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Abstract

Receiver noise and RF coupling bandwidth have been measured for a quasioptically
coupled diffusion-cooled hot-electron bolometer mixer at a local oscillator frequency of
1267 GHz and an intermediate frequency of 1.4 GHz. A lowest receiver equivalent noise
temperature of 1880 K double-sideband was measured, with an upper limit for the mixer
noise temperature of 950 K double-sideband. The amount of absorbed local oscillator
power in the bolometer device was approximately 6 nW. The effective instantaneous RF
bandwidth measured with a Fourier transform spectrometer was 730 GHz.

Introduction

In the last few years, superconducting transition-edge hot-electron bolometers (HEB's)
have emerged as prime candidates for use in low-noise heterodyne receivers at frequencies
exceeding 1 THz [1,2,3,4,5,6]. The reason is that their performance does not degrade
above the superconducting gap frequency, as is the case for SIS mixers, since bolometers
operate through heating of the electron gas in the device. The most urgent need for these
receivers is within the field of astrophysics, where the strong requirements on detector
sensitivity justify the use of cryogenic temperatures below 10 K. Conventional bolometers
have traditionally not been considered for such applications, as their intermediate frequency
bandwidth has been limited to less than the 500 MHz to 1 GHz that would be required.
Recent measurements have shown that superconducting HEB's can satisfy both the
sensitivity and IF bandwidth requirements of molecular spectroscopy in astrophysics
[2,3,4,5,6,7].

Two varieties of superconducting HEB's have been reported. The phonon-cooled variety
studied by other research groups [3,4,8] uses interaction between the hot electrons and the
lattice as a cooling mechanism, and will not be treated here. The diffusion-cooled
superconducting HEB, which is the topic of this paper, instead relies on electron out-
diffusion as the main cooling mechanism for the heated electrons. This requires that the
device is very short, less than 1 gm [1,2,7], since the thermal response time and therefore
also the intermediate frequency bandwidth depend on the time required for the heated
electrons to escape via the ends of the bolometer. This type of HEB requires normal metal
contacts, which suppress the superconducting energy gap at the device ends, thereby
ensuring that Andreev reflection will not slow down the escape of the electrons.
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In this paper we present measurements of receiver noise and RF bandwidth of a
quasioptically coupled diffusion-cooled superconducting HEB at 1267 GHz. Additional
details of the device operation are discussed elsewhere [6].

Bolometer Device & Experimental Setup

The device is a 150 nm wide and 300 nm long strip, that is e-beam patterned and etched
from a 10 nm thick Nb film using a recently developed self-aligned fabrication technique
[9]. This process provides a robust thermal and electrical contact between the Nb
microbridge and the gold contact pads, which is important for the mixer operation. Fig. 1
shows an SEM of a completed bolometer. It is integrated with a gold double-dipole antenna
[10,11,12] on a crystal quartz substrate to form the planar mixer circuit, see fig.2. A 2J4
thick quartz plate with a gold reflector is placed on top of the device substrate which is then
glued to a hyperhemispheric lens of crystal quartz. An additional plastic lens is used to
create an essentially parallel beam in front of the mixer assembly. This mixer assembly,
together with a HEMT intermediate frequency amplifier is cooled to an operating
temperature of about 2 K in a vacuum cryostat. Y-factor measurements were performed in
an evacuated box that was attached to the vacuum cryostat, as shown in fig.3, thereby
eliminating the need for atmospheric corrections to the measured Y-factors, and thus
allowing for accurate measurements of receiver noise. The box contains a 10 gm thick
polyethylene beamsplitter to couple in the local oscillator power, and a rotating mirror to
switch between the hot (295 K) and cold (85 K) loads. The 1267 GHz local oscillator is a
submillimeter gas laser using a difluoromethane (CH2F2) line, that is pumped by a CO2-
laser operating at the 9R6 line. Two Zitex filters at 77 K and at 2 K are used to reduce the
amount of infrared radiation coming in through the cryostat window. The intermediate
frequency chain consists of a cooled isolator, a cooled 1.4 GHz HEMT amplifier, two
VET amplifiers operating at room temperature, and a crystal direct-detector. A bandpass
filter outside the cryostat sets the IF bandwidth for noise measurements to 300 MHz. The
entire chain has an equivalent noise temperature of 6.3 K and a total gain of 85 dB.

Measurements

The frequency dependence of the RF power coupling to the bolometer was measured using
a Fourier transform spectrometer (FTS) with the bolometer operated as a direct detector.
The measured coupling center frequency was approximately 1 THz, with an effective
coupling bandwidth of 730 GHz as shown in fig.4. This is in good agreement with the
antenna design frequency, which was 1100 GHz, and with the one octave 3 dB
bandwidth that has been measured for this type of antenna at lower frequencies [12]. This
indicates that the coupling bandwidth is defined by the antenna rather than the bolometer.
The dip near the center of the coupling band (see fig.4) corresponds to a third-order Fabry-
Perot resonance between the quartz lens and the plastic lens in the mixer block, which we
believe is enhanced by the mismatch between the f/6 beam of the spectrometer and the high
focal number beam of the mixer.

