘k ill be

able to determine the positions of the antenna v. ith an accurac‘.. of 0.01' .

Second requirement is precise intensity calibration. We require a hi gh main beam efficiency of

95 % so that undesirable emission from the sidelobe should be reduced. The shape of the main

reflector is modified to produce the hi gh efficiency main beam. and its surface is polished with an

accuracy better than 10 j.irn to reduce the level of sidelobe. We use a temperature monitored

submillimeter-wave absorber at an ambient temperature for a hot load calibration. but we use the

main antenna itself for cold load calibration by pointin g upward directions. We expect a precise

cold load calibration compared with a system lookin g cold sk■ b), a switching mirror in the beam
transportation system, because effect from the surroundings of the optics is kept same during
operation. The baseline ripple which appears in the observed spectra due to undesired reflection
within the system is also a source for reducing the reliability of calibration. We choose offset type
antenna for avoiding the beam reflection in the antenna which ma:, cause baseline ripple in the
spectra. We expect a precise intensity calibration better than 1 0 ck in error.

QUASI-OPTICS

Figure 3 is the schematic drawin g of the receiver optics of SMILES. Optical system is

designed to realize easy ali gnment and reduce the risk of misali gnment caused by variation of

environmental condition on space. The optics are divided into two main components: the optics on

4-K stage and that in ambient temperature. The ambient temperature optics guide the beam from

the antenna subsystem into the cooled optics. The 638.4 GHz LO si gnal is injected into the wire

grid in the ambient optics. Typical physical size of the mirror is ran g in g from 30 mm in the 4-K

stage and 60 mm on the ambient optics. They are settled around the center of cryostat as close as

possible. The center of the cryostat is stable in terms of mechanical structure and thermal

conditions, and concentration of them toward the center is suitable for keeping the good alignment

conditions.

An outstanding feature of the optics is the realization of SSB operation of two SIS mixers

simultaneously using only one local source (Inatani el al.. 1998). Two mixers on the 4-K stage

receive two perpendicular polarizations each other. One mixer looks at the antenna port in the

USB band, while it looks at the cold sky though the LO port in the LSB band. At the same time.

the other mixer looks at the antenna port in the LSB band and the cold sky in the USB band. This

SSB operation is realized by a quasi-optical SSB filter on the ambient temperature optics. The

band suppression ratio of 17 dB is expected at the band edge frequency.

The SSB filter is a key component of the optics. We use a frequency selective polarizer (FSP)

as an SSB filter which use the principle of Martin-Puplett interferometer (MP1) (Seta et al.. 1 999).

The FSP consists of two pairs of a flat mirror and a wire grid. Fi gure 4 shows the operational

principle of the FSP comparing that of traditional MPI consistin g of two roof-top mirrors and a

wire grid shown in Figure 5. The wire grid (WG) #4, whose wire direction is oriented at 45 with

respect to the incident linear polarization. divides the input si g nial into two components. The

reflected and trinsmitted si gnals are combined a gain in WG #5 after traveling two different path
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Fig. 3. Schematic view of receiver optics of JEM/SMILES.

#2 Wire-Grid #2

Fig. 4. Schematic drawing of our pro-
posed nevi type of SSB filter operating
in the principle of MP!.

Wire-Grid
#1

Fig. 5. Schematic drawing of a conven-
tional MPI.
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len gths. We can tune the transmission characteristics in frequenc\ from a imeark polar:zed input

signal to a linearly polarized si gnal in the output port by adjustin g- the tra\ eling path length

difference. The path len g ths is adjusted by a gap between the flat mirror and the w ire g rid. \\ hile

in the conventional MPI the path difference is controlled by the rela:i\ e distance difference

between the WG #4 and each roof top mirror.

The FSP is superior to the traditional MPI in two reasons for our purpose. Since ‘k e use the

SSB filter for a fixed frequency, we do not need tunin g mechanism. A mechanical tuner may be

harmful by increasing possibilities of mechanical troubles in space. So we v, ill use a fixed tuned

SSB filter without movin g mechanical structure. We adjust the position of the mirror in the

ground which works as a tuner, and fix the position ti g htly once it k tuned. The required

alignment accuracy of the mirror is estimated to be 2 um. In the traditional NIPI e must achieve

this accuracy for a traveling path length of 50 mm. and this is too difficult to achie\ e without

mechanical tuning structure. On the other hand in case of FSP. we can adjust the mirror position

in a accuracy of 2 p.m for a path length of 2 mm. which is achieved with careful machine work.

The second advantage of the FSP is elimination of standing waves generated on the MPI. In the

conventional MPI, the input signal partially returns to the input port due to undesirable

transmission and reflection of the wire grid. The returned si gnal becomes a source of standing

wave. This level is estimated to be 20 dB assumin g the undesired reflection and transmission of

the wire grid is 1%, and it is harmful to our sensitive spectroscopic obser\ ation. Althou gh in the

FSP we cannot avoid the undesirable reflection and transmission of the wire grid. this component

never comes back to the input port.

The LO signal at 638.4 GHz is generated in a phase-locked Gunn diode oscillator followed by

a doubler and a tripler, and injected into the FSP through the WG #3. The direction of wires in

WG #3 is tilted 10' from the linear polarization plane of the LO source. so that the local power is

injected into the FSP by 3 % , while each mixer, in its image band. looks at the cold sky by 97 %.

The injected LO power is equally supplied into two mixers. The LO output power. which is

expected to be around 200 pW, is sufficient for operation of two 640-GHz SIS mixers.

SUBMILLIMETER SIS MIXERS AND LOW NOISE AMPLIFIERS

The SIS is the ultimate device for sensitive millimeter and submillimeter observations

especially for 100 - 1000 GHz. Up to now only a Schottky barrier diode type mixer is used in the

space (e.g., Barath et al. 1993). SMILES employs the SIS mixer for the first time in the space.

We use simple and stable SIS mixers for increasing reliability of the mission.

We use a parallel-connected-twin-junctions (PCTJ) type SIS mixer composed of 1.25-micron

Scale Nb/A10x/Nb junctions. which are developed at the Nobeyama Radio Observatory (Noguchi

et, al., 1995; Shi et al., 1997; 1998). The mixer with this device achieves a broad-band

performance without a mechanical tuning structure. We place the SIS device in a wave guide type

mixer-mount in a typical size of 20 mm. A corrugated type feed horn is attached to the mount. and

superconducting ma gnets are inte g rated in the mount to suppress the Josephson current. One

model of the mixer covers both USB (649-654 GHz) and LSB (624-629 GHz). which is
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advantageous in performing space qualification tests such as vibration and radiation. The mixer

block is attached to the rigid 4K-optics directly with screws. An independent battery will be used

for a DC bias of the mixer for stable operation. Our experiment already demonstrated the mixer

noise of Tmix = 60-140 K in DSB in the frequency range of 600-650 GHz (Irimajiri et at.,

1998).

We require broad band and low power consumption low noise amplifiers for IF amplifiers.

SMILES requires a bandwidth of 5 GHz in the 640 GHz band to detect important molecules listed

in Table 2. and the IF amplifiers should be low noise over the frequency band for high sensitivity.

The power consumption of IF amplifiers should be low for using compact refrigerator. We are

developin g a hi gh-electron-mobility transistor (HEMT) amplifier with a bandwidth of 5 GHz. We

expect a noise temperature below 25 K and a gain of 20 dB with a power dissipation of 20 rnW at

the operational temperature of 20 K. We succeed in demonstratin g this performance in the

engineering model of the HEMT amplifiers.

CRYOSTAT AND MECHANICAL REFRIGERATOR

The SIS mixer needs to be operated below 4.5 K. We chose mechanical refrigerator as a

cooling system. The mechanical refrigerator is superior to liquid helium type cooler for space use

mainly for two reasons. even though it needs la ger electric power. First it can be made smaller and

lighter. because we do not need large helium tank. Second there is possibilities to expand the life

ti me keepin g its smallness and lightness.

We have been developing a compact and low power consumption type refrigerator for space

use. Inatani et al. (1997) reported the experimental results of thermal prototype of the refrigerator,

and concluded that an SIS receiver cooled by a compact 4-K mechanical refrigerator is feasible for

space use. Based on this successful experiment we are developing an advanced type of a compact

refri gerator sy stem for JEM/SMILES. which satisfies the launchin g condition of SMILES. Figure

6 show s the schematic view of our cryostat. In the cryostat. we place two SIS mixers, two HEMT

amplifier.. other two HEMT amplifiers on the 4-K. 20-K. and 100-K sta ges, respectively. The

cryostat is equipped with a Joule-Thomson circuit and a two-stage Stirling refri gerator (Kyoya et

al.. l994. Table 3 shows the thermal anal y sis of the cryostat. The 4-K stage is surrounded with

radiation Nhieids at 20 K and 100 K. and the effect of thermal radiation is minimized with a set of

carefully installed multi-layer insulators. For reducin g the thermal radiation through an RF signal

window . we place two IR filers made of porous polytetrafluoroethylene (PTFE) between the 100-

K sta ge and the outer shell. The coolin g capacity is desi gned to be 20 mW at the 4-K stage, 200

mW at the 20-K sta ge. and 1000 mW at the 100-K sta ge with an electric power consumption less

than 250 W at the AC pow er supply to the refri gerator system.

Mechanically the three sta ges are supported by a number of g lass-fiber reinforced plastics

-(GFRP) straps from the outer shell of the crvostat. The 4-K and 20-K stages are connected by

pole, -.7adeo
r
 carbon-I:her-reinforced plastic (CFR!) ) and 20-K and 100-K stage is connected by

poles of GFRP. The GFRP nd CFRP keep the thermal conductance as small as possible while

isur\ the \IN-,1:in, en\ ir)-Inent durin g the la:mch. M\ Lir film is used for outer shell window
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Fig. 6. Schematic view of a small Joule-Thomson circuit
combined with two stage String refrigerator.

Table 3. Calculated thermal balance of 640 GHz receiver for SMILES

Items Types
Heat load at each stage (mW)

100-K stage 20-K stage , 4-K stage,
RF input window radiation 150 3 2.4
Wall (with MLI) radiation 370 19 0.1
Supporting structure conduction 230 47 2.4
IF cables condition 90 42 13
DC bias cables conduction 28 5 0.6
Bias current heat source 9 3 1
Monitor cables conduction 11 4 0.6
HEMT amps heat source 30 20 -
J-T gas cooling heat source 170 87 -
Total load (mW) 970 210 20

Equilibrium temperature (K) 99 22 4.5
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to keep the vacuum of cryostat during testing of the receiver on the ground.

By using the engineering model of our cryostat we succeeded in demonstrating the cooling

capability and also demonstrated that the vibration expected during the launch did not change the

capability. The detail of the refrigerator will be given elsewhere (Narasaki et al., in preparation).

IF SUBSYSTEM AND SPECTROMETER

In retrieving altitude profiles from the spectral data, frequency resolution restricts the altitude

resolution in the profile. and the frequency bandwidth restricts the lower altitude limit of the

profile. We employ AOS for getting high spectral resolution and wide bandwidth. AOS is

superior in terms of weight, size, and power consumption compared with other frequently used

digital or filter-bank type of spectrometers. We use three AOSs and achieve a total bandwidth of

about 4 GHz with a frequency resolution of 1.4 MHz. We convert a readout data of the CCD in

the AOS into a 16 bit di gital data every 10 msec. and we integrate it for 200 msec.

In order to save the bandwidth of the spectrometer. only limited frequency ranges of

molecular lines of interest are chosen from the broad band width of 5 GHz, and band-pass-filtered

into sub bands. The divided band is again combined into three AOS input ports for spectroscopy.

We realize observational bandwidth of 800 MHz for 03 using this technique.

CONCLUDING REMARKS

In this paper we reported the basic design of the 640 GHz submillimeter receiver system of

the JEM/SMILES mission. and also reported some experimental results of the engineering model.

SMILES emplo■s a sensitive 640 GHz SIS receiver. We operate two SIS mixers simultaneously
in the SSB mode. We use a frequency selective polarizer (FSP) as an SSB filter. The STS mixer
will be cooled 4 K b■. a compact Joule-Thomson circuit combined with two stage String
refrigerator. In the engineering model of the refrigerator. we demonstrated the cooling capability
of 20 mW at the 4-K stage. 200 mW at the 20-K stage and 1000 mW at the 100-K Stage. We use
three AOSs for spectrometer. and achieve a frequency resolution of 1.4 MHz and total bandwidth
of 4 GHz. We expect a system noise temperature of 500 K in the SSB mode.

We are now making a final design trade-off for JEWSMILES. and the specifications

described here may be subject to minor chan ges. In 2003. SMILES will be transported to BS by

a Japanese transporter vehicle HTV launched by the H-IIA rocket. The SMILES will observe

twelYe stratospheric molecules and reveal interesting phenomena relating to the ozone chemistry.

This mission ‘k ill also demonstrate the feasibilit y- and effectiveness of the SIS receiver as a

sensi:ive s stem for monitorin g_ trace gases in the stratosphere. The success of this new technique

will open new possibilities of submillimeter wave observation in earth science and in astronomy.
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Abstract — A new chip for the sub-millimeter quasioptical heterodyne

receiver with an externally phase-locked superconducting local oscillator is designed

and being studied. An integrated circuit of the chip contains an ultra-low-noise SIS

mixer, FFO, a harmonic SIS mixer and a SIS multiplier (optional). A scheme of the

chip is presented along with numerical simulation of the circuitry. The first

experimental samples that were pre-tested did show encouraging performance.

INTRODUCTION

Integration of a free-running flux-flow oscillator (FFO) and a SIS mixer into a

single-chip Superconducting Integrated Receiver (SIR) is a proven technique. The

receiver noise temperature below 100 K (DSB) and a good beam pattern of the

double-dipole antenna (sidelobes below –16 dB) have been measured at 500 GHz [1].

To estimate the ultimate performance of the receiver, the detailed tests on a reference
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chip which contained only the lens-antenna SIS mixer showed a noise temperature of

about 40 K at 470 GHz {21 A densely packed imagine array seems to be the natural

niche for a SIR. The feasibility of such an imaging array was demonstrated as well

[1]. Since a SIR is a complicated multi-device chip, a special acquisition system

IRTECON has been developed for effective test and optimal control of both the local

oscillator and the SIS mixer [1, 3].

To be useful in practice as a narrow-band spectrometer, SIR has to have a

narrow linewidth of its internal local oscillator (LO). A technique to stabilize the

superconducting integrated oscillators [4] was developed recently into the real PLL

circuit using room temperature electronics. An externally phase-locked FFO was

realized in Fiske mode (flo < 440 GHz) with a measured linewidth as narrow as 1 Hz

in the frequency range 230 — 440 GHz for samples of special design [5, 6]. The

experimental data on spectra of the locked FFO are presented in Fig. 1. Taking into

account that Fiske steps (FS) are almost overlapping at higher voltages, a complete

tuneability might be achieved. In summary, it seems possible to use such LO for radio

astronomy now already. A PLL circuit for the FFO operation in so-called flux-flow

mode (fLo > 500 GHz) still has to be developed and studied.

SCHEMATIC OF THE CHIP

To combine a SIS mixer and a phase-locked FFO on the same substrate, a new

design of the chip has been developed; its scheme is presented in Fig. 2. The chip

contains a combination of circuits which principles have been tested already, namely,

a PLL circuit to narrow the linewidth of the FFO [5, 6] and a quasioptical SIS mixer

with the integrated circuit for LO power injection (see Fig. 3). The harmonic SIS

mixer and the SIS multiplier (not shown in Fig. 2) are parts that are added to the chip

of the earlier SIR [1, 3].
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Fig. 1. IF power spectra of FFO phase-locked at 387 GHz recorded at different

frequency spans.
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Fig. 2. Simplified equivalent diagram of external supplies and connections

necessary to operate the chip of Superconducting PLL Receiver.
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Fig. 3. Simplified block-diagram showing elements located at the chip of

Superconducting PLL Receiver (parameters indicated for operation at

350 GHz).
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A.Power Balance of Local Oscillator

When one FFO feeds two devices the balance of LO power is very important.

The power from the FFO is split unequally between the harmonic mixer and the

receiver part. To avoid too much signal loss towards the LO source, only 25-30 % of

the power that is available from FFO can be coupled to the receiver SIS mixer. Taking

into account that the mixing SIS junction and FFO are coupled effectively to the

antenna and the harmonic mixer respectively, the portion of FFO power available at

the receiver SIS junction is further reduced to about 12-15 %. This is twice as low in

comparison with the previous SIR design [1, 3]. A result of numerical simulation on

distributing of the signal and LO power is presented in Fig. 4. To make the level of

LO power sufficient for both mixers, either more powerful FFO or smaller receiver

SIS junction has to be employed in the PLL receiver.

B.Layout of the Chip

To avoid a reduced yield due to the growing complexity of the chip, special

attention was paid not to use micron-sized elements which were present in the earlier

SIR design [I, 3]. The narrowest strip width now is about 4 micrometers and the

smallest gap is about 3 micrometers. However, the receiver SIS junction has to be

small enough, proportional to the available LO power. The area of SIS junctions for

both the receiver mixer and the harmonic mixer is chosen to be 1.5 by 1.5

micrometers, so a reasonable reproducibility can be expected.

C.Design of FFO

The power available from FFO seems to be proportional to the width of the

long junction. Since characteristic impedance of such a Josephson transmission line

(JTL) is reduced with increasing width, the coupling circuit (mainly the impedance

transformer) has to provide higher ratio, that may narrow the coupling bandwidth. The

increase of the FFO width is restricted because of a transverse mode can be generated
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SIGNAL AND LO POWER SPLIT

260 280 300 320 340 360 380 400 420 440
FREQUENCY (GHz)

x-x-x coupling of signal from antenna
... to mixing SIS junction

e-e-e coupling of LO power from FFO
... to harmonic mixer

e-e-e ... to main SIS mixer

Fig. 4. Example of calculated distribution of signal (x's and +'s) and local

oscillator power (box's and dimond's) in the PLL receiver circuitry.

Fraction of LO power used by main SIS mixer presented at the bottom by

o's. The data calculated for central frequency of 350 GHz.
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in the TM. Three different FFO widths are used in experimental samples: 4, 6 and 9

micrometers. A compact single-section impedance transformer is used.

The PLL receiver will be tested first at about 350 GHz in the Fiske mode. The

length of FFO is chosen in the range of 600 ± 50 micrometers that provide voltage

separation of FS small enough for continuous coverage of the RF signal band using a

4 GHz IF amplifier and picking different side-bands. The experimental samples for

350 and 560 GHz are fabricated, and preliminary tests are showing reasonable pump

level at about 500 GHz.

D. Harmonic Mixer

It was demonstrated that the most efficient regime of the harmonic mixer

(tested up to 50th harmonic) can be realized in the Josephson mode using high order

Shapiro steps [4 - 6]. However, Josephson mixing is known to be quite noisy [7] and

can be the reason for the unwanted noise floor in the experimental PLL loop.

Unfortunately, the experimental harmonic mixer operated in a low-noise SIS mode

(Josephson effect was suppressed by magnetic field) appeared to be inefficient, at

least at high order harmonics. To try mixing at lower harmonics (5th or 8th), a SIS

multiplier was integrated on the chip as a source of LO power at 70 GHz. A SIS

junction of area 10 by 10 micrometers is used in the multiplier. The part of the chip

relevant to the multiplier is shown in Fig. 5.

Use of the multiplier essentially complicates the chip circuitry demanding a

few selective filters. Since a reference signal (10 GHz) is applied via IF coaxial cable

of the harmonic mixer (see Fig. 2), leak of the reference power has to be suppressed

well below the level of its 7th harmonic generated by the SIS multiplier. The

multiplier feed circuits (both RF and dc bias) are arranged to provide a good coupling

of the reference signal and avoid loss of the harmonic at about 70 GHz. A fragment of

the multiplier-related circuit and its numerical simulation are presented in Fig. 5 and

Fig. 6 respectively. The calculation demonstrates a reasonable match to the IF port at

400 - 1000 MHz, good rejection of 10 GHz reference signal, reasonably wide
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Fig. 5. Partial view of the integrated receiver chip. Folded striplines are feed filters

at 10 GHz and 70 GHz used for the SIS multiplier and for the harmonic

mixer. Field of view is about 900 x 600 micrometers.
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"LEAK" FROM THE HARMONIC MIXER
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Fig. 6. Reflection loss at the harmonic mixer towards its IF port and towards the SIS

multiplier (if used). Coupling to FFO that is, by definition, strong excluded

from this calculation.



Tenth International Symposium on Space Terahertz Technology, Charlottesville,

coupling at about 70 GHz and no essential leak within LO/signal range at about 300 —

400 GHz.

CONCLUSION

The concept of a superconducting integrated receiver with phase-lock loop is

developed, has passed extensive numerical simulation and is implemented in

experimental devices on the basis of recent progress on quasioptical SIS mixers and

locked FFO. Preliminary test of experimental samples is, so far, encouraging:

sufficient pump level is obtained at about 500 GHz for both mixers. More

experimental details are expected soon.
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A BROAD BAND LOW NOISE SIS RADIOMETER

Alexandre Karpov, Jacques Blondel
Institut de Radioastronornie Millimetrique, St. Martin d'Heres, France

Pavel Dmitfiev, Valery Koshelets
Institute of Radio Electronics and Engineering, Moscow, Russia

Abstract—A new type of ultra broad band SIS low noise radiometer has been
developed. The SIS receiver instantaneous band of about 30% is significantly increased
compared to traditional designs. We avoid a restriction related to the limited band of the
Intermediate Frequency (IF) low noise amplifier by using a multifrequency heterodyne
power source. In this regime the frequency mixing is performed simultaneously in a big
number of the subbands and the IF signals are combined in a common amplifier. A low
noise operation in this regime is possible due to the quantum nature of the frequency
mixing in SIS quasi particle tunnel junctions.

The SIS receiver covers 25 GHz band centered at 90 GHz with an equivalent noise
temperature of about 50 K. The receiver uses a fixed tuned SIS mixer with Nb/A1 Ox/Nb
junctions. The critical Josephson current density is about 2.6 KA/cm 2 and the junction
area is of about 1.5 gm2. The limits to further improvement of the radiometer and the
possibilities for extension of the technique to the sub millimeter band are discussed.

I. INTRODUCTION

The development of ultra low noise millimeter wave broad band radiometers is required for
several different applications, particularly for the detection of weak radiation of distant objects
in radio astronomy. The sensitivity AT of a radiometer may be characterized by a relation:

1
ATRec TRec Ai 

2 TB

(1)

where Trec is an equivalent receiver noise temperature, B is the receiver bandwidth and z is
the integration time. Optimizing the operation of a radiometer according to (1), one has to try
to increase the receiver bandwidth B and to reduce the receiver noise Trec.

During the last decade the best receiver noise at short mm and sub millimeter wavelength
was obtained using SIS heterodyne receivers [1], achieving a noise temperature close to 2fruik
[2,3].

There are two main limitation to the bandwidth of an SIS receiver. The input SIS receiver
bandwidth is limited due to a large SIS junction capacitance. The output receiver bandwidth is
limited by the bandwidth of the low noise IF amplifier.

Normally the problem of a relatively broad band coupling of the SIS junction with the
signal source may be solved, using a super conductive integrated matching circuit [4,1]. A real
limitation of the SIS receiver bandwidth is imposed by the difficulty of development of a
broad band low noise intermediate frequency (IF) amplifier. The problem arises from an
increase of the IF amplifier noise with the enlargement of the IF bandwidth.
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Frequency

Fig. 1. The frequency diagram of a common heterodyne receiver (upper drawing)
with the local oscillator frequency f lo and with low and upper side bands (USB and
LSB). The lower diagram illustrate the operation of a heterodyne receiver with a
multifrequency local oscillator. The bandwidth of the receiver is increased,
proportionally to the number of the components in the spectrum of local oscillator.

In this work we present a method of increasing the receiver bandwidth B by a factor of IQ-
100, thus improving the receiver sensitivity wile using a single common IF amplifier chain.

First we discuss the principle of the new mode of SIS receiver operation. Then we describe
a fixed-tined SIS mixer developed for this experiment and the test set up. At the end we give
the description of the receiver tests and the perspective for further development.

SMA connector

Figure 2. A fixed tuned SIS mixer design. It is a single backshort mixer block with a
full height 2.3x1.15 mm waveguide. The printed circuit is coupled to the waveguide
with a matching probe in the 70 - 130 GHz band. The non contacting backshort position
once adjusted remains fixed in the waveguide.

EL APPROACH

We propose a new mode of broad band operation of a mixer with a SIS quasi particle
tunnel junction using simultaneous mixing of the signal with the local oscillator having a
multiline spectrum. In this way the effective receiver RF bandwidth is increased by the
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number of the components in the spectrum of the local oscillator (Fig. 1). There the upper
drawing represents the operation of a receiver in a common mode, with a monochromatic
local oscillator signal. Below is presented frequency diagram of the proposed receiver. A new
approach allows one to use a relatively low intermediate frequency in a broad band SIS
radiometer and to benefit from the low noise of an ultra low noise cryogenically cooled
HEMT amplifier. This mode of operation is not efficient with a classical mixer, where one
needs to increase significantly the total power of a local oscillator to keep a sufficient
amplitude of each component of the local oscillator.

An efficient multifrequency mixing in SIS junction is possible due to a quantum nature of
the mixing mechanism. The non linear properties of an SIS quasi particle tunnel junction do
not strongly depend on the amplitude of the local oscillator, but on the photon energy. At the
each frequency of the local oscillator the power may be low, providing a sufficiently large
conversion gain.

For example, in our experiment the monochromatic local oscillator of a broad band fixed
tuned SIS receiver is replaced by a harmonic generator. Using a 1.2-1.8 GHz IF band and a
2 GHz spacing of the local oscillator frequencies across the 75-120 GHz frequency range we
obtain the operation of a receiver with the RF bandwidth increased 22 times, of about 27 GHz
in total.

STS MIXER DESIGN

The waveguide mixer design is presented in Fig. 2. The SIS mixer comprises a microstrip
Nb circuit with SIS junction

Figure 3. Fixed-tuned SIS mixer operation with a monochromatic local oscillator. The
1.2 - 1.8 GHz band of the intermediate frequency amplifier defines the limits of the
receiver bandwidth.

printed on a 0.2 mm thick quartz substrate and a mixer block. The mixer block uses a single
backshort in a full height 2.3x1.15 mm waveguide. The printed circuit is coupled to the
waveguide with a matching probe in the 70 - 130 GHz band [5]. The non-contacting backshort
position once adjusted remains fixed in the waveguide.
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The printed circuit of the mixer is optimized for the junction normal resistance of about 50
Ohm and Rwo0---4. The Nb-Aloxide-Nb SIS junction has an area of 1.5 um 2 . The coplanar
inductive tuning circuit is connected to the junctions as part of the top electrode layer in the
junction fabrication process (Fig. 2). The coplanar design gives a wider operation band and a
better tolerance of the manufacturing imperfections of Nb printed circuit [6]. Coplanar line
parameters are calculated with GPL1NES program and the circuit was developed using the
EESOF Libra program. The bandwidth of the SIS junction match in the mixer is expected to
be about 50 GHz.

W. TEST RECEIVER

The receiver comprises a liquid helium cryostat. a SIS mixer. a cooled HEMT IF amplifier.
an ambient temperature amplifier and the local oscillator.
In experiment we used two different type of local oscillator. A 3 mm harmonic source
pumped with a 2 GHz signal was used for the broad band mode of operation. In the normal
mode of operation a Gunn device was used as a local oscillator. The local oscillator power
was injected at the mixer input by a cooled waveguide coupler. The cooled intermediate
frequency amplifier used in the experiment had about 5 K noise temperature in the frequency
range of 1.2-1.8 GHz [7]. An isolator was fitted between the SIS mixer and the first IF
amplifier. The receiver input window with anti-reflection grooves is made of polyethylene and
an infrared filter of expanded polystyrene foam was fixed to the 77 K shield. The mixer block
was at a temperature of about 4.5 K.

100

80

60

6'. 40

20

1 2 3 4 5

Voltage (mV)

Fig. 4. Current-voltage characteristic of the SIS junction with and without
multifrequency local oscillator power.

The design of the test receiver has the same features as a real receiver: the same windows
and infrared filters on the way of the signal beam to the SIS mixer, the same amplifier and the
same temperature at the mixer block. The receiver performance observed in laboratory may be
reproduced without constraints at a radio telescope.
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V. FIXED TUNED SIS RECETVER OPERATION

A. Monochromatic local oscillator

The fixed-tuned SIS mixer was tested first with a monochromatic local oscillator power
source. The receiver double sideband noise temperature versus frequency dependence was
determined in a standard experiment with the ambient temperature (295 K) and the 77 K
liquid nitrogen cooled loads (Fig. 3). The receiver DSB noise temperature of 40 K was nearly
constant in the 75 - 118 GHz frequency range.
This confirms the design expectation of a broad, about 50%, bandwidth for the SIS junction
coupling to the signal source. The two sidebands of a broad band SIS receiver have to be in
balance in a major part of the band. The total receiver bandwidth at each frequency of the
local oscillator is limited by the IF chain and is about 1.2 GHz.

