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Chapter 9

Towards integrated array
receivers∗

9.1 Introduction

Essentially all HEB receivers operating above 800 GHz are implemented with quasi-
optical (twin-slot, log-periodic, dipole) antenna structures. This despite the fact
that waveguide technology offers the prospect of higher throughput, better telescope
coupling efficiency, and large format imaging arrays with well aligned beams on the
sky. There are several reasons for the popularity of open structure mixers in the
terahertz regime.

Mechanically machined waveguide mixer blocks are expensive, especially for the
small structures needed at terahertz frequencies. Then there is the issue of waveguide
loss (Sec. 5.1), available RF bandwidth, how to handle the tiny quartz substrate that
supports the active device, and reliability of the assembly process. Fortunately, most
of these obstacles can be overcome by employing silicon-on-insulator (SOI) substrates,
as outlined in this Chapter. It shall be seen that the presented work is applicable to
both single element and multi-element array receivers.

We begin the discussion with a SIS mixer on a 1 µm silicon-nitride (Si3N4) mem-

∗The material described in this Chapter has been published in the following papers: J. W. Kooi,
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J. W. Kooi, C. Dröuet d’Aubigny, R. B. Bass, C. Walker, A. W. Lichtenberger, Applied Supercon-
ductivity Conference Jacksonville, FL, Oct., (2004).
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C. Groppi, C. Walker, C. Dröuet d’Aubigny, C. Kulesa, A. Hedden, D. Prober, I. Siddiqi, J. Kooi,
A. Lichtenberger, and G. Chin, Proc. SPIE, Astronomical Telescopes and Instrumentation, v. 4855,
(2002).

245



246 Chapter 9: Towards integrated array receivers

brane, operational in the 800 – 920 GHz frequency range. This technology, though
feasible for SIS mixers, limits the IF gain bandwidth of HEB mixers. The reason is
that surface properties of the Si3N4 membrane at the NbN HEB interface adversely
effects the phonon escape time. It is very likely that the thermal conductivity of the
silicon-nitride membrane and/or acoustic mismatch plays an important role in this
process. Experiments show that the situation is mostly corrected [1, 2] by adding a
MgO buffer layer between the HEB and Si3N4 membrane (Details in Chap. 6). To
circumvent this problem we explore the use of ultra-thin “silicon-on-insulator” (SOI)
substrates with integrated gold beamleads. Not only do ultra-thin silicon substrates
open up the terahertz regime to multi-pixel HEB waveguide mixer arrays, it also
facilitates large scale SIS focal plane arrays at submillimeter wavelength.

In this Chapter we trace the evolution from single SIS junctions on silicon-nitride
membrane, to ultra-thin silicon substrate HEB mixers, to finally the design, imple-
mentation, and measurement of a 64 pixel SOI based (scalable to terahertz frequen-
cies) 345 GHz SIS focal plane array receiver.

9.2 SIS mixer fabrication on 1 µm thick Si3N4 mem-

branes

Traditional waveguide junctions are constructed on quartz supporting substrates. To
avoid RF leakage, via surface modes in the substrate, the cutoff frequency of these
modes needs to be well above the operation frequency of the mixer. For frequencies
above 800 GHz the required thickness of the quartz (≤ 35 µm), and the dimensions
of the substrate channel that hold the junction (≤ 80 µm) become unmanageable in
size with the traditional approach. To avoid this problem we have explored the idea
of fabricating a SIS junction on a silicon-nitride (Si3N4) membrane. The membrane is
mounted on a smooth pedestal, or base, that is centered on a full height rectangular
waveguide. This is shown graphically in Fig. 9.1. In this case the optically polished
flat copper pedestal serves as a ground plane for the RF choke supported microstrip

Si

Membrane

1780

z

xy

Waveguide

µm635

250
Cu

µm1

µm

µm

Figure 9.1: Rendering of the 1µm Si3N4 membrane, RF choke, and silicon support structure that
houses the SIS tunnel junction and RF matching network.
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Figure 9.2: View of the silicon-nitride membrane situated in the mixer block. The membrane extends
50 µm over the pedestal to house the RF choke. Looking through the membrane one sees the
waveguide (250 x 125 µm) and outline of the circular tuner low impedance section (100 µm dia,
about twice the size of a human hair.) The IF frequency is 1 – 2 GHz.

mode. When properly in contact with the pedestal, the RF choke on top of the
membrane provides a short circuit at the waveguide wall. The mixer block is based
on a design by Ellison et al. [3]. The membrane itself is supported by a silicon frame
etched along the 111 crystal plane. An improved version of this design incorporates
a suspended RF stripline, which provides up to 12 µm dimensional freedom in the
Z-direction.

The silicon frame is glued into a “moat” by means of a 50 % solution of nail polish
(polyester resin) in butylacetate (solvent). Securing devices this way has the advan-
tage that they are easily removed with acetone, yet cycle securely to liquid helium
(LHe) temperatures. As far as we can tell, I/V characteristics of both LHe dipped
junctions and those cooled in a vacuum cryostat are identical. This is a good indi-
cation that the thermal conductivity of the silicon-nitride membrane is high enough
to prevent heating of the SIS junction. Fig. 9.2 shows the membrane supported SIS
junction on its pedestal. Looking through the membrane (εr=7) we see the circular
backshort.

9.2.1 Device fabrication

Devices are fabricated on (100) oriented silicon wafers which are 254 µm thick, 51 mm
in diameter, and polished on both sides. The Si3N4 is grown under conditions for
reduced stress by low pressure chemical vapor deposition (LPCVD) to a thickness of
1 µm. Fabrication of the Nb/AlOx/Nb tunnel junction is accomplished by a standard
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Figure 9.3: Top and bottom view of the (100) oriented silicon and 1 µm Si3N4 membrane.

trilayer deposition technique [4, 5].
Exposed silicon areas on the back side are then anisotropically etched in a bath

of 30 % KOH solution at 70 ◦C (Fig. 9.3). Etching stops after about eight hours
when only the front side membrane and the sides with (111) silicon planes are left
exposed. The devices on the front are protected from the KOH solution by an “O”-
ring enclosure. A layer of wax on the device side also helps localize wafer damage if
one of the Si3N4 windows happens to break during KOH etching. After the etching
is complete individual 1.78 mm × 1.78 mm chips are diced from the wafer using a
diamond saw.

Device yield with this process is typically lower than similar devices made on
either silicon or quartz substrates. We have not determined exactly how to increase
yield, however many devices with current densities of about 12 kA/cm2 and sub-gap
to normal state resistance ratios of greater than 10 have been fabricated on multiple
wafer runs.

