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ABSTRACT 
 

Superconducting based SIS and HEB detectors continue to 
yield improved noise temperatures at submillimeter 
wavelengths. These higher frequencies present new challenges, 
particularly for waveguide based designs where the tolerances 
for mounting small mixer chips become quite narrow. Also, 
conventional millimeter wavelength techniques for making the 
IF and ground connections are more prone to error. As the 
device technology for these SIS and HEB-based detectors 
matures, there is also an increased interest in integrated receiver 
arrays. These challenges call for simpler mounting designs and 
more repeatable assembly techniques. 

Our research group, at the University of Virginia, is 
meeting these challenges with a new ultra-thin mixer chip 
technology, with integrated gold beam leads, first reported in 
[1]. We have since further developed and improved on this 
technology. We have several ongoing SIS, HEB and OMT 
projects which utilize these capabilities. Most important to this 
technology is the transition from the conventional use of quartz 
as a circuit substrate material to that of ultra-thin (<10 microns) 
silicon. We accomplish this by creating the mixer circuitry on a 

silicon-on-insulator (SOI) wafer and using a sophisticated back-
side release process to produce individual mixer chips. These 3 
micron ultra-thin chips present less dielectric material within a 
waveguide channel and are actually much more robust than 
quartz chips that are an order of magnitude, or more, thicker. We 
use integrated 1-2 micron thick gold beam leads to simplify the 
electrical connection and placement of the chip within the 
receiver waveguide. Beam leads are another component of the 
mounting process that makes our modular mixer implementation 
possible. 

Based on our SOI process, we are currently developing 
several HEB mixers- two single element metal waveguide 
designs at 600 GHz and 1.6 THz, and an integrated array 
approach using silicon laser micromachined blocks centered at 
900 GHz and 1.8 THz. We are also pursuing several SIS mixers- 
one single element 350-500 GHz design with ultra wide IF 
bandwidth and one 350 GHz receiver array. In this paper we will 
discuss our ultra thin silicon beam lead technology and the 
ongoing progress of these new receivers. 
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1. INTRODUCTION 
 

High frequency waveguide circuit systems present unique 
challenges for fabrication, assembly, testing, and packaging. 
Such systems are generally comprised of a multitude of 
components, often in a large range of size scales, each 
potentially fabricated in various ways. Unlike most monolithic 
microelectronics, Terahertz systems usually require individual 
specialized circuits that require assembly with high geometric 
precision. Because device positioning and the quality of 
metallized connections in terahertz systems significantly affect 
electro-magnetic properties, and because high frequency circuit 
chips are necessary extremely small (on the order of 10s of 
microns wide), traditional chip bonding and wire bonding 
techniques are not practical for electrical and mechanical 
mounting. 

Our experience developing high frequency heterodyne 
mixer elements has led to advancements in chip fabrication and 
chip mounting technologies. We are developing these 
technologies to simplify the process of assembling mixers used 
in high frequency receiver blocks, as well as to improve device 
performance and more seamlessly integrate the receiver systems. 
The most important elements of our improvements are the use of 
silicon-on-insulator (SOI) technology for ultra-thin silicon 
devices, and the incorporation of integrated beam leads for 
electrical and mechanical connections. 
 

 
2. SILICON AS A SUBMILLIMETER CIRCUIT 

SUBSTRATE 
 

For many years quartz has been the substrate material of 
choice for millimeter wave mixer circuits. The attractive 
material properties of quartz include low dielectric loss tangent 
and a relatively low dielectric constant. When such devices are 
used in waveguides at millimeter wavelengths, the required 
quartz thicknesses is on the order of 20 to 50 microns. These 
thicknesses can be obtained quite easily by wafer lapping after 
processing and, as a result, the circuit modeling, with respect to 
the substrate, is fairly straightforward. Quartz is also compatible 
with a variety of microfabrication processes and can be 
processed in bulk wafer form. However, at higher frequencies, 
circuit elements and waveguide dimensions necessarily become 
smaller. At a substrate thickness where quartz would maintain a 
low RF profile, the material becomes too fragile for assembly. In 
terms of mechanical strength, particularly for integrated 
detectors, quartz is limited to a thickness greater than 
approximately 20 microns, which is roughly half the microstrip 
channel height in submillimeter waveguide receivers. The quartz 
then becomes a substantial component of the waveguide profile. 
For all of these reasons, quartz is a highly impractical material 
with which to work in the Terahertz regime. 

