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Highly robust submillimeter wavelength heterodyne mixers are required for a variety of
remote sensing missions. These mixers must exhibit sufficient spectral sensitivity, wide
bandwidth, low noise, and reduced LO power requirements. Planar GaAs Schottky diodes are
currently the most promising technology for radiometers where cryogenic cooling is not an
acceptable option. This discussion emphasizes integration of planar mixer structures as
operating frequencies approach 1 Tliz and beyond.

We present a new mixer fabrication technique MASTER as a viable integrated
technology. The first batch of 640 GHz MASTER devices demonstrates comparable
performance to QM-style mixers. Preliminary modeling and design of fundamental fixed-
tuned mixers using these integrated structure at 1 THz is discussed. For a 1 l'Hz mixer the
modeling predicts that integrated devices allow for fixed-tuned coverage of nearly a full
waveguide band which is not possible using discrete devices.

I. Introduction

Detection of submillimeter-wave radiation is of great interest to scientists studying
electromagnetic signatures in interstellar space. These signatures provide a better understanding
of interstellar chemistry, star formation, and galactic structure. In addition, radiation emitted
from a number of molecules in the Earth's atmosphere such as 0 3, C10, and OH are critical to the
study of ozone depletion and greenhouse warming. The Microwave Limb Sounder (MLS) on
NASA's Earth Observing System (EOS), for example, will employ heterodyne receivers
operating from 240 GHz to 2.5 THz to study these molecules. These remote sensing missions
require highly robust millimeter and submillimeter wavelength radiometers which can survive
the rigors of launching and the lifetime of the satellite. Heterodyne mixers based around planar
GaAs Schottky diodes are currently the most promising technology since cryogenic cooling is not
an acceptable option.

II. Prior Schottky Mixer Developments

GaAs Schottky diodes are a mature technology. Devices based upon whisker-contacted
geometries have achieved record sensitivity at frequencies up to 2.5 THz [1]. However, the
fragile whisker-contact is difficult to space qualify and integration with surrounding circuitry is
extremely difficult. The University of Virginia developed a planar Schottky mixer diode with
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good RF performance, inherent mechanical ruggedness, and adaptability to higher levels of
integration [2]. Several groups have successfully used the planar diode structure in receivers
[3][4]. We have demonstrated good fundamental mixer performance in the 500-700 GHz range
using a discrete planar diode flip-chip soldered into a quartz microstrip circuit [5]. However,
simulations at these frequencies indicate that higher packaging parasities and difficulties in
controlling chip alignment and soldering limit discrete mixer performance as compared to a fully
integrated device [6]. A first step in this direction was taken in 1990 with the demonstration of a
planar diode integrated on a quartz substrate [7]. This process removed the high dielectric, lossy
GaAs substrate and replaced it with lower dielectric quartz, thereby reducing the parasitic
capacitance and improving RF performance [8].

In 1993 NASA's Jet Propulsion Laboratory (JPL) further integrated the planar diode on
quartz structure by incorporating the mixer RF/LO and IF microstrip filter circuitry with the
diode using their QUID process [9]. This permits perfect alignment of the diode to the
surrounding filter circuitry and eliminates flip-chip soldering. A disadvantage is that the upside-
down device bonding fills the surface channel area with epoxy (€ r

. 3.0) which increases parasitic
capacitance and potentially degrades mixer performance as compared to an upside-up device
configuration. At UVA an epoxy etching technique was developed which can reduce the
parasitics and improve mixer peformance by 20-30% [10][111 The epoxy also sits between the
filters and the quartz substrate and is lossy at these wavelengths. Even so, these devices exhibit
good subharmonic performance at 640 GHz with DSB T =2500 K and L...9 dB [12]. The
DSB Tmix remains less than 3500 K over a 1.5 to 14 GHz IF band.

III. MASTER - Method of Adhesion by Spin-on-dielectric Temperature
Enhanced Reflow

Many different types of semiconductor-substrate bonding techniques exist in the
literature: bonding by Van der Waal forces [13], silicate spin-on-glass [14], electrostatic forces
[15], reactive sputtered oxides [16], UV curing glue [7], epoxy [9], and others. Van der Waal,
electrostatic, and reactive sputtered oxide bonding all rely on very close proximity (on the order
of 50 angstroms) of the two surfaces to be bonded. Silicate spin-on-glass must be applied in a
liquid state which could leave large voids in the bonding when the two surfaces are heated to
evolve solvents and cure the glass to a hard film. UV curing glue and epoxy are typically thicker
than 2 microns which may affect RF performance due to losses in the films at submillimeter
wavelengths. In addition, they are incompatible with many chemicals necessary for
semiconductor fabrication.