9.2.2 Measured performance

In Fig. 9.4 we show the measured performance of the 1 µm thick silicon-nitride SIS
mixer. Using the “shot noise” method described in Sec. 7.3.2 [6, 7] we calculate an
overall mixer conversion gain of -12.6 dB, DSB mixer noise temperature of 248 K, and
IF noise temperature (referred to the output of the mixer) of 6.2 K. These results are
in good agreement with computer simulations where we are able to separate the total
front-end loss (8.3 dB) from the actual mixer down-conversion loss (4 dB) [8]. From
FTS measurements the estimated optics loss is ∼ 1.1 dB, and RF mismatch∼ 0.42 dB.
This leaves a niobium film absorption loss of approximately 6.8 dB (79 %), due to
antenna, choke and RF matching network (Fig. 9.3). The calculated absorption
loss is about one and a half times the loss expected from the Mattis-Bardeen theory
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Figure 9.4: Left) Frequency response of the 850 GHz Si3N4 based waveguide receiver. The receiver
employs a radial-stub RF matching network (Fig. 5.4) and two mechanical circular tuners. When
installed at the Caltech Submillimeter Observatory(CSO) the receiver noise temperature decreased
by 8 % across the band (475 K @ 809 GHz). This is attributed to the lower LHe bath temperature
(3.55 K) at the 4200 meter altitude site. Right) A spectrum of the Orion Bar in 12COJ=7→6 and
CI2→1, taken at the Caltech Submillimeter Observatory.

(65.4 %) [9].
When the mixer was cooled from 4.2 K to 1.9 K the receiver noise temperature

dropped by ∼ 20 % to 409 K DSB. Interpretation of the measurements indicates that
the mixer gain improved by approximately 12 % to -3.5 dB, which is similar to what
has been observed below the gap [10]. We attribute this effect to the sharpening of
the I/V curve. Due to the slightly higher energy gap (≈ 2.9 mV), an additional 12 %
improvement in the front-end transmission is obtained from the reduction in niobium
film absorption loss.

9.3 HEB mixers on ultra-thin silicon substrates

9.3.1 Introduction

The attractive material properties of quartz include a low loss tangent (tanδ=0.0002)
and low dielectric constant (εr=3.8). Quartz is also compatible with a variety of
micro-fabrication processes and can be processed in wafer form. However, as the
frequency increases circuit elements and waveguide dimensions necessarily become
smaller. In practice it is found that, due to handling and mechanical strength, the
practical thickness of quartz is limited to∼ 35 µm. This thickness dictates a usable up-
per frequency of approximately 800 GHz (waveguide fill factor and substrate modes),
though with special care and expertise this limit may be pushed to ∼ 1 THz [11].
For these reasons, quartz is an highly impractical material with which to work in the
terahertz regime.

Recent research in the field has been aimed at finding better materials to advance
the terahertz field, and in particular spectroscopic array receivers. Materials such as
silicon-nitride (previous Section) have shown promise due to high mechanical strength,
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Figure 9.5: An “across-the-waveguide” 3 micron thick SOI substrate with integrated beamleads. The
HEB is located at the throat of the radial probe waveguide transition.

even at a thickness of only 1 µm, and low dielectric constant (εr=7). However since
the IF response time of HEB mixers is coupled to the electron-phonon interaction time
(Chap. 6), the relatively low thermal conductivity of silicon-nitride in comparison to
silicon excludes this material for use with phonon cooled HEB mixers if IF bandwidth
is to be maximized [1, 2, 12].

Another issue to take into consideration with the choice of substrate material and
geometry is that most HEB devices produced to date have not proven particularly
uniform across an entire wafer. Thus basing a focal plane array design on the unifor-
mity of single wafer is risky. A better approach is to have many densely packed HEB
mixer chips which (after processing) can be dc pre-selected, and/or independently
mounted/removed. The added advantage of such a design is that the chips can then
also be used in any type of mixer configuration, e.g. array, balanced or sideband
separating.

Yet another substrate consideration is the fact that to date published results of
HEB terahertz mixers are essentially all quasi-optical, silicon based, single pixel, and
with designs that are not necessarily scalable to the kind of imaging arrays we are
proposing to build. Moreover, the extremely large instantaneous signal bandwidth
of HEB mixers coupled to very broad bandwidth quasi-optical techniques leads to a
non-negligible direct (continuum) detection current as discussed in Sec. 4.3.2 [13].
Using a band-limited waveguide approach will reduce the direct detection effect.

An important added advantage of the waveguide approach with focal plane arrays
is that mechanical feedhorns produce well-defined on axis Gaussian beam patterns.
The latter is very important and especially so in array applications. With focal plane
arrays, HEB mixers, and scalability in mind, we have focused our research on ultra
thin “silicon-on-insulator” (SOI) substrates.

Silicon has excellent mechanical properties when it is very thin (on the order of a
few microns). The deleterious effects of the high dielectric constant and loss tangent
are also significantly diminished if the substrate thickness is reduced. In addition,
the superconducting detectors we involve ourselves with require cryogenic cooling.
At a few Kelvin, the carriers in silicon freeze out and the material becomes a near
perfect insulator. With these properties in mind, and the fact that HEB fabrication is
highly compatible with silicon as a base substrate (Sec. 9.3.3), it becomes self-evident
that ultra-thin silicon is potentially a good replacement for quartz substrates in the
terahertz regime. It is worth noting that the SOI approach is equally well applicable
to SIS arrays for frequencies below a terahertz (Sec. 9.4).

We have applied the ultra-thin SOI mixer technology to a single element HEB
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Figure 9.6: Example of a small 2 x 2 array. In the substrate, with pixel #2 excited, crosstalk is
∼ -40 dB. In this scenario the array is monolithic with a silicon micro-machined backshort cavity
(not shown).

mixer at 1.6 THz, and SuperCam; an integrated SIS array receiver in the frequency
range 300 – 400 GHz [14]. Future work is likely to include scaling SuperCam to
the important 600 – 720 GHz atmospheric window and to design small spectroscopic
imaging arrays centered at the 1.4 THz molecular N+, and 1.9 THz atomic C+ lines.
To accommodate designs up to several terahertz we have baselined 3 µm silicon sub-
strates [15], with integrated beamleads for the ground and IF/dc-bias connections.

Collaborations with the research group at the University of Virginia (UVa), have
allowed development of the new ultra-thin mixer chip technology. Results were first
published in the proceedings of the EUCAS 2003 conference [16], and have since been
further developed and improved. The use of integrated micron thick gold beamleads
simplifies the electrical connection and placement of the chip. This is an important
aspect of the SOI process, which is a promising new technology that enables the
complex mixer design from Chap. 8, and the array receivers discussed in this Chapter,
to be realized and extended to the terahertz frequency regime.