B. SIS receiver with a multifrequency heterodyne source

In this experiment we used as a local oscillator a harmonic generator pumped with a 2 GHz
signal. Across the 75-120 GHz range the number of the harmonics produced by this source is
about 22. In the next subsection we will demonstrate the mixing of a broad band signal with
each component of the local oscillator spectrum.

1 2 3 4

Voltage (mV)

Fig . 5. Receiver IF power versus bias voltage with the multifrequency local oscillator
power source. The upper and lower curves are measured respectively with the 295 K
and with the 77 K loads in front of the receiver.

The current - voltage characteristics of the SIS junction measured with and without
radiation from the multifrequency local oscillator is shown in Fig. 4. The receiver IF power
versus bias voltage measured with the multifrequency local oscillator is shown in Fig. 5. The
upper and lower curves are measured respectively with the ambient and with the liquid
nitrogen temperature loads in front of receivers. The current detected in the SIS junction of
about 4.5 !IA was lower, compared to the experiments with the monochromatic local
oscillator. which was typically about 10 RA. Nevertheless the receiver noise temperature
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measured in the new regime is only 55 K, close to the receiver noise temperature in a usual
narrow band mode of operation.

C. Receiver spectral response with the multifrequency local oscillator

We verified the reality of the simultaneous mixing with a large number of local oscillator
frequencies by injecting a signal of a small amplitude from a second harmonic generator (Fig.
6). The harmonic source producing the local oscillator power was pumped with a 2.000 GHz
signal. The signal harmonic source was pumped at a frequency 2.030 GHz, producing signals
in the upper sideband of the all subbands of the receiver (upper drawin g in Fie. 6). The
measured response across the IF band is in the lower part of Fie. 6. The number of spectral
lines corresponds to the number of the subbands in the receiver.

Fig. 6. The receiver with a harmonic source as a local oscillator receive a signal from
a second harmonic source, pumped at a slightly different frequency. Upper drawing
gives the diagram of the signals, local oscillator and intermediate signal frequencies.
Below is a measured IF spectrum. The number of the component in the IF spectrum
corresponds to the number of the local oscillator frequencies and confirms the expected
mode of receiver operation.

V. SUMMARY

We have demonstrated a possibility of making a low noise SIS radiometer with a detection
bandwidth many tens of times larger than in the standard design. The new type of a broad
band operation of a mixer with a SIS quasi particle tunnel junction uses the simultaneous
mixing at the different frequencies of the local oscillator with a comb type spectrum. This
allows one to use a relatively low intermediate frequency in a broad band SIS radiometer. The
efficient multifrequency mixing in a KS junction is possible due to the quantum nature of the
mixing mechanism. In the experiment a monochromatic local oscillator of a broad band SIS
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receiver was replaced by a multifrequency harmonic source. Using a 1.2-1.8 GHz IF band and
a 2 GHz spacing of the local oscillator frequencies we obtained an operation of the receiver
with a RF 25 - 30 GHz bandwidth around 100 GHz with a 55 K noise temperature.
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A 200 GHz Broadband,
Fixed-Tuned Planar Doubler

David W. Porterfield

Virginia Millimeter Wave, Inc.
706 Forest St., Suite D

Charlottesville, VA 22903

Abstract - A 100/200 GHz planar balanced frequency doubler has been designed and
tested. The doubler is designed for high output power and efficiency over a wide
bandwidth without relying on mechanical tuners of any kind. The only available tuning
mechanism is through an external electronic DC bias supply. The doubler employs a six
anode planar Schottky Barrier varactor array fabricated at the University of Virginia
Semiconductor Device Laboratory.

INTRODUCTION

The multiplier was designed as part of a local oscillator (LO) chain for the European
Space Agency's (ESA) Far Infrared and Submillimeter Telescope (FIRST). Instruments
on FIRST will require LO sources in seven bands covering a large part of the spectrum
between 480 GHz and 2.7 Tliz. Since the instruments must be space qualified, the LO
sources should be solid state, rugged, reliable, efficient and low noise.

The 100/200 GHz doubler described here was designed as part of an LO multiplier chain
for Band 5 which covers the spectrum from 1.12-1.25 THz. It is estimated that
approximately 50 mW is needed at these frequencies to pump either an SIS mixer or an
FIEB. Much less power is actually required by the mixers, but there are substantial optical
coupling losses associated with the cryogenic dewars. The table below shows the makeup
of the LO chain for Band 5. The estimated multiplication efficiencies are for room
temperature operation. However, the LO chains on FIRST may be cooled to 80 K which
will result in a significant increase in the multiplication efficiencies and output powers.

Table 1. Proposed LO chain for Band 5 on FIRST.

Input frequency/power Component Estimated efficiency Output frequency/power -
100 GHz / MMIC amp 100 GHz / 200' mW
100 GHz / 170 inW Doubler 30 % ' 200 GHz / 50 mW
200 GHz / 50 mW Doubler 14 % 400 GHz / 7 mW
400 GHz / 7 mW Tripler 0.7 % 1.2 THz / 501.IW
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SCHOTTKY BARRIER VARACTOR

The nonlinear device used in the 100/200 GHz frequency doubler is a GaAs planar
Schottky bather varactor fabricated at the University of Virginia (UVA) Semiconductor
Device Laboratory (SDL). The varactor chip comprises 6 anodes in an antiseries
arrangement as shown in Fig. 1. The epitaxial doping is 2x10 17 cm-3 , the reverse
breakdown voltage is measured to be 9.5 V/anode at 50 1.1A. and the series resistance is
estimated to be approximately 4 Q/an.ode. Three versions of the varactor chip were
fabricated as specified in Table 2. The values for the anode diameter, D, the zero biased
junction capacitance, Co, the input frequency embedding impedance, ZIN, and the output
frequency embedding impedance, ZouT, are for the individual anodes. The input power
required for optimum multiplier efficiency, PIN, is the total for the 6 anode chip.

Figure 1. Sketch of the UVA planar varactor chip.

Table 2. Varactor parameters for a pump frequency of 100 GHz.

UVA type D (gm) Cjo (if) ZIN (n) ZouT (0) PIN W)

SB6T3 6.0 42 11 +j70 18 + j35 130
SB6T4 6.5 49 10 +j60 15 + j30 160
SB7T5 7.0 56 8 +j52 13 ±j26 190 .

EMBEDDING CIRCUIT

The embedding circuit comprises a quartz circuit and varactor chip housed in a split
waveg.uide block. This basic circuit topology can be traced back to a novel design
described by Erickson in the literature [1-3]. The original architecture was later
successfully modified to remove all mechanical tuners without sacrificing bandwidth
[4.5]. This was achieved by mounting the planar varactor chip on a quartz circuit rather
than directly across a split waveguide block. The photolithographic process used to
fabricate the quartz circuits results in a high degree of control over circuit dimensions and
thus significant control over the embedding impedances.
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The varactors are situated in the input wave guide as illustrated in Figure 2. Input
radiation is incident on the varactors in a balanced mode (TEA in reduced-height
waveguide. However, the input radiation can propa gate beyond the varactor chip toward
the output waveguide. HFSS simulations indicate that the center conductor and quartz
dielectric in this quasi-coaxial region only slightly perturb the TE : 0 mode. At a point
between the varactor chip and the output waveguide, the width of the quasi-coaxial
waveguide section is sufficiently reduced to cut off propagation of the TE l o mode,
creating a reactive termination (backshort) at the input frequency. The reduced-width
section, more appropriately termed as enclosed suspended microstrip, extends to the
output waveguide. The position of the backshort and the len gth of the reduced-height
waveguicle section between the varactors and the full-height input waveeuide are design
parameters that were used to obtain an acceptable input frequency embedding impedance.
The output frequency is generated by the varactors in an unbalanced mode (TEM) and is
free to propagate to the output waveguide. Since the input waveguide is overmoded at the
output frequency, the output radiation from the varactors can couple to the TM: mode.
However, this unwanted coupling can be eliminated by sufficiently reducing the input
waveguide height in the region near the varactor chip.

Figure 2. Conceptual sketch of the input and out electric field distributions.
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A sketch of the 100/200 GHz doubler is shown in Figure 3. The input waveguide (WR-
10) and output waveguide (WR-5) flanges are on opposite sides of the block and are
offset by 0.3 inches. An SMA connector (not shown) is provided for DC biasing of the
varactor chip. The quartz circuit sits in a groove machined in the lower half of the block.
The quartz circuit comprises an output embedding circuit, a probe for a microstrip-to-
waveguide transition and a low-pass hammerhead filter for an external DC bias network.

Figure 3. Sketch of the lower half of the 100/200 GHz frequency doubler block. The
quartz circuit and varactor chip are shown in the magnified inserts.

The assembly process is relatively simple. First, 2 bondwires are attached to the circuit
pads located at the two ends of the varactor chip and a third bondwire is attached to the
large pad at the far end of the circuit beyond the hammerhead filter. The varactor chip is
then soldered to 3 pads on the quartz circuit as shown in the sketch in Figure 3. The
circuit is then placed in the lower half of the block, the two bondwires near the varactor
chip are attached to the block and the third bondwire is attached to the center pin of the
SMA connector. Finally, the two halves of the block are assembled.

EMBEDDING CIRCUIT DESIGN

The optimum embedding impedances were determined using the nonlinear analysis of
Penfield and Rafuse and verified with harmonic balance simulations. The input and
output embedding circuits were analyzed using Ansoft's High Frequency Structure
Simulator (HFSS). Ports were attached to probes on each anode so that the individual
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embedding impedances for each varactor could be monitored directly. The final HFSS
simulation results are shown in the graph of Figure 4. The data for the input embedding
circuit covers the frequency range from 92-106 GHz and the data for the output
embedding circuit covers the frequency range from 184-212 GHz. The simulated
embedding impedances are nearly optimal at the center of the bands and vary slowly with
frequency. The 3 dB ouput power bandwidth of the doubler is estimated to be
approximately 15 %.

; ;

Figure 4. HFSS simulated embedding impedances.
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EXPERIMENTAL RESULTS

The data shown in Figure 5 was taken at the University of Massachusetts at Amherst.
Input power was provided by an IMPATT oscillator operating at 100 GHz. The varactor
chip was a UVA type SB6T4 with 6.5 um diameter anodes. The peak output power is
approximately 36 mW and the corresponding efficiency is 15 %. The data was taken with
the DC path open circuited so that the varactor chip was self-biased and the DC current
was zero. For an available input power of 200 mW, the reflected input power was
measured to be 33 mW.

Virginia Millimeter Wave, Inc. LO: 100 GHz
Varactor: UVA type SB6T4(D9), 6 anodes, 6.5 um diameter

80 100 120 140 160 180 200 220 240
Pin (mW)

Figure 5. Measured data for the SB6T4 varactor.

Fizu.re 6 shows measured output power and efficiency at 92/184 GHz and 100/200 GHz
using. a UVA type SB7T5 varactor with 7 um diameter anodes. The data at 100/200 GHz
was taken at the University of Massachusetts at Amherst using an IMPATT oscillator at
100 GHz to pump the doubler. The data at 92 ,7 184 GHz was taken at the Jet Propulsion
Lab using a YIG oscillator and MMIC amplifier at 92 GHz to pump the doubler. The
peak output power at 92/184 GHz was 24 mW with an input power of 148 rnW and an
efficiency of 1 7 %. The peak output power at 200 GHz was 23.5 mW with an input
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power of 250 mW and an efficiency of approximately 10 ?JO. The reflected input power
for the 100/200 GHz data was measured at several points and found to be approximately
20-25 % of the available input power for pump powers above 180 m'W. Peak efficiency
was achieved at all points with a DC current of almost zero, indicating that the doubler
was operating in an almost purely varactor mode.

20 40 60 80 100 120 140 160 180 200 220 240 260
P

in (111W)

Figure 6. Measured data for the INA type SB7T5 varactor.

The data shown in Figure 7 was taken at the University of Virginia Far-Infrared Receiver
Lab in Charlottesville. Input power was provided by a commercially available Gunn
effect oscillator operating over the band from 85-105 GHz. Input power levels from the
Gunn ranged from a low of 35 mW at 90 GHz to a high of 95 mW at 103 GHz. The Gunn
was used to drive 3 different varactor chips mounted in 3 separate blocks. The embedding
circuits were identical except for small perturbations in the varactor chip and quartz
circuit alignment.
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Peak output power ranged from 6 mW for the SB7T5 (7 p.m anodes) to 8 mW for the
SB6T3 (6 1.1.m anodes). The peak output power occurred at 96/192 GHz for all 3 varactor
chips. The measured 3 dB bandwidth was approximately 9 % for the 7 gm anodes, 10 %
for the 6.5 j.im anodes, and 15 % for the 6 jim anodes. All 3 chips were under-pumped
and thus the efficiencies were less than optimal. The increase in bandwidth for smaller
anode varactors is attributable to the fact that the smaller anode varactor requires less
pump power and therefore operates at higher efficiency across the band.

170 180 190 200 210 220

Output Frequency (GHz)

Figure 7. Measured data for 3 different varactor chips pumped with a
commercially available Gunn effect oscillator.

CONCLUSION

A 100 200 GHz frequency doubler was designed and tested. The nonlinear device is a
GaAs planar Schottky barrier varactor chip fabricated at the University of Virginia. The
embeddine circuit comprises a quartz circuit housed in a split waveguide block. The high
power and large bandwidth requirements of ESA's FIRST project were the determining
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factors in the design of the 100/200 GHz doubler. For optimal efficiency, the doubler
requires 170 mW pump power across the band from 92-106 GHz. The source for this
input drive is proposed to be a MMIC amplifier currently under development at the Jet
Propulsion Lab. Since the amplifier was unavailable at the time of this report, it was
impossible to fully test the multiplier. However, other high power sources were found at
92 GHz and 100 GHz and these sources were used to partially test the device.

The peak measured output power was 36 mW at 200 GHz with an input power of almost
250 mW provided by an IMPATT oscillator at 100 GHz. The peak measured output
power at 184 GHz was 24 mW with an input power of 148 mW from a MMIC amplifier
and YIG oscillator operating at 92 GHz. The corresponding peak efficiency was 17 %.
The bandwidth was found to be approximately 15 % at drive levels below 100 mW.

There are some known problems with the current implementation of the 100/200 GHz
doubler. A 20 % machine error was found in the location of the TE i o backshort. This
error was repeated in all four manufactured blocks and was the result of an error in the
CNC code. The error in the code has been fixed and new blocks will be fabricated. There
were also 2 errors in the artwork for the quartz circuit. Both errors have been corrected
and new photomasks have been produced. A new batch of quartz circuits will be
fabricated in the coming months.
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Abstract
New developments in higher performance planar diode balanced doublers are reported.
These include higher output power, higher efficiency, wider bandwidth, and simpler, more
reliable construction. An output power of 80 mW was produced at 140 GHz using a new
planar diode array designed to handle very high power. An efficiency of 25% was
achieved at 270 GHz with 14 mW output. A wideband doubler has been designed which
is extremely simple and easy to assemble, using a new planar diode with on-chip matching.
All of these new designs are mechanically improved and should survive cooling to 80K.
On those devices where tests have been made, the efficiency at 80 K improves by 30-36%
relative to the room temperature value.

Introduction

In work reported last year [1], a wideband fixed-tuned balanced doubler was
described using planar diodes with typically 26% efficiency over the band 130-165 GHz.
This doubler used an array of four diodes and worked best at 120 mW input power. In
this new work, the same basic doubler circuit has been duplicated and improved in a
number of ways. A new six diode array has been used in the doubler, and while not tested
over any bandwidth, has produced a record high power. A similar circuit has been used
with a four diode array in the 270-340 GHz band and works well, with very high
efficiencies at 270 and 330 GHz. A cascaded pair of these doublers has been tested over a
5% bandwidth with good results. The general layout of a planar balanced doubler is
shown in Figure 1.

Output

Planar Coax DC Bias
diode Matching Filter

Section

Figure 1. Balanced doubler using planar diode array, in a generic form. This circuit shows the
essential elements and does not represent any real circuit.
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These circuits are now more easily and reliably assembled using wire bonding
techniques and higher temperature solder. This enables them to work at high power
levels, where diode heating is a problem, without degadation. This assembly also reduces
the strain on the diode at low temperature extremes. A 280 GHz planar diode doubler is
being built for long duration space flight use in the Microwave Instrument for the Rosetta
Orbiter (MIRO), a mission to a comet.

A doubler circuit has been designed using a new planar diode layout, which
incorporates output impedance matching into the diode itself. As a result the circuit is
simpler and more readily assembled, and is predicted to work better, with very flat
efficiency over a 20% band.

Improved methods of assembly

Early versions of these planar diode doublers followed closely upon their whisker
contacted predecessors, using coaxial pins connecting the center pad of the diode to the
output circuit. This makes it easy to produce a wide range of impedances but leads to a
type of construction in which three solder joints must be completed at once. It is very
difficult to be sure that all points are really soldered properly. In addition the rather stiff
center pin is strong enough to break the diodes if it flexes, and this usually happens to
some extent in cooling to 80K. This method of construction has been improved in some
designs by replacing the coaxial circuit with a quartz substrate microstrip circuit, [2,3]
which reduces the strain but still presents some assembly difficulties. Present designs use
a thin ribbon to connect to the diode so that strain is not a problem. In addition, it is easy
to thermo-compression bond this wire to the diode if a pure gold ribbon is used, and this
eliminates the potential problem with one solder joint. These solder joints can be a
problem as was seen on one doubler that failed after being driven at 250mW for three
days. The solder joints were found to be severely degraded, apparently because the diodes
ran so hot that the indium solders used either oxidized or melted. After experiencing the
high power failure, subsequent doublers have been built with bonded ribbons and a higher
melting temperature solder (MP 149C) between the diode and the waveguide wall.

High power diodes

In an effort to build a diode able to handle very high power, a six anode diode was
designed for use in the 150 GHz range. The diode was intended as a replacement for the
existing four anode diode, in a chip with the same overall length. A combination of
impedance matching and moding concerns makes it essential that the waveguide height
used with these diodes not be too large, and the 0.66 mm height used with the existing
diodes is about as large as is believed optimal for this frequency band. Design of such a
diode is not as easy as for four anode devices because the space available for the diodes
becomes smaller and the parasitic elements more important. This design was also intended
to improve the impedance matching to the diode over a wide band. The simplest design,
with 6 anodes spaced nearly evenly across the waveguide, showed serious problems
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because the input power divided unevenly between the diodes, while the output coupling
showed even larger variations. The cure for this problem is to space the diodes much more
closely, since the parasitics depend on their location within the waveguide, and also to
space the diodes unevenly. The general approach to the design was to place all of the
diodes near the waveguide wall, where it would be easier to heatsink them, and then to
adjust the spacing until all diodes coupled equally to the external circuit. This results in
very little space for the ohmic contact pads and special problems in the fabrication of the
diodes.

The method of design was to simulate the circuit of the input waveguide (split in
half due to symmetry) in HFSS [4] with an input waveguide port, an output TEM port,
and 3 diode ports, and to attempt to achieve a uniform impedance environment for the
three diode ports. Simulations were performed for both the input and output frequencies.
Testing the design required terminating the diode ports in this simulation with actual
varactor impedances and determining how uniformly the power split to the ports. These
impedances were determined using a nonlinear simulator to optimize a single diode circuit
at the expected drive level [5]. It is important to not compare the S parameters into 50 CI
500 comparisons can be very misleading since the diodes are so reactive, and the port
power balance is very sensitive to capacitance. In general these simulations showed that
the output frequency presents the most difficult problem, and that the variation in power
becomes worse with increasing frequency. There is no really perfect solution, but a power
imbalance of 0.5 dB is certainly not serious, and simulations seem to indicate that even a 1
dB imbalance has no major consequences. The one thing that is difficult to simulate is the
division of bias voltage across the diodes when the circuit impedances are not matched.
All simulations assumed equal bias voltage on each anode. The final design uses a
relatively long contact finger to the first diode on each side, with this finger length
decreasing for the second diode and even more for the third. The remaining space to the
center pad is taken up with a high impedance line to add as much inductance as possible.

This diode was originally laid out for fabrication at JPL, where the diode process is
able to make almost exactly the designed shape. However, the diodes made at JPL had
relatively poor properties, and while they worked in the doubler and could handle high
power, the efficiency was only 23%. The design was not so compatible with the INa
process, because the finger length for the innermost diode is too short for the UVa surface
channel etch process, and also because the optimized ohmic pad sizes are too small as
well. Therefore, the diode that eventually was produced was not exactly the optimized
design, but was believed to be close enough to try out the idea. These diode layouts are
shown in Figure 2.

The diodes were successfully processed at UVa (batch SB8T1), but no DC
parameters were available since the measured Rs is too strongly influenced by heating
effects. The diodes were installed into the wideband doubler designed for a 4 anode

477



Tenth International Symposium on Space Teralzertz Technology, Charlottesville, March 1999

er111--

7, a

Figure 2. Six anode diode designed for optimum use in the 140-170 GHz band (top), and the diode
made at UVa as a compromise to utilize their fabrication process (bottom). Dimensions are in gm.

chip [1], since no doubler designed for these new diodes was available. The doubler was
tested at input frequencies between 70 and 85 GHz using high power IMPATT sources.
The best performance in terms of circuit matching was seen at 70 GHz. At this frequency
the input reflection was about 20%, while the source power was nearly 300 mW, so
delivering sufficient power to drive the input was not a problem. The output match was
optimized with a single Teflon quarter wave transformer in the output waveguide. The
diode was installed into the circuit by bonding a gold ribbon to the diode center pad, and
then soldering the diode outer pads to the waveguide walls with Indalloy #2 solder (MT
149C). The diode survived the full 300 mW input power available, with nearly 250 mW
actually absorbed by the diode. The output power at this drive was 80 mW, and this
power level was sustained for a period of 1 day. In this time the diode IV curve changed
slightly, but showed no signs of leakage, which normally occurs if a diode is seriously
overdriven. At a lower power of 210 mW absorbed, and 70 mW output, the test was
carried out for 1 week, so it appears that this is a safe operating power. The peak
efficiency occurs at 150 mW absorbed power, where the efficiency, corrected for input
mismatch, is 35%. This efficiency is typical of that of other good diodes produced at
UVa, and tested at similar frequencies, although somewhat lower than the best (40%).
Therefore, it seems that the power combining in the three series diodes is fairly efficient,
and that the fabrication compromises are not too serious. However, all of the problems
are expected to become worse at the higher end of the design band near 170 GHz, and no
tests have been done here since the diode matches the existing circuit so poorly. This
doubler was tested at —80 K with only 215 mW input power (196 mW absorbed) due to
the loss of the stainless steel waveguide required to thermally isolate it from the room
temperature source. At room temperature before cooling the output power was 64 mW,
while the cold output power was 85mW, an increase of 33%. The cold efficiency
(corrected for input mismatch) is 43%.
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High efficiency doublers for 270-340 GHz

A similar doubler for twice this frequency has also been completed, using four
anode diodes. This more conservative design requires tuning the output backshort in
order to cover the full 270-340 GHz band, but the bandwidth is —20 GHz with fixed
tuning. It also uses a 2 mil wide gold ribbon for strain relief in the connection between the
planar diode and the output waveguide. At room temperature the efficiencies achieved
with this doubler are much better than with the previous model [6]. The best results at
270 GHz are 14 mW output at an efficiency >25% using a diode fabricated at JPL, and at
330 GHz, 7.0 mW output at an efficiency of 18% using a UVa diode. It works well at
80K, with an efficiency improvement (using the JPL diode) of 35% relative to the room
temperature value. The bandwidth of this doubler is not optimized for fixed tuning but
shows the potential for wideband operation. Figure 3 shows the power output with a
Gunn oscillator pump (without an isolator between the Gunn and doubler) over a
moderate band. In this test, a Teflon tuner was added in the input waveguide very close to
the diode to improve the match. While there is a lot of power ripple due to the interaction
with the Gunn, the power at the peaks of the ripple is large and the bandwidth is broad
enough to be quite useful. Presumably the ripple would go away with an isolator in the
circuit, but this was not attempted because the doubler works best at the highest input
power available (-50 mW), and the loss of the present isolators drops the power to a sub-
optimal level.

Output Frequency (GHz)

Figure 3. Output power from doubler and Gunn with no isolator, and fixed doubler tuning. The
power ripple is due to the interaction between the Gunn oscillator and the doubler input match.

We have cascaded two of these doublers to produce a 330 GHz source. This
source produced a peak power of7.0 mW, and a minimum power of 5 mW over a band of
325-335 GHz, with an input power of 130 mW, all at room temperature. The diodes in
both doublers were from UVa (batches SC6T6 and SB3T2). Figure 4 shows the
performance measured over an extended band using higher input power at some of the

479



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

extreme points. Despite the lack of an isolator between doublers, there is little ripple in
the output power over most of the band, showing that over a limited band. doublers can
be matched quite well. However, this is much more difficult over a wider band.

66

ci-

8

6

4

2
Input pcweer 130-170 tviv

tnterstage isokator

320 325 330 340

Output Frequency (GHz)

Figure 4. Cascaded doubler performance at room temperature with mechanical tuning fixed. No
isolator was used between the doublers. The match between stages is good enough over the midband
that the power ripple is minimal.

Wideband doubler using improved diode layout

To make the assembly of these doublers easier, we have designed a new set of
planar doubler diodes intended for use near 280 GHz. These incorporate on-chip
vvideband matching to optimally couple into a circuit having relatively high impedance.
This potentially eliminates the need for any microstrip circuit, since the output circuit can
be just a gold ribbon connecting to the output waveguide. The starting point for this work
was the diode mask designed at UMass a few years ago and fabricated at UVa as the
successful batch SB3T2. This layout produces a fairly serious power imbalance at
frequencies above 300 GHz, and requires that the first section of the output matching
circuit have a low impedance for matching over a wide band. The low impedance line is
needed to add capacitance to the output to compensate for the excess inductance in the
diode. Reducing the diode inductance is not practical because the input matching depends
on a large inductance.

It was found that simply adding some metal area to the diode center pad is all that
is required to eliminate the low impedance line, but the method of adding this area is
critical because it seriously affects the parasitics for the individual diodes. In particular,
adding metal which closely approaches the small midpad in the diode pair causes the inner
diode's parasitics to increase, so a pad was developed which flares out as a trapezoid as it
leaves the critical region. In addition, the other side of the pad was also enlarged slightly.
In principle, even more capacitance may be added as a stub line on this side, but it was not
found to work well in practice. The final layout is shown in Figure 5.
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Figure 5. Original SB3T2 diode layout (left) and the new design with better output matching. Diode
locations are shown by small circles. Dimensions are in gm.

All of this design was done with the assumption of a GaAs thickness of 37 pm.
This thickness makes it easy to handle the diodes and appears to have only a minor effect
on the circuit bandwidth. The dominant effect of varying substrate thickness is to change
the optimum capacitance of the diode for a given circuit design. If diodes are made in a
few capacitance values it should be possible to correct for errors in thickness, or vice
versa. With the added area, the diode power match was not seriously affected, and in fact
the outer diode was still found to have the larger parasitic capacitance so its outer pad was
moved out to the very edge of the waveguide. All of this design work was done in much
the same way as for the six anode diode described above, while investigating the diode
match into a nearly ideal circuit. No full circuit optimization is practical, due to its
complexity, until one arrives at a final diode design.

After the diode was designed, the optimized output impedance was quite high, and
best coupled as directly as possible into waveguide, which is better suited for high
impedance circuits than TEM media. This was facilitated by the optimized input circuit,
which favored placing the diode extremely close to the waveguide backwall. The required
connecting wire turned out to be quite short, only slightly longer than that required to
extend from the diode to the far wall of half height output waveguide. Thus this wire
becomes more of an interconnection than a circuit element. The output waveguide circuit
was optimized and a two section step transformer to full height was placed at an
optimized distance from the transition. The final circuit was quite simple, yet the
predicted output match shows a 14 dB return loss over an 18% bandwidth. Bias to the
diode is still required, but without the need for any other circuitry, the bias may be
de-coupled from the output by bonding the ribbon to a capacitor at the far wall of the
waveguide. The circuit is shown in Figure 6.
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Figure 6. Cross section of planar diode doubler using a new diode incorporating output matching
into the diode itself. The diode is shown with a transparent substrate in order to show hidden
details. Input matching waveguide sections are not shown. This circuit operates from 250-300 GHz
with fixed tuning.

