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Preface

The First International Symposium on Space Terahertz Technology featured
papers from academia, government agencies, and industry, summarizing research
results relevant to the generation, detection and use of the terahertz spectral region
for space astronomy, remote sensing studies of the earth's upper atmosphere and
other applications. The presentations covered a wide range of subjects including
solid-state oscillators, mixers, harmonic multipliers, antennas, networks, receivers
and measurement techniques. Although the discussions focused on the 0.1-1 THz
region (3000-300um), some of the papers examined higher frequencies as well. The
program was international in scope, featuring noted researchers from the U.S.,
Japan, and several European countries.

The Symposium was sponsored by NASA's Office of Aeronautics and Space
Technology (OAST) and was organized jointly by The University of Michigan's
NASA Center for Space Terahertz Technology and JPL's Center for space
Microelectronics Technology. It is our hope that this first symposium will set the
stage for future symposia on space terahertz technology to serve as the meeting
ground for scientists and engineers interested in this field.

Fawwaz T. Ulaby
Carl A. Kukkonen
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OVERVIEW OF THE UNIVERSITY OF MICHIGAN
SPACE TERAHERTZ TECHNOLOGY PROGRAM

Fawwaz T. Ulaby
Department of Electrical Engineering and Computer Science
The University of Michigan

ABSTRACT

In June 1988, NASA established nine university-based Space Engineering
Research Centers for the purpose of enhancing and broadening the nation's
engineering capabilities to meet the growing demands of the space program. The
newly formed centers--which cover a wide range of specialties extending from
robotics and propulsion to solid-state electronics--will perform research and develop
technologies relevant to the establishment of operational bases on the moon, to
manned and unmanned operations on Mars, to space flight missions to other parts
of the solar system, and to observations of the Earth's environment from space
platforms.

The University of Michigan's NASA Center for Space Terahertz
Technology (NASA/CSTT) will focus on the development of terahertz devices,
circuits, antenna arrays and heterodyne receiver systems in support of molecular
line spectroscopy with particular emphasis on planetary atmospheres, including the
Earth's upper atmospheric layer. During Phase I of the program (1988-93), most of
the activities will be conducted at frequencies in the 0.1 to 1 THz range,
corresponding to the 3 mm to 300 pm wavelength range. The research activities of
the Center are divided into three areas: (1) terahertz device modeling fabrication
and performance evaluation, (2) terahertz receiver development, including antenna
fabrication and integration with the mixer/local oscillator components, and (3) the
use of terahertz technology for the study of the Earth's upper atmosphere,

astrophysical investigations, and industrial applications.
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1. INTRODUCTION

The THz region is one of the least explored segments of the
electromagnetic spectrum. Although a number of applications have been identified,
primarily in astrophysics and for the study of planetary atmospheres, the potential
of the THz region for scientific and industrial applications is yet to be explored. The
primary factor that has impeded such an exploration has been technology. The
construction of high sensitivity spectral receivers at frequencies above 0.1 THz, and
particularly in the 0.3 to 3.0 THz band, is both very difficult and expensive. To detect
the presence of a given molecule in interstellar space or to study ozone depletion in
the Earth's upper atmosphere, for example, it is necessary to perform spectral line
observations with spectral resolutions on the order of 1 MHz or narrower.
Moreover, most of the molecules of interest are characterized by weak emission
lines with typical antenna temperatures of a few kelvins (Figures 1 and 2), thereby
imposing an additional constraint on the required performance sensitivity of THz

receivers.
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Figure 1. Spectrum of Orion A near 330 GHz measured by the NRAO telescope. (From [1], original data
reported in [2].)
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Figure 2. Calculated atmospheric limb emission spectra. The vertical scale is the emission brightness
temperature. The horizontal scale is frequency; the calculation is for a radiometer with local oscillator
frequency at 637,050 MHz equally receiving radiation from both upper (USB) and lower (LSB)
sidebands at 11,000 to 13,000 MHz intermediate frequency (F). The top panel gives results of a full
radiative transfer calculation for a limb path with 36 km tangent height; the bottom panel, with much
compressed vertical scale, shows all spectral lines from the JPL catalog with the line intensities scaled
to account for the limb measurement path and expected abundances for the middle stratosphere. Solid
lines in the bottom panel indicate upper sideband; dashed lines indicate lower sideband.

(From [3].)

Although successful millimeter and submillimeter spectral observations
of the emission from some galaxies and interstellar clouds have been made from
Earth telescopes at mountain tops, the attenuating effects of the Earth's atmosphere
(Figure 3) impose a major limitation to observations in the THz region.

Furthermore, in order to perform these observations, it has been necessary to use
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SIS mixers cooled to liquid-helium temperatures or Schottky-diode mixers cooled to
10° to 15° K to achieve the required receiver sensitivity. To circumvent the opacity
of the Earth's atmosphere, we need to conduct the observations from space
platforms. However, providing very-low temperature refrigeration on board of a

space platform is a major, although not impossible, constraint.
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Figure 3. Atmospheric transmission at Mauna Kea at an altitude of 4,200 m, with 1 mm of precipitable
water. The 850 GHz (350 pm) window is the highest frequency one available in the submillimeter. Te
next window is in the middle infrared at about 30 um. Also shown are. some molecule rotation and
atomic fine structure lines. (From [4].)

NASA's Office of Aeronautics and Space Technology (OAST) is supporting
an intensive program for the development of THz receiver technology. One
component of this program has been to establish a Center for Space Terahertz
Technology (CSTT) at The University of Michigan through the University Space

Engineering Research Centers Program. The goals of the CSTT are:
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a. To accelerate the development of solid-state receivers--including local
oscillators, detectors, mixers, and antenna arrays--at THz frequencies,

with particular emphasis on room-temperature performance; and
b. To train graduate students in this field.

This paper provides an overview of the research program conducted by
CSTT. To place the program in proper perspective from the standpoint of its
intended contribution to the development of space THz technology, we will start

with a brief review of the present capability of today's receiver technology.

2. REVIEW OF HETERODYNE RECEIVER TECHNOLOGY

Heterodyne detection is the most commonly used technique for making
spectral line observations at millimeter and submillimeter frequencies. A
traditional heterodyne receiver (Figure 4) uses a local oscillator and a double-ended
balanced mixer to downconvert the frequency of the input signal, ®g, to an IF
frequency W = g - W ol. The IF output signal is then amplified, and sometimes
mixed down again to a still lower frequency, and then fed to a bank of filters to
obtain the spectrum of the input signal. The noise performance of the receiver is
governed primarily by the RF amplifier, and to a lesser extent by the mixer. Thus, to
insure low-noise performance, the RF amplifier should have high gain and low
noise. Metal waveguide is used as the standard line for RF connections between the
antenna and the RF amplifier, the RF amplifier and the mixer, and the local
oscillator and the mixer.

This arrangement works well at frequencies below 100 GHz. As we
increase the frequency above 100 GHz, we start to encounter a number of problems.

These include:
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Figure 4. Block diagram of a traditional heterodyne receiver.

a. Unavailability of RF amplifiers. In this situation, the noise
performance of the receiver becomes dictated by the noise characteristics of the
mixer and IF amplifier.

b. Unavailability of double-ended balanced mixers. With single-ended
mixers, we have to use a quasi-optical diplexer to combine the LO signal with the
input RF signal prior to reaching the mixer. An example is shown in Figure 5.

c. Poor mixer noise performance. This necessitates cooling the mixer
environment to a low temperature. The mixer elements most commonly used
today at frequencies above 0.1 THz are the SIS diode and the Schottky barrier diode.
Usually, SIS diodes are cooled to liquid-helium temperatures to realize super
conductivity, and Schottky diodes are cooled to 15° K to reduce their mixer noise.
With the recent advances made in high T¢ superconductivity materials, it is hoped
that SIS mixers can be made to operate at higher temperatures in the future. Figure
6 shows a plot of typical receiver noise temperatures for SIS mixers, Schottky diode
mixers at 20° K and at 300° K, and InSb bolometer mixers. Both the SIS and InSb
bolometer mixers were cooled to liquid-helium temperature. The InSb mixers

exhibit good noise performance, but they are not desirable for making spectral
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Figure 5. Martin-Puplett interferometer used as diplexer. (From [1].)

observations because they have narrow instantaneous band widths on the order of 1
MHz, which would necessitate scanning the local oscillator frequency in order to
cover the desired spectrum.

d. Unavailability of low-noise solid-state oscillators with sufficient output
power to drive the mixer. Gunn oscillators are now available up to about 120 GHz
[5]; and by using doublers and triplers, the frequency range can be extended to about
360 GHz. Quadruplers and quintuplers have also been examined for solving this
problem, but the output power of a harmonic multiplier is on the order of 1/n2 of
the input power (where n is the harmonic order). IMPATT diodes can provide
more power than Gunn diodes (Figure 7); but they are far noisier which has
detracted from their use in millimeter and submillimeter heterodyne receivers.
Using doublers and triplers with Gunn oscillators can provide sufficient power to

drive cooled Schottky diode mixers up to about 360 GHz. To extend the range to
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Figure 6. Typical receiver performance in the near millimeter-wavelength band for a number of
different types of mixer receivers. (From [5].)

higher frequencies requires the availability of low-noise local oscillators that can
produce more than 1 mW of output power at frequencies in the 100 to 400 GHz
range. As we will discuss in Section 3, this is one of the major goals of CSTT.

Although SIS mixers require much lower levels of local-oscillator power
to function (107 W, compared to more than 104 W for Schottky diodes [4]),the
liquid-helium refrigeration requirements for superconductivity limit the use of SIS
receivers to ground operations. (Schottky diode mixers can operate at room
temperature, albeit with poorer noise performance.)

Subharmonic mixing is an alternate technique for operating at frequencies
above the fundamental oscillation frequency of available local oscillators. A pair of

balanced mixers is used to mix the local oscillator signal with a subharmonic of the
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Figure 7. CW performance for IMPATT and Gunn-diode oscillators at near-millimeter frequencies.
(From [5].)

input signal to produce an IF output. In general, the signal-to-noise performance of
this technique is not as good as that realized with the harmonic-multiplication
technique.

e. Increased ohmic losses in conducting waveguides and increased
difficulty of constructing components inside the guide. For fundamental-mode
operation at 300 GHz, for example, the internal dimensions of the waveguide have
to be no more than 1 mm x 0.5 mm, and even smaller if it is necessary to reduce the
guide height in order to match its wave impedance to a low-impedance component
such as a diode detector [5]. A case in point is the Schottky diode mixer (Figure 8);
the height of the waveguide carrying the input signal usually is tapered down to

about 1/4 of its nominal value as it approaches the diode.
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Figure 8. Typical mixer block for millimeter-wave applications. (From [1].)

To avoid the problems associated with waveguides, alternate approaches
have been used for coupling RF energy to the mixer, including the planar thin-film
antenna configuration shown in Figure 9, and the corner-cube antenna shown in
Figure 10. It is also possible to use a half-wave dipole on a thin membrane placed
inside a horn antenna and to connect the detector or mixer across the dipole input
terminals (Figure 11). This type of configuration is particularly useful for imaging

applications, as discussed further in Section 3.3.
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To incorporate the various aspects peculiar to heterodyne detection at
millimeter and submillimeter wavelengths, the receiver is more likely to look like
the system shown in Figure 12 than like the traditional configuration shown in
Figure 4. This system, which is part of the James Clerk Maxwell Telescope (JCMT)
constructed by Cambridge University for operation in Hawaii [8], uses a 75.5 GHz
Gunn oscillator and a third harmonic multiplier to provide the local oscillator
signal at 226.5 GHz. A quasi-optical diplexer is used to combine the LO and RF
signals, and additional optics, including a polarizer, are used to separate the
horizontal and vertical polarization components of the input signal and to feed
them into the two channels shown in the figure. The mixer elements are Schottky

diodes cooled to 20° K.
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Figure 12. Block diagram of the 230 GHz receiver of the James Clerk Maxwell Telescope. (From [81.)
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The cursory review of THz heterodyne receivers given in this section is by
design brief in extent and general in scope; for more detailed reviews, the reader is
referred to the articles by Archer [5], Payne [1]. Phillips [4], White [8], Goldsmith
[9], and other [10-17]. The intent of the review is to provide a framework against
which to describe the goals and research activities of the program sponsored by

NASA/CSTT at The University of Michigan.

3. NASA/CSTT PROGRAM

3.1 Program Obijectives

The program has three inter-related objectives, each of which is of
fundamental importance to the program and its long-term viability.
Technology

The goal is to develop the capability to design and fabricate solid-state
heterodyne receivers at THz frequencies, with emphasis on room-temperature
operation using fundamental local oscillators, but not to the exclusion of liquid-
nitrogen cooled receivers or harmonic multiplication and subharmonic mixing
techniques. The program will focus on the 0.1 to 1 THz frequency range during
Phase I (1988-1993), with the intent to extend the range to higher figures in later
phases. The development will be guided by system specifications appropriate for
observations of molecular line spectra from space platforms.
Scientific Applications

The use of the technology being developed by NASA/CSTT will be made
available to the scientific community at large, including NASA, industry, and other
academic institutions. At The University of Michigan, we are exploring the THz
spectrum for studying the height profile of the OH number density in the Earth's
upper atmosphere, the emission spectra of 12CO, 13CO, and HCN in the Martian

atmosphere, and submillimeter-wave interaction with water and ice clouds. These
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studies are important in and of themselves, as well as for maintaining a firm
connection between the technology component of space THz technology and the
scientific-application component.
Academic Objectives

The presence of a broad-based research program in THz science and
technology provides graduate students with exposure to many facets of this field
through seminar courses, visits by scientists from other institutions, symposia, and
interaction with other graduate students in the program. One of the objectives of
the program is to produce graduate students who have strong experience with THz
instrumentation and measurement techniques, in addition to a firm theoretical
foundation in their specific area of specialization. An additional academic objective
of the program is to create an atmosphere conducive to novel ideas and

interdisciplinary research.

3.2 Organization Structure

The NASA/Center for Space Terahertz Technology draws its technical
support from three research facilities: (1) the Center for High Frequency
Microelectronics (CHFM), (2) the Radiation Laboratory, and (3) the Space Physics
Research Laboratory. Brief descriptions of these facilities are given in Figure 13. A
total of 13 research projects are currently being funded by NASA/CSTT, involving
14 research and teaching faculty and 30 graduate students. The projects, which were
selected in accordance with a four-year "road map" developed by the Center's
Executive Committee and approved by a NASA-appointed oversight committee,
cover a wide range of activities extending from growing novel semiconductor
materials for heterostructure solid-state devices, to fabricating monolithic imaging

arrays and examining the THz emission spectra of planetary atmospheres. In
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several cases, the projects are conducted in collaboration with other institutions,

such as the Jet Propulsion Laboratory (JPL) and the University of Virginia.