9.3.2 Silicon-On-Insulator (SOI) morphology

Until quite recently it has been difficult to take advantage of silicon for the described
terahertz applications as it could not be manufactured or processed at the required
micron thickness necessary. In addition, it is also necessary that the silicon is single
crystal material such that grain stresses are not introduced. These difficulties are
overcome by a relatively recent technology development called “silicon-on-insulator”
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Figure 9.7: Left) Top-down SEM image of an ultra-thin silicon chip with gold beamleads. The
dimensions of the silicon chip are 800 µm by 76 µm. Right) A close up SEM image of the top side
of an ultra-thin silicon chip with 4.5 µm gold beamleads. Processing/picture by R. B. Bass. [16]

(SOI). Physically, a SOI wafer is the combination of a standard thickness silicon
“handle” wafer, a SiO2 insulator layer above it, and an ultra-thin silicon “device”
layer fused to the oxide. The thick silicon handle gives the wafer mechanical strength
for most of the device processing, while the thin device layer serves as the eventual
final substrate layer. The SiO2, or buried oxide, provides a barrier between the two
silicon layers and can also be used as an etch stop. Historically SOI wafers were
originally invented for the semiconductor industry to solve the problem of leakage
current and parasitic capacitance between MOSFETs.

The SOI process is not only a convenient solution to the problem of making ultra-
thin mixers, it also offers some significant micro-fabrication advantages in comparison
to quartz mixer processes. For one, almost any mixer chip shape can be realized be-
cause the chip outline is defined by lithography and RIE etching. This is opposed
to quartz, where the chip geometry is limited to a rectangular shape by the (dia-
mond saw) dicing that is required to define and separate individual chips. Secondly,
ultra-thin silicon chips with small lateral dimensions (on the order of a few tens to
few hundred microns) are actually ideal from a mechanical perspective. The chips
are flexible rather than brittle and can be subject to much physical handling and
deformation without destruction. Another advantage of eliminating dicing processes
is that beamleads can now be easily integrated into the device structure with front
side processing. Beamleads are essentially gold tabs that extend from the edges of the
chip and provide a means for making electrical, thermal, and mechanical connections
to other chips or circuit fixtures. In effect, the chip can be suspended in the waveguide
block with no need for special support structures. A possible observed disadvantage
of the Au beamleads is that the mixer chip, once mounted in the waveguide, cannot
be removed without significant damage (destruction) to the described beamleads.
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9.3.3 SOI Processing

Conventional approaches to fabricating thin silicon chips involve chemically etching
the silicon at a known etch rate to the desired thickness. However, limits imposed
by variations in etch conditions limit this approach to only tens of microns. Etch
rates may be slowed near the stop-point by heavily doping the silicon with boron, but
this approach too is not capable of achieving thickness tolerances of less than several
microns due to the spread in the doping profile. Our approach begins by fabricating
the superconducting circuit and beamleads atop the device layer of a “silicon-on-
insulator” (SOI) substrate. We use SOI wafers with a nominal device layer thickness
of 3 µm [15] and a tolerance of less than 0.5 µm. The chip is then mounted, device
side down, on top of a quartz carrier wafer. A combination of mechanical lapping
and chemical etching is used to remove the handle silicon from the buried oxide layer.
The oxide layer is patterned using backside photolithographic alignment through the
quartz chip. The patterned oxide serves as an etch mask for a chemical or reactive
ion etching of the exposed device silicon. The silicon device is etched through to the
quartz carrier and gold beamleads, thereby defining the individual chips. It is our
observation that the 3 µm ultra-thin chips suffer less dielectric loss and are actually
much more robust than quartz chips which are easily a factor ten thicker. For a more
detailed process description, we refer to Bass et al. [17].

9.3.4 “Symmetric” SOI-based waveguide transition

The combination of HEB mixers with silicon micro-machining techniques promises
to open up the terahertz regime to large format spectroscopic imaging arrays. The
potential for such systems are many, examples are atmospheric research, astrophysics,
and security systems. In our designs we have made extensive use of 3D electromag-
netic simulations [18] to help define the fabrication and tolerance specifications of
the above mentioned ultra-thin beamlead chip technology. At the terahertz frequen-
cies we concern ourselves with the tolerance to device misalignment, which becomes
increasingly more unforgiving, needs to be addressed.

Critical to our design concept, we utilize beamleads on the SOI chip to set the
vertical alignment (Z-dimension). From our computer simulations we find the tol-
erance in the substrate height location to be much greater that the manufacturer
specified substrate variation of 0.5 µm. Sideways alignment of the beamlead chip is
determined by the mechanical accuracy of the IF channel width. For conventional
machining techniques the achievable tolerance is typically ± 2.5 µm, which limits the
upper frequency to about 2 THz. If improved tolerance is desired or machining cost
prohibitive, lithographic electroplating such as is being explored at Chalmers Univer-
sity [19], or traditional silicon micro-machining [20] may be more appropriate. In our
design small side beamleads support the chip at either side of the waveguide, while
the ground and IF beamleads make electrical contact with the block and IF circuit
board. The chip itself can either be secured with Crystal bond [21] or an epoxy such
as EPO-TEK H20E [22]. Once secured the IF and ground beamleads may then be
tag bonded to the (gold plated) mixer block and IF circuit board. Due to the thin-
ness and softness of the gold beamleads it is possible, if so desired, to compress the
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Figure 9.8: Cross-sectional view of a single pixel E-plane splitblock HEB waveguide mixer. Operating
frequency is 700 – 1100 GHz. The substrate and waveguide dimensions are given in Table 9.1. Unlike
an H-plane splitblock, there are no currents in the plane of the splitblock. This has the advantage
that in the event of imperfect contact no RF loss is introduced.

beamleads when the top and bottom mixer block are joined. The deformation of the
beamleads has negligible effect on the waveguide geometry. It should be noted that
the University of Virginia developed SOI/beamlead technology is not limited to high
frequency mixers alone, but can also be adapted to a large variety of waveguide based
microwave circuits, such as multipliers, couplers, or even direct detection cameras.
In Fig. 9.9 we show the calculated 700 – 1100 GHz “across-the-waveguide” response
overlaid with the mean atmospheric transmission at Chajnantor, Chile. The achiev-
able instantaneous bandwidth of the SOI/HEB mixer combination is 44 %, equivalent
to two terrestrial atmospheric windows.

Under the assumption that mapping is the primary science goal, the loss in sensi-

Table 9.1: Symmetric waveguide design parameters of Fig. 9.8.

Element Dimension (µm)

Waveguide dimension 240× 120

SOI substrate 3× 100× 660

Air height below substrate 12.5

Air height above substrate 25

Backshort radius 25

Distance backshort-substrate 46

Radius radial probe 53

RF choke (high impedance) 53× 4

RF choke (low impedance) 90× 61
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Figure 9.9: Frequency performance of the SOI symmetric radial probe transition of Fig. 9.8. Overlaid
is the zenith atmospheric transmission at Chajnantor, Chile, for a 0.5 mm column of precipitable
water vapor (pwv). The elevation is 4.8 km, and the barometric pressure 560 mbar [23].

tivity when array receivers are implemented with HEB mixers, as compared to more
sensitive SIS junctions, may be overcome with a > 4 pixel array.

