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Millimeter- Wave Monolithic Schottky Diode
Imaging Arrays

Abstract

Inexpensive and compact imaging systems with high sensitivity are needed
for millimeter waves. In this study, the calculated efficiencies of elementary
integrated-circuit feed antennas show that the antennas with substrate lenses
are potentially better feeds than those without substrate lenses. Planar Schottky
diodes are integrated with bow-tie antennas to form a one dimensional array. The
energy is focused onto the antenna through a silicon lens placed on the back of
the gallium-arsenide substrate. Putting a polystyrene cap on the silicon lens has
been demonstrated to be an effective way to reduce the reflection loss. A self-
aligning process together with proton isolation has been developed to make the
planar Schottky diodes with a 1.1-THz gzero-bias cutoff frequency. The antenna
coupling efficiency and imaging properties of the system are studied by video
detection measurements at 94 GHz. As a heterodyne receiver, a double-sideband
mixer conversion loss of 11.2 dB and noise temperature of 3770°K have been

achieved at a local oscillator frequency of 91 GHz.
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Chapter 1

Introduction
1.1. Motivation

The frequency range of millimeter waves is from 30 GHz to 300 GHz, cor-
responding to wavelengths of 10 mm to 1 mm. It lies between microwaves and
infrared. The three principal characteristics of millimeter waves, that is, short
wavelengths, large bandwidth and interaction with atmospheric constituents,
make millimeter-wave systems ideal candidates for many applications [1,2] in
radars, radiometry (3], plasma diagnosis [4], spectroscopy, and communica-
tion [5]. In general, millimeter-wave imaging systems have better resolution than
microwave radars and are less affected by smoke and fog than infrared imagers.

Therefore, there is a need of millimeter-wave imaging systems.

In imaging, an array of detectors and associated antennas can partially reduce
or even completely eliminate the mechanical scanning. It is absolutely necessary
for imaging fast changing objects. It allows longer integration time for each
detector in an array than a single detector system does. This improves the

signal-to-noise ratio.

In millimeter wavelengths, metal waveguides and horns become lossy and
expensive to build due to their small dimensions. In addition, it is difficult to
form arrays. Quasi-optical structures become more attractive [6,7]. Since the
typical detectors such as Schottky diodes are much smaller than a wavelength,
they require an antenna to provide a large effective area. This antenna serves the
same function a8 a feed horn in a microwave system. Lens-coupled antennas like
the one shown in Fig. 1.1 have been widely used in monolithic circuits [8,9,10].
The idea is that energy is focused onto an antenna through a lens placed on

the back of the substrate. This eliminates losses to substrate modes and takes
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advantage of the fact that antennas on a substrate are more sensitive to radiation
from the substrate side [11]. With this coupling structure, imaging arrays have
been demonstrated by integrating bolometers with bow-tie antennas on quartz

substrates (8,12,13].

Because there are few powerful millimeter-wave sources, it is desirable to have
sensitive detectors. The Schottky diode is one of the most sensitive detectors
in room temperature applications. Excellent results have been obtained with
pointed-contacted Schottky diodes in waveguides [14] and quasi-optical mixer
mounts [6], but the assembly is labor-in‘ensive, time consuming, and expen-
sive. Beam-lead Schottky diodes are fragile, and have considerable parasitic
inductance and capacitance. These diodes are not suitable for making an array.
Monolithic integration of a single planar Schottky diode with a slot antenna on
a semi-insulating GaAs substrate has been demonstrated [15]. By integrated-
circuit technology, making an array with many planar Schottky diodes and an-
tennas together is no more complicated than making a single planar Schottky

diode.

This is the motivation for making a millimeter-wave Monolithic Schottky
diode imaging array with lens-coupled antennas. In this work, imaging arrays
have been made by integrating the planar Schottky diodes (see Fig. 1.2) with
bow-tie antennas (see Fig. 1.3) on semi-insulating gallium-arsenide substrate.
This will lead to inexpensive and compact imaging systems with high sensitivity,
which are desirable for missiles, satellites, and aircraft. Our imaging arrays were
designed for 94 GHz since this frequency is in one of the low absorption windows

in the atmosphere.



Schottky
Diode Proton

Isolation
Boundary

AuGe/Ni/Au
Ohmic_Contaogt

uGe/Ni/AL R —

Ohmic Contac

Fig. 1.2. SEM photograph of a planar Schottky diode. Side view
(left) and head-on view (right).



5 Al

LOW
FREQUENCY
LEAD

BOW-TIE
ANTENNA /

Fig. 1.3. Imaging array with a planar Schottky diode at the apex

of each bow-tie antenna.



1.2. Overview of the Thesis

Chapter 2 discusses the calculated efficiencies of elementary integrated-circuit
feed antennas conﬁidering both the substrate and optics [16]. The effect of
substrate lenses, anti-reflection coatings, and adjustable backshorts is also
considered. The purpose is to understand the system, make comparisons, and

point to the promising antennas.

Chapter 3 presents a polystyrene cap for matching a silicon lens at millimeter
wavelengths. The cap is 0.5 mm thick, made by thermal molding. It reduces the
reflection loss at 94 GHz by 1.5 dB. The theory and the measured results will be
described [17].

Chapter 4 describes the important features about how to fabricate and pack-
age our Schottky diode imaging arrays [9]. A self-aligning process together with
proton isolation has been developed to make the planar Schottky diodes with a
1.1-THz zero-bias cutoff frequency. Appendix A gives the detailed fabrication
process. The measured DC parameters of the Schottky diodes will be compared
with the theoretical values. Appendix B describes the curve fitting procedure for
the measured I-V characteristics of Schottky diodes. Appendix C is concerned
with the theoretical series resistance and capacitance of the planar Schottky

diodes.

Chapter 5 is devoted to video detection {18]. By comparing experimental
results with theoretical predictions, we will be able to obtain some useful infor-
mation about our imaging systems and devices, such as the optimum f-number
of the objective lens, parasitic capacitance, antenna efficiency and imaging prop-

erties. Appendix D includes the theoretical calculation of system video respon-

givity.
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Finally, in Chapter 6 we present the measured double-sideband (DSB) and
single-sideband (SSB) heterodyne results {18]. The performance was evaluated
under different DC and local oscillator power biases. Appendix E describes
diplexers used in our measurement to combine the signal and the local oscil-
lator power into a single beam. Appendix F is concerned with hot and cold
measurements from which the DSB conversion loss and noise temperature were

determined.
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CHAPTER 2
Efficiencies of Elementary Integrated-Circuit
| Feed Antennas

Efficiencies of elementary integrated-circuit feed antennas are calculated con-
sidering both the substrate and the optics. Calculations are made for dielec-
tric constants of 4, for fused-quartz substrates, and 12, for silicon and gallium-
arsenide substrates. The effect of substrates lenses, anti-reflection coatings, and
adjustable backshorts is also considered. A feed efficiency of 60% is predicted for
a slot on a substrate and substrate lens with dielectric constant 12, and 63% for

dipole on a substrate with dielectric constant 12 and lens of dielectric constant 4.

2.1. Integrated-Circuit Antennas

Millimeter waves are becoming important in many scientific and military ap-
plications. There is a need for monolithic integrated circuits for imaging systems
that combine diodes, transistors, antennas and amplifiers on the same substrate
[1,2]. In these systems, the antennas are the feeds for lenses and reflectors, and
are usually thin-film metal patterns evaporated on substrates such as quartz,
gilicon, and gallium arsenide. Many different integrated-circuit antennas have
been developed, including V antennas [3], Vivaldi antennas [4,24], dielectric-rod
antennas (5,6], slots (7,8], slot arrays (9,10, dipole arrays [11], bow-ties [12,23],
and circular slots [13]. In these antennas, the substrate is necessary for support,
but it also affects the antenna pattern, and the efficiency through its substrate
modes. Alexopoulos et al. [14,22] and Pozar (15| have investigated how these
modes affect the radiation efficiency of elementary integrated-circuit antennas

and resonant microstrip dipoles, and found the substrate modes important, par-
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ticularly for high dielectric constants. The optics is also important. Yngvesson
has looked at this, finding the aperture efficiency of different optical system [16],
but the actual integrated-circuit antenna patterns were not considered in the
analysis. The effect of substrate lenses has not been studied either. In this chap-
ter we look at both parts of the problem, and see how the substrate and the
optics together determine the feed efficiency of several elementary integrated-
circuit antennas. The purpose is to understand the systems, make comparisons,
and point to the promising antennas. The calculations are approximate because
the patterns are those of elementary antennas rather than the resonant ones used
in practice, and because diffraction-limited optics is assumed. Nevertheless, the
results are useful because the radiation patterns of elementary antennas usually
differ only slightly from the resonant patterns, and because it is relatively easy

to make diffraction-limited optics at millimeter wavelengths.

The only efficiency measurements that have been reported for millimeter-
wave integrated-circuit antennas are for a silicon waveguide antenna at 85 GHz
(6] and for bow-ties in a 1.2 mm imaging array on a fused-quartz substrate
and lens [1]. In these antennas there are additional losses from absorption in
the dielectric and in the conductors. The efficiency of the silicon antenna was
50%. The efficiency of a single bow-tie, including absorption loss, was 25%. The
efficiency for the array was 50%, with the additional power being received by

neighboring antennas.

Fig. 2.1 shows the different antenna configurations: a dipole (a) and a slot (b)
on a substrate with a lens, a dipole (c) and a slot (d) on underground substrates,
and a microstrip dipole (e). The calculations are for substrates with dielectric
constants of 4 (to approximate a fused-quartz substrate), and 12 (for the semi-

conductors silicon and gallium arsenide). We begin with antennas on substrates
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and lenses that have the same dielectric constant. Calculations were also made
for a quartz lens on a semiconductor substrate. In addition, the effect of an
anti-reflection coating and an adjustable shorting plane behind the substrate are

considered.

2.2. Theory

The antenna efficiency is found in reception as the ratio of the power available
at the antenna terminals to the power incident on the lens. By reciprocity this
efficiency is the same for a transmitting system. In all cases, it is assumed
that there is a primary objective lens that is thin, lossless and aberration free
(Fig. 2.2). The substrate lenses are assumed to be aspheric hyperhemisphere
[1]. The substrate lens reflection loss is taken into account, but absorption loss
is neglected because it varies with the wavelength, the quality of the material,
and the temperature. The system is characterized by a maximum angle a. For
antennas without substrate lenses, a is related to the f-number of the primary
by the formula [20]

f~number = 1/(2sin a). (2.1)

For an antenna with a substrate lens that is an aspheric hyperhemisphere, the
f-number of the primary increases by a factor of n [1], because of refraction at

the substrate lens.

For a dipole, the feed efficiency is found by calculating the open-circuit volt-
age V and the radiation resistance R, and for the slots, the short-circuit current
and the radiation conductance G. Determining V for the dipoles and I for the
slots requires the focused fields, which are computed by integrating the angular
spectrum of rays focused by the primary objective lens [18]. To take account of

the substrate, we weighted this spectrum by the transmission coefficients for the
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fields, which are calculated by a transmission-line analogy [19].