A measurement of the direct detection response of the bolometer when switching between a
hot (295 K) and a cold (77 K) blackbody load in the receiver signal beam indicates that the
coupled broadband RF power is of the order 0.4 nW. In combination with the 730 GHz
bandwidth this indicates that the total beam-path loss between the loads and the bolometer
is approximately 7 d13.
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Figure 5 shows the measured data for heterodyne receiver measurements. The best Y-factor
response occurs in the resistive branch of the device IV curve at bias levels just above the
instability point where the device switches into the superconducting state. The largest Y-
factor value, measured at a constant DC bias voltage of 0.345 mV was 1.084, giving a
receiver noise temperature of 2430 K double-sideband (DSB). This value does, however,
contain a systematic error due to a slight shift in the electron temperature of the device from
the broadband thermal radiation coupled from the calibration hot and cold loads. The
temperature shift causes a change in the DC resistance and in the amount of thermal
fluctuation noise generated by the device. This temperature shift can be avoided by
maintaining constant resistance during the measurement instead of constant voltage, since
the device resistance is a unique function of the electron temperature. This gives a slightly
higher DC bias current, and therefore a higher mixer conversion [13] for the "cold" data
point than for the "hot" one, leading to a conservative (slightly underestimated) value of the
real Y-factor. The Y-factor measured in this way at a constant resistance of 54 K2 is 1.107,
corresponding to an equivalent noise temperature of 1880 K DSB. It should be pointed
out that the shift in temperature is not the same as a saturation of the mixing process; in fact
the effect occurs also when no local oscillator is present. Due to the thermal response time
of the device, only broadband power coupled within a few GHz of bandwidth around the
LO frequency can actually take part in the mixing process. This power is only a few pW,
which is not enough to cause saturation.

An upper limit estimate for the mixer noise temperature can be calculated by subtracting the
IF amplifier chain noise, and by taking into account that the antenna is operating at
1267 GHz where the coupling is 1.6 dB lower than optimum (see fig.4). Other coupling
losses such as reflections at lens surfaces, losses in the infrared filters and ohmic losses in
the antenna are less accurately known to us, and are therefore not taken into account. This
upper limit for the mixer noise is 950 K DSB.

The absorbed LO power in the device can be estimated from the direct detection response of
the bolometer to be approximately 6 nW. This very low number is a result of the fairly
high sheet resistance of the niobium film; the two-squares long device has a resistance of
140 O. The sheet resistance is linked via the Wiedemann-Franz law to the thermal
conductivity of the electron gas, and therefore affects the bolometric response. Lower
resistance devices generally require higher amounts of LO power, see [2,5,7]. In addition,
for lower resistance devices (20-30E2) than the one described here the broadband thermal
radiation from the hot and cold loads has a negligible effect in Y-factor measurements
[2,5], since the higher thermal conductance effectively reduces the temperature shift of the
electrons.

Planned measurements 

We are currently preparing to do two types of measurement with the devices described in
this paper:

The first is a gas cell measurement using a rather strong absorption line of deuterized
ammonia (NH2D) at 1268 GHz, with either a backward wave oscillator (BWO) or the
1267 GHz CH2F2 laser line as a local oscillator. This measurement is warranted since it is
the is the best way of conclusively verifying that the detector is operating in a 100 %
heterodyne mode.

The second experiment is a measurement of resistance and IF output noise from the
bolometer as a function of ambient temperature and the amount of LO pump power.
Preliminary measurements have shown that an unpumped device can generate a significant
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amount of thermal fluctuation noise when biased thermally right at the superconducting
transition temperature. The amount of noise generated appears to be higher than what an
LO-pumped device produces when operated as a mixer. This may indicate that only a
portion of the microbridge is operating precisely at the transition, and that the mixer can
therefore be further optimized. This is reasonable, since the diffusion-cooled microbridge
must operate with a temperature gradient along its length. A local oscillator that is stable
over an extended period of time is required for this experiment because of the time
constants involved in varying the temperature of the fixture that holds the mixer. We will
therefore use either a BWO or a lower-frequency (630 GHz) solid-state source rather than
a gas laser.

Summary 

We have made the first measurements at terahertz frequencies with a diffusion-cooled hot-
electron bolometer. A receiver noise temperature of 1880 K (DSB) was measured at
1267 GHz, with a mixer noise temperature below 950 K (DSB). The amount of local
oscillator power absorbed in the device was approximately 6 nW, which is the lowest
amount reported for any heterodyne receiver operating above 1 THz. The RF coupling
bandwidth was 730 GHz, as measured with a Fourier transform spectrometer.
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Fig.l. SEM photo of a submicron Nb HEB.

Fig.2: Double-dipole antenna and coplanar transmission line embedding circuit and RE
bandstop filter. These elements are fabricated in gold. The Nb microbolometer is located in
the center of the antenna circuit.
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Fig.3: Schematic of the vacuum cryostat and the evacuated Y-factor measurement box.

Fig.4: Relative coupled if power versus frequency as measured with a Fourier transform
spectrometer. To first order, the frequency dependence of the FTS itself has been calibrated
away. Two different beamsplitters were used in the spectrometer which shows that there
were no systematic errors due to this particular element.
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Fig.5: A pumped TV-curve at 1.2 THz and the output intermediate frequency power when
coupling to a hot and a cold blackbody radiator. The periodic "wiggles" in the IV-curves
are due to numerical truncation in the digitized data and are not present in the actual device.
The integration time used in acquiring the IF power data was fairly low, which causes
some point-to-point variation in the power readings shown. At high enough bias currents
both IF power curves increase linearly with the dc current (not shown here), which is a
result of the diffusion cooling mechanism in conjunction with the Wiedemann-Franz law
for the thermal conductivity.
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