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Preface

The Third International Symposium on Space Terahertz Technology was held at the
University of Michigan in Ann Arbor, Michigan, on March 24-26, 1992. The Symposium,
which was attended by approximately 165 scientists and engineers from the U.S., Europe,
and Japan, featured papers relevant to the generation, detection, and use of the terahertz
spectral region for space astronomy and remote sensing of the Earth's upper atmosphere.
The program included thirteen sessions covering a wide variety of topics including solid-
state oscillators, power-combining techniques, mixers, harmonic multipliers, antennas and
antenna arrays, submillimeter receivers, and measurement techniques.

The Symposium was sponsored by the University Space Engineering Research Centers
Program of NASA's Office of Aeronautics and Space Technology (OAST), and organized
jointly by the University of Michigan's NASA Center for Space Terahertz Technology and
JPL's Center for Space Microelectronics Technology. The Microwave Theory and
Techniques Society of IEEE served as a cooperative sponsor of the Symposium, as well as a
medium for publication of some of the papers that were presented at the Symposium in
the form of a mini-special issue (April 1993) of the IEEE-MTT Transactions.

The Fourth International Symposium on Space Terahertz Technology will be held at the

University of California, Los Angeles, on March 30-April 1, 1993.

Fawwaz T. Ulaby
Carl A. Kukkonen
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COHERENT SYSTEMS IN THE TERAHERTZ

FREQUENCY RANGE:

ELEMENTS
OPERATION
& EXAMPLES

PAUL F. GOLDSMITH

MILLITECH CORPORATION

South Deerfield MA, 01373

and

FIVE COLLEGE RADIO ASTRONOMY OBSERVATORY
Department of Physics and Astronomy

University of Massachusetts, Amherst MA 01003
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TERAHERTZ COHERENT SYSTEMS APPLICATIONS

RADIOMETRY / SPECTROSCOPY
ASTRONOMY
ATMOSPHERIC REMOTE SENSING
ALL-WEATHER SYNTHETIC VISION SYSTEMS
CONTRABAND DETECTION

HIGH POWER

PLASMA HEATING
HIGH ENERGY ACCELERATORS

PLASMA DIAGNOSTICS
THERMAL IMAGING
DENSITY PROBING
BACKSCATTER MEASUREMENTS
COMMUNICATIONS
PERSONAL & VEHICULAR
DIGITAL DATA LINKS
TV REMOTE / STUDIO LINKS

MATERIALS MEASUREMENT AND COMMERCIAL PROCESS CONTROL

PAPER MAKING
HV CABLE MANUFACTURING

RADAR SYSTEMS

MILITARY — SEEKERS, INSTRUMENTATION, AND MODELING
AUTOMOTIVE COLLISION AVOIDANCE
ATMOSPHERE, METEOROLOGY, GROUND, ICE, AND FOLIAGE
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COMPONENTS OF COHERENT SYSTEMS
AT MILLIMETER & SUBMILLIMETER WAVELENGTHS

/ INPUT OPTICS COLLIMATING MIRRORS
/ AND LENSES
i& d
SIGNAL POLARIZING GRIDS
PROCESSING WAVEPLATES

““l”“ ELEMENTS

@_ YN _<] COHERENT SOURCE LOCAL OSCILLATOR;
TRANSMITTER

DIPLEXER COMBINATION OF
O LOCAL OSCILLATOR
y, ™ AND SIGNAL
lxlll t-.."_1 ’
3 2
ANTENNA /FEED EFFICIENCY, BEAMWIDTH,
ELEMENTS BANDWIDTH, CONSTRUCTION
INTEGRABILITY
Va MIXER CONVERSION LOSS; NOISE;
— L.0. POWER; BANDWIDTH

>—‘ IF SYSTEM NOISE; BANDWIDTH

DETECTION,/SIGNAL SPECTROMETERS:
H:S ~,  PROCESSING FREQUENCY COVERAGE;

RESOLUTION; FLEXIBILITY;
POWER CONSUMPTION

[724
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BRIEF OVERVIEW OF SELECTED COMPONENTS

EMPHASIZE AREAS THAT 1 FEEL DESERVE MORE ATTENTION
THAN THEY ARE RECEIVING AT PRESENT

[1] MATERIALS MEASUREMENT
FUNDAMENTAL FOR MANY ASPECTS OF SYSTEMS DESIGN

NEED MORE DATA, BETTER DATA, AND BETTER ACCESS

REXOLITE DATA FROM G. J. SIMONIS, J. P. SATTLER, T. L.
WORCHESKY, AND R. P. LEAVITT, INT. J. INFRARED

AND MILLIMETER WAVES, VOL. 5, 57 — 72, 1984.

BORON DATA FROM A.J. GATESMAN, R. H. GILES, AND J.

NITRIDE WALDMAN PROC. MATERIALS RESEARCH SOCIETY
SYMPOSIUM ON WIDE BANDGAP SEMICONDUCTORS, 1991
FALL MEETING, BOSTON

INTERCOMPARISON OF TECHNIQUES FOR DETERMINATION OF

NEAR MILLIMETER DIELECTRIC PROPERTIES

JAMES BIRCH ET AL. — NATIONAL PHYSICAL LABORATORY
TEDDINGTON, MIDDLESEX

U.K. TW11 OLW

REPORT DES 115, OCTOBER 1991
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[2] QUASIOPTICAL COMPONENTS

HOW CAN THEY BE FABRICATED IN SUBMILLIMETER REGION ?

TRADITIONAL MACHINING METHODS BECOME VERY DIFFICULT
AND EXPENSIVE—-

NEED TO FIND CONSTRUCTIVE COMBINATIONS OF METAL-
WORKING AND SEMICONDUCTOR PROCESSING APPROACHES SUCH
AS SELECTIVE ETCHING

EXAMPLES:

PROCESSING SILICON TO FABRICATE TWO DIMENSIONAL
IMAGING HORN ANTENNA ARRAYS (REBEIZ ET AL. IEEE
MTT 38, 1473 (1990))

ETCHING AND PLATING SILICON TO MAKE DICHROIC PLATE
HIGH PASS FILTERS IN 1000 GHZ RANGE

(SIEGEL AND LICHTENBERGER 1990 MTT-S SYMP. DIGEST,
1341)
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RADIOMETRY AND SPECTROSCOPY : ASTRONOMY

OBSERVING LOCATION DEPENDS PRIMARILY ON FREQUENCY:
GROUND - BASED

AIRPLANE AND BALLOONS: KAO; SOFIA
SPACE: SWAS; SMIM; FIRST

[1] SENSITIVITY
HIGHEST SENSITIVITY ALWAYS REQUIRED
CRYOGENIC COOLING IS ACCEPTABLE

BROADBAND SYSTEMS WILL BE REQUIRED FOR FUTURE SYSTEMS

[2] IMAGING SYSTEMS

FOCAL PLANE ARRAYS DEVELOPED FOR MILLIMETER RANGE:

FCRAO 15— ELEMENT QUARRY ARRAY 85-115 GHZ
NRAO 8—ELEMENT ARRAY IN 230 GHZ RANGE

CANNOT SACRIFICE FEED EFFICIENCY SIGNIFICANTLY JUST TO
OBTAIN LARGER NUMBER OF ELEMENTS DUE TO COST AND
COMPLEXITY OF ASSOCIATED SIGNAL PROCESSING.

[3] OTHER COMPONENT DEVELOPMENT

RAPID PROGRESS IN FREQUENCY MULTIPLIER SOURCES, BUT
FURTHER DEVELOPMENT REQUIRED FOR GREATER BANDWIDTH
AND REACHING HIGHER FREQUENCIES
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PLANAR HETERODYNE ARRAY USING A DIELECTRIC—FILLED PARABOLA

Coplanar 0.010
Lines for P
Receive IF & DC
Element
(Schottky
Dlode or SIS

Tunnel Junction)

Focal Point of
Dielectric—Filled
Parabola

Low Pass Filter
Element

Planar Half—Wave
Resonant Dipole
Antenna

BLOW UP SHOWING ANTENNA ELEMENTS

Cover Parabola Holder
Pln“gj‘te Elnclu?es bQ‘U”d Balun/Impedance
Clamp Soax Gonnector) Tronsformers
17 7
| Transformer i Parabola
: Channels ~} - Well
i11/4 wave t , :
i| Matching i Dielectric Surface
I Layer i with integrated
i Bias /IF |i IF/Bias Lines and
-4 Conn Planar Antenna
Si N LA Elements
ignal o3 Local .
Input . __] Loca i
o O@O“:\i Oscillator - —-::]
Feed ) -
/
L I Horn OSSM
| Dielectric i Connectors
I Filled i
! Parabola |}
| i
| i
i I
! "
. i
1.0 INCH
ottt
EXPLODED VIEW (SIDE) ' TOP VIEW

(COVER REMOVED)

P.H. Siegel California Institute of Technology Jet Propulsion Laboratory




Page 8

Third International Symposium on Space Terahertz Technology

RADIOMETRY:
AIRCRAFT ALL WEATHER LANDING SYSTEM

APPROACH

FOCAL PLANE IMAGING SYSTEM AT 94 GHZ TO PROVIDE
SYNTHETIC VISION CAPABILITY FOR AIRCRAFT LANDING IN
ALMOST ALL WEATHER CONDITIONS

MILLIMETER — WAVE IMAGING ALLOWS GOOD VISIBILITY OF
RUNWAY BOUNDARIES AND POSSIBLY DANGEROUS OBSTACLES
FROM APPROPRIATE DISTANCE -

FOCAL PLANE RADIOMETRIC IMAGING PERMITS REAL — TIME (30 /
SECOND) UPDATE RATE

IMAGES READILY INTERPRETABLE WITHOUT EXTENSIVE
PROCESSING

HEADS—UP DISPLAY STRAIGHTFORWARD TO IMPLEMENT

TECHNOLOGY:

FOCAL PLANE ARRAY OF 25 (TO DATE) PIXELS UTILIZING
CONSTANT — WIDTH SLOT ANTENNAS

SINGLE — ENDED HARMONIC MIXERS WITH QUASIOPTICAL LOCAL
OSCILLATOR INJECTION

DICKE —-TYPE LOAD COMPARISON ESSENTIAL
MECHANICAL OR ELECTRONIC (QUASIOPTICAL HYBRID OR
MONOLITHIC ) REALIZATIONS POSSIBLE

COMPACT OPTICS
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DETECTION OF CONCEALED
WEAPONS AND CONTRABAND MATERIAL

PROBLEM:
e DETECTION OF PLASTIC WEAPONS AND

EXPLOSIVES CONCEALED BENEATH CLOTHING OF
AIRLINE PASSENGERS.

CONSTRAINTS:

e EFFECTIVE PERFORMANCE
® NON-INVASIVE OPERATION
e RAPID PROCESSING

TECHNICAL APPROACH:

e ACTIVE(REFLECTING) AND PASSIVE (RADIOMETRIC)
MILLIMETER-WAVELENGTH IMAGING SYSTEMS

e RADIOMETRIC SYSTEM LEAST INVASIVE AND
OFFERS GOOD FIDELITY

® CLOSEFOCUSED OPTICS AND FOCAL PLANE ARRAY

/' \ millitech®
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Scan 86: 18,81/91 14:39
JER — fremt vi
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Passive Line Scan 94 GHz Millimeter Wave Image
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RADIOMETRY: ATMOSPHERIC REMOTE SENSING

[1] ISSUES:

MEASUREMENT OF TRACE CONSTITUENTS INCLUDING : H20

O,
ClO
N,O
PHYSICAL CONDITION (TEMPERATURE) PROFILING
DELAY MEASUREMENTS FOR RADAR ALTIMETERS
MESOSPHERIC WIND VELOCITY DETERMINATIONS
TRACE EMISSIONS FROM LOCALIZED SOURCES
[2] OBSERVING LOCATIONS
GROUND — BASED: O3 AND CIO MONITORING NETWORK
ANTARCTIC AND POLAR REGIONS
AIRPLANE: USEFUL AS TEST PLATFORM AND FOR

STUDY OF LOCALIZED PHENOMENA
SPACE : | UARS — SUCCESSFULLY OPERATING!

MAS (SHUTTLE LIMB — SOUNDER)

EOS (EARTH OBSERVING SYSTEM)

AMSU —B / METEOSAT
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PLASMA DIAGNOSTICS

THERMAL IMAGING — RADIOMETRY WITH HIGH TIME RESOLUTION

EXTREMELY BROADBAND AND/OR SWEPT — FREQUENCY

DENSITY PROFILING — MEASUREMENT OF ELECTRON COLUMN
DENSITY THROUGH PLASMA

INTERFEROMETERS — EITHER RADIO OR OPTICAL TYPES
DEPENDING ON WAVELENGTH

SCATTERING EXPERIMENTS — PROBE TURBULENCE AND SCALE
OF FLUCTUATIONS IN PLASMA

EXAMPLE OF PLASMA DIAGNOSTIC SYSTEM

2 — MM WAVELENGTH 180 DEGREE BACKSCATTER IMAGING
SYSTEM DEVELOPED BY DR. P. EFTHIMION (PRINCETON
PLASMA LABORATORY) AND E.L. MOORE ET. AL. (MILLITECH
CORPORATION)

INCLUDES PHASELOCKED TRANSMITTER AND 64 ELEMENT
FOCAL PLANE IMAGING ARRAY
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COMMUNICATIONS

APPLICATIONS:

® PERSONAL

® VEHICULAR — CAR TRAIN AND PLANE

® DIGITAL DATA LINKS —SATELLITE AND GROUND

® MILITARY COMMUNICATIONS (MILSTAR)

B TV REMOTE — STUDIO LINKS

DEVELOPMENTS IN FIELD HAVE BEEN REVIEWED BY H. MEINEL IN

PROC. 18th EUROPEAN MICROWAVE CONFERENCE, STOCKHOLM,

pp. 1203 — 1216, 1988
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RADAR SYSTEMS

. MILITARY RADAR SYSTEMS
INSTRUMENTATION RADARS
SEARCH RADARS

SEEKERS

HELICOPTER OBSTACLE AVOIDANCE SYSTEMS

n AUTOMOTIVE RADAR
PRESENTLY VERY ACTIVE FIELD

GOALS ARE COLLISION AVOIDANCE AND ULTIMATELY
AUTOMATIC CONTROL OF VEHICLE

u ATMOSPHERE CLOUD STRUCTURE (ICE & WATER)
METEOROLOGY

u REMOTE SENSING OCEANS
VEGETATION

ICE

u MODELING

MILLIMETER / SUBMILLIMETER MODELING OF LOWER
FREQUENCY RADAR SYSTEMS AND TARGETS
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MATERIALS MEASUREMENT AND
MANUFACTURING PROCESS CONTROL

MAJOR CONSIDERATIONS
a DEMANDS EXTREMELY RUGGED SYSTEMS

B COST IS A CRITICAL FACTOR

Page 21

B MOST INDUSTRIES ARE CONSERVATIVE AND NEED TO BE

CONVINCED OF VALUE OF NEW SYSTEM

u WHAT ARE THE UNIQUE CAPABILITIES OF TERAHERTZ

RANGE?

APPLICATIONS:

HIGH VOLTAGE CABLE INSPECTION

PAPER MAKING
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PAPER MEASUREMENTS AT SUBMILLIMETER WAVE LENGTHS

PAPER SAMPLE

BEAM SPLITTER
BEAM FROM — \ — - D1
FIR LASER ”
!
FPI
Y
D2

—-— 704u
86 L
---=-= 118y
=z —--— 570pL
Q
n
2
=
n
Z
<
o
,—.
80 100

% MOISTURE

TRANSMITTANCE OF 80 puM NEWSPRINT
AS A FUNCTION OF MOISTURE CONTENT

FROM BOULAY, ET AL., IR & MM WAVES, VOL. 5, PP 1221-1234, 1984
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CONCLUSIONS

APPLICATIONS OF COHERENT SYSTEMS IN TERAHERTZ RANGE ARE
EXTREMELY DIVERSE AND ARE EXPANDING

RAPID TECHNICAL PROGRESS IS TAKING PLACE ON MANY FRONTS

TRANS — MILLIMETER REGION IS NOW SIMILAR TO MILLIMETER RANGE
JUST A FEW YEARS AGO AND ) <3 MM RANGE IS COMPARABLE TO
MICROWAVE REGION IN RECENT PAST

REAL SUBMILLIMETER REGION STILL HAS MANY CHALLENGES
INCLUDING BASIC QUASIOPTICAL COMPONENTS, FREQUENCY SOURCES,
ANTENNAS (INCLUDING ARRAYS) AND HIGH EFFICIENCY AND RUGGED
MIXERS AND DETECTORS

AN IMPORTANT CONSIDERATION: DIFFERENT APPLICATIONS HAVE
ENORMOUSLY DIVERSE REQUIREMENTS

THE SINGLE GREATEST OBSTACLE TO BROADER COMMERCIAL AND
INDUSTRIAL UTILIZATION OF TERAHERTZ REGION IS COST

WE NEED TO MAKE IT CHEAP AS WELL AS GOOD'!

I WOULD LIKE TO ACKNOWLEDGE CONSIDERABLE ASSISTANCE FROM
J.BIRCH, P. EFTHIMION, R. GILES, D. KEAVENEY, R. MCINTOSH, E.
MOORE, A. PARRISH, P. SIEGEL, J. WATERS AND OTHER CO-WORKERS
AT MILLITECH AND AT F.C.R. A. O.
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Broadband Millimeter-Wave GaAs Transmitters and Receivers

Using Planar Bow-Tie Antennas

Y. Konishi*, M. Kamegawa*, M. Case, R. Yu, M. J. W. Rodwell, R. A. York,
and D. B. Rutledge’
Department of Electrical and Computer Engineering.
University of California, Santa Barbara
*On leave from Shimadzu Corp. Kyoto, Japan.
TDivision of Engineering and Applied Science. California Institute of Technology

Abstract

We report broadband monolithic transmitters and receivers ICs for mm-wave
electromagnetic measurements. The ICs use non-linear transmission lines (NLTL) and
sampling circuits as picosecond pulse generators and detectors. The pulses are radiated and
received by planar monolithic bow-tie antennas, collimated with silicon substrate lenses and
off-axis parabolic reflectors. Through Fourier transformation of the received pulse, 30-250
GHz free space gain-frequency measurements are demonstrated with = 0.17 dB accuracy,
RMS.

Introduction

For mm-wave and sub-mm wave gain-frequency measurements, convenient,
broadband power sources and detectors have been required for some time. Measurement
systems based upon waveguide components (harmonic mixers, frequency multipliers, and
horn antennas)[1] have played a dominant role, but each component has narrowband
frequency coverage (1.5:1). To measure over a broad bandwidth, many waveguide
systems must be used, which is both inconvenient and very expensive. In addition, above
100 GHz it is difficult and expensive to machine the small waveguides and difficult to
attain efficient device-waveguide coupling. Broadband monolithic mm-wave ICs address
these difficulties.

Several groups have reported superconductor devices such as SIS (Superconductor-
Insulator-Superconductor) detectors[2-4] or oscillators[5] for mm-wave measurement or
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for radio astronomy. Popular devices based on niobium technology (e.g., Nb/AlOx/Nb
junctions) must be cooled to liquid helium temperature, so a large and expensive cooling
system is required. Additionally, due to the very low impedance of superconducting
devices (= 0.1 ), impedance matching to a 50 Q system is difficult.

Antenna-coupled picosecond photoconductors have also been used to generate and
detect picosecond radiated electromagnetic pulses. Though Fourier analysis of the received
signals, several groups have recently demonstrated broadband spectroscopy (= 50 GHz-
1.5 THz) [6-8]. Such systems require expensive and complex mode-locked lasers (=
$150,000) to excite the photoconductors, and the radiated power is extremely small.

As with the photoconductive systems, our system for mm-wave measurements
radiates and detects picosecond pulses and obtains frequency information through Fourier
transformation. Our system uses solid-state monolithic devices, NLTLs and sampling
circuits for pulse generation and detection[9-11]. With the NLTLs, we have several
advantages. First, the system has fewer components and is very compact without the laser
or its optics. Second, there is substantially more radiated power than the photoconductive
system. Third, since the NLTL is driven by a microwave synthesizer and the NLTL input
frequency can be varied by as much as one octave, the system can easily be tuned to any
desired mm-wave harmonic frequency. Finally, the transmitters and receivers are
inexpensive components fabricated on GaAs with a 5 mask process at 3 um device
geometries. No cooling system is required for GaAs ICs as with the superconducting
devices.

Here we will describe the system, especially the broadband bow-tie antenna and its
optics. We have demonstrated the system performance by spectroscopic measurement of a
thin alumina substrate with accuracy of 0.17 dB RMS and reproducibility better than 0.3
dB from 30 to 250 GHz.

NLTLs & sampling circuits

The NLTL is a ladder network of high impedance transmission line sections
periodically loaded with reversed biased monolithic Schottky diodes serving as voltage-
variable capacitors[9]. The resulting voltage-variation in wave propagation velocity results
in the compression of negative-going wavefronts and the formation of picosecond shock-
waves. The NLTL converts an input 7 - 14 GHz sine wave to a sawtooth waveform. In on-
wafer measurements, = 1.5 ps falltime and = 5 V peak to peak voltage swing has been
attained. NLTL-gated sampling circuits attained similar risetime. Such devices allow
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generation and detection of transient signal with = 250 GHz bandwidth. The transmitter
NLTL is typically driven by a 10 GHz + 100 Hz sinusoidal wave from a microwave
synthesizer. This NLTL drives an on-wafer bow-tie antenna. The receiver consists of an
NLTL-gated sampling circuit integrated with a bow-tie antenna. The NLTL which
generates the sampler's strobe pulse is typically driven by a 10 GHz sinusoidal waveform
from a second synthesizer. The resulting sampled 100 Hz IF signal is observed on a
standard oscilloscope.

Antenna and quasi-optical system

In the case of a planar antenna on a dielectric substrate, most of the power is radiated
into the substrate, and is trapped. This causes standing waves and resulting resonances
within the GaAs substrate (er= 13). To avoid this, hyper-hemispherical substrate lenses are
used with the bow-tie antennas[12,13].

NLTL NLTL-_gated output
hvper- s_ampllng
ype circuit

hemispherical
lens

attenuators

off-axis
paraboloidal mirror material or array
under test

Figure 1: Measurement system schematic diagram (left: transmitter, right: receiver)

The output of the transmitter NLTL is connected by a coplanar waveguide (CPW) feed
line to the feedpoint of the bow-tie antenna. This structure also serves as a balun.
Sawtooth waves generated by the NLTL are radiated from the antenna. The bow-tie
antenna is scale-invariant and has frequency-independent radiation impedance and
frequency-independent far-field radiation patterns as long as its linear dimensions are larger
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than a free space wavelength. The antenna thus acts as a high pass filter, with the 2 mm
length resulting in a = 35 GHz low-frequency cut-off[14]. The 55 pum total width of the
CPW feedline defines a = 1.3 THz upper frequency limit for the antenna.

The radiation is extracted through a silicon (er= 11.8, 16 mm diameter) hyper-
hemispherical substrate lens on the back side of the IC. Matching of the IC and lens
dielectric constants is very important. For example, a sapphire lens (er= 9.9) causes
standing waves in GaAs substrate due to the discrepancy in er. This results in substantial
resonances at 60 GHz, 120 GHz and 180 GHz. Compared to hemispherical lenses, hyper-
hemispherical lenses improve the poor numerical aperture of the bow-tie antennas, and
provide defocusing of the parasitic reflections arising at the lens-air interface. In contrast,
hemispherical lenses exhibit strong spherical-mode resonances. The radiated beam is
collimated with off-axis parabolic mirrors, and is focused on the receiver through similar
optics. The antenna system loss, including substrate lenses absorption, coupling loss
between the antenna and the lens etc., is = -20 dB as determined by 10 MHz - 40 GHz
network analysis[14].

Metal surfaces surrounding the experimental apparatus are covered with microwave
absorber (Emerson & Cuming, FGM-40) to suppress reflections. Additionally, imaging the
transmitter antenna onto the receiver produces a resonant cavity because of reflections at the
air-lens and lens-antenna interfaces. To obtain accurate gain-frequency measurements,
these resonances are suppressed by placing = 5 dB thin-film metal attenuators on both sides

of the sample under test.
Device Fabrication

The circuits were fabricated on GaAs semi-insulating substrates with a five mask
process at 3 um design rules. Schottky diodes are formed on GaAs with a 425-nm-thick
exponentially graded N- active layer with a 2x1017 cm-3 surface doping and 225 nm
exponential grading constant. Beneath the N- layer, a buried 1 pm-thick N* layer (6x1018
cm'3) provides the diode cathode connection. Ohmic contacts to the N later (the diode
cathode connections) are formed by a 0.5 um recess etch to the N* layer, a self-aligned
AuGe/Ni/Au liftoff, and subsequent alloying. Proton implantation (masked by 1.6 um gold
on 1.1 um polyimide) provides isolation between diodes and defines Schottky contact
areas. The transmission line sections are implemented in CPW, formed with a 1.1 pm
Ti/Pt/Au liftoff; Schottky contacts result where this liftoff intersects unimplanted regions.
With two additional mask steps, air-bridge crossovers are formed.
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Results

The received signal (Fig. 2) shows that the sawtooth waveform has changed to a pulse
train with initial fast rise and a decay time set by the antenna system's low-frequency cut-
off. The peak-peak amplitude is 167 mV, and the pulse risetime is 2.6 ps as limited by the
speed of sampling circuits, the NLTL, and the antenna system.

Because the far-field radiation pattern is frequency-independent, the antenna effective
aperture size is proportional to AZ2. ConseQuently, misalignment selectively attenuates high-
frequency components and limits the system bandwidth. With poor alignment, the pulse
risetime degrades due to the reduced bandwidth.

_50 1 | L 1 | 1 1 | 1 1
1 s :
> -100 . -
E ) C
= 4 L
o 4 L
S 2004 -
2 ]
Q b L
c ] r
-250 - -
50 ] 2.6 ps risetime, 10%-90% [
) 167 mV peak-peak -
-300 T T T T l T T T T [ T T T T [ T T T T
0 5 10 15 20
time, ps

Figure 2: Received waveform.

To demonstrate the system accuracy, we measured the insertion loss of a 254 pum
alumina substrate (er=9.9). From 30 to 250 GHz the measurement values correspond well
to theory. (Fig.3) With three subsequent measurements, the accuracy attained was 0.17 dB
RMS, and the reproducibility was better than 0.3 dB.
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Figure 3: mm-wave measurement of 254 um-thick alumina test sample.
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Figure 4: mm-wave measurement of microwave absorber.

We also measured the insertion loss of a microwave absorbing material (Emerson &
Cuming FGM-40, 1.0 mm thickness ). (Fig.4) A loss minimum is seen at 60 GHz, with

the attenuation improving at higher frequencies.
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Above 150 GHz, this measurement is limited by the = 35 dB system dynamic range.
This dynamic range can be greatly improved by using narrowband signal detection (e.g., a
lock-in amplifier).

Conclusion

We have demonstrated a simple and inexpensive system for broadband mm-wave
electromagnetic measurements. Reproducible, accurate measurements are possible from 30
to 250 GHz. The combination of the bow-tie antennas and the substrate lenses provides
acceptable coupling efficiency over a broad bandwidth, despite the high systems loss (=
-20 dB between antennas) and the additional (= 10 dB) attenuation required to suppress
standing waves. The bow-tie antenna is readily integrated with monolithic circuits.

The current system will allow convenient and accurate measurement of materials and
emerging mm-wave quasi-optical amplifier arrays. With attainable improvements in the
diode cut-off frequency, system bandwidth can potentially be extended to 1 THz.
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ACTIVE CPW-FED SLOT ANTENNAS FOR POWER
COMBINING APPLICATIONS
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ABSTRACT

We have combined integrated circuit antenna technology with microwave oscillator design
to build an active slot-oscillator. The design is planar, does not require via holes and
is compatible with monolithic transistor technology. The CPW-fed antenna impedance is
calcualted using a full-wave analysis technique. Slot-oscillators were built at 7, 13, and 22
GHz and the predicted oscillation frequencies agree well with experiments. The design is

easily scaled to millimeter-wave frequencies and can be extended to power combining arrays.

INTRODUCTION

Millimeter-wave systems are becoming increasingly important in many military and com-
mercial applications. Millimeter-wave receivers and transmitters have been traditionally
waveguide-based systems and these are expensive to build at these frequencies. To solve
this problem, several groups researched quasi-optical power combining topologies and active
antennas [1-4]. In this paper, we present a novel active transmitter suitable for low-cost
millimeter-wave applications. The transmitter consists of a cpw-fed slot antenna (or a dual-
slot antenna) on a high-dielectric substrate- lens and a three-terminal device (millimeter-wave
HEMT). The novelty in this approach is that we use the antenna impedance, calculated by
a full-wave analysis method, as a parameter in the design of the oscillator. This results in
a much more compact circuit than the conventional approach which consists of an oscillator
with a 500 output that is matched to a radiating slot-antenna. In our design, the matching

network is eliminated (or minimized), the circuit is much smaller than a wavelength and this
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allows the design of a power combining array without trigerring grating lobes. The design
can be easily scaled to millimeter wavelengths when HEMT transistor technology is available

at these frequencies.

OSCILLATOR DESIGN AND MEASUREMENTS

The oscillator design is based on the S-parameters of the transistor used. An indefinite
scattering matrix is employed so that short circuited lengths of CPW may be placed at the
gate and source. Computer optimization is then applied to the lengths of CPW to maximize
the reflection coeflicient at the drain of the device. In this way a reflection magnitude greater
than one is obtained without the use of an external feedback network and its associated
complications. A slot antenna is connected to the drain through a length of CPW. In order
for oscillations to build up, the impedance the slot antenna presents to the drain must have a
reflection coefficient magnitude at least as large as the reciprocal of the reflection coefficient
at the drain and the phase must be opposite in sign. The impedance of the CPW fed slot-
antenna on a substrate must be well known and is calculated by a full wave moment method
analysis. The terminals of the FET are DC isolated from eachother to allow bias voltages to
be applied. This is done by integrating metal-insulator-metal capacitors and bypassed slits

in the ground plane.

Slot-oscillators were designed and built at 13GHz and 22GHz (Fig 1.) using commercially
available hetero-junction FETs (NE32100, NE32184). The circuits oscillated near the pre-
dicted frequency when placed at the focus of a one inch diameter elliptical silicon substrate
lens (Fig. 1). The radiation patterns of the oscillators on the substrate lens were measured
(Fig. 2) and are used to estimate the directivity. Total oscillator power is calculated with
the radar equation. The total radiated power measured was 5.4mW at 13.01GHz and 3mW
at 22.45GHz. The DC to RF efficiency is 5.4% at 13.01GHz and 3.8% at 22.45GHz. These
numbers are consistent with the capability of the transistor which is a low noise small signal

devices operated at maximum bias. In the future medium power transistors will be used.
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Figure 1: 13GHz and 22GHz slot-oscillator designs.
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Figure 2: Radiation patterns of 13GHz and 22GHz slot-oscillators on one inch diameter
silicon substrate lens.
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A 7GHz VCO (Fig 3.) was designed using the above method with the incorporation of varac-
tor diodes (Metelics MSV34-60-E28) at the source terminals of the FET. An oscillator tuning
range of 850MHz was achieved from 6.68GHz to 7.35GHz. This shows that electronically

tunable slot-oscillators are possible for phase locked loops or other applications.
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Figure 3: 7 GHz VCO with 850 MHz tuning range

The oscillators are well suited for use in power combining arrays synchronized by the mutual
coupling between antennas. One possible array configuration (Fig. 4) is to place a two
dimensional array on a dielectric block of quarter wavelength thickness. Most of the power
will radiate out the opposite side of the block. A weak substrate mode will exist in the
block and may enhance the mutual coupling. If neccessary a reflector may be used on the
back side of the block to further enhance mutual coupling and improve phase equalization

between elements.
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Figure 4: Possible slot-oscillator array configuration
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ABSTRACT

Investigation of a power combiner made of two FET oscillators for an active array
are reported. As an approach by a quasi-optical method, a two-dimensional planar array of
strongly coupled oscillators by direct connection through a microstrip line is used. In-
phase condition between the oscillators as well as in-phase condition of each radiation wave
was accomplished by regulating length of feed microstrip lines. The radiation elements of
1A-slot are embedded in a circuit ground plane. At an operation frequency of 20 GHz, in

both H- and E-planes, reasonable X radiation patterns were obtained which have good

agreement with theoretical patterns.

INTRODUCTION

Quasi-optical circuits have been of growing interest for compact and simple
microwave and millimeter-wave systems. Among many solid-state devices, FETs are
preferred as an active source for applications based on the MMIC technology[1].
However, due to low efficiency, individual FET has limited capability of the power

generation at higher operating frequencies. Therefore, a power combining technique is
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essential for high power and high frequency systems. Further, the need for such systems
has resulted in a variety of power combining configuration using FETs.

As one of such power combiners, the planar grid oscillator using MESFETSs has
been developed in a distributed fashion[2]. Also, the weakly coupling oscillator array in a
periodic fashion supported by a reflector element has been reported[3]. Recently, using
external injection locking, the power combiner array with feedback FET oscillators was
made[4]. However, due to a multimoding problem, the power combiner array with strong
coupling has not made great progress to date. Regarding linear spatial power combiner
arrays with strong coupling, we have already reported a few results obtained under the
stratified structure[5],[6]. Through these results, in-phase operation for high combining
efficiency was facilitated.

In this paper, we describe design and experimental results of a quasi-optical spatial
power combiner array made of two negative resistance HEMT oscillators and 4 slots.
Radiation patterns from the slots aligned as 2x2 were compared with theoretical patterns in
both H-plane and E-plane. Further, through these patterns, it was confirmed that the

radiation waves from each slots were in-phase.

DESIGN

In order to demonstrate topology for the MMIC technology, the circuit was made in
a layered structure by adopting slot radiators in a circuit ground plane. Fig. 1 shows the
configuration of 2x2 spatial power combiner array designed at 20 GHz. The circuit
structure made of two negative resistance oscillators and feed lines is etched on the top side
of the substrate, while the slot radiators shown by cross-hatched sections in Fig. 1 are
embedded in the ground plane of the bottom side of the same substrate. Each oscillator

was designed with -50 Q for an input impedance. Since both sides of the substrate can be

effectively used, the slot radiators in the circuit ground plane increase design flexibility.
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RF energy generated from one FET oscillator is divided and delivered to two slots
aligned in the E-plane. In addition, a part of this energy is used to lock the other oscillator
through a direct coupling between the two oscillators. The locked and amplified signal
flows into another two slots aligned in the E-plane as well. Each pair of the slots aligned in
the E-plane are connected in series. Therefore, this 2x2 array consists of two slots aligned
in the E-plane and two slots aligned in the H-plane with 1A separation between the centers
of two slots. The direct connection of two slots in H-plane separated by a thin line

enhances high packaging density.

I
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Fig.1 Circuit Configuration
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According to the previous results about the direct connection of oscillators[6], when
the distance between two branch-points from the oscillators (shown as A and B in Fig. 1)
is an odd number of half wavelength, the radiation waves from the two branching points A
and B are in-phase. Since the length of a straight line between A and B is 1A, a microstrip
line with A/2 should be added. As a result, the radiation waves from the slots in H-plane
can have the same phase.

The distance between two centers of slots is 1A. Thus, the divided energy from
one branching point A or B can reach the centers of both slots at the same time. This
results in an anti-phase radiation. For the in-phase condition, one of these pass must have
additional A/2 to invert the phase on one of the slots. By means of this control of pass
length between an oscillator and a slot as well as between two oscillators, the in-phase
condition was obtained in both H-plane and E-plane.

In addition to the consideration of phase condition, input matching condition needs
to be taken into account. A one-stage A/4 transformer is inserted from a center of a slot
toward a branched feed line connected to the branch-point A or B. In order to
electromagnetically couple a feed line with a slot radiator, a A/4 microstrip-to-slotline is
adopted.

On the other hand, the slot radiators were also designed at 20 GHz with a 1A slot
length and a 0.081A slot width. Since input impedance of the center feed 1A slot radiator

provides the circuit with 50 € load, the slot and the 50 Q feed line are matched in the

steady state oscillation condition.

EXPERIMENTAL RESULTY

The circuit were fabricated on 31 mil thick substrate with €:=2.33, using NEC
NE32484 package HIFETs. The negative resistance FET oscillator was optimized at 21

GHz with 5 % margin by using small signal S parameters so that the actual circuit can also
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be operated at 20 GHz. The maximum operation frequency of 19.5 GHz was observed
from the fabricated circuit as shown in Fig. 2.

It is found that, in this two-
device power combiner case,
a frequency margin of 7.7 %
is required under the design
condition of -50 Q for an
input impedance. in reference
[1], we investigated the
frequency margin of a single

quasi-optical oscillator with a 23]

single slot using\‘ the same
NE32484. In this case, the
frequency margin of 4.4 % Fig. 2 Operation Spectrum

was obtained.

Compared with this previous results, the difference between the operation frequency and
the design frequency is increased. This implies that, in the case of a large number of FET
combiners, accumulation of a difference of input impedances due to such frequency
difference becomes a cause of load pulling, and, due to this phenomenon, the frequency
difference is increasingly enhanced. The tuning range obtained by changing the applied DC
voltages, Vs (2.6~5.0 V) and Vg (-1.0~-1.6 V), was 121 MHz.

Radiation patterns in both the H-plane and the E-plane are shown in Fig. 3. In both
cases, it is easy to find out null points around £30° which result from array factor. For
comparison, the theoretical analysis was carried out by using the point matching method to
obtain numerical data from the Pocklington type integral equation. In the calculation, the
voltage ratio of two source generators to excite each slot was set to 1, while the phase

difference of these generators was set to 0. Using these data, theoretical radiation patterns
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are obtained as shown in Fig.3 for both the H-plane and the E-plane. Agreement around
the main beams is good.

Sidelobes in the E-plane becomes lager than those in the H-plane because of a
single element factor. This fact is shown in the theoretical patterns in Fig. 3. However, the
sidelobes obtained from the experiment were still large in both H-plane and E-plane. These

discrepancies may result from the inadequate experimental setup.
NCLUSTONS

Design and experimental results of a 2x2 quasi-optical spatial power combiner was
reported as a prototype of two dimensional quasi-optical power combiner array. Although
the impedance matching conditions as well as the in-phase condition have been taken into
account carefully, the difference of the operation frequency (19.2~19.5 GHz) to the design
frequency (20 GHz) has increased. In the case of a large array, more attention should be
paid to avoid increase of this frequency difference resulting in phenomena such as load
pulling.

In both the H-plane and the E-plane of a 2x2 quasi-optical power combiner array, X
radiation patterns were obtained by controlling the lengths of feed lines. Good agreement
between the experiment and the theory was obtained about mainlobes in both radiation
patterns.

It is believed that,through this prototype circuit, the fundamental data for a

monolithic quasi-optical power combiner array were obtained.
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I. Introduction

Power-combining arrays of semiconductor devices offer a promising approach to
the realization of compact, reliable, economical systems for watt-level operation at
millimeter-wave and submillimeter-wave frequencies. Such (“grid”) arrays have demon-
strated numerous functions at microwave and millimeter-wave frequencies in recent
experimental efforts. Monolithic diode arrays have demonstrated phase shifting at 93
GHz (1], frequency doubling from 33 to 66 GHz [2] and frequency tripling from 33 to
99 GHz [3]. One dimensional monolithic imaging arrays have been demonstrated at
94 GHz [4]. Additional quasi-optical functions have been demonstrated at microwave
frequencies by arrays employing hybrid technology. These include the oscillator grid
[5-6], mixer grid [7], and amplifier grid [8]. The hybrid grids operate on the same
basic quasi-optical principle as the monolithic arrays, so the functions demonstrated
to-date in hybrid form should be feasible also in a monolithically integrated form at
millimeter-wave frequencies. Additional array design approaches have been suggested
for further development of millimeter-wave components [9].

Construction of complete systems based on the millimeter-wave array technology
requires not only source and detector arrays, but control components for such func-
tions as amplitude modulation, phase modulation, and beam steering. The first effort
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at addressing this need by a semiconductor device array was an experimental demon-
stration of a phase shifter at 93 GHz [1]. In this work, phase control of a reflected
beam over a range of 70 degrees with 6.5 dB loss was achieved by a monolithic array
of Schottky diodes. The stacking of more than one array [1] should allow a phase
range of greater than 360 degrees to be achieved. Operated in a nonuniform phase
(bias) mode, such an array should be capable of (phased array) beam steering and
beam focusing.

In the current work, multi-function beam control arrays have been fabricated,
and have successfully demonstrated amplitude control of transmitted beams in the
W and D bands (75-170 GHz). While these arrays are designed to provide beam
control under DC bias operation, new designs for high-speed electronic and optical
control are under development. These arrays will fill a need for high-speed watt-level
beam switches in pulsed reflectometer systems under development for magnetic fusion
plasma diagnostics.

A second experimental accomplishment of the current work is the demonstration
in the 110-170 GHz (D band) frequency range of a new technique for the measurement
of the transmission phase as well as amplitude [11]. Transmission data can serve as a
means to extract (“de-embed”) the grid parameters; phase information provides more
complete data to assist in this process.

Additional functions of the array beam controller yet to be tested include electron-
ically controlled steering and focusing of a reflected beam. These have application in
the areas of millimeter-wave electronic scanning radar and reflectometry, respectively.

II. Theory and Design

The beam control device consists of a monolithic two-dimensional array of varactor
diodes embedded in metal strips. Its quasi-optical behavior is represented by a shunt
impedance across a transmission-line representation of the beam. The impedance is
that of a series RLC circuit. The inductance, some fixed (undesired bias-independent)
capacitance, and a small resistance are due to the metalization grid structure; the
bulk of the capacitance is due to the diode; the bulk of the (undesired) resistance is
a parasitic effect of the diode and its Ohmic contact.

The initial objective of the current effort was the design of the proposed stacked
360 degree reflection phase shifter array [1]. In this approach, an effective load re-
actance of arbitrary value is obtained by the use of two diode grids, each of which
possesses a reactance range of at least -Zg,45 to Zgaas, Where Zg, 45 is the plane wave
impedance of Gallium Arsenide (approximately 105 §2), and the grids are separated
by an odd multiple of A/4.

The capability of the array to control beam transmittance is based on its ability
to be switched, under bias control, between a low and high impedance state. When
the array is biased at resonance, it appears to the beam as nearly a short circuit,
and reflects most of the beam back. When the array is biased far from resonance
(i.e. at high impedance), the beam is affected very little by it. In this case, the beam
transmittance is large.
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The dimensions and doping profile for the monolithic Gallium Arsenide Schottky
varactor diode were determined with the assistance of a finite difference solution
program for Poisson’s equation in one dimension. This provided an estimate of the
diode C-V characteristics. Additional routines were employed to estimate tunneling,
avalanche, and thermionic emission currents. A hyperabrupt doping profile, similar to
that employed by W. Lam [1], was chosen to provide linearity of reflection phase versus
DC bias. Different doping levels were simulated to optimize the capacitance range
and breakdown voltage. A heterojunction barrier, pioneered at JPL for frequency
multiplier diodes, has been incorporated to suppress tunneling current under reverse
bias and thermionic emission under forward bias. The experimental results in this
paper were obtained with arrays fabricated from MBE wafers with the profile shown
in Fig. 1.

Design of the array requires the theoretical prediction of the electromagnetic (grid)
behavior as well as the C-V characteristics of the embedded varactor diode. For the
passive (electromagnetic) design, a simple method of moments analysis has been em-
ployed. This has provided a new model which includes the effect of the discontinuity
of the current at the site of the diode (“grid capacitance”)[12] (Fig. 2). This model
somewhat underestimates the fixed (bias-independent) capacitance at the diode site,
since it idealizes the current discontinuity as that for a “gap” at the diode site when
the diode is (analytically) open circuited. Even so, the capacitive effect was found
to be considerable (5-10 fF for typical array geometries at 100 GHz), and sufficient
to reduce the simulated phase range of the stacked phase shifter from well above
360 degrees (with the “grid capacitance” not included) to a value considerably below
360 degrees (with it included). A rigorous simulation of the C-V characteristics of
the grid would require a three dimensional simulation which includes the effect of
the anode “finger”, absence of dielectric beyond the etched walls of the diode, etc. A
more precise determination of the grid inductance should be possible with the Hewlett
Packard High Frequency Structure Simulator electromagentic analysis program. Such
an analysis may provide a more precise estimate of the grid capacitance.

The grid impedance model and diode model programs were combined and incor-
porated into a quasi-optical (transmission line) circuit analysis program based on
the application of Kirchoff’s laws at the dielectric (and grid) interfaces. Simulations
were performed to determine unit cell and strip dimensions which maximized the grid
impedance range. The grid capacitance effect was suppressed by use of a “rectangular
unit cell”, in which diodes are effectively placed “in series” by spacing them closer
along the axis of current flow. Such a configuration has the additional benefits of
allowing use of a large (easier to reliably fabricate) diode and providing significantly
higher power-handling capability. The one drawback of this design is a somewhat
higher loss, since the effective diode resistance is a/b times the actual diode resis-
tance. The increased size of the diode will partially, but not completely, offset this
effect. A possible alternative for the reduction of grid capacitance is to employ a
narrower metal strip in the vicinity of the diode [13]. This was not feasible for the
current design, since the strip was too narrow to taper.

The simulations provided the optimized unit cell dimensions a=300 pm, b=120
pm, and w=7 um, with diode dimensions of 3 um x 13 um. The diode area assumed
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in the simulations is 26 um?, since the effective diode width after fabrication should
be about 1 pm less than the drawn dimension. Due to the small cell dimensions, the
device count per array is very high, about 12,000 for a full sized (2.5 cm x 1.8 cm)
array. To allow reasonable spacing between wirebonds, the array was layed out so
that each bias line connects to eight contiguous rows of 60 diodes each. Thus, each
bias line connects to 480 array diodes.

As previously stated, the array should show some capability for electronic beam
steering and focusing. The array model cannot predict the extent of these capabilities,
however, since it is applicable only to uniform array operation.

II1. Fabrication and Testing

Array fabrication is based (with some modifications) on the self-aligned Aluminum
Schottky diode process developed by C. Zah for millimeter-wave imaging diodes [4].
Most of the processing was performed at the JPL Microdevices Laboratory, a facility
with state-of-the-art microfabrication capability.

Device isolation was performed, as in [4], by proton implantation, with an im-
plant mask of thick photoresist. A two-step implant of 4z10'*cm=2 at 200 keV and
4z10Mcm=? at 100 keV provided good isolation. However, photoresist edge bead
resulted in the corners of the arrays being unisolated. Several of the arrays were
therefore re-implanted to isolate these areas. However, the capacitance range of the
diodes was greatly reduced after the second implant. It thus appears that some of
the implant penetrates the photoresist mask and into the active device. The arrays
which were not re-implanted had some unuseable areas due to the edge bead problem,
but have proved sufficient for the experimental proof-of-principle testing.

Due to the parallel connection of array diodes, short circuited devices must be dis-
connected from the array. An HP4145 Semiconductor Parameter Analyzer, HP9336
controller, and Electroglas 1034 wafer prober were combined into a system which
allowed automated testing and storage of I-V characteristics for every array device.
Device probing was facilitated by an extra metalization step which creates probe pads
connected to each device prior to grid (bias) metalization. With the short-circuited
devices identified, a microprobe was used to sever their connection to the array. Fol-
lowing final metalization, very few of the bias lines were short-circuited. Therefore,
further identification of short-circuited devices by “hotspot” detection [1] was not
neccessary. Photographs of a single array device and a small region of an array are
shown in Figs. 3 and 4, respectively. The final steps for completion of the array are
the attachment and wirebonding of the array to a printed circuit “bias” board, and
the attachment of bias wires to the board. Series resistors of 220  are added to the
bias wires to prevent damage if an array device becomes short-circuited.

IV. Results
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Millimeter-wave transmission testing was performed with the system shown schemat-

ically in Fig. 5. A small array (1.8 cm x 1.0 cm, 4800 diodes) successfully demon-
strated transmitted amplitude control throughout the W and D frequency bands
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Figure 4: Photograph of a small section of the beam control array. Unit
cell dimensions are 300 um x 120 um. The vertical strips serve as the
“antenna” elements, while the horizontal strips provide bias voltage
to the diodes. The marks on the large rectangular test pads are from
automated device probing.
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(75-170 GHz). Results at 99, 132, and 165 GHz are shown in Fig. 6. Substantial
amplitude control was obtained (except near resonance), despite leakage currents on a
number of the bias lines preventing most of the bias from showing up their associated
sections of the array. In addition to amplitude control under DC bias, the array suc-
cessfully demonstrated low frequency (200 kHz) modulation of a 165 GHz beam (Fig.
7). The modulation frequency was limited by the bandwidth of the detected beam
amplifier. Further testing will be performed to determine the maximum modulation
frequency of the array.

To allow further verification of the grid behavior, a technique has been developed
to obtain the phase, as well as amplitude, of the transmitted beam [11]. The method
involves tilting the incident beam, so that a portion of it is aligned orghogonal to the
operational (“active”) axis of the grid. The orthogonal beam component is employed
as a reference, with the polarization of the transmitted beam providing the relative
phase of the beam in the active versus orthogonal (“passive”) axis. Since the phase
of the passive axis is highly predictable, the absolute phase of the transmitted beam
in the operating axis can be determined by this method. The method was verified
by application to strip arrays, whose theoretical behavior can be well predicted and
compared to the experimental results. The method was then applied to obtain the
transmission coefficient of the beam control array as a function of frequency and bias.
This was done for an 8600 diode beam control array. Estimates of parameters for the
series RLC model of the grid were obtained by varying the parameters until a good
match between the theoretical and experimental transmission curves was obtained.
This provided a fairly precise estimate of grid resistance and resonant frequency fres =
(27+/LC)~1. For the array tested, the grid resistance is approximately 40  over the
entire bias range, and the resonant frequency versus bias is shown in Fig. 8. The
individual value of L (or C) has some range in which the theoretical and experimental
curves agree. This range is centered at an inductance value of L= 160 pH, with the
capacitance ranging from 5.2 fF to 13.9 fF as a function of bias for this value of
L. The results indicate a cutoff frequency for the beam control array f. = ( =
Cz1 )(2rR)~! of about 400 GHz. It appears that both the grid inductance and
capacitance are considerably lower (about 35 %) than predicted. The deviation in
the inductance value is probably due to the idealization of the inductive effect as that
of a uniform (and narrower than actually fabricated) vertical strip. Simulation by the
High Frequency Structure Simulator will provide a more definitive verification of this.
The deviation in grid capacitance is with respect to the values expected based on 1
MHz C-V measurements of sample diodes from the same wafer. This discrepancy
requires further investigation.

Initial reflection tests have been performed for “calibration” devices (strip grids),
with use of a focusing lens [14] and the polarization technique [11]. The phase of the
reflection coefficient has been successfully obtained by this method. Since the grid
parameters of the currently fabricated arrays are largely now known, the reflection
phase shift for a stack of two of these grids can be well-predicted. Predicted results at
128.3 GHz (at which the thickness of the GaAs can be made the desired odd multiple
of \/4), along with the originally simulated behavior at the design frequency of 99 GHz
rescaled to 128.3 GHz, are shown in Fig. 9. The lower than desired Craz/Crmin ratio
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Figure 7: Detected output versus array input voltage for a sinusoidal
modulation of the array at 200 kHz. The lower waveform is the array
bias modulation voltage, whose range was -3V to +1V. The upper
waveform is the detected output from the transmitted beam.
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results in a phase range less than 360 degrees, contrary to the original simulation.
This, however, does not preclude the possibility of beam steering to small angles.
The higher than desired grid resistance results in a reflectance which is lower and is
much more variable over the bias (phase) range. A preliminary attempt at steering
of a transmitted beam with the current array was unsuccessful. This may be due
to an inability of the grid to produce the strong amplitude variation with position
associated with the desired phase distribution. Since steering to a fixed angle has
been successfully demonstrated by a (low-loss) passive grid [15], the beam control
array’s ability to steer a reflected beam is likely to be governed largely by the grid
loss as well as phase shift range. To obtain higher performance for the beam control
functions, new arrays are being fabricated which should possess a larger Cnaz/Cimin
ratio and Ohmic contact resistance. In addition, we are considering the stacking
of a large number of arrays of the current design and operating them in the high
impedance region to accomplish transmitted beam steering.

V. Conclusions

A “second generation” millimeter-wave beam control array device has been con-
structed. This array has successfully demonstrated a new function by a millimeter-
wave quasi-optical array, that of beam transmittance control. Phase of the trans-
mitted beam has also been measured by a newly-developed technique. Reflection
measurements, which will test the arrays as phase shifters, beam steerers, and beam
focusers, will be performed soon. In addition, new arrays with a modified doping
profile for higher C,.., and lower resistance are being fabricated. These “higher per-
formance” arrays should provide, for example, a greater “contrast ratio” (maximum
to minimum transmittance) when the array is operated as a beam modulator.

New array designs have been initiated for high-speed (under 200 psec) electronic
and optical beam control. For electronic control, the bias lines of the beam control
array are being designed to function as high-speed guided-wave paths. For opti-
cal control, monolithic arrays of photoconductive switch devices are being fabricated.
New concepts for barrier varactor photodiodes are under study for application toward
optically-controlled modulator and beam steering arrays. High-speed beam switch-
ing arrays have immediate application in plasma diagnostic reflectometry, and have
potential additional application for such functions as electronic input beam chopping
in high-speed imaging systems. Longer term possibilities include exciting possibilities
such as amplifying beam steeres with two-axis scan control.
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Abstract

A detailed study of monolithic InP-based HEMT oscillators for subterahertz
operation is presented. InAlAs/InGaAs HEMT’s have been optimized for high
frequency operation and showed very high maximum oscillation frequencies (f,,,,)
of 310 GHz using offset self-aligned TI'-gate technology. Power characteristics of
HEMT oscillators are reported. An oscillation power of more than 10 mW was
evaluated by large-signal analysis at 320 GHz using HEMT’s with f,.. = 450
GHz, Vi, = 10 V and a gate width (W,) of 8 x 22.5 pm. Oscillator topology
studies showed that complex feedback schemes such as dual and active feedback
enhance the negative resistance. Push-push oscillator designs based on harmonic
signal generation can finally be used to overcome the frequency barrier imposed by

fmax'

1 Introduction

InAlAs/InGaAs HEMT’s have shown excellent high frequency characteristics and
operation capability as discrete devices. A current gain cut-off frequency (fr) of 305
GHz [1] and a maximum oscillation frequency of 455 GHz have been reported using
heterostructures of this type [2]. These very encouraging discrete device results indicate
that InP-based HEMT’s can be used to realize monolithic circuits with operation

frequency well into the millimeter-wave region. A number of such monolithic integrated

*Work supported by NASA under contract NAGW-1334
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circuits have recently been demonstrated by the authors. These include monolithic
HEMT mixers at 94 GHz showing conversion gain of 1 dB [3] and HEMT doublers
at 180 GHz with a conversion loss of 6 dB [4]. Monolithic HEMT oscillators also have
been realized by the authors up to W-band showing more than 1 mW power with devices
having 36 um gate periphery [5].

Another possibility opened to HEMT technology is its use for space-based remote
sensing and radiometry, where fundamental sources are required to operate above 100
GHz. A first detailed study concerning the power characteristics and the upper frequency
limit of InAlAs/InGaAs HEMT’s when used as oscillators, has recently been presented
by the authors [6]. This paper provides further details on related issues of HEMT use for
signal generation. It addresses first the ways of further optimization of InP-based HEMT
technology in view of obtaining enhanced f,,,, performance (Section 2). Power and
frequency characteristics of monolithic oscillators evaluated with the help of a large-signal
analysis are presented in Section 3. Finally, specific designs and topologies of 160 GHz

fundamental monolithic HEMT oscillators are discussed in Section 4.

2 Device Optimization for High £,

A very high f,,,; of several hundred gigahertz is necessary to guarantee the device
operation as oscillator at millimeter-wave frequencies. Optimization for high f,,, can
be achieved by reducing the parasitic resistances and capacitances of the HEMT. The
parasitic source resistance (R;) consists of two parts : one coming from the contact region
(R.) and the other from the ungated region between the gate and source. In an attempt
to minimize the ungated region resistance, a self-aligned gate technology has been applied
to InAlAs/InGaAs HEMT’s [7]. The ungated region between source and gate has been
reduced in this case to less than 0.2 um and the source access resistance was minimized,

resulting in a very high extrinsic fr of 250 GHz. Although f,,,. is directly proportional to



Page 60 Third International Symposium on Space Terahertz Technology

v Y%
-~

Lgs=0.2um Lg Lgd (variable)
(constant)

Figure 1: Schematic view of the self-aligned offset I' gate HEMT

fr, it was limited in this case due to the high output conductance (Gg;) and gate-to-drain
capacitance (C,q); this was caused by the proximity of the gate and drain making G,
and C,zq higher than in HEMT’s fabricated by conventional technology.

A better insight to the problem can be obtained by examining the f,,,, expression

which is given by [8]:

fmax GdS Rs + Rg ‘l’ Ccyd Ccrd 2 1
= 4 mBi + ———— ——==(1+25=-)(1+ G R, '
o UG, Ot e TR e, IR, L G R

It is obvious from Eq. (1) that a high f,../fr ratio can be achieved by increasing both
Cys/Cyaq and G, /Gys. These two ratios are related to L,q/Lys, where L, is the distance
between gate and source, and L4 is the distance between gate and drain. L,q/L,, can be
increased by offsetting the gate instead of placing it at the center of the source-to-drain
region. The novel self-aligned offset I'-gate developed by the authors [9] and employed
in the analysis presented here, allows one to satisfy these requirements. An additional
feature of this approach is that L,y and Ly, can be controlled much more accurately in
this way than in processes where the gate has to be offset aligned between two ohmic

contacts. Various L,4 values ranging from 0.2 pm to 0.6 um were employed while L,



. Third International Symposium on Space Terahertz Technology Page 61

Figure 2: SEM photograph of self-aligned offset I'-gate (L,q = 0.6 um)

was fixed at 0.2 gm as shown in Fig. 1.

The devices were fabricated following the self-aligned process described in [9]. The
SEM photograph of the completed gate after the ohmic metal deposition is shown in
Fig. 2. The highest f,,,, values were obtained with L,; = 0.4 gm and the corresponding
microwave results are shown in Fig. 3. fr is in this case around 150 GHz and f,,,, is
greater than 300 GHz. By increasing L,y further, the value of f,,,,/fr increases due to
the higher C,,/C,; and G,,/Gys ratios. However. the magnitude of fr becomes smaller
with L,q due to the increased gate length and source-to-drain spacing. The increase of
fnae/fr ratio with Ly is thus compensated by the decrease of f7 and the maximum f,,,,
occurs for Lgg = 0.4 pm.

Further f,,., optimization is expected by reducing the gate length of the devices which
had large offsets; due to the increased number of line scans for highly offset gates. the

gate length becomes larger than in the case of the symmetric/centered realizations. This
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Figure 3: Microwave data of offset self-aligned InAlAs/InGaAs HEMT’s (Lgg = 0.4 pm).
The results show an fr of 150 GHz and an fn,., of 310 GHz, corresponding to a high

frnaz/fr ratio of 2.0

drawback can, however, be eliminated by a better optimization of the doses used for the

footprint and side lobes of the gate.

3 Evaluation of Oscillator Characteristics Using
Large-Signal Analysis

The design of high frequency oscillators is generally based on either small-signal S-
parameters or measured large-signal S-parameters. The small signal S-parameters predict
the initial conditions necessary for oscillation build up. However, the steady-state oscilla-
tion condition can not be accurately predicted from small-signal S-parameters. Designs
using measured large-signal S-parameters present also certain difficulties arising from

measurement accuracy and differences between measured and simulated conditions.



Third International Symposium on Space Terahertz Technology Page 63

G(jo,A)
O d O

Amp v
cir
Ideal
Coupler
Feedback
H(jw) v
ref

Figure 4: The schematic circuit setup for the large-signal oscillator analysis

An all frequency-domain large signal oscillator analysis method has been developed
in view of evaluating the HEMT potential as oscillator. It employs small-signal
S-parameters and a harmonic balance routine with 2-D interpolation functions. The
method predicts the operation frequency, output power and optimum load termination
conditions.

A special circuit set-up is used to perform the large-signal oscillator analysis (Fig. 4).
[t consists of an amplifying unit and frequency-selective feedback loop together with an
excitation signal. The HEMT is used in common source topology and is considered as an
amplifying unit with power-dependent gain saturation characteristics. An ideal coupler
is placed between the amplifying unit and feedback loop to initiate and monitor the
oscillation (V). The excitation signal (V,.s) is increased from a small signal level until
the gain of the HEMT saturates and the steady-state oscillation condition is reached.

The large-signal oscillator analysis method has been applied to study the oscillation
power dependence on the termination impedance of common source InAlAs/InGaAs

HEMT oscillators. The simulation results are shown in Fig. 5 for a HEMT with 2
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Figure 5: The oscillation power dependence on the termination impedance at various
frequencies for a HEMT (L, = 0.1 gm) with f,,,, = 200 GHz and gate periphery of 2 x

45 pm

x 45 pm gate periphery and f,,,, of 200 GHz. The analysis shows that an optimum
output power level is obtained when the load impedance is of the order of 1/2 to 1/
of the small signal negative resistance at frequencies which are sufficiently away f{rom
fnaz. At very high frequencies, the load impedance determined by the above criteria is
reduced to very small values (below 5 Q) which are difficult to implement in monolithic
form. This termination load requirement sets the practical limit of upper frequency at
which the oscillator circuit can be implemented. These effects were studied and design
criteria were established on the basis of practical realization constraints imposed by load

terminations which should exceed 5 .

The available power was evaluated at different frequencies using optimum termination
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Figure 6: Power delivered by InAlAs/InGaAs HEMT oscillators as a function of
frequency, gate periphery (W,), maximum frequency of oscillation (f,...) and breakdown
voltage (Vi)

conditions. Three parameters are used for the simulation: gate periphery (W,).
maximum frequency of oscillation (f,.;) and breakdown voltage (V,,). The results are
shown in Fig. 6. The oscillation power decreases first slowly and shows a more dramatic
degradation at high frequencies close to f,;. This corresponds to the degradation of
maximum available gain (Gnm,.) and negative resistance (Rn,) at high frequencies. The
reduced R,e, imposes a smaller value of termination load with the result of less power
delivered to the load. The overall characteristics suggest that generation of reasonable
power levels is feasible up to a frequency of 2/3 of f,,,. From Fig. 6, it is obvious that
a higher f,,, ensures large oscillation power for a given frequency. More than 15 mW

of output power can be expected up to 300 GHz out of 0.1 um HEMT’s with eight 22.5
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pm gate fingers assuming an f;q, of 450 GHz and V,, of 10 V. This prediction doesn’t
include any parasitic effects coming from mismatches, losses of transmission lines and
source grounding.

Fig. 6 also shows the characteristics of devices with different gate widths in view of
studying the effect of gate periphery on the output power level. Larger devices provide
higher oscillation power, but they are harder to implement in oscillator circuits. This
is due to their lower induced negative resistance, which implies the need for very small
termination impedance. As a result, the oscillation power degrades fast at the high
frequency end of operation bandwidth. A compromise has consequently to be made |
between the oscillation power and ease of realization when choosing the device periphery.

Another important parameter in the oscillator evaluation is the breakdown voltage.
A higher breakdown voltage allows one to bias the transistor at larger drain bias and
thus to apply higher DC power to the device. The RF power generated from the
device is proportional to the DC power and increases consequently with higher Vy,.
Under conditions of optimum biasing for power, the maximum voltage swing is ~
Vir/2. By increasing the breakdown voltage of the HEMT’s from 3 V to 10 V, it was
found that the RF power increased by approximately 6 dB. Breakdown improvements
in InAlAs/InGaAs HEMT’s have recently been reported by Matloubian et al [10] and
validate this assumption. Further work is, however, necessary to justify this possibility,
especially at millimeter-wave frequencies. Similar improvements can also be made by
increasing the current density of the device and may be even easier to achieve in
InAlAs/InGaAs HEMT’s with the help, for example, of multi-heterojunction designs
[11].

It should finally be noted that the simulation results in Fig.6 were obtained using
a simple series feedback topology and the evaluated oscillation power values do not
therefore necessarily reflect the maximum power capability of the devices.

Overall, the HEMT’s can be optimized for generation of adequate power levels at



Third International Symposium on Space Terahertz Technology Page 67

0.0

b\ a L 1
s g--0-2 " F e
o 0--o-0- o o 2 g
Single Series
T -50.0 F - Feedback
S ?
§ i Active
S Feedback
2-100.0
R ?
q) K
2
T
& i Dual
-150.0 |
= i Feedback
-200.0 L ' - ' -

154 156 158 160 162 164 166 168 170
Frequency (GHz)

Figure 7: Comparison of negative resistance for three different feedback schemes: 1)
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choice of appropriate gate periphery.

4 Circuit Topologies for Subterahertz Monolithic
HEMT Oscillators

As already discussed earlier on, the negative resistance available at subterahertz
frequencies is usually rather small. Furthermore, the induced negative resistance is
present over a narrow frequency range especially when the oscillation frequency is close
to the f,,; of the device. The availability of small negative resistance values make the
design task very difficult. Therefore, appropriate topologies have to be selected such that

the negative resistance can be maximized over a wide frequency range.
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Figure 8: Equivalent circuit schematic of active feedback oscillator for subterahertz
application

Dual feedback schemes can be used to improve R,., over a narrow frequency range. In
addition to the series feedback element from source to ground, a parallel feedback element
can be inserted between the gate and drain. The negative resistance of this topology is
compared with that of single series feedback topology in Fig. 7. As shown in this figure,
dual feedback circuits provide the possibility of obtaining larger negative resistance.
However, the negative resistance is present over a narrower range of frequencies than
in the case of single series feedback circuits.

The active feedback approach is another alternative for designing oscillators with
devices of small R,.,. It uses a small FET as a phase shifting element between the
gate and drain (see Fig. 8). Since the feedback loop is provided by active rather than
passive elements, the feedback phase shift is fairly independent of frequency and therefore
oscillation is guaranteed over a wide range of frequencies. This can be verified from
Fig.7. Furthermore, the active feedback approach is less sensitive to the parasitics coming

from passive elements and interconnects because it does not strongly depend on passive
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Figure 9: Equivalent circuit schematic of push-push feedback oscillator for subterahertz
signal generation

circuitry for inducing the oscillation. It is therefore very suitable for high frequency
circuit applications, where accurate modeling of passive circuit elements is not really
available.

Another very interesting topology is the push-push configuration. The circuit
schematic is shown in Fig. 9. It consists of two subcircuits combined in push-push
arrangement. Each circuit oscillates at half the output frequency. The second harmonics
are here combined in phase at the output terminal, while the first harmonics cancel
each other. This configuration has the advantage of essentially doubling the operation
frequency of the discrete devices. Thus, the circuit may operate beyond the frequency
limit imposed by fna.. This topology also, provides the possibility of lowering the
phase noise because all the odd harmonics and associated noise are canceled at the
output. Good balance between the two subcircuits has to be maintained for the successful
operation of this circuit, but mutual interaction between the two devices is expected to

make this requirement less stringent. Monolithic technology provides additional means
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of achieving perfect balance. The monolithic push-push HEMT oscillator is therefore a

very promising candidate for satisfying the needs for subterahertz signal generation using

HEMT’s.

5 Conclusions

The use of submicron InAlAs/InGaAs HEMT technology has been discussed in view
of the possibility of realizing subterahertz oscillators. InP-based HEMT’s have been
optimized for this purpose and showed very high f,.,, of 310 GHz using offset self-aligned
[-gate technology. A gate-to-drain separation of 0.4 um was used in these devices.

A large signal modeling method has been developed and applied to the evaluation of
power characteristics of HEMT oscillators. The optimum termination loads have been
found to be 1/4 - 1/2 of the small-signal negative resistance of the devices. Upper
frequency limit criteria have been established and indicated the feasibility of signal
generation up to ~ 2/3 of the f,,; of the device. The large signal analysis has also
been used to evaluate the oscillation power of HEMT oscillators in the subterahertz
region. The use of HEMT’s with f,,., = 450 GHz, V,, = 10 V and W, = 8 x 22.5 um
should allow an oscillation power of 15 mW at 320 GHz.

The topology study of subterahertz oscillation has shown that enhanced negative
resistance can be obtained by using complex feedback schemes such as the dual feedback
and active feedback scheme. The frequency barrier imposed by f,,,- can be overcome by

harmonic oscillation operation as for example in the case of push-push oscillators.
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ABSTRACT

Whisker-contacted GaAs Schottky barrier varactor diodes are the most common high-
frequency multiplier element in use today. They are inherently simple devices that have very
high frequency response and have been used to supply local oscillator power for Schottky
heterodyne receivers to frequencies approaching 700 GHz. This paper discusses the
development of improved varactor diode technology for space based applications at

millimeter and submillimeter wavelengths.

I. INTRODUCTION

Whisker contacted GaAs Schottky varactor diodes are presently in use to supply local
oscillator power at frequencies as high as 700 GHz for ground based and airborne
applications [1,2,3]. These diodes are also used in the Microwave Limb Sounder on NASA’s
Upper Atmosphere Research Satellite which is now monitoring global ozone depletion [4].
Although these devices have proven to be quite useful, there is great interest in developing
technologies that are more mechanically robust, have higher operating frequency and have
the potential to generate greater amounts of power. This paper will review recent work at the
University of Virginia on multiplier elements. This includes both the development of planar
Schottky varactors and investigation of new devices that have the potential for improved

performance.
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Section II will review our first attempt to fabricate a planar varactor diode for use at
millimeter wavelengths. The preliminary design is presented and the limitations of this
structure are considered. A next generation device is then proposed. It is hoped that this new
device will become a standard replacement for a very successful and commonly used
whisker-contacted varactor diode (U.Va.-6P4). Through development of this device we hope
to demonstrate the potential of planar varactor technology and investigate the factors that

will most seriously degrade planar varactor performance at high frequency.

We are developing varactor diodes for a multiplier chain to 1 THz. This system will
incorporate two doublers (80 to 160 GHz and 160 to 320 GHz) and a tripler (320-960 GHz).
The doublers will use multiple diodes integrated on a single chip to enhance power handling
ability. These chips are designed to be used in a balanced doubler developed by Erickson

[5]. The prototype doubler design and some preliminary results are presented in section II1.

The tripler to 1 THz will be extremely challenging. Fortunately there is a great deal of
effort being expended world-wide on new varactor structures which may be useful for this
work. In section IV we will consider a variety of possible technologies, with special
emphasis on an integrated 3—doped varactor diode pair and consideration of the new

heterojunction barrier varactors. Section V is a brief summary of this work.

II. DEVELOPMENT OF A PLANAR VARACTOR TECHNOLOGY

As a first step in the development of planar varactor diodés we will fabricate planar
devices to replace two commonly used whiskered diodes. These are the 6P4 diode, which is
commonly used for doubling in the millimeter wavelength range, and the 2T2, which is used
to double and triple at submillimeter wavelengths. The parameters of both of these devices

are listed in Table I. The primary electrical benefits of the whiskered diode technology is the
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low shunt capacitance of the whisker and the ability of the diode user to tune the whisker

inductance to optimize performance.

A scanning electron micrograph of a prototype planar varactor is shown in Fig. 1a. The
surface channel fabrication procedure has been described previously [6,7]. The nominal
parameters for this diode, designated SC6T1, are also listed in Table I. This diode was
designed as a replacement for the 6P4 diode, however, there are two problems. First, series
resistance is substantially higher than the 6P4’s and second, the planar diode has a parasitic
shunt capacitance of 12 fF which is unacceptably high. As might be expected, preliminary

RF measurements have been disappointing. The excess series resistance is due to the use of

Table I: Schottky Varactor Diodes
Epitaxial Epitaxial Zero-bias  Minimum
Anode Layer Layer Series Junction Junction Breakdown
Diameter Thickness Doping Resistance Capacitance Capacitance Voltage
Batch  Type (1um) (Um)  (cm™) (D) (fF) (fF) (V)
6P4 Whiskered 6 1.0 3x1016 9.5 20 55 20
2T2 Whiskered 2.5 0.59 1x10"7 12 5.5 1.5-2.0 11
SC6T1  Planar 6.2 1.3 2x101'6 20 20 4 30

S.I. GaAs
60 um
30 H
um :
[ - J -
50-150 um ’
SL GaAs

Fig. 1. a) A prototype planar varactor diode. The surface channel technology is used to
achieve isolation between the contact pads [6,7]. b) A sketch of the second
generation device which has smaller contact pads and variable finger length.
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an epitaxial layer that is too thick and too lightly doped. Although this epitaxial layer yields a
higher breakdown voltage, the penalty in Ry outweighs this benefit. Since the fabrication of
the SC6T1, new material has been obtained and diodes with characteristics closer to those of

the 6P4 will be fabricated.

The increased shunt capacitance of the planar diode is a serious problem. This
capacitance is due primarily to the fringing field between the contact pads through the high

dielectric constant GaAs substrate. To reduce this capacitance there are three options:
1) Reduce the pad dimensions,
2) Increase the pad separation (and therefore the finger length), and/or
3) Use a substrate with a lower dielectric constant.

The first two improvements will be implemented in our next generation device, as shown in
Fig. 1b. The primary limitations on pad dimensions are the ohmic contact resistance and the
need to make a reliable solder contact. Although the proposed pad width of 30 um is about
the minimum size that most users feel comfortable soldering to, it is clear that if smaller pads
will lead to better performance, users will develop more elaborate soldering techniques.
However, the minimum pad size is also limited by our ohmic contacts. We use SnNi/Ni/Au
plating for our standard ohmic contact and reliably obtain resistivities of 107> Qcm? or
slightly less. Thus, a 30 pm x 30um pad should have roughly one ohm of contact resistance.

Smaller pads will require a significantly improved ohmic contact technology.

The new mask set will have several finger lengths, from 50 - 150 um. This will allow
evaluation of RF performance as a function of pad-to-pad capacitance and finger inductance.

It is expected that one specific finger length will give optimum performance in a given
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multiplier mount at a given frequency. Thus, we expect that detailed RF evaluation of these

devices will yield important guidelines for future chip designs.

The use of a quartz substrate for planar Schottky diodes has been demonstrated for
mixer applications [7]. This has led to significant reductions in shunt capacitance which may
be important for multiplier applications. However, the thermal properties of the GaAs
Schottky diode on quartz are not well understood, and we have noticed that mixer diodes on
quartz substrates are more likely to show signs of heating effects than equivalent diodes on
GaAs. Since the removal of heat from the varactor diode is particularly important, it is not
clear if quartz substrates will yield an overall performance benefit. Our next batches of
planar varactors will have GaAs substrates. However, we also hope to investigate quartz and

perhaps sapphire substrates in the near future.

ITI. INTEGRATED SCHOTTKY VARACTORS FOR BALANCED DOUBLING

The first step in the proposed multiplier chain to 1 THz is a doubler from 80 to 160
GHz. Since there are sources available that can deliver large amounts of power at 80 GHz,
our goal is to develop a doubler that is fairly efficient, but, more importantly, can handle
large input powers. With this goal in mind, a planar chip was designed based on the balanced
doubler configuration of Erickson, which has generated up to 25mW at 160 GHz using two

whisker contacted diodes [5].

One benefit of the planar diode technology is the ability to integrate several diodes on a
chip to increase power handling ability. For example, when two diodes are placed in series
their individual areas can be doubled in order to maintain the same total series resistance and
junction capacitance as a single device. However, the series pair will have twice as much

reverse breakdown voltage. The increased area and breakdown voltage will yield improved
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power handling ability. Two scanning electron micrographs of our prototype are shown in

Fig. 2. The chip consists of four varactor diodes, two for each leg of the balanced doubler.

The design parameters and dc characteristics of the prototype balanced doubler chips
are shown in Table II. Our goal was to achieve a reverse breakdown voltage of 20V for each
anode. Also, the anode diameters of 10 and 12 pm were chosen to achieve zero-bias junction
capacitances of 40 and 60 fF per anode. As is seen in the table, the first batch had excessive
series resistance and extra breakdown voltage. This is due to the low doping density and
thickness of the epitaxial layer. For the second batch this problem was corrected at the cost
of reduced breakdown voltage. However, this trade-off is expected to yield significantly

improved RF performance.

The capacitance-voltage (C-V) curves for a single diode and a diode series pair are

shown in Fig. 3, indicating the increased breakdown voltage of the diode pair.

Preliminary RF tests for the first prototype balanced doubler were performed by Dr.
Erickson at the University of Massachusetts and the results are presented in Table II. These

initial results are quite encouraging, but not yet competitive with the whiskered-diode

Fig. 2. SEM photographs of the prototype balanced doubler to 160 GHz.
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Table II: Prototype Balanced Doubler Chips
DC Characteristics
Epitaxial Epitaxial Pair Pair
Layer Layer Anode Series Breakdown
Batch  Thickness Doping Diameter  Resistance Voltage
# (um) (cm™) (um) (2) %)
1 1.3 1.8x10'° 10 20 45
2 1.2 2.5x10'° 10 14 35
Preliminary RF Data'
Input Output Input Output
Batch Freq. Freq. Power Power Efficiency
# (GHz) (GHz) (mW) (mW) (%)
1 82 164 55 3 6
1 82 164 100 6 6
T Preliminary RF data supplied by N. Erickson, University of Massachusetts.
Measurements have not been performed with batch #2.

Cd (fF)

10

T
10

30
Reverse Voltage

Fig. 3. C-V Characteristics of the prototype balanced doubler chip for a single varactor

diode (dotted), a diode series pair (solid) and for a single diode with anode-to-
pad connection to eliminate the pad-to-pad shunt capacitance (dashed).
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results. Two changes in the chip design are planned to improve performance. The first is the
increase in epitaxial layer doping to reduce series resistance, as was achieved with batch #2.
The second is the reduction of pad-to-pad capacitance. The importance of this is
demonstrated by the third curve (dashed) in Fig. 3. This curve was measured from the anode
to ohmic contact pad on a diode that had no finger, and therefore does not include the pad-
to-pad capacitance. This curve has much greater modulation and much lower minimum
capacitance. This clearly demonstrates that the pad-to-pad capacitance is having a major
effect on performance. The shunt capacitance of future chips will be reduced through a

redesign of the contact pads and possibly through the use of quartz substrates.

Once the first stage multiplier has been optimized, the next step is to design a chip for
the doubler to 320 GHz. Since the second stage will not have to handle as much power as the
first, we will be able to trade-off some power handling ability in order to increase cut-off
frequency. It is expected that the optimum diodes for this stage will have smaller anodes and
higher epitaxial layer doping density.

There is much work to be done on the integrated balanced doublers. However, the
prototype devices have yielded encouraging results, and the improvements necessary to
increase performance are clearly defined. Thus, we expect to achieve significantly improved
output powers at 160 GHz in the near future. Also, the lessons learned on the first stage
doubler will be applied to the second stage, so that development of the higher frequency

chips should progress more rapidly.
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IV. POTENTIAL VARACTORS FOR TRIPLING TO 1 THZ

The development of a tripler to 1 THz is an extremely challenging task. Fortunately
there are several device technologies that may yield suitable performance. We have chosen
to investigate five of these, each of which is discussed in the following sections. The
whiskered Schottky and planar Schottky are considered briefly and the new two-
dimensional-electron-gas/Schottky (2-DEG/Schottky), which is considered in detail in a
separate paper, is also only briefly overviewed. The other two technologies, the integrated

d—doped varactor pair and the heterojunction barrier varactor, are considered in more detail.

A. Whiskered Schottky Diodes

The most likely candidate for the first successful tripler to 1 THz is simply a standard
whisker contacted Schottky varactor. The 2T2 diode has already been successfully used in
triplers to 500-700 GHz and can probably be extended to the THz range. However, the
efficiency will certainly be decreased and it is not clear how much output power will be
achieved. A more optimized diode can probably be developed, perhaps with slightly higher
doping density and smaller diameter. Although this technology appears to be reaching
fundamental limitations [8], it should continue to be pursued because the probability of some

level of success is high.

B. Planar Schottky Varactors

There are two advantages of using a planar Schottky device; the elimination of the
fragile whisker contact and the opportunity to use several integrated diodes to increase power
handling ability or achieve a more beneficial C-V characteristic. The drawback is the
increased shunt capacitance that is inherent in the planar diode. There are several areas that

must be researched. As discussed previously, these include the redesign of the contact pads
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and anode finger, and the use of low dielectric constant substrates. Also, the potential use of
two Schottky varactors in an anti-series combination to achieve a symmetric C-V
characteristic may have substantial benefits for tripling applications. It is not yet clear if
planar Schottky technology will be useful at 1 THz, however we hope to answer many

important questions through our development of planar diodes for lower frequencies.

C. The 2-DEG/Schottky Diode

This device consists of a metal contact to the edge of a two-dimensional-electron-gas
(2-DEQG) formed at a heterointerface. The capacitance is between the Schottky metal and the
undepleted portion of the 2-DEG. The voltage on the Schottky metal modulates the depletion
depth in the 2-DEG, thereby varying the capacitance. This device should benefit from
increased electron mobility and perhaps higher electron saturation velocities compared to
bulk devices. This may lead to significantly improved high frequency performance. Also,
this is an inherently planar device. Prototype diodes have demonstrated excellent capacitance
modulation and high reverse breakdown voltages. This new device is discussed in greater

detail in a separate paper [9].

D. An Integrated 6-Doped Diode Pair

A design for a planar chip with two integrated 8-doped varactor diodes in a back-to-
back configuration is shown in Fig. 4. The symmetric C-V characteristic of such a diode pair
will yield significant benefits for tripler applications since an idler circuit at the second
harmonic is not needed. The &-doped diodes have been shown to have a sharp C-V
characteristic [10,11]; which is a significant advantage at high frequencies since the available

input power is quite low.
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The planar tripler has been designed to produce a capacitance ratio (Cpax/Cpin) of 2.5,

with an estimated cut-off frequency of 6 THz. The material structure is described in Table

III. The mask set and epitaxial material for this device are now being purchased.

E. Evaluation of the Heterostructure Barrier Varactors

In 1990 Rydberg et al. demonstrated that a thin layer of high band-gap material

sandwiched between two thicker layers of low band-gap material could yield a symmetric

C-V characteristic that is ideal for tripler applications [12]. This Quantum (or

Heterostructure) Barrier Varactor (QBV or HBV) has promise for high frequency multiplier

applications, and is now being investigated by several groups. The goal of our investigation

60 um : S0-150 um |

.

30
um

S.I. GaAs

S.I. GaAs

)

Fig. 4. A sketch of the proposed integrated 8-doped varactor pair. The finger length will
be variable on the mask set and the anode spacing has not yet been determined

Table III: Epitaxial Material for the 3-doped Diode Pair
Layer Doping Thickness
Type Density (Lm)
N GaAs <1x10'% cm™ 0.05
Si atomic layer 3.4x10'% cm™ -
N GaAs 2x10'7 cm™ 0.13
N* GaAs >3x10'® cm™ 3.0
Al,Ga;_, As etch stop undoped (x20.5) 2.0-2.5
GaAs substrate S.I. -
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is to determine if HBVs offer significant improvement over standard Schottky technologies,
and, if so, to demonstrate such improvement. To determine the potential of these devices we
will discuss the design of HBVs that have characteristics similar to the state-of-the-art

whiskered varactors whose characteristics were presented in Table 1.

A schematic band diagram of a zero-biased single barrier GaAs/AlGaAs/GaAs HBV is
shown in Fig. 5a. When a voltage is applied to the device a depletion region is created on
one side of the barrier which increases in length as the voltage is increased. The capacitance

of this device is approximated as

A
Xp/ep + Xp,total/EM
where A is the device area, € is the permittivity of the barrier (B) and the modulation region

9]

(M) materials, Xp is the barrier layer thickness and Xp oy is the total depletion layer
thickness on both sides of the barrier as a function of voltage. The maximum capacitance
can be as high as eg A/Xp if there is negligible depletion in the modulation layers at zero-
bias. The series resistance for a single barrier HBV, including spreading, epilayer and ohmic

contact resistance, is estimated as

1 2Xm  Rc
Ris = Ripr + Ryepi + Ryoc = >dos + Y o ()

where d is the anode diameter, ¢ is the conductivity of the s‘ubstrate (S) and epilayer (E)

materials, Xy is the length of the n-type modulation regions, and R, is the specific resistivity
of the ohmic contact. It is important to note that the device area affects not only the junction
capacitance, but also the resistance of the ohmic contact. Therefore, although we can reduce
the junction capacitance by shrinking the device area, this is not beneficial unless the ohmic

contact resistivity, R., is low enough so that the third term in (2) remains negligible. For this
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study we will assume a specific contact resistivity of 107/ Qcm?, which is consistent with

the best contacts reported in the literature.

An important parameter for all varactor diodes is the voltage at which the conduction
current becomes significant. For a standard Schottky varactor, impact ioni;ation in the
depletion region determines the reverse breakdown voltage and thermionic emission over the
Schottky barrier determines the forward conduction current. For the HBV either thermionic
emission or avalanche breakdown can play the critical role, depending on the device
parameters. Figure 5b shows an HBV band diagram with voltage applied, with a depletion
region on one side of the barrier and an accumulation region on the other. As the HBV is
biased, the accumulation region grows and therefore the effective barrier height, given by
AE; —qV 4, decreases. Simultaneously, the electric field strength in the depletion region
grows. Whether avalanche breakdown or thermionic current occurs first depends primarily

on the conduction band discontinuity AE, and the band-gap in the modulation region.

We would like to have a method to compare HBV diodes to standard varactors. A
simple computer model was developed in order to simulate the operation of the HBV under

applied bias. The simulation assumes that little current flows through the device, and
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Fig. 5. The band-diagram of a simple Heterostructure Barrier Varactor (HBV), a) zero-
bias and b) bias applied.
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calculates the quasi-equilibrium band diagram for different bias levels. The approximations
developed by Delagebeaudeuf et al. [13] are a relatively standard method to analyze a 2-
DEG at a heterostructure interface. For our case, these approximations were extended to
include additional energy levels due to the high doping density in the 2-DEG region. The
most crucial parameter to estimate is the maximum voltage that can be applied before
conduction current begins to degrade the multiplier efficiency. For this discussion we will
assume that impact ionization becomes important at the voltage where the electric field
strength exceeds a critical value. Since there is no experimental data from which to estimate
the critical field of HBVs, we have assumed that the critical field will be similar to that of
GaAs pn junctions [14]. For devices dominated by thermionic emission, the maximum
voltage was assumed to be that voltage at which
AE;. — qVy = nkT, 3)

and we have assumed a value of n=5 for this study.

For GaAs/AlGaAs devices the value of AE is rather small (AE.=0.35 [15]) and
thermionic emission becomes important before impact ionization. Simulations show that for
low doping levels (less than about 106 cm™) these devices can have a maximum voltage
comparable to a standard Schottky varactor, however, R, will be extremely large.
Increasing the doping level decreases Rep;, but also decreases Vpax, which indicates that
single barrier GaAs/AlGaAs HBVs will have less power handling ability than standard
Schottky varactors. There are several possible solutions to this problem, two of which will be |
considered in this paper; epitaxial stacking of barriers and the use of different material
systems. Epitaxial stacking divides the applied voltage among several barriers, thus

increasing the maximum device voltage. For an HBV with N barriers, VN max = N'V{ nax.
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As N is increased, it is best to increase the device area in order to maintain reasonable values
of junction capacitance and modulation layer resistance. Assuming that the area is increased
proportionally to the number of barriers, the series resistance of an N barrier HBV can be

expressed as,

1 N+ 1 1
R =——1R + — .
N,s — T\1,spr N

This equation shows that the increase in area has the important effect of reducing the

Ry, oc- 4)

spreading and ohmic contact resistances. In fact, without using multiple barriers it would be
impossible to fabricate an HBV with reasonable capacitance and series resistance unless the

ohmic contact resistivity is exceptionally low.

Other material systems can have significantly higher values of AE.. For example, the
InGaAs/InAlAs system can yield barriers of near 0.8 eV, while the GaAs/GaN system allows
0.9 eV barriers. The computer simulation indicates that the maximum voltage in both of

these material systems is limited by impact ionization, rather than thermionic emission.

In the following paragraphs, the simulation results for single and multiple barrier HBVs
are discussed for the previously mentioned material systems. In order to compare the HBVs
with the 2T2 and 6P4 varactors, barriers are added until V., is greater than that of the
standard varactor. The area is then chosen so that C.;, of the HBV is the same as the
standard varactor. A common varactor figure-of-merit used in our comparisons and listed in

Table IV is the dynamic cut-off frequency, given by [16]

£ 1/Cmm - 1/Cmax
- 2R ’

where C,x and Cp,;, are the maximum and minimum device capacitance.

o)
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GaAs/AlGaAs: Figure 6 shows the simulation results for GaAs/AlGaAs HBV’s. As the
modulation doping density is increased, more barriers are needed to achieve the desired
maximum voltage and the series resistance is reduced due to the increase in both og and
device area. Table IV gives examples of GaAs/AlGaAs HBV’s with V., Cnin and R
similar to the 2T2 and 6P4. However, the HBVs will have the added benefit of a symmetric

C-V curve.

InGaAs/InAlAs: With the InGaAs matched to InP (i.e. 53% In), Ing3, Al cg As will give a
AE, of about 0.8 eV with a 1% lattice mismatch. However, InGaAs has a narrower band gap
than GaAs, and will thus have a smaller critical field for impact ionization. In these
simulations, we used the critical field data versus doping for a Ge abrupt p-n junction [14]
since Ge and Ings53Gag47As have similar bandgaps. Because of the lower critical field,

single barrier InGaAs/InAlAs HBV’s will not have sufficient V.., and thus multiple

Table IV: Heterostructure Barrier Varactors

Material System N  Xj Niod Diam. Vi Ry Chin Chnax  feo
(Mm)  (m>)  um) (V) (@) (fF) (fF) (THz)

1 002 5x10'® 23 40 37 15 22 26
1 002 1x10"7 1.7 26 21 15 12 44
1 002 5x10"7 1.0 12 19 15 4 3.4
(6P4-like) 5 002 5x10' 9.0 20 7 45 66 4.6
(2T2-like) 5 002 1x107 38 132 11 15 12 86

InGaAs/InAlAs 1 0.02 5x101® 26 67 25 15 323 40
1 002 1x10Y7 19 43 16 15 172 6.0
1 002 5x10" 12 28 16 15 64 5.1

(6P4-like) 3 002 5x10!6 80 200 55 45 97 6.0

(2T2-like) 3 002 1x107 34 129 95 15 172 104

GaAs/GaN 1 0.008 5x10% 60 192 13 45 367 27
1 0008 1x107 25 114 205 15 63 5.1

(6P4-like) 2 0.008 1x10'7 6.1 23 5 45 190 7

(2T2-like) 2 0.008 23x107 2.8 182 95 15 386 107

GaAs/AlGaAs
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barriers must be used. Figure 7 and Table IV show that devices similar to the 2T2 and 6P4

varactors can be achieved with three barriers.

GaAs/GaN: The GaAs/GaN material system has a high AE. and the critical field of GaAs.
The major disadvantage is that it is a relatively new material system on which little
experimentation has been performed [17]. Our simulations showed that impact ionization
will be the limiting factor for these devices. Single barrier GaAs/GaN HBV’s have sufficient
Vmax, but tend to have higher Ry than comparable Schottky varactors due to modulation
region resistance. Characteristics of single barrier GaAs/GaN HBV’s are given in Table IV
for several dopings. By using higher N4 and multiple barriers, HBV’s with low R and
very little conduction current should be possible. Figure 8 and Table IV show that only two

barriers are required to achieve device characteristics similar to the 2T2 and 6P4.

V. SUMMARY

Whisker-contacted GaAs Schottky barrier varactor diodes are the best multiplier
elements available for millimeter and submillimeter wavelength applications. However, the
development of planar diode technology and new devices promise to improve both system
reliability and performance. Our prototype planar Schottky varactors are not yet competitive
at millimeter wavelengths, but several straight-forward improvements in the chip design
should alleviate the problems of high series resistance and shunt capacitance. The ability to
integrate several varactor diodes onto a chip is being exploited to increase power handling
ability, and an integrated balanced doubler for millimeter wavelengths has been described.
The prototype devices have shown promising performance at 160 GHz and the second
generation chips have greatly improved dc characteristics. Both the single-diode planar

Schottky varactor and the balanced doubler will benefit from improved contact-pad/finger
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geometries and lower ohmic contact resistances. The use of low dielectric substrates is also

being investigated.

Several device technologies may be useful for a proposed tripler to 1 THz. While the
whisker-contacted Schottky diode is likely to be the first device to yield reasonable output
power at this frequency, planar diodes and other device structures pfomise improved
performance. The 2-DEG Schottky, 8-doped Schottky and the quantum (heterostructure)
barrier varactors (QBV or HBV) are being investigated at U.Va. The 2-DEG Schottky
research is described elsewhere [9]. An integrated 3-doped varactor pair with symmetric C-V
was déscribed and will be fabricated in the near future. The HBV devices are particularly
promising. Our simple analysis has shown that HBVs with parameters similar to the state-
of-the-art Schottky varactors can be designed if multiple barriers are used and ohmic contact
resistances are in the 1077 Qcm? range. These devices will also have the benefit of a
symmetric C-V curve. The use of InGaAs/InAlAs or GaAs/GaN for the HBVs promises the

best performance if epitaxial layers of the required quality can be obtained.
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Fig. 6 The number of barriers necessary to achieve a GaAs/AlGaAs HBV with the same
maximum voltage as the 2T2 (left) and 6P4 (right) varactors as a function of Nyod.
Also, shown is the series resistance when the area is chosen to yield the same
minimum device capacitance as the standard varactors. Additional parameters are
listed in Table IV.
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A Schottky/2-DEG Varactor Diode for
Millimeter and Submillimeter Wave Multiplier Applications
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ABSTRACT

A new Schottky diode is investigated for use as a multiplier element in the millimeter and
submillimeter wavelength regions. The new diode is based on the Schottky contact at the edge
of a 2-dimensional electron gas (2-DEG). As a negative voltage is applied to the Schottky
contact, the depletion layer between the Schottky contact and the 2-DEG expands and the
junction capacitance decreases, resulting in a non-linear capacitance-voltage characteristic. In
this paper, we outline the theory, design, fabrication and evaluation of the new device. Recent
results include devices having cutoff frequencies of 1 THz and above. Preliminary multiplier
results are also presented.

I. BACKGROUND

Schottky barrier varactor diodes are used as frequency multiplier elements for local
oscillator (LO) sources for the millimeter and submillimeter wavelength region. These sources
are used in heterodyne receivers for a variety of applications including radio astronomy,
atmospheric studies and plasma diagnostics. For space-based receiver systems, the LO source
must be compact, lightweight and reliable; and power and cooling requirements must be
minimized. While molecular gas lasers have been used as LO sources for airborne
radioastronomy measurements at frequencies as high as 2.5 THz [1,2], the stringent
requirements for space applications will require the use of a solid-state LO source. Although
standard varactor diodes have been used to generate 0.7 mW at 474 GHz [3] and 0.2 mW at
640 GHz [4], these devices will not provide usable amounts of LO power above about 1 THz
[5]. Schottky barrier varistor diodes and quantum well oscillators have been proposed as
sources of LO power but these technologies will not provide sufficient power to drive the GaAs
Schottky barrier mixer diodes used in these receivers [6,7,8]. We report here on a new planar
varactor diode in which the Schottky contact is formed at the edge of the 2-dimensional
electron gas (2-DEG). This new device, which is essentially the 2-d analog of the standard (3-
d) Schottky diode, has unique properties and is a promising candidate for use in millimeter and
submillimeter wave multiplier applications [9,10]. In addition, it may be possible to use this
device to investigate conduction in a 2-d electron gas at frequencies significantly above 100
GHz.
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Fig. 1.  Schematic of the planar Schottky/2-DEG varactor diode.

In Section II, the theory of the device and the design for multiplier applications is
reviewed. In Section III, the fabrication of the devices is briefly described. The low frequency
evaluation is presented in Sections IV and V for the interdigital-type and the "refined
prototype" devices, respectively. The preliminary multiplier performance of the "refined
prototype" devices are presented in Section VI. Finally, a summary of the work and outlook for
future research is presented in Section VII.

II. THE SCHOTTKY/2-DEG DIODE

A. Overview

A sketch of the Schottky/2-DEG diode is shown in Fig. 1. Also shown is an expanded
view of the Schottky contact region. The chip dimensions are typically 100 um by 200 um by
about 50 um thick. Two device configurations are discussed in this paper. These are the
interdigitated contact device (also described in [9,10]) and the "refined prototype" device
which is similar to that shown in Fig. 1. The interdigitated devices have been realized in both
single and dual anode configurations, the latter being intended for symmetric C(V)
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dg

Fig. 2.  Conduction band diagram of the Schottky/2-DEG diode. The 2-DEG is bounded on
the left by a Schottky contact and on the right by an ohmic contact. The depletion
depths for two applied voltages are shown (left). A qualitative sketch of the potential
well in the undepleted channel is shown (right) with the Fermi and lowest sub-band
energies indicated.

applications. These devices had Schottky contact widths in the range 150-350 um. The
"refined prototype" devices are single anode devices (whose cathode is an ohmic contact) with
widths of about 100 um. The isolation between pads is achieved by etching through to the
semi-insulating GaAs substrate everywhere except in the channel region and beneath the pads.
Further details of the fabrication process are outlined in Section III.

B. Physics and Equivalent Circuit

The conduction band diagram of the Schottky/2-DEG diode is shown in Fig. 2. The
theory of the metal/2-DEG junction was first considered in [11] and more recently extended in
[12]. In [12], the junction capacitance was derived using a conformal mapping technique and
by making suitable assumptions about the boundary conditions. The capacitance-voltage
characteristic was given by the expression

(R2+dZp) 12 +R
(R2 + d(%ep) 17z — R

where W is the width of the contact (see Fig. 1), € is the permittivity of GaAs and R is the

Ci(V) = 2| ] (1)
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Fig.3. A simple equivalent circuit model of the Schottky/2-DEG diode.

half