3.3 "Road Map"

The flow diagram shown in Figure 14 represents a road map for the
progress of research activities from the component or subsystem level towards the
overall receiver-integration level, and Figures 15 and 16 provide more detailed
listings of the activities being pursued by the Solid-State and the Antenna and
Quasi-Optics groups. No attempt will be made in here to discuss all of these projects
in detail; instead, we will use examples to highlight the approach and development
process associated with some specific elements of heterodyne-receiver design and
fabrication.

a. Local oscillator power. Generation of low-noise oscillator power at
THz frequencies is probably the single most crucial factor with regard to the
development of THz heterodyne receivers today. As was mentioned earlier, Gunn
oscillators have served as the primary source of power at frequencies up to about 120
GHz. To operate at higher frequencies has necessitated the use of multipliers or
subharmonic mixers. The NASA/CSTT program is investigating four approaches
for generating local oscillator power in the 0.1 to 1 THz region: (1) Resonant
Tunneling Diodes, (2) Tunnel Transit-Time (TUNNETT) devices, (3) operating a
Gunn diode in a second-fundamental mode, and (4) quantum well devices using
thermionic emission. The investigations include theoretical-model analyses,
fabrication of the devices using novel semiconductor materials and
heterostructures, DC analysis of their i-v characteristics, and RF testing. Following a
performance evaluation of these four techniques over the next two years, we will

then focus our development activity on the most promising candidate in
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RADIATION
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RESEARCH LABORATORY
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Figure 13. NASA/CSTT couples to three research units.
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Figure 14. Organizational structure and research plan.
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subsequent years. Our goal is to develop devices capable of providing 1 mW of
power at 1 THz by 1993.

b. Subharmonic-mixer receiver. The "traditional" approach used at
millimeter and submillimeter wavelengths for designing the front end of a
heterodyne receiver is based on single-ended mixers--specifically Schottky diodes
and SIS devices--which requires quasi-optical combining of the LO and input RF
signals prior to focusing the beam onto the mixer element (Figure 12). A modified

version of this approach is shown schematically in Figure 17. Two orthogonally
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Figure 17. Subharmonic receiver configuration. The RF signal at g and the LO signal at g /5 * Wf are
received by orthogonally polarized corner-cube antennas.
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polarized corner-reflector antennas are used to couple the RF signal at ®g and the
LO signal at g/, £ Wy to a pair of back-to-back Schottky diodes located on a wafer on
the back side of the antennas. A 183 GHz model has been designed and is currently
being fabricated and should be ready for performance evaluation soon. This design
approach avoids the need for a quasi-optical diplexer as well as the construction
difficulties associated with placing the mixer diodes in a reduced-height waveguide
structure.

The corner-reflector antennas are particularly suitable for coupling to f/2
reflector systems. To couple the f/1 reflector systems, the pyramidal horn is a
preferable choice, in which case orthogonal dipoles can be integrated on a thin
membrane located inside the horn cavity (Figure 18), together with a balanced-mixer
placed at their terminals.

c. Monolithic integrated-circuit receiver. The schematic shown in Figure
19 represents a design for a 180 GHz monolithic integrated-circuit receiver using
sub-micron HEMT technology. The local oscillator, doubler, and mixer will all be
fabricated as a single circuit. At present, the investigation is examining the
performance of each of these three circuit elements individually, as well as
modeling the matching networks and examining techniques for coupling the input
RF signal to the mixer.

d. Large-area bolometer for absolute power measurement. The
measurement of power at millimeter-wave frequencies is conventionally made
using waveguide power meters. A power meter uses a thermistor or a diode
detector suspended in a waveguide, and its frequency coverage is limited to the
waveguide band associated with the guide dimensions. At frequencies above 100
GHz, the calibration accuracy is at best 1 dB, and no power meters are currently
available at frequencies above 300 GHz. To remedy this situation, a novel

monolithic power meter was developed for THz applications using a 4 x 4 mm
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Figure 18. The top figure shows two dipole antennas placed at different locations inside the horn
cavity. In the lower design, the two antennas are placed on the same membrane with a balanced mixer
between them.
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Figure 19. Schematic for a 180 GHz monolithic integrated-circuit receiver.
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Bismuth bolometer integrated on a 1.2 mm-thick dielectric membrane (Figure 20).
The bolometer is expected to have a wide frequency response extending well into
the several THz region. The NEP of the detector was measured to be 3 nW Hz"1/2 at
a video modulation frequency of 300 Hz. This is the highest sensitivity of a THz-

frequency room-temperature power meter reported to date.

Incident Radiation

Bismuth
Bolometer (~ 500A)

1-um membrane Lateral z

Heat Transfer Silver Contact

44— — -
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Figure 20. Wideband high responsivity THz power meter.
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The preceding examples represent a subset of the research projects being
conducted under the Space Terahertz Technology program at The University of
Michigan, some of which are treated in more detail in other papers contained in the

Proceedings of this Symposium.

4. CONCLUDING REMARKS

Within its brief 18-month history, the NASA/CSTT has developed an
ambitious plan for developing solid-state technology for the construction of THz
heterodyne receivers and their use in support of spectral line observations. The goal
of the program is to develop at The University of Michigan a major U.S. facility for
research in this field and to establish cooperative relations with NASA, industry,
and other academic institutions involved in space THz technology. Holding the
First International Space Terahertz Technology Symposium at The University of

Michigan is only the first step toward that goal.
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Abstract

NASA 1is developing submillimeter (terahertz) receivers for
use 1in astrophysics, the study of planetary atmospheres and for
Earth observation. The science objectives include the under-
standing of star formation, the interstellar medium, galactic
formation, the composition of planetary atmospheres, and ozone
depletion in the Earth's atmosphere. Since the Earth's atmosphere

is opaque in most of the submillimeter region, observations must
be done from space.

Because submillimeter technology has no significant ground
applications, the receiver technology is not available. The NASA
Office of Aeronautics, Exploration and Technology 1s vigorously
pursuing a multi-year effort to develop the components needed for
a submillimeter heterodyne receiver. The critical components
include the antenna, local oscillator and mixer. The technical
challenges arise due to the high frequency and short wavelength of
the radiation.

Because waveguides and waveguide arrays are difficult to
fabricate at these wavelengths, quasi-optical antenna techniques

are being actively pursued. The local oscillator is a major
challenge, because a terahertz is an order of magnitude higher
than frequencies obtainable with conventional electronics. Novel

structures such as resonant tunneling devices are wused as
fundamental oscillators and as frequency multipliers.

The mixer elements being investigated are solid-state planar
Schottky diodes for Earth observations and superconducting-
insulating-superconducting (SIS) tunnel junctions for low-noise
cryogenic astrophysical telescopes.

The University of Michigan Center for Space Terahertz
Technology was established by NASA to help develop additional
expertise and students trained in this area.
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The National Aeronautics and Space Administration (NASA) is
developing submillimeter (terahertz) receivers for use 1in
astrophysics, the study of planetary atmospheres and for Earth
observation. The science objectives include the understanding of
star formation, the interstellar medium, galactic formation, the
composition of planetary atmospheres, and ozone depletion in the
Earth’s atmosphere. Since the Earth’s atmosphere is opaque in
most of the submillimeter region, observations must be done from
space.

For reference, the wavelength of 1 THz (1000 GHz) radiation
in free space is one-third of a millimeter or 333 jm. The
frequency is 30 times higher than "standard radio waves" used in
radars, yet 30 times 1lower than the frequencies of '"standard
infrared photons." Technology is available for radar frequencies
and detectors are also available in the infrared. However, the
technology needed for the terahertz region (0.3-30 THz) has not
yet been developed.

There are two reasons for the lack of technology. First,
the frequency regime is intrinsically very difficult. The photon
energies are small relative to the energy gaps of opto-electronic
semiconductors, but the frequencies 1lie beyond the frequency
range accessible with conventional semiconductor electronic
devices. Secondly, since the Earth’s atmosphere is largely
opaque in the terahertz region, there has not been a demand for
terahertz receivers for terrestrial applications, and there is no
current commercial application of terahertz technology.

The terahertz frequency range is important to NASA because
molecular species important in atmospheric chemistry, such as
ozone and chlorine oxide, and other molecules found in the
interstellar medium, have radiative emissions in this range. The
sharp emission 1lines can be detected readily by a heterodyne
receiver. The frequency of an emission 1line identifies the
species; the intensity gives abundance, and the relative
intensity of two 1lines from the same molecule yields the
temperature. In addition, Doppler-shifted deviations from
laboratory spectra gives information about the dynamics of the

interstellar medium.
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The NASA Office of Aeronautics, Exploration and Technology
is developing technology for potential future terahertz space
missions such as the ozone depletion experiment on the Earth
Observing System (Eos), the Submillimeter Explorer, the
Submillimeter 1Imaging Line Survey and the Large Deployable
Reflector. The focus is on solid-state receiver components that
are compact, low power and space-qualifiable.

Limited terahertz data can be obtained from the Earth by
observing from high mountains, balloons or aircraft to get above
much of the atmosphere, and using frequency bands where the
atmospheric absorption 1is minimum. These Earth-based
observations allow the technology to be demonstrated in real
systems before actual use in space.

The technology needed to study ozone depletion of the
Earth’s atmosphere differs from that needed for astrophysics. 1In
ozone depletion studies, the atmospheric signal strength is
relatively 1large, but accurate measurements must be made
continuously for 5-10 years to detect small changes. The 1long
mission 1lifetime precludes the use of stored cryogen
refrigeration and dictates that receivers must operate at 65-
125K. This leads to a requirement for semiconductor mixers,
local oscillators and multipliers, which have 1limited sensi-
tivity.

A major effort 1is devoted to improving semiconductor
Schottky diode mixer efficiency, and extending performance to
higher frequencies. The Microwave Limb Sounder, to be flown on
the Upper Atmosphere Research Satellite (UARS) in 1992, operates
at 200 GHz. The Eos experiment will be at 650 GHz. Schottky
diode mixers require substantial local oscillator power, and this
is also a major challenge at 650 GHz.

The signal strengths for astrophysics missions are very
small, and ultimate sensitivity is required. This dictates large
antennas, and ultra-low noise receivers. Most astrophysical
missions will need to carry liquid helium to accommodate use of
ultra-sensitive superconducting mixers. The mixer is a super-

conducting-insulating-superconducting tunnel junction coupled
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with the appropriate tuning elements. Lead-based tunnel
junctions have been demonstrated on Earth, but lead junctions
have very short life time and cannot be space qualified. The
focus of the development effort is on niobium nitride, which is a
refractory material and NbN junctions have extremely long 1life.
Currently NbN mixers have shown good performance to 200 GHz, with
a theoretical 1limit of 1.5 THz. The major advantages of super-
conducting mixers are that they have extremely low noise and
require much lower local oscillator power than a Schottky diode
mixer.

Since astrophysical quantities are not changing rapidly,
the mission life requirement is dictated only by the level of
"sky search" desired. The science return will be significantly
enhanced by array technology being developed by NASA, which will
allow arrays of submillimeter receivers to take data in parallel.
Current receivers, operating up to 200 GHz or so, all use
waveguide technology inherited from the radar community. It is
difficult to machine waveguides for terahertz frequencies and it
is even more difficult to build waveguide arrays. This is the
motivation for the NASA effort in quasi-optical approaches, which
utilize lenses, and integrated antenna/mixer structures to

facilitate arrays.
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ASTROTECH 21: TERAHERTZ TECHNOILLOGY FOR SPACE ASTRONOMY
IN THE 21ST CENTURY

James A. Cutts(l)

ABSTRACT

Two major missions are now being considered by NASA for
launch in the first decade of the 21st century. The Large
Deployable Reflector (LDR) is a filled-aperture telescope 20
meters in diameter which will be erected 1in space with
ultralightweight optical elements and support structures. The
Lunar Submillimeter Interferometer (LSI) will be a dilute-
aperture phased-array telescope with seven 5-meter aperture
elements on a 2-kilometer baseline. Collectively, these
observatories will observe emission from cold molecules in the
universe on various spatial scales from planet-forming regions to
clusters of galaxies providing information about their
temperatures, molecular constituents and dynamical motions. They
will provide fundamental information on the origin of planets and
stars and the evolution of galaxies. To attain these objectives,
high performance terahertz receivers operating in the frequency
range from 0.3 THz to 10 THz will be needed. Single element
mixers and tunable local oscillators for 0.3 to 1 THz will be
needed by 1994 in order to demonstrate terahertz technologies in
space during the 1990s. Arrays of mixers and local oscillators
operating from 0.3 to 10 THz will be needed by the end of the
decade to enable the LDR and LSIT. The Astrotech 21 program is
being formulated by NASA to respond to the technology needs of a
broad suit of major astronomy missions launched in the first two
decades of the 21st century. An aggressive program of terahertz
technology development is anticipated to be included in the
program.

(1) Dr. cutts is with Jet Propulsion Laboratory/California
Institute of Technology, Pasadena, CA.
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INTRODUCTION

Space astronomy is about to embark on a great period of
discovery. During the 1990s, four Great Observatory missions
will be launched and will probe the universe in spectral regions
ranging from gamma radiation to the far infrared. But NASA is
already looking beyond the Great Observatories to other major
missions in the first decade of the 21st century. To enable its
New Century Astronomy program, and thereby assure continued U.S.
leadership in space science, a substantial investment in
technology will be required during this decade. This will be
provided by the Astrotech 21 program. Submillimeter (terahertz)
technology will be a major area of emphasis.

ASTROTECH 21

During early 1989, the Astrophysics division at NASA Headquarters
determined that significant advances in capability over the Great
Observatories would require major advances in the techniques of

observation from space. Observations with higher angular and
spectral resolution and greater sensitivity are clearly needed.
The exploration of new spectral regimes is also needed. Space

interferometers located on large space structures or on the lunar
surface have been identified as the most promising approach for
achieving major advances in angular resolution. Observations of
gravitational waves using laser interferometry are seen as a
fundamentally new tool for probing the violent accelerations of
matter within opaque clouds. 1In addition, the largely unexplored
submillimeter (terahertz) spectral region was identified as
particularly promising for investigation. NASA recognized that
this capability would require a sustained technology development
effort over the next decade, and asked JPL to lead the definition
of technology development program. The technology development
program is known as Astrotech 21.

The first step in the definition of the Astrotech 21 program was
the specification of the observational requirements for future
missions. This was followed by the definition of telescopes and
science instruments. In many instances, the Astrotech 21 study
team has been able to draw on earlier mission studies to
streamline the planning process. This is now 1leading to an
assessment of the status of the relevant technologies. At the
time of writing, the process of planning an Astrotech technology
program is well underway.

The planning and implementation of Astrotech 21 involves a
partnership between the Astrophysics Division, which is part of
the Office of Space Science and Applications (OSSA) at NASA, and
the newly reorganized Office of Aeronautics and Exploration
Technology (OAET). Currently, only the planning phase is funded
and the implementation phase will require budgetary action by
both OAST and OSSA.
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SUBMILLIMETER SCIENCE AND TECHNOLOGY

Submillimeter science and technology is already part of the NASA
program. The OAET's Information Systems and Human Factors
Division is supporting the development of submillimeter
technology for space science applications at the Center for Space
Microelectronics technology at JPL and other NASA centers. OAET
also funds the University Space Engineering Research Centers
Program which supports the NASA Center for Space Terahertz
technology at the University of Michigan. OSSA, on the other
hand, supports the development of flight instruments and the
acquisition and analysis of submillimeter science data.
Currently, only one submillimeter astrophysical instrument is
under development: the Submillimeter Wave Astronomy Satellite
(SWAS) which is described at this symposium. The Astrotech 21
submillimeter planning activity will lead to the establishment of
technology goals enabling the set of missions beyond SWAS. These
missions include the Submillimeter Moderate Mission (SMMM), the
‘Large Deployable Reflector (LDR) and a Lunar Submillimeter
Interferometer (LSI). A preliminary schedule for implementing
these missions appears in Fig. 1. Illustrations of the SMMM
(which includes two possible configurations), the LDR and the LSI
appear in Fig. 2.