We have developed a novel bonding technique which overcomes all of the
aforementioned deficiencies. The bonding agent is an organic spin-on-dielectric (SOD)
originally developed as a low dielectric planarizing agent between CMOS metal interconnect
levels [17][18]. It is applied by a spin-on technique and becomes a solid film less than 0.5
microns thick after baking at 200°C. This step evolves most of the solvents out of the film.
When the film is re-baked in excess of 150°C, it softens greatly and actually reflows. This reflow
phenomenon is responsible for its adhesive properties. After a 200°C cure it remains resistant to
most solvents and chemicals but can be etched in a CF4+02 plasma. Because the adhesive film is
so thin after baking, it should not degrade RF performance. We are currently performing FT1R
measurements on this material and will report the results at a later time.
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Our new fabrication procedure is called MASTER - Method of Adhesion by Spin-on-
dielectric Temperature Enhanced Reflow [19]. Using this process we have fabricated 640 GHz
subharmonically pumped integrated mixers for E0S-MLS. The microstrip filter design was
given to us by NASA-JPL's SWAT group. Figures 1 and 2 show a device wafer after the GaAs
epilayer has been bonded to quartz, and a GaAs mesa with 45 degree sloped sidewalls has been
etched down to the bare quartz substrate. After a brief wet etch to reveal the Schottky anode
contact, a blanket Ti/Pt/Au evaporation is performed. This step forms the Schottky contact for
the device and provides a seed layer for subsequent electroplating of the finger and microstrip
filter sections [20]. Figure 3 is an SEM photo after the fingers and microstrip filters have been
plated and the seed layer has been removed. Note the excellent metal step coverage from the
quartz substrate up onto the GaAs mesa. The surface channel isolation etch is then performed, as
shown in Figure 4, and the diodes are ready for DC I-V testing. For the 640 GHz devices typical
IN parameters for the first two batches are R=1 1-15 ohms, V=520 mV, and AV=78-85 mV
(Ti=1.33-1.45). The epi doping is 4x1017 cm-3 n-type and anode diameters range from 0.8 to 0.9

Figure •1: Top view after mesa etch

Figure 2: MASTER device wafer after mesa etch

503



e .00k V iota
UVA 30L.

X400
014,507
X.41.SUU4

100 Pm 
nmpt 2,3 /GO
749864

411011111.MINNINISMO
„—

Org**I'

,
304 941x3499a

Ma9413

Figure 3: Devices after finger and filter formation

Figure 4: Devices after surface channel isolation

pm. After I-V testing, the wafer is mounted to a silicon carrier, and the fused quartz substrate is
thinned to its target thickness of 50 microns (2 mils). The wafer is then diced into individual
devices and the DC I-V is tested again. Capacitance measurements at 1 MHz are also performed.
QUID 640 GHz mixers typically have 5-6 fF of parasitics after subtracting out the anode junction
capacitance [12]. The second batch of MASTER devices have parasitic capacitances of 2.3-2.7
fF for an open circuit device, a 50% improvement over QUID. The microstrip filters on quartz
contribute about 1 fF to the parasitics. The remaining 1.4 fF is due to the device structure sitting
on the GaAs mesa. These capacitance numbers are measured with chips mounted in black wax
on a silicon carrier which sits on a grounded probe station stage.

RF testing is performed at JPL. The local oscillator (LO) source is a BWO operating at
310.7, 320, and 324.6 GHz. One of the first devices tested is demonstrating respectable
performance. It has a 60 micron finger length. Table 1 summarizes its best noise temperature
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and conversion loss at various LO frequencies:

LO freq.
(GHz)

Mixing freq.
(GHz)

IF freq.
(GHz)

LO power
(mW)

DSB T
(K) (dB)

310.7 621.4 4 8.24 3681 13.24

320 640 4 4.67
,

, .
2396

i
10.98

/ 324.6 649.2 4 _ 10.11 2762 11.3 ,
Table 1: Measured MASTER mixer RI performance

This device also shows good IF bandwidth. At 320 GHz LO, the DSB Tmix remains less than
3500 K as the IF frequency is swept from 1.5 to 13 GHz. As mentioned in Section 11, typical
measurements for QUID 640 GHz subharmonic mixers give DSB T =2500 K and Lcon„--=9 dB
with Tina< 3500 K for an IF bandwidth of 1.5 to 14 GHz [12]. The first MASTER devices,
therefore, are very competitive with state-of-the-art subharmonic mixers in this frequency range.
This performance is achieved in a mixer block designed for QUID devices without optimizing
the diode's finger length. Also, the ideality factor of this device is 1.45. We can now fabricate
junctions with ideality factors of about 1.35. We are confident that these results should improve
with a new optimized batch of mixers. With their low parasitic capacitance, the MASTER
devices also could perform better than QUID-type structures as frequencies are pushed towards 1
THz and higher.