When there is no substrate lens, the magnitude of the electric field at the
dipole is |
E=(Egf/%) [ :m(rte + 1ymz) 2-2dz, (2.2)
where E is the electric field at the focus, E; is the incident electric field at the
primary lens, f is the focal length of the primary, A, is the wavelength in free
space, a is the maximum angle of incidence shown in Fig. 2.2a and 2.2b, and 7,
and 4y, are the transmission coefficients for the electric field, given by the ratio
of the electric field at the focus to the electric field at the virtual focus. The

magnetic field that we need for the slot is given by a similar expression,
! 2
H=(Hrf/5) [ (ftez + 1im) 24z, (2.3)

where H; is the incident magnetic field, and 7;, and 74y, are now transmission
coefficients for the magnetic field. Once the focused fields are known, it can be
shown [21] that V is the product of the focused electric field and the effective
length of the dipole, and similarly that I is the product of the focused magnetic
field and the effective length of the slot. When there is a substrate lens (Fig. 2.2¢),
the formula for the electric field becomes

nd/271/2

1
E = (E’ﬂf/Ao) /;o'a (ttCTtC -+ ttmTtmI)m dI, (24)

where ¢4, and t;,, are the square roots of the transmittances at the surface of
the substrate lens, and n is the refractive index of the substrate lens. For the
magnetic field,

ns/z ! /2

1
H = (H‘Wf/Ao) ‘/co’a (tteftcz -+ ttmTtm) m dz. (25)

These last two formulas reduce to the formulas for antennas without a substrate

lens in the limit that n approaches 1.
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The quantities R and G are calculated from the total power radiated from a
transmitting antenna. This power, including both power that goes into the air
and power trapped in substrate modes, was determined by reciprocity in the way
described by Alexopoulos et al. [14]. H necessary, it is easy here to calculate the
spillover loss, the transmitted power that misses the primary. For the dipole, we

can write
2P
= —172'4', (2-6)
where P is the total power radiated by dipole when excited by a current I. For

the slot, we have
2P,

G—_-V—z",

(2.7)

where Py is the total power radiated by the slot by the voltage V. Once these
quantities are known, we can write the available power for dipoles as V?/(8R) and
for slots as I?/(8G), and efficiency is just the ratio of this power to the incident
power on the objective lens. The integrals in the expressions were evaluated by

Simpson’s rule on IBM personal computers.

2.3. Results

Fig. 2.3 shows the efficiencies of dipoles on substrates with lenses with identi-
cal dielectric constants. The antenna efficiency may be considered as the product
of two independent efficiencies: spillover and taper. The spillover efficiency is
the fraction of the total radiated power that impinges on the primary lens. The
taper efficiency results from non-uniform illumination of the primary, and in this
case, includes substrate-lens reflection losses and cross-polarization losses. For a
dielectric constant of 4 (Fig. 2.3a), the spillover efficiency improves as a increases,
reaching 93% at 90°. The remaining 7% is lost power transmitted into the air

behind the substrate. The taper efficiency, on the other hand, is best at small
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angles, where it is only limited by reflection loss. There is a drop at the critical
angle that can be understood if we consider that dipole pattern varies rapidly at
this angle [1], and that it differs in the two principal planes: the E-plane pattern
has a null, while H-plane pattern has a sharp cusp. The overall efficiency has
a broad maximum of 55%. A suitable objective lens would have an f-number
of 1.1 (a = 65°). The curves for dielectric constant 12 are similar, except that
spillover loss at large angles has decreased to 2% because the losses into the air
are reduced. The taper efficiency is worse at small angles because the reflection
loss is larger. The maximum overall efficiency is 50% and a suitable objective

lens would be f/1.9.

Fig. 2.4 shows the optimum efficiency as a function of dielectric constant. The
curve has a broad peak around ¢ = 4, falling off at higher dielectric constants
because of reflection loas at the substrate lens, and at low dielectric constants
because of radiation into the air behind the substrate. The optimum angle a for

dipoles is near 75° for dielectric constants of 1.2 and larger.

These efficiencies could be raised if suitable anti-reflection coatings were avail-
able. Fig. 2.5 shows the effect of neglecting reflection loss. The improvement is
an approximately constant factor equal to the reflection loss at normal incidence
without an anti-reflection coating. The maximum efficiency becomes 65% for ra

dielectric constant of 4 and 74% for 12.

The antenna performance may also be enhanced by placing a shorting plane
behind the dipole. If the shorting plane is placed at a suitable distance, radi-
ation previously lost to the backside of the antenna is reflected back and adds
constructively to the electric field at the dipole. Fig. 2.6 shows the improvement
obtained by placing a shorting plane a quarter wavelength from the dipole. For

a system with dielectric constant 4 the efficiency increases by about 5%. The
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improvement for e = 12 is less because there is not as much backside radiation
available for the mirror to reflect. The efficiency becomes much worse if the
substrate lens is removed (Fig. 2.7). Now multiple reflections and substrate
modes are present that depend on the substrate thickness. The substrate modes

are responsible for the low efficiencies.

We now switch our attention from dipoles to slot antennas. Fig. 2.8 shows
the efficiencies for slots on substrates with matching substrate lenses. For com-
parison, the lower efficiency of a slot in free space is also shown. The broad
maxima characteristic of the dipole systems (Fig. 2.3) are absent. Instead, the
curves peak at a = 90°, with efficiencies of 65% for €y = 4, and 60% for 12. The
corresponding objective lenses are f/1 and f/1.7. These efficiencies are higher
than for the dipoles, and the f-numbers are slightly smaller. A plot of peak
efficiency against ey (Fig. 2.4) shows the same peak near ¢y = 4 that dipoles had.
For dielectric constants of 1.2 and larger, the optimum angle for a is 90°. If the
substrate lens is removed, the efficiency drops dramatically because of losses to

substrate modes (Fig. 2.9).

In the previous systems discussed the substrate lens was assumed to be
matched 8o that it had the same dielectric constant as the substrate. In practice,
quartz lenses are less expensive than silicon lenses, but it is desirable to fabricatve
monolithic integrated-circuit antennas and diodes on a semiconductor substrate.
In Fig. 2.10 we consider a slot and a dipole on a semiconductor substrate with
€r = 12 and a quartz substrate lens (¢y = 4). The slot efficiencies are poor,
except on very thin substrates, but for the dipole there is a thickness, 0.03 Aq,
with a high efficiency (63%) at a = 75° (f/1 primary). The reason the dipole is
more efficient is that the lens and substrate form an asymmetric waveguide with

all modes cutoff at this thickness, so that no power is lost to substrate modes.
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On the other hand, for the slot there is a ground plane on the substrate, and in
this waveguide configuration there is a propagating TM mode at any thickness

that will absorb power.

The final antenna considered is the microstrip antenna. Fig. 2.11 shows
how the efficiency depends on substrate thickness. The peaks are close to odd-
integral multiples of Ay/4. Efficiencies above 40% are possible for this substrates
at @ = 60°. Because there is no substrate lens, however, this angle requires
f/0.6 primary optics. Making the substrate thin will also reduce the antenna
impedance because of the ground plane on the back of the substrate. For f/1
optics (a = 30°) the efficiency is limited to about 20%.

2.4. Conclusions

In comparing these antennas, it is important to keep practical considerations
in mind. Absorption losses, particularly in substrate lenses, may be important,
as well as problems in making a low f-number system with a wide field of view
in imaging systems, and problems with making devices on very thin wafers.
Calculations with different primary optics such as elliptical lenses and parabolic
reflectors would give somewhat different results [16]. It should also be possible to
improve any of these antennas by making a phased array. However, the results
do show that the antennas with substrate lenses are potentially better feeds than
those without substrate lenses. The substrate-lens coupled antennas are further

improved by anti-reflection coatings.



Efficiency, %

o) - ;
0.0 0.2 0.4 0.6 0.8 1.O
Substrate thickness, A,
(a)
60 7 ' 7 T y T ' i
a = 60° —
a = 30° ---- !
32 40 -
>
O
C 4
2
S
o 20

/A\ l"‘ \ ]
/I \ I\ \ \\ \\
0 LA \ VAR AN

0.0 0.2 0.4 0.6 0.8 1.0

Substrate thickness, \q
(b)

Fig. 2.11. Efficiency of microstrip dipoles with substrate dielectric

constant 4 (a) and 12 (b), plotted against the substrate thickness.



(1]

[2]

(5]

(6]

7]

(8]

26

References

D. B. Rutledge, D. P. Neikirk and D. P. Kasilingam, “Integrated-Circuit An-
tennas,” Infrared and Millimeter-Waves Series, vol. 10, pp. 1-90,
K. J. Button, ed., Academic Press, New York, 1983.

K. 8. Yngvesson et al., “Planar Millimeter Wave Antennas with Application
to Monolithic Receivers,” Proc. SPIE, vol. 337, (Millimeter Wave Techno-
logy), 1982.

T. L Hwang, D. B. Rutledge and S. E. Schwarz, “Planar Sandwich Antennas
for Submillimeter Applications,” Appl. Phys. Lett., vol. 34, pp. 9-11, Jan.
1979.

P. J. Gibson, “The Vivaldi Aerial,” 9th Eur. Microwave Conf. Digest,
pp. 101-105, 1979.

D. B. Rutledge and et al., “Antennas and Waveguides for Far-Infrared Inte-
grated Circuits,” IEEE J. Quantum Electron., vol. QE-16, pp. 508-516, May
1980.

C. Yao, S. E. Schwarz and B. J. Blumenstock, “Monolithic Integration
of a Dielectric Millimeter-Wave Antenna and Mixer Diode: An Embryonic
Millimeter-Wave 1C,” IEEE Trans. Microwave Theory Tech., vol. MTT-—BO‘,
pp. 1241-1247, Aug. 1982.

B. J. Clifton, R. A. Murphy and G. D. Alley, “Integrated Monolithic Mixers
on GaAs for Millimeter and Submillimeter Wave Applications,” Conf. Dig.,
4th Int. Conf. on Infrared and Millimeter Wave and Their Applications, IEEE
Cat. No. 79CH1384-7, MTT, pp. 84-86, 1979.

B. J. Clifton et al., “High-Performance Quasi-Optical GaAs Monolithic Mixer
at 110 GHz,” IEEE Trans. Electron Dev., vol. ED-28, pp. 155157, Feb. 1981.



[}

[10]

(11]

[12]

(13]

[14]

(18]

[19]

27
A. R. Kerr, P. H. Siegel and R. J. Mattauch, “A Simple Quasi-Optical Mixer
for 100-120 GHz,” IEEE MTT-S Int. Microwave Symp. Dig., pp. 96-98, 1977.

L. Yuan, J. Paul and P. Yen, “140 GHz Quasi-Optical Planar Mixers,” IEEE
MTT-S Int. Microwave Symp. Dig., pp. 374-375, 1982.

P. T. Parrish and et al., “Printed Dipole Schottky Diode Millimeter Wave
Antenna Array,” SPIE Proc., vol. 337-30, 1982.

D. P. Neikirk et al., “Far Infrared Imaging Antenna Arrays,” Appl. Phys.
Lett., vol. 40, pp. 203-205, Feb. 1982.

K. D. Stephan, N. Camilleri and T. Itoh, “A Quasi-Optical Polarization-
Duplexed Balanced Mixer for Millimeter-Wave Applications,” IEEE Trans.
Microwave Theory Tech., vol. MTT-31, pp. 169-170, Feb. 1983.