It should be noted that HEB spectroscopic imaging arrays do not require a mag-
netic field to suppress Josephson oscillations. This is an important advantage of HEB
mixer based array receivers.

9.3.5 “Asymmetric” SOI-based waveguide transition

Greater signal bandwidth can be achieved by implementing an asymmetric SOI waveg-
uide transition that does not go across the waveguide. This is similar to the broad
bandwidth tunerless design in Chap. 7. Here we have implemented the design by
means of silicon micromachining technology with the probe in the plane of the E-
field. The details of the design are shown in Fig. 9.10 with the dimensions listed in
Table 9.2. The SOI substrate is suspended by the IF, ground, and support beam-
leads. This has the advantage of fixing the height (Z) dimension. In the silicon base,
the substrate channel and backshort are etched using reactive-ion etching (RIE) with
lithographic precision. Because the shape of the SOI substrate at the extremities is
somewhat arbitrary we have chosen to increase the width to 200 µm for ease of han-
dling. The width (w) of the substrate itself is determined by the lowest order cutoff
mode

w =
c

2fmaxKeff
. (9.1)
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Figure 9.10: Left) Design of a silicon micro-machined single pixel HEB mixer. See text for details.
The mixer is designed to operate from 1.3-2.2 THz. Right) Physical implementation at UVa (B. Bass
et al. In this photograph the silicon handle has not yet been removed. Probe radius is 23 µm.

Keff = 1.6 for 3 µm thick suspended silicon, as derived from HFSS [18]. Etched
along the 111 crystal plane are 2 µm high, KOH etched, photonic crystal junctions
(PCJ). These form quarter-wave RF chokes [24] and minimize electric field leakage
from the backshort-horn cavity vacuum space (15 µm). The IF signal is taken off the
silicon substrate by means of a 50 Ω coplanar wave (CPW) transmission line. Fig.
9.11 shows the simulated coupling, not accounting for possible direct detection. The
RF bandwidth is 1300 – 2200 GHz, or 53 % !

Table 9.2: Asymmetric waveguide design parameters of Fig. 9.10.

Element Dimension (µm)

waveguide dimension 132× 66

SOI substrate 3× 55× 320

Air height below substrate 6

Air height above substrate 6

Backshort radius —

Distance backshort-substrate 27

Radius radial probe 23

RF choke (high impedance) 29× 2

RF choke (low impedance) 43× 33

PCJ size 42× 42× 4

When we compare this to the atmospheric transmission of the stratosphere (Sofia,
∼ 13 km), with a mean precipitable H2O of 7 µm, we see that in principle this single
SOI based mixer design covers all important HIFI terahertz frequency lines. When
implemented it is advisable to add an optical band limiting [25, 26] metal mesh filter
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machined mixer in Fig. 9.10. Overlaid is the zenith atmospheric transparency at airborne altitude
(SOFIA). Elevation is 13 km, the mean precipitable column of H2O 7 µm, barometric pressure 163
mbar, average temperature -56.3 ◦C, and relative humidity 5.6 % [23].

to reduce direct detection in the HEB mixer (Sec. 4.3.2).

9.4 Large format arrays based on SOI technology

In this Section we discuss SuperCam [27], a 64 pixel, super-heterodyne camera de-
signed for operation in the astrophysical important 870 µm atmospheric window at
the 10-meter Heinrich Hertz Telescope (HHT) [28]. While the possibility of such het-
erodyne arrays has been discussed for more than two decades (Gillespie & Phillips
1979 [29]), only recently have advances in mixer technology, device fabrication, mi-
cromachining, and digital signal processing made this concept a reality. Astronomical
interest in array receivers stems from the fact that instead of mapping an extended
source, such as a molecular cloud, by slowly rastering a single pixel over the object by
means of repeated motions of the telescope, a multi-pixel array receiver has a much
larger field of view (FOV) and can map a source with significantly greater efficiency.
When one considers the telescope overhead time, with the repeated pointings required
to accommodate a single pixel instrument, array receivers become particularly attrac-
tive. An additional factor to take into consideration with observations of extended
(line) emissions from the ground in the submillimeter or terahertz frequency regime,
is the variability of sky opacity. Multi-pixel array receivers take full advantage of
good weather conditions when they present themselves, and will therefore map larger
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Figure 9.12: left) Assembly diagram of a single 1x8 mixer module. Right) Assembly diagram of the
complete 8x8 array. Courtesy D. Golish, UAz.

regions of the sky under more or less identical conditions, thus allowing for better
internal consistency. Under poor weather conditions, correlated sky noise across the
array may be subtracted. This provides enhanced baseline quality, much like the
correlation receiver discussed in Chap. 8.

The 64 pixel SuperCam array presented in this Chapter will be used to address
fundamental questions about the physics and chemistry of molecular clouds in the
Galaxy and their relation to star and planet formation. The advent of a spectroscopic
imaging array provides an order of magnitude increase in mapping speed over what
is now available, and is expected to revolutionize how observational astronomy is
performed in this important wavelength regime. Array receivers may therefore change
submillimeter (and terahertz) astronomy, similar to the way bolometric submillimeter
cameras such as Sharc, Scuba, and Bolocam [30, 31, 32] have led to an explosion of
new results.

Unlike the situation with bolometric detectors, heterodyne receiver systems are
coherent, retaining information about both the amplitude and phase at the mixer
IF output (Sec. 2.3). It should be noted that spectroscopy can in principle be per-
formed in this same wavelength regime by the combination of incoherent detectors
with frequency dispersive quasi-optical devices such as gratings and Fabry-Perot in-
terferometers. However, as we have seen in Sec. 2.3.2, the limited resolving power
limits the observable velocity resolution.

The array technology presented here is by design directly scalable to terahertz
frequencies. Aside from astrophysics, it also has immediate application in remote
sensing of the Earth and its atmosphere. In the following Sections, we focus on the
design of a SOI substrate waveguide-to-thinfilm microstrip transition, the design of
the SIS junction RF matching network, and integrated MMIC IF low noise amplifier.
However, before we get to these subjects we first discuss the camera construction and
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lessons learned from past efforts.