IV. Simulations of a 1 THz Integrated Schottky Mixer

At 585 and 690 GHz UVA demonstrated excellent performance with a fixed-timed
waveguide fundamental mixer using a flip-chip mounted SC1T5-S10 diode soldered into a
microstrip circuit [5]. The best DSB T L., were 1800 K, 7.6 dB with Pw=1.16 mW at
585 GHz and 2240 K, 8.8 dB with P=1.04 mW at 690 GHz. The mixer was designed using the
computed aided simulation tools HFSS and MDS from Hewlett Packard. Because of the great
success of this design we decided to scale it to 1 THz.

Early in the process it was determined that a flip-chip soldered diode may not be
appropriate for this frequency range. For optimum performance of the microstrip filter and
matching circuitry, the waveguide channel should be 75 gm wide and 63 pm high. The quartz
substrate needs to be 25 p.m thick. A typical planar diode chip has a thickness of 20-30 gm.
These specifications only leave about 10-15 microns for soldering the diode onto the circuit. The
bulk GaAs substrate would be very close to the top channel wall. The position of the diode both
laterally and vertically could not be precisely controlled to the tolerances required at these
wavelengths. Uncertainties in the solder thickness and higher parasitic capacitance of flip-chips
also would make the prediction of the diode embedding impedance difficult.

We decided to compare a flip-chip design to a MASTER integrated mixer to determine
which structure would perform better around 1 THz. The diode parameters in both simulations
were SD1T7-type with R=10-12 ohms, DV=77 mV (r1=1.32), 1. (-7-6x10-17 A, and Ci0=1.2 fF.
Using harmonic balance simulation routines in MDS the predicted noise temperature and
conversion loss were calculated versus the embedding impedance presented to the diode. The
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Figure 5: Contour plot of Tmix and L., based on simulations for
diode SD117 with LO power of 1.2 mW

contour plot for an SD1T7-type diode pumped at 1.2 mW LO power is shown in Figure 5. The
two structures, integrated and flip-chip, were drawn in HFSS inside a microstrip channel. The
diode finger length for both structures was 5 u rn. A simulation was run to determine the 3-port
s-parameters for each structure versus frequency from 700 to 1200 GHz. The diode on the
microstrip was modeled with a port at each end of the structure and a small coaxial port at the
device anode location. The coaxial probe s-parameters were de-embedded, normalized to 50
ohms, and a 3-port device in MDS was created from the full set of s-parameters. This 3-port
device was used to optimize the microstrip circuits. A frequency sweep was performed in MDS
to determine the range of embedding impedances that each mixer structure would present to the
diode. Using Figure 5 the mixers' noise temperatures and conversion losses were calculated for
embedding impedances at different RF frequencies. Figures 6 and 7 show the RF behavior of
both a discrete flip-chip and integrated mixer. At the design frequency of 1037 GHz, both
devices achieve SSB Tmix=1700 K and L 0 ,=8.25 dB. However, the integrated device shows a
significant increase in RF bandwidth over discrete without trading off performance at the design
frequency. One integrated mixer design therefore covers nearly a full waveguide band.

The 1 THz integrated device design using a MASTER structure has been completed. In
the next several months we will begin mask design and fabrication of these mixers. Its simulated
predictions are encouraging although factors not incorporated into the analysis will certainly
degrade measured performance. Unknown losses at submillimeter wavelengths and inaccuracies
in the harmonic balance modeling and embedding impedance calculations are thoroughly
discussed in [21]. With its wider frequency response than discrete mixers, the integrated
structure should be more tolerant of unknown factors which might cause shifts in the design
frequency.
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Figure 6: Simulated L., vs. frequency for integrated and
discrete mixers

cn
5000

z
Ty: 4000

a)
1— 3000

113

2
2000

a)
0

ct 1000
700 800 900 1000 1100 1200 1300

Frequency (GHz)

Figure 7: Simulated Tnnx vs. frequency for integrated and
discrete mixers

V. Summary

A new integrated fabrication process, MASTER, has produced devices which perform
very competitively at 640 GHz compared to Q M-style mixers. Their low parasitic capacitance
suggests that they also could work well at higher frequencies. Preliminary modeling around 1
THz indicates that integrated structures should outperform discrete. Issues such as higher
parasitic capacitance, diode misalignment, and unknown solder effects limit discrete mixer
bandwidth as operating frequencies are increased. In addition, waveguide channel dimensions
are becoming too small for soldered devices to fit comfortably.
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Studying the composition of the Earth's atmosphere is essential to understanding
phenomena such as ozone depletion and greenhouse warming. Developing more sensitive
receivers to detect the presence of important molecules such as 0 3, C10, and OH is critical to this
understanding. Integrated THz mixers should satisfy the requirements of sufficient spectral
sensitivity, wide bandwidth, low noise, and reduced LO power necessary for the next generation
remote sensing radiometers. GaAs Schottky diodes will continue to be the dominant technology
in this arena while cryogenic cooling is not an acceptable option.
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