The input circuit is always the more difficult to match because the diode Q is
higher, but it is also entirely a waveguide circuit so assembly is not an issue in the design.
The only constraints are that the TM11 mode at the output frequency be suppressed for a
sufficient distance from the diode, and that the various waveguide sections be machinable.
The final design is somewhat odd looking, with a section of greater than full height
waveguide used as a half wave resonator for broadbanding, but it is quite simple to
machine. The predicted input match is a return loss of 1 0-1 1 dB across the same band
(assuming a perfect output match), which is about as good as seems possible. The
complete circuit was then simulated in HFSS to produce a full set of S parameters for all
of the real circuit elements, and these were then modeled in HP-MDS with a realistic
nonlinear diode model, to predict the full performance. This prediction is shown in Figure
7a, which is done at a constant input power and bias voltage across the band. This
prediction may be compared to the upper curve, which is the best possible efficiency for
the same diode in an ideal circuit under the same conditions. This shows that the design
process works well, and that nonlinear simulation is not required except as a verification
of performance. The simplicity of the final circuit makes it suitable for frequencies up to
450 GHz, by using a frequency scaled version of the diode, and a set of appropriately
scaled diodes have been fabricated at JPL. Since the circuit is very compact and fully
planar, it appears suitable for further integration, placing the bond ribbon and bypass
capacitor onto a single substrate with the diodes. With this level of integration, and beam
leads for grounding, such a design should be workable up to I THz.

Despite the apparently good match to the external circuit, this doubler is still quite
sensitive to input and output mismatch, and a VSWR of as little as 2:1 causes serious
ripple in the efficiency as shown in Figure 7b. This simulation is done with a 2.1 VSWR
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mismatch on the input and output separately, with the mismatch as close to the input and
output as possible. While the ripple due to the output VSWR is about what is expected
for a linear circuit, the input is much more severe. This large effect occurs in part because
of the nonlinearity of the circuit, which causes the output power to decrease more rapidly
than the input power. Also the input match (as simulated with a perfectly matched output)
becomes a poorer match in the presence of the real output circuit. This interaction is
similar to that expected in the cascade of two doubler stages, and demonstrates that these
circuits will never be well suited for system use without isolators between stages if
reasonably flat output power is required. This limitation may be overcome by reducing
the bandwidth, but probably a severe reduction is necessary for cascading with acceptably
flat power.

Figure 7. (a) Predicted performance of wideband planar diode doubler at fixed input power and
bias. Upper curve is the efficiency of the same diode in an ideal optimized circuit.
(b) Effect of input and output mismatch on the doubler of (a). A VSWR of 2:1 was simulated on the
input and output separately.

Conclusions

We have reported on several new developments in balanced doublers using planar
diodes. These include 80 mW output power using a six diode may at 140 GHz, 25%
efficiency at 270 GHz and a wideband high efficiency doubler using an improved diode
design. Circuits are now more reliable for operation at sustained high power levels. All of
the new doublers work well at cryogenic temperatures, with increased efficiency over the
room temperature value. We have also pointed out some limitations on wideband
matching of these circuits. All of these developments and others are making this a very
versatile doubler for applications from 140-450 GHz, and in the future this circuit may be
pushed up to near 1 THz. The performance exceeds that possible with whisker contacts,
and is far easier to assemble. The newest design is sufficiently compact that a fully
integrated diode with output matching circuit seems practical.
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Abstract—We report state-of-the-art performance of tripler efficiency and
output power for a new design of AlGaAs-based heterostructure barrier
varactor diodes. The new diodes were designed for reduced thermal resis-
tance and series resistance. An efficiency of 4.8% and a maximum output
power of 4 mW was achieved at an output frequency of 246 GHz.

Index Terms—HBV, varactor frequency tripler, self-heating.

I. INTRODUCTION

Recent progress in planar Heterostructure Barrier Varactor (HBV) design
[1], has given performance comparable to Schottky varactor diodes at output
frequencies below 400 GHz. The first planar HBVs were fabricated with a
non-optimal diode geometry with high thermal resistance (-2 K/mW) [2] as
well as high conduction current due to a low barrier height (0.17 eV). Conse-
quently, self-heating of these HBVs [3], resulted in an increased conduction
current as the temperature increased, and hence, reduced multiplier effi-
ciency. As therrnionic emission dominates the electron transport across the
barrier region of standard A10.7GaAs/GaAs HBVs, lattice matched InP mate-
rial systems have been used to significantly reduce the conduction current in
these devices [4]. However, to grow many stacked barriers and very thick epi-
taxial layers in an InP material system is difficult and expensive. Furthermore,
the conversion efficiency critically depends on the parasitic series resistance
which generally increases with temperature. The effect of current saturation
is also increased with temperature due to a lower maximum electron velocity
[5, 6]. A GaAs system is cheaper and is easier to process.

In this paper, we present a new batch of Al o.,GaAs/GaAs HBV (CTH-
NU2003) diodes. The new diodes were designed for reduced thermal resis-
tance and parasitic resistance. Experimental tripler results for the new design
(hbv-3a) show state-of-the-art performance for A1 0.7GaAs/GaAs based
HBVs.
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II. THE DEVICE

A. Fabrication
The A10.7GaAs/GaAs epitaxial structure (NU2003), MBE grown on semi-

insulating GaAs substrate by the University of Nottingham, consists of two
barriers, and an n" InAs/In i.0.0.0 6-a0.0_ 1.0 As/GaAs epitaxial capping layer to im-
prove the specific contact resistance of the resulting ohmic contacts (see Ta-
ble I). This material design is similar to the UVA-NRL-1174 HBV material
[2]. The measured I-V and C-V characteristic are shown in Figure 1. Simple
test structures were fabricated and the measured I-V and C-V characteristics
are consistent with the results from the UVA-NRL-1174 material. A back-to-
back geometry, shown in Figure 2, has been utilised to double the number of
barriers and to compensate for any asymmetries. The HBVs were fabricated
using standard photolithography techniques for isolation and ohmic contact
patterning, Cl-based reactive ion beam etching for anode definition, and wet
etching for the mesa/pad isolation [2]. The surface channel was planarised
prior to airbridge formation using a low-viscosity thermosetting epoxy and a
planarising superstrate [2, 7]. The fingers were Au-electroplated to a thick-
ness of -4 rim. Special attention was given to the ohmic contact formation and
the anode isolation etch, since these steps affect the series resistance, and
thus the tripler performance, drastically. The Au/Ge/Au/Ni/Au ohmic metallic
scheme [8] was alloyed for one minute at 400°C. The resulting specific contact
resistance is less than 50 S21.tm 2 . The HMIs were diced into individual chips
with the overall dimensions of 20 x 150 x 60 gm'.

TABLE I: NU2003 LAYER STRUCTURE

Material Doping [cm-3 ] Thickness [A] 
InAs lx1019 100
In10GaAs 1x1019 400
GaAs lx10i9 3000
GaAs 8x10' 2500
GaAs Undoped 35
Alo ,,GaAs Undoped 200
GaAs Undop6ed 35
GaAs 8x10 5000
GaAs Undoped 35
A10.7GaAs Undoped 200
GaAs UndoRed 35
GaAs 8x10 2500
GaAs 1x1019 40000
GaAs SI
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B. Parasitic resistances analysis
The new planar HBV design incorporates a shorter finger with a larger

cross section area, mainly to reduce the thermal resistance of the diode.
Changing the anodes from an almost circular to a rectangular shape will both
reduce the thermal resistance and the spreading resistance between the an-
odes. Furthermore, reducing the distance between the anodes from 5 gm
(hbv-o) to 3 gm (hbv-3a) will also reduce the series resistance.

Figure 1: Measured I-V and C-V characteristics (UVA-NRL-1174 material).

The parasitic series resistance is the sum of the resistance of the undepleted
active layers, the spreading resistance, and the ohmic contact resistance. All
these resistive elements have different temperature dependence. In general, it
is difficult to determine the series resistance of HBVs or back-to-back Schot-
tky varactor diodes from DC-measurements, given the large junction resis-
tance over the normal operating range of the device. For the HBVs described
and with a specific contact resistance of - 50 1lp,m 2 , a room temperature se-
ries resistance of 12 was estimated for hbv-o and 10 CI for hbv-3a, see
TABLE II. These values were calculated using standard expressions for con-
tact resistance, mesa resistance and spreading resistance in the n" island that
connects the two diodes, as well as using impurity dependent mobility values
for GaAs [9].
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Figure 2: SEM picture of the new planar design (hbv-3a).

Assuming a point heat-source in the middle of the active region, Jones [10]
has estimated the thermal resistance through the finger and the GaAs sub-
strate to R, 2 K/mW for the old device geometry, by using a combination of
analytical models and FEM-simulations. The same technique was used to es-
timate the thermal resistance of the new HBV diode design. The theoretical
parasitic resistance and thermal resistance for the new diode design and the
original planar HBV design [2] are summarised in TABLE II. Room tempera-
ture material data has been used for the calculations.

TABLE II: PARASITIC RESISTANCES
HBV / Batch Area Rs R, Finger

[1.1m2]
[n] [Kim'] size [p.m]

3a / CTH-NU2003J 52 10 0,7 17x4x5
o / UVA-NRL-1174 57 12 2 50x4x4

III. TRIPLER MEASUREMENTS

The tripler block used was a Rutherford Appleton Laboratory (RAL)
block (HBVII) which was designed for use with symmetric varactor diodes.
Compared to a conventional varactor tripler block, there is no need for idler
cavity or DC-bias line. The planar HBV chip was lapped to a thickness of
about 20 gm and mounted across the output waveguide. The tripler block is
equipped with two input tuners and two output tuners.

Input power was provided by a J.E. Carlstrom (H270) Gunn oscillator
which can be tuned over a frequency range of 75 - 90 GHz. For the higher
frequency range, 90 - 110 GHz, an ELVA BWO was used. Sufficient power
was available so that an isolator, an attenuator and directional couplers could
be included in the input chain to determine input and reflected power levels.
Input and output powers were measured using separate Anritsu power heads
and meter type ML 83A, which had previously been compared with a Thomas
Keating power meter and had been found to agree to +/- 5%. In order to
match the output waveguide to that of the output power head it was neces-
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sary to include a waveguide transformer section. The additional loss the trans-
former section introduced was not corrected for.

Figure 3: Conversion efficiency versus pump frequency for an input power of 50 mW
(hbv-3a).

Figure 4: Output power and tripler efficiency versus pump power (hbv-3a).

489



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

Iv. RESULTS AND DISCUSSION

For an input power of 50 mW, the maximum output power was obtained at
a pump frequency of 82 GHz for hbv-3a, see Figure 3. A maximum output
power of 4 mW was generated at 246 GHz and a peak flange-to-flange effi-
ciency of 4.8% was achieved at an available input power of 50 mW. see Figure
4. These results should be compared with an efficiency of 3.1 % and a maxi-
mum delivered output power of 2 mW achieved with hbv-o in TABLE II
(UVA-NRL-1174-17) [3]. The improvement is expected to be due to a lower
series resistance and thermal resistance.

V. CONCLUSIONS

In this paper we have reported an improved planar HBV diode geometry.
The thermal resistance and series resistance have been reduced with the new
design and hence the tripler efficiency has been improved. Also, the use of
InGaAs spacer layers to improve the effective barrier height [11, 12], reduces
the conduction current and improves the elastance modulation ratio. This
should improve the overall tripler performance.
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A 141-GHz QUASI-OPTICAL HEY DIODE FREQUENCY TRIPLER
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Abstract - A 141-GHz quasi-optical heterostructure barrier varactor (HBV) diode
frequency tripler is presented. The tripler consists of two slot antennas loaded with FEW
diodes and located at the focal plane of a dielectric lens. A quasi-optical high-pass filter
is used at the output to improve the conversion efficiency and act as a tuning element for
the slot antennas. The tripler demonstrates an effectively isotropic radiated power (EIRP)
of 2.24 W at 141 GHz with an input power of 143 mW. The corresponding radiated
power is 11.5 mW and the tripler conversion efficiency is about 8%.

I. INTRODUCTION

The increasing demand for inexpensive sources for millimeter- and submillimeter-
wave applications has motivated the use of solid-state devices such as varactor diodes to
generate higher harmonics from less expensive low-frequency sources. Quasi-optical grid
multipliers are capable of producing high output power [1]-[3], but are often inefficient
due to large diffraction losses and require bulky dielectric lenses and powerful sources.
Several waveguide mounted tripler circuits have been reported with good efficiency [4]-
[6], but machining of these waveguide circuits can be both complicated and expensive.
An integrated planar antenna multiplier can provide an inexpensive, less complicated and
efficient transmitter front-end. While a variety of millimeter-wave and submillimeter-
wave receivers with double-slot antennas fabricated on dielectric lenses have been
presented to date [7]-[11], few transmitters have been reported.

Here we present a quasi-optical frequency tripler with four heterostructure barrier
varactor (HBV) diodes soldered across two slot antennas and located at the focal plane of
a dielectric lens as shown in Fig. 1. The slot antennas are fed from a WR-22 waveguide
connected to a Gunn oscillator. A quasi-optical high-pass filter is used to tune the slot
impedance and increase the conversion efficiency. The symmetric capacitance-voltage
and asymmetric current-voltage characteristics of the HBV diodes only allows odd
harmonics of the applied signal to be generated, and thus simplifies the frequency tripler
design [12]-[13].
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fo = 47 GHz

Slot Antennas / HBV Diodes

Quartz Substrate

High-pass Filter

Alumina Spacer

Alumina Lens

(Diameter = 2.54 cm)

0.41 mm

4.0 mm

3 fo = 141 GHz

Fig.1. The quasi-optical tripler circuit consisting of two slot antennas loaded with four
HBV diodes on a quartz substrate, a quasi-optical high-pass filter, an alumina
spacer and a 2.54-cm diameter spherical alumina lens.

II. DESIGN

The planar four-barrier GaAs/A1 0.7GaA.s HBV diodes (UVA-NRL-1174-17) [5]
used for this circuit has a device area of 57 gm 2 . The optimum embedding impedances at
the fundamental (47 GHz) and third harmonic (141 GHz) frequency of two of these
devices in parallel were found from harmonic balance simulations [13] to be 16i-j126C2
and 22+j530, respectively. Two diodes are soldered in parallel across each of the two
slot antennas to lower the required input impedance of the slots and increase the power
handling capability of the tripler.

The input impedance of the slot antennas on a layer structure as shown in Fig. 1
and with a CPW feed, was simulated using HP Momentum as shown in Fig. 2. The
optimal embedding impedances of the HBV diodes at the fundamental and third harmonic
frequency can be seen to match the input impedance of a short slot antenna. This
property was first recognized and used by Arcioni et al. [3] for a quasi-optical HBV grid
tripler design. The fabricated slot antennas are 1.36 mm long, 0.07 mm wide, spaced by
0.387 mm, and fabricated on a quartz substrate with permittivity Er = 4.6. A quasi-optical
high-pass filter is used to tune the impedance of the slot antennas as well as improve the
input coupling efficiency. The high-pass filter consists of an array of 0.4-mm square slots
with a period of 0.45 mm. A 0.41-mm-thick stack of quartz substrates separates the filter
and slot antennas. The slots were fabricated on a quartz substrate, to achieve sufficiently
high input impedance. A 4-mm-thick alumina spacer is used to locate the high-pass filter
at the hyperhemispherical point of a 2.54-mm-diameter alumina lens with permittivity
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Er = 9.8. The slots are thus located at a distance 0.41 nun behind the hyperhemispherical
extension length resulting in a slightly higher directivity [9].

Fig. 2. Simulated input impedance of a slot antenna as a function of slot length. The slot
width is 5 % of the slot length. The simulated optimum embedding impedances
of two HBV diodes in parallel at the fundamental and the third harmonic are also
indicated for a pump frequency of 47 GHz.

The conversion efficiency of the tripler as a function of embedding impedance at
the fundamental and third harmonic frequency was simulated using an harmonic balance
model of the HBV diodes [13] as shown in Fig. 3. The maximum conversion efficiency
of the tripler is 25.1% with a pump power of 100 mW at 47 GHz. Included are also the
simulated input impedances of the slot antennas as a function of frequency around the
fundamental and third harmonic frequency. Notice that the input match at the
fundamental frequency limits the bandwidth of the tripler. An estimated 3-dB bandwidth
of about 10% can be seen from the figure.
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Fig. 3. Simulated conversion efficiency of an HBV tripler as a function of embedding
impedance at the a) fundamental frequency and b) the third harmonic for a pump
frequency of 47 GHz. The maximum efficiency is 25.1% and each contour
describes a 10 % reduction in efficiency. The simulated input impedance of a slot
antenna as a function of frequency is also shown.

III. EXPERIMENTS

The open end of a WR-22 waveguide with an E- and H-plane tuner connected to a
Gunn-diode oscillator was used to feed the slot antennas as shown in Fig. 4. While the
input impedance calculations assume a plane-wave feed, the slot antennas are located at
the plane of the open-ended waveguide during the experiments to minimize spillover loss.
The E-H tuner is then used to optimize the input coupling to the slots. An F-band horn
antenna located in the far-field of the lens and connected to an Anritsu power sensor is
used to measure the radiated power at the third harmonic. The tripler demonstrates an
effectively isotropic radiated power (EIRP) of 2.24 W at 141 GHz for an input power of
143 mW as shown in Fig. 5.
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Fig. 5. Effectively isotropic radiated power (EIRP) and estimated radiated power from
the tripler at 141 GHz.
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Using the simulated radiation patterns of the double-slot antenna into the
dielectric lens from Momentum simulations, the radiation patterns from the lens was
calculated using a ray tracing technique [11]. Both measured and simulated E- and H-
plane radiation patterns for the lens at 141 GHz are shown in Fig. 6.

Theta, [Deg.]

(a)

-35 

-90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90
Theta, [Deg.]

(b)

Fig. 6. Measured and simulated (a) E-plane and (b) H-plane radiation pattern for the
tripler at 141 GHz.
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The measured cross-polarized signal was below the detector sensitivity level, or more
than 10 dB relative to the co-polarized on-axis power level, for all angles in both planes.
The measured 3-dB beamwidth in the E- and H-plane are 6 and 7 degrees, respectively.
From the measured radiation patterns, a directivity of 22.9 dB can be estimated for the
slot-fed lens.

A radiated output power of about 11.5 mW, with a corresponding conversion loss
of 10.9 dB can be estimated. The conversion loss is defined as the available power from
the input waveguide at the fundamental frequency to the power radiated from the lens at
the third harmonic. A slightly better conversion loss of 10.5 dB was measured with 110-
mW input power as shown in Fig. 7.

Input Power, [dBm]

Fig. 7. Measured and simulated conversion loss for the tripler circuit. The conversion
loss is defined as the available power at the fundamental from the waveguide to
the power radiated from the lens at the third harmonic.

The conversion loss of the four HBV diodes as a function of pump power was calculated
using the device model presented in [13]. The calculated conversion loss of the four
HBV diodes is 6 dB (25.1% efficiency) for a pump power of 100 mW at 47 GHz
assuming optimum embedding impedances and room temperature operation. An
estimated loss of 1.0 dB at the input and 3.5 dB at the output was added to the diode
conversion loss to approximate the measured conversion loss. The output loss can be due
to reflection losses at the lens surface (0.5 dB was estimated from ray tracing), losses in
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the dielectric and high-pass filter, misalignment of the receive horn, mirror, lens and slot
antennas, overestimated gain of the receive horn, and mismatch of the diodes at the
output. No significant power was measured radiating from the substrate edges due to
substrate modes. The input loss is due to coupling loss from the waveguide to the slots as
well as mismatch losses of the diodes at the fundamental frequency. At the fundamental,
an effectively isotropic radiated power of 1.4 W was measured. If a directivity of 17 dB
is assumed for the slot-fed lens at 47 GHz, a radiated power of 28 mW from the lens at
the fundamental frequency can be estimated.
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A FAST AND SENSITIVE SUBMILLEVIETER
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Abstract
A sensitive, fast and stable power meter has been developed which responds over a
frequency range emending from 75 GHz up to the THz range. The method of
measurement is essentially calorimetric, but with feedback circuitry added to speed up the
response. The measurement time constant is 0.5 sec for power levels from 2-100 mW, but
increases to 9 sec below 50 W. The drift level is 2-5 [LW in a typical measurement, while
accuracy is better than 3%.

Introduction

Measurement of power at frequencies in the mm and subrnillimeter wave range has
always been problematic. Power sensors suffer from a number of problems, all of them
worsening as frequency increases. These include poor sensitivity, slow response time,
poor impedance match and frequency dependent calibration. At this time commercial
sensors are available which largely eliminate these problems up to 110 GHz, but at higher
frequencies there are no fully satisfactory measurement options. This leads to a situation
where it is not known within a factor of two or more the power required to operate SIS or
HEB mixers, and where errors in the measurement of multiplier efficiencies can be
comparably large.

In fact, it has always been possible to make accurate measurements at any
frequency through the use of calorimetric power measurement [1,2,3]. The problem with
these instruments is that they are very slow in response, with sufficient zero drift that
accuracy suffers severely below a power of 50 1.1W. The accousto-optic sensor [4] can
offer fast response and reasonable accuracy, but requires careful matching to an optical
beam and requires correction for input reflection and partial absorption. Its drift level is
also fairly large, and it requires a chopped signal. Other very sensitive detectors such as
cooled bolometers are also fast, but are nearly impossible to calibrate with any accuracy.

The goal of this work was to develop a power sensor which could be used like a
conventional waveguide power sensor at any frequency in the —100Gliz to THz range,
with fast enough response to permit its use in tuning a source. The sensor had to have
minimal frequency variation to its response and a sufficiently good input match that the
error due its VSWR would be insignificant even in the measurement of a source with a
VSWR of 4:1. In addition it had to be sensitive enough to reliably measure a power level
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of a few microwatts, since this is a typical power level for subrnillimeter sources. This
sensor incorporates a number of features used in the calorimeter of refs [1,2]. but uses a
construction much more optimized for response speed.

Fundamentals of calorimetry

The only method of power measurement that is frequency insensitive is
calorimetry, that is, simply measuring the temperature rise of a well-matched lAideband
absorber in response to applied power. In principle, this is a very simple technique and is
easily calibrated because the same absorber can be heated using a known amount of power
applied through other means. It is important in this calibration that the reference heat
produce the same response as the microwave power. In practice, the difficulty is in
making a sensor with a fast response time and uniform temperature, while maintaining
acceptable sensitivity. In addition, drift due to ambient temperature variations is very
difficult to control. The usual technique to reduce drift is to use a matched pair of sensors
having nearly identical thermal environments, and to use one as the measurement sensor
and the other as a reference. So long as the sensors are identical, they show no response
to common mode temperature variations, but this requires extreme care in their
fabrication.

The response time, T, of the sensor is determined by the heat capacity of the sensor
load, C, and the thermal resistance to thermal ground, p:

=Cxp

while the temperature rise AT is given by:

AT = p x P, where P is the absorbed power.

Since a large AT response is desired, p must be made fairly large, and the only way a fast
response can then be achieved is by making the heat capacity (and thus the mass) of the
sensor as small as possible, but a practical sensor can not be made arbitrarily small. A
sensor must be large enough to be an efficient absorber with no frequency resonances. In
practice this means that a slowly tapered load is required, and the load material must be
thick enough that no power can pass through it. In addition the load must include a
temperature sensor and a heater resistor for calibration.

The accuracy of power measured in this way is quite good if the input loss is small.
In the case where the input loss is negligible, it is obvious that all of the power must
appear as heat in the load, and that this heat can easily be calibrated by heating the load
with a known power. The problem when the loss is high is that it is not easy to determine
exactly how much of the input power dissipated in the waveguide loss is also heating the
load. However, this factor is calculable assuming the waveguide loss is uniform over its
length. In practice, the inaccuracy in the use of a calorimeter of this type is dominated by
the much more uncertain loss in the tapers used to transition into WR10 waveguide.
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Within the 75-110 GHz band the input loss is small enough to introduce an uncertainty of
only 1-2%.

Calorimeter sensor

The geometry of the sensor used in this work is shown in figure 1. The input was
chosen to be WR10 waveguide so that cross calibration could be done against commercial
sensors, while being small enough to keep the heat capacity low. It is quite practical to
couple from this waveguide into any smaller size using linear tapers. While many
submillirneter sources are optically coupled, nearly all use waveguide internally, and are
easily coupled back into waveguide. An unconventional waveguide termination geometry
was chosen which places the load entirely on the outside of the waveguide, where it is
easy to attach the thermometer and heater. The load itself is a simple slab with no critical
shape. The waveguide cutoff angle was chosen as 10° to give a VSWR better than 1.2:1
for the best available load material in the WR10 band. A variety of materials have been
tested as loads including several ferrite loaded resins and other lossy materials. The best
found so far in having a good match with very low mass is a sandwich of 2 silicon wafers.
The inside layer is a 100 QP -2, metal film deposited on a moderate resistivity silicon wafer
with a thickness of 0.2 mm. The outer layer is a highly doped silicon wafer with a
thickness of 0.3 mm. The metal film provides a well matched load while the very lossy
silicon top layer absorbs all of the energy that leaks through the film. All of the edges of
the inside wafer are coated with conductive epoxy to eliminate loss of power, and the
absorber is carefully sealed to the waveguide without any gaps where power can be lost.
Silicon is an excellent substrate material because it is a good heat conductor, is easily
coated with metal films, and is readily available in various dopings.

Copper Flange
Aluminum shell

Figure 1. Diagram of the power sensor head, showing the waveguide loads, heaters
and temperature sensors.
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The waveguide is electroformed nickel with a gold plated interior. Nickel is a fairly poor
thermal conductor, and is readily electroplated with good mechanical properties. The
waveguide must be very thin so that it has sufficient thermal resistance in a short length,
and so that its heat capacity is small compared to that of the load. A numerical simulation
shows that the effective heat capacity of the load includes a contribution of one third of
the heat capacity of the full waveguide length. A practical minimum waveguide thickness
is —60 111T1 and a reasonable length is 10-15 mm. For this sensor, the waveauide adds
about 10% to the effective heat capacity of the load. The time constant of this type of
load is found to be 9 sec for a responsivity of —500K/W. While this is faster than typical
calorimeters, it is still too slow for a primary power sensor.

Stainless steel would be better for use in the waveguides since its thermal
conductivity is 20% that of Ni, but it is only available in 0.25 mm thickness, and must be
thinned to be useful. Thinning this small waveguide in a reproducible manner is possible
but tedious. Stainless steel waveguide also must be plated on the interior to reduce the
loss, and this process is somewhat variable in its results.

The temperature sensors used must be very linear if the sensor is to work over a
wide power range, and they also must have very low drift and noise. Thin film Pt
resistance sensors have been found to be stable to <0.2 mK, with noise determined largely
by the readout electronics. The only problem with these sensors is that the smallest
standard package is somewhat large, and adds 20% to the mass of the load.

Drift due to external temperature fluctuations is a serious problem with such a
small responsivity. To minimize this problem the sensor uses a second stage of thermal
isolation by connecting the waveguides together at their midpoint with a copper plate.
Any differential heat leaking in along the waveguides is short circuited at this point, and
the mass of the midplate leads to a very slow propagation of this (now common mode)
heat to the sensors. The sensors are isolated from any differential heating from other
directions by enclosing them in a metal shell, so that any external influence is nearly
entirely common mode. One subtle source of drift is heat generated in the temperature
sensors due to the current used to measure their resistance. Convection currents from one
load to the other cause drift which depends on the orientation of the sensors. To eliminate
this effect the sensors must be thermally isolated from each other by an insulator, which
completely blocks any convection within the metal shell.

Feedback circuit for faster response

Improvement in the speed of response can be obtained electronically with the
readout circuit. While in principle the readout response can be tuned to give an apparent
increase in sensor speed, in practice this results in overshoot of the measured power, and
very unpredictable responses while tuning. An alternative method is to use the readout
circuit to maintain a nearly constant temperature for the load. This can be done by biasing
the temperature of the loads (both sensor and reference) to a point somewhat above that
which would be produced by the highest power that is to be measured. As RF power is
applied, the heater power is reduced to maintain a constant temperature. Rather than
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measuring temperature rise, one then measures the change in heater power. If the
feedback circuit maintaining the temperature has a gain, G, then the change in temperature
for a given RF power is reduced by a factor of G, and the response time is decreased by
the same factor. There is no problem in this case with spurious behavior in the indicated
power, no matter how the RF power is varied, and arbitrarily fast response may in
principle be obtained. However there are practical limits to speed because the sensor
noise, for frequencies > lit, is increased by a factor of G, and also because the response
can not be faster than the thermal equilibrium time within the load element (due to the
thermal resistance between the heater and the thermometer). For the load used in these
sensors, a gain of 20 works well, giving a time constant of 0.45 sec, and faster response is
probably possible. However, this gain is only practical with the present circuit for
measurements above 2 mW. At lower power levels the gain is reduced for lowest noise
and highest stability.