9.4.1 Camera layout

SuperCam is constructed by stacking eight, 1 x 8 rows of fixed tuned, SIS mixers.
For reference, the assembly of a sub-array is shown in Fig. 9.13. The IF output
of each mixer is connected to a low-noise “microwave monolithic integrated circuit”
(MMIC) amplifier that has been integrated into the mixer block in close proximity to
the SIS junction. The intended instantaneous IF bandwidth of each pixel is 2 GHz,
centered at an IF frequency of 5 GHz. However due to the wideband performance of

Magnet

1 2 3 4 5 6 7 8

1 2 3 4 5 6 7 8

IF Output

Signal Input

IF MMIC

1 2

B-field 

pole piece

+ Bias

Backshort

SOI Chip

Pyramidal Horns

Integrated
IF/Bias (x8)

SIS/MMIC Bias

a

b c

Figure 9.13: Detailed view of a 1 x 8 sub-array. LO and RF signals enter the front of the mixer
block via eight pyramidal horns. Eight superconducting magnets are integrated at the backside of
the block (not visible). These allow the magnetic field for each junction to be set individually. The
IF output, after ∼ 35 dB “on board” amplification, are taken out toward the rear of the sub-array.
At this same interface plane SIS mixer, MMIC, and magnet bias signals enter the IF circuit board.
For further details please see text.
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the integrated IF MMIC (Sec. 9.4.6) we are able to achieve ∼ 6 GHz instantaneous
IF bandwidth. For the backend spectrometer we utilize sixteen 1 GHz wide A/D
converters feeding real time FFT digital signal processors [33]. Each mixer has its
own electro-magnet to suppress unwanted Josephson noise.

In addition, each pixel in the array has the SIS junction and MMIC amplifier
bias individually optimized under computer control. The required local oscillator
power is provided by a X-band synthesized frequency multiplier whose output is
divided between the pixels via a matrix of waveguide power dividers. From the very
onset, an important science driver in the array concept has been scalability to higher
frequencies. To conserve helium, the mixer array is cooled to 4 K by a closed-cycle
refrigeration system.

Unlike all other millimeter/submillimeter arrays composed of individual mixers
and discrete components, the SuperCam array has a high degree of integration. Ef-
ficient packaging is essential to the successful implementation of the array. Each of
the 1 x 8 mixer sub-arrays is constructed from tellurium copper using a splitblock
technique. A low loss, dielectric lens couples energy from the telescope into a diagonal
feedhorn. This type of horn offers excellent Gaussian beam coupling at the expense
of significant cross-polarization. Since SuperCam is a single polarization design with
no polarization selective optics, the cross-polarization introduced by the horns will
not impact the instrument performance.

Fig. 9.13 shows a detailed view of the 1 x 8 sub-array. The RF and local os-
cillator signals enter the sub-array via eight pyramidal horns. Using fundamental
TE10 mode waveguide the signals are coupled to the SIS junction via a, by now famil-
iar, broadband “across-the-waveguide” radial probe waveguide to thin-film microstrip
transition (Secs. 9.3.4 & 9.4.3). The substrate that supports the SIS junction and RF
matching network is 3 µm SOI (Sec. 9.3.2). As shown in Fig. 9.13c the magnetic
field, needed to suppress Josephson oscillations, is applied at 45 degrees. To prevent
IF feedback oscillations from the eight broadband and high gain MMIC amplifiers,
each module is covered by a precision machined housing. This housing also covers the
SIS and MMIC bias circuitry. Even so, cavity modes are easily excited, and to mini-
mize coupling across the MMIC a high dielectric constant IF board is recommended.
The IF signals are extracted toward the rear of the block via eight 50 Ω microstrip
transmission lines. Magnet and SIS/MMIC bias signals enter the Rogers TMM4 IF
board via a set of Omnetics connectors.

Light from the telescope enters the cryostat through a 127 mm diameter anti-
reflection (AR) coated, crystalline quartz vacuum window and passes through an IR
blocking filter on the 40 K radiation shield before illuminating the 4 K mixer array.
SuperCam uses a Sumitomo SRDK-415E-A71A cryocooler. The cooler has 1.5 W
of thermal load capacity at 4.2 K and 45 W at 40 K with orientation-independent
operation. The operating temperature of the cryocooler is stabilized by the addition
of a helium gas pot on the second stage. For further information on the cryogenics
we refer to Groppi et al. [14].



9.4. LARGE FORMAT ARRAYS BASED ON SOI TECHNOLOGY 261

9.4.2 LO power distribution

With an array receiver, LO power must be efficiently distributed among all pixels.
Depending on the mechanical and optical constraints of the array, local oscillator
distribution can be achieved by either quasi-optical or waveguide injection. With the
quasi-optical approach, dielectric beam splitters or holographic phase gratings are
used to divide the LO energy between array pixels [34]. The multiple LO beams can
then be combined with the sky beams before entering the array mixers using a tradi-
tional (Mylar) beam splitter, Martin-Puplett interferometer, or Fabry-Perot interfer-
ometer [35]. The quasi-optical approach works well for modest sized arrays. However,
for the large format being presented here, the size of the required quasi-optical power
splitter and diplexer become prohibitive. Therefore we have implemented a hybrid
waveguide/quasi-optical LO power injection scheme. The LO power [25] at the out-
put of the array is coupled to an eight-way waveguide power divider with a splitblock
machinable waveguide twist. Each of the power divider outputs provides the drive
power for a 1 x 8 sub-array via an identical 8 way corporate divider with diagonal
waveguide feedhorn outputs. Accounting for conduction and surface roughness losses,
we expect this 64-way network to add an additional 2 dB of LO power loss compared
to a lossless divider. The described mixer blocks and LO distribution system are
fabricated at the University of Arizona (UAz) with a Kern MMP micro-mill [36].

9.4.3 3 µm thick silicon splitblock waveguide transition

Similar to the HEB SOI design of Sec. 9.3, we extend the use of 3 µm thick silicon
substrate to SuperCam. The choice of 3 µm SOI facilitates scalability, and eases
modal excitation when going “across-the-waveguide” (Fig. 9.15). The addition of
support beamleads has no effect on the RF performance as long as the cavity that
houses the beamleads is evanescent.

The beamlead cavity may be extended to facilitate the use of Crystal bond wax
[21]. In our design side beamleads are crucial in setting the substrate height with
respect to the center of the waveguide, and for securing the chip. The width of the
support beamlead cavity is 120 µm. This provides 10 µm space on either side of the
support beamlead, which in principle can be reduced. Alignment tolerance issues are
addressed in Sec. 9.4.5.