STATUS

The Astrotech 21 technology plan for submillimeter missions will
be completed in late April, 1990. This plan will include not
only sensor technology but also cryogenics, telescope technology,
space assembly and servicing. In the field of submillimeter
heterodyne technology, contributions from the scientific and
technical communities have been solicited by Dr. Margaret
Frerking of JPL. Dr. Frerking will use thse contributions in
formulating a major section of the Astrotech 21 submillimeter
plan. The submillimeter plan will be consolidated with plans for
other disciplines to form a single integrated plan which will be
submitted to the agency by the late spring or early summer.
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SUBMILLIMETER ASTROPHYSICS
PROGRAM

CANDIDATE MISSION SCENARIO AND PHASING OF ASTROTECH 21
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SUBMILLIMETER-WAVE RESONANT-TUNNELING OSCILLATORS

E.R. Brown
Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts 02173, USA

ABSTRACT

Recent advances in high-frequency resonant-tunneling diode (RTD) oscillators are
described. Oscillations up to a frequency of 420 GHz have been achieved in the GaAs/AlAs
system. These results are consistent with a lumped-element equivalent circuit model of the
RTD. The model shows that the maximum oscillation frequency of the GaAs/AlAs RTDs is
limited primarily by high series resistance, and that the power density is limited by low peak-
to-valley current ratio. Recent oscillator results obtained with InGaAs/AlAs and InAs/AlSb
RTDs show a greatly increased power density and indicate the potential for fundamental oscil-

lations up to about 1 THz.

I. INTRODUCTION

Resonant tunneling in a double-barrier structure can be understood by the diagrams in
Fig. 1, which pertain to a quantum well containing only one quasibound-state energy level E;.
If the total energy and momentum of the electrons in the plane of the heterojunctions are con-
served during the process, then only those electrons having a longitudinal energy E; on the
cathode side approximately equal to E; can traverse the structure with any significant proba-
bility. As the bias voltage is increased from zero, the quasibound level drops relative to the
electron energy on the cathode side and the current increases. This current increase can be
explained in terms of an increase in the number of electrons in the cathode Fermi sphere that
have E; = E;. The current eventually approaches a peak at a voltage close to that which
aligns the quasibound level with the conduction band edge in the neutral region on the
cathode side. At higher voltages there are no electrons with E; = E;, so that the current
decreases precipitously and a negative differential conductance (NDC) region occurs. This
NDC region is the basis for all of the high-speed oscillations observed to date in resonant-

tunneling diodes.
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Fig. 1 (a) Band diagram of a generic double-barrier structure with quasibound-state energy
E,. (b) and (c) Schematic diagram of resonant-tunneling transport process. (d) Typi-
cal current-voltage curve for a double-barrier diode.

The fundamental requirement for resonant tunneling in a double-barrier structure is spa-
tial quantization, which occurs when E; > I/, where 1, is the inelastic scattering time. This
requirement imposes limits on the size of the structure. For example, the thicknesses of the
quantum well and barriers of a GaAs/AlAs structure must be less than roughly 10 and 3 nm,
respectively, in order to observe resonant tunneling at room temperature. Fortunately such
thin layers can be obtained by modern crystal growth techniques, such as molecular beam epi-
taxy. In fact these techniques can produce much thinner epilayers, as exemplified by the
recent demonstration of double-barrier structures containing 0.8-nm-thick AlAs barriers (i.e., 3
monolayers of the AlAs zincblende lattice) [1]. Such control over layer thickness is a large

part of the success of resonant-tunneling devices.
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II. MATERIAL CHARACTERISTICS

The quality of a resonant-tunneling diode (RTD) is usually characterized by the peak-to-
valley current ratio (PVCR) and the peak current density Jp. Fig. 2 shows the room-
temperature current-density vs voltage (J-V) curves obtained for the fastest resonant-tunneling

structures in three different material systems.
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Fig. 2 Current density vs voltage for double-barrier diodes made from three different materi-
al systems. The dashed regions of the curves are the result of interpolation through
the NDC region, which was highly distorted in the experiments by the occurrence of
oscillations.

Each of these structures has a composition and doping profile similar to that shown in Fig. 3.
The J-V curve for the GaAs/AlAs structure shows a PVCR = 1.5, which is a typical result in
this material system for Jp greater than approximately 1x10° A cm™2. In contrast, the
Ing s3Gag 47As/AlAs material system shows a PVCR = 12 at a Jp near 2x10° A cm™. These

results display a useful empirical rule that has been observed over a large range of peak

current densities. That is, Ings3Gag47As/AlAs and GaAs/AlAs RTDs having the same Jp
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differ in PVCR by about a factor of eight.
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Fig. 3 Composition and doping profile for the fastest double-barrier diodes produced to date.

The InAs/AlISb structure yields the highest Jp of all of our present structures,
Jp = 3.7x10° A—cm™2, and also shows a PVCR = 4, which is satisfactory for many applica-
tions. The very high Jp is due mostly to the Type II-staggered band alignment. This causes
the electrons to tunnel through the AISb barriers near the valence band edge where the tunnel-
ing wavevector is significantly smaller than at mid gap. Further information can be found in

the growing literature on this material system [2].

The layer thicknesses and doping profile of the RTD that has produced the highest oscil-
lation frequency to date is shown in Fig. 3. Very thin (1.1 to 1.7 nm) barriers are used to
reduce the resonant-tunneling time and enhance Jp. The asymmetric doping profile is
designed to provide an approximately 100-nm-wide depletion layer on the anode side of the
double-barrier structure at the bias required for NDC, and also to provide a high bulk electron
density (-~ 1x10'® cm™) on the cathode side. This density, along with the width T'; of the

transmission-probability (T*T) resonance, determines the current density through the structure.
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The depletion layer yields a low specific capacitance compared to most other tunnel devices,
such as p-n tunnel (Esaki) diodes and Josephson junction diodes, while the high carrier con-
centration on the cathode side provides a comparable Jp. The ability to separately control the
capacitance and current density is an advantage that the RTD has over Esaki and Josephson
diodes, which require degenerate carrier concentrations on both sides of the thin tunneling

region.

1. SPEED-LIMITATION MECHANISMS

The best measure of the speed of RTD oscillators is the maximum frequency of oscilla-
tion, fyax, Which is defined as the frequency above which the real part of the terminal
impedance is positive. To determine this frequency accurately, an impedance model of the
RTD is required. At sufficiently low frequencies, the impedance is represented by an
equivalent circuit consisting of a differential conductance G in parallel with a capacitance C,
both in series with a resistance Rg. The capacitance is approximated by C = €A/(d+w), where
A is the active area, € is the permittivity of the double-barrier material, and d and w are the
lengths of the depletion region and double-barrier structure, respectively. The series resistance
arises from various contributions outside the active region of the device, as in a Schottky
diode. When G is negative, this circuit implies that oscillations can occur up to a frequency
of fre = 20O (-G/Rg-GH)Y2 = (2n1gc)™). For a given double-barrier structure, fpc
represents an upper limit on the maximum oscillation frequency fyyax. The additional time-

delay mechanisms described below can only decrease fy s x.

At high frequencies, the quasibound-state lifetime T; and the transit time across the
depletion layer must be considered. A straightforward derivation of the effect of the lifetime
is given in Ref. [3], and the result is the RCL equivalent circuit shown in the inset of Fig. 4.
The new element, the quantum-well inductance, is given by Low = 7,/G, where 1; is the
quasibound-state lifetime. Such an element is expected on physical grounds, since the

resonant-tunneling process represents a delay of conduction current with respect to applied
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Fig. 4 Experimental and theoretical oscillator results for the fastest double-barrier diode in
the GaAs/AlAs material system. The lumped-element equivalent circuit for the diode
is shown in the inset.

voltage, similar to the delay that occurs in an ideal inductor. At a fixed bias point, the RCL
circuit model yields an fyyax given by

172
172
L[, - GRs+1IGRs R
(C2LowG*-1)2

In the limit t; < Tgc, this expression reduces to fge as it should. Note that the imaginary

o= j-—C
R | | LowC | 2Low/G?

part of the impedance of this circuit in the NDC region is always less than zero because Lqy
is negative. This means that the diode cannot self-oscillate, i.e., oscillate on an internal reso-
nance. The validity of the RCL circuit has been confirmed recently using several RTDs at
Lincoln Laboratory, and in separate experiments at Fujitsu Labs in Japan [4] and the Elec-

tronic Technology Laboratory in the U.S. [S].



Page 80 First International Symposium on Space Terahertz Technology

The second important time-delay mechanism at high frequencies is the transit-time delay
across the depletion layer. For diodes having a material profile similar to that shown in Fig.
3, this delay is probably not very important. For example, fyjax calculated using the parame-
ters of the fastest GaAs/AlAs diode is only 10% less than fpe [6]. This calculation assumes
that the average drift velocity across the depletion layer is 4x107 cv/s. This velocity is quite
plausible in the present GaAs/AlAs double-barrier structure because the kinetic energy of the
electrons injected into the depletion layer is high (= 0.2 eV), and the mean-free path of the
electrons is comparable to the depletion length. For the other two material systems of
interest, Ing 53Gag 47As and InAs, the effect of the transit time should be even less. Both the
electron LO-phonon scattering time and the L-valley separation from the conduction band
edge increase as the In fraction in In,Ga;_,As alloys increases. Consequently, the average
drift velocity across the depletion layer should be even higher and the transit-time effects
should be less. Based on these considerations, it is anticipated that depletion lengths of InAs
RTDs can be significantly longer than those of GaAs RTDs, perhaps by a factor of two or

more.

IV. OSCILLATOR RESULTS

The oscillation power vs frequency for a 4—pm—diameter diode made of the fastest
GaAs/AlAs resonant-tunneling structure is shown in Fig. 4. The results are consistent with
theory in that the maximum observed oscillation frequency 420 GHz is below fgcp, which is
calculated to be 506 GHz. This calculation assumes that G is equal to the maximum negative
value in the NDC region of Fig. 2, and t; = h/I"; = 0.11 ps, where I'; is the full width at half
maximum of T*T. A more detailed analysis shows that an increase in the magnitude of G
would not significantly speed up the device, but that a three-fold reduction in Rg with the
same G would increase fp¢y to approximately 900 GHz [4]. This reduction in Rg combined
with a two-fold increase in the magnitude of G would further increase fg¢p to over 1 THz.

Unfortunately, these improvements have not been made because of practical limitations on the
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ohmic-contact resistance to GaAs and on the PVCR attainable in GaAs/AlAs double-barrier
structures. The other two material systems that have been developed, InGaAs/AlAs and

InAs/AlSb, alleviate these deficiencies.
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Fig. 5 Experimental oscillation results for double-barrier diodes made from three different
material systems.

The oscillation results for the fastest diodes made to date in all three material systems
are compared in Fig 5. The relatively poor PVCR of the GaAs/AlAs diode limits the power
density to a maximum value just over 1x10* W cm™ The superior PVCR of the
In, 53Gag 47As/AlAs diodes provides a low-frequency power density of 1x10* W cm™2, which
is comparable to that generated by IMPATT diodes. Because of the high PVCR at high
current density, the Iny 53Gag 47As/AlAs diode will likely be the RTD of choice for high-speed

logic applications. At present the InAs/AlSb materials system is the most promising one for
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submillimeter-wave oscillator applications. The power density of the InAs/AlISb RTD at 360
GHz is a ten-fold improvement over that of the GaAs/AlAs RTD at the same frequency. We
expect that this InAs/AlSb RTD will be capable of oscillating well over 600 GHz. The pri-
mary reasons for the superior performance are the low series resistance and the high available
current density (Jp —Jy = 2.8x10° A cm~2) in the InAs/AISb diodes. The low resistance
reflects the nearly ideal ohmic contact that can be formed to InAs. In the present diode the
contact resistance is so low that its measurement is difficult, but we estimate from the oscilla-

tor results that its specific resistance is less than 2x10~7 Q cm?.

V. SUMMARY

Resonant-tunneling oscillators in the GaAs/AlAs material system have been demonstrated
up to frequencies of 420 GHz. The oscillation characteristics of the fastest diodes, as well as
diodes designed for operation at much lower frequencies are consistent with an equivalent cir-
cuit model that represents the effect of the time delay in the resonant-tunneling process by a
quantum-well inductance. The maximum frequency of oscillation of GaAs/AlAs diodes could
be increased significantly by reducing the series resistance and increasing the peak-to-valley
current ratio. Alternative material systems such as InGaAs/AlAs and InAs/AlSb should facili-
tate these improvements, and should produce oscillators operating up to about 1 THz in the

near future.
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Potential and limitations of resonant tunneling diodes

C. Kidner, 1. Mehdi, J. R. East, and G. I. Haddad
Center for High-Frequency Microelectronics and Center for Space Terahertz Technology
Department of Electrical Engineering and Computer Science
The University of Michigan
Ann Arbor, Michigan 48109

Abstract

The existence of negative resistance in double barrier resonant tunneling structures has led to the
proposal of various applications for these devices. For useful applications the bias circuit must be
free of low frequency oscillations. Stability criteria for resonant tunneling diodes are investigated
showing the effect of different modes of low frequency oscillation. The main results of the paper are
(1) stable resonant tunneling diode operation is difficult to obtain, (2) the low frequency oscillation
introduces a characteristic signature in the measured dc I-V characteristic, (3) the circuit and device
conditions required for stable operation greatly reduce the amount of power that can be produced

by these devices.
I Introduction

Though the double barrier structure has become a useful prototype mesoscopic device, its useful-
ness as an electronic device will be determined by functionality rather than by interesting physics.
The proposal [1] and later confirmation [2] of the resonant tunneling concept led to the investiga-
tion of double barrier structures for various applications. An important potential application is a
two terminal negative resistance device, the Resonant Tunneling Diode (RTD), for microwave and
millimeter-wave operation [3,4,5,6]. Since the negative resistance of a resonant tunneling device ex-
tends from DC to beyond the operating frequency, potential problems exist with low frequency (LF)
bias circuit oscillations. A negative resistance device in combination with the bias circuit should be
low frequency stable when biased in the negative resistance region for most practical applications.

In mixer and detector applications, the LF oscillations can occur near the IF or video frequencies



First International Symposium on Space Terahertz Technology Page 85

introducing additional noise. In high frequency oscillator applications LF bias circuit instabilities
introduce unwanted upconverted signals that modulate the carrier, resulting in a signal which is
not useful for most applications. The paper is organized as follows. The next section contains an
analysis of stability conditions for resonant tunneling diodes. The analysis is similar to earlier work
on tunnel diodes. Section III contains experimental data to confirm the predictions of the theory. It
is shown experimentally that each instability affects the measured I-V curve in a particular fashion.
Requiring stability will reduce the power available from resonant tunneling devices. This effect is

discussed in section IV.
II Low frequency stability analysis

Assuming the RTD has the same equivalent circuit as a tunnel diode implies that the stability
criteria developed for tunnel diodes [7] will also apply in the RTD case. The RTD and the tun-
nel diode are voltage controlled negative resistance devices. This means that the device will be
connected through a bias circuit to a voltage source. In a practical circuit the bias circuit will
include the power supply source impedance and various parasitic elements. If the device with its
bias circuit is not short circuit stable there will be unwanted oscillations in the bias circuit. A two
terminal circuit is short circuit stable if there are no zeroes of the impedance for complex frequencies
with positive real parts. In the early 1960’s many papers concerning tunnel diode stability were
published. While some applications called for short circuit unstable devices [8] the general advice
was to only use devices which are short circuit stable [8,9]. In this section we will describe the
requirements for stable RTD operation.

Fig. 1(a) shows an equivalent circuit for a RTD including parasitic elements in a waveguide
circuit. The circuit between nodes 0 and 1 represents the intrinsic device. —Rg is the negative
differential resistance of the device. Cq is the device capacitance, and Ryq is the positive parasitic
resistance of the device. The circuit between nodes 2 and 1 represents the coupling of the device
to the waveguide circuit with L, representing the inductance of the whisker contact. A resistance

R, within the waveguide cavity can be introduced to improve the device stability. The RF signal
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Figure 1: An equivalent circuit for resonant tunneling diodes (a) inside a waveguide circuit, (b) with a simple bias
circuit.