N. G. Alexopoulos, P. B. Katehi and D. B. Rutledge, “Substrate Optimiza-
tion for Integrated Circuit Antennas,” IEEE Trans. Microwave Theory Tech.,
vol. MTT-31, pp. 550-557, July 1983.

D. M. Pozar, “Considerations for Millimeter Wave Printed Antennas,” [EEE

Trans. Antenna Propagat., vol. AP-31, pp. 740-747, Sept. 1983.

K. 8. Yngvesson, “Near Millimeter Imaging with Integrated Planar Recep-
tors: I. General Requirements and Constraints,” Infrared and Millimeter

Waves, vol. 10, K. J. Button, ed., Academic Press, New York, 1983.

D. B. Rutledge and M. S. Muha, “Imaging Antenna Arrays,” IEEE Trans.
Antennas Propagat., vol. AP-30, pp. 535-540, July 1982.

J. W. Goodman, Introduction to Fourier Optics, McGraw-Hill, New York,
pp. 48-54, 1968.

S. Ramo, J. R. Whinnery and T. van Duzer, Fields and Waves in Communi-



28
cation Electronics, Chap. 6, John Wiley & Sons, New York, 1965.

[20] M. Born and E. Wolf, Principles of Optics, 6th ed. Pergamon Press, Oxford,
pp. 168, 1980.

(21] R. S. Elliott, Antenna Theory and Design, Chap. 1, sec. E, Prentice-Hall,
Inc., Englewood Cliffs, N.J., 1981.

(22] N. G. Alexopoulos and D. Jackson, “Enhancement of Printed-Circuit An-
tenna Gain for Millimeter-Wave Applications,® 7th Int. Conf. on Infrared
and Millimeter Waves, pp. 278, Marseilles, France, April 1983.

[23] K. G. Stephan and Tatsuo Itoh, “A Planar Quasi-Optical Subharmonically
Pumped Mixer Characterized by Isotropic Conversion Loss,” IEEE Trans.
Microwave Theory and Tech., vol. MTT-32, pp. 97-102, 1984.

[24] E. L. Kollberg et al., “New Results on Tapered Slot Endfire Antennas on Di-
electric Substrates,” 8th Int. Conf. Infrared and Millimeter Waves, pp. F3.6-
3.7, Miami, Florida, Dec. 1983.



29
Chapter 3
A Polystyrene Cap for Matching a Silicon Lens
at Millimeter Wavelengths

The lens-coupled antennas shown in Fig. 3.1 have been widely used in mono-
lithic circuits {1,2,3]. The idea is that energy is focused onto an antenna through
a lens placed on the back of the substrate. This eliminates losses to substrate
modes and takes advantage of the fact that antennas on a substrate are more
sensitive to radiation from the substrate side [4]. For a gallium-arsenide sub-
strate, it is convenient {o use a silicon lens, since the indices of refraction are
well matched (ng; = 3.42 and ng, 4, = 3.59 at 94 GHz [5]). Unfortunately the
reflection loss of the silicon lens is quite high, 1.55 dB at normal incidence, and

it is necessary to reduce this loss.

Several different matching techniques have been demonstrated at other wave-
lengths. In optics, lenses may be coated with quarter-wave layers by vacuum
deposition. In microwaves, these matching layers may be simulated by machin-
ing grooves or drilling holes [6], or with reactive grids {7]. In the far infrared,
polyethylene sheets have been thermally bonded to quartz, silicon, and sapphire
filters [8]. For millimeter wavelengths, a thin plastic cap made by thermal mold-
ing turns out to be a simple way to reduce the reflection loss of a silicon lens. A
polystyrene cap has been fabricated and put on our silicon substrate lens. The
cap is 0.5 mm thick, and it reduces the reflection loss at 94 GHz by 1.5 dB. The

theory and the measured results will be described.

3.1. Theory

Fig. 3.2 shows the calculated reflection losses at 94 GHz for silicon lenses with

polystyrene and polyethylene caps of varying thickness. The refractive index for



30

f— Aperture Stop

Y

~—0.627—

| GaAs Substrate
0.02 Thick

Bow-Tie
Antenna

Schottky
Diode
Detector

Silicon
Substrate Lens

TPX
Objective Lens
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the different angles of incidence across the lens are considered.



32
polystyrene is 1.60 and the refractive index of polyethylene is 1.52 [5]. The dashed
lines show the normal incidence losses. The solid lines are from more detailed
calculations that take the different angles of incidence and polarization across the
lens into account. This loss is found by integrating the angular power spectrum,
weighted by the transmittance at each angle [9]. It is assumed that the thickness
of the matching layer is uniform. The f/# of the objective lens is taken to be
2.1, corresponding to a maximum angle of incidence within the silicon lens of
53.5° (see Fig. 3.1). Aberrations in the objective lens are neglected. In practice

the antenna pattern will also affect the results, but this effect is not included.

The minimum losses predicted by the two calculations are quite close. At
normal incidence the minimum is at a thickness of a quarter wavelength. The
more detailed calculations show that the layer should be somewhat thicker, de-
pending on the f/# and the index of the refraction. This is to be expected,
because the matching layers for oblique angles of incidence must be thicker than
those for normal incidence. However, the thickness of the plastic layer is not
critical. For polystyrene, the loss is less than 5% for thickness from 0.42 mm to

0.62 mm.

It is perhaps surprising that the reflection losses for normal incidence are so
close to the more precise values that consider the different angles of incidence
across the lens. From Fig. 3.1, we can see that the angle of incidence can be
quite large. When we look at the calculations in detail, it is clear that this is a
polarization effect. Half of the power is incident on the substrate lens with TE
polarization, and the transmission worsens as the angle of incidence increases.
The other half is TM polarized, but this transmission improves as the angle of

incidence approaches the Brewster angie. The two effects nearly cancel, so that
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the normal incidence calculation is quite accurate.

3.2. Experiment

Polystyrene was chosen because of its low loss and ease of machining and
molding. A flat polystyrene sheet with 0.5 mm thickness’ was deformed by a
heat gun into the mold that was originally used to grind the silicon lens. At the
same time the silicon lens is used to press the cap to make it smooth. Several
tries were needed to get a uniform thickness. Fig. 3.3 shows the polystyrene cap
which was glued to the lens by applying Shipley photoresist to the edge of the

cap. Photoresist is a convenient glue because it dissolves easily in acetone.

We measured the improvement by comparing video responsivities with and
without the cap. The detector was a monolithic gallium-arsenide Schottky diode
integrated with a bow-tie antenna. Fig. 3.4 shows the measured improvement
from 75 GHz to 170 GHz. For comparison, the dashes show the improvement
expected if there were no reflection loss at all, and the solid line shows the
improvement predicted by the same calculations that were used for Fig. 3.2 that
considered the different angles of incidence. The dots are the experimental values.
Uncertainties in power-meter calibration factors and system losses contribute to
the scatter in the points. The matching layer gives 1.5 dB improvement at the
design frequency of 94 GHz, and very little improvement at 170 GHz, where the

cap acts as a half-wave window.

3.3. Conclusion

The measurements against frequency show that the cap behaves according to

theory. This makes a silicon substrate lens for a gallium-arsenide monolithic cir-
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Fig. 3.3. (a) Silicon substrate lens (right) and polystyrene cap
(left), and (b) assembled.
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cuit much more attractive than before. For the absorption loss of high-resistivity
silicon reported in the literature, 0.6 dB/cm [5], the total reflection and absorp-

tion loss of a 1 inch diameter silicon lens with the cap should be 1.1 dB.
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Chapter 4

FPabrication and Packaging

A fabrication process has been developed to make our imaging array on semi-
insulating GaAs substrates. Planar Schottky diodes and bow-tie antennas are
integrated together on one chip. A self-aligning process and proton isolation have
been developed to make these planar Schottky diodes with a 1.1-THz zero-bias
cutoff frequency. A special package has been made to hold the chip and the sub-
strate lens. The important features of fabrication and packaging will be described
[1]. The detailed fabrication process is given in Appendix A. The measured DC

parameters of the Schottky diodes will be compared with the theoretical values.

4.1. Design of the Planar Schottky Diode

The critical element of our monolithic imaging array is the planar Schottky
diode. Fig. 4.1 shows SEM photographs of the diode. Its area is about 5 um?.
The way to make a Schottky diode that works at millimeter frequencies is to
make it small to reduce the shunting effect of the junction capacitance. There is
a trade-off between the series resistance and the junction capacitance [2]. In order
to reduce the series resistance as well as the junction capacitance, the Schottky
electrode is designed to be a narrow stripe, which gives a high periphery-to-area
ratio as shown in Fig. 4.2a. For a given junction capacitance which is roughly
proportional to the diode area, the series resistance can be reduced by maximizing
the periphery-to-area ratio. The width of the Schottky electrode is defined to
be 0.8 um by a self-aligning process (see Fig. 4.1 and 4.2c). The length of the
Schottky diode is defined to be 6 um by the proton bombardment (see Fig. 4.1

and 4.2b). These processes will be described in the following sections.

The diodes were made on top of a semi-insulating GaAs substrate. The
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gallium arsenide was chosen rather than other semiconductors because of its high
mobility, easy isolation, and good Schottky contact. At 100 GHz the absorption
loss for a Cr-doped gallium arsenide substrate 20 mils thick is negligible (0.013 dB
calculated from data in [4]). Fig. 4.3 gives the cross section of the epitaxial layers.
All the epitaxial layers and the aluminum were grown in situ by molecular beam
epitaxy (MBE). The bottom n* layer is approximately 1.4 pm thick with a
doping concentration of 3 x 10'®* cm™3. Its thickness is chosen so that it can be
completely converted into a semi-insulating layer by proton bombardment with
an energy of 300 KeV. The n layer is 0.1 ym thick with a doping concentration of
10" cm™3. It is designed to be depleted at zero bias to reduce the series resistance
due to an undepleted n layer. The doping concentration of the n layer is chosen
to achieve a relatively small tunnel current at room temperature and a small
series resistance in the n layer. The top aluminum layer is 0.2 ym thick. Since it
is grown at ultra-high vacuum, the Schottky contact between the aluminum and

the GaAs substrate should be excellent.

4.2. Self-Aligning Process

In order to reduce the series resistance, a self-aligning process has been devgl-
oped to make the Schottky electrode narrow and to reduce the gap between the
electrode and the ohmic contact. The idea for this process comes from the closely
spaced electrode (CSE) FET structure [5]. Asshown in Fig. 4.4, one photoresist
mask first protects the Schottky electrode during etching and then defines the
ohmic contact by lift off after evaporating AuGe/Ni/Au. Therefore, the Schot-
tky electrode and the ohmic contact are self-aligned. The distance between the
ohmic contacts is the same as the width of the photoresist mask which is about

3 pm. The Schottky electrode is formed by side-etching from the photoresist
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mask. With the proper undercut during etching, a submicron electrode 0.8 um

wide (see Fig. 4.1) has been achieved using optical contact lithography.

4.3. Ohmic Contact

After lifting off the photoresist, the ohmic contact is formed by alloying the
evaporated AuGe/Ni/Au onto the n* layer at 430° for 30 sec. in an H, ambient.
Gold germanium is a eutectic alloy (88% Au, 12% Ge by weight). The eutectic
melts at 360°C. Germanium is an amphoteric dopant of GaAs and becomes an n
type dopant only if it rests on the gallium sites of the crystal after alloying. Gold
helps germanium move to the desired position by the diffusion of gallium into
gold. Nickel enhances diffusion and prevents the metal from balling up. The rise
and fall times of substrate heating should be as short as possible [6]. The linear
transmission line model has been applied to determine the contact resistivity and
the resistivity of the n* layer [7]. Our ohmic contact has a 5 uf)-cm? contact

resistivity. The resistivity of the n* layer is 1.36x107% Q-cm?.