To mount the ultra-thin silicon chip in the mixer block the following general
procedure is followed (P. Puetz and H. Mani [37]). The mixer block is first cleaned
with isopropyl alcohol (IPA) in an ultrasonic bath. Following cleaning, some Crystal
bond wax [21] is put in the side beamlead pockets, making sure that the pockets
are not overfilled. The selected SOI device may be picked up using, for example, a
fine natural haired paint brush and positioned carefully on top of the mixer block in
correct orientation, and as close as possible to the final position. The mixer block
should already have alcohol applied to junction area. Care must be taken to pick
up the junction so that it is right side up, and the IF side of the junction is in the
correct orientation. Beam leads may be aligned, and alcohol added with for instance a
paintbrush. Finally, the mixer block is heated until the Crystal bond wax melts. Once
the chip is secure in place, the IF beam lead is “Tack bonded” with a flat bonding
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Figure 9.14: Composite view of the SuperCam waveguide-to-mictrostrip transition. The side beam-
leads are important in determining the Z-dimension. See text for further details.

tool. If needed, conductive H20E silver epoxy [22] may be used to reinforce the IF
and contact GND beam leads mechanically. In this case the epoxy should be cured
at a low temperature (95◦) for 2 hours.

In Fig. 9.14a we show a rendition of the SOI chip with integrated beamleads. HFSS
[18] has been used exclusively in the design of the “across-the-waveguide” transition.

Table 9.3: Geometric parameters of the SuperCam waveguide-to-SIS transition in Fig. 9.14.

Element Dimension (µm)

Waveguide dimension 600× 280

SOI substrate 3× 254× 3048

Air height below substrate 65

Air height above substrate 35

Backshort radius 115

Distance backshort-substrate 200

Radius radial probe 140

RF choke (high impedance) 175× 24

RF choke (low impedance) 186× 220
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Figure 9.15: Coupling performance of the SOI “across-the-waveguide” microstrip transition. a) Input
return loss. For a discussion on the excited substrate resonance see text. b) Coupling efficiency.
c) Real and imaginary probe impedance. d) Probe impedance in the complex plane (Smith chart).

The backshort radius is 115 µm and is located 200 µm in front of the chip. Additional
parameter details are provided in Table 9.3. In Fig. 9.14b we show a photograph
taken at an oblique angle (courtesy P. Puetz). The side, ground, and IF beamleads
are clearly visible. The width of the IF channel is such that it provides 12.5 µm space
on either side of the silicon chip. The IF beamlead serves to extract the IF signal and
inject the SIS bias. Just visible in Fig. 9.14c is the dc blocking capacitor. Errors due
to chip misalignment, such as are evident in Fig. 9.14d, are at this wavelength small
when compared to the tolerance in SIS junction and RF matching network parameter
variation (Sec. 9.4.4).

The performance of the waveguide transition is shown in Fig. 9.15. When going
across the waveguide, to facilitate the SIS dc-bias return, high Q resonant mode(s)
are easily excited in the operational TE10 mode waveguide band. This may be un-
derstood from Withington and Yassin’s assessment [38], in that by going across the
waveguide the probe’s input impedance is influenced by the parallel sum of one more
non-propagating modal impedances. This is especially noticeable with the very broad
bandwidth performance of the asymmetric radial probe (Chap. 7, Sec. 9.3.5). In case
of the 3 µm thick silicon substrate, the modal resonance may be pushed to ∼ 440 GHz
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(1.76 fc) with an empirical design [18] of the inductive meandering transmission line
that extends across the waveguide. When the silicon substrate thickness is increased,
all other parameters being the same, the discussed resonance shifts down in frequency.
For narrower band applications this design constraint eases considerably. Fortunately
the tolerance of available SOI thickness is 0.5 µm, well within the required limit.

From the computer simulations, we see for 3 µm SOI excellent performance in
the frequency range 270 – 420 GHz (∼ 37 % instantaneous bandwidth). It should be
noted that the SIS bias return may be accomplished via the integrated side beamleads.
Taking a “conservative” approach we have not attempted this with the SuperCam chip
design. However, this technique has been indirectly demonstrated with the single
pixel AlN-barrier design of Chap. 7. Future designs may well follow the “asymmetric
approach” with bias return via the side beamleads. It being natural to the SOI
approach with integrated beamleads technology, while avoiding the fort mentioned
modal excitation problems.

9.4.4 SIS junction design and predicted performance

IF Gnd

Side BL

SiO

RF Match

Figure 9.16: SOI junction layout with IF, ground, and 8 side beamleads (top/bottom). The side
beamleads provide structural support and set the substrate height in the waveguide. The IF/ground
beamleads are “tagged” down with a wirebond probe tip. All beamleads are 4.5 µm thick. Junction
Fab: A. W. Lichtenberger et al., UVa.

The SIS junction design for SuperCam is based on AlOx-barrier technology. The
reasons for this choice are several. AlOx as a SIS barrier is a mature technology,
which goes along well with the “conservative” approach. In addition SuperCam being
primarily a mapping instrument of 12COJ=3→2 (345 GHz) and 13COJ=3→2 (330 GHz)
does not require the very large RF bandwidth offered by high-current density AlN-
barrier technology, as outlined in Chap. 7. A final consideration is the use of optical
vs. e-beam lithography. Low-current density AlOx-barriers have a RnA product that
allows the junction area to be defined optically for a 20 Ω normal state resistance.
This is important as the junction connects directly to the integrated (50 Ω) MMIC

Table 9.4: SuperCam nominal SIS junction parameters.

RnA Area Jc Cs εr tgnd ttop t1SiO t2SiO

(Ωµm2) (µm2) (kA/cm2) (fF/µm2) (nm) (nm) (nm) (nm)

23.0 1.13 8.2 82.0 4.3 175 450 225 225
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Table 9.5: SuperCam SIS RF matching network parameters. All dimensions in microns.

W1 W2 W3 L1 L2 L3 Ltap

2.0 56.0 7.0 9.5 63.0 98.5 27.0

amplifier (Sec. 9.4.6). With a proper IF matching network design the integrated
MMIC terminates the SIS junction IF port into ∼ 2.5·Rn. As was seen in Sec. 4.1.10,
this termination impedance provides broad IF bandwidth with an acceptable mixer
conversion loss [39].

Our design thus calls for a (single) SIS junction with 20 Ω normal state resistance.
The use of a single junction is important when yield, and the ability to suppress the
Josephson noise (Sec. 4.1.2) are taken into consideration. Given the parameters of
Table 9.4 and a 1.13 µm2 nominal junction area, the parasitic device capacitance
shunting Rn is ∼ 92 fF.

Junction

‘End Loaded Stub’

SiO

WG Edge

SIS

345 GHz

x

Radial

Probe
W3

L3

W2

L2
L1

W1

Ltap

Figure 9.17: Top) 1000× photograph of the radial probe transition and junction area. The mean-
dering transmission line across the waveguide is 2 µm by design. However due to undercutting the
actual width is ∼ 1 µm. The same is true for W1. Bottom) Current distribution in the “end-loaded”
stub RF matching network at 345 GHz based on Sonnet [40].
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Figure 9.18: a) RF coupling efficiency between the waveguide and SIS junction. The dotted line is
the response for a 45 Ω “ideal” antenna impedance. b) Input return loss at the SIS port. c) Real
and imaginary impedance presented to the SIS junction. d) The same, but in the complex plane
normalized to Rn (20 Ω).