First International Symposium on Space Terahertz Technology Page 87

s isolated from the bias circuit by a Low Pass Filter (LPF). At low frequencies the LPF can be
:gnored. The bias signal is isolated from the RF load, modeled here by the blockiii= ... pacitor Cypjeck-
Rse -Lse and C, are circuit elements outside of the oscillator cavity. These elements can be used in
an attempt to improve the low frequency stability without effecting the RF impedance seen by the
zevice. Finally, Rg and Lp represent the source resistance and inductance of the power supply.

The impedance of the diode coupled to the cavity (across nodes 2 - 0) is

—G. . Cs
G twic (LS—G§+w203)’ (1)

where Gg = 1/Rq4, Ls = L, and Rs = Ry + Ryq. If the magnitude of R, is less than R4 then the real

Zcoupled = Rs +

nart of Zeoupled 18 negative at low frequencies and this negative resistance decreases as a function of

~. At the angular frequency w, given by

G4 1
Wy = —

-~ c,VR,G,

1, (2)

‘e real part of the impedance is zero. This frequency corresponds to f,,,;, the cutoff frequency
-7 the diode. Above this frequency the device can no longer supp! . ver to the circuit. At the

zngular frequency w, given by
1 G?
L,Cd Cd

Wy =

‘e imaginary part of Eq. 1 becomes zero. It will be shown that w, should be larger than w, to
- revent spurious oscillations.
For a simple stability analysis the circuit of Fig. 1(a) is approximated by the circuit of Fig. 1(b).
“his assumes the frequencies of any bias circuit oscillations are low enough that the RF load may
» neglected. It also neglects the stabilizing capacitor, C.. The effect of the stabilizing capacitor
11l be discussed later. Several of the circuit elements in Fig. 1(a) are in series and thus may be
-mbined to give the elements in Fig. 1(b), Ly = L, + Lee + Lg and Ry = Ryg + Ry + Rse + Rp. The
-:ulting circuit. Fig. 1(b). was studied by Hines [7] for the tunnel diode case.

The circuit in Fig. 1(b) is described by the differer*’.1 equation

d*v dV )
Lscd‘(ﬁ_z‘*(Rst‘Ls/Rd)EﬁLV(l — R,/R4) = Vin. (4)



Page 88 First International Symposium on Space Terahertz Technology

Vin = 0 for the short circuit case. The characteristic equation of the above differential equation has
four possible solutions but it can be shown that only two solutions lead to a stable circuit [7.10].
The four possible solutions are shown as four different areas in the stability diagram of Fig. 2. The
circuit is stable when the solution is exponentially decaying (region III) or exponentially decaying

sinusoid (region IV). Combining these gives the stability criteria for the circuit of Fig. 1(b) as

L, <£i<
CyR% ™~ Ry

1, (5)

(=)}

Algebraic manipulation shows that the first inequality of Eq. 5 is equivalent to
w, < Wy

as a stability criteria, with the frequencies defined in equations 2 and 3.

To obtain stability the ratio Ry/Rq should be just less than one so that both inequalities of Eq.
5 can be satisfied. Not all of Rg has to be part of the rf circuit. Rs consists of four separate positive
resistances. Rgq 1s the positive resistance associated with the device and is largely dependent on
device design and fabrication. R; is also part of the rf circuit and may be used to stabilize the
RTD. If C. is not included, Rp is indistinguishable from R,. The stabilizing load may be inside
(Rp) or outside (Rse) the rf circuit. Circuit stabilization is often simpler when R, is sufficient to
stabilize the circuit [11]. However, this will degrade the power generation capability of the diode
since there will be more positive resistance associated with the device. If the stabilizing load is in
the rf portion of the circuit then nearly all the rf power is lost to the stabilizing load. So if possible
the bias line stabilizing load should be isolated from the rf circuit.

Typically, for RTDs with peak currents in the mA range Rq is tens of ohms or less and Cj is
tens of pF. This constrains L, to nH’s or even tenths of a nH. Since a whisker contact introduces
an inductance of this order many RTDs are difficult to stabilize when used with whisker contacts.
It is interesting to study the effect of the series inductance Ls. For a given device and circuit. the
external inductance in the bias circuit can be varied to sample different portions of the stability
plot in Fig. 2. Experimental bias circuit oscillations of a resonant tunneling diode mounted in a

low inductance whisker contact cavity with a variable external lead inductance are shown in Fig. 3.
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Tigure 2: The stability diagram for resonant tunneling diodes based on circuit and device parameters. Regions III
znd IV correspond to a short circuit stable circuit.

The device is a resonant tunneling diode with AlAs barriers that are 30'[\, thick, an Ing10Gag.goAs
‘eep well that is 70 A wide, and spacer layers on each side that are 30A wide. The contact regions
:re doped to 2 x 10®®cm™3. Standard photolithiography techniques are used to fabricate diodes of
arious sizes. The measurements are done on 50 gm by 50 pgm diodes.
The circuit is in region I of Fig. 2 for very large L,. Devices biased in region I should have
- growing exponential waveform. In reality,the growth is limited by the extent of the negative
-2sistance region. The result is the well known relaxation oscillation. Similar conditions occur in a
znnel diode [9]. The voltage across the bias terminals of the experimental device is shown in Fig.
i a). For smaller values of L, ,the operating point moves to the left on the stability curve in Fig. 2
=-o region II. The stability diagram predicts growing sinusoidal oscillations, which are also limited
= the extent of the negative resistance region. This results in a nearly sinusoidal steady state
<zillation and a measured case is shown in Fig. 3(b). In the growing sinusoid region, decreasing

" . causes the frequency of oscillation to increase. This is shown by differentiating the frequency of
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Figure 3: Low frequency oscillation of the RTD as measured by an oscilloscope (a) in the growing exponential
region(area I) of the stability diagram. A large RF choke was placed in the bias lines to produce this oscillation. (b)
in the growing sinusoidal region (Area II) of the stability diagram. The inductance is from approximately 2 meters

of lead wire.
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oscillation with respect to the series inductance to obtain

d (w?) 1 R
= 2 == 2R%C?
dL, ~ 4C?L3 (“Lscd <Rd 2) + “R’Cd'> (©)

Tor large L this is negative since Rg/Ra < 1. The extrema is then found by setting the above

~quation equal to zero and solving for L;. An extrema occurs when

R2
L, = é—f%d: < Rde < R,R;C,.
Ry

~ince the denominator of the derivative is linearly decreasing with L this is a maximum. This means
hat the maximum frequency occurs for values of Ly smaller than the value required for stability.

Now, if one calculates the oscillation frequency when L, is just small enough to give stability one

w= L \/&—l—w (
_RdCd Rs o ‘

This gives physical meaning to the stability conditions. For a given device Rq and C4 are fixed.

sntains

et |

Assuming Ry is less than Rg the circuit Lg controls the stability. The idea is to decrease L, which in
-arn increases the oscillation frequency until the oscillation frequency is above the resistive cutoff
‘requency of the device.

A common method for stabilizing a tunnel diode or RTD is to place a capacitor in shunt across
“e terminals of the device [7,12,13]. From the preceeding analysis it is seen that instability would
e overcome if the DC source could be inserted physically near the RTD, minimizing the inductance.
~:nce a large shunt capacitor will appear to the bias circuit oscillations as a DC voltage source the
-zpacitance. C, shown in Fig. 1(a) effectively accomplishes this. Fig. 4(a) is the same circuit with
-=ries elements combined: Ly = L, + L, and Ry = Ryg + R, + Rse. To study the effect of C. the
-:rcuit is broken into separate high- and low-frequency equivalents, both of the form of Fig. 1(b).
Zor high frequencies C. is a short circuit so the combination of Ly, Ry, Rq and C4 in Fig. 4(a)
~-1st satisfv the stability criteria. Eq. 5. For the low frequency circuit the element values in Fig.

51 become Ly = Lg. R = Rg. R4 = R4 — Raa — R, — Ree and C4 = C.. This low frequency
-uvalent Ry is different than that given by Hines [7]. The value given here is chosen to give the

-rect impedance at DC. Plotting the impedance locus vs. frequency for various element values
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Figure 4: (a) Use of an external capacitance for stabilization, (b)the “true” stable DC I-V curve for the device under

consideration as measured on the HP 4145 semiconductor parameter analyzer. Stabilization was attained using
R, = 33Q and C, = 0.1pF.



First International Symposium on Space Terahertz Technology Page 93

:ndicates that this approximation is very good when the high frequency circuit is stable. Then a

sufficient condition for the circuit in Fig. 4(a) to be stable is

L, R, Lp Rp
<—<1 AND < <1 8
R§Cd Rd (Rd - Rs)2 Ce (Rd - Rs) ( )

The circuit of Fig. 4(a) was used to stabilize the diode discussed earlier with R, = 33Q and
"~ = 0.1pF. The diode was considered stable when no oscillations could be detected using an
sscilloscope across the bias leads. Care was taken to ensure that the frequency of the oscillations.
:sually hundreds of MHz, was not greater than the bandwidth of the oscilloscope. The stable I-V
surve of Fig. 4(b) is felt to represent the "true” I-V curve.

The condition of eq. 8 is not necessary. However, Nyquist analysis of the full circuit for different
=lement values indicate that while it is theoretically possible to obtain a stable circuit when the high
requency circuit is unstable, stability requires precise element values and could not be attained in

oractice. If the simple stability conditions, Eq. 5, are not met by the circuit shunted by the external

-apacitance, stable operation of the circuit in Fig. 4(a) is virtually unobtainable.

IIT Low frequency I-V characteristics of unstable devices

The effect of various intrinsic and extrinsic circuit elements on the measured DC I-V character-
stics of unstable devices will be discussed in this section. It is shown that from the shape of the
-\" characteristic one can tell what kind of instability is present in the circuit. This analysis is not

alv useful for its own sake but it is necessary since the instability can have severe consequences on
-~e device applications. Some preliminary work on this subject has been described by Young et. al.
-3} and Liu [12]. The circuit of Fig. 1(b) will be used for the discussion of DC I-V curves in this
->ction. The same diode as in section Il is used to experimentally demonstrate the conclusions. Bias
:cillations distort the measured I-V characteristic away from the ”ideal” curve of Fig. 4. Three
-.asses of distortions are commonly observed: switching; bistability; and bias circuit oscillations.
- »metimes more complex distortions such as double plateau structures are observed which have not
~en investigated.

An I-V curve displaying switching is shown in Fig. 5. This type of distortion is discontinuous in
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Figure 5: The measured diode I-V curve with an "external” resistance, Ry = 552 . The “switching” of the diode is
obvious.

both current and voltage. This behavior is due to a large series resistance between the voltage source
and the point at which the voltage is measured. In the inset of Fig. 6 this corresponds to measuring
[ vs. Vp with Rg > |R4| in the NDR region. The resulting I-V curve is apparent from load line
analysis on the stable I-V characteristic shown in Fig. 4. As Vi, is increased from zero to V,+ R, I,
the measured I-V curve faithfully reproduces the true I-V curve. Since no negative resistance is
present the circuit is stable and there is no switching in the region V, + Ry [, < Vin < Vo + R, [,
where the load line intersects the I-V curve at three different points. When V; is increased beyond
Vp + Rs I the only stable point is on the right positive resistance portion of the I-V curve, forcing
switching behavior. When Vi, is swept from Vi, > V, + R4 I, the same argument holds. Hysterisis
occurs because the positive going switch point, Vi, = V + R I is less than the negative going
switch point, Vis = V, + R, I,. Since R, > |Rq] it follows from the stability diagram, Fig. 2. that
the voltage is varying exponentially with time.

An [V curve showing bistability in the present device due to an internal resistance is shown in

Fig. 6. For purposes of demonstration a large series resistance was added which was treated as



First International Symposium on Space Terahertz Technology Page 95

Oo— AV —0
5.0 M +

vln v

_ S
4.00 o— 5

3.4 T l

2.4

Current (mA)

1.4

0.1 0.2 0.3 0.4 0.5
Voltage (vVolts)

Figure 6: Diode measured I-V curve showing the bistable nature of the device due to an “intrinsic” series resistance
Rs = 55Q).

“internal.” In practice the internal series resistance is usually the positive resistance of the device
:ndependent of the measuring apparatus. This resistance includes contact resistance and epilayer
-esistance. The distinctive feature of this distortion is that only the current is discontinuous. This
»ehavior 1s due to a voltage drop between the point at which the voltage is measured and the NDR
zevice. In the inset of Fig. 6 this corresponds to measuring I vs. V;, with Rq > |R4| . Load line
znalysis follows that presented for the switching case , with similar results. An important difference
wetween the two distortions is that an internal resistance always distorts the I-V curve while an

~xternal resistor only distorts the curve if R, > |R4| -

An I-V curve displaying a plateau structure is shown in Fig. 7. It is a simple matter to show by
-2merical methods that such a structure is to be expected when bias circuit oscillations are present
-2, The measured current is simply the time average of the current waveform. It does not involve

- Zetection process. so the term ”self detection” is a misnomer. These oscillations occur when

R _L
Ry R} Cq

<1 (9)
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Figure 7: Measured I-V curve showing a plateau structure because of bias circuit oscillations.

For the device tested the DC I-V curve was insensitive to whether the oscillation was sinusoidal or

relaxation, Fig. 3(a) or 3(b).
IV Effect of device stability on power generation

The purpose of this section is to show the effect of the stability requirements on the power
generation capability of RTDs. Assuming the designer has control of R, (Rs/R4 &~ 1) the inequality

for a stable negative resistance device can be written as
Cp > Ap XG2DXL, (10)

where now Ap is the device area and the capacitance, Cp , and conductance, Gp, are now per unit
area. Thus to obtain stable devices one must decrease the device area, the conductance and the
series inductance and increase the device capacitance. Let us now examine each element in more
detail regarding stability and high frequency power generation.

Both the negative resistance and the series resistance of the device are frequency dependent. It

has been shown from theoretically calculated characteristics that for a particular device the negative
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conductance remains constant up to about 200 GHz but then starts to decrease and in the terahertz
range becomes about half of the DC value [14]. This is certainly device dependent and for some
devices the roll off will be much faster. Similarly the series resistance of the device, assuming contact
resistance and epilayer resistance to be constant, increases as a function of frequency mainly due to
the behaviour of the skin depth [15]. This behaviour was not considered in the stability analysis.
where the circuit values are considered to be constant. Physically it is clear that this will not
produce bias circuit oscillations since the effect is to lower the resistive cutoff frequency. Such roll
off will, however, further limit the power generating capabilities of RTDs at very high frequencies.

Decreasing the device area is consistent with requirements for high frequency devices. By re-
ducing the device area the device capacitance is reduced which is beneficial in coupling these low
impedance devices to the RF load. The limit on device area is imposed by the relevant fabrication
technology and packaging restraints. One micron diameter Schottky diodes have been fabricated
but diameters much smaller than this might be hard to obtain. Extremely small diodes will be very
difficult to contact. Even if the device can be contacted, it may be too small to produce any useable
Jower.

The physical origin of Ly is the inductance due to the lead that connects the device to the
measuring apparatus or the device package. For practical applications the devices can be contacted
»ither with bond wires or through whisker contacts. At low frequencies the devices are usually
~onded in microwave packages and the associated inductance is at least 1 nH. For high frequency
-peration whiskers are used and the corresponding inductance depends on the diameter and length
>f the probe. An approximate inductance value for this configuration is about 0.2 nH [16]. The goal
-7 reducing series inductance for stability is consistent with the requirements for high frequency
-oeration. However, it should be realized that with conventional contacting techniques inductance
swer than 0.2 nH can not be easily obtained.