4.4. Proton Isolation

A proton bombardment procedure (shown in Fig. 4.5) was chosen to isolate
the diode, since it avoids the step coverage problem in mesa etching and is easier
than selective epitaxy [8,9]. The protons create damage centers when they pene-
trate into the GaAs substrate. These damage centers reduce the conductivity of
the epi layers by trapping mobile electrons [10]. The required implantation energy
and dose are determined experimentally. Two consecutive proton implantations
(320 KeV with a 5 x 10'* cm~2 dose and 200 KeV with a 3 x 10'* cm™? dose)
completely isolate our diodes. A multiple-energy bombardment is supposed to

be superior to a single-energy bombardment in creating high-resistivity layers
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in n* GaAs [11]. The photoresist was chosen as a mask rather than gold to
protect the active area because it is easier and cheaper. The photoresist should
be thick enough to block the protons and it should have a well-defined boundary.
Fig. 4.6 shows a SEM photograph of the thick photoresist. It looks like a cliff at

the edge. From our experience, photoresist 3.5 pm thick blocks 320 KeV protons.

4.5. Packaging

Fig. 4.7 shows the imaging array with a planar Schottky diode at the apex
of each bow-tie antenna. Each chip has nine bow-tie antennas and Schottky
diodes. The spacing between the antennas is 0.75 mm. The bow-tie antenna
was chosen because it is a broadband antenna and its extended low frequency
leads automatically provide RF choking [12]. Fig. 4.8 shows a package designed
to hold the chip and the substrate lens, as well to make the IF connections.
Fig. 4.9 shows parts of the package. The package contains nine IF ports which
are SMA connectors mounted on a copper block. The back piece has three screws
that act as backshorts behind the wafer and three screws shorted to the front
piece to provide a better IF ground. The low frequency leads of the array are
connected to the SMA connectors through 50-1) striplines made out of printed
circuit board (RT/duroid 5870). The printed circuit was soldered on the copper
block by low temperature solder (Indalloy No. 290(E), 97% In/ 3% Ag) bought
from the Indium Corperation of America. The chip was glued to the package by
Shipley photoresist. Photoresist is a convenient glue because it dissolves easily in
acetone. The connections between low frequency leads of the array and striplines
are made by 1 mil aluminum bond wires. The substrate lens is pressed against
the chip by the nylon screws. The white polystyrene cap is put on the silicon lens

to reduce the reflection loss at 94 GHz. One can get a feeling for how high the
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Fig. 4.8. Front view of the package in assemble form (top). Back-
gside view of the package (bottom).
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Fig. 4.9. Close up view of the front piece (top). Parts of the

package (bottom).
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reflection losses are by looking at the reflections in Fig. 4.10. The refraction index
at millimeter wavelengths and at optical wavelengths is similar. The theory and

the measured performance of the matching layer have been discussed in Chap. 3.

4.6. DC Parameters of the Schottky Diode

Fig. 4.11 shows the current-voltage measurement performed on the Schottky
diodes after each fabrication. The series resistance, the ideality factor and the
barrier height are obtained by fitting the diode equation to the measured data
represented by circles. The least mean square fit method is used and the calcula-
tion is done by a personal computer. Appendix B gives the detail description of
the curve fittings. After packaging, the measured series resistance is 15.9 1, the
ideality factor is 1.20, and the barrier height is 0.755 eV. The breakdown voltage
(at 1 pA) is 5 volt and the shunt resistance is 7 M{2, measured from the curve

tracer. The estimated zero bias junction capacitance is 5.5 {F.

The series resistance and the capacitance of the Schottky diode are also calcu-
lated from the geometry and the doping concentrations of the diode. Appendix C
gives the detail description of the calculation. The calculated results are listed in
Table 4.1. The measured series resistance (15.9 1) is somewhat higher than the
theoretical value (13 (1). The extra resistance might be due to the undepleted
n layer introduced by the forward bias during I-V measurement and errors in
estimating parameters of our Schottky diode. The calculated results show that
the contact resistance 5.14 {1 is the major contributor of the series resistance
and should be reduced by increasing the doping and the thickness of the n*
layer if possible. The calculation also shows 3.54 fF parasitic capacitance that
is mainly due to the fringing field within the small gap on the semi-insulating

area as shown in Fig. 4.12. The cutoff frequency of our planar Schottky diode is
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1.1 THz, calculated from the RC product at zero bias.

Table 4.1. Theoretical Series Resistance and Capacitance of Our Planar Schottky
Diode.

R; Rny Rpa Ry R R, R, R, R,; Ry
13 0 135 102 514 2 0.66 1.35 036 1.08
(15.9)**

5.5 3.54 0.23 3.31

* . all resistances are in ohms.

** . measured from I-V characteristic

**% . all capacitances are in {F
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Fig. 4.10. Front view of the assembly with silicon lens. The white
polystyrene cap is used to reduce the reflection loss of the silicon

lens.
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Chapter 5
Video Detection

The envelope of the high frequency signal can be detected by direct rectifi-
cation of the signal by nonlinear devices such as Schottky diodes. This detection
scheme is commonly known as video detection or direct detection [1]. The sen-
sitivity of video detection is lower than heterodyne detection. However, video
detection circuits are much simpler and this makes video detection an inexpen-
give and attractive method for measuring power in many laboratory experiments.
In addition, the detector is operated in the small signal region which eases the
theoretical analysis. Fig. 5.1 shows equivalent circuits of a Schottky diode video
detector. The theoretical calculation of system video responsivity is included
in Appendix D. By comparing experimental results from video detection with
theoretical predictions, we will be able to obtain some useful information about
our imaging systems and devices, such as the optimum f-number of the objective

lens, parasitic capacitance, antenna efficiency and imaging properties.

5.1. Experimental Set-Up

Most of measurements were done at 94 GHz at Caltech, with the remainder
at UCLA. Fig. 5.2a shows the experimental set-up for video detection. The
signal is generated by a 94 GHz Gunn diode and is square-wave modulated at
1 KHz. The signal is radiated from a standard-gain horn. The receiver shown in
Fig. 5.2b is put in the far field 100 inches away. An objective lens made out of
TPX plastic focuses the signal onto the array through a silicon substrate lens. Its
focal length is calculated from the geometry of the lens to be 8.58 cm. The system
video responsivity is calculated from the ratio of the diode output voltage to the

signal power incident on the objective lens. The signal power is measured by an
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Fig. 5.1. Equivalent circuits of a Schottky diode video detector.
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HP 432A power meter. The gain of the standard gain horn is calculated from
the horn dimensions. The power incident on the objective lens can be calculated
from standard antenna formulas. The output voltage is measured by a lock-in
amplifier or an oscilloscope. The 75-170 GHz measurements are done at UCLA
with a similar set-up, except that the signal is generated by a backward-wave
oscillator and modulated by a mechanical chopper at 110 Hz. W band horn
is used for the 75-110 GHz measurements while D band horn is used for the
110-170 GHz measurements. The distance between the receiver and the horn is

62 inches.

5.2. Detected Voltage versus Input Power

Fig. 5.3 shows the detected voltage from a Schottky diode versus 94 GHz
input power. The bias current is 10 yA and the load resistance is 100 K. It
acts as a square law detector until the detected voltage reaches nkT'/q, or about
30 mV. This agrees with Eq. 2 in Appendix D. The system video responsivity is
810 V/W. One data point at very low input power is slightly off the line. This
error probably comes from drift in the setting of the power-meter zero. The noise

equivalent power is 2 x 10™!! watt/v/Hz at 100 KHz modulation frequency.

5.3. System Video Responsivity versus Aperture Sise

Fig. 5.4 shows the system video responsivity versus front aperture size. In
this experiment, an aluminum plate with a hole in the middle (Fig. 5.5a) serves as
an aperture stop. For convenience, it is put on the backside of the objective lens.
However, the input power is calculated from the front aperture size determined
from the ray tracing diagram in Fig. 5.5b. By the same ray tracing diagram, the

maximum angle a inside the silicon lens is found for each aperture size. This
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Fig. 5.5a. Aperture stops made out of aluminum plates.
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is also shown in Fig. 5.4. For aperture sizes larger than 3.6 ¢m, the maximum
angle remains 59°, limited by the substrate lens. The diode is biased at 10 uA
with a 100 K] load resistance. Fig. 5.4 shows a peak system video responsivity
of 820 V/W at a 2.7 cm front aperture. This corresponds to a maximum angle

of 45° (f/2.4 objective lens).

This peak can be understood by considering spillover efficiency and taper
efficiency [2]. The spillover efficiency causes the responsivity to decrease for
small apertures. If the Airy spot at the focal plane is larger than the effective
area of the antenna, the power outside the antenna effective area will not be
received efficiently. The Airy spot is inversely proportional to the square of
aperture diameter (3] while the gain of the antenna determines its effective area
[4]. Therefore, the responsivity decreases roughly as the square of the aperture
diameter for very small apertures. On the other hand, the responsivity goes
down for large aperture because of the fixed beamwidth of the feed antenna. The
power outside the main beam will not be coupled efficiently into the detector.
Consequently, the responsivity decreases as the reciprocal of the square of the
aperture diameter for very large apertures. At the peak, the spillover efficiency

and the taper efficiency are approximately equal.

5.4. System Video Responsivity versus Bias Current

The 94 GHz system video responsivity versus bias current at two different
load impedances is shown in Fig. 5.6. The dots are the measured experimental
data. The solid lines are theoretical curves [derived in Appendix D] which are
fitted to the experimental data by choosing system coupling efficiency of 24% and
a parasitic capacitance of 3 fF. All the circuit parameters used in the calculations

are listed in Table 5.1.
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Fig. 5.6. The 94 GHz system video responsivity versus bias cur-
rent at two different load impedances. The dots are measured

experimental data. The solid lines are theoretical curves.
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Table 5.1. Circuit parameters used in system video responsivity calculation in

Fig. 5.6 & 5.8.

e Ra Rs Co Pin Cp
Fig. 5.6 0.24 900 15.9 0 55{F 0.755eV 3 {F
Fig. 5.8 0.23 900 15.9 Q 55fF 0.755eV 3 {F

n Rsh R, CL f fo

Fig. 5.6 1.20 7MQ 910/100 KQ 500 pF 94 GHz 1 KHz
Fig. 58 120 7MQ 100 KO 500 pF 60-180 GHz 110 Hz

7a: system coupling efficiency

Rg: antenna impedance

Rg: series resistance of the diode
Co: zero bias junction capacitance
®p,,: barrier height of the metal-semiconductor barrier
Cp: parasitic capacitance

n: ideality factor of the diode
Rgp: shunt resistance of the diode
R. || 1/(4QC.): load impedance
f: signal frequency

fo: chopper frequency

The system coupling efficiency of 24% is attributed to the antenna coupling
efficiency and losses due to the reflection and the absorption in lenses. The reflec-
tion and absorption losses in TPX objective lens and the polystyrene matching
cap are about 0.5 dB [5]. The absorption loss in silicon with 1000 {}-cm resistivity
is estimated to be 0.6 dB/cm from data in [5]. The total absorption loss in the
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gilicon lens is about 1.0 dB. The remaining loss is directly due to the antenna
coupling efficiency which is 4.7 dB (34%). The detailed loss breakdown is in
Table 5.2.