Recent research in the field has been aimed at finding better 
materials for the advancing Terahertz field [2]. Materials such as 
silicon nitride show promise for use in membrane-type 
geometries [2,3], due to sufficient mechanical strength even at a 
thickness of only 1 micron. We have focused on (very lightly 
doped) silicon, a traditionally unappreciated material as a viable 
THz waveguide based mixer substrate. Silicon has been largely 
overlooked in the past, given its much higher dielectric constant 
and dielectric loss tangent than quartz, and is not an insulator at 
room temperature. Our research on high frequency heterodyne 
mixer elements, however, has led to developments in chip and 
chip mounting technologies that permit us to overcome the 
above limitations. First, 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. Secondly, all of our THz detector research 
involves superconducting elements where the receiver assembly 
must be cryogenically cooled. At a few Kelvins, the carriers in 
silicon freeze out and the material effectively becomes an 
insulator. With these properties in mind, it becomes evident that 
silicon is potentially a good replacement for quartz in the THz 
regime, given the technology to yield circuits on thin silicon 
substrates. 

Until recently it has been difficult to take advantage of 
silicon for submillimeter chip applications because it could not 
be manufactured or processed at the few micron thickness and 
would be impossible to handle. For submillimeter chip 
applications, 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 new technology called 
Silicon-on-Insulator (SOI). Physically, an SOI wafer is a 
combination of a standard thickness silicon “handle” wafer, a 
SiO2 insulator layer above it, and an ultra-thin silicon “device” 
layer bonded to the oxide. The thick 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 (BOX), provides a barrier between the two 
silicon layers and can also be used as an etch stop. SOI wafers 
were originally invented for the semiconductor industry to 
reduce leakage current and parasitic capacitance in integrated 
CMOS devices [4]. The device layer is typically made from a 
thicker wafer, bonded to the BOX and polished, with very high 
precision, to the final thickness. 

We have developed the processing methods that can take 
advantage of SOI for making ultra thin mixer substrates by 
fabricating circuitry on the device layer of a SOI wafer and then 
releasing individual chips from the handle and BOX. Release is 
accomplished by the following steps after the device layer 
circuitry is finished. First, the wafer is mounted to a glass 
carrier, device layer down, with transparent wax. The assembly 
is then mounted to a lapping block and most of the SOI handle is 
mechanically lapped away. A thinned silicon handle layer of 
about 30 microns remains. This silicon is carefully removed 
using a KOH wet chemical solution to etch a hole through the 
central region of the remaining handle silicon. A specially 
designed etch jig protects the edge of the wafer and the wax 
during the etch process. The KOH etchant stops on the BOX 
layer, leaving the thin device layer intact. The BOX is then 
removed using a buffered oxide etch (BOE) solution. Resist 
features are then aligned on the backside of the thin silicon 
device layer to mask the regions that will become the individual 
mixer chips. The use of a glass carrier and transparent wax 
facilitates the back side alignment necessary to align the 
photomask to the front side device features. The unmasked thin 
silicon is anisotropically removed using an SF6 based RIE 
process. Individual chips are released from the wax using an 
acetone rinse and the process is complete. Figure 1 below 
outlines the back side release process, further details of which 
can be found in [5]. An single 600 GHz HEB silicon mixer is 
shown in figure 2. 
 



 
Fig 1. 

The back side SOI chip release process. 
 
 

 
 

Fig. 2. 
An individual ultra-thin silicon mixer. Note the long electrical 
beam leads extending from the ends of the device and short 
support beam leads on the sides. 

 
 

Our SOI process is not only a convenient solution to the 
problem of making ultra-thin mixers, but also offers some 
significantly advantageous microfabrication characteristics when 
compared to quartz mixer processing. For one, almost any mixer 
chip shape can be realized because the chip outline is defined by 
lithography and RIE etching. Quartz chips are typically limited 
to rectangular shapes because diamond saw based wafer dicing 
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 subjected to much physical handling and 
deformation without destruction. The elimination of the dicing 
processes allows for integration of beam leads into the device 
structure with front side processing. 

Beam leads are essentially gold tabs that extend from the 
edges of the chip and provide a means for making electrical, 
thermal, and mechanical connections to waveguide walls, other 
chips, or circuit fixtures. If, for waveguide based receivers, 
beam leads are made sufficiently thin, split-block designs can be 
assembled to grip the chip simply by clamping down on the 
beam leads with the sides of the waveguide. In effect, the chip 
can be suspended in the waveguide block with no need for 
special support structures. Beam leads also provide a robust 
handle by which silicon chips can be gripped and manipulated 
with fine tweezers. Although we previously developed a method 

for fabricating beam leads on quartz mixer chips [6] and beam 
leads can potentially be implemented on a variety of substrate 
materials, our silicon-based process is much more 
straightforward given the capability to electroplate beam leads 
on the front side before releasing them by way of the back side 
silicon etch. 