The origin of the device capacitance is the charge distribution in the device. Since the dou-

‘e barrier structure is an undoped region sandwiched between two moderately or heavily doped

-2gions, the device capacitance can be approximated by a parallel plate capacitance model. A
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more accurate value of the device capacitance may be found by using a self consistent quantum
mechanical simulation to calculate the width of the depletion region. The goal of increasing device
capacitance for stability is in direct conflict with performance criteria for high frequency devices
[17].

The device negative conductance is given by AI/AV, assuming that the negative resistance
region is linear. For stability the conductance should be decreased as much as possible implying
that Al should-be reduced and AV should be increased.

To calculate the power output from resonant tunneling devices the device area must be selected.
One method for calculating the area is to assume that the device is matched to a circuit with

resistance of Ry ohms. In that case, the device area can be written as:

1 Gp

An =
P= R+ R,) " Gb+ (wCp)

(11)

where R, is the device series resistance, Gp is the conductance per unit area of the device. Cp is
the capacitance per unit area of the device under consideration. From the above equation it is seen
that the device area becomes larger as (Rr + R,) is reduced. Since the power scales with device
area, it is desirable to reduce the series and circuit resistances as much as possible. In the analysis
presented here, it is assumed that the minimum achievable circuit resistance is 1-{2 and the series
resistance of the device is negligible. This is an approximation and will be difficult to realize at very
high frequencies. However, if a larger load or series resistance is present, then the output power
will scale inversely with the load resistance. With the assumption that Ry is equal to 1- and R,

is negligible,

___Gp
G} + (wCp)*

The rf power achievable from the device for the given area is then calculated as

Ap

V,s?

1
L S 13
1 ()’ 7

Prp =

where V,; is the peak rf voltage. The magnitude of V;; is selected to be half of AV and assuming
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Gp = AI/AV then the expected power at very high frequencies can be written as [5,17]

1 AT,
Prp = g&(a}‘) , (14)

where AJ is the difference between the peak current and the valley current. Driven by this rule the
effort has been to increase the current density and decrease the device capacitance while maintaining
a reasonable peak to valley current ratio. However, no consideration was given to stability in that
analysis. If stability is considered then the analysis is no longer strictly valid except for an ideal
situation where the inductance L, is negligible. The obvious change is that there is a lower bound
on the capacitance of the device. This bound is given by C4q > L,/R2. Decreasing the capacitance
beyond this point will make the device unstable.

Moreover. the peak current density is no longer the dominant parameter in the figure of merit.
In fac:. when the device is limited by stability. the performance becomes inversely related to the

ratio of peak current to device capacitance. Rearranging Eq. 10 gives

Cp
Ap < : 15
P I1.Gh 13)
So then the stabdility limited power becomes
1 Cp

Prr < Al AJ 16
RE = L,G} (18)

which. assuming a linear negative resistance region reduces to

3Co

Prr < (Al (17
= SL, v a

This clra7.v Z=monstrates that AV cannot be ignored when designing devices for high frequency
power gereration.

Thus there are two f circuit parameters which can limit the power from a device. the minimum
achievan.e .cad resistance and the minimum achievable lead inductance. The minimum load resis-

tance .imuts the diode area which can be made to oscillate at the desired frequency. The minimum

7

inductan-= mits the Ziode area which will not oscillate with the bias circuit. The power from a

device il nit he mited oy stability concerns if Prp in Eq. 17 is greater than Prp in Eq. 14
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Combining these equations reduces to

AJ Ly \? .
AV > C_D(L‘)ZRL) . (lb)

Or, in terms of the circuit parameters

. 3
wL, < (AV@CD> ' (19)

R AJ

From the above discussion and analysis it can be seen that the criteria for stability do not always
coincide with the criteria for high frequency operation.

The effect of requiring stability is demonstrated using a typical device. A self consistent quantum
mechanical simulation [18] was used to generate the I-V characteristic. For this particular device
the barrier height was selected to be 0.24 eV, the barrier and well width was 23.3 and 43.5 A
respectively. The doping outside the barriers was 1 x 1017 and spacer layers of 50 A were used. Also
a 100 A drift layer was used on the anode side. These parameters correspond to a GaAs/AlGaAs
device which can be fabricated. From the computer simulation this device has a peak current
density of 8.6 x 10*A/cm?, peak-to-valley current ratio of 4, a AV = 0.24V, and a depletion region
width of 491 A.

Fig. 8 shows the results of the rf power calculation using Eq. 14 as well as the device area
matched for 1 ohm circuit matching (upper curves). This analysis does not take into consideration
the series resistance of the device which could further degrade the device performance. Now, for
comparison we invoke the stability criteria. We assume that this device can be contacted so that
the series inductance is 1 nH. Using this one finds that the device is unstable when matched to a 1
ohm load (the device area is too large to be stabilized). Using Eq. 15 we find that the device will
be stable if the area is 3 x 107%m? or less. Thus stabilizing the device places severe constraints
on the device size. The maximum area corresponds to a circular mesa of 0.4 ym diameter which
would be extremely difficult to contact. If one was somehow able to fabricate and contact this
device and assuming that the series inductance is still 1 nH then the available power, from Eq. 17
is shown in Fig. 8 (lower curves) for matching to a non constant load resistor. Note the decrease
in output power. The required area and output power assuming that a ~ - - - inductance of 0.2 nH

was obtainable is also shown in Fig. 8.
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Figure 8: Expected power and area necessary for matching into a 1 ohm resistance (top curves). The lower curves
indicate the maximum area and power attainable from the same device if the device was made stable (assuming two

different L, values).

It is apparent from the above results that if one fulfills the requirement for stability the power
generation capability of the device is significantly compromised even if it is possible to obtain the
required small areas. Since the device conductance and capacitance are fixed the only other circuit
element that can be varied is the series inductance. In Table 1 the maximum diode diameter,
corresponding power at 1000 GHz and the necessary load resistance are calculated for different
values of the series inductance. In all the calculations Ry has been assumed to be negligible when
compared to Rp. This approximation is not valid when Rg becomes comparable to Ry. For R, = Ry,
the useful power deleivered to Ry will be reduced by half of that shown in the Table. It is also

worth noting that decreasing the diode diameter will increase R, in an actual device.

V Conclusion

The stability criteria for resonant tunneling diodes have been derived. Based on the criteria

is shown that stable operation of resonant tunneling diodes is hard to obtain. The importance
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L, At 1 THz

dma.x Pmax RL
nH | pgm | W Q

25 | 0.06 | 0.23 | 1191
10 | 0.10 | 0.538 | 476
) 0.14 | 1.15 | 238
2 0.22 | 2.88 | 95.4
1 0.31 | 5.75 | 47.7
05]043 | 11.5 | 23.8
0.2 069 | 28.8 | 9.54

0.1 ]0.97 | 57.5 | 4.77

Table 1: Maximum diode diameter(in microns), maximum power generation (in microwatts) and corresponding load
resistance (in ohms), at 1 THz for various lead inductances when the device is stable.

circuit inductance cannot be over emphasized. In order to stably bias an RTD the lead inductance
must be minimized. The diodes can be made stable by using a shunt capacitor but this is only
possible if the circuit inductance is very small. It was shown that each instability produces a
signature [-V characteristic. The expected I-V curves were experimentally produced using a diode
which could be stabilized. Finally, the effect of stability criteria on the potential and capability of
RTDs for high frequency power generation has been studied. Requiring stability for devices severly
limits the diode area. It is shown that the device parameter AV will have a very strong influence
on the performance of high frequency RTDs if the lead inductance is not negligible.
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Abstract

The potential and capabilities of Tunnel Transit-Time (TUNNETT) Devices for
power generation in the 100-1000 GHz range are presented. The basic properties of
these devices and the important material parameters which determine their properties
are discussed and criteria for designing such devices are presented. It is shown from a
first order model, that significant amounts of power can be obtained in this frequency

range.
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Figure 1 Two-Terminal Negative Resistance Transit-Time Device

1. Introduction

Two-terminal transit-time devices such as IMPATTS are capable of generating
significant amounts of power at high-frequencies [1-3]. However, because of the
avalanche process, they are very noisy and their efficiency decreases significantly at
extremely high frequencies. Also, because of the very narrow drift regions and high
doping densities required at such high frequencies, tunneling mechanisms become
dominant and effect the performance. Through proper design of the device, we can take
advantage of the very fast tunneling process to obtain extremely high frequency and
reduce the noise. Such devices have been considered previously [4-7] and preliminary
experimental results have been obtained in the 100-300 GHz range. Recent advances
in material growth and processing technology will make a significant impact on further
development of such devices.

In this paper, the basic principles of two-terminal transit-time devices will be
presented and the differences among the various charge injection mechanisms will be
discussed. This is followed by an assessment of the R.F. power generation capability of

TUNNETTS as well as device design for various operating frequencies.

2. Basic Principles of Two-Terminal Negative Resistance Transit Time
Devices
Two-terminal transit time negative resistance devices generally consist of a charge
injection region and a drift region as shown in fig. 1. There are several means of

injecting the charge @ into the drift region. These include:
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a) Thermionic Emission Over a Barrier (BARRITT):

This can be realized from a forward-biased p*- n or n*- p junction or by

incorporating a wide band semiconductor layer to form a heterojunction barrier.

b) Tunneling Through a Barrier (TUNNETT):

This can be realized by tunneling through a single heterojunction barrier, resonant

tunneling through a double barrier [8,9] or tunneling in a reverse-based p*- n*

junction.

c¢) Avalanche Multiplication (IMPATT):
This is realized through avalanche breakdown.

d) Mixed Tunneling or Thermionic Emission and Avalanche Multiplication (MITATT):

This results when two types of mechanisms are involved in the charge generation.

When a pulse of charge of Q coulombs/cm? is injected into the drift region and

travels with a velocity vg in the drift region, the current density induced in the external

= & oo e ) 0

circuit is given by

w W dt

where

W = the width of the depletion layer
and W, = the location of the charge Q.

For the sake of simplicity and since most of the devices of interest here will be
punched through at the bias voltage, and the device is designed to maintain a high
field in the drift region, we can assume that W is constant and vg = v,, where
v, is the saturated velocity.

Under these conditions, the current voltage waveforms (under large signal conditions
which are of interest here) for all of the above devices can be represented approximately

as shown in fig. 2. In this figure,
V4. = the d.c. voltage (V)
Vrr = the magnitude of the R.F. voltage (V)

©,, = the phase angle of charge injection (rad.)

©, = the phase width of the injected charge pulse (rad.)
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Figure 2 Idealized Voltage and Current Waveforms for Two-Terminal Transit-Time
Device~

©p = the drift region transit angle (rad)
= wrp = wW/v,

7p = the transit time through the drift region (sec.)

J = the current density (A/cm?)

From the waveforms shown in fig. 2, it can be easily shown that the RF power

density (watts/cm?) can be expressed as,

2x
Prr = 2-1- [ Jinalwt)Var sinfwt) d(wt) (2)
m Jo
which simplifies to
sin(6,,/2)\ [cos Oy — cos(Opr + Op)
=V 3
PRF RFJ&( ev/z ) ( eD ( )

The device efficiency is

a Prr _ (VR_F> (sin(ew/2)) <cos On —cos(@M+OD))
P \V, O,/2 ©p

(4)

n

Ou and O, result primarily from the device design of the generation region and this

will determine the particular mode of operation.
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Figure 3 Current Voltage Waveforms for the IMPATT MODE

For IMPATT mode operation, O = 7 and 1 becomes

SRR

For maximum 7 (negative for power delivery), we would like ©®, to be as small as

possible. This implies a small charge-generation region width, small voltage drop across
the generation region and V¢ /Vp as small as possible, where Vg is the voltage across
the generation region and Vp is the voltage across the drift region.

As an ideal case, let ©, — O (very sharp pulse). This assumption is made for
simplicity since we are interested here in a first order estimation. Even if ©,, is 7/2
(which is quite wide for most cases), the estimates will be reduced by a factor of 2/7
which is small relative to the estimates of interest here.

For this case we have
a. 0, =7 (IMPATT mode)

RF COS@D—l
_Y _ 6
=Y. ( Op ) ()

For ©p = 7, n = —(2/7)(Var/Va), for ©p = n/2, n = —(2/7)(Vrr/Vac), and for
Op = 0.747, n = - (2.27/7) (Vrr/Va.). The current voltage waveforms for these cases

are illustrated in fig. 3.
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Figure 4 Current-Voltage Waveforms for TUNNETT and BARRITT Devices

It is worth noting that the d.c. voltage is directly proportional to the width of the
drift region and thus to ©p. Since the R.F. voltage is directly proportional to the
d.c. voltage, then the R.F. power density will be directly proportional to ®p. Also
the capacitance of the device is inversely proportional to ©p (or W) and thus it is
desirable (as will be shown later) from an impedance matching consideration to make
©p or W as large as possible for maximizing power. Thus even though the efficiency
for ©p = 7/2 or 7 is the same, the power generation capability will be much higher
for the ©p = 7 case.

It is also important to point out that in an actual device, ©,, will be less than 7 and
thus a minimum drift angle is required before the device exhibits a negative resistance.
Therefore a frequency will exist, usually referred to as the avalanche frequency wa,
below which the resistance will be positive. This is desirable since it will then be
easier in such a device to eliminate bias-circuit oscillations which would be difficult
to suppress if the negative resistance extended all the way to d.c. Such a device will
then exhibit a negative resistance (and thus is capable of oscillation) between wa and
wTp = 2. It will also have islands of negative resistance at higher frequencies but with
much reduced power generation capability.

b. For ©,, = 7/2 (TUNNETT, BARRITT)

n= (VRF/Vdc)(sin@D/GD) . (7)

For ©p = (37/2), n = —(2/37)(Vrr/Vi.). The current voltage waveforms for this case
are shown in fig. 4. It is seen that, compared to an IMPATT device, the efficiency
is approximately 1/3 for this case. However, the voltage will be approximately 3/2

because ©p = 37/2 instead of 7 and the capacitance will be lower which is also
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Figure 5 Current-Voltage Waveform for a QWITT Device

desirable. It is also seen that the device will exhibit a negative resistance between
wrp = 7 and 27 and thus will not exhibit a negative resistance at low frequencies
which is an important consideration for bias-circuit oscillations.

c. For ©,, = 37/2 (Resonant-Tunneling Injection: QWITT)

1= Ve /Va) 2 (8)

For ©p = 7/2,n = —%-‘{}i—. The current-voltage waveform for this case is shown in

fig. 5.

It is worth noting for this case that if this particular mode of injection is employed,
the negative resistance will exist all the way to d.c. This makes it difficult to stabilize
such devices and spurious oscillations and in particular bias circuit oscillations will be
extremely difficult to suppress. In addition the magnitude of the R.F. voltage swing
for this case will be extremely small and thus the power generation capability will
be very limited. Also depending on the bias point, if the R.F. voltage magnitude
is increased, injection at ©,, = 7/2 will take place which will be out of phase with
the ©,, = 37/2 case and will decrease the negative resistance and thus the power
output significantly. Therefore, operation of such a device in the transit-time mode
is not desirable and is probably best to minimize transit-time effects and utilize the
inherent negative resistance property. However, the problems of small power output
and spurious oscillations will persist.

d. Ideal case for n.