Table 5.2. Estimated system losses

TPX objective lens 0.3 dB reflection loss
0.1 dB absorption loss
Polystyrene matching cap 0.1 dB reflection loss
Silicon lens 1.0 dB absorption loss
Antenna coupling efficiency 4.7 dB (34%)

System coupling efficiency 6.2 dB (24%)

According to the calculation in Appendix C, the parasitic capacitance is
mainly due to the small gap between the ohmic contact and the aluminum on
the semi-insulating area, rather than the n* area (see Fig. 5.7). It results from
the fringing field penetrating the semi-insulating substrate, which has a high
dielectric constant of 12.9. It should be possible to reduce this parasitic capaci-
tance by making the apexes of bow-tie narrower, and increasing the gap between

the aluminum and the ohmic contact.

5.5. System Video Responsivity versus Frequency

In order to verify the circuit model and the performance of the matchiﬁg cap,
the system video responsivities were also measured from 75 GHz-170 GHz with
and without the polystyrene matching cap shown in Fig. 5.8. The solid lines are
calculated by using the equivalent circuits in Fig. 5.1. All the circuit parameters
are listed in Table 5.1. The dots are the experimental values. Uncertainties in

power-meter calibration factors and system losses contribute to the scatter in
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the points. The system coupling efficiency is chosen by curve fitting to be 23%.
The 0.5 mm polystyrene cap gives a 1.5 dB improvement at the design frequency
of 94 GHz, where the cap acts as a quarter-wave matching layer, but very little
improvement at 170 GHz, where the cap acts as a half-wave window [6]. The 3dB
cutoff frequency of the diode is about 140 GHz. One can see the circuit model
works quite well ovér a frequency range of 75-170 GHz even though the skin
effect is not taken into account. It also proves that our planar Schottky diode is
good for 100 GHz applications and the bow-tie antenna has an octave frequency
bandwidth at least. The bow-tie antenna integrated with an SIS junction has
been domenstrated to have a bandwidth of two octaves (116 GHz-466 GHz) by
M. J. Wengler [7].

5.6. The Angular Field of View of the Imaging System

The imaging properties of the system are obtained by studying both the an-
gular field of view and the spot response. The angular field of view of the imaging
system has been measured by rotating the receiver as shown in Fig. 5.9 [8]. The
entire receiver is rotated about the center of the objective lens. In this way it is
possible to shift the focal spot from one antenna to the next. Fig. 5.10 shows the
peak angle for each antenna and the system video responsivity for each antenna
at its peak angle. The front aperture is set to be 3 cm. The full angular field
of view determined from the half power points is approximately 40°, with an
angular separation between adjacent antennas of 7.4°. The off-center antennas
suffer from the power loss due to rays missing the substrate lens as well as the
large angle of incidence at the focal plane (see Fig. 5.9). A larger substrate lens

should alleviate this loss.
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8.7. The Spot Response of the Imaging System

Using the same rotation technique, we measure the spot response of the
imaging system by monitoring the output of the center antenna while the angle
changes. Fig. 5.11 shows the measured spot response in the H-plane of the
antenna which corresponds to a rotation axis perpendicular to the imaging line.
It also shows the theoretical Airy pattern calculated by the following formula
[9,10]:

106) [ZJl(szin a/z)}2 (5.1)

I(0) | kDsing/2
where D is the aperture diameter of the objective lens, 4 is the angle between the
optical axis and the incoming plane wave and k = 2r/A. Although we use a 3cm
front aperture, the experiment data in circles fit the Airy pattern of a 2.5 cm
aperture. Presumably this is due to non-uniform illumination of the aperture
by the bow-tie antenna or edge effects of the aluminum stop. The 2.5 cm front
aperture corresponds to a half antenna beamwidth of 40° inside the silicon lens,
obtained from Fig. 5.4. The triangles in Fig. 5.11 are the experimental data
obtained by normalizing the output voltage from the adjacent antenna position
to its peak system video responsivity shown in Fig. 5.10, when a plane wave is
normally incident upon the objective lens. These also lie on the Airy pattern for

a 2.5 cm aperture.
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Chapter 8

Heterodyne Detection

In addition o video detection, our imaging array has been tested as a single-
ended mixer. In this chapter, the measured double-sideband (DSB) and single-
sideband (SSB) results will be discussed. The performances were evaluated under

different DC and local oscillator power biases.

6.1. Definitions

In heterodyne detection, a nonlinear mixing element combines a low-level
high frequency input signal (RF) with a local oscillator signal (LO) to produce a
signal at the difference or intermediate frequency (IF). This IF signal can be am-
plified and processed by low-frequency circuits. The LO power is usually many
orders of magnitude larger than the RF power in order to drive the mixer over a
large portion of its nonlinear range. Since the LO also acts as a reference signal,
the IF signal preserves the phase information of the RF signal. Therefore, het-
erodyne detection is coherent. The IF frequency can often be chosen high enough
go that the 1/f noise of the mixer is negligible. In general, heterodyne detection

gives much better sensitivity and noise performance than video detection {1].

A figure of merit often used for mixers is the noise temperature and the

conversion loss [2]. The conversion loss Ly, of a mixer in decibels is defined as

Las(dB) = 101og (%ﬁ-) (6.1)

where Prr and P;r are the signal and IF powers at the respective ports. If equal
power is fed into both input ports (signal and image), the DSB conversion loss
can be written as

1
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where Ls and L; are power conversion losses between the signal and the IF
ports and between the image and the IF ports, respectively. The receiver noise
temperature Ty is defined as the temperature of an input load which generates
the same amount of the noise as the receiver itself at the IF port. The single-
sideband noise temperature of a receiver, i.e. a mixer followed by an IF amplifier,
is given by

Tr(SSB) = Th(SSB) + LsT;r (6.3)
where T;r is the noise temperature of the IF amplifier and T, is a measure of
the noise created in the mixing process. For some occasions, a double-sideband

noise temperature is measured, which is defined as
Tr(DSB) = T (DSB) + Ly (DSB)Ti¢ (6.4)
and is related to Tx(SSB) by
Tr(DSB)/Lx(DSB) = Tr(SSB)/Ls (6.5)

For a dual-response receiver with Ls = L;, one obtains

L (DSB) = Ls/2 (6.6)
Tr(DSB) = Tx(SSB)/2 (6.7)
Tan(DSB) = Ty (SSB)/2 (6.8)

In this work, the broadband bow-tie antenna couples the power to the planar

Schottky diode used as a mixer. It is a dual-response receiver.

8.2. Experimental Set-Up

Fig. 6.1 shows the set-up for double-side band heterodyne detection measure-

ments. The dual-beam interferometer is used as a diplexer to combine the signal
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and the LO power into a single beam. It is designed to combine beams with
negligible loss and suppress any LO noise within the sidebands [3,4]. Appendix E
gives a detailed description of the diplexers. The objective lens focuses the beam

through the silicon substrate lens onto the bow-tie antenna at the focal plane.

The LO power is generated by a klystron and can be adjusted by the attenu-
ator. 91 GHz is chosen as the LO frequency. The IF power is generated by
the Schottky diode located at the apex of the bow-tie antenna. A low-noise IF
amplifier chain amplifies the IF power so that it can be measured by the HP 435B
power meter. Fig. 6.2a is a photograph of the low-noise IF amplifier chain. It
has a 1.4 GHz center frequency and a 200 MHz bandwidth. Its circuit diagram
is shown in Fig. 6.2b.

The mixer conversion loss and noise temperature are determined from hot
and cold load measurements [5]. Appendix F gives a detailed description of
the measurements. For convenience, microwave absorber (ECCOSORB CV3)
at room temperature serves as hot load. The cold load is the same absorber
soaked in liquid nitrogen in a styrofoam box and reflected to the receiver by a
metallic mirror. The absorber must cover the whole antenna beamwidth to get
an accurate measurement. The mixer conversion loss Ly, and the mixer noise

temperature Ty, are calculated by
Ly(dB) = Gir(dB) — G(dB) (6.9)
T =Tg — LpeTur (6.10)
where G and Ty are the gain and the noise temperatures of the entire receiver de-
termined directly from hot and cold measurements, and G;r and T are the gain

and the noise temperature of the IF amplifier chain (measured to be 80 dB and

106°K, respectively). Since the noise from black body radiation is broad band
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and is accepted by the receiver at both signal and image frequencies, double-side

band mixer conversion loss and noise temperature are obtained in this way.

We also did single-sideband heterodyne detection measurements as shown in
Fig. 6.3. The 94 GHz signal generated by a Gunn diode is the upper sideband
signal of the 91 GHz LO. The 3 GHz IF signal is amplified by a low noise IF
amplifier (Avantek AFT-4233) with 39 dB gain and 3.15 dB noise figure. The
amplifier is calibrated by a HP 8970 noise figure meter.

Since the barrier height of the Al-GaAs Schottky diode is quite high
(0.755 eV), a DC bias is provided to reduce the LO power requirement. The ef-
fect of the bias voltage is to make the conversion loss at a reduced local-oscillator
power almost as good as that at the normal power level. Since the LO noise
within sidebands are proportionally reduced, an improvement in overall noise

temperature often results [6].

6.3. Double-Sideband Results

Fig. 6.4 shows double-sideband mixer conversion loss and noise temperature
versus LO power. Both conversion loss and noise temperature go down when LO
power increases. A DSB mixer conversion loss of 11.2 dB and noise temperature
of 3770°K have been achieved with a LO power of 9 dBm. This conversion loss is
divided into the system coupling efficiency, the instrinsic conversion loss, the RF
and IF impedance mismatch, series resistance losses, and the parasitic loss. The
system coupling efficiency is 6.2 dB inferred from video detection measurements
in Chap. 5. The intrinsic conversion loss is 0.9 dB for a broadband double-
sideband mixer (7. The RF and IF mismatch losses have been estimated by
D. P. Kasilingam from a computer program provided by Kerr and Siegel [8]. The
calculated RF impedance is 80 — 536 {1, giving an RF mismatch loss of 0.2 dB
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Fig. 6.4a. Double-sideband mixer conversion loss versus LO, with
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two DC bias conditions when there is no LO power input.
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and a series resistance loss of 1 dB. The calculated IF impedance is 150 {1, giving
an IF mismatch loss of 1.2 dB and series resistance loss of 0.5 dB. The remaining
loss is 1.2 dB which is mainly due to bond wires and IF connections. Table 6.1
gives the complete conversion loss breakdown. The mixer noise temperature is
larger than the shot noise partly because of the thermal noise generated by the

geries resistance [2].

Table 6.1. The detailed breakdown of DSB conversion loss

System coupling efficiency 6.2 dB

Intrinsic conversion loss 0.9 dB
RF mismatch 0.2dB

IF mismatch 1.2dB

RF series resistance loss 1.0d4dB
IF series resistance loss 0.5dB
Parasitic loss 1.2dB

DSB mixer conversion loss 11.2dB

The total receiver noise temperature including IF amplifier noise is 5170°K.
If our imaging system is used as a passive total power radiometer, the minimum

detectable temperature ATm is 0.37°K calculated by [9]

Iy
v Br

with a one second integration time r and 200 MHz instantaneous bandwidth B.