To match this parallel RnC combination to the radial probe antenna impedance
we employ an “end-loaded” stub, similar to the one described in Sec. 4.1.8. In the
design of the RF matching network we have used Pcircuit, a superconducting linear
circuit simulator, originally written by Zmuidzinas and Bin et al., in combination with
Sonnet [40, 41]. The top panel of Fig. 9.17 shows the final product, with the current
density distribution at 345 GHz shown in the bottom panel. The low impedance
Section of the “end-loaded” stub is tapered to minimized stray capacitance of the
transition.

The actual dimensions of the RF matching network are shown in Table 9.5. To
calculate the coupling efficiency between the waveguide and LO pumped SIS junction
(α=0.6) we combine the S-parameters of HFSS (radial-probe transition), with Sonnet
(2D niobium film RF matching network), and the from the Tucker theory obtained
SIS junction RF impedance.

The broadband performance shown in Fig. 9.18 is in large part due to the very
wide bandwidth radial probe waveguide transition, which in the frequency range of
interest presents a more or less constant 45 Ω impedance. The ωRC product of the
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junction limits the overall bandwidth. Traditional waveguide to thinfilm microstrip
transitions provide a smaller RF bandwidth [42]- [44] than the radial probe transition,
and the coupling to the junction becomes a convolution of the waveguide transition
with the ωRC product of the junction. In Fig. 9.18 the dashed lines indicate the
design goal; 300 – 400 GHz.

9.4.5 Tolerance to misalignment and fabrication

In Fig. 9.19 we show the effect of a ± 10 µm sideways chip misalignment in the
waveguide. The SuperCam design specification is 300 – 400 GHz, and even with the
substrate 10 µm out of the waveguide do we find this goal easily met. The reason
for the minor effect has to do with the small fractional change in probe radius, as
measured from the waveguide wall, and the effect it has on the real impedance of
the radial probe transition [45]. A much more significant effect is experienced by a
change in the critically tuned parallel Rn, Cj combination. This is evident in the
right panel of Fig. 9.19 where, keeping the RnA product constant, we vary the SIS
junction area. Changing this parameter effects both Rn and Cj and thus the overall
response function.

Parametric junction variations also indicate that the SiOx thickness ought to be
kept to within ± 15 %. A variation in the RnA product (Jc, Eq. 4.10) results primar-
ily in a small coupling loss. Here too a variation of ± 15 % is acceptable. In the RnA
variation calculations (not shown) the junction capacitance is assumed 82 fF/µm2.
The most efficient method therefore to compensate for possible device process vari-
ations is to vary the junction area. An area variation of ± 17 % corresponds to a
diameter variation of 1.1 - 1.3 µm. It may be assumed that the RnA product across
the 2 inch diameter SOI wafer is relatively constant. In the SuperCam design, we
have opted for 25 % of the wafer with a (circular) junction diameter of 1.1 µm, 50 %
with 1.2 µm, and 25 % with 1.3 µm, as depicted in the right panel of Fig. 9.19.
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frequency is centered on 345 GHz. Right) SIS junction coupling efficiency as a function of device
area (junction diameter) variation. The RnA product is held constant at 23 Ω − µm2.
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9.4.6 Integrated IF

During the past 4 years wideband, very low noise, cryogenic monolithic microwave
integrated circuit (MMIC) amplifiers have been developed by Sander Weinreb’s group
at Caltech, with foundry fabrication at TRW (now Northrop Grumman Space Sys-
tems, NGST) and HRL. The MMIC’s use indium phosphide, 0.1 micron gate length,
high electron-mobility transistors (HEMT’s). These devices match the requirements
of densely packed focal plane arrays in terms of size, dc power dissipation, yield, and
bandwidth.

The IF output of the SIS junction is bonded directly to the input matching network
of a low-noise, InP MMIC amplifier module, located in the mixer sub-array (Fig.
9.13). SuperCam’s IF center frequency is 5 GHz which is the standard IF frequency at
the HHT. It also lies conveniently within the operating range of the existing generation
of IF amplifier modules. The chip is mounted in an 11 mm × 11 mm amplifier
module that contains integrated bias tees for the SIS junction and the WBA-13 MMIC
amplifier chip. The module achieves a noise temperature of∼ 5 K and consumes 8 mW
of power at 4 K. An amplifier module has been integrated into a single pixel SIS mixer
block and verified to operate as expected. Allan variance times and mixer noise
temperatures are unchanged within the measurement errors compared to a similar
mixer used with an external commercial LNA and cryogenic isolator.

The computer simulation of Fig. 9.21 are referenced to the SIS junction. We
plot the IF response for three LO pumped differential sub-gap mixer impedances,
ranging from 3.3 Rn to 10 Rn (67-200 Ohm). Actual measurement by Puetz et al.
gave optimal receiver sensitivity with a sub-gap slope of 3.3 Rn (Fig. 9.24). The
MMIC unit has ∼ 35 dB of available gain in the 4 – 9 GHz passband. This is more
than adequate and ensures that the noise contribution from room temperature post
amplification is negligible (≤ 0.5 K, Eq. 2.27).

WBA-13IF-match

50 Ω OutputWBA-13

50 Ω Output

IF-match

SIS/MMIC Bias Circuit

Figure 9.20: Left) Model of the integrated MMIC and IF input/output matching network. Rendition
courtesy N. Wadefalk. Right) Physical implementation. The dielectric constant of the IF board
should be kept as high as possible to maximize MMIC input to output port isolation.
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Figure 9.21: Top) Gain and noise temperature of the WBA-13 MMIC when connected to a SuperCam
SIS junction for three LO pumped (sub-gap) differential source impedances. In all cases the parasitic
junction capacitance shunts the source impedance. The K-factor indicates that the MMIC module
is unconditionally stable. This does not include electromagnetic feedback. c) IF load impedance
presented to the SIS junction. d) Complex plane. The IF load impedance presented at the junction,
overlaid with the SIS junction intrinsic IF output impedance (3.3 Rn) shunted by the 92 fF parasitic
Al2O3 barrier capacitance. See also Sec. 4.1.10.