The maximum 7 is obtained for ©, = 0, ©,, = 37/2 and ©p ~ 0. For this
case, n = —(Vrp/Va). The current voltage waveform for this case is shown in fig. 6.

However, the R.F. power generated will be small because ©p and thus V,;. will be very
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Figure 6 Current-Voltage Waveform for Ideal Efficiency

small. This does point the way, however, to shape the current-voltage characteristic to
optimize 7 if that becomes an important factor.

Since we will be mostly concerned here with TUNNETT devices, fig. 7 shows
a heterojunction structure for optimizing the efficiency by inserting spacer layers of
GaAlAs. Since v, in GaAlAs is approximately 1/5 of the saturated velocity in GaAs,
the current voltage waveform will be approximately as shown in fig. 7(b), where the
induced current during the transit of electrons in the GaAlAs portion of the drift
region will be directly proportional to the saturated velocity in this material. This
would result in enhanced efficiency [5,7] as shown in fig. 8. It is seen, for example,
that for 8 = 0.2(

can approach that of a conventional IMPATT. Thus, heterojunctions can be employed

Vsgaarss = 0.2v,..,,), the efficiency of a heterojunction-type device
effectively and in several different configurations to enhance the efficiency and power
output of TUNNETT devices. This is an extremely important aspect of recent advances

in material growth technology which will aid in improved performance of such devices.

3. TUNNETT Device Design

The basic structure and electric-field profile at the bias point for a basic device
are shown in fig. 9. The i-layer between the p*™* and n* regions is not necessary and
can be eliminated. The drift region doping can be designed to optimize performance.
This basic structure can operate in several modes depending on the :-layer thickness,
z4. It has been shown [5] that for a GaAs structure (which will be considered here),

if z, > 1,000 A, E.z4 = 1 and avalanche breakdown occurs and this results in an
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Figure 9 TUNNET Device

IMPATT device. If z, < 500 A, E, > 10° V/cm, injection of carriers will be through
tunneling and this results in a TUNNETT device. If 500 A < z, < 1,000 A, both
tunneling and avalanche will be present and this results in a MITTAT device.

It is worth noting here that several means for improving the performance of such
two-terminal negative resistance devices exist and such devices have the capability
of generating significant amounts of power in the 100-1,000 GHz range. Such basic
structures also result in very highly nonlinear capacitance-voltage characteristics before
breakdown or tunneling occurs and thus will make excellent varactors for harmonic
multiplication particularly when low power levels are available at the fundamental.
Such devices do not exhibit an inherent negative resistance at low frequencies (except
for rectification effects) and thus would be much easier to stabilize and suppress bias

circuit oscillations.

4. Estimation of Expected Power Output From Conventional Single Drift
TUNNETT Devices
Since we are interested in a first order estimate of the power generation capability, we
will consider here a basic TUNNETT structure. As indicated earlier more complicated
structures including hereojunctions and double-drift can be employed to improve
performance. From the previous current-voltage waveform (fig. 4) for a TUNNET
device (@, = 0, ©,, = 7/2 and ©p = 37/2), the admittance per unit area can be

expressed as,

Yp = -Gp +].BD
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Figure 10 Oscillator Equivalent Circuit

_ 4J4, + [ we 4J,, ]
- 37T'VRF Ip + T4 37TVRF

Y; = the total admittance

= AYp = A{—-—GD +J.BD]
(10)

where A = the area of the device (cm?)

Z; = the total impedance of the device = —R; — 7 X,

1 -Gp . Bp
A|GE+B, 'GE+ B}

1
Yp
(11)

The equivalent circuit for an oscillator is shown in fig. 10

where R, = the parasitic diode resistance and circuit loss
R; = the useful load resistance

and X1 = the load reactance.
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From the oscillation conditions, we have

XL_—"Xd; Rd=R,+RL

o 1 Gp
. A[m]-&*&
and G )
A= D 12
<G2D+B12,) R, + Ry, ( )

V2 V2
Prp(Gen.) = —§F—Gd= —SE(AGD)

V,§F< G% ) 1

2 \GL+B3) R+ Ry
(13)
Prr(Rr) = the power delivered to the load
R,
= Pgp(Gen.) R TR
Vie ( G} ) 1
2 \GL+B%) R,(1+R,/R.)?
(14)

For finite R,, the maximum power delivered to Ry occurs when R, = R;. For this case

we have,
% G? 1

Prr(RL)maz = —2E D 15
wr (Er) 2 (G§,+Bg) 4R, (15)

and G )

D

A= . 16
(G2D+B,z_,) 2R, (16)

Next we need to estimate Vgr and J4.. For this we assume the following approximate

electric-field profile at the d.c. bias point (as shown in fig. 11).

where z,4 = the effective generation region width
zp = the drift-region width
E,, = the maximum electric field in the tunneling region
Ep = the field in the drift region
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Figure 11 Approximate Electric Field Profile at the d.c. Bias Voltage

and
Vdc = (Em_ED)xA+ED(IA+$D) . (17)

If we assume that at Vi, (the minimum dynamic voltage at wt = 327-r-) E =

E, where v > v,q for E > E,, we find that,
Ver = Vie = Vnin = Ep(za + zp) — E,(zp + z4) (18)

and
Vrr Ep — E,

= z
V..  Ep+ (Em - Ep)z 175
For the magnitude of current densities which will be encountered Ejs = 1.6 X 10°V /cm.

With present technology z4 = 100 A can be easily achieved. For TUNNETT devices

WwTp = _3_27:'_ and thus

(19)

3v,
4f
It is important to keep carrier generation in the drift region very low. We will therefore

Ip = (20)

assume that

/:D adz=0.1 (21)

where a = ionization rate = Ae~(*/E)™,
For GaAs: A = 3.85 x 10°/cm., b = 6.85 x 10°V/crn and m = 2

oo Ae~(/ED) 7 — 01 (22)

and

Ep = (23)

b
z

[ (2)]
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Figure 12 Electric Field and Injected Current Pulse for Estimating J.

Assuming E, = 3 x 10® V/cm. and an effective velocity v, = 107 cm/sec. we then

have the parameters shown in Table I for devices operating at different frequencies.
Next we estimate J,. by considering space charge effects as shown in fig. 12. Assume

Atin; = Rin;T where R is a constant fraction = Qw/2x.

The total charge in the drift region = AJpaz Atin;

Zp

=gA ') dz’ 24
oA [ n(s) da (24)

dEac _ _ —qn(x)

dr ple= €

AE(z) = E(z) - B(o) = = / *n(')dz' (25)

0

- z - maz tin'
AE = AB(eo) = Blzo) - B(9) = =2 [ n(z)is' = =2 [Tmexbii] (g
aE| = Tmexleil ¢ g, (27)
JmazAtin'
JDC = —_T_l = mazRinj

eeJpc<eEpf . (28)

From an estimate of V., Vgr and Jg., the equations given above can be employed
in a straightforward manner to estimate the R.F. power which can be expected from
such devices.

We will first assume that R, + Ry = 11, which is unrealistic but serves as a good

reference for other more realistic cases. The pertinent parameters for this case are
shown in Table II.
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Figure 13 Mesa Diode Structure

The series resistance represents power loss and is extremely important for these

devices. Figure 13 is a cross-sectional view of a mesa diode. The total positive

resistance, R,, associated with the mesa diode is given by [10]

Where,

_ Pt p.L.

Ri(f) = 2

+22[05In (b/d) + A/ . (29)

p. is the specific contact resistance in  — em? (1 x 107)

p. is epilayer resistivity in ohms-cm (p, = 0.00037, p, = 0.0015)

ps is the resistivity of the heatsink (gold) in ohms-cm (0.00024)

L, is the length of the undepleted epilayers (Ln,+ = 0.5um, L,+ = 0.1um)
A is the area of the diode

o is the skin depth given by l%-%
b is the length of the chip (0.02 cm)
h is the height of the substrate or heatsink (0.005 cm)

d is the diode diameter.

The series resistance is given in Table III. Taking into account the series resistance, the
amount of useful power delivered to Ry is reduced. The results for different diameter

devices at the center frequencies of 100, 500 and 1,000 GHz are shown in Tables IV, V
and VI respectively.
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Another important parameter for cw operation is the thermal resistance which is

approximately given by
2 4L

= 7EKnd | 7K.

(30)

where,
K, : Thermal conductivity of the heatsink in W /cm °K
(3.9 for Cu and 11.7 for diamond)

K,. : Thermal conductivity of the semiconductor in W /cm °K
(0.3 for GaAs)

L,+ : The distance from the junction to the heatsink in cm (0.1 xm)

d: is the diode diameter in cm.
The thermal resistance is given in Table VII for different diameters and heat sinks.

From the thermal resistance values given in Table VII, we can estimate the tem-
perature rise in the device for various operating conditions and device diameters. This
is done in Table VIII. It can be seen from this table that the diameters chosen for the
100 and 500 GHz operation result in a temperature rise of less than 225°K which is a
safe value. However, for 1,000 GHz a diamond heatsink is required to remain below
the 225°K temperature rise. Therefore, for this case, J;. must be reduced for a copper
heatsink. For example for a 4 um-diameter device AT = 363°K. In order to limit AT
to 225°K and maintain the same load impedance, we can reduce J;. by a factor of
0.62. This will reduce the R.F. power by a factor of 0.38 and thus result in an output
power of 2.8 mw which is still significant.

5. Conclusions
Preliminary estimates of the power generation capability of TUNNETT devices in
the 100-1,000 GHZ range are promising. It is believed that an output power of 1 mw

at one terahertz is feasible.

Acknowledgement: The authors are grateful to R. Mains and I. Mehdi for their

contributions to this work.
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TABLES

Table I. Important Device Parmeters for Different Center Frequencies

f(GHZ) :D(pm) ED(V/cm) Vdc(V) VRF(V) VRF/Vdc

100 0.75 2.1 x 108 17.4 15.7 0.90
500 0.15 4.13 x 10° 7.8 6.5 0.84
1000 0.075 6.6 x 10° 6.5 5.5 0.83

Table II. Estimated Prr(Gen.) and Other Operating Parameters for a 1-{) Reference
(Rs + R = 10Q)

[(GH2) | Va(V) | Var (V) | Jae(Afem?) | Go (=2%) [ Bp (222) | A (cm®) | D(um)

cm3 cm?

100 17.4 15.7 223 x 10 | 0.6 x 10%® | 8.2 x 10° | 8.87 x 10~ 34

500 7.8 6.5 22x10° | 1.4x10* | 1.9x 10° | 3.9 x 10”7 7
1000 6.6 5.5 7 x 10° 54 x 10* | 7.3 x 10° | 1.0 x 1077 3.6
f Ij.(ma Py (W) n (%) Prr(Gen.)T(mW)
100 198 3.44 19 650
500 85.8 0.67 18 120

1000 70 0.46 17.5 80
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Table III. Series Resistance of Mesa Diode

diameter diode series resistance ({2) at
pm 100 GHz | 500 GHz | 1000 GHz
1 13.6 146 154
2 3.9 4.8 5.5
3 2.0 2.9 3.5
4 14 2.2 2.7
5 1.1 1.8 2.3

7 0.79 14 1.9
10 0.60 1.2 1.6
15 0.46 0.96 1.3
20 0.39 0.84 1.2
25 0.35 0.75 1.0
30 0.31 0.68 0.95

Table IV. Estimated Power Output Including R,

f =100 GHZ

)

i Vie=174V; Vpr =157V

Diode Prr | PrL

Diam. (Gen.) | (RL)

(um) | Area (cm~2) | R,(Q) | —R4(Q) | RL(Q) | Iic(ma) | Pac(w) | (mw) | (mw) | n%
20 2.9 x 107 0.39 3 2.61 66 1.15 217 189 | 16.4
25 4.5 x 1078 0.35 24 2 100 1.75 271 225 13
30 6.5 x 1078 0.31 2 1.69 145 2.52 325 275 11
30 | 6.5x10°° 1 2 1 | 145 252 | 325 | 162 | 6.4
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Jie = 2.2 % 100 A/em?; V. =

f = 500 GHz

Table V. Estimated Power Output Including R,

7.8V: Vgpp = 6.5V

Page 123

Diode Prr | PrL
Diam. (Gen.) | (RL)
(um) | Area (cm~2) | R,(Q) | —Ra(Q) | RL(Y) | Is(ma) | Pi.(mw) | (mw) | (mw) | n%
4 1.16 x 1077 2.2 3.36 1.16 25.5 200 35 12
5 1.8 x 1077 1.8 2.16 0.36 39.6 309 55 9.2
7 3.9 x 1077 14 1 - - - - -
will operate at a lower VgFr
Diode Prr | PgrL
Diam. (Gen.) | (RL)
(um) | Area (cm~2) | R,(Q) | RL(Q) | —Ra(Q) | Vrr (V) | lic(ma) | Pic(mw) | (mw) | (mw) | n%
4 1.16 x 1077 2.2 2.2 4.4 4.96 25.5 200 27 13.5 | 6.75
5 1.8 x 1077 1.8 1.8 3.6 3.9 39.6 309 33 16.5 5.3
7 39 x 1077 1.4 1.4 2.8 2.32 86 670 42.3 21 3
10 7.2 x 1077 1.2 1.2 24 1.46 158.4 1,235 49 24.5 2
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Table VI. Estimated Power Output Including R,

First International Symposium on Space Terahertz Technology

f = 1000 GHz
Jige =Tx 10°A/em?; V. = 6.6V

(Because of series resistance, the device cannot oscillate at Vg = 5.5V's where maximum 7 is
obtained, but will oscillate at a lower Vgr)

Diode Prr | PRL

Diam. (Gen.) | (RL)

(um) | Area (cm~2) | R,(Q) | RL(Q) | —R4(Q) | VRr(V) | Ii(ma) | Piy(w) | (mw) | (mw) | n%
4 1.16 x 1077 2.7 2.7 5.4 0.88 81 535 15 7.5 |14
5 1.8 x 1077 2.3 2.3 4.6 0.66 126 832 17.6 8.8 1
7 3.9 x 1077 1.9 1.9 3.8 3.7 273 1,800 21 10.5 5

Table VII. Thermal Resistance of a Mesa Diode

Diameter | R;;, = Diode Thermal Resistance (10 °K/W)
pm Copper heatsink | Diamond heatsink
1 58.7 47.9

2 18.8 13.3

3 10.2 6.53

4 6.73 4.01

5 4.96 2.79

7 3.20 1.64

10 2.06 0.97

15 1.28 .055

20 0.92 0.38

25 0.72 0.29

30 0.59 0.23
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Table VIII. Estimated CW Power

Diode
Diam. Ren(°/w) AT(°K)
f(GHz) | (um) | P4.(w) | Cu | Diamond | Cu | Diamond | Pgr(mw)
100 20 1.15 92 38 106 48 189
25 1.75 72 29 126 51 225
30 2.52 59 23 150 58 275
500 5 0.31 | 496 278 154 86 16.5
7 0.67 | 320 164 214 110 21
10 1.24 | 205 97 254 120 24.5
1000 4 0.54 | 673 401 363 216 7.5
5 0.83 | 496 278 411 230 8.8
7 1.8 320 164 576 | 295 10.5
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ABSTRACT

Sources of millimeter wavelength power for heterodyne receiver local oscillator
applications conventionally have been expensive and short-lived klystrons, or Gunn devices
(both of which are limited to relatively low frequencies). An alternate approach is to use
efficient, broad band frequency multipliers in conjunction with more reliable, lower frequency
oscillators to provide power. To obtain sufficient power for large receiver arrays we have
employed quasi-optical arrays of devices which have been fabricated monolithically.
Multipliers devices under investigation include both varactor diodes and negative resistance
devices.