ATm =

(6.11)

The conversion loss and the noise temperature also depend on the DC bias
[6,10]. Fig. 6.4 and 6.5 show the conversion loss and noise temperature versus

LO power under two different DC bias conditions, (200 A, 0.75 V) and (600 uA,
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Fig. 6.5a. Double-sideband mixer conversion loss versus LO power
with 1 K0 bias resistance. (200 uA, 0.75 V) and (600 uA, 0.79 V)

are two DC bias conditions measured across the Schottky diode

when there is no LO power input.



DSB Noise Temperature, X103 °K

92

20 T T T 1T T T T 1
_. fLo= 9! GHz -
16 - RB = | KQ -
\ o ZOOPA,OJSV
" \\ * 600uA, 0.79V
8 —
4 —
obll 1 110011 r

-8 -4 0 4 8
LO Power, dBm

Fig. 6.5b. Double-sideband mixer noise temperature versus LO
power with 1 K0 bias resistance. (200 xA, 0.75 V) and (600 pA,
0.79 V) are two DC bias conditions measured across the Schottky

diode when there is no LO power input.
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0.79 V). A small DC bias gives better results at low LO power while a large
DC bias works better at high LO power. In general, the smallest conversion loss
for a particular local oscillator amplitude usually results from the use of a bias
voltage that is slightly less than the amplitude of the local oscillator signal [6].
The bias resistance affects the conversion loss and the noise temperature too.
Fig. 6.6 shows the current-voltage characteristics of a Schottky diode with and
without LO power. Fig. 6.7 shows that the current increases more quickly with
LO power for a 200 {1 bias resistance than for 1 K} bias resistance. Fig. 6.4
shows little difference in conversion loss and noise temperature between the two
initial DC bias conditions with 200 1 bias resistance at large LO power. On the
other hand, Fig. 6.5 shows a large difference between the two initial DC bias
conditions with 1 K} bias resistance at large LO power. Therefore, the small
bias resistance is more suitable for biasing the mixer. From our experience, there
is little difference in conversion loss and noise temperature between 100 1 and

200 2 bias resistances.

6.4. Single-Sideband Results

Fig. 6.8 shows the single-sideband mixer conversion loss versus LO power.
The behavior is similar to the double-sideband conversion loss. The best SSB
conversion loss is 14.4 dB which is 3.2 dB higher than the best DSB conversion
loss. Although the IF frequency is 3 GHz, instead of 1.4 GHz in DSB detec-
tion measurements, these measurements serve as a check on the double-sideband

measurements.
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Fig. 6.6. Current-voltage characteristics of a Schottky diode with

and without LO power. It was taken from curve tracer.
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Fig. 6.7. Total diode current versus LO power with 200 1 and
1 KQ bias resistances. (200 pA, 0.75 V) and (600 pA, 0.79 V)

are the DC bias conditions across the diode when there is no LO

power.
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with 200 2 bias resistance. (200 pA, 0.75 V) and (600 uA, 0.79 V)
are the DC bias conditions across the diode when there is no LO

power.
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Chapter 7
Future Work in Millimeter-Wave Imaging Arrays

In this thesis, efficiencies of elementary integrated-circuit feed antennas have
been discussed. The calculated results do show that the antennas with sub-
strate lenses are potentially better feeds than those without substrate lenses. A
polystyrene cap was made and demonstrated to be an effective matching layer for
a silicon lens. This makes a monolithic circuit with a gallium-arsenide substrate -
and a silicon lens much more attractive than before. The planar Schottky diodes
were integrated with bow-tie antennas to form a one dimensional imaging array.
A self-aligning process and proton isolation have been developed to make these
diodes with a 1.1-THz zero-bias cutoff frequency. We also studied the antenna
coupling efficiency and imaging properties of the system by video detection at
94 GHz. As a heterodyne receiver, a DSB mixer conversion loss of 11.2 dB and
noise temperature of 3770°K have been achieved at 91 GHz. There are several in-
teresting areas where we can further improve our millimeter wave imaging array

and find applications for it.

The first is in integrating zero-bias diodes with antennas to form a large
imaging array. Since the normal Schottky-barrier height of n-type GaAs is about
0.8 eV, a DC bias is required to obtain the optimum detector sensitivity. The
zero-bias diode is highly desirable for a large array application, since the biasing
circuit for each detector can be eliminated. In addition, the low-barrier height
diode needs less local oscillator power. This is particularly important in arrays.
The Schottky-barrier height can be reduced by introducing a very thin, but heav-
ily doped n* layer near the metal/GaAs interface [1]. The reduced barrier is due
to field-enhanced tunneling. This thin interface layer can be grown by molecular

beam epitaxy (2,3|, or formed by a gold-germanium alloy {4,5]. The Gap diode
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is another promising low turn-on voltage GaAs diode whose I-V characteristic is
controlled by a geometric gap between adjacent Schottky barrier regions [6]. The
| turn-on voltage of the diode is determined by the overlap of depletion widths of

Schottky metals on both sides of the gap.

The second interesting area is the harmonic mixing. Due to the lack of
powerful solid-state oscillators and difficulties with tube oscillators, harmonic
mixing becomes attractive when the frequency is over 100 GHz. It may be the
only way to provide enough local oscillator power to each individual mixer in a
large heterodyne imaging array. For second-harmonic mixing, low conversion loss
and noise temperature can be expected with antiparallel diode pairs [7] or planar
doped barrier (PDB) diodes (8], since the symmetric I-V characteristic of these
diodes suppresses the fundamental mixing and local oscillator noise sidebands.
It is much easier to make a matched diode pair in a monolithic circuit than a
hybrid circuit. The PDB diode is a majority carrier device with an n*-f-p*-i-n+
doping configuration in which an extremely thin, fully depleted acceptor layer
(20-100 A) is used to form a triangular potential profile of predetermined shape
and height [9].

The third is real-time heterodyne imaging with the array we have built.
An array with n detectors should allow each detector to have n times as much
integration time as a single detector system allows in doing imaging. It can be
applied to image fast changing objects such as plasma density in fusion research

or the weak signals in radioastronomy.
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Appendix A
Pabrication Process for Monolithic Schottky Diode
Imaging Arrays

The following procedures are used for fabricating Monolithic Schottky diode

imaging arrays on semi-insulating GaAs substrate.

Fabrication Process

1. Put down epitaxial layers and in situ aluminum by molecular beam epitaxy

(MBE).
1.4 pm n* layer with 3 x 10*® cm™> doping concentration.
0.1 pm n layer with 10!” cm™3 doping concentration.
0.2 pm in situ aluminum.

(This was done by J. S. Smith in Prof. Yariv’s group).

2. Remove indium from backside of the wafer by lapping with 5 um Al,O; power
bought from Buehler; otherwise indium makes wafer uneven and hard to hold

by vacuum.
3. Form aluminum bows and leads on upper half plane of the wafer.
a. Pattern photoresist for etching.
photoresist : AZ 1350J
gpin speed : 4000 rpm
prebake : 85°C, 25 min.
exposure : 25 sec.

development : 30-60 sec. (shake in AZ or microposit
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developer mixed with water in one to one ratio)
Postbake : 120°C, 5 min.

b. Etch aluminum by aluminum etchant-Type D bought from Transene
Company, Inc.. The etch rate is 200 A/sec at 50°C. Shake and watch
the sample during etching. Take out the sample and put into DI water

immediately after the pattern shows up clearly.

4. Form Schottky electrode and the other half of bow-tie as well as lead on lower

half plane of the wafer.
a. Pattern photoresist for lift off

It is the same procedure as 3a. except that the spin speed changes to
3000 rpm to obtain a thicker photoresist which makes photoresist easily
lift off.

b. Etch aluminum to form Schottky electrode.
It is the same procedure as 3b.

c. Remove n layer in the ohmic contact area to have good ohmic contact by
one of the following etchants 1] under constant stirring and room tem-

perature.

etchant etch rate
HgSO‘ H HzOg : Hzo
1:8:160 0.26 pm/min
1:8:8 4.5 ym/min

d. Evaporate AuGe/Ni/Au (300 A/200 A/2000 A) consecutively within
the vacuum evaporator under pressure below 3 x 10™* torr. (AuGe

(88%/12%) evaporation slugs (%n diameter x%n) were bought from
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Metron Inc..)

e. Lift off unwanted metal by dissolving the photoresist in acetone. If the
edges of the sample were not cover by the metal, acetone would go under
the metal faster and lift off would be much easier. It is done by blocking

the unwanted metal by aluminum foil during the evaporation.

[

5. Alloy ohmic contact at 430°C for 30 sec. in H, ambient. The rising and
falling time of substrate temperature should be short to get a good ohmic

contact [2].

6. Form proton isolation mask by thick photoresist. In order to block the pro-
ton with 320 KeV, it need to be at least 3.5 um.

photoresist : AZ 1375 AZ 4620 -
spin speed : 3000 rpm 4000 rpm
prebake : 85°C, 25 min 85°, 1 hr.
exposure : 1.5 min. 1.5 min.
development : 3.5 min. 3.5 min.
flood exposure : 5 min. 5min.

Don’t use AZ 400 K developer since it will attack aluminum. Don’t
postbake photoresist; otherwise its edge will be rounded and it will be

very hard to strip off after proton bombardment.
7. Implant protons in two consecutive steps
320 KeV with 5 x 10'* cm™2 dose
200 KeV with 3 x 10'* cm™~? dose
(This was done by Frank So and Ali Ghaffari in Prof. Nicolet’s group.)

8. Remove the proton isolation mask by agitating in hot acetone.
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The procedures listed above can be used as references and might change later
on. For example, the exposure time depends on the UV light intensity and the
thickness of photoresist. A good reference book for GaAs fabrication process can

be found in [3].

Diagnosis

The Nikon microscope with 1000X is a convenient tool for diagnosis during
fabrication. The thickness of an epitaxial layer can be estimated under micro-
scope with filar eyepiece as shown in Fig. A.1. It is done by cleaving the wafer
and then staining it by HF/HNO;s/H,0 (1 : 3 :4) for 30 sec.. A photoresist is
put on top of the wafer before staining to prevent etching down from the top.
Fig. A.2 gives the appearances of an alloyed AuGe/Ni/Au contacts under three
different alloy conditions. One can judge his alloyed contact by comparing it
with Fig. A.2. Only the properly alloyed contact gives low contact resistance.
The photoresist profile of the isolation mask as shown in Fig. A.3 can also be

examined under microscope after cleaving the wafer.
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Fig. A.1. Epitaxial layer revealed by staining.
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50 um 20 pm 50 pm

Fig. A.2. Alloyed AuGe/Ni/Au contacts, showing typical pat-
tern if underalloyed (left); alloyed properly (middle); overalloyed

(right). The pictures were taken using phase contrast microscopy.
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Fig. A.3. Photoresist profile. It is about 5 pm thick with steep
edge.
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Appendix B
Curve Fitting for the Measured I-V Characteristics
of Schottky Diodes

The I-V characteristic of a Schottky diode is given by

I= Is {exp{(V - IRS)/nVT] - 1} (Bl)

Ve = qu' (B.2)

where .
Is: reverse saturation current,

Rs: series resistance,

n: ideality factor,

g: electronic charge (1.602x10~"* Coul),

k: Boltzmann constant (1.38x10~%* J/K), and

T: temperature.