A block diagram of the readout electronics is shown in Fig 2. The feedback circuit
is somewhat complicated because the error voltage from a linear temperature sensor
applied to a heater resistor produces a V 2 oc AT2 response. Such a nonlinear loop
response is difficult to compensate. To simplify the loop response and to provide a linear
readout, an analog square root module is included within the loop. These modules are
now so accurate that their response has no measurable affect on the overall linearity of
response. The electronics module uses a bridge circuit to measure the temperature
imbalance of the two loads, with AC excitation of the bridge to minimize drift in the
following amplifier. The AC imbalance signal is amplified and the synchronously detected
to minimize noise. Following DC amplification, the square root is taken and the output is
then offset from the full scale error voltage. This offset error is then fed back to the active
sensor to heat it in response to its difference in input power from full scale. The reference
sensor is always heated with a power equivalent to full scale input.

'ii Sinewave Oscillator

Sensor Read

Act-ve
Sens:r <

anc Hecte----

Reference
Sensor

and Heater

DC Amp
Synchronous

Detector

AC Amp Gain

Full Scale I-lea'
Bias

V

,
Digital Panel

Offset meter

Range Switching

Figure 2. Block diagram of the readout electronics with feedback to increase the response speed.
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The feedback loop requires that there be a heater resistor on the loath and in
addition there needs to be a second heater resistor for calibration purposes. These
resistors add mass to the sensor, and their functions could all be performed by metal films
deposited directly on the silicon load, but this would require an investment in masks and
lithography.

The stability of this type of sensor depends critically on maintaining a constant heat
path to thermal ground for both waveguide loads. Since the bias temperature is somewhat
greater than full scale power, any variation in the thermal path will cause a significant zero
drift. For this reason, it is necessary to change the bias heat when changing measurement
scales so that the drift will be only a fraction of each full scale reading. Changing scales
requires changing several gains and offsets in the electronics.

Performance

The actual performance achieved in the prototype meter built using this technique
is not optimized, but the meter still is an extremely useful instrument. This sensor used
waveguides with relatively poor thermal match, having 10% difference in responsivity, and
thus significant common mode response. The maximum power level that can be measured
is 100 mW, limited mainly by concerns for the sensor stability if operated continuously at
higher temperatures, as is necessary due to the bias heat used. At the bias point, the
sensor temperance is 70 C. Other scales provided are 20 mW, 2.0 mW and 200 11.W FS,
using a 3V2 digit panel meter. On the 100 mW scale, the drift is negligible, being <0.2
mW over several months. On the 20 mW scale, the drift is —0.1 mW over the same time,
with much smaller short term drift. For both of these scales the gain is 20 so the time
constant is 0.45 sec. For the 2.0 mW scale the gain is reduced to 5 giving a time constant
of 1.8 sec. This scale is useful down to a power level of 50 with good stability, with a
typical drift and noise level of 5-10 p,W. The 200 1.1W scale operates open loop for best
stability, and has a typical drift level <2 1,INAT during a typical measurement interval, if the
sensor is not thermally disturbed. However, most measurements introduce a thermal
disturbance due to the common mode response, and the drift becomes —5 j.W typically.
This can be reduced if the sensor remains connected to the source for a time so that the
transient dies out.

The large change in bias heat when changing scales leads to the only obvious
difference in use between this meter and a more conventional power sensor. Upon
changing scales, there is a large thermal transient that must die away before the sensor is
stable once more. This stabilization time depends on the inherent time constant of the
sensor element, and when switching scales to a lower power, at least five time constants
(45 sec) are required for stabilization. This problem would be less if the two loads were
closely matched so that they both settle at the same rate. When switching scales upward
in power the settling time is quite short.

The potential for much higher stability is apparent from another sensor (without
feedback), which was made using stainless steel waveguides that were electropolished
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down to a thickness of 80 gm and matched in their thermal conductivity. They also have a
longer length and significantly lower thermal conductivity. However, the overall time
constant is only twice as large, in part because the waveguide conductivity is only a part of
the total heat loss of the sensor. In this sensor the typical drill level is <0.5p,W over a
period of 5 minutes without perturbation, and <1 tiNNT during typical measurements. If
such low drift were present in a sensor with fast response, then the instrument would be
extremely useful for most submillimeter work. These refinements are planned for future
versions of this instrument.

Conclusions

A very wideband power meter has been built which is fast and stable. The useful
power range is 10 [tW-100 mW with a measurement time constant of 0.5-9 sec depending
on power. Construction is somewhat complex, but could be simplified in production.
This meter already is useful for a wide range of measurements on LO sources, and with
some refinements could fill an even larger range of needs.
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Abstract

In previous work we established a general procedure for calculating the input impedances
of one-sided microstrip probes in waveguide. The one-sided configuration, where the
probe extends only part way across the waveguide, contrasts with the two-sided configu-
ration, where the probe extends the whole way across the waveguide. We demonstrated
that because of the way in which the different current distributions couple to the waveg-
nide modes, the one-sided probe is intrinsically lower impedance and more broadband
than the two-sided probe. This observation has important consequences for the design
of THz SIS waveguide mixers.

Previously, we had to make an approximation when evaluating the integral for the
complex radiated power, and this led to a corresponding approximation in the final
expression for the input impedance. We have now evaluated this integral rigorously,
and we have shown that the original approximation breaks down to third order in the
width of the probe, an effect we have seen experimentally. In this paper, we review
the technique for calculating the impedances of one-sided microstrip probes, and we
present a more accurate expression based on a rigorous analytical evaluation of the
power integral. This expression is compared with complex impedances measured on a
scale model at 5GHz, and excellent agreement is found.

1 Introduction

The planar waveguide probe has become the standard way of coupling SIS tunnel junctions
to rectangular waveguides in conventional low-noise submillimetre-wave mixers. In the most
popular configuration, the tunnel junction is placed at the centre of a thin conducting strip
that extends the whole of the way across the waveguide [I]. This arrangement has the
disadvantage that it is is not possible to obtain low values of input impedance (50 S/ or
less) without reducing the height of the waveguide. This property is intrinsic to the "two-
sided" geometry, and is a consequence of the fact that the contributions from the evanescent
waveguide modes add up in parallel and influence the real part of the input impedance in
an complicated way. An alternative approach is to use a metallisation that extends only
part way across the waveguide: a "one-sided" probe. In this case, the contributions from
the waveguide modes add up in series, and only the propagating fundamental mode couples
to the resistive part of the input impedance. As a consequence, the input impedance is low,
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and does not exhibit the complicated frequency dependence of the two-sided arrangement.
The ease with which it is possible to couple low-impedance devices to one-sided probes in
full height waveguide has important consequences for the design of THz SIS mixers.

In a previous paper [2], we established a general procedure for calculating the input
impedances of one-sided microstrip probes in waveguide. The approach was based on the
reciprocity theorem and the spectral-domain method [3]. The main feature of the theory
is that the Fourier transforms of the current and field distributions are related—through
the spectral dyadic Green's function—by an algebraic rather than an integral equation.
Moreover, the expression for the spectral Green's function is much simpler and easier to
obtain than the space-domain version—especially for dielectrically-loaded waveguide. Orig-
inally, we had to make an approximation when evaluating the integral for the complex
radiated power, and this led to a corresponding approximation in the expression for the
input impedance. We have now evaluated this integral rigorously and have shown that
the original approximation was accurate to only second order in the width of the probe.
Indeed, the original expression was accurate for narrow probes only, an effect we had seen
experimentally.

In this paper, we present an accurate expression for the input impedance of one-sided
microstrip probes. The expression is based based on a rigorous analytical evaluation of
the power integral. The physical significance of the various terms in the final expression is
clear. Through this work we have found that a broadband match can be achieved by using
a radial probe. We describe how, by using the Fast Fourier Transform, the basic technique
can be extended to cover any geometry for which the current distribution is approximately
known.

2 Theoretical Analysis

In Fig. 1, we show the geometry of a microstrip probe in waveguide. The probe is assumed
to be fed by a current source /in , which is connected between the base of the probe and
the wall of the waveguide. This source causes a potential difference Vab to be established,
through which the input impedance can defined:

Vab
= .

n lin

Using the reciprocity theorem [4],[5], we can derive an expression for Vab in terms of the cur-
rent density on the surface of the probe Jz and the tangential electric field in the waveguide

in this way, we obtain

1
Zin = — f f f Ez(r),I(r)dV

When evaluating the above integral we assume that the current is distributed sinu-
soidally over the length of the probe. This assumption allows a great deal of simplification
and eventually leads to a closed-form solution for the input impedance. All of our detailed
experimental measurements show that this first-order guess at the current distribution gives
extremely accurate results. We therefore write

J;(x,y, z) = Jo8(y – cl)u(z) sink(x i – x) (3)

(1)

(2)
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Figure 1: A one-sided microstrip probe in waveguide
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for x < x 1 and zero otherwise. u(z) describes the current density distribution across the
width of the probe. Previously, we used an expression of the form

1 1
u(z) = lz — zil < w (4)

where w is the half width of the probe, to take into account the singularity that exists, in
the case of infinitely thin metallisation, at the edge of the strip. In this paper, we simply
assume that the current is constant across the width of the strip and goes to zero at the
edges: u(z) = 1 for z < w and zero otherwise. For all practical purposes, these two
current distributions are identical. Notice that we are assuming that the plane of the probe
lies in the E-plane of the wa.veguide. In a previous paper we proved analytically that the
input impedance is insensitive to the orientation of the probe. In the following treatment,
we shall neglect the transverse components of the current Ji z and the electric field E.
Rigorous theoretical analyses of microstrip lines suggest strongly that this approximation,
which significantly simplifies the solution, is a good one for geometries of practical interest.

To apply the spectral-domain method to our problem, we first replace the current and
field in (2) by their Fourier transforms and apply Parseval's theorem in two dimensions to
obtain

where If-z (an , 0) is the two-dimensional Fourier transform of the current distribution. At
this stage, the boundary conditions at the top and bottom of the waveguide have effectively
been introduced by the method of images: forcing the Fourier parameter a to be discrete.

The input impedance can now be calculated by using the spectral-domain relationship
between the current and field distributions. Neglecting the transverse component of the
field and current we obtain

.E- (an. , 13, d) = (an , 13, d).i? z(an , 0) (6)

where
2 e 0 2 zh

Glx( 4a
7 Ol d) = cx 2 + 02 

Z 
+ (12 + ,82 •

In the above equations G-
xx(a, , d) is the longitudinal component of the dyadic Green's

function, evaluated at d. Ze and Zh are the Green's functions associated with the LSE
and LSM modes and expressions for them may be found in several places {6]. We can, if
desired, take into account the effect of the supporting dielectric substrate simply by using
the appropriate Green's function.

Substitution then gives

1 1
+00

-f-°°
Zin = — 

47rb
G d)11(..(an, 0)

in n= —00

where for convenience we have dropped the subscript on the Green's function.
To proceed with the analysis, we need the spectral domain dyadic Green's function

for an empty waveguide and the Fourier transform of the current distribution. To derive
an expression for the Fourier-transformed current distribution we can use the method of

(7)

2
dO , (8)
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images; that is to say we replaced the wall of the waveguide by a virtual probe. The virtual
probe is identical to the actual probe, but points in the opposite direction. We then find,

2k [ cos an21 — COS kX1 g. (an, = (k2 _ a!) sin kxi

where boundary conditions require

[sin ,3w 1
i3w

nr
= — -

b

Substituting the current distribution into the expression for the impedance we find

—1 k2  [ (COS CtnZi — COS kx 1)1 2+e°E O n
( k

2
 — sin kx i2irb n.0 ct 2

[ ('cow -Ganoci,d) [Si11131
 2 co,

Ow

{ 1 for n=0
and 6n =

2 otherwise
To make further progress we need an expression for the spectral Green's function of

empty waveguide. Using the immittance method, and assimirg that the probe is at the
centre of the waveguide, we find

0( an , 0, = 
j kRo [k2 

27 k2
tanh 7d, (12)

where Ro is the impedance of free space, and 7 is the propagation constant in the transverse
direction.

Substituting the expression and using an expansion for the hyperbolic tangent, we arrive
at

Zin

Zin =
-jkRo+v-,°° 1 [(COS anXi — COS kx 1 )1 2

rab un ( k2 _ )
n=0 m=1 \ ‘-4.12. I sin kxi

sin
 ("

17 f +°° 
1 I sin Owl 2

2 -00 (0 2 - /32 ) OW J
c113.

(13)

(14)

(15)

In the above equation, limn are the poles of O which satisfy the relation

i@m2 n =k2 77,22 	an2

where the propagation constant in the transverse direction is given by

rnr
7m = (—

a
)

For functions of this kind the value of the integral is determined by the poles of the
integrand. In the case of propagating modes, the /3„ are real, and the poles lie on the real
axis of the complex plane and contribute to the real part of the input impedance through
the singularities that exist when integrating along the real line from -oo to +oo. In the case
of non-propagating modes, the poles lie on the imaginary line and contribute to the reactive
part of the input impedance—they do not produce singularities on the real Line. Hence, we
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Im

Xln n 5n (18)
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Figure 2: Poles of the power radiation integral in the complex plane. The poles on the real
Line correspond to the propagating modes, and the poles on the imaginary line correspond
to the evanescent modes.

should perform the integrals for the propagating and none propagating modes separately.
For convenience, we shall assume that the size of the waveguide has been chosen so that
only the lowest-order mode can propagate. In this case, only On is real. The situation is
shown in Fig. 2.

We can now use the residue theorem easily to get the input resistance of a free-standing
one-sided microstrip probe in waveguide:

Ro [kx i l sin/310w12tan
Rin = (16)

abktho 2 010w

This expression is identical to our early one apart form the appearance of a sinc-squared
function rather than a Bessel function due to the different assumption about the transverse
current distribution.

In the case of the imaginary part, the integral in (14) becomes

kR0 +.0 +(x)
Xin (17)E xmo + E xml

ab m=2 n.1 m=1
1

(k 2 - ccD
COS X i - cos kx1 2 . (

n kxi
rnr

si
sin2

2 )
20,w - 1 + exp-20mnw

2 (f3,w)2

This equation is similar to the approximate expression for the reactive part of the input
impedance derived previously. Now, however, the sinc-squared function in 0 w is replace
by the last term in square brackets of (23). For all real probes (3, n w is less than unity.
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Expanding the sinc-squared function and the exponential function as power series and
comparing the two, we find that the third-order term in our original expression is incorrect;
an effect which we see experimentally when the width of the probe becomes large.

Clearly, the propagating mode does not make a contribution to the reactive part of the
input impedance. Also it can be seen that the contributions of the different modes to the
overall reactance change sign depending on whether or not k > In fact the contributions
are inductive for n = 0 and capacitive for n > 0. Hence, the overall input impedance can
be inductive or capacitive depending on the height of the waveguide and the frequency.

Finally, we would like to include the effect of a backshort in the analysis. There are
various ways in which this can be achieved. To a good approximation we can simply multiply
the Green's function associated with the unterminated waveguide by the factor

= 2j sin 13z1 exp -j/3z1 , (19)

where z1 is the distance between the centre of the probe and the backshort. In addition, we
only include this factor in the integration over [3 when considering the propagating mode,
and we ignore the effect on the non-propagating modes. This assumption makes the integral
easy to evaluate and has physical justification because the backshort is usually sufficiently
far from the probe that the near-field effects of the non-propagating modes are negligible. It
is the reactive contribution of the lowest-order mode that can be used to cancel the reactive
effects of the non-propagating modes in order to tune the probe for any frequency.

Finally, the input impedance, Zin, = Rin j Xin , of a free-standing centred, one-sided
probe with backshort is given by

2R0 
Rin

abktho 

t an
2 

[Icxi 1 I sin /310w 2 2

=

,

2 Plow
kR

sin W1o z1) (20)

0 +.0xin, = x,o+ E xmo + E E xmni (21)
m=2 n=1 m=1

R0 2 [ kX1 1 sinthow 2
]

abk,810 
t an 2 I I. 01W

sin(2310 z1 ) (22)

1 1
Xmn = 5n (23)

( k2 - Omn.

[cos an x i - cos kx i i 2 " (7727
S111  -

sin kx i 	2
[2,8,w - 1 + exp-2 1

2In all of these equations Om,. correspond( m)si@ton;,2 ,1, that is to say we use the modulus of the
propagation constant regardless of whether the mode is propagating or not.

In general, we see that for the microstrip probe the real part of the input impedance is
due solely to the lowest-order propagating mode; whereas for the two-sided probe, the real
part of the input impedance is influenced by a large number of high-order non-propagating
modes. This basic and important difference results in the one-sided probe being charac-
tensed by a high value of input impedance whereas the microstrip probe is characterized
by a relatively low value of input impedance. In order to reduce the input impedance of
the two-sided probe, and also to increase the bandwidth, the height of the waveguide is
usually reduced by a factor of about 4, but this modification increases the conduction losses
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and the manufacturing complexity—both of which are extremely important if one wants to
manufacture components for the THz frequency range.

3 Experimental Results and Discussion

To investigate the above theory, we manufactured a scale model of a 400-500GHz mixer
block. The waveguide had dimensions of a=47mm and b=22mm, and the probe was fed
by an SMA connector which was inserted into the centre, (d = a/2), of the broad wall.
The central conductor of the SMA connector penetrated 0.5mm into the waveguide and
a copper-foil probe was soldered to the end. A major advantage of this arrangement is
that a short circuit can be applied at the wall of the waveguide in order to establish a well-
defined reference plane for the impedance measurements. It is substantially more difficult to
do well-calibrated impedance measurements on a two-sided probe. In order to separate out
the intrinsic behaviour of the probe from the behaviour of the probe-backshort combination,
we performed measurements on a waveguide that was terminated by two matched loads.
The real and imaginary parts of the input impedance were then measured by using a Vector
Network Analyser.

In Fig. 3 we show the input impedance of a doubly matched probe as a function of
frequency. In this case the probe was 3mm wide, 2tv: As can be seen, the measurements
are in excellent agreement with the theory over the whole range of frequencies tested. An
important observation is that the microstrip probe is essentially a low-impedance structure
with a typical input resistance in the range 10-100Q. This range is ideally suited to the
characteristic impedances of microstrip lines. From the point of view of SIS mixers, the
probe can be used for feeding SIS tunnel junctions over broad ranges of frequency without
the need to reduce the height of the waveguide.

We also notice in Fig. 3 that the agreement between theory an experiment is extremely
good apart from the resistive component of the longest probe. In fact, as the length of
the probe was increased further, so that it became significantly longer than half of the
waveguide height, the agreement between theory and experiment deteriorated even more.
We attribute the inability of our theory to predict the behavior of very long probes as being
due to the fact that the assumption of a one-term sinusoidal current distribution along the
length of the probe breaks down.

Because the derivation of the analytical result is rather involved, we have checked the
result by evaluating the integral in (11) numerically after substituting the expression for
the Green's function given by (12). This reactance has also been plotted in Fig. 3. Clearly,
the two are in agreement showing the integrity of our analytical expressions.

Overall, the above result shows that whereas the two-sided probe is essentially a high-
impedance structure, the one-sided probe is a low-impedance structure. Moreover, wide-
band operation can be obtained with a one-sided probe without the need to reduce the
height of the waveguide. In fact, wideband operation with low impedance levels can be ob-
tamed with increased-height waveguide, and this implies that the upper frequency limit to
which waveguide mixers can be manufactured can be extended well into the THz frequency
range.

Because of the intrinsic advantages of the one-sided probe, we have started to look at
other shapes of metallisation. Shown in Fig. 4 is the input return loss of a radial probe on a
quartz substrate. The scale model had a waveguide size of 22 x47mm, a radius of 9mm, and
a quartz substrate measuring 7x 12.5mm. The probe had an opening angle of 90

0
, and the
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Figure 3: The input impedance of a doubly-matched microstrip probe as a function of
frequency for 2w =3mm. The waveguide measured 47mmx 22mm, and the probe was in the
centre of the waveguide. The dashed lines correspond to the experimental data, the dotted
lines to the numerical integration, and the solid lines to the analytical expressions.
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Figure 4: The input reflection coefficient, normalised to 30Q, of the radial probe described
in the text. The frequency scale is that of the final device rather than the model.

backshort was at a distance of 10mm relative to the centre of the probe. This type of probe
has the remarkable property that its input impedance is purely real over a very wide range of
frequencies, and the resistance is low and can be adjusted merely by changing the length of
the probe. In order to investigate this design, and also the hammer-head arrangement used
by Kerr [7], theoretically, we have generalised our procedure to handle more complicated
current distributions. This has been achieved by evaluating the integral in (8) numerically
after calculating the current distribution by means of a Fast Fourier Transform. The results
for the rectangular probe described above are the same as the analytical expression derived
here, and we are now employing this method to study more complicated geometries.

4 Conclusions

We have derived an analytical expression for the input impedances of one-sided microstrip
probes in waveguide, where the integral for the complex radiated power has been evaluated
rigorously. We find that, compared to our previous work, where an approximation was
made, there is a small difference in the expression for the reactive contributions of the
evanescent waveguide modes. The error is, however, only third order in 13 w, where /3rnr

is the modulus of the propagation constant and w the half-width of the probe.
We conclude that combined with our previous work, we have a rigorous way of calculating

the input impedances of one-sided microstrip probes. The supporting dielectric substrate
can be taken into account by using the appropriate Green's function. It is important to
include the effect of the substrate in submillimetre-wave components, where the substrate
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can occupy a significant fraction of the waveguide.
By using a procedure based on the Fast Fourier Transform, we are now extending our

analysis to cover other probe geometries, and other current distributions, such as that of
the radial probe.
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ABSTRACT

We present a low cost technique of direct machining of precision waveg-
uide structures on metal blocks. The micro machine setup employs com-
pact, precision numerically controlled (NC) stages to automate the ma-
chining process. Endmills are held in high speed pneumatic spindles,
while other features are made by scraping ("broaching" ) in repeated small
passes. We can set up two endmills and three broaches at the same time.
The fabrication process is monitored under a microscope, while the ambi-
ent temperature conditions are controlled. The NC code is generated from
a combination of AutoCAD drawings, commercially available CAD/CAM
software and simulation software we developed for this process. Both
halves of a reasonably complex tripler block can be fabricated in under
3 hours, including setup time. An estimate of the machining accuracy is
about 7 pm, the accuracy being principally limited by the difficulties in
visually inspecting the microscopic machined features and correcting the
small tool offsets. We also discuss methods to extend this technique to
the fabrication of THz waveguides.

1 Introduction
Traditional metal blocks manufactured using conventional machining techniques are
used in most successful receiver systems in the submillimeter wavelength range. The
components of such receiver systems include oscillators, multipliers and mixers, which
mostly incorporate waveguides and their associated transitions. The waveguide is a
well characterized, low-loss transmission medium, which affords easy and excellent
coupling of the freespace modes to electronic circuit elements. As the desired wave-
length of operation becomes smaller, so do the dimensions of waveguide and quasi-
optical elements that comprise a receiver system. On the one hand, the small sizes
are advantageous in the fabrication of high-resolution focal-plane imaging receiver
systems. Such arrays have applications like radio astronomy, commercial and indus-
trial applications like the extension of millimeter technology to collision avoidance

1
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radars, aircraft guidance and landing, contraband detection and personal commu-
nication systems, all of which benefit from having a large number of elements in a
compact, practical sized system. However, as the sizes of components scale down,
the cost of fabrication goes up. Indeed, the fractional cost of machined metal blocks
containing waveguide electromagnetic elements in the overall budget of receiver sys-
tems, especially those that involve arrays, becomes prohibitively high with increasing
frequency.

In the past decade or so, non-traditional techniques that can be collectively
called "micromachining" are demonstrating practical means for producing a variety
of submillimeter and terahertz frontend components [1]. Micromachining as a class
is derived from manufacturing tools based on batch thin and thick film fabrication
techniques of the electronic industry [2]. Many novel micromachining methods such
as silicon wet etching [3], laser micromachining [4, 5], mold replication by the method
of mastering, molding and casting [6] have demonstrated examples of components
with performance equalling that produced by conventional machining. These new
techniques, although offering great potential for the future, have many drawbacks,
most of which are primarily due to the relative youth of such technologies.

At least for the submillimeter and low terahertz frequencies, conventional ma-
chining of metal, which has a long history of manufacturing engineering, can be used
to fabricate receiver components. The method often used is the so-called "split-block"
technique, where the circuit structures are machined on two (or more) metal blocks
and then mated together to form complete components. The split-block technique
offers the advantage that the machining is in principle straightforward. In addition,
circuit components such as RF chokes, diodes and coupling structures can be easily
placed on the split blocks prior to assembly of the complete piece. In the past, the
main problems of conventional machining as applied to the fabrication of submillime-
ter and terahertz receiver systems have been (1) the high cost of machine tools and
equipment, (2) the high level of expertise required of the machinist and (3) the fab-
rication time requirements. In this paper, we present a low cost technique of direct
machining of waveguide structures on metal blocks that addresses all three of the
aforementioned problems.

2 Micro NC Machine Setup

2.1 Positional Stages and Tooling

A schematic view of the machining setup is shown in Figure 1. The block to be
machined is held in a metal plate that is attached to linear, compact, precision XYZ
positioners [7]. The positioning stages employ precision ground leadscrews which
have 5 pm of accuracy over the full 2 inches of travel. The resolution of movement
of the stages is 0.1 pm, while the grating period and readout of the linear optical
encoders sets the effective resolution to 1 /1,M. The drive systems for these positioners
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employ DC servo motors with rotary encoders for closed loop positioning feedback.
The stages are made out of special-alloy aluminum tooling plate for good stiffness
and long-term stability.

Joy Stick

Figure 1: Schematic view of the micro NC machine.

Motion control of the positioning stages is accomplished with the PC-bus based
Unidex 500 series controller [7]. The U500 interface card in the PC is connected to the
DR500 amplifier/drive chassis. The amplifier and control box has cabling to control
the XYZ drives. A digitizing joystick is also part of the system. The joystick allows
the user to control the stages for coarse adjustments, tool registration and workpiece
inspection. During actual machining, the joystick is disabled. The Windows based
toolkit software has the option of loading user-supplied NC code and the option of
single-stepping or free-running modes of operation.

Depending on the actual features to be cut, the removal of metal is accomplished
with three different machining strategies and five different tools: milling with two
endmills, broaching with an endmill insert, and scraping with two saws. Figure 2
shows a photograph showing the top view of the five tool holders.

The endmills are held in high speed, precision air bearing spindles that run at
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Figure 2: Top view showing arrangement of tools.

70,000 rpm [8]. Air bearing spindles have low vibration and exhibit smaller tempera-
ture rise compared to electric motor driven spindles. For a given tool and workpiece
material, there is an optimal cutting speed (CS) of machining, which is available from
a machinery handbook [9]. For a given CS, measured in feet per minute (fpm), the
spindle speed required, N, is given by N = 3.82g rpm, where D is the diameter of
the cutting tool in inches. For small diameter endmills, required spindle speeds can
be quite high. If higher spindle speeds are not available, the feed rate needs to be
proportionately slower, resulting in increased time for machining. For high speed steel
(HSS) endmills on brass, nominal CS is 100 fpm [9]. The required spindle speed for
a 5 mil endmill is 76400 rpm. With regards to precision machining, the high spindle
rpm that is a necessity for fabrication with small tools has some ancillary benefits as
well: (1) High spindle speeds also has the effect of reducing the chip size by requiring a
smaller feed rate per tooth, fT (since fT x -k). Smaller chip loads result in improved
surface finish. Good surface finishes are crucial for cutting down on waveguide losses.
(2) High spindle rpm can reduce or eliminate secondary operations (such as deburring,
or using finish passes) by improving surface finish of the workpiece in the primary
machining operations. (3) The reduced cutting forces due to high spindle rpm gives
better control while machining thin walls or brittle materials. (4) Reduced cutting
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forces reduces the heat transfer into the workpiece. A greater percentage of the heat
generated by cutting is carried away with the chip in high speed machining. Reduced
workpiece distortion leads to more accurate parts. (5) The high level of precision in
the motion of the positioning stages is achieved in the absence of significant loads on
the stages. High spindle speeds with small radial feeds are helpful in reducing the
load, and hence in maintaining accuracy of the finished work. (5) High spindle speed
is less likely to excite vibrations in the workpiece.

Dry, purified house air is used to power the turbines of the air bearing spindles
to a constant speed of 70,000 rpm. The house air which usually has a pressure range
between 85 to 105 psi is sent to a refrigerated air dryer [10]. Coalescing compressed
air filters [11] are used at the inlet and outlet of the dryer. After passing through
additional filters to remove any remaining particulates, the air enters a regulator
which sets the output pressure to 80 PSI. A pressure switch/alarm detects any drop
in pressure from the house air supply. Air for the spindle bearings is sent through a
check valve. A backup nitrogen tank container is used to provide air for the spindle
bearings should the house air fail during machining operations. The nitrogen tank
can provide 25 minutes of bearing air in the absence of house air, so that spindles can
be spun down safely. The spindle turbines are run directly from the regulated house
air supply. As shown in Figures 1 and 2, two spindles are available for machining. The
house air pressure is adequate for powering both spindles at the same time. However,
the usual machining operation proceeds by using one of the spindles at one time.