This work has been supported by TRW under the California MICRO Program, the

Army Research Office and the Caltech President's Fund.
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INTRODUCTION

Increased interest in the millimeter region has stimulated the development of re-
ceiver technology for a wide range of applications including radio astronomy®, atmo-
spheric radiometry(®, plasma diagnostics(a), millimeter wave imaging{*), nondestruc-
tive testing(®, radar®, and high density, high directivity communications and data
transmission(”.

The realization of a simple tunable local oscillator (LO) source, with adequate
output power for use in Schottky diode mixer receiver systems at millimeter wave-
lengths presents a difficult problem. The traditional choice at longer wavelengths
has been the reflex klystron. However, its highest operation frequency is limited to
about 220 GHz with less than 10 mW output and it possesses limited tunability.
In addition, the cost, today, of a tube, power supply and cooler is about thirty five
thousand dollars®. Conventional high-frequency 0-type carcinotrons or vane type
backward-wave oscillators (BWOs) have been successfully developed at frequencies
up to 1 THz®. However, BWOs are noisy and therefore require sophisticated phase
lock systems. In addition, they are expensive (> $100 k for tube and high voltage
supply), and the lifetime is only about one or two thousand hours. Furthermore, the
output power is only about 50 mW at 400 GHz dropping to about 1 mW at 1 THz(®.
These problems may be eliminated with the development of planar interdigital slow
wave circuit BWOs currently under way at NASA Lewis.

A solid state solution to the LO problem would be highly desirable since it can

be expected to be low cost, compact and light weight, and to possess excellent reli-
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ability. Since the power of these solid-state sources falls off dramatically at higher
frequencies, the combination of a high-power low-frequency source with a harmonic
multiplier is an attractive alternative. The use of a frequency multiplier allows one to
take advantage of the more favorable characteristics of low frequency sources: lowar
noise, larger tuning range, lower cost, and improved reliability. Current single Schot-
tky diode multipliers are highly developed, and have achieved impressive conversion
efficiency. Considerable effort has been made to combine the output power of these
single multipliers.

Although multipliers with one or two diodes have been highly developed, they are
basically limited to output power levels of milliwatts at frequencies of ~ 200 GHz
with the power falling off dramatically at 1 THz. However, many applications call
for significantly more power. For example, there is currently interest in developing
focal-plane imaging arrays for radio astronomy and plasma diagnostics). These

(19 and would require a total local

arrays might contain from 10-100 Schottky diodes
oscillator power ranging from 100 mW to 1 W. Other applications in radar, and high
order multiplier chains? also require higher power.

The major task of the present work is the development of quasi-optical millimeter-
wave monolithic planar multiplier arrays for watt-level frequency multipliers(w’“).
This is an attractive approach to combine the power of each device by using monolithic
integrated circuit techniques, thereby resulting in potentially low cost fabrication and
small-size realization. Such a circuit has the inherent property of having a large

number of identical devices which may then be combined to increase output power.

Low-loss quasi-optical structures are used for filtering, matching, and terminating the
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multiplier circuit, because waveguide, stripline or coaxial structure become lossy and
extremely difficult and expensive to fabricate as the frequency is increased beyond 100
GHz. In addition, the quasi-optical structures are eminently suited to LO applications
in millimeter and submillimeter systems in which quasi-optical diplexing structures
are commonly employed. The resulting array satisfies the need for a compact, low-

cost, low-loss local oscillator for large heterodyne detector arrays.

WATT-LEVEL QUASI-OPTICAL MONOLITHIC FREQUENCY

MULTIPLIERS

1. Schottky Diode-Grid Doubler Array

Monolithic Schottky diode grids have been fabricated on 4 cm? GaAs wafers in a
proof-of-principle test of a quasi-optical varactor millimeter wave frequency multiplier
array concept(!®) (see Figs. 1 and 2). Efficiencies of 9.5% and output power levels
of 0.5 W were achieved at 66 GHz when the diode grid was pumped with a pulsed
source at 33 GHz. Furthermore, the diode-grid equivalent circuit model based on a
transmission line analysis of plane wave illumination has been verified experimentally
over a frequency range from 33 GHz to 140 GHz("). The equivalent circuit model
together with a large-signal multiplier analysis of the nonlinear varactor impedances
were used to predict the doubler performance and to facilitate detailed comparison
between theory and experiment.

Excellent agreement was found between experiment and theory for a number of

diode grids with a ratio of pump to cutoff frequencies ranging from 0.1 to 0.32. The
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major limitations to the proof-of-principle diode grid arrays were the low diode break-
down voltage (= -3 V) and the high diode series resistance (= 25 Q - 50 2). Currently,
we are beginning fabrication of Schottky diode doubler arrays with increased voltage

and decreased series resistance.

2. Silicon MOS Diode Doubler

In parallel with the GaAs Schottky diode doubler array studies, we investigated
the use of a MOS structure having an undoped epitaxial layer, which is grown on a
heavily doped substrate and isolated by a thin oxide layer (see Fig. 3). The space-
charge-limited current which is injected into the epilayer from the heavily doped sub-
strate produces a step-like capacitance-voltage characteristic resulting in increased
harmonic generation efficiency (see Fig. 4). The thin MOS concept was tested by
fabricating honeycomb arrays which were mounted in crossed waveguide mounts and
whisker contacted. The experimental results show good agreement with the theoret-

(15.16) and the large-signal multiplier analysis. A maximum efficiency

ical predictions
of 17% was predicted for the 3um radius device which is in good agreement with the
14.7% obtained experimentally.

Another important feature of these devices is that, due to the blocking barrier,
two diodes can be operated back-to-back generating a sharp spike in the capacitance-
voltage curve. The height and width of this capacitance-voltage characteristic can, in
principle, be adjusted by doping control alone thus eliminating the need for an exter-

nal dc bias. This arrangement needs no external ohmic contact resulting in a highly

efficient frequency tripler. However, defects in the epitaxial silicon layer deteriorated
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the thin oxide and limited the yield of the devices making array construction difficult.

3. Barrier-Intrinsic-N* Diode-Grid Tripler Array

Device Concept

Recently, a GaAs barrier-intrinsic-N* (BIN) diode has been developed®” as
shown in Fig. 5. This structure has an aluminum metal gate in intimate contact
with a layered GaAs structure consisting of a 300 A thickness of undoped GaAs, a
100 A thickness of 2 x 10'8 ern=3 heavily doped n* GaAs, another 1000 A thickness of
undoped GaAs, and a 3 um thick 6 x 10'® cm~2 heavily doped n* GaAs region grown
on top of a semi-insulating GaAs substrate. The GaAs BIN diode eliminates the
problem of low fabrication yield associated with the thin MOS structure and takes
advantage of the higher mobility of GaAs. It does not require an insulator layer as in
the thin MOS structure, but instead relies on a Mott-type barrier formed between the
metal gate and a sheet of positive charge created by a thin (100 A) heavily doped n*
region in the GaAs. The 3 pm thick layer is required to reduce the series resistance.
The active region is the intrinsic layer between the Mott barrier and the 3 um heavily
doped (6 x 10'® cm™3) electron injection zone. An intrinsic cut-off frequency of 960
GHz can be achieved. A tripling efficiency of 35% at an output frequency of 100 GHz
is predicted (as seen in Fig. 1) (1516),

In summary, the advantages of the BIN diode over the Schottky diode are seen
in (1) the stronger nonlinearity of the C-V curve, which generates harmonics more

efficiently (especially the third harmonic without using an idler) and (2) the ability

to reach a high capacitance state before forward conduction sets in, making possible
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the capacitive tripler*®19),

Metal Grid Design

The metal grid employed for the BIN diode tripler consists of a columnar mesh
of aluminum strips with Schottky electrodes on each end as shown in Fig. 6. The
period of the grid is chosen to be about half the dielectric wavelength to avoid exciting
substrate modes. A reasonable grid inductance is then achieved by choosing a strip
width of 20 um. The small dimension and rectangular shape of the Schottky electrode
are designed to minimize the zero-voltage capacitance and series resistance of the
device, respectively. This arrangement leads to a high cut-off frequency of the BIN
diode. The two neighboring Schottky barrier electrodes are designed to provide the
back-to-back configuration for two BIN diodes. The design requires only one metal
pattern, which greatly facilitates the case of fabrication.

The initial BIN diode structure was grown with a 1500 A epitaxial layer us-
ing a conservative fabrication design with relatively large dimensions (~ 2 x 5 um
diode area). This gives an intrinsic cut-off frequency of ~ 600 GHz. The experi-
mentally measured C-V curve is shown in Fig. 7. Figure 8 shows the symmetric
capacitance-voltage characteristic measured from the back-to-back configuration of
two BIN diodes. This measurement demonstrates the concept of tripling operation
with two back-to-back connected BIN diodes. As can be seen from this figure, the
capacitance measured from two diodes under a back-to-back configuration, which is
only half of that from a single diode, again, proves the back-to-back configuration

employed should result in efficient tripling operation.
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Device Performance

A quasi-optical diode-grid tripler coupling and filter circuit design has also been
developed as shown in Fig. 9, where power at the fundamental frequency enters from
the bottom, through an input tuner. The blazed grating plate (which functions as
a high-pass transmission filter) reflects the incident pump power at the fundamental
frequency to the diode grid on the left of it, and the metal mirror behind the diode
grid again reflects all the harmonics back to the grating plate. Different harmonics are
then diffracted in different directions. The third harmonic is designed to exit in the
desired direction passing through an output tuner. One should remember that due to
the symmetric capacitance-voltage characteristic of two back-to-back connected GaAs
BIN diodes, even harmonic currents cancel; therefore even harmonic idler circuits are
unnecessary.

It should also be mentioned that the projected cut-off frequency of the experimen-
tal device is determined to be 600 GHz with the calculated series resistance of 35 (2.
A maximum tripling efficiency of 24% at an output frequency of 99 GHz is predicted
for this GaAs BIN array that has recently been fabricated. Using the quasi-optical
diode-grid tripler configuration, watt level output at 99 GHz with an efficiency 8.5%
has been experimentally achieved from a total of approximately 6000 BIN diodes on
the 15 ¢cm? wafer. This experimental measurement is in good agreement with the

theoretical prediction.

Large — Signal Multiplier Analysis Results

From the large-signal multiplier analysis study, using the measured capacitance-
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voltage data of two back-to-back connected BIN diodes, the tripling efficiency versus
the input power level at various input frequencies is shown in Fig. 10. Both input
and output tuning were optimized at each frequency. As also shown in Fig. 10,
the efficiency is highest with low input power levels (5-10 mW). Over the output
frequency range of 99-120 GHz, an efficiency greater than 20% is predicted for the
GaAs BIN array which has recently been fabricated. The highest efficiency is 24% at
99 GHz obtained with an input power of 9.0 mW, which shows excellent agreement
with the theoretical predictions®>9).

Substantial improvements are possible for the performance of the BIN diode. Fig-
ure 11 shows the simulated tripling efficiency results as a function of the series resis-
tance. The input and output impedances are the optimized values. The simulated
results are in excellent agreement with the theoretical values predicted in standard

(15,16

references ). The simulation predicts 35% tripling efficiency for R, = 15 .

SUMMARY AND CONCLUSIONS

The submillimeter or terahertz wavelength region (300 GHz to 3 THz) is one of
the last major windows in the electromagnetic spectrum to be explored. Its major
application has been scientific research including astrophysics, atmospheric physics,
plasma diagnostics,and laboratory spectroscopy. More recently, space-based radar
and communications systems are emploring this spectral range to combine the fre-
quency resolution and agility available in the microwave regime with the high spatial

resolution of modest apertures typical of optical technology. Various methods have



First International Symposium on Space Terahertz Technology Page 135

been proposed for generating submillimeter wave radiation using solid-state devices.
The most probable solution, however, will be based on harmonic multiplication of
lower frequency solid-state sources. This is due to the fact that the technology for
both the low-frequency fundamental sources as well as that of frequency multipliers
are fairly mature. Arrays of devices to increase power handling are also required to
increase power. Quasi-optical monolithic solid-state diode-grid frequency multipliers
are, therefore, highly desirable for generating submillimeter or terahertz wavelength
radiation. Based on the studies of watt-level solid-state frequency multiplier arrays,
prospectives of two-stage monolithic frequency tripler arrays are shown in Fig. 11 for

obtaining watt-level submillimeter or Terahertz wavelength power.
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Figure 3. Structure of the thin MOS diode.
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Figure 4. Capacitance-voltage characteristic from the thin MOS diode.
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TRIPLING EFFICIENCY VERSUS SERIES RESISTANCE

FROM LARGE SIGNAL MULTIPLIER ANALYSIS
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Figure 11. Two-stage frequency tripler for submillimeter and Terahertz
wave generation.



Page 148 First International Symposium on Space Terahertz Technology

30 T ] T

25 —

2

> 20 — \
O N\
=

o

w 15 —

U

w

O

= f3 =150GHz
£ 0

o

-

l | l
0.0 5.0 10.0 15.0 20.0

INPUT POWER (mW)

Figure 10. Tripling efficiency versus input power at different output fre-
quencies.



Page 149

First International Symposium on Space Terahertz Technology

‘uoryern3yuoo 12[duy pusg-sporp [eonpdo-tsend) ¢ 2an3iyg

01031439 INJHVASNVIL >._.3_T/.*<0_J/j

S3LVid ONINNL

ONILVHO

H - —
—  —
e =

OINOWYVH

IVININVANNS

dido 3001d

JOHHIN ~
didO ALV

I

- —
- ———
R
-
- —
- ——

HOHHIN

S31Vvid ONINNL



Page 150 First International Symposium on Space Terahertz Technology

SUBMICROMETER DEVICES AND MONOLITHIC FUNCTIONS USING
InAlAs/InGaAs HETEROSTRUCTURES

Geok Ing Ng, Youngwoo Kwon and Dimitris Pavlidis
Center for Space Terahertz Technology
Solid State Electronics Laboratory
The University of Michigan
Ann Arbor, MI 48109-2122.

ABSTRACT

A monolithic integrated circuit technology is reported using submicrometer
HEMT’s made with InAlAs/InGaAs heterostructures. The maximum oscillation
frequency measured for 0.25um devices is 148GHz. Good characteristics are also
shown for devices subjected to all the steps of the integrated technology.

Monolithic heterostructure oscillators, doublers and mixers have been fabri-
cated with this technology. They are designed for fundamental signal generation
at 90GHz, frequency doubling to 180 GHz and mixing at 90 GHz. An analysis of
the design procedures and characteristics is presented.

This first generation novel heterostructure monolithic circuits are designed for

implementation in receiver/sensor components operating in the THz region.

Work supported by NASA (contract No. NAGW-1334), US Army Office (contract
NO. DAAL-03-87-k-0007), and Wright Patterson Air Force Base (contract No.
F33615-87-C-1406).
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1. Introduction

Ings2Alp.4sAs/Ing 5s3Gag.47As High Electron Mobility Transistors (HEMT’s) have
demonstrated extremely high cutoff frequencies (fr) and very low noise figures [1].
The addition of excess Indium in the channel results in strained devices with bet-
ter carrier confinement and improved characteristics [2]. Double-heterojunction
strained InAlAs/IngesGapasAs HEMT’s with 1um long gates showed even further
enhancement in carrier confinement and demonstrated lower output conductance
than single channel devices with the same In content [3]. This paper, presents
the technology and electrical characteristics of submicron strained InAlAs/InGaAs
HEMT’s and heterostructure monolithic integrated circuit functions made with
them. Double and single heterojunction designs were used for these studies.