If the Schottky diode is used as a mixer, the loss due to series resistance degrades
the conversion loss and increases the noise temperature [1,2]. The shot noise of
the Schottky diode is proportional to the ideality factor [3]. Therefore, it is

desirable to make the Schottky diode with Rs close to zero and n close to 1.

A method has been developed to determine those parameters of our Schottky
diode from the measured I-V characteristic. Under forward bias, Eq. (B.1) can

be written as
I = Isexp{(V — IRs)/nVr] V —IRs > nVr (B.3)

By taking natural logarithm of Eq. (B.3) and then differentiating it, one obtains

a relation without Is as follows:

av

dinl =nVr + IRs (34)
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We can approximate the differentiation by the difference of the consecutive mea-

sured data.

W - VE+D-VE)
dnIM = I+ 1) =1 I()

=Y@4) =123 ,N-1 (B.S5)

where V(1) and I(s) represent one measured voltage and current pair across the
Schottky diode for each 1 and N is the number of measurements. Eq. (B.4)
becomes a set of linear equations with two unknown variables n and Rs which

can be determined by least mean square fit

1 | SIGYE) TIG)
Rs = K det Z Y(t) N (36)
_ 1, |TPG TIGOYE)
=A% vI6h) Y (B.7)
_ LIP(G) ZI()
A =det 5 I05) N (B.8)

By substituting Rs, n, and the measured I-V data back into Eq. (B.3), Is
can be found as
i=expl L3 [m I6) - ——(v - ms)] (B.9)
N:‘:l nVT
For a room temperature Schottky diode, the diode current is mainly due to

thermal emission. The reverse saturation current Is is given by [4]
Io = (I»A‘T2 exp(—-@an/V,) (B.IO)

where a is the diode area, A* is effective Richardson constant (0.068x 120
A/cm?/K? for GaAs at low fields), and ®pn is the barrier height of metal-
gemiconductor barrier which can be calculated from Eq. (B.10), once I is found

from Eq. (B.9) and a is measured under microscope.
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The above formulas have been programmed into an IBM PC. After each
fabrication, the computer calculates Rs, n, Is and ®gyn from the measured
I-V characteristic of the Schottky diode, plots the forward I-V characteristic in
semi-log scale by substituting those parameters in Eq. (B.1), and also locates the
measured data along the curve for checking as shown in Fig. B.1. One can see
the curve fits experimental data quite well. Rs, n, I's and $pyn will be used to

calculate the system video responsivity in Chapter 4.
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Fig. B.1. I-V characteristic of our Schottky diode. The solid line

is obtained by fitting the experimental data in circles to Eq. (B.1).



114
Appendix C
Theoretical Series Resistance and Capacitance

of the Planar Schottky Diode

In order to help us design the planar Schottky diode before fabrication and
compare to the experimental results later on, series resistance and capacitance
have been calculated analytically from the geometry of the diode and the doping
concentration of epitaxial layers. Fig. C.1 shows the schematic drawings of our
planar Schottky diode. All the dimensions of the diode are listed in Table C.1
& C.2. Table C.2 also gives electrical properties of epitaxial layers and metal

layers. The mobility of the n and n* layers is calculated by [1]

10*
K= N \025 (C.1)
[1 + (&) ]
The skin depth is given by [2]
_ 1 [p(a—cm)]
sem) = 5 [t | (©2)

Since all the epitaxial thickness and metal thickness are either less than or
close to the skin depth over the frequency range we tested our planar Schottky
diode (75 GHz-170 GHz), the skin effect can be neglected. Moreover, these fre-
quencies are well below the plasma resonant frequency which is about 1 THz (3].
Series resistance and capacitance should not change with frequency. The analy-

tical formulas for calculating their value are listed below.

Series Resistance

Series resistance can be divided into several components as follows.

—Resistance due to undepleted n layer is given by

_ pn(tn —d)

Rn1 = (C.3)
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Table C.1. Lateral Dimensions of Our Planar Schottky Diode

LS:Gpm
Ws : 0.8 uym
¢:1um
L,: 4pym
W,: 18 um
W, : 54 uym
W, : 508 um
Ly:03cm

length of the Schottky diode

width of the Schottky diode

gap between the Schottky electrode and the ohmic contact
distance between the proton isolation boundary and

the edge of the ohmic contact

apex width of bow-tie antenna on the Schottky metal side
apex width of bow-tie antenna on the ohmic contact side
width of the low frequency lead

length of the low frequency lead



116

(a)

Lix
AL,

Proton Isolation
Boundary

k—Ls—
egcsraee e Bl AU AU AN AANNY

o T w* //////i

Semi-Insulating GaAs

(c)

Semi-Insulating GaAs

o

In Situ Al

AuGe/Ni/Au Ohmic Contact

Proton Bombarded Area
Fig. C.1. Schematic drawings of our planar Schottky diode. (a)
top view, (b) A-A’ section view, and (c) B-B’ section view. All

the dimensions are listed in Table I & II.



117

Table C.2. Thickness and Electrical Properties of Epitaxial Layers and Metal

Layers
n nt Al AuGe/Ni/Au

t (pm) 0.1 1.4 0.2 0.03/0.02/0.2

N (cm™3) 1017 1.5x10%°

4 (cm?/V-8) 4570 2990

p (Q-cm) 1.37x107*  1.36x10™* 2.74 x 10~° 2.20 x 107"
(4.57 x 107%)**  (3.67 x 107%)**

- (0) 9.71 0.137 0.11°*
(0.229) (0.184)

6 (um) 1.94 6.05 0.272 0.243 ***
(0.351) (0.314)

t : thickness

N : doping concentration

4 : mobility

p : resistivity

pa . sheet resistance

6 : skin depth at 94 GHz

n, nt : epitaxial layers

Al : Schottky metal (aluminum)
AuGe/Ni/Au : ohmic contact metal
* . estimated from Pp+ determined by contact resistivity measurement
using linear transmission line model

** : thin film value = §x bulk value listed above

**% : for gold (Au) only
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where d is the depletion width.

—Spreading resistance found by conformal mapping (3,4,5] is given by

_ Pnt .. i ot 2(Ls + Ws)
Ry, = e tan [ . ] X 2Le + Wo (C.4)
where
_ Ls+Ws
= 2K (k) (C.5)
Ls —-Ws
= — C.6
2 Ls +Ws (C.6)

and K(k) is the complete elliptic integral with modulus k.
—Resistance due to the gap between the Schottky electrode and the ohmic con-

tact is given by

Pyt Y 2(Ls + Ws + 2g)
Roo=-—-" _In T
nd 21rtn+ [,/,2_*.&} X 2Ls +Ws +2g (€7
where

v _ Ls+Ws+4g

= T 2K (ks) (C8)
Ls - Ws

ks = C.9
T Ls+Ws+4g (€:9)

—Ohmic contact resistance calculated by transmission line model [6,7] is given

by
R¢ = Z coth (a(W, — Ws — 2g)/2)} (C.10)
where
_ \/pn+pC/tn+ (Cll)
T 2Ls+Ws+4g :

a = \[pt(poty) (C.12)

and p¢ is the contact resistivity (= 5 x 107® (3-cm? for our sample).

—Resistance due to Schottky electrode (the stripe) is given by

— pAl(O-SLS -+ Ll)
LsWs

—Resistance due to bow-tie antenna on the aluminum side is given by

R, (C.13)
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Pal W,
Ry=—"" _In|— C.
Al = 9t tan30° W, (C.14)
—Aluminum lead resistance is given by
parLs
R,o= C.15
A2 tAlW3 ( )
—Resistance due to bow-tie antenna on the ohmic contact side is given by
—_ Pom WS
Ro1 = 3t tans0s 2 |, (C.16)
—Ohmic contact lead resistance is given by
pomLs
R, 5 = 17

The total series resistance Rg will be

Rs=Rﬂ1+Rn2+Rn3+RC+RA0+RA1+RA2+ROI+R02 (C.IS)

Table C.3 gives the calculated results for each component and total series
resistance using dimensions and resistivities in Table C.1 & C.2. The measured
geries resistance (15.9 1) from I-V characteristic of the diode is higher than the
theoretical value (13 1). The extra resistance might be due to the undepleted n
layer introduced by the forward bias during I-V measurement and errors in esti-
mating parameters of our Schottky diode in Table C.1 & C.2. This analysis help
us understand where the series resistance comes from. Obviously, the contact
resistance is the major contributor and should be reduced by increasing doping

and thickness of n* layer if possible.

Junction Capacitance and Parasitic Capacitance

The capacitance of the Schottky diode can be separated into junction ca-
pacitance whose value changes with voltage across the junction and parasitic

capacitance whose value doesn’t. The junction capacitance is given by (8]

C. = €s€oLsWs

;= (C.19)
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Table C.3. Theoretical Series Resistance and Capacitance of Our Planar

Schottky Diode.

RS Ryy Ryo Rp3 R R, R, Ry Ryy Ry
13 0 135 102 514 2 066 1.35 0.36 1.08
(15.9)*

¢t G Cp  Cp

5.5 3.54 0.23 3.31

* . all resistances are in ohms.
** . measured from I-V characteristic

**% . all capacitances are in fF
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where €g is the relative permittivity of GaAs (12.9 at 94 GHz) and ¢, is the

permittivity in vacuum (8.85x10~** F/cm).

The parasitic capacitance results from the fringing electric field within the
small gap between the Schottky electrode and the ohmic contact. The fringing
capacitance C f1o0mn the n* layer as shown in Fig. C.2 can be treated as the edge
capacitance of a thick electrode above the ground plane (highly conductive n*
layer). It can be found numerically or graphically in [9]. The fringing capacitor
C f2 on the semi-insulating area (see Fig. C.2) can be calculated by treating the
section between the proton isolation boundary and the apex of the bow-tie as
a coplanar waveguide [10] and the line where two bows meet as a bow-tie with

very large bow angle [11]. It can be written as

_ K(ka) K(ky) W, —Ws —g

sz = (63 + l)fo [2m (L; + 9/2) + ZK(kb) 2 (CZO)
where
Ws
kg = We+ 29 (C.21)
kg =\/1-k} (C.22)
ky = tan®(r/4 - 6/4) (C.23)
— - ~1 29

§ =r—tan (W————-—————--1 “W. s (C.24)

Ky=\/1-K (C.25)

The total parasitic capacitance Cp will be

CP=Cf1 +Cf2 (C.26)

Table C.3 also gives the calculated results for each capacitance. One can
see the parasitic capacitance is mainly attributed to the fringing field within the
small gap on the semi-insulating area rather than the n* area. It results from the
fringing field penetrating the semi-insulting substrate which has a high relative

dielectric constant of 12.9.



[

122

Proton Isolation

Boundary

In Situ Al
AuGe/Ni/Au Ohmic Contact

Proton Bombarded Area

Fig. C.2. Parasitic capacitance due to the fringing field within

the gap. C 11 is the fringing capacitance on the n* area and C 12

is the fringing capacitance on the semi-insulating area.
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Appendix D
Theoretical Calculation of System Video Responsivity

Ih order to have a better understanding of a planar Schottky diode used as
video detector, as well as the efficiency of the antenna, we introduce a simplified
derivation of the responsivity of a planar Schottky diode detector. This method
has been used by several authors [1,2,3] to study the behavior of point-contact

Schottky diode video detectors in the millimeter and submillimeter wave region.