 
 

3. MIXER DEVELOPMENT 
 

We have applied our ultra-thin SOI mixer technology to a 
600 GHz metal waveguide based hot electron bolometer (HEB) 
mixer designed by Bass [5] with encouraging noise temperature 
results (see figure 3). We believe further optimization is possible 
with bolometers of lower resistance for better impedance 
matching. We are also designing a new single element metal 
waveguide HEB SOI mixer at 1.6 THz. In addition to these 
metal waveguide receivers, we are currently working on a 700-
1100 GHz and 1.4-2.0 THz integrated HEB array designed by 
Kooi using silicon laser micromachined blocks [7] instead of the 
traditional metal waveguide approach, as shown in figure 4. 
Laser micromachining will be performed by Walker’s group at 
the University of Arizona. 

 
 

 
 

Fig. 3. 
Noise temperature for the 600 GHz p-HEB ultra-thin silicon 
mixer. Due to slight impedance mismatch, the lowest noise 
temperature is achieved above the design frequency at 660 GHz. 

 
 
 

 
Fig. 4. 

Cross sectional view of a single pixel silicon laser 
micromachined block. It consists of a bottom block with a fixed 
tuned backshort, an HEB carrier block and a corrugated 
feedhorn to couple to the incoming radiation. All these parts are 
silicon micromachined at the University of Arizona. 

 
 



All mixers are designed for 3 micron chip thickness and 
incorporate beam leads for DC/RF ground and IF/DC bias 
connections. The fabrication of HEB elements is highly 
compatible with SOI. For the nanoscale patterning of the HEB 
features, we have used both electron-beam lithography and our 
novel parallel processing technique called SSNaPS [8] which 
makes use of standard UV lithography. Both have shown good 
success at making NbN phonon-cooled HEBs directly on the 
device layer silicon. The NbN is deposited on blank SOI wafers 
by Moscow State Pedagogical University, prior to any of our 
device fabrication. All such HEB processing is virtually 
identical to that which would be used on quartz. 

 
 

4. MIXER AND WAVEGUIDE BLOCK ASSEMBLY 
 
Once the fabrication of an ultra-thin mixer chip is 

completed, it is ready for insertion into a waveguide block. Our 
600 GHz design incorporates a conventionally machined brass 
waveguide block, consisting of a reduced height waveguide for 
the mixer section fed by a diagonal feedhorn. The IF section has 
a cavity for a quartz-based microstrip line. The entire block is 
designed to split near the center line of the waveguide and the 
horn. The chip is easily inserted into the waveguide under a 
microscope by hand using one of the beam leads as a handle. 
Small support beam leads hold the chip up from either side of 
the waveguide while the ground beam lead also makes contact 
with the block at the end of the waveguide. The ground and 
support beam leads make firm contact with the block when the 
top half is attached and bolted down. Due to the malleability and 
low thickness of the gold beam leads, they compress easily and 
have little effect on waveguide geometry. The block is now 
ready for assembly within the cryostat. The resilience of the 
silicon chips and the use of robust integrated beam leads make it 
a relatively simple procedure to ready the block for assembly 
into the cryostat. 

Our other receiver designs meet a variety of assembly 
challenges. For example, our 1.6 THz HEB design is an 
adaptation of an existing metal waveguide 1.6 THz Schottky 
diode mixer. The original mixer design consists of a Schottky 
diode mounted atop a 15 micron thick quartz chip, which is 
placed within the lower half of the waveguide microstrip 
channel, where ground and IF contacts are made using gold wire 
bonds. Our adaptation replaces the Schottky diode mixing 
element with a NbN phonon-cooled hot-electron bolometer, and 
the quartz chip with a 3 micron thick silicon substrate. Gold 
beam lead protruding from the perimeter of the substrate 
suspend the mixer within the middle of the waveguide while 
also providing thermal and electrical contact between the 
waveguide block, IF circuitry, and mixing elements. The NbN 
mixing element presents a 75 Ω real impedance over a 300 GHz 
band centered around 1.6 THz. This receiver will demonstrate 
the advantages of our ultra-thin substrate approach to 
assembling submillimeter-wave receivers, where the deviations 
in chip placement can have a significant impact on the 
performance of the mixer. 