As may be seen from Fig. 9.21b the IF noise temperature is quite insensitive to
the SIS IF impedance (sub-gap slope) for values < 5 Rn. This is by design, e.g. Rn

was chosen based on these results (Sec. 9.4.4). The amplifier is stable (K-factor)
for all frequencies where the MMIC has gain. It should however be noted that with
∼ 35 dB of gain, feedback from the output to input is likely. A careful design of
the IF amplifier housing/cover is therefore called for. In panel 9.21c we show the
IF impedance presented at the junction. In the frequency range of interest this is
approximately 70-i20 Ω. The IF design (N. Wadefalk & J. Kooi) has been optimized
for minimum, and flat, noise performance. The presented performance includes the
RF choke, thin-film RF matching network capacitance (∼ 257 fF), and beamlead
contact (Fig. 9.14c). The use of a beamlead contact, rather than the traditional
(inductive) wirebond, is of considerable benefit for frequencies > 6 GHz. This is
an additional advantage of the integrated SOI beamlead approach. Finally, in panel
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9.21d we depict the IF impedance presented to the junction in the complex plane.
The 3.3 Rn source impedance, shunted with the junction parasitic capacitance (92 fF)
is also indicated (ZIF SIS).

9.4.7 Fourier transform spectrometer (FTS) measurements

A SIS junction can be used as a direct detector. Combined with a Michelson inter-
ferometer (FTS) [46] and Fourier transform of the obtained interference spectrum,
the RF frequency response of the junction can be obtained. It has in practice been
found that the direct detection response of a SIS mixer is an accurate tracer of the
conversion gain and instantaneous RF bandwidth. This can be understood in that
the passband response of a SIS mixer is determined by the RF matching network and
parasitic junction capacitance. The local oscillator power (α = 0) has little effect on
this and the optical coupling efficiency to the junction. Secondly, the IF frequency in
case of a heterodyne response is a small fraction of the LO frequency, which itself lies
within the designated RF passband.

The responsivity of a SIS direct detector can be derived from the LO pumped dc
I/V curve [47]

Idc(Vo, VLO) =
∞
∑

n=−∞
J2

n(α)Idc (Vo + n~ω/e) , (9.2)

where α presents the photon energy normalized LO pump level

α = eVLO/~ω . (9.3)

For a direct detector the incoming radiation is very small (α ∼ 0) and only single
photon processes are important. From [48] we obtain the increase in direct current as

∆Idc =
1

4V 2
ω

Idc(Vo + ~ω/e)− 2Idc(Vo) + Idc(Vo − ~ω/e)

(~ω/e)2
. (9.4)

Following Tucker and Feldman, the actual dissipative RF current in the SIS junc-
tion, in the limit of a small ac voltage, is found to reduce to

Iω = Vω
Idc(Vo + ~ω/e)− Idc(Vo − ~ω/e)

2(~ω/e)
. (9.5)

Since the RF power absorbed in the junction (PRF ) is equal to VωIω/2, and the
responsivity of a direct detector defined as the change in direct detection current in
response to a change in the (ac) input signal power level, we find that

R =
∆Idc

PRF
=

e

~ω

Idc(Vo + ~ω/e)− 2Idc(Vo) + Idc(Vo − ~ω/e)

Idc(Vo + ~ω/e)− Idc(Vo − ~ω/e)
. (9.6)

It is interesting to observe that the responsivity of an ideal tunnel junction (Eq.
9.6) reduces to e/~ω for Vgap − Vo < ~ω/e > Vgap + Vo. In all cases Vo represents
the dc bias voltage and Vgap the superconducting energy gap voltage (∼ 2.8 mV for
niobium).
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Figure 9.22: Direct detection responsivity of a SIS junction as a function of dc bias (Vo) and frequency.
In all cases Rn=20 Ω, the energy gap 2.8 mV, the gap smearing ±50 µV, and the Rsub−gap/Rn

ratio (junction quality) 15. The responsivity of the SuperCam device is ∼ 0.6 µA per nW change in
RF input power (kBT∆ν in the Rayleigh-Jeans limit). To cover the low frequency end of the band,
the required dc-bias voltage is ≥ 1.7 mV. Biasing at a voltage close to the gap also increased the
detector responsivity to incoming photons.
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Figure 9.23: Measured and modeled direct detection response of device D17-0 from wafer T3-217.
The suck-out at 420 GHz is due to modal excitation from the inductive meandering line across the
waveguide (Fig. 9.15). From our computer simulation we understand the premature roll-off to be
due to undercutting of the niobium (top layer) transmission lines. The pyramidal feedhorn response
is not included in the simulation and may explain the response above 380 GHz.
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In Fig. 9.22 we plot the responsivity for a range of bias voltages. Photons with
energies less than Vgap − Vo do not provide sufficient energy to allow electrons to
tunnel through the barrier, as evidenced from the cutoff frequencies. The measured
and simulated direct detection response of the SuperCam junction shown in Fig. 9.17
is plotted in in Fig. 9.23. The actual device was of wafer T3-217 (A. W. Lichtenberger
et al., UVa). Due to undercutting on the wafer the “end-loaded” RF matching network
was tuned low in frequency (increased inductance of L1, Fig. 9.17). The mixer block
used for the measurement uses an integrated pyramidal feedhorn.

9.4.8 Heterodyne results

The heterodyne response for a single pixel with integrated IF is shown in the left
panel of Fig. 9.24. This data was taken by Patrick Puetz et al. in the spring of 2007,
and represents “first light” for a SuperCam pixel. For consistency the response of a
SIS device from wafer T3-217 is plotted. From the experimental measurement, we
derive a LO pumped sub-gap differential impedance of 66.7 Ω or 3.3 Rn. This is very
close to the optimal design value in Sec. 9.4.6. In the right panel of Fig. 9.24 we
show the modeled and measured heterodyne performance for several devices vs. the
ideal response. Clearly the response is very sensitive to SIS fabrication tolerances.
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Figure 9.24: Left) Measured heterodyne response of wafer T3-172. The receiver noise temperature
at 345 GHz (12COJ=3→2) was 75 K. The magnetic field was tuned to the second Josephson min-
ima which occurred at a B-field current of 31 mA. Data courtesy Patric Puetz. Right) Measured
heterodyne response vs. the model for a variety of devices from the wafer T3-217.

9.5 Summary

In this Chapter we have taken a closer look into the development of heterodyne
imaging arrays. We have traced the development of silicon-nitride membranes to ultra
thin silicon-on-insulator (SOI) as a potential candidate for large format, scalable, SIS
and HEB substrate material. The use of SOI material is highly competitive with
existing (industrial) fabrication processes, offers for phonon-cooled HEB mixers a
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compatible substrate, and has the additional advantage in the way gold beamlead
may be integrated. Not only does this technology open the door to multi-pixel focal
plane arrays, it also facilitates the more complex receiver designs of Chap. 8. Finally,
because the individual chips are etched, rather than diced, the shape is arbitrary.
This is especially advantageous in the terahertz regime since “handles” or “frames”
can be integrated as part of the design. The use of SOI thus facilitates modularity
and ease of assembly. These features not only benefit far-infrared astronomy, but are
also likely to impact such fields as medical instrumentation, atmospheric research,
and surveillance.
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