Under small signal conditions, Fig. D.1 shows equivalent circuits of a Schottky
diode video detector. In the RF circuit, R; is the antenna impedance of the bow-
tie antenna on the substrate which is about 90 ohms for a 60° bow-tie on GaAs
substrate [4]. vg is the coupling efficiency of whole system which takes account
of the antenna coupling efficiency and the optical losses due to absorption and
reflection in the objective lens as well as the substrate lens. FP;, is the incident
power. The junction resistance Rj and capacitance C’j of the diode depend
upon the DC bias [5]. The parasitic capacitance Cp and the shunt resistance
R}, are also included. In the low-frequency circuit, the junction capacitance can
be neglected since the modulation frequency is quite low (100 Hz-1 kHz). The

load impedance R, || 1/(702C.) includes all loads such as bias resistance, lock-in

amplifier input impedance and cable capacitance.

Since the diode is biased by a constant current I, the time average of the
diode current over one RF period should remain equal to Ip. This leads to a
relation between the voltage detected in the low frequency circuit Vp and the
amplitude of the fundamental component of the RF signal V; across the junction
as follows [1]:

Vp = 1‘_’;_7: In [L(qVy4/nkT))] (D.1)

where I (z) is the modified Bessel function of first kind and zero order.



126

Small Signal Analysis

RAXO

RF Circuit

2
Vn = —-—-——qu (V,<< nkT )
D™ 4nkT d g
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Ww RL ﬁ:CL
Rj %Rsh

Low Frequency Circuit

Fig. D.1. Equivalent circuits of a Schottky diode video detector.
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There are two approximations, corresponding to the limits In[/y(2)] — 2?/4 for

z — 0 and In[Jo(2)] « z for z — co. By these approximations Eq. (D.1) be-

comes [6]
QV; nkT
kT 2rqVy nkT
Vb=V ;- — —_— .
D d % In [ T ] for V; > P (D.3)

Therefore, for a small enough signal power, the diode is a square law detector.
The detected voltage is proportional to the input power. When the signal power

becomes large, the detection changes from square law to linear.

The system video responsivity Ry is the quotient of detected voltage and the

incident power. It can be calculated from equivalent circuits in Fig. D.1.

Ry = R,; va YrF TLF (D.4)
R, is the intrinsic video responsivity of the diode. It can be written as:

r. - 94l (D.5)

where Z; = Rj | Rgp | 1/(jw(Cj + Cp)) is the junction impedance of the diode
and w is the angular frequency of the RF signal.

Power available from antenna terminals

= D.6
Ta Incident power (D-6)
_ Power available at the junction of the diode
TRE = T Power available from antenna terminals
8Rg|Z,
= _8Ra|Zj| (D.7)
|Ra + Z4]?

where Z; = Zj + Rg is the diode impedance.

_ Voltage detected across the load
" Voltage detected across the junction of the diode

TLF
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R,
~ (Bu+ Rs + Rj | Rp)* + (Rs + R, || R,p)*RECIOP

(D.8)

In this work, we tested the diodes from 70 GHz to 170 GHz. These fre-
quencies are well below the plasma resonant frequency which is about 1 THz [7].
In addition, all the epitaxial thicknesses and metal thicknesses of our planar
Schottky diode are less than or about the same as the skin depth. For this rea-
son, DC series resistance value is used in the calculation. The shunt resistance
due to the diode leakage current is estimated from the reverse current by curve
tracer. The gero-bias junction capacitance is estimated from the area of the
diode. One can see the video responsivity is a strong function of biasing current
and RF frequency. There are two estimated parameters 74 and Cp which can be

determined by curve fitting.
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Appendix E
Diplexer

In the millimeter and submillimeter wave region, there are various quasi-
optical diplexers available for heterodyne detections to combine signal power
and local oscillator power into a single beam [1,2]. Two diplexers have been tried
in our experiments. Fig. E.1 shows a simple beam splitter made out of 10 mil
mylar. The mylar has an index of refraction 1.83 [3]. The reflectance and the
transmittance depend on the film thickness as well as the incident angle and the
polarization of the in-coming wave. Fig. E.2 shows the theoretical reflectance
and transmittance of a 10 mil mylar set at an angle of 45° to the in-coming wave
with perpendicular polarization. Airy’s formulas [4] are used in the calculation.
The circle shows the measured 94 GHz transmittance, which is quite close to the
calculated result. Fig. E.3 shows a mylar beam splitter used in our heterodyne
measurement. Although this beam splitter is simple to make, it only transmits
65% (—1.9 dB) of the 94 GHz signal power and reflects 34% (—4.7 dB) of the

91 GHz local oscillator power to the receiver.

Due to lack of power in the millimeter region, it is desirable to combine the
signal power and local oscillator power without any loss. Fig. E.4 shows a more
elaborate diplexer, based on a Mach-Zehnder interferometer. Both signal power
and local‘ oscillator power are split into two beams at the first beam splitter
and recombined at the second beam splitter after traveling two seperate paths
differed by 2d. The transmittance from port 1 to port 3 and from port 2 to port 3

are given by (5]

4rd

T,—s=1-2R(1- R) [1 + cos (T)] (E.1)

T,—s = 2R(1 - R) [1 + cos (i‘_’/\.’ﬁ)] (E.2)
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Fig. E.1. Photograph of a simple mylar beam splitter.
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Fig. E.3. Photograph of our single sideband heterodyne mea-
surement set-up using a mylar beam splitter (top). Schematic

drawing of set-up (bottom).
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to reach the resonant condition.
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where R is the reflectance of the beam splitter and ) is the wavelength. In order
to have maximum transmittance for both signal power and local oscillator power,

one need to choose
2d s (2k-1)(Arr/2) k=1,2,3--- (E.3)

where A;r is the wavelength of IF signal. Since (Ti3)maz = 1 and (T2s)maz =
4R(1 — R) < 1, we always choose port 1 as signal port, port 2 as local oscillator
vort and port 3 as receiver port. Besides, R should be close to 0.5 to have

(T2s)maz close to 1.

Fig. E.5 shows the theoretical reflectance of our quartz beam splitter with a
thickness of 129 mil. This thickness is chosen because it gives 50% reflectance
at our local oscillator frequency (91 GHz) and is in stock on the market. The
absorption loss of this beam splitter calculated from data in (6] is negligible
(—0.03 dB). This interferometer is designed for a 1.4 GHz IF frequency with k = 1
in Eq. (E.3). In our hot and cold measurements, the dual-beam interferometer is
tuned for a local oscillator frequency of 91 GHz and a IF frequency of 1.4 GHz.
Fig. E.6 shows the calculated response. One can see that both sidebands are
coupled to the receiver port. Since the noise from the hot and cold loads is
broadband, a double sideband mixer conversion loss and noise temperature are
measured. The instantaneous bandwidth is determined by the IF amplifier chain.
This diplexer not only uses all the available power but also suppresses local
oscillator noise within sidebands. During the experiments, d is set to be 5.3 cm
to start with. Then the interferometer is tuned by a micrometer to maximize the
transmittance from local oscillator port to receiver port. At the same time, the

transmittance from signal port to receiver port will be maximized automatically.

In our single sideband heterodyne measurement, the IF frequency is 3 GHz

(fro =91 GHz and fysp = 94 GHz). In order to use the same diplexer without
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reducing apertures of ports 1 and 3, we choose k = 3 in Eq. (E.3). Fig. E.7 shows
the calculated response. The bandwidth of sidebands is 3 times narrower than
that of k = 1 shown in Fig. E.6. However, the signal is generated by a 94 GHz
Gunn diode with a bandwidth much narrower than that of the diplexer. The
diplexer is tuned to the resonant condition by the following procedure. First, d
is set to be 7.5 cm. Then, adjusting the micrometer maximizes transmittance
from signal port to receiver port. Finally, the transmittance from local oscillator
port to receiver port is optimized by fine adjusting local oscillator frequency with

a mechanical tuner of klystron.
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Appendix F
Hot and Cold Load Measurements

The conversion loss and the noise temperature of a millimeter-wave receiver
are often measured by putting hot and cold loads alternately in front of the
receiver, since other well-calibrated noise sources are not available. The noise
power delivered to the receiver in a single polarization from a perfectly matched
(black body) load at an absolute physical temperature T is given by 1]

P = hvB
L™ exp(hv/kT) - 1

(F.1)

where k is Boltzmann’s constant (1.38 x 1072* J - K~!), B is the receiver band-
width, h is Planck’s constant (6.626 x 1073¢ J - s), and v is the frequency. In the
millimeter wave region, one can apply the Rayleigh-Jeans approximation to the
Planck distribution since kv /k = 4.8° K at 100 GHz frequency is much less than
room temperature and liquid nitrogen temperature. A simple relation between
the available power to the receiver and the physical load temperature can be

written as

P.=kTB  hv < kT (F.2)

For convenience, the microwave absorber (ECCOSORB CV3) at room tem-
perature (295°K) serves as a hot load. From specifications, the reflected power
is 40 dB down at 96 GHz up to incidence angles of at least 70° [2]. The cold load
is the same absorber soaked with liquid nitrogen (77°K) in a styrofoam box and
is reflected to the receiver by a metallic mirror. The power reflection coefficient
at the liquid nitrogen surface is 0.03 (15.56 dB), calculated from the index of re-
fraction of liquid nitrogen (1.4) at low frequencies [3]. The absorber must cover
the whole antenna beam width to get an accurate measurement. Experiments

are performed by recording the receiver output powers (Py and P:) due to the
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bot and cold loads (Ty and T¢). The gain G and the noise temperature Tx of

the entire receiver are calculated by [4].

-PH-°PC 1

G“m'ﬁ (F.3)
Ty -YT,
Tp= "5 —2 (F.4)

where Y = Py /Pc. Fig. F.1 shows output power versus input load temperature.
One can obtain the noise temperature from the X intercept and the gain from

the slope.

In order to measure the output power due to the temperature load by the
HP 435B power meter, a low noise IF amplifier chain with 80 dB gain and 106°K
noise temperature is used to amplify the output power of the mixer. Fig. F.2
shows its photograph and ci;cuit diagram. The mixer conversion loss Ly, and

the mixer noise temperature Ty, are calculated by

Ly=Gir -G (F.5)

Tae =T — L Tyr (F.6)

where G;r and T;r are the gain and the noise temperature of the IF amplifier
chain. Lys and T, include the loss and the noise from mixer itself and the system
but not from the IF amplifier chain. The IF amplifier chain is calibrated by the
same method. The SMA 50 1 terminations at room temperature and liquid
nitrogen temperature are used as loads instead of absorbers. Since the noise
from the black body radiation is broad band and is accepted by the receiver at
both signal and image frequencies, double-sideband mixer conversion loss and

noise temperature are obtained by this way.
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Hot and Cold
Load Measurements

—Y

Fig. F.1. Receiver output power versus input load temperature.
The X intercept gives the receiver noise temperature and the slope

is related to the gain.
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Fig. F.2a. Photograph of low noise IF amplifier chain with 80 dB

gain and 106°K noise temperature.
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