Other types of receiver/waveguide block configurations are 
possible when ultra-thin silicon and beam leads are used. Our 
900 GHz and 1.8 THz designs, made in collaboration with 
Caltech and the University of Arizona, use silicon 
micromachined blocks in a focal plane array-type configuration. 
Here, a group of mixers chips will be inserted into a planar 
silicon frame which will become part of the block. Radiation is 
incident perpendicular to the mixers from a silicon 
micromachined feedhorn array (see figure 5 below). Radial 

probes in the mixer circuit are designed to absorb the incident 
radiation over a 35% fractional bandwidth. 

 
 

 
 

Fig. 5. 
1.8 THz, 3 micron ultra-thin silicon chip with the HEB, 
metallization and beam leads situated in a silicon 
micromachined frame. The waveguide is not shown for clarity. 
The whole structure has been simulated in HFSS, a 3D finite 
element electromagnetic field simulation tool. 

 
 

Another example of using the SOI/beam lead technology in 
high frequency mixer designs is demonstrated in a 385-500 GHz 
fixed-tuned SIS waveguide mixer which is currently being 
developed by our group and in collaboration with NRAO. This 
mixer design will be capable of operation with a very wide IF 
bandwidth (IF 4-12 GHz) and can be used as the building block 
mixer for the future sideband-separating receivers for 
astronomical observations. Mixer circuit elements are designed 
using commercially available design software: the waveguide to 
suspended stripline transducer was designed using QuickWave 
[9] FDTD EM simulator; the mixer tuning circuit and RF choke 
were designed and optimized using Sonnet em [10] and 
Microwave Office [11]. It is found that the self inductance of the 
SIS array is the main element limiting the RF bandwidth of the 
high frequency mixer. In order to reduce this self inductance a 
new fabrication process, which adds an additional 500-nm SiOX 
insulation layer and a 600-nm ground plane, has been 
developed. This allows us to fabricate a series SIS array in a 
microstrip configuration on a SOI substrate with low 
characteristic impedance, which significantly reduces the self 
inductance of the array. Two mixer circuit designs have been 
completed. One design uses the microstrip self-inductance of the 
array as the main tuning element. A second design employing a 
new two-junction tuning configuration has also been developed. 

 
 
5. OTHER APPLICATIONS OF ULTRA-THIN SI 

 
Our SOI/beam lead technology is not limited to high 

frequency mixers, but can be adapted for other waveguide 
microwave circuits, such as multipliers and couplers. One 
interesting application with which we are involved is an SIS 
ortho-mode transducer (OMT) type receiver designed by Groppi 
at NRAO [12]. This system will share some similar 
characteristic with the HEB silicon micromachined array, but 
will be a single element receiver. One interesting aspect of this 
receiver is its ability to split perpendicular polarizations of 



incoming radiation and feed the two polarizations to individual 
waveguides and SIS mixers. This is accomplished not with 
external optics, but instead using a finline transmission line. 
Finlines have been studied at much lower frequencies, but the 
THz regime necessitates very thin substrates that could not be 
easily realized until now. Using our ultra-thin SOI technology, 
we have made finline chips with integrated beam leads in a 
fashion very similar to our mixers (see figure 6 below). The 
finline chip will be installed in the central area of the waveguide 
block, splitting the feedhorn waveguide into two orthogonally 
polarized mixer waveguides. 
 
 

 
 

Fig. 6.. 
A single UVA-NRAO finline chip fabricated on ultra-thin 
silicon. The majority of the surface is covered by 5 micron 
plated gold which extends out into beam leads. Between the gold 
regions is a channel running from the left end of the chip to the 
angled arm on the right. Radiation enters from the left end and 
exits either from the arm or passes through to the upper right, 
depending on polarization. 
 
 

6. CONCLUSION 
 

As the device technology for THz detectors matures, there 
is a growing need for simpler mounting designs and more 
repeatable assembly techniques. Our research group, at the 
University of Virginia, is meeting these challenges with a new 
ultra-thin mixer chip technology. Our novel ultra-thin mixer 
chips with integrated gold beam leads offer superior electrical, 
mechanical, and fabrication properties over conventional 
substrate and mounting technologies. We have demonstrated 
that sub-millimeter mixers can be practically realized using SOI 
fabrication methods. Array systems will greatly benefit from this 
ultra-thin silicon mixer chip approach for the purpose of 
modularity and ease of assembly. We also believe that there are 
many other applications that could benefit from these 
techniques. 
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