Monolithic integrated circuits use primarily conventional MESFET technology
on GaAs. Recently AlGaAs/GaAs and pseudomorphic AlGaAs/InGaAs/GaAs de-
vices have been implemented in integrated designs and very encouraging results
were obtained in terms of bandwidth [4] and noise figure characteristics [5]. Unlike
these GaAs based approaches, InAlAs/InGaAs designs are based on InP substrates
and as mentioned already, discrete components made with them demonstrate ex-
cellent properties. Their integrated characteristics have not, however, been fully
explored. Only few reports exist on this subject [6] which could lead to new avenues
for analog applications.

First integrated designs using 0.8um long-gate InAlAs/InGaAs HEMT’s have
demonstrated the possibility of building high gain amplifier blocks at X-band [7]
and broadband control circuits up to 26.5 GHz [8]. Submicron HEMT’s with op-

timized design and technology characteristics are, however, expected to perform
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up to frequencies which lie in the submillimeter frequency region. A maximum
oscillation frequency (fmq:) of 405 GHz [9] already has been reported for discrete
devices and it is expected that the f,,., limits could be pushed above 500 GHz.
These devices are consequently potential candidates for building basic functions
such as oscillators, multipliers and mixers operating at extremely high frequen-
cies. Space based sensor applications where gas molecule resonances are studied
at several hundred GHz could consequently take direct advantage of monolithic
integrated circuits made with InAlAs/InGaAs. Circuits of this type are currently
under study and first results on their technology and design are reported in this
paper.

Section 2 describes the technology of submicron discrete and integrated mono-
lithic circuits. Integrated designs for oscillators, doublers and mixers are reported

in Sections 3, 4 and 5, respectively.

2. Technology and Electrical Characteristics of Submicron InAlAs/InGaAs HEMT’s

for Monolithic Integrated Applications.

A cross section of Ing s2Alp 4sAs/In,Ga;_.As InAlAs/InGaAs HEMT’s is shown
in Fig.1. The design corresponds here to the double heterojunction (DH) scheme
[3] which is found to show larger carrier occupation in the strained quantum well
and therefore better carrier confinement than single channel designs. The channel
where the Two-Dimensional Electron Gas (2DEG) is formed has a high Indium
composition (x) which exceeds the lattice matched (x=0.53) value. Unlike single
channel designs employing only one donor layer between gate and channel, the

DH-HEMT has a second donor layer in the bottom. This provides more carriers
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Figure 1 Cross section of double-heterojunction InAlAs/InGaAs HEMT.

and requires special attention in its design (smaller thickness than the top donor

layer and appropriate doping) to avoid parasitic conduction.

The introduction of additional Indium in the channel improves the device prop-
erties. A transconductance and cutoff frequency improvement has already been
reported by increasing the In content from 53% to 65% [2]. Further increases of
Indium do not seem to enhance further the device properties. Our recent studies
have for example demonstrated that devices with 75% or more In have smaller f7
and f,,,, values. By way of example an increase of In from 60% to 80% in 5% steps
shows {f,,,, values of 40GHz, 52GHz, 62GHz, 47GHz and 50GHz, respectively. The
degradation of device characteristics with In content above certain value is related
to their growth mode and the resulting interface characteristics.

Based on the above analysis, it was concluded that a 65% Indium content in the
channel is a good compromise for improved electrical characteristics and controlled

growth conditions suitable for integrated applications. The latter demand good
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Figure 2 Cross section of heterostructure Monolithic Integrated Circuit using In-

AlAs/InGaAs HEMT's.

wafer uniformity and reproducibility to guarantee the compliance of performance

with the predicted design characteristics.

A cross section of a InAlAs/InGaAs heterostructure monolithic integrated cir-
cuit is shown in Fig.2.  Their technology of fabrication uses wet-etched
(HsPO4:H;0,:H,0-1:1:38) mesas for isolation. This solution has an etch rate of
20A/sec and results in small orientation dependence and no undercut. The quality
of ohmic contacts (Ge/Au/Ni/Ti/Au) was improved from 0.3Qmm in first runs to
0.1Qmm by increasing the cap doping density (5 x 10%cm=3/1004 instead of 3 x
10'¥cm=3/2004), and reducing the i-layer thickness of InAlAs from 4004 to 2004;
the smaller thickness helps also in increasing the device transconductance. An
image reversal lithography (Shipley 5214) was used for better reproducibility, edge
definition and uniformity of the ohmic contacts; the chlorobenzene based lift-off
originally employed, was eliminated for this step.

The submicron gate was defined using single 45004 thick PMMA layer exposed
by E-beam at 5.5nC/cm, 25kV. A citric acid etchant was used for gate recess in

a mixture of 11:1:44 with H,O2 and H,0. This results in relatively low etch rates
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(~ 3004/min) and acceptable control of recess depth. The HEMT gates (Ti/Au)
fabricated in this way have a length of 0.2 to 0.25um.

The reticle for the investigated monolithic integrated functions was relatively
large (6.3mm x 6.7mm) to allow simultaneous fabrication and comparison of char-
acteristics of several functions. Submicron devices of different topology were neces-
sary in order to satisfy the distinct requirements of each function. The reticle was
for this reason subdivided in 11 subfields and some layout optimization was nec-
essary to comply with the E-beam subfield size while maintaining the appropriate
circuit topology.

Following the gate definition, a TiAu layer was deposited for the bottom plates
of overlay capacitors. A thick SiO, layer ~ 25004 was deposited by lift-off for the
overlays. The sputtered lift-off technique developed specifically for the MMIC’s
allows selective overlay fabrication without deposition on the active area of the
device and therefore no influence on its characteristics.

Active bias resistors for gate bias were recessed separately from the devices in
order to control their values in the 5K range. Air-bridges were fabricated in a
two-step process. The wafers were then thinned down to 100um (thickness for
which all microstrip stubs were designed) and diced. The integrated ciruits were

finally mounted and bonded in a specially designed test fixture operating from 70

to 100 GHz.
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A photograph of the submicron InAlAs/InGaAs HEMT of an integrated circuit
is shown in Fig. 3. Its gate is 0.2um long. Fig. 4 shows the bias dependant fr
and f,,,, characteristics of such an integrated device fabricated with single chan-
nel (60% In) design. The maximum fr and f,,,, values are 100GHz and 115GHz
respectively. The device had 12dB gain at 26.5GHz. Better performance (fr =
82GHz, f,... = 148GHz with 14dB of gain at 26.5GHz) could be obtained with a

double heterojunction design of 65% In composition in the channel.

3. 90GHz Monolithic Oscillator Design Using InAlAs/InGaAs HEMT Technology.

The monolithic oscillator design was intended for implementation in a more
complex integrated function as shown in Fig. 5. The frequency of the local source
(monolithic oscillator) is doubled and subsequently mixed with the receiving sig-
nal. The resulting IF lies in the microwave region (1.0GHz to 10.0GHz) and can be
processed using conventional existing technologies. Although fundamental oscilla-
tion frequencies should in principle be feasible in the several hundred GHz region
using this technology, the design frequency of this first iteration was selected to
be 90 GHz. This allows immediate use of presently available monolithic device
characteristics and allows indentification of possible problems related with such
realizations.

The oscillator design was based on measured small-signal characteristics of sub-
micron HEMT’s. A common source topology was selected with capacitive feedback
in the gate and a combination of capacitive-inductive feedback in the source to in-

duce oscillation conditions.
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Figure 5 Schematic and layout of monolithic integrated sensor module.
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Oscillation can be initiated if the following conditions are satisfied:
!le X ,Foac, 2 1

S ¢in+ S ¢osc =0

where |T'in|, ¢in and |Tosel|, osc denote magnitude and phase of the reflection co-
efficient at a reference plane looking towards the load and oscillator, repectively.
This condition, is equivalent to a total resistance (Rs,: = Rin - Rosc) and reactance
(Xtot = X + Xosc) equal to zero. Additionally to guarantee sustained steady-state

oscillation it is necessary to satisfy the following conditions:

(? Rtot a Xtot
Ow >0 Ow

>0

As in every monolithic realization it is particularly important to aim towards pro-
cess tolerant designs where the oscillation and steady-state conditions can be satis-
fied over a broad enough frequency range independent of active or passive element
variations in their characteristics.

The integrated oscillator chip was fabricated using the monolithic submicron
HEMT technology described in Section 2. A photograph of the fabricated mono-
lithic chip is shown in Fig. 6.

The inductive feedback elements were realized using 16um wide microstrips
with 9002 characteristic impedance on 100um thick substrates. A 502 output port
was considered and integrated matching was provided using again microstrip stubs.
Overlay capacitors are used either for feedback or for RF grounding the bias pad of
the gate. This pad was connected to the gate through an integrated 5k{) resistor.

Via holes are finally incorporated in the design for reducing parasitic inductances
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Figure 6 90GHz Monolithic Integrated Oscillator chip.

of the chip to ground.

4. 90GHz to 180GHz Monolithic Doubler using InAlAs/InGaAs HENT Technology.

Signal multiplication is usually performed using two-terminal multiplier diodes.
The high frequency characteristics of IIEMT’s suggest the possibility of three-
terminal devices too for such applications. In fact, the transistor approach can
allow larger bandwidth and better DC to RF efliciency than diodes which normally
require relatively high power drive levels.

For multiplier applications, similarly to high efliciency power amplifiers, the
HEMT’s are operated with dc gate bias voltage (V) close to pinch-ofl (V,), i.c.
under class B conditions. To obtain a high [requency harmonic at the output, the
load is tuned at the desired harmonic. Suitable networks need to be incorporated

at the gate and drain terminals to short-circuit all out-of-band harmonics.
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Figure 7 Voltage waveforms at various terminals of a 90GHz to 180Gz doubler.

A harmonic-balance technique (LIBRAT) was used to analyze the doubler char-
acteristics. The time domain characteristics of the output/drain voltage V4, Vyo
at the fundamental and doubled frequency respectively, as well as, the input/gate
voltage (V1) are given in I'ig. 7; the frequency of the V4, waveform across the load
is consequently 180GHz. The amplified input voltage V; results in a waveform
Va1 which ideally should be set to zero during the negative voltage (V41 > V) ex-
cursion. This is not, however, true in practice, due to the high frequency operation
displacement current which leaks through the gate capacitance and contributes to
a Vg “parasitic” signal (positive “square-like” waveform in I'ig 7). The time du-
ration of the Vg, cycle t, where the transistor is conductive and more precisely the
ratio t,/T, where T is the period of the excitation signal V1, need to be optimized
in order to achieve a good conversion efficiency i.e. large Ligoupter (2f)/lamaz() value.

If t, is made too small compared to T then the magnitude of the resulting 1,(2[)
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current is small. On the other hand, very large t, values risk to produce I4(2f)
signals with small harmonic content and are therefore undesirable.

The dc gate voltage is selected close to pinch off so that good class B operation
is possible. Furthermore, the large signal swinging of I; from zero to it’s Iymaz
value (in response to maximum V; excursions), can result under Vg ~ V, bias
condition in more efficient high harmonic generation. In fact, by exceeding slightly
V, one can ensure that not only I; is set closer to zero but also C,, reaches its
minimum value. The Vg > V,, condition is, however, incompatible with the small
gate leakage requirement for reduced risk of device breakdown. InGaAs HEMT’s
have unfortunately high gate leakage compared to other devices (typically 100pA
at -6.5V for a 1.0pmx 75pm device) and risk therefore to be sensitive to this bias
requirement for multipliers. Except this, gate leakage is not a real fundamental
limitation in the circuit performance because its level at the input gate terminal
turns out to be small compared to the displacement current in the gate capacitance
at high frequency operation.

For increased power levels the conversion loss is seen to reduce and subsequently
increase. This is due to the initially larger amplitude of signal I; at the output
due to the increased input gate voltage V,; and larger transconductance g,,. At
higher V;’s approaching forward -operation I reaches a maximum Igm.. and does
not therefore, improve any more. Furthermore g,, starts reducing considerably in
HEMT’s due to parasitic “MESFET”-type conduction. The conversion loss vs.
input power characteristics depend on the selected gate bias and are minimum for
Vg1 ~ V,. A different gain power tendency is observed for diode doublers where

the conversion loss improves over a larger range of input power levels. Due to the
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IFigure 8§ 90GIIz to 180GIlz Monolithic Integrated Doubler chip.

gate-leakage increase with input power this should be selected for the best possible
compromise of conversion loss and leakage.

A photograph of the [abricated monolithic doubler chip is shown in I%g. 8.
Right next to the HEMT one distinguishes two radial stubs used to realize band-
reject filter characteristics. The left stub acts as a 180G11z resonator prohibiting
the doubled signal from leaking towards the input, while the right one is a 9011z
resonator cutting ofl the fundamental 90Gllz from the output terminal. Gate bias
1s achieved through an overlay capacitor connected to 90Gllz radial stub which is
A/4 transforined to yield perfect open conditions at the input line. A matching

network with a A/4 stub (180GIlz) is finally incorporated at the output for drain
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Figure 9 90 GIIz Monolithic Integrated Mixer chip.

bias. The monolithic doubler is designed for 13.5d13 conversion loss with 1dBm
LO power level. The fundamental frequency rejection at the output is of the order

of 38dDB.

5. 90GIz Monolithic Mixer using InAlAs/InGaAs IIEMT Technology.

Monolithic mixers can be built using InAlAs/InGaAs HEMT’s instead of diodes.
The transistor approach allows lower conversion loss and lower power levels [or the
LO signal. Unless a balanced design is used, various responses generated by non-
linearities and LO noise cannot be rejected to a satisfactory level. The balanced
approach becomes of particular importance in monolithic integrated designs where
the oscillator is built without any resonator stabilizing networks. Irequency con-

version is achieved by the nonlincarity of the transconductance-input-voltage (V)
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characteristics. Best characteristics are obtained when other V, dependent param-
eter, such as for example output conductance shows less nonlinear characteristics.
HEMT’s are consequently ideally suited for such applications due to the very non-
linear g,,-V, characteristics.

A photograph of the fabricated 90GHz monolithic chip is shown in Fig. 9.
The RF and LO signals are applied simultaneously at the input. Matching is
achieved by the same input network for both LO and RF with best characteristics
in the center of the LO-RF band (92.5GHz). A \/4 transformer connects a radial
stub to the input line for gate bias. The overlay capacitor enhances the short
circuit conditions of the A/4 transformer at its end (90 GHz design). Furthermore,
it short-circuits the IF signal by series resonance with the stub and eliminates
consequently the IF from the input port. A radial stub design is also used at the
output to filter out the RF and LO signals.

In addition to the 3GHz IF, a signal response is also found at ~ 6GHz. This
is eliminated by a low pass filter design employing lumped elements and being
integrated onto the same chip. Matching of the complete circuit to 509 load is
finally achieved by the same integrated lumped network. The conversion loss of

the circuit is 10dB using 91GHz(LO)/94GHz(RF) signals and 5dB of LO power.

Conclusions

An sumbmicron monolithic integrated technology is reported for receiver/sensor
applications in the THz region. The results of the first study are obtained using
0.20-0.25pum long HEMT’s made with InAlAs/InGaAs heterostructures. Maxi-

mum oscillation frequencies of 148 GHz were obtained and good performance was
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demonstrated for devices subjected to all the monolithic integrated process steps.
The technology steps used for monolithic fabrication have also been discussed.
Monolithic integrated functions using the submicron HEMT’s have been stud-
ied and circuits were fabricated. Fundamental signal generation is at first at-
tempted at 90GHz. Signal doubling from 90GHz to 180GHz and mixing at 90GHz

is also studied using the submicron HEMT's.
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