The smallest endmill available commercially is of the order of 4 mils in diameter.
Another problem machining with endmills is that they are not effective in cutting
pockets where the depth is large compared to the diameter of the tool used. The
typical cutting length of commercial endmills is only about 2 diameters (lengths of
upto 3 diameters are sometimes available on special order). Thus endmills cannot
be used for small and/or deep waveguide sections. For features smaller than 5 mils,
thin saws are used in the micro NC machine. Small amounts of material are removed
in repeated passes by "scraping" (broaching) type of operations where the workpiece
is moved against a single saw tooth of a stationary blade. By exposing more of the
tooth from the clamp, deeper cuts can be achieved. For example, a 5 mil saw was
used to cut a waveguide section 18 mils deep. The saws, however are only capable of
cutting straight sections of -waveguide. Two saws of thickness 5 mils and 2 mils are
used in the machine. The two saw blades are oriented so that their cutting motion
is 180

0
 from each other, that is, one saw cuts in the positive Y direction, while the

other cuts in the negative Y direction.

Another tool that is used in the micro NC machine is a special order carbide
milling insert with a sharp 90

0
 corner [12]. This tool is used to cut diagonal feedhorns

[13]. The insert was clamped in a stationary mount, and the horns cut by moving
the workpiece in linear ramping motions only in the X-Z plane.
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During actual fabrication, there are no tool changes involved. The workpiece is
carried by the precision positioning stages to each tool. The relative coordinates of the
tool positions to the workpiece are initially carefully measured by using target marks
made at the same location by all tools on a corner of the workpiece. An electrical
edge-finder is also used to determine tool offsets from the edges of the workpiece.
In conventional milling machines many tool changes are required to fabricate parts,
which can result in considerable errors in the fabricated parts.

For the sake of clarity, two other components that make up the precision machine
system are not shown in Figure 1: a lubrication arrangement and a microscope viewing
station. Lubrication for the machining operation is provided using a biostable, water
soluble machine oil [14] that is delivered onto the work using a fixed clamp. The
lubricant carries out the chips to a collecting pan and is recycled for use within a
closed cycled system consisting of a gear pump, a water aspirator, a filter and a
reservoir. Antifoaming additives are added to the lubricant mix to prevent foaming
of the water soluble oil mixture. A specialized adjustable microscope mount allows
the user to watch the actual machining operation with appropriate magnification.
The microscope is mounted parallel to the Y-axis to allow for continuous monitoring
of the machining operation.

2.2 Temperature Control

One of the crucial issues in precision machining is maintaining a constant tempera-
ture of the positional stages and the tool holders. At the tolerance levels required
for fabricating high frequency waveguide structures, temperature changes of a few
degrees can result in considerable errors. In this respect, the high speed air bear-
ing spindles offer another advantage compared to conventional electric motor driven
spindles which exhibit temperature increases of several tens of degrees during oper-
ation. The temperature rise in the air bearing spindles is only a couple of degrees
centigrade after half an hour of operation, after which it remains stable. In order
to understand the temperature stability of the room while operating the machine,
temperature was monitored at eight different locations in and around the micro NC
machine and careful records were kept.

After repeated experiments machining with and without temperature control,
it was found that a closed loop temperature control system significantly improved
machining accuracy and repeatability. A heater on the metal blocks that house the
spindles (seen on top of the spindles in Figure 2) forms part of the control loop. Before
commencing actual machining the machine is usually run for ten to twenty minutes to
reach temperature equilibrium. Several fans and blowers are run around the machine
to provide adequate circulation of air. At present, although the temperatures of the
positional stages and workpiece are monitored, they are not controlled. The closed
loop system maintains the temperature of the spindles to within half a degree of the
temperature set point, 26° C, which is a few degrees above ambient.
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2.3 Software Issues

The numerical control (NC) code to operate the stages is in "G-code" format, which
is an industry standard. The initial design from 3-d Autocad drawings is imported
into a commercial CAD/CAM package called Surfcam[151. Surfcam is capable of
generating NC code for 2-axis and 3-axis milling and for turning (lathe operations).
Rectangular pockets and grooves are defined as 2-axis paths, while surface machining
(where the feature bottoms could have ramps) are defined as 3-axis toolpaths. After
chaining features to define the toolpaths, the NC code is generated within the soft-
ware. Surfcam also has a graphical simulator to view the tool motions involved in
the machining operation. A postprocessor that is specific to our chosen geometry and
coordinate system was written. Running the postprocessor produces the required NC
code. At present the NC code for the broaching operations is written manually. In
order to test and troubleshoot the final NC program, a software program was writ-
ten to convert NC code to a 3-d Autocad script file, which is subsequently run and
viewed within Autocad to perform final verification. The combination of reasonably
inexpensive commercially available software and overall ease of use of complimentary
in-house software helps further reduce the normally high cost of precision machining.

3 Fabrication of Receiver Components

The micro NC machine described above has been used to fabricate several state-of-
the-art receiver components. We have successfully fabricated several blocks of a 810
GHz tripler. The electromagnetic design for the tripler is outlined in [16]. Figure 3a
shows a photograph of the split block of the fabricated tripler. Five different tools
were used in the fabrication: two endmills of diameter 8 mils and 4 mils respectively,
two saws of thickness 5 mils and 2 mils respectively, and the horn broach described
above. Figure 3b shows a magnified view of the features in one half of the tripler
block. The smallest feature of the tripler block is a 2 mil wide, 6 mil deep waveguide
section. This section, that is part of the output waveguide, was cut using the 2 mil
saw. The fabrication proceeded with the preliminary roughing operations with the
endmills. followed by broaching with the horn broach and the saws. Subsequently,
final deburring passes were required to remove chips generated by the broaching
operations. After a few trial runs with dummy blocks, several fully functional units
were fabricated. Careful inspection of the resultant metal blocks revealed a maximum
error of 7 pm. Including setup time, both halves of the tripler block were fabricated
in under three hours. The performance of the tripler fabricated with the micro NC
machine was found to be comparable to a previous tripler fabricated with conventional
machining. One of the finished tripler blocks now forms part of the LO system for a
810 GHz SIS receiver system being used currently at the South Pole AST/RO facility.

With this low cost precision machining technique, it is now possible to consider
the construction of large format arrays of high performance heterodyne waveguide
receivers. The first test SIS mixer block of a seven element 345 GHz focal plane
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Figure 3: (a) Photograph of split blocks of a 810 GHz tripler fabricated
using the micro NC machine. (b) Magnified view of one half of the tripler
block showing details of the waveguide features. For details of the electri-
cal design see [16].

array [17] for the HHT was fabricated with the micro NC machine. Figure 4(a) shows
the fabricated split blocks and Figure 4(b) shows the magnified details of one half of
the split block. The mixer employs a diagonal feed horn to half-height rectangular
waveguide transition. A suspended stripline substrate channel orthogonal to the
waveguide houses the SIS junction. The 345 mixer block was machined with the horn
broach described above and a 6 mil endmill. The maximum error in the machined
mixer blocks is r- 8 pm.

The micro NC machine has also been used as a precision lathe to turn coaxial
pins to be used in multiplier circuits. The pin is held in the high speed spindle
and one tooth of a saw blade held in the XYZ positioners was used as the turning
tool. Preliminary results of this procedure indicates that the remaining problems to
overcome in making precision, micro diode pins are mostly related to software issues.

4 Fabrication Considerations for Terahertz Components
The resolution and accuracy of the positional stages in the present system can be
upgraded with commercially available stages. However, one of the principal limi-
tations to extending this technology to terahertz waveguides is the requirement for
small tools. For example, the dimensions of a half-height 2.5 THz waveguide are

96 x 24/2m. To fabricate such a waveguide, one would need a cutter smaller than 1
mil in diameter. Grinding down saws to small thicknesses should be feasible by using
the high-speed spindles as a microgrinder. Only straight sections of waveguide can be
fabricated with these tools. The rigidity of a tool is inversely proportional to the third
power of its thickness. In order to prevent breakage of thin saws, the toolholder will
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Figure 4: (a) Photograph of split blocks of a 345 GHz SIS mixer block
fabricated using the micro NC machine. (b) Magnified view of one half of
the mixer block showing details of the transition from diagonal feedhorn
to half-height waveguide. For details of the electrical design see [17].

need to clamp the tool closer to the cutting edge, which in turn causes the maximum
cutting depths to become shallower. One alternative is to make custom endmills,
which when used in the high speed spindle does not suffer the rigidity problems of
stationary tools.

Another challenge in the fabrication of terahertz structures is maintaining the
temperature of the workpiece and toolholders. Enclosing the entire machine in a
closed chamber and using a closed loop system with less than 0.1 K of absolute change
in temperature will result in higher dimensional accuracy of the parts produced.

The features that are produced with the micro NC machine are extremely tiny
and stretch the limit of metrology tools associated with conventional microscopes.
One of the limitations of the current system is the difficulty of measurement of test
target features to identify tool coordinates with respect to the workpiece. Good
relative tool registration between tools and the work is crucial in the production
of useful terahertz components. A metrology system with a high resolution digital
camera attached to high magnification scopes and coupled with an image processing
software package will be required to improve the accuracy of measurement and thus
correction of relative tool positions.

5 Summary
1. A low cost technique for the fabrication of terahertz waveguide components by

direct machining on metal has been presented. The machine setup uses high
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speed air bearing spindles, precision positioning stages and NC programming to
cut down costs, fabrication time and expertise levels required for the fabrication
of high frequency components.

2. This novel micro NC machine has been used to fabricate a 810 GHz tripler and
elements of a 345 GHz focal plane array.

3. With relatively minor improvements, this technology has potential to be ex-
tended to produce reliable terahertz receiver components up to 2.5 THz.
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Abstract

A status report on the design study of a novel tunable far-infrared (TuFTR)
spectrometer for the investigation of the structure of weakly bound molecular
complexes is given. The goal is a sensitive TuFIR spectrometer with full frequency
coverage from 1-6 THz. To hit the goal, advanced sources (e.g. p-Ge lasers) and
detectors (e.g. superconducting hot electron bolometric (HEB) mixers) shall be
employed to extend the technique of cavity ringdown spectroscopy, that is currently
used at optical and infrared frequencies to the FIR spectral range. Critical for such a
system are high-Q resonators that still allow good optical coupling, and wideband
antireflection coatings to increase detector sensitivity and decrease optical path
losses. 2nd order effective media theory and an iterative multilayer algorithm have
been employed to design wideband antireflection coatings for dielectrics with large
dielectric constants like Ge or Si. Taking into account 6 layers, for Si bandwidths of
100% of the center frequency could be obtained with power reflectivities below 1%
for both polarizations simultaneously. Wideband dielectric mirrors including
absorption losses were also studied yielding a bandwidth of about 50% with
reflectivities larger than 99.5 %.

Introduction

Recent advances in terahertz (THz) technology allow the construction of improved
tunable far-infrared (TuFIR) spectrometer systems, that can be used for the
investigation of the structure of small molecular clusters. Ideally, such a system
would cover several octaves (e.g. 0.5 to 6 THz) with a linewidth considerably below
1 MHz, and a sensitivity close to the quantum limit. If one wants to employ rapid
detection or heterodyne detection, one needs a broad band low noise temperature
mixer as detector and a widely tunable radiation source as local oscillator.
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From the mixer side, superconducting hot electron bolometric (HEB) mixers have
revolutionized heterodyne detection in the THz range, because they work as quantum
detectors with low noise temperature and low local oscillator power needs (e 1 liW).
Two possible realizations of the HEB differ according to the type of electron cooling
mechanism used, either heat transfer to phonons via electron-phonon-interaction
(phonon cooled HEB mixers)[1] or out-diffusion of hot electrons from the device
(diffusion cooled HEB mixers)[2]. Recently, with a single phonon-cooled HEB mixer
mounted in a spiral antenna on an elliptical Si lens low noise temperatures have been
measured from 700 GHz to 5.2 THz[3]. Part of the optical losses (about 30% or 1.5
dB) are due to the reflection of the radiation at the Si-air surface.
From the local oscillator side several options are possible like BWOs (direct or
multiplied), laser sideband generation[4,5,6], optical mixers[7,8], or p-type Ge
lasers[9]. While laser sideband generation has been in use for more than a decade
now p-Ge lasers provide the most promising aspects for an improved spectrometer
for the frequency range between 1 and 4 THz, since they are solid state devices with
their maximum output power in the frequency range needed and they can be easily
tuned by changing the magnetic field. The draw-backs of p-Ge lasers are their pulsed
operation and their internal mode spacing which is defined by the length of the laser
crystal. Improved systems should therefore be operated with an external resonator and
anti-reflection coated front surfaces.
For spectroscopic applications, the pulsed laser still can be used. This has for example
been done in the field of cavity ringdown spectroscopy[10], where instead of directly
measuring the absorption of a gas, the Q-factor of a resonator cavity is measured with
and without an absorbing gas. Briefly, a high-Q resonator is illuminated by a short
laser pulse. At the resonator output an exponentially decaying series of signal pulses
appears whose decay time is a measure of the resonator quality. An absorbing gas in
the resonator will change this decay time in a way that the absorption coefficient can
be calculated. The sensitivity of this method is extremely dependent on the
reflectivity of the end mirrors. The higher the reflectivity, the more sensitive the
spectrometer.
Summarizing, to be able to develop a new type of TuFIR spectrometer, two optical
problems have to be tackled: first, the fabrication of wide-band anti-reflection
coatings for the surfaces of Si lenses or the surface of a p-type Ge laser, and second,
the design of wideband high-reflectivity FIR mirrors. To be able to theoretically study
these problems, a computer program has been developed, that includes iterative
handling of multilayer optical problems and second order effective media theory to
simulate artificial dielectrics. In the following, the underlying theory of the code is
described and some applications to wideband antireflection coatings and high-
reflectivity FIR mirrors are shown.
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Recursive Formalism for Multilayer Optics

The reflection and transmission of a multilayer optics can be calculated recursively
by taking into account the reflections and transmissions at the boundaries between
different layers and the phase delay within one layer. Figure 1 shows a N-layer
system with layer thickness d i , index of refraction n i , and propagation angle Oi for the
i-th layer. With the incident electric field E i , and the reflected electric field E„ the

total field reflection coefficient p i = 4-, of layers j+1 through N is given by[ 1 1]

i Oi+i

. =
1 + rj j_ 1 e 

/ 8i+i

Here, ri. j+1 represents the field reflection coefficient at the boundary of layers j and
j+1, which is given by the Fresnel formulae[12], p i+1 the total field reflection

coefficient of layers j+2 through N, i the -\/=—;1 , and 5j± the phase delay in layer j+1.
The phase delay is given by the relationship

S i = 27r n j c:11 cost

with c the velocity of light and Oi the propagation angle of the radiation in layer j. The
Oi can be calculated from the incident angle O i using Snellius' law.

E

Figure 1: Schematic of a N-layer optics with incident field E i , reflected field E„ and
transmitted field E. Each layer is described by its thickness d, its refractive index n,
and its propagation angle O.

For the total transmission ti of the multilayer optics, in a similar way the following
formula can be derived:

risi+ , +p i+ , e
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cos,,
 t. ai+1

n • cos6. J ' i+1 j+1 e
= 

r1,j+1 P j+1 e2 Sj+1

Here, ti , j+1 represents the Fresnel field transmission factor at the boundary between
layers j and j+1 as calculated by traversing from layer j into layer j+1. Please note,
that for the transmission formula the layers are counted just opposite to the labeling in
Figure 1 so that the numbers increase looking backward from the transmitted beam.
The power reflection and power transmission coefficients can be calculated from pi
and ti by taking the absolute square value, respectively. The phase shift is given by
the overall argument of the expression. The formulae given here are based on plane-
parallel surfaces and take not into account any walk-off effects due to Gaussian beam
characteristics or a tilt between the different layers. However, they do include
absorption effects: absorption can be characterized by a complex index of refraction,
where the imaginary part represents the absorption in the medium. Both the Fresnel
formulae and the Snellius law are still valid for complex indices of refraction
(although, the angles ei become complex and more difficult to interpret).

2' Order Effective Media Theory

Artificial dielectrics single layer antireflection coatings are well known in microwave
technology and have been widely used for example to coat the surface of dielectric
lenses[13]. Generally, they consist of a 1 - or 2-dimensional periodic structure on the
material surface, that is small enough to be seen as an effective dielectric medium by
the incident wave. The advantage of artificial dielectric coatings is that they can be
fabricated directly from the material in use and are therefore less susceptible to
differential thermal expansion problems (e.g. for LHe systems). Also, in the
frequency range between I and 6 THz there are not many materials available, that
show low loss and good thermal behaviour as coatings for Si or other low-loss
semiconductor optical elements.
The main disadvantage of such coatings at THz frequencies is their fabrication, since
the dimensions necessary are between the dimensions manageable by mechanical
means and those that can be etched. Only recently, new techniques, like laser ablation
have been demonstrated, that can be used for fabricating those coatings.
The theory of one-dimensional antireflection structured surfaces is described in [11].
Incident radiation propagating in a dielectric with permittivity a i is partly transmitted
through the surface of a dielectric with permittivity E t (see Figure 2). To minimize
reflection losses, the surface is ruled with tapered grooves, that are approximated by a
I-dimensional step-function. The period of the grating is A, it's grating vector is K.
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Figure 2: Multilayer antireflection coating
between dielectrics with permittivities Ei and
Et by one-dimensional periodic surface
grating. A is the grating period, K the
grating vector, and f the filling factor of the
grating.
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The index of refraction at each
level of the step function can be
described by second order effective
media theory. To be sure that no
surface waves are generated by the
grating, and that only the Oth
diffraction order can be excited.
one has to ensure that the design
constant 13 fulfills the relationship

A 1 
13= — 1

A n i + 

with A. the wavelength of the wave,
and n i and n t the indices of
refraction of the incident and
transmitting medium, respectively.
For large values of f3 the grating
period A becomes small which
complicates fabrication of the

structure. On the other hand, if p becomes smaller than unity, at certain angles higher
orders can be diffracted. Thus, p is typically chosen to be unity (i3.1).
One-dimensional surface gratings create birefringence for the two polarizations with
the field vector E perpendicular to K and E parallel to K. To second order theory, the
relationships are:

for E perpendicular to K with f the fraction of the grating period that is filled with
permittivity Et , and ar, = n t / ni . For E parallel to K, the expression is

Note, that in both formulae the expression in the left bracket gives the Oth order
approximation as it can be found for example in [13].
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Wideband Anti-Reflection Coatings for Highly Refractive Materials

To achieve the goal of wideband FIR antireflection coatings, second order effective
media theory for one-dimensional surface gratings has been combined with the
multilayer formula to optimize the index of refraction gradient.

E.,1(

Figure 3: left: Power reflected off an air-silicon transition antireflection coated
with a 6 layer one-dimensional surface grating. The coating has been optimized
for single polarization radiation, the frequency is given relative to the design
frequency vc. Right: the optimized shape of the grooves for the E-field
perpendicular to the K-vector (above) and parallel to the K-vector (below). All
dimensions are relative to the design wavelength Xc.

In the mm-wave to FIR region most dielectrics change their index of refraction only
slightly, if at all[l 3]. Therefore it is advantageous to calculate optimized grooves in a
wavelength independent way; i.e. grating period, layer thickness, layer spacing, and

the bandwidth of the coating are
given in relative frequencies for a
particular index of refraction. The
result may then be used to tailor the
coating for the application frequency
range.
Numerical optimization was used to
minimize the power reflection for a

0 2 given ratio v /vmax . - min and to calculate. 
optimized groove sizes. Figure 3
shows the bandwidth that can be
achieved for singly polarized
radiation for an air-Si (a=1 1.7)
transition with a 6 layer antireflection
coating. While the single surface

0.05 0.1 0.15
f in Ac

Figure 4: Groove shape optimized for
minimum reflection for arbitrary
polarization. Dimensions are given in
units of the design wavelength
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Figure 5: left: Power reflected off an air-silicon transition antireflection coated with
the 6 layer one-dimensional surface grating shown for E perpendicular K (solid
line) and E parallel K (dashed). The coating has been optimized for minimum
reflection for both polarizations. Right: phase shift for both polarizations.

power reflection of an air-Si transition is 30%, a power reflection of less than 1 % can
be achieved over vmaxivrnie--6. The birefringent behavior of the method is
demonstrated by the different groove shapes necessary for the E-field of the incident
light perpendicular and parallel to the K-vector of the grating, respectively, to achieve
the same AR-performance.
The same number of AR-layers can also be optimized to achieve minimum reflection
for both polarization directions simultaneously. The optimized groove shape is shown
in Fig. 4. The total thickness of the AR coating is smaller than that for single
polarization coatings, and the shape lies in between those for the two single
polarization cases.
The reflected power as well as the phase shift versus frequency for both polarizations
is shown in Figure 5. Again, the power reflection is below 1% for both polarizations.
However, the bandwidth is reduced to vmax/vm in 3. Although the reflectivities are
about the same for both polarisations, the phase shift versus frequency behaves very
different: for E_LK the phase shows only minor changes over most of the frequency
band, while for EllK the phase is continuously increasing.

Wideband Dielectric Mirrors for High-Q THz Resonators

The multilayer algorithm has also been used to investigate high-reflectivity FIR
mirrors as they have to be used in resonators for advanced TuFIR spectroscopy. The
simplest possible way to build such a mirror is stacking alternating AA-layers of
materials with high and low index of refraction (see Fig. 6, left). Calculations where
performed for four AA-layers of Si separated by ?A-layers of air. Fig. 6, right shows
1-R of such a system, R being the power reflection coefficient. For lossless material,
reflectivities higher than 99.9 percent can be achieved with a relative bandwidth of
more than 20%. Introducing a loss tangent of 12x104 as it has been described in the
literature [13] leads to a reduced reflectivity of 99.8 670 maximum and a bandwidth of
about 50% for reflectivities higher than 99.5%.
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Figure 6: Left: Stack of four XJ4 doublets in air and Si as high-reflectivity FIR
mirror. Right: 1-Reflectivity versus relative frequency for lossless Si (solid line)
and Si with a loss tangent of 0.0012 (dashed).

Conclusions

Recursive multilayer optics in conjunction with 2 nd order effective media theory can
be used to design optimized wideband anti-reflection coatings for highly refractive
dielectrics, and to design high-reflectivity mirrors for advanced TuFIR spectrometers.
The AR coating will allow to get rid of the 30% optical losses in quasi-optical HEB
mixers place on Si lenses and also to minimize losses in pressure or cryostat windows
in spectroscopic systems. For example, the pressure windows necessary for the HIFI
instrument for FIRST could be built of quartz or Si with a 4 to 6 layer antireflection
coating on both sides of the window. A single window could cover a frequency range
from 450 to 1350 GHz with less than 2% loss at any particular frequency (scaling
Fig. 5 with vc= 900 GHz). The disadvantage of the coating, the different phase
behavior of the polarization directions parallel and perpendicular to the K-vector of
the grating can be overcome by using the same groove shape at perpendicular
orientations at the front and back side of the window, respectively.
Similarly, taking into account newest results on wide-bandwidth HEB mixers [3],
wideband THz receivers as they are currently being built for SOFIA can use the
coatings to optimize receiver noise temperature from 1-3 THz or from 2-6 THz. The
same holds for wideband sources, as for example optical mixers or p-type Ge lasers in
external resonators.
The demonstration of the feasibility of high reflectivity FIR mirrors facilitates the
design of new FIR resonators as they are needed for FIR cavity ringdown
spectroscopy or for external resonators of p-type Ge lasers.
The next steps towards an advanced TuFIR spectrometer are the experimental
verification of the theoretical investigations presented in this paper and their
implementation into a spectroscopic system. Eventually, the extension of the
frequency and power range accessible to TuFIR spectroscopy will lead to an
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improved understanding of molecular systems as they can be found on earth and in
space.
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Abstract

A new theoretical model is introduced to describe heterodyne mixer conversion
efficiency and noise (from thermal fluctuation effects) in diffusion-cooled superconducting
hot-electron bolometers. The model takes into account the non uniform internal electron
temperature distribution generated by Wiedemann Franz heat conduction, and accepts for
input an arbitrary (analytical or experimental) superconducting resistance-versus-
temperature curve. A non-linear large signal solution is solved iteratively to calculate the
temperature distribution, and a linear frequency-domain small-signal formulation is used to
calculate conversion efficiency and noise. In the small-signal solution the device is
discretized into segments, and matrix algebra is used to relate the heating modulation in the
segments to temperature and resistance modulations. Matrix expressions are derived that
allow single-sideband mixer conversion efficiency and coupled noise power to be directly
calculated. The model accounts for self-heating and electrothermal feedback from the
surrounding bias circuit.

. Introduction 

In the last few years, the superconducting hot-electron bolometer (HEB) has attracted
much interest for use as the mixing element in low-noise submillimeter wave spectrometer
front-ends for astrophysics. Instruments are now being developed for such missions as the
National Aeronautics and Space Administration's airborne SOFIA platform, and the
European Space Agency's spaceborne FIRST telescope. One of the key properties that
make HEB mixers interesting is their ability to operate significantly above the
superconducting gap frequency, which is a materials-related parameter that currently limits
competing SIS mixers to frequencies below about 1200 GHz. Even though this is a new
heterodyne detector that with one exception [1] has not been used for practical astrophysical
observations (primarily because frequencies above 1 THz cannot be observed from ground-
based observatories), rapid improvements in measured receiver noise temperatures [2-6],
and intermediate frequency (if) bandwidths [6,7], have been reported, primarily in
anticipation of upcoming missions such as those mentioned above. Despite these recent
encouraging results, further improvements in the noise, and indeed the overall optimization
of this mixer, will require an accurate and detailed theoretical model which accounts for the
unique operation of this device.

Superconducting HEB mixers have mostly been analyzed using lumped element models
that were originally developed for semiconductor bolometers [8-12]. In this approach the
bolometer is represented as a single (i.e. "lumped") heat capacitance that is connected to a
thermal bath via a heat conductance. While this theoretical model has significant merit,
especially for phonon-cooled devices that have a uniform electron temperature [13], it does
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not accurately take into account the non-uniform temperature distribution in the diffusion-
cooled case [14]. The most obvious complication lies in how to determine an appropriate
value for the resistive transition dR/dT, which enters as a square in the lumped-element
expression for the mixer conversion efficiency. Inclusion of a non-uniform temperature
complicates the model enough, that a closed-form analytic solution for mixer conversion
and noise cannot be found. Several methods to avoid this problem have been previously
investigated. In one approach, a reduced or "effective" value for dR/dT is calculated
numerically taking a non-uniform temperature into account, and this value is then used in
the regular lumped-element mixer model [15]. Another solution is the so-called "hot-spot"
model, where the device resistance-versus-temperature (RT-) curve is approximated by a
step function [16-17]. A third method (previously employed by us) is to discretize the
bolometer into segments, and do a brute-force numerical time-domain mixing simulation,
calculating heat dissipation and heat flow between the segments within each time step.
Results of this method are compared to experiments in [14 The new frequency-domain
method described in this paper has advantages compared to all of these previous efforts: 1)
It allows mixer conversion efficiency and output noise to be calculated without making_
simplifications in the RT-curve; 2) The mixer performance can be determined by
straightforward matrix multiplications and inversions, without any equivalent of the time-
step dependent instabilities that can occur in time-domain simulations; 3) The dominant
noise mechanism is included in the model; and 4) Self-heating and electrothermal feedback
are fully included. There are also some issues not currently addressed this new technique.
For example, it does not include a method for calculating rf or if saturation effects, and it
does not include several effects that are particular to superconductors, such as the
coherence length and the differences in heat conductance between superconductors and
normal metals. Future inclusion of these effects would affect the first, non-linear, part of
the theory. The small-signal part of the theory uses parameters calculated from the non-
linear part, but may otherwise remain unaffected.

2 The Mixer Model 

The type of HEB device we are modeling consists of a submicron-length strip
(microbridge) of a superconductor between two normal metal leads. The pads are assumed
to be at a bath temperature T amb. Heat dissipation in the microbridge raises the temperature
of the center of the device relative to the ends, creating a non-uniform temperature profile.
The bridge length L is assumed short enough that the dominant heat conduction out of the
bridge is by diffusion of hot electrons to the cold normal metal pads, rather than by
electron-phonon interaction.

2.1 Steady State / Large Signal Model 

The large-signal temperature distribution in a diffusion-cooled HEB mixer is a result of
the rf heating caused by the local oscillator, by the heating from the mixer dc bias current,
and by internal heat conduction. The heat conduction is assumed to be proportional to the
local temperature according to the Wiedemann-Franz law:

where cl) is heat flow intensity, T is the local temperature, and Go is the heat conductivity at
a reference temperature To. The relation leads to the following one-dimensional integral
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equation, where the heat flow towards the ends of the bolometer at a particular distance x
from the center is equated to the amount of power dissipated inside of that distance:

1 Go d(T2 ) P 2
° 2 

xr
x +  2 j p(x' ,T(x'))dx'

2 T0 dx w •h-L w h 0
(Eq.2)

where w,h,L are the width,thickness and length of the bolometer, P,f is the amount of local
oscillator power dissipated in the bridge, /0 is the dc current, and p is the local resistivity in
the bolometer. Since the device film resistivity is usually a non-linear function of
temperature and location, no general closed-form solution can be found to this equation.
However, a numerical solution can quite easily be found through a corresponding finite-
difference formulation:

2 2
1

	

	
2

Go Tk — Tk_ 1 _
— (1( 

1) 2 2 
AX 

Sk
2T0 Ax w•h•L w h

where the integral in the previous expression is approximated by a summation Ax - Sk , with

(Eq.3

k-11 1
= 0 ; = ; Sk = —2 p + + -

2
Pk-i k

1=2

(Eq.4)

The finite-difference formulation can be seen as a sub-division of the bolometer into N
segments .„ each with its own temperature Tk, as is illustrated in Fig.1 . Only half of the
bolometer needs actually be considered because of symmetry. The finite-difference
formulation is computationally fast even when used iteratively to find numerical values of
various parameters such as the dc current lo or the temperature Ti of the device center
segment.

center of the device end of the device

1 1 I I
0Ax 1,Ax 2Ax (N-2)Ax (N-1 )Ax Nix

Fig. 1; Discretization used in the large- and small-signal models. Because of symmetry only
half of the bolometer is analyzed. Therefore the total length of the device is L = 2 N • Ax .

The Mixer Embedding Circuit

As shown in Fig.2, the discretized bolometer is connected to a Norton equivalent circuit
to represent the dc bias and intermediate frequency if embedding circuits of the mixer. Ro
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and 10 are the steady-state (large signal) resistance and bias current of the device, while
AR and Al are the small-signal modulations representing the modulation of the dissipated
If power caused by the combined signal and LO.

I AI0

Fig.2, A Norton equivalent circuit is used to represent the dc bias and intermediate
frequency circuits.

In the small-signal limit the embedding circuit imposes the following relationship between
resistance and current, which must be included in the subsequent mixer theory:

10 

Ro + Rs

, where

AR (Eq.5)

2.3 Mixer Conversion Efficiency Model 

In bolometric mixing, the device resistance is varied by the modulation in if power
dissipation that is caused by the beating between signal and local oscillator (L0). This
modulation in resistance is then detected by an external circuit. In superconducting HEB
mixers that are used at frequencies above the superconducting gap frequency, the if heating
can be regarded as uniform throughout the device. One can also assume that the signal and
local oscillator frequencies are higher than the highest response frequency of the device. In
this situation it is convenient to consider the power dissipation from the local oscillator to
be constant with time and uniformly distributed throughout the device, and to represent the
modulation due to the signal by a uniformly distributed heating function that is modulated at
the intermediate frequency, if. In the small-signal limit this means that the modulation of the
device resistance will occur only at the if.

The resistance modulation AR is the sum of the modulations A.Rk in all the segments:
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where ATk is the temperature modulation in segment k. The total heat modulation in
segment k is the sum of the contributions from rf power dissipation and from the
embedding circuit:

APk 
.7" AP k APemb,k ,k 2 RO,k 10A1 ARk (Eq.8)

The frequency-domain model illustrated in Fig•C is used to calculate the effect that the
heating modulations have on the temperatures. In the small-signal limit the thermal model is
linear, so heat conductances, heat capacitances and heat sources can be handled by the same
complex notation (i.e. jco-notation) that is commonly used for small signal electrical circuits
and components. The Ck ' s in Fig.0 are the electronic heat capacitances of the individual
segments, which are proprtional to the volume of the segment and to the local temperature
Tk. The Gk 's are the segment-to-segment heat conductance, which according to the
Wiedemann-Franz law is proportional to the electrical conductance and to the local
temperature.To handle the many device segments, a matrix notation is introduced (with
square brackets denoting matrices and vectors). The relationship between heat dissipation
and temperature can be written as an analogue to Ohm's law:

[Ark ]k = •[411P111
(Eq.9)

Where [A] is calculated from its inverse, which can be derived according to Fig.3 as :

(jcoCi + ) (-G1 ) 0 ...

(-GO (jcoC2 + G2 ) (-G2 ) ...

(-G2 ) ••• •••
(Eq.10)

• • • et C.

Fig.3; Thermal circuit model, showing heat dissipation sources APk), segment heat
capacitances (Ck) and segment-to-segment heat conductances (Gk).

The resistance modulation of element k can be written :

ARk
aRk _ dRk v A (Ap + 2R0 1/0A/ + /43,11R1= k T kl rfu k 1

(Eq.11)
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or as the matrix expression (with ö = 1 for k = 1 Oki = 0 for k # I . ):

{ARkik =[B-'L dRi Ainizsprf m =

m
[A]mn[A.Prf,„], (Eq.12)

Im

with:

Bkl kl •

dRk 
2./(i dRk i2 AAkm R0 m A 0 riki

aTk Ro Rs ) d-rk
(Eq.13)

With the particular discretization illustrated in Fig.1, the heat dissipation in the segments
can be written as

1 APif 

A-P 'd* = 2N
(Eq.14)

2 

AP,4.
APrf

'
1' 2N

= ; k = 2,3,..., N (Eq.15)
"J 

The matrix expression above provides the connection between the modulation in dissipated
rf power and the modulation of device resistance. The first of the three terms in the
expression for Bki represents the direct response to the if heating. The last term is due to
the change in direct ohmic heating when the device resistance changes, while the middle
term represents heating due to mismatch between the device and the intermediate frequency
load resistor. For convenience, the following response parameter is defined:

AR
E =

11Prf
= 

ARk ,k
1 k

(Eq.16)

In the time domain, the rf voltages over the device are

VLD cos CO Lot + Vs cos CO st

and cause a heat modulation at the if frequency of:

= VLOVS APrf 
RN

The resulting intermediate frequency voltage is:

R2 I= AR Is VLOVS S S  

(R0 -1- Rs) 2 	(R0 ± Rs) RN

(Eq.17)

(Eq.18)

(Eq.19)

and, finally, the single-sideband mixer conversion efficiency n can be formulated:
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2
10E 

Ro + Rs
= 2 RsP,f (Eq.20)

2.4 Thermal Fluctuation Noise

A superconducting bolometer generates both Johnson (or thermal) noise and thermal
fluctuation noise. This paper will only treat thermal fluctuation noise in any detail, although
a more complete theory should also include Johnson noise. In practice, however, thermal
fluctuation noise usually dominates for a diffusion-cooled superconducting HEB, when it
is operated under the conditions that give minimum receiver noise.

The origin of thermal fluctuation noise is the random exchange of heat carriers between the
bolometer and the ambient temperature bath (the normal metal leads), and between different
internal parts of the bolometer. In a system in thermal equilibrium with a large reservoir,
thermodynamics gives the following well-known expression for the time variance of the
energy of that system, where Cv is the heat capacity and kg is Boltzmann's constant:

K(AE(t))2). kBcv 7,2 (Eq.21)

In a more relaxed nomenclature this relation can also be expressed as a fluctuation of the
system temperature, although this is strictly speaking not correct since temperature is not a
fluctuating parameter in a system in equilibrium:

((dT(t))2)= kB T2 ICv (Eq.22)

A real bolometric mixer is per definition not in equilibrium with the surrounding medium,
since it relies on finite amounts of dc and if heat being dissipated inside the device, and of
that heat being transported out into the medium. However, if the inelastic electron-electron
time is short enough, a local quasi-equilibrium can be established, where any small portion
of the device only exchanges heat carriers with the parts of the device that are immediately
adjacent to it. The exact conditions under which the expressions above no longer apply are
hard to estimate, and in the end a mixer theory for thermal fluctuation noise will need to be
compared to experimental results.

For calculating the mixer noise, a circuit model is used, as shown in Fig.4, that is
similar to the one used in the conversion efficiency calculation. The heat capacitances and
heat conductances are the same as previously discussed, but the heat sources Qk are
arranged differently. The noise heat sources represent exchange of energy between
different segments, not dissipation, and are considered incoherent in time (white noise) and
uncorrelated with each other. This is a Langevin approach that has similarities to some
other formulations found in literature [19]. The method consists of two steps: first the
magnitudes of the noise sources are determined, and then the amount of noise power
coupled to the output load is calculated.
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Fig.4; The thermal circuit model used in calculating thermal fluctuation noise.

The expression for the temperature modulation in the segments is (within a small
frequency interval cl.f):

, where

[ Pim ikm — [Ak ]kl[Sbn— 61,n2+111m
(Eq.24)

The following formula is then used to calculate the source intensities, where the first
equality follows from the Wiener-Khinchine theorem and the second one from
thermodynamics:

flAii(f)Jdf (lAyi (12) [kB7i2 ck
(Eq.25)

0

Since the sources are time-incoherent it follows, again from the Wiener-Khinchine
theorem, that their frequency-domain representation is frequency-independent. The source
distribution can therefore be calculated as the solution to the equation system:

0
5{1

F
km j n2kini Cif [I Qn2121 [kB2/Ck Ik (Eq.26)

With the noise source distribution known, it is relatively straightforward to calculate the
effect on the device resistance:

where
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The power delivered to the output load in the small frequency interval cif becomes:

3. Calculation Example 

As an example, a calculation of mixer conversion efficiency was made in order to
demonstrate some of the features of our model. Although the method allows an actual
experimental resistance-versus-temperature curve to be used, for simplicity the idealized
curve in Fig.5 which contains features of actual RT curves was chosen for this example.
Two superconducting transition temperatures can be seen in the figure (as is the case in
measured RT curves), the higher of which occurs in the central main. part of the bridge,
while the lower one is present near the ends of the bridge. This is a simplified way of
including the suppression of the critical temperature from the proximity effect, that occurs
in the regions of the bridge that are contacted by the normal metal leads. The device
dimensions used in the calculation are similar to those of our actual HEB mixers: Length
1 6 2 n m , width 150 n m , thickness 10 n m , and the heat conductivity

Go / To = 0.1 (W/mK
2

 ) . The device length included the end regions of the device with the
suppressed critical temperature (12 nm ). The ambient temperature was chosen to be
4.24  K .

Fig.6 shows the current-voltage (IV-) curves calculated for the device, with and without
local oscillator power. The overall shape is similar to measured curves for our actual
devices. At zero dc bias voltage, however, the curves become singular, since the model
does not include the limitation on the dc supercurrent that is present in real superconductors
[20]. The mixer conversion efficiency shown in Fig.6 approaches a maximum at the point
where the device cannot be biased in a stable way by the embedding circuit. This is also
qualitatively consistent with typical experimental results. The circle in the figure marks
approximately the best low receiver noise operating point that would be reachable in a real
experiment. In addition, a peak in the conversion efficiency can be seen just above a bias
voltage of 3 mV. This effect occurs when enough heat is dissipated in the device so that
the end regions of the bridge heat up to their local (suppressed) critical temperature. This is
sometimes observed as peaks in the coupled output noise in experimental data. Figure 7
shows the calculated conversion effiency and output noise for the device when operated at
the bias point marked in Fig.6. As seen, the conversion effiency curve has the expected
single-pole shape, in this case with a 3 dB roll-off frequency of 3-4 GHz. The shape of
the output noise curve, however, differs from that calculated from previous "lumped-
element" theory [21], according to which it should have the same frequency dependence as
that of the conversion efficiency. It should be pointed out that if the number of bolometer
segments is reduced to one, the two theories become identical. Also, in a more realistic
mixer model the Johnson noise should be included, which has not been done here.
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Fig.5; The R-versus-T curve used in the calculation is an idealized curve based on an
experimental curve for a niobium HEB.
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Fig.6; Calculated IV-curves and calculated conversion effiency.
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Fig.7; Calculated conversion effiency and coupled output noise as a function of frequency.
The noise here is defined as coupled power per Hz to the if load resistor, divided by kB.
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Summary 

A mixer model for diffusion-cooled hot-electron bolometers has been developed. A non-
linear large-signal finite-difference method is used to calculate linearized device parameters,
which are subsequently used in small-signal calculations of mixer conversion effiency and
noise. The non-uniform temperature distribution inside the bolometer is taken into account
both in the large- and small-signal analysis by discretizing the device into a large number of
segments, and by assigning a local temperature to each segment. The small signal mixer
analysis is done in the frequency domain, using matrix expressions to connect modulations
in heating, temperature and resistance. Initial calculations using device parameters that are
similar to those of real bolorneters give values for conversion and noise that seem
reasonable. However, a detailed comparison to experimental data still remains to be done,
and will be presented in a future publication. Future work will also include a model for
Johnson noise.
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Abstract

The purpose of our project is to create a robust fully on-chip integrated antenna-coupled
bolorneter, competitive in sensitivity for radio-astronomy applications. It must have noise

17equivalent power (NEP) below 10 - W/Hz 112 and time constant shorter then 1 ms. We
call this device a normal metal hot-electron microbolometer (NHEB), because its function
is based on the hot-electron effect in a strip of a normal metal at temperatures below
0.5 K.

Until now we have been developing the power sensor for this device. In the beginning we
could not operate the sensor at electronic temperatures below 300 mK, presumably
because of the high external noise load. Our latest results show how this problem can be
solved experimentally. We have achieved noise performance mostly limited by the
amplifier, which corresponds to expected detector NEP on the order of 1.5 . 10-17 W/HZ 

I 
l2

at 100 mK.

We have also performed a theoretical analysis of temperature readout by NIS tunnel
junctions in our device. In particular heat flow fluctuations are discussed as an additional
noise component, which needs to be included in the analysis. Our model allows us to
calculate optimal ranges of parameters like normal resistance of the junction or optimal
bias current, to provide the lowest NEP for given operating conditions (temperature,
phonon noise etc.).

1. Introduction

Bolometers are direct broad band detectors of electromagnetic radiation, complementing
heterodyne detectors in radio-astronomy research. They are useful, for example, for
investigating the cosmic microwave background. Most common bolometers used in
radio-astronomy are made with a suspended absorber, being heated by incident radiation,
and a semiconducting thermistor. Cooled to 100 mK, they can provide sensitivity better
then 3 . 10-17 W/Hz 1/2 with time constant down to 10 ms [1]. An alternative to those are
superconducting bolometers, where the sensor is a suspended chip with a superconducting
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structure. Being kept by electrothermal feedback at the superconducting transition, this
system reacts strongly on signal-induced temperature variations around T,(3OO mK) [21

One disadvantage with the existing bolometers is that they compromise sensitivity and
speed — to reach NEP < 10 -17 W/HZ 112 one needs to make the absorbing area large, thus
getting also large thermal capacity and, consequently, longer reaction time. The thermal
reaction time is defined as v----C/G, where C is the absorber' s thermal capacity and G is
thermal conductance from the absorber to the environment.

Another problem is that suspended structures are often fragile, and it is difficult to
combine many of them into a 2D detector array. Building a fully planar-integrated 2D
array of detectors with sensitivity better then 10 -17 W/HZ 112 and time constant under 1 ms
can be regarded as a challenge in bolometer research.

The device proposed in {3] and later partly implemented [4] can be a promising choice.
This is a planar microfabricated bolometer, using an antenna (which can be integrated on
the same chip) to receive a signal. The schematic picture of the whole circuit and an
SEM-image of a fabricated sensor can be seen in fig. 1. In an antenna-coupled bolometer
there is no need to make the sensor itself large to receive more power, instead it can be
miniaturized, minimizing also the thermal capacity.

FIG. 1. The original device scheme and an SEM-image of a real sample. Double NIS
tunnel junctions are used to increase the response dV/dT and to simplify biasing.

A microwave signal received by the antenna will induce current in a normal-metal resistor
(further referred to as "absorber"), this current will dissipate and generate Joule heat. This
heat, however, will be delivered not to the whole structure at once, but first to the electron
gas in the resistor. At temperatures below 0.5 K, where ultra-sensitive bolometers are
operated. the thermal coupling between electrons and phonons is very low, and the
electrons will establish their own equilibrium at a temperature above the phonon
temperature in the surrounding body (hot electron effect). In this sense, the electron gas in
the resistor can be seen as a power absorber, and the thermal conductance to the
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environment is then limited by the energy exchange rate between the electrons and the
phonons. Thus one does not need to suspend the absorber to thermally isolate it.
Furthermore, the thermal capacity of the electrons is much less than the thermal capacity
of the whole structure, and this makes the sensor very fast.

The only problem left is that the heated electrons could diffuse back to the antenna
instead of exchanging energy with phonons in the resistor. Fortunately this can be avoided
by making the antenna superconducting, since a property of a superconductor-normal
metal interface is that electric current passes it without transferring the thermal energy of
electrons (Andreev reflection).

Finally, very small signal power results in a substantial rise of the electron temperature
in the absorber. These temperature variations need to be converted to some electrical
response, and this is accomplished using one or two normal-metal/insulator/
superconductor (NIS) tunnel junctions, where the normal electrode is the absorber.
Their IV-characteristics get broadened with increasing electron temperature in the N-
electrode. When such a junction (or a pair of those) is biased with constant current in
the sub-gap region, the voltage over the junction will depend on the thermal smearing.
and it will be proportional to the electron temperature in a wide range (fig. 2).

FIG. 2. Principle of measuring electron temperature by means of an NIS or SINIS tunnel
junction stucture biased with constant current.

The power responsivity of this sensor is a ratio of two terms: temperature responsivity
(d V/d7) and heat conductance from the electrons to the environment (G = dP/c17):

dV dV dP

dP dT dT

-1000
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The temperature responsivity depends on properties of the tunnel junctions and it is
nearly constant almost in the whole range of operating temperatures (typically
d 5-10•104 V/K). The heat conductance depends mostly on properties of the
absorber and can be estimated from the ideal energy exchange rate between electrons
and phonons in equilibrium at different temperatures:

P =EQ,(Te
5 — )

dP
= 5/K2Te4

dT

where Q here is the absorber volume and I is a specific material parameter. For realistic
device parameters (namely for our sample AG77) this gives power responsivity

1 -
S = 8•l0' 'lc% S(0.3K) = 1-10 8 % , S(0.1K) = 3-109

 Y.

Accordingly, a decrease of the operating temperature has great advantages, limited though
by the fact that dV/dT rapidly falls below 100 mK. Knowing the power responsivity, we
can also estimate the noise equivalent power (NEP) of the detector. Assuming that the
total noise is dominated by amplifier noise, and that we use a very good amplifier
(\

i'
Sv = 3nV/Hz 1/2) we get

NEP(0.3K) = 3.10-17 4/ ' NEP(0.1K) =1 . 10-18 -

which is superior to most of the existing devices.

The thermal reaction time will be determined by the electron-phonon interaction time.
estimated to

r 2 . 10 -8 T,-3 sK 3 	1(0.3K) = 0.8,us , z (0.1K) = 201us

This is also well below of what is usually required (1 ms).

2. Device fabrication and measurement setup

The power sensor ("microcalorimeter") is fabricated by e-beam lithography and shadow
metal evaporation. Three metal layers are used — a superconductor for NIS tunnel junc-
tions (aluminum film, 36-38 nm), a normal metal for the power absorber (copper, 58 nm),
and one more superconducting layer for the absorber bias leads or eventually the antenna
(aluminum, 70 nm). The tunnel junctions are formed by oxidizing the first
superconducting layer before deposition of the normal metal on top of it Typical
oxidation conditions are P(0 2) = 0.3-0.4 mbar and t = 0.5-2 min, this results in the
junction normal resistance of 5-15 IcS2 for area about 0.1 pt,m2 . The tricky part is to contact
the same absorber strip both by an oxidized superconductor (NIS junctions) and by a
superconductor with a very transparent interface to the normal metal (absorber bias
electrodes). This can be done either by a two-step process with two
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lithography/deposition steps and ion beam cleaning in-between, or by our new single-step
process where tilting of a sample in two perpendicular planes is employed (fig. 3).

The dimensions of the absorber in the most recent modification of our device are
4.5x0.25 gm 2, thickness 58 nm, copper. Its resistance is about 20 S2, which is not optimal
for matching to an antenna. That is why we are planning to decrease the width to 0.1 gm
and increase the length in the future. Changing the absorber material to chromium is
another option.

For dc-measurements we have used a current bias to introduce heat into the absorber
instead of connecting any antenna. The measurements are done in a dilution refrigerator
capable of cooling samples to 25 mK. There is no possibility to irradiate a sample with
sub-mm-waves in this cryostat. The current source for the NIS junctions' bias (and the
same kind for the absorber bias) is made up of a symmetric voltage source and two high-
value (10 or 100 MO) resistors in series (at room temperature). Johnson noise in those
resistors is the main source of bias noise discussed in part 4.

FIG. 3. Schematic picture of the metal deposition process. A double PMMA-copolymer
resist is used to make a suspended mask. In the leftmost picture both resist layers are
shown by slightly darker areas, on the three others — only the underlying copolymer mask.
By tilting the sample in different planes the metal structures are shifted in respect to the
original openings in the PMMA-mask, providing also necessary overlaps between
subsequently deposited metal layers.
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The measurements include a calibration measurement, where the voltage response from
the tunnel junctions at the working bias is studied as a function of temperature in the
cryostat without applying any additional heating to the absorber. IV-curves of the tunnel
junctions at different cryostat temperatures are registered to determine or verify the choice
of the working point, as well as for diagnostics of the junction quality. Then we can test
the sensor by driving current through the absorber and measuring the response at a fixed
cryostat temperature. Finally, noise spectra at different measurement conditions can be
taken.

3. Experimental results

FIG. 4. Comparison of V(T) dependencies for different structures on sample AF33
(older data — dashed curves) and the same dependence for sample AG77, where additional
tunnel junctions in the absorber bias circuit have been used (the thick curve). A strong
saturation can be seen for the structure with long bias leads on the sample AF33.
Saturation is present even for the sample AG77, but only below 100 mK. The thin curve
is a theoretical fit for this sample's V(T).

When we started our experiments, we obtained good power responsivity (at the predicted
level) at relatively high electron temperatures above 300 mK. However, at first we did not
manage to obtain any good results where they were most expected — in the temperature
range 100-300 mK. The reason for this was saturation of the response V(T) of the tunnel
junctions, apparently seen in the calibration curves (fig. 4). Yet worse, the measured noise
level used to be an order of magnitude higher then the noise of our amplifier, which had

557



-4 -2 0
SINIS bias current, nA

2 4 "f„.. er re{

• Voltage noise (band 20-45 Hz)
- Temperature responsrvity ANTAT

Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

modest 30 nV/Hz 1/2 at 10 Hz. It has taken a while to realize that those phenomena must
have had the same cause, namely an intensive and noisy input signal, coupling to the
absorber and heating the electrons sometimes above +300 mK. Two clues convinced us
of the validity of this hypothesis: a comparison of noise and gain (=power responsivity) of
the device (fig. 5a) and the dependence Telectrong p.onon, of) Of the absorber where Telectron had
been deduced by fitting IV-curves of the tunnel junctions at different temperatures
(fig. 5b).

a) b)

FIG. 5. a) Spot noise and dV/dT plotted on the same graph for one of the older samples:
both dependencies have very similar shapes, which must indicate that the noise is present
already as fluctuations of electron temperature in the absorber, i.e. at the input. b) Telectron

(deduced from fits of IV-curves for SINIS double junctions) vs. temperature Tp h at which
those IV-curves have been taken; data for sample AF33 (see also fig. 4).

Once being convinced about the presence of external heating we tried to identify how the
noise comes in. Pick-up in the circuit connected for heating the absorber was one
suggestion, a microwave "leakage" into the sample cavity was another one. Eliminating
the second being a more difficult task, we started by breaking the absorber bias circuit by
high-resistive elements close to the absorber. We hoped that the voltage induced in that
low-ohmic (Rabs = 20 K2) circuit by microphonics will drop on those high-resistive links,
thus not being able to generate any noticeable current. We have chosen NIS tunnel
junctions on both sides of the absorber as such protecting links, since they have very high
intrinsic resistance in the sub-gap region, and they are very easy to fabricate (fig. 6).

This measure has given surprisingly good results, bringing the V(T) saturation down to
100-130 mK (fig. 4), and the noise level almost to the amplifier level. However, if we
look at the noise spectra (fig. 7), we may notice, that connecting wires to the absorber and
closing this circuit result in additional noise contributions, thus indicating that even this
strong protection is not perfect. Furthermore, even the noise associated with an isolated
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"absorber" island (7-10 nV/Hz 1 /2 )
 is clearly higher then what is expected from the

thermometry noise (3 nV/Hz 1/2). We think that some high-frequency leak still exists and
that it is responsible for this additional noise. Re-calculated to NEP the measured voltage
noise corresponds to about 1.5-10 -17 W/Hz 1/2 at 10 Hz.

antenna or DC-bias

Es■—•

N-I-S S-I-N

S-I-N N-I-S

FIG. 6. The modified structure with additional NIS tunnel junctions in the absorber bias
circuit.

However, the protection by tunnel junctions distorted completely the heating power
calibration at 'absorber > 0. Earlier we could assume that the dissipated power was
P=PJ=RabsorberXfabsorber• Now, as soon as Ibias>0 high-energy electrons are injected into the
superconducting electrode of the protecting NIS-junction, and further to the absorber,
where this energy apparently dissipates, giving P>>Pj. This effect is similar to the
electronic cooling by NIS tunnel junctions described elsewhere [5], but now our object is
on the "warm" side of the Peltier cooler. This is the reason why we still can not report the
calibrated experimental value of the power responsivity of our device at low temperature
(100 ml().

This unfortunate situation does not seem to be a real obstacle. Simply reversing the NIS
junctions and thus setting the N-part at the absorber side should be enough to solve the
problem. An additional NS-interface between the superconducting electrodes going to the
absorber and the N-side of the protecting junctions would interrupt the unwanted energy
flow due to the Andreev reflection. Another simple (but probably not as elegant) solution
is to use small external resistors, which can be bonded to the chip wiring, instead of
tunnel junctions as high-resistive links.

Whatever difficulties can be expected in characterizing the device by applying a dc-
current. the new results show that there are no severe problems with the sensor itself. If
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we manage to couple the absorber efficiently to an integrated antenna. and place the
device in an enclosure with well-controlled input of high-frequency radiation. we expect
it to function properly.
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FIG. 7. Noise spectra for a) simple SINIS structure, i.e. without superconducting
electrodes connected to the absorber and b) complete microcalorimeter structure equiped
with protection NIS junctions and connected to long leads for biasing; the higher noise
curve corresponds to leads terminated by a current source. The lowest curve in the both
graphs is the amplifier noise.

Disregarding the input noise, the performance of the detector will be limited by thermal
fluctuations in the absorber and the noise introduced by the electron temperature readout.
The level of thermal fluctuations at a given operating temperature depends on dimensions
and material of the absorber. Those, however, can not be varied freely — the absorber
length is restricted to a value needed to provide proper impedance for match to the
antenna and its width and thickness can not be reduced below certain technological limits.
Also, the material choice is bound to the fabrication technology.
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On the other hand. the noise from the read-out is a function of many parameters (tunnel
junction resistance, number of the junctions, working point, amplifier performance etc.),
which can be readily adjusted. Moreover, the noise contribution from the read-out will
dominate in all practical configurations. That gives a motivation for optimizing the read-
out parameters, and in the following section we will discuss what calculations can aid this
process.

4. Optimizing the readout performance

FIG. 8. Scheme of different noise contributions in the NHEB.

Different noise contributions adding to the useful input signal are depicted in fig. 8. The
noise equivalent power of the detector can be expressed as

2

S I
dl

hias (0) —
dr/ 

+2e1 

dV 

+ Srvi (0) + S i
t/2'1'P (0)

dI 
,VEP 2 NE.13

1
2,, + 41 cB T 2 ( G — G 7.1 ) ÷ S p (0) + G2

IdV/c/T121

where

ATP is the photon and other noise coming with the signal to the input,
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41c,T 2 (G — arj ) — noise from thermal fluctuations in the absorber. (G-G-n) is the thermal

conductance from the electron gas in the absorber to the lattice and environment.
The thermal conductance due to the tunnel junctions is excluded here. since it is
incorporated in the next term,

S p (0) — "heat flow noise", a component similar to shot noise. but related to the transfer
of energy by quasi-particles tunneling through the junction.

2e1coth(e 2e1 — current fluctuations due to discreteness of charge (shot noise)

s lbws (0) current fluctuations in the external bias applied to the junction

Sry
mPl (0) -- voltage noise of the amplifier (we assume a high-impedance FET-amplifier)

s fi tck-up \
) voltage induced in the leads going from the sample to the amplifier

(microphonics and rf-field detection)

dV — temperature responsivity of an NIS-junction at the working bias. and

G — total thermal conductance from the electron gas in the absorber to its environment.

One term here is "new" in the sense that it, to our knowledge, has not been included in
any similar analysis before, and this is S p (0) [6]. If a voltage less then die is applied over
an NIS junction, there will be an energy flow from the normal metal to the
superconductor. The effect can be used to cool the normal metal [5] and, accordingly, this
energy flow is often called "cooling power":

where TAT and Ts are temperatures of the normal and superconducting electrodes, zi('rs) is
the gap in the superconductor, and fs are electron distributions in respective electrodes.
This expression is very similar to the expression is very for current goin g through an NIS
junction

de7 19(E 2 46,2 (Ts ))E  rLIN (e— eV )— fs (e)]
eR, A 2 fp \LA

S

but here every tunneling event results in transferring a portion of energy (e-eV). Since the
tunneling events are random and independent, there will be a heat flow noise similar to
the usual shot noise. Calculating its spectral density is, however, somewhat more
complicated, since the portions of energy are not all the same. The way to do this is to
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integrate contributions dS p = 2(e — eV)coth(eV 12T)PecIE from electrons with a par-

ticular energy in the range (e, e+de) over all possible energies:

V +
S

2
p (0)= coth

e
	d

e 2 RN 2T
6 e 62 AEI — eVYVN — e V (e)]

/e 2 6,2 (Ts )

The heat flow noise is growing with applied voltage, respectively applied current, thus
affecting the upper limit of the optimal range of the bias current for the temperature
reading.

From the expression for the total noise one can see that the individual contributions from
the different noise sources depend on the absorber properties (G), the shape of the NIS
junction's IV-curve (dV/d1, dV/d7), and the working point /=/bias. It is also worth to notice
that in the theoretical calculations the temperature responsivity dV/ dr as a function of
bias current I can have a logarithmic singularity at 1-40 (be arbitrary large). This may be
misleading (suggesting very low bias currents), because this singularity does not exist in
nature, being destroyed by fluctuations near 1=0.

We can use a computer program to simulate the total noise for any given set of
parameters. For the integral giving the P1-characteristics of an NIS junction there is a
good analytical approximation, which is suitable for fast calculations. But this is not the
case for the heat flow integral, and its computing in every point slows down the model a
lot. Fortunately we can separate the tasks. Sets of noise data can be pre-compiled for a
specific working temperature T, superconductor with energy gap A, and tunnel junction
quality in terms of sub-gap conductance r0 =R(0)/RN. Then we can combine those half-
ready arrays by substituting all the other parameters of the device:

absorber size and material IQ,
current bias source with noise Sl.bias(0),
amplifier with noise Sampl(0),
input noise NEP m r, ,
normal resistance of tunnel junctions RAT, and
working bias current 'bias

This can be done really fast, and we have actually made a computer program where one
can gradually tune any of those parameters and see on a screen in real time how it affects
every noise component and the total NEP. Examples of how the different noise
components and the total NEP depend on the SINIS bias current are given in fig. 9 for
two different values of RN and two different temperatures.
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FIG. 9. Different noise components and the total noise calculated as function of SNIS
bias current for R1v=1 kf2 (a,c) and RN = 30 1d2 (b,d) /RN per one junction/ assuming
working temperature of T=300 mK (a,b) and T=100 mK (c,d).

5. Conclusion

We have managed to demonstrate a reasonable performance of the microcalorimeter
which we aim to use as power sensor in an integrated antenna-coupled bolometer. We
could do this also at temperatures below 100 mK, where the responsivity of the sensor is
much higher than in our earlier results (for 300 mK). The measured noise level
corresponds to about NEP = 5 . 10-18 W/Hz I/2, and it is dominated by the input noise
external to the sensor itself and the amplifier noise. Some refinement of the experiment is
still needed to make a fully calibrated characterization of the device.

We considered the noise components determining the practical performance of the future
detector, some of them not referred to in earlier analyses of the similar kind. In particular,
we payed attention to the heat flow noise, important at higher thermometer bias currents.
We also showed how noise optimization can be performed in a model, co-adjusting two
or several device and operation parameters at the same time.
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INTRODUCTION

This paper addresses the problem of how to find the optimum noise performance
of NbN HEB mixers, based on the original model for such devices, the "standard model".
The standard model was developed in the work of Arams et al. [1], and also by the group
of Gershenzon et al in Russia [2]. The main assumption inherent in this model is that the
device is treated as a uniform bolometer with a heat capacity, C e, and thermal conductance
to the heat sink, Gth. The bolometer has a resistance which depends on the electron
temperature, 0, and equal amounts of DC and RF (LO) power produce identical changes
in the electron temperature. The entire device is taken to be at the same electron
temperature. More recent uses of this model include that by Yang et al. [3,4] for 2DEG
HEBs, and by Ekstrtim et al. [5,6]. The latter two references analyzed measurements
taken at about 20 GHz on a phonon-cooled BEB (PBEB) with Nb, and obtained detailed
quantitative agreement of the measured and the calculated conversion loss, as the bias
voltage was varied. A popular method for "calibrating" the LO power absorbed by the
device is also based on the assumption of equal heating effects due to DC or RF power
[6]. Recently, analysis of NbN HEBs exposed to RF power at THz frequencies has shown
that this model leads to inaccurate results, in terms of being able to predict the absorbed
LO power correctly, see Merkel et al., 1998 [7]. This puts into question the validity of the
standard model for calculating other quantities, such as conversion loss, output noise
temperature, and receiver noise temperature. In this paper we show that the main
functional dependence of these quantities on the LO power, as measured for several NbN
HEBs, is still in quite good agreement with measured data, based on the standard model,
if the operating point is fairly close to the experimentally determined optimum point for
lowest receiver noise temperature. The theory uses two adjustable parameters to fit
measured data for receiver noise temperature, and output noise temperature. We also
compare the theoretical prediction for the conversion loss, which can be derived from the
measured noise data For all devices, the optimum noise temperature is measured to occur
for about the same value of the optimum bias current, 10, normalized to the bias current
without LO power, I00 , a ratio which is about 0.3 to 0.45. This optimum results from the
competing dependencies of the conversion loss, as well as the different noise processes,
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upon the LO power, as we discuss in detail below. The model also enables us to make
reasonable estimates of the optimum receiver noise temperature which is achievable with
this type of devices of the best quality presently available, and to make approximate
comparisons with HEBs which use other materials, such as Nb and AL

DEFINITION OF THE MODEL

The analysis we will use was presented in detail in [5], and [6], and the main
equations will be quoted from these references. We refer to these for detailed derivations.

Conversion gain

The conversion gain may be calculated by using measured parameters obtained
from the IV-curves of the device, see Figure 1.

Figure 1. Typical I-V-curve for a NbN HEB device.

The bias currents with and without LO power, respectively, defined along a line of
constant resistance, R0, are 10 and 100 . The quantity Co = dR/dP is also assumed to be
constant along this line, since it represents a constant electron temperature. The original
derivation of the Single Sideband conversion gain of an HEI3 mixer by Mains et al. [1]
yielded the following expression

^
R — Ro

G-2C 2  wP1' RI' 1 C04
(RL R0 ) 2 Ro RL

-2

(1)
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where RL is the IF load resistance. The above equation is equivalent to the one used by
Elantiev and Karasik [8, Eq. (17)]. According to the assumptions of the standard model,

0we can write the local oscillator power PLO as 
R0(IO2_102), 

and the DC power dissipated at
the bias point, Ppc, as R010

2 . inserting these into (1), we obtain

Here, we have introduced b= RI,100N0 , where Vo is the bias voltage with LO power
applied. Also, C0100

2
 = C. We let x=(10/100)2 represent the variation with the LO power

(PLO goes to zero for x=1).

Temperature Fluctuation Noise

It has been established for both PHEBs and Diffusion-Cooled BEBs (DHEBs) that
the main noise mechanism is that due to fundamental fluctuations in the temperature of the
bolometer medium, with an equivalent output noise temperature, T. The expressions
given by different sources are basically equivalent, but differ in some details, partly
because they were compared with experiment in situations which allowed some
approximations. For example, Ekstrôm and Karasik [9] give the output noise from the
device into a matched load, RL . A careful re-examination reveals that the R.-dependence
for Ti L is the same as for G, a conclusion also consistent with that of Elantiev and Karasik
([8], Eq. (27); we assume that ZOO = Rd. We then find the following expression for the
temperature fluctuation output noise, TR:

(
RL —

2

(Ro RL 1 X— C
R

L +R0 1

Here, ditidO is the dependence of R on electron temperature at the actual operating point.
It can not be obtained by simply using the measured R/T-curve, but can be found by using
IV-curves near the desired point taken at different temperatures, as shown in Eksträrn et
al [10]. Here, we regard it as a fitting parameter. Also, (AT)2 is known from basic
thermodynamics to be 4 60 2/Gth (per unit bandwidth), where Gth= Cehe is the thermal
conductance from the device to the heat sink (C. is the heat capacity of the device, and to

T FL = (3)
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the energy relaxation time constant). We can simplify (3) by using the fact [5] that Co =
(dR/d9)(ce/Ce), introducing x for (10/100)2 , and defining a numerical constant N=402
(dB/d0), hence

Note that the two device parameters which determine the strength of the temperature
fluctuation noise through N are 0r-td- Te ( T 02 ), and dR/d9.

It was also demonstrated experimentally in [9] that the time-constant which characterizes
the frequency-dependence of the temperature fluctuation noise (Tel is the same as the one
for the mixer conversion loss (c mix). These are given by

To = = (5)
Ro -- RL

1— C
Ro +RL

where Te is the energy relaxation time of the medium.

Johnson Noise

The Johnson noise can similarly be written as [6]

Receiver Noise Temperature

The total (intrinsic) Double Sideband (DSB) receiver noise temperature is now
obtained from the usual expression
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T RX,DSB = Le/2 (To„t + (7)

Le = 1/G is found from (2) above, and (4) plus (6) yield

Tout = Tj (8)

For low receiver noise temperature situations, we may also need to take into account a
term = 2T in/L, which contributes to To ut in (8) (from both sidebands ; T in is usually either
300 K or 77 K).

Elantiev and Karasik [8] derived an expression for the receiver noise temperature,
Tin

IF , in the idealized special case for which the only noise process included is that due to
temperature fluctuations, and the IF amplifier noise is neglected. They found that it is
predicted to approach zero as the LO power is increased indefinitely. We can confirm this
by calculating the ratio of Equations (5) and (2), by which we recover Eq. (28) in [8].

292 G 

(9)
PLo

The receiver noise temperature vanishes despite the fact that the conversion loss goes to
infinity. We illustrate this for typical values of the parameters in (2) and (5) in Figure 2
which displays the DSB receiver NT:

Figure 2. Predicted intrinsic receiver noise temperature for an ideal HEB receiver which
has only temperature fluctuation noise.
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The parameters used in Figure 2 are typical for NbN PHEBs (C=1, b =4, dR/d9 = 75
ohms/IC, T. = 10 K, R. = 50 ohms).

In Figure 3 below, we can clearly see the opposite trends of the two contributions to the
output noise, TFL and TJ , as the LO power is changed. Figure 4 indicates that the
conversion loss has a minimum for a fairly low LO power, i.e. large Idloo (about 0.85).

0.2 0.4 0.6 0.8 1
10/100

Figure 3. Temperature fluctuation noise and Johnson noise at the output of a typical NbN
HEB mixer. Parameters are: C=1, dR/d0 = 55 ohms/K, b=4, T. =10K

02 0.4 0.6 0.8
0/100

Figure 4. SSB Conversion loss versus normalized current (WI N) for the same HEB mixer
as in Figure 3.
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Due to the other noise sources in a practical receiver (Johnson noise, IF amplifier noise)
beyond the fluctuation noise, increasing the LO power to a very large value will not be the
condition for which the receiver noise temperature will be optimized. Conversely, the
region of very low LO power, in which the conversion gain has a maximum, will not result
in the lowest receiver noise temperature either, since then the temperature fluctuation
noise becomes very large. The optimum receiver noise temperature should occur for an
LO power in between these extremes. We will explore this question as we compare the
predictions from the standard model to experimental data obtained recently on NbN
PHEB devices.

COMPARISON WITH EXPERIMENTAL DATA

Many experiments yield data for both T out and T Rx,DsB (see [10]). The measured
DSB receiver noise temperature is of course the total value, including input losses. One
can then also find Lc from (7). This value will be the total SSB conversion loss, from the
mixer input (outside the dewar) to the IF amplifier, including all input losses, and
mismatch at the RF and the IF. Often, it is possible to either independently measure, or to
estimate, the losses outside the mixer itself, and thus one can also find the intrinsic receiver
noise temperature, and the intrinsic mixer conversion loss, L, int . These are the quantities
calculated in (2) and (7). Experiments can thus obtain data for three quantities:

(i) T R,DSB,int,

T.ut;
(iii) Lc,int,SSB •

Values for these quantities were obtained from measured data at different points in the IV-
diagram, by varying the bias voltage and the LO power, respectively. We have used this
procedure for several different NbN devices. We adjusted only the two parameters N and
C in order to obtain the best fit between predictions based on the standard model, and the
experimental values of the above three variables, measured as a function of LO power.
The value of C can be obtained by fitting the conversion loss data, which do not depend
on N. This value for C is then inserted in (4) and a fit is obtained to the data for T. The
values of C and N may need to be re-adjusted to obtain a good fit to the data for the
intrinsic receiver noise temperature. The noise temperature for the specific IF amplifier
used in each experiment was also measured independently, and inserted in the equations.
Reasonable fits were possible as the LO power was varied, as shown for one device in
Figure 5 though 7. The best fit values of C and N were obtained from similar plots for a
total of five devices, measured at frequencies near 650 GHz (devices 1,2,3 and 5) and
1560 GHz (device 4), respectively, as summarized in Table 1. The standard model also
predicts well the variation of the output noise temperature with bias voltage at constant
LO power, but not the conversion loss and the receiver noise temperature under these
conditions, as discussed further below.
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TABLE 1. Summary of data derived from a comparison of experimental
measurements and calculations based on the standard model. 

Dev.# t nm freq. TR,i  Lej if C N dR k Vo 
THz opt, at opt. opt opt. times dO (111V)

dB 104 n/K
lUM 3.5 0.62 190 0.46 8.5 82 1.2 2.6 65 4.45 2.0
2UM 3.5 0.62 240 0.45 10.2 60 1.1 2.2 55 4.45 2.0
3CTH 3.5 0.60 300 0.32 14 30 1.0 3.0 75 3.79 1.4
4UM 4.0 1.56 435 0.37 12.3 42 1.0 4.84 100 2.4 5
SUM 5.0 0.62 500 0.42 15.7 27 0.8 0.86 15 12.5 2.0

Figure 5: Predicted and measured intrinsic receiver noise temperature versus normalized
bias current for device #2 in Table 1. Measurements were done at 620 GHz. In this and
the following figures, the smooth curve is the predicted one, if not specifically marked.
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140
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Vo, mV
Figure 6: Predicted and measured output noise temperature in K, versus normalized bias
current for device #2.

Figure 7: Predicted and measured intrinsic conversion loss (in dB) versus normalized bias
current for device #2.
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DISCUSSION

The comparison given above between theoretical predictions and experimental data for
several devices enables us to draw some general conclusions. Specifically,

1) There is a qualitative agreement between the theoretical and experimental curves of
TR,DSB, 

L
e,i, and Tout, as the LO power is varied over the range used in the experiments.

2) The optimum intrinsic TR,Dsg is in the range 190 K to 500 K. The thinnest devices
consistently yield lower NT.

3) The optimum receiver NT occurs at a very similar Woo value for all devices, the
experimental range is 0.32 to 0.46, and this is close to what is predicted from the
standard model.

4) The optimum conversion loss is at best 8.5 dB, and more commonly 10-12 dB. The
devices with lowest conversion loss typically also have higher output noise
temperature. The conversion loss is lower by a sufficiently large factor that TR,Dsg is
still lower for these devices.

5) The values for dRide also fall in a fairly narrow range, from 55 to 100 SI/K., except for
the 5 nm device which has dR/d0 = 15 0./K.

We discuss some of these conclusions further below:

C-value and optimum conversion loss.

We can predict the C-value from the standard model by using the slope of the W-curve
for the no-LO case, i.e. at a current of Ism, using the following expression from [5]:

dV 1+C01020
= R0 (10)

dl 1— COIO0

For all of our recent NbN devices, the slope at this point of the IV-curve is essentially
horizontal, i.e. dV/dI is infinite, and C = C0100

2
 1 .0. This is seen to agree with the C-

value derived from our comparison with the experimental data. For C = 1, the optimum
conversion loss is 6 dB, but this is attained for a much larger Law-value than seen in the
experiments ( WIN 0.8 to 0.9). As mentioned before, the low conversion loss at larger
normalized current does not lead to the optimum noise temperature, since the fluctuation
noise grows rapidly with increasing WIN . The C-value we derive from fitting the
experimental data of receiver noise temperature, etc., is close to 1.0 ( the range is 0.8 to
1.2). We can therefore assume an effective value for C of 1.0 when assessing the optimum
performance of NbN liEBs (this is quite conservative since we have already measured
1■1-1)N devices with C as high as 1.2, which have lower noise temperature than we claim for
NbN in this section).
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To avoid confusion, we should mention that Karasik and Elantiev [8] use a
different definition of C ( C=C0IO

2, where lo is the current at the operating point).

N-value and dR/da

The values for N and dR/cle also fall within a fairly narrow range. One can estimate
dR/cle based on IV-curves for different temperatures, and this was done for a NbN PHEB
in reference [10] A value similar to what we have found here was obtained, &MO = 63
WK. For Nb DHEB devices, dR/d0 was estimated to be in the range 68-250 SI/K [11],
somewhat lower in operating points which yield optimum conversion gain. However, this
reference found that it was not generally possible to predict T. ut for Nb DHEBs from
parameters such as dR/de and the standard model [11]. We will compare PHEBs and
DHEBs later in this paper.

Discussion of Variation with the Bias Voltage

Measured and modeled data for different bias voltages at constant LO power are
given in the following three figures. The bias voltage enters the equations through b =Ri.*
I00 / Vo . We used the same values for C and N, resp., which were obtained from the fit in
Figures 5 through 7. The values of I 0/100 for each point were found from an experimental
IV-curve for constant LO power. This curve included the point at which the optimum
receiver noise temperature was measured.

It is clear that the standard model does not predict the variation of receiver noise
temperature (Figure 8) or conversion loss (Figure 9) with the bias voltage, although the
output noise temperature curve shows a good fit (Figure 10). The predicted conversion
loss depends only on C, not on N, and it is thus clear that if one wanted to fit the
conversion loss versus Vo with the standard model expression, then C must also vary with
Vo. Specifically, C would need to decrease as Vo increases. This behavior is actually found
in the one-dimensional hot spot model of Merkel et al. [7]. In future work, we plan to
incorporate the conclusions from [7] explicitly in our model. This will not be pursued
further here, however. Instead, we note that close to the optimum, C-Ads 1 produces a good
fit, and that this point occurs for a bias voltage corresponding to a b-value of roughly 4.

Another parameter which changes the value of b in our equations is R L. Since the
b-dependence for receiver noise temperature and conversion loss differs from that of the
standard model, we do not at this stage know how to predict how the receiver noise
temperature would change if we were to change RL . We can, however, predict what
would happen if we were to change R I, and Vo by the same factor. In this case, b will be
unchanged, and the receiver NT will also not change. There are almost certain to be
parameter combinations for which the NT would decrease for a change of R I, from the
value of 50 ohms which we assume throughout this paper, however. This offers an
intriguing possibility of further lowering the receiver NT of THz HEBs.
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Figure 9: Calculated and measured intrinsic SSB conversion loss versus bias voltage for
device #2.
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CALCULATED
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Figure 10: Calculated and measured output noise temperature (K) versus bias voltage
(mV) for device #2.

Prediction of Optimum Receiver Noise Temperature for Devices with Different Critical
Temperatures.

Based on the above results, we can make some approximate predictions for the
expected optimum receiver noise temperature for different materials, such as NbN, Nb,
and Al. The detailed model for diffusion-cooled BEBs is certainly different from that of
PHEBs, but it is believed that the standard model is still a sufficiently good guide for this
estimate. The standard model was, indeed, used for this purpose by Elantiev and Karasik
[8], and by Karasik and McGrath [121. In performing this estimate, we will choose values
of C = 1.0, and dR/c18 = 55 DAC, which are typical for the optimum points of NbN
devices. The main difference between the different materials then is the transition
temperature, 8, for which we take 10 K for NbN, 5 K for Nb, and 1.5 K for Al. Any real
receiver would also be somewhat limited in performance by its IF amplifier, and we
assume a value for TT of 5 K, about the best which is presently achievable. Figure 11
shows our predictions for receiver NT for these materials, assuming the same values for
the other model parameters. The conclusion is that a lower transition temperature in
principle helps one achieve a lower receiver NT. However, other factors must also be
considered, as becomes clear as we compare these predictions with the best
experimental data measured so far. As expected, the optimum receiver noise
temperature occurs for a higher value of WI N (0.46 for Nb and 0.75 for Al) as 0 is
decreased, since the temperature fluctuation noise is lower. The total output noise
temperature at the optimum receiver noise point is 13 K for Nb and 6 K for Al. Our
predicted optimum receiver noise temperatures are considerably higher than those
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obtained by Elantiev and Karasik [8], and later Karasik and McGrath[12]. The latter
authors find 50 K for NbN, 12 K for Nb, and 4 K for Al. These estimates utilize
approximations which would appear to be equivalent to using a very large C-value (about
6, using our definition), which we believe is unrealistic (see the discussion above). The
optimum conversion loss is consequently predicted to be very low (some conversion gain,
actually). Conversion gain has been measured in lower frequency HEB mixers [5, 11], and
for a NbN PHEB mixer at very low IT (600 kHz) in one case [13]. While HEBs clearly
can achieve conversion gain under such special conditions, this has not yet been
demonstrated at GHz IF for any THz BEB mixers. Instead, we find a lowest conversion
loss of 8.5 dB (see Table 1). In comparing existing measured data for Nb DFIEBs with our
predictions [11], we note that for the frequencies 533, 1267, and 2540 GHz, the output
noise temperature was 41K, 16.6 K, and 10 K, respectively. At the same frequencies, the
intrinsic conversion loss was 14 dB, 13 dB, and 18.5 dB. The lowest intrinsic receiver
noise temperature was found at 1267 GHz, and would be 210 K, if we assume TrF =5 K.
This is comparable to the best NbN results, as are the recent measurements of the total
receiver NT at 2.54 THz [14]. The conversion loss at all the above frequencies is higher
than for any of the NbN mixers, however, which explains why the measured receiver NT
at the present time is roughly comparable for Nb DHEBs and NbN PHEBs. Thus, low
output noise is not sufficient, one also must have low conversion loss, in order to
realize the optimum receiver noise temperature performance of which HEB mixers
are capable. NI) DITEBs may also have somewhat higher values of dR/de [11], whereas
55 oluns/K was used for the predicted performance in Figure 11. NbN mixers have higher
output noise in general, but also considerably lower conversion loss. For NbN we have
included two curves in Figure 11: one with C=1, and another one with C=1.2 and dR/d0 =
45 oluns/K which approximately matches the best NbN mixer in Table 1 with TR,DsB of
190 K; note that this performance has already been achieved. The situation for Al is of
course completely unpredictable at the moment, until experimental data become available.
Specifically, it must be clarified whether low conversion loss is at all possible in Al, for
which a different process due to bandgap suppression from the hot electrons (Semenov
and Gol'tsman, [15]) may be responsible for the HEB conversion p .m, (it appears that no
electron equilibrium distribution can become established). Other uncertainties in the Al
case are the effective value for dR/d9, and whether there are any difficulties in operating in
the optimum region for this material, which requires lower LO power, based on the
standard model (instabilities may become a problem). Finally, we should note that the
quantum noise limit for any coherent double sideband mixer is 1162k = 24 K at 1 THz, and
61 K at 2.54 THz. None of the above HEB mixer technologies can of course produce
lower noise temperature than liF21c, and the intrinsic noise temperatures of NbN mixers
are presently less than a factor of ten times this limit As HEB technology develops
further, the difference in receiver NT between different versions will matter less and less,
and other factors may assume primary importance.
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The standard model versus newer models

We have shown that some features in the measured data for NbN PHEBs can be
explained quite well by the standard model, whereas others can not. Specifically, we can
not model the dependence of the receiver noise temperature on Vo, and as a consequence
also do not know the effect of R.L . HEJ3 receiver designers will require a model which
covers all important aspects in order to be able to successfully optimize all aspects of the
performance of these already very good receivers, however. The standard model is
basically a "zero-dimensional" model which can for example be expected to describe an
HEB device exposed to sub-bandgap microwave power. The DC power and the
microwave power are then absorbed in equal resistances in any given section of the device,
and a single heated region ("hot spot") is obtained. On the other hand, at above bandgap
frequencies, THz radiation ,is absorbed in the entire device, whereas DC heating is likely to
still create a hot spot (see Merkel et al.,[7]). A more complicated model is clearly required
for the THz case. Progress along these lines will require further work in which HEB
theory and "diagnostic" measurements of the type we have used, are coupled in order to
validate the new HEB models.

0.2 0.4 0.6 0.8
10/100

Figure 11. Optimum noise temperature for three different HEB technologies, predicted
from the standard model. Parameters assumed are C=1 (additional curve for NbN with
C=1.2), b ----- 4, RI, = 50 ohms, and dR/d0 = 55 ohms/K. T. is 10 K, 5 K, and 1.5 K,
respectively, for NbN, Nb, and Al.
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CONCLUSION

Comparison of experimental data for several NbN PHEBs with calculations based
on the standard model indicate good agreement with the variation of receiver NT, output
noise and conversion loss as a function of LO power. As the bias voltage (V 0) is varied, it
appears that the effective self-heating parameter C decreases with increasing voltage.
Further investigations of this problem should be able to include the variation with Vo, and
result in predictions of the optimum IF load impedance. It would be interesting to extend
the measurements to the IF impedance, and compare this with model predictions.
Ultimately, HEB designers need a comprehensive model upon which to base the detailed
design of matching circuits, which optimize not only the noise temperature, but the IF
bandwidth and the flatness of the receiver NT versus IF frequency as well
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Abstract

We compare theoretical predictions based on the electronic hot spot (EHS) model for hot
electron bolometers with experimental results obtained with a Nb diffusion-cooled
bolometer. We calculate the current-voltage, I(V), characteristics both analytically and
numerically and find a good agreement with unpumped and pumped experimental I(V)
curves. Observed deviations can partially be explained by the thermal conductance of the
superconducting parts of the microbridge, which is lower than the normal state value
assumed in the analytical model. Remaining deviations are attributed to heat-trapping due
to Andreev reflection, resulting in a thermal boundary resistance at the interface.
Furthermore, the influence of a finite electron-electron interaction time, which prevents
complete thermalization of the electrons, is discussed.

I. Introduction

Despite the rapid progress in HEB mixer development from the experimental side, it is
not fully clear yet what the limits of their performance are. This question has been a
central subject of several studies, in which the bolometer, being essentially a
superconducting microbridge contacted by normal conducting banks, is treated as a so-
called transition-edge detector (lumped element approach) [1,2]. In these papers a
broken-line transition model represents the resistive transition of the microbridge.
Recently, however, the authors have shown that the resistive transition of the HEB of the
microbridge is only relevant at a bath temperature close to the critical temperature T, of
the microbridge [3].

At low bath temperatures, where the actual mixing experiments are being
performed, the lumped element approach is no longer adequate and the presence of a
temperature profile in the microbridge has to be taken into account. We have proposed to
describe heterodyne operation of the HEB mixer in terms of an electronic hot spot (EHS)

a Corresponding address: University of Groningen, Department of Applied Physics, Nijenborgh 4,
9747 AG Groningen, The Netherlands

b Electronic mail: wilms@phys.rug.n1
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of which the length, and consequently the resistance, oscillates at the intermediate
frequency[4,5]. This process is schematically depicted in Fig. 1. The potential importance
of hot spot formation in phonon-cooled HEB mixers was also recognized in [6]. From a
different perspective others have recently taken into account the temperature profile in
the microbridge, but continue to relate the mixing properties to a local temperature
dependent resistance [7,8]. In our EHS model, it is the length of the resistor that changes.

In this paper we compare analytical and numerical predictions made by the EHS-
model with experimental results obtained on a Nb HEB mixer. We will mainly focus on
the pumped and unpumped I(V) characteristics. In Section II we discuss the heat balance
equations which we use to calculate the I(V) curves of the device. In Section III we
present measurements of the pumped I(V) characteristics of the Nb HEB and compare

contact pads

Fig. 1: Schematic representation of the electronic hot spot model. The microbridge
is in a normal conducting state in those regions with T>T c (hot spot region).
Beating of the absorbed RF power density at the intermediate frequency
leads to a modulation of the length of the hot spot, and thus to a modulated
resistance of the mixer.

584



[1]

Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

(Pp+pRF)Ax

— K  
dT 

dx

T —Th

Fig. 2 : Heatflow diagram of a small segment Ax of the microbridge, from which the
heat balance equations are derived.

them with the calculations. In Section W we discuss the deviations between experiment
and model.

II. Heat balance equations

If the critical current of the HEB is exceeded, the dc and RF power cause the
formation of an electronic hot spot in the center of the otherwise superconducting
microbridge [5,9]. With increasing power dissipation, the length of the hot spot, and thus
the resistance, will increase and eventually asymptotically approach the normal state
resistance of the bridge.

The heat flow inside a small segment Ax of the microbridge is depicted in Fig. 2.
Joule heating occurs as a result of absorption of RF radiation and dc dissipation. Direct
current dissipation only occurs inside the hot spot, whereas the RF radiation is absorbed
homogeneously, because the RF frequency is assumed to be much larger than the gap
frequency of the superconductor. The difference between the inflow and outflow of heat
K(dT/dx), with K the thermal conductivity, at position x and x+Ax determines the
magnitude of the diffusion term. Heat is transferred in the bulk from the electrons to the
phonon bath. To parameterize which one of the two dominates for a microbrid ge with
length LB, it is convenient to introduce a so-called thermal healing len gth -

A.TH given
by [9]

Here, te-ph is the electron-phonon energy scattering time, c e is the electronic heat capacity
and D is the electronic diffusion constant. If kni>LB , the HEB mixer is in the diffusion-
cooled limit, in the opposite case it is phonon-cooled. Based on the heat flow diagram of
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Fig. 2, we have the following heat-balance equations for a pumped microbridge with a
normal state resistivity p n, at a bath temperature TB, and biased with a current density j:

Here, pRF is the RF power density (per unit volume). We solve these equations by
requiring that, at the end of the microbridge, the electron temperature T equals the bath
temperature TB . In addition the electron temperature at the boundary of the hot spot
equals the critical temperature of the microbridge T. Matching of K(dT/dx) at the hot
spot boundary yields the following expression for the current as a function of the hot spot
length LH and PRF

i(L ii PRO=

In the calculation, we have made a number of assumptions, which allow an analytical
solution of the problem, but do not include the correct temperature dependence of the
thermal conductivity and coupling strength between the electron and phonons. Therefore,
a numerical calculation was performed DO].

First, in Eqs. 2 and 3, we have taken K independent of temperature, which is not
true in reality. The thermal conductivity in the normal parts is described via the
Wiedemann-Franz law, which states that the thermal conductivity is linearly dependent
on the temperature. Also, in the superconducting parts K rapidly decreases with
decreasing temperature due to the decreasing quasi-particle density. In our numerical
approach we have used the following relations [11]

3(

K = K„ T. (outside hot spot) [6]

where Ko is the thermal conductivity at the critical temperature T. Note that Eq. 6 is an
empirical relation, which is compatible with the microscopic theory in the relevant
parameter range, but easier to use in the calculations.
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Secondly, the cooling of hot-electrons is not linear in temperature, but is found to
be proportional to T4-TB

4 [12]. Therefore, the second term in the heat-balance equations
is replaced with

A(T4 [7]

where A is a constant and equal to —10 10 .
Finally, in the analytical model, the transition between the normal conducting

parts and superconducting parts is sharply defined, by taking Eq. 2 and 3 in different
domains. In reality, we suppose that the resistivity changes gradually from pn to 0 over a
certain length L. To model this, we assume that we can express the change of the
resistivity as a function of position near the interface by the Fermi-function

p(x)----- P N [8]

1+ e

Since we calculate the temperature as a function of the position, it is convenient to use
the following equivalent expression, by which we replace p n of Eq. 2:

p(T) = Pn
T-T,

[9]
1+e

A practical reason why Eq. 9 is used, is that it greatly simplifies the numerical procedure.
Note that in the analysis we have assumed that an effective temperature can be attributed
to each position in the microbridge, which implies a zero electron-electron interaction
time.

III. I(V) characteristics of the pumped HEB

HIA Experimental

We measure the I(V) curves of the hot-electron bolometers as a function of applied RF
power density and compare them with the results of the calculated I(V) curves based on
the heat-balance equations. Details of the devices can be found in [13]. The bolometer is
mounted in a fixed-tuned waveguide, designed for frequencies around 700 GHz and
cooled down to 4.2 K. RF radiation is provided by a carcinotron with a doubler and
coupled to the mixer via a mirror. The coupled RF power is regulated with an adjustable
attenuator in the optical path. The measurements are performed at a frequency of exactly
700 GHz. The critical temperature of the microbridge is — 6 K, which corresponds to a
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Measured 1(V)
......... Calculated, analytical solution
- - - - Calculated, numerical solution

0.0 01.5 1 1.5 2.0

Voltage (mV)

Fig 3: Measured and calculated 1(V) curves. The solid curves are the measured
characteristics, whereas the dotted and dashed curves are the calculated
characteristics, resulting from the analytical and numerical solution of the
problem, respectively

gap frequency of — 470 GHz. This justifies our assumption that the radiation of 700 GHz
is absorbed homogeneously in the microbridge.

B Results

Fig. 3 shows three measured 1(V) curves, together with the calculated ones. The data are
obtained by using the de bias-supply in bias-current mode. Note that this bias-supply,
when operated in voltage-bias mode, does not allow measuring the regions of the 1(V)
curve with a negative differential resistance, due to oscillations. For clarity we only show
the part of the 1(V) which is recorded from high bias current to zero current. Therefore
the hysteresis loop is not visible (the critical current of the unpumped curve is 120 .tA).
The measured data are corrected for a small series resistance of — 1 a, which originates
from the electrical connection in the mixermount.

The measured curves are compared with the result of the analytical calculation,
i.e. Eq. 4, and the numerical calculation. The parameters used for both calculations can be
found in Table 1. They are determined by first optimizing the agreement between the
unpumped curves. Fixing these values, we then calculate the pumped 1(V) curves by
adjusting only the absorbed RF power. We find a good agreement between model and
measurement if we use 27 nW, 48 nW in the analytical calculations and 22 nW, 38 nW in
the numerical calculations. Evidently, the numerical simulation predicts a somewhat
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lower minimal current than the analytical result and is in somewhat better agreement with
the measured curves.

We have also applied the isothermal technique at high current to determine the
coupled RF power [14]. We find 27 nW and 57 nW, which is in reasonable agreement
with the values calculated from the heat balance equation as it should.

Table 1: Parameters used or the calculated 1(V) curves offigure 3.
D

cm2/s
Ce

J/m2K
're-ph

ns

.
T

B

K

-
Tc

K
LB
nm

A.TH

nm

Ko
W/mK

A
W/m3K4

Analytical calculation 1.2 2800 1 4.3 5.9 300 350 - -
Numerical calculation - - 4.3 5.9 300 - 0.32 0.3x101°

IV. Discussion

A few comments can be made about the outcome of this comparison between
measurements and calculations. As emphasized, the RE power densities, which follow
from the conventional isothermal technique do hardly differ from those predicted by the
EHS-model calculations. The isothermal technique is based on the lumped element
approach, which implies that a change in dc power and RF power results in the same
change in resistance of the device. At low bias voltage, where the length of the normal
EHS is substantially smaller than the length of the microbridge, this is obviously
incorrect. At large bias, however, the 1(V) is quasi-Ohmic and the EHS boundaries reach
to the end of the microbridge, so both dc power and RF power are dissipated along
almost the full length of the microbridge. Therefore, the physical state of the microbridge
closely corresponds to the state required in the isothermal technique.

It is obvious from Fig. 3, that at low bias, disagreement arises between the
measured and calculated I(V) characteristics, in particular in the relevant experimentally
accessible regime of positive differential resistance. In the EHS model the 1(V) curve
"bends up" with decreasing voltage, because the diffusion term in the heat balance
equation is of growing importance with decreasing hot spot length (or voltage). The
second derivative of the temperature profile increases with decreasing hot spot length.
This implies, that as a counter balance, the dc power needed to sustain the hot spot, will
decrease slower with decreasing hot spot length (non-Ohmic behavior) and eventually
become almost constant. Consequently, the current and voltage become inversely
proportional to each other and the differential resistance becomes negative [9].

Experimentally the measured minimum dc power to sustain the hot spot is found
to be smaller than the predicted minimum dc power (see Fig. 3). This can only be
reconciled within the model by assuming outflow of heat from the microbridge is less
than assumed. Indeed, if the reduced thermal conductance in the superconducting parts is
included better agreement is obtained. In addition, the interface is electrically conducting
but constitutes a thermal boundary resistance for energies below the energy gap, which is
the essence of Andreev reflection. This process is schematically represented in Fig. 4.
Since there is no energy transfer during this process, heat will be partially trapped in the
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e-e interaction

Asm
4-0

0

Andreev reflection

0

Hotspot region

Fig. 4 : Representation of physical processes which are not included in the analysis,
but are relevant in the heat transport. Andreev reflection occurs for energies
below the gap energy of the superconductor and results in an additional heat
transfer barrier at the N/S interface. Moreover, a non thermal distibution
function due to the finite electron-electron interaction time would require an
energy dependent analysis of the heat tranport problem.

hot spot. Only those electrons with energies larger than the energy gap have a high
probability to diffuse out into the superconducting parts.

Let us finally discuss the effect of a possible incomplete thermalization of the
electron system. The electron-electron scattering time can be approximated by [15]

t i
-„1 = 10 8 R sj [10]

with Rsq the square resistance of the material. This time, using Eq. 9, is — 50 ps in our
samples at 6 K, which corresponds to an electronic thermalization length of 70 nm. In
our analysis we have used as a starting assumption that an effective temperature can be
attributed to each position in the microbridge, which implies an infinitely strong electron-
electron interaction [5]. The effect of a having non-thermal distribution function is
beyond the scope of our current investigations. However, incomplete thermalization is an
important issue for the sensitivity of the bolometer, and might cause a reduced mixer
conversion gain [16].

V. Conclusions

In conclusion, we have compared I(V) curves of Nb diffusion-cooled HEB pumped
above the gap frequency with the electronic hot spot model. We find an excellent
agreement at high voltage, whereas deviations at low voltage can be accounted for in a
plausible way by pointing out certain simplifications made in the model: the reduced
thermal conductance in the superconducting parts of the microbridge and the existence of
a thermal barrier as implied by the process of Andreev reflection.
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Abstract— A hot spot mixer model for phonon cooled hot electron bolometers is set
up to accurately determine the dependence of the bolometer resistance on bias and
absorbed LO power. An one-dimensional power balance for the nonequilibrium
electrons containing an electron heat conduction term along the film and a loss term
due to phonon escape to the substrate is solved. In the device's operating region of
interest the absorbed heating power is usually large enough to heat a part of the
bolometer bridge above the critical temperature forming a normal conducting hot
spot. In this model heating due to the LO is assumed to be uniform whereas bias
heating takes place in the hot spot region only. Solving the nonlinear power balance
for the hot spot length allows to predict current-voltage characteristics, required
heating powers and regions of optimal operation. Applying a small signal model in a
given operating point yields an estimate for the intrinsic conversion gain.

I. LARGE SIGNAL MODEL

Existing device models for hot electron bolometers [1,2] treat the bolometer as a lumped
element. It is assigned an effective temperature for the phonons and another for the
electrons at a given bath temperature. In terms of heating bias power and RF power are
equivalent and exchangeable. From this a method [3,4] to calculate the absorbed RF power
is derived. This method is referred to as "isotherm" method: Operating points with identical
device resistance must have identical temperatures since R(To„,,(,,, ) is a single valued

monotonous function. Identical temperature implies identical power losses and identical
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total absorbed heating power. So the bias power difference of two such points equals their
absorbed RF power difference since their heating efficiency is the same.
Applying the isotherm method to an IV-curve with constant incident LO power the
calculated absorbed LO power turns out to drop with decreasing bias voltage in a wide
range of the bolometer's resistive transition region. For large bias voltages a constant
absorbed RF power is observed. Since the applied RF frequency (1.1 THz, 2.5 THz) is
larger than the quasiparticle bandgap (about 700GHz at bath temperature) one would
expect the RF resistance to be equal to the normal resistance and consequently the antenna
matching and RF coupling to the bolometer not to depend on bias voltage at all.
Considering optimal operating points the isothermally calculated RF power is about a
factor 1.5 to 3 smaller than the absorbed LO power observed for large bias voltages.
Calorimetric data [5] evaluated in vicinity of the optimal operating point show an absorbed
LO power close to the value obtained for larger voltage by the isothermal method. This
discrepancy is explained by taking spatial effects of the heating into account. For
frequencies far above the bandgap LO power is absorbed uniformly on the bolometer
bridge. Applying typical LO power levels (about 50nW to 250nW ) and bias heating
powers (about 150nW for short devices) electrons will be heated above the critical
temperature in a portion of the bridge. This creates a normal conducting hot spot. Then
bias power absorption will be constrained to the normal conducting part of the bridge only.
The heating efficiency due to bias is therefore different from the LO heating efficiency.
Now it becomes obvious why the discrepancies between the "isotherm" method and
experiment occur exactly in the operating regions where the hot spot is small leading to
very different heating efficiencies for LO and bias and where the assumption of
exchangeable heating powers is consequently not valid. The "isotherm" method and the
lumped element approach works well for large bias voltages: There the hot spot covers
almost the whole bolometer resulting in very similar absorption regions and therefore
similar heating efficiencies for bias and LO power. The "isotherm" method works also for
frequencies below the bandgap. There pair breaking for a given LO frequency is restricted
to a small fringe around a hot spot. Absorption areas are similar again and consequently the
heating efficiencies comparable. In all other cases the isotherm method underestimates the
absorbed LO power since bias heating turns out to be more efficient than LO heating. It is
therefore indispensable to include spatial effects into a model for the bolometer heating in
order to describe the device behavior properly. This is done in the following one-
dimensional mixer model.

A. Nonequilibrium heat balance

Here a hot spot mixer model is presented for phonon-cooled hot electron bolometers which
is based on the solution of a one-dimensional, nonlinear coupled heat balance for electrons
and phonons. Heat balances for hot spot models with analytical closed form solutions and
numerical results have been published elsewhere. These balances were either in time
domain for a point bolometer [4,6,7], in time domain with one spatial dimensions with a
linearized loss term [12], or fully nonlinear one-dimensionally in time domain where no
closed form solution is available [13] ).
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Here a closed form approximated solution of the nonlinear equation system is given where
the loss term has not been linearized. The complete steady state partial differential equation
system for the electrons (1) and phonons (2) takes the followin g, form:

T(d )T (x)— OF
) 3 . 6

 T- electron fr phononi+ 13 (x ) =dx-

d2
Api , (4+ e lectron [T (43. 6 T(X).,6

(

dx
_ p no paononi— 

C 
pnonon[

T
 \X . plzoror Tblithi=

t w
a1 eectron 26

3.6 . T (T)electron —÷ phonon

=
C plzonon Vph) 

0" phonon 3.0 t • w
4.0 . T ;° phonon escape kT ph )

denote the efficiencies of electron-phonon cooling and of phonon escape as a function of
the thermal capacitances and appropriate relaxation times [6]. Numerical values for these
parameters in NbN on Si are summarized in Table 1. P(x) is the electron heating power
density profile. The thermal conductivity is obtained by applying Wiedemann-Franz law
[1O] to measured data for the normal film resistance. For the given NbN bridge geometry
(c.f. Table 1) the one-dimensional thermal conductivity becomes:

e • T nW nm 
27 T

K 21°1-en-
N

Since almost all phonons leave the film and escape to the substrate the heat conduction
term due to phonons in film direction in the phonon heat balance (2) is neglected reducing
it to an algebraic equation. Solving the latter in terms of a power series allows to eliminate
the phonon temperature in the electron heat balance (1) leaving a single power balance for
the electrons. Inserting the electron heating term assuming uniform absorption of RF power
(all along the bridge of length 2L) and restricted dc bias absorption within a hot spot
(covering the interval —H to +H) results in the following ordinary nonlinear differential
equation remaining to be solved.

(1)

(2)

Here X denotes a coordinate parallel to the bolometer bridge, T, TJ,fl(),,,,. Tbar„ the electron,

phonon and bath temperature. A, ,( 2L ph ) stands for the electron (phonon) thermal

conductivity in direction of the bolometer bridge.
C 

electron(T) 
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d2
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bath, ' = V

2H

PRF and P are the RF and bias powers dissipated in the film. 11 H (x) is a function being
unity inside the interval —H to +H and zero elsewhere. The effective electron cooling,
efficiency c e.# is given by the "pure" electron-phonon cooling term reduced by a "phonon-

escape-bottleneck" term obtained by series expansion of the phonon heat balance:

electron(T)• 
t • w

The effective bath temperature is slightly larger than the physical bath temperature and
4.0

found to be Tb„rh.ev = T .

No closed form solution is available for (3). Therefore attempts have been made to linearize
the loss terms [12] which is a valid approach for mixers where the substrate temperatures is
close to the critical temperature. This is definitely not the case for NbN bolometers
operated at 4.2K with a critical temperature of about 9.9K. In the following a method is
presented where the loss terms and heating terms are treated fully nonlinear.

B. Solution procedure

In a first step the dependent variable in (3) is transformed according to 7" 3.6 ---> q . The loss

term is now obviously linear in q. A series expansion of the dependent variable q around an
average temperature aA average yields an approximation for the thermal conduction term

where an effective thermal conductivity ,a is defined as follows:

d 2 d2 A
1--1 d 2 	d 2

dx2
A T=A• "q,=,- 

3.6 

. Vaverage •
/73.6

q = Aeff 2 q (5)dx 2 dX2 dx

Applying this the key equation is reduced to a linear differential equation in T (x)'6

Obviously the curvature of the 3.6
h

 root of the temperature profile is much smaller

compared to the curvature of a 7 1 (4 -term improving the solution accuracy considerably.

In a second step the remaining differential equation must be solved:

(3)

Celt (4)

c12
Ae 2 T (x)

dx
eff [T ( X )3 6 — Tb3:/i eff

1
(6)

p p H ) 0
+ RF bias —

2L 2H
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with the boundary conditions:

(L)3 = T(- Li) 6 =

After a quite lengthy calculation an electron temperature profile is obtained containing an
initial guess of the hot spot length H as a parameter. Results for the electron temperature
profile (for a NbN phonon-cooled bolometer with the parameters listed in Table 1) are
shown below:

Fig. 1 Electron temperature profile of the reference bolometer (c.f. Table 1) for different LO powers under
constant 100nW dc bias heating. The applied LO powers are 50nW (solid line), 100nW (dotted line),
200nW (dashed line), and 300nW (long dashed line) respectively. The horizontal line at 9.9K indicates the
critical temperature of the bolometer.

Taking into account a relation for the absorbed bias power Ph  = I 0 • 17
0 and a geometric

relation for the device resistance = -1-1- the large signal model is self consistent. In
R(11) L

order to obtain a self-consistent hot spot length the initial hot spot length guess must be
chosen to give rise to a temperature profile for which the resulting hot spot length is
identical to its initial guess. The hot spot length is thus obtained by a simple fixpoint
calculation. The hot spot length as a function of heating powers is shown in Fig 2.
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200

Fig. 2 Relative Hot spot length (normalized by the bolometer bridge length) of a typical (200nm long/liim
wide/35Ik thick) NbN bolometer as a function of heating powers.

Based on the hot spot length as a function of heating powers pumped and unpumped IV
curves are easily calculated. A Comparison between measured and calculated IV curves is
shown in Fig.3.

100

60

20

/

(//

11//1

0 0.5 I 1.5 2 25 3

v (mV)

Fig. 3 Measured (gray curves in several shadings) and self-consistently calculated IV curves. The measured
curves range from unpumped (top curve, black) to heavily pumping conditions (light gray) where a crude
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estimation of the LO power yields 200nW. The calculated curves are obtained for 350nW (bottom
curve),310nW, 270nW, 230nW and 190nW (top curve reaching down to zero bias voltage) LO power.
There are two more IV curves starting at higher bias voltages for 150nW and 110nW. These curves end
where no hot spot is supported by the heating powers. The top measured curve is an unpumped curve

Knowing the hot spot length as a function of heating powers, it can be linearized in vicinity
of an operating point resulting in the following total differential for the device resistance:

R(7. . ) (9H 
R=R Pb0 LO - thaS P Lo P

aPL.G. aPhius

Here PL0,P/„.„,. denote the time averaged heating powers whereP LO
are small power

amplitudes oscillating at the IF frequency. The resistance changes due to LO and bias
power i.e. the heating efficiencies or "slope factors" [9] depend largely on the operating
point. Calculated data for the LO heating efficiency for all points on the IV curves from
Fig. 3 are summarized in Fig.4.

(7)

0 0.5 1 1.5 2.5 3
(nV)

Fig. 4 Calculated LO/RF heating efficiency along the self-consistently calculated IV curves from Fig.3. The
curves are obtained for 350nW (bottom curve),310nW, 270nW, 230nW and 190nW (top curve reaching
down to zero bias voltage) LO power. There are two more IV curves starting at higher bias voltages for
150nW and 110nW.

As pointed out before, this one dimensional large signal model provides different heating
efficiencies for LO and bias heating. The ratio between dc bias and LO heating is shown
below. Obviously dc bias heating is always more efficient than LO heating.
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Fig. 5 Calculated ratio of LO and bias heating efficiency along the self-consistently calculated IV curves
from Fig.3. The curves are obtained for 370nW (bottom curve),310nW, 270nW, 230nW and 190nW,
150nW, 110nW, 80nW, 60nW and 40nW. In a lumped element approach [9] this ratio is assumed to be
unity

In this framework (7) Rho stands for a "pre-heated" de device resistance which depends on

the time averaged heating powers in the operating point as shown in the following figure.

0 0.5 1 1.5 2 2.5 3
v(mV)

Fig. 6 Measured (gray curves in several shadings) and self-consistently calculated resistance curves as a
function of the device voltage following the self-consistent IV curves from Fig. 3. The LO power range is
identical to Fig. 3. Obviously increasing LO power corresponds to increased device resistances for the same
bias power.
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With the knowledge of the above parameters (device resistance and hearing efficiencies) a
small signal approximation can be made in an operating point where a hot spot exists:

II. SMALL SIGNAL MODEL

Following [91 the bolometer circuit shown in Fig.b is modeled by three parallel impedances
(the bolometer, a bias voltage source in series with a bias resistor and a dc block capacitor
in series with a load resistance). RF and LO are fed into the circuit by quasioptical
waveguides at one bolometer terminal. This superposition of a LO and a RF signal is
absorbed by the bolometer. Since the bolometer cannot follow power variations at LO and
RF frequencies it is heated by the time averaged power and by a power signal oscillating at
the difference frequency of the LO and RF.

Cb:ock

Fig. 6 Mixer circuit. The (pre-heated) bolometer is in series with a bias circuit and the load. The
quasioptical feeding is symbolized by a waveguide connection at the upper bolometer terminal.

The heating at IF gives rise to a modulation of the bolometer resistance. Assume the LO
signal to be much larger than the RF signal. Then the time average heating (and with it the
operating point) are not influenced by the generated small IF signal. For such a "pre-
heated" operating point the differential dissipated power in the load resistance due to such
a small IF signal can be calculated. In contrast to other small signal models [1,2,3,9] two
generally different slope parameters for bias and RF heating are extracted from measured
IV curves around the desired operating point (c.f. (7), Fig.4 through 6).

Assuming a the bias voltage source to be constant in time and assuming time harmonic
variations at the intermediate frequency (IF) for all other currents and voltages, Kirchhoff's
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rules specify a complete equation set for all electric parameters. Inserting time varying
currents and voltages in the resistance relation (7) products between the small signal
voltage and current amplitudes at IF will occur causing new dc terms leading to a shift of
the operating point referred to as "thermal runaway" of the bolometer. Here we strictly
assume these terms to be negligible which is the case for most mixer applications. When
evaluating the power dissipation in the bolometer and load resistance the IF variation of the
resistance (i.e. the parametric oscillation) must be taken into account when expanding it
into a Fourier series. Last but not least the voltage across the dc blocking capacitor is
simply assumed to be such that no dc power is dissipated in the load. Now the bolometer
resistance as a function of time (7) becomes

R(t) = R„ + IC; • 1) dc p cos(o) 1,- t)

(10)

Without electrothermal feedback C dc 0 the resistance change is solely given by the IF

induced resistance oscillation. Now the small signal conversion gain G given by the ratio of
the power in the load resistance and RF power is determined:

. C,2f • PLO • R bias • R L • V b2iasG =
2

R,„)2 • (R„ • R, + R,„,,, • (R„ + R,))2 •
Rbw , • (R„ — R,)+ R,„ • R,

1 + Cd, Vb.":

R„
)2

 • (R„ • + R,„a, • (R„ + R,))

(11)

The intrinsic conversion gain obtained at 1THz (for the device from Figures 1 to 3) in the
optimal operating point (Vb,„, 0.9mV , I bi„, 24.5pA , Rh 1 –÷ 00 ) is Gop, = –9.7dB

where the following parameter values have been used: Rb = 17 CI , z 1.3, C dc. = 1.1  
S-1 

nW

= 0.7—_-- Assumin = C = 1.1 one obtains G = –7 .4dB . The lowestn
nW

opt
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noise temperature of this device was measured in a broad region around V 0.8m1r .

The intrinsic conversion gain along the IV curves from Fig. 3 for different absorbed LO
power becomes:

0 05 1 1.5 2 25 3
v(mV)

Fig. 7 Intrinsic conversion gain for various LO power. Starting from the lowest line the LO power is
350nW, 310nW, 270nW, 230nW. The curve reaching the absolute maximum was obtained for 190nW.

III. THERMAL FLUCTUATION NOISE

According to an expression for the thermal fluctuation noise [1,2] of a bolometer using a
lumped approach this noise contribution is proportional to the change of the resistance with
temperature squared.

kT F
dR 2 4kT:•

=
0 

D
L •

In the framework of this one-dimensional mixer model it becomes proportional to the
inverse square of the slope of the electron temperature profile at the critical temperature.
Inserting this result one is left with the following expression for the fluctuation noise
temperature:

L 4 -(RL + , dT CeV
e1 (12)
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Results following the self-consistent IV curves are summarized in the following picture for
various L 0 powers. The fluctuation noise depends on the inverse slope of the electron
temperature profile which is very large for a small hot spot. Since (12) contains the same
thermal feedback factor as the conversion gain. Therefore the fluctuation noise contribution
is maximum where the gain is maximum.

Fig. 8 Thermal fluctuation noise contribution following the self-consistent IV curves from Fig.3. The
absorbed LO power starting from the lowest line the LO power is 350nW, 310nW, 270nW, 230nW. The
curve reaching the absolute maximum was obtained for 190nW.
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0.5 1.5 2 25 3

(mV)

Fig. 9 DSB Output noise temperature following the self-consistent IV curves from Fi2.3. The absorbed LO
power starting from the top line (dash-dotted at 0.5V) the LO power is 350nW. 310nW, 270nW. 230nW.

The curve reaching the absolute minimum was obtained for 190nW at 0.8mV.

IV. CONCLUSION

In this work a one-dimensional model for a hot spot mixer is presented. It allows to
calculate the electron temperature profile and the hot spot length as a function of heating
powers in a self consistent way. Knowing the hot spot length as a function of heating
powers, the IV curves of the HEB can be predicted. Based on this small signal parameters
are calculated as the mixer conversion gain and the fluctuation noise contribution. Now
knowing the absorbed RF power the antenna matching of a bolometric mixer can be
optimized in terms of device sensitivity and noise temperature.

V. DEVICE PARAMETER TABLE

In the following table the parameters for the bolometer, which has been the base of all
calculations in this paper, are summarized. These parameters are, unless not otherwise
indicated, data measured for a NbN HEB mixer tested at 2.5THz.

604



Parameter Name Value

e-4 ph

t. ph.escape

C electron

C phonon

T,

Bolometer length
Bolometer thickness
Bolometer width
Device resistance at 20K

Bath temperature

Electron-phonon-interaction time
(fitted to data from [8])
Phonon substrate escape time [8]

Electron thermal capacity [8]

Phonon thermal capacity [8]

Critical temperature

200nm
35A
lym
352Q

4.5K

440ps K L6 • T-16

45ps

1.6x10
4
 T  Ws

cm • K-

•
9.8x106T3

Ws
„

cm- • K-

9.9K

Llorenz QW 
2.45 x10..

K2

Lorenz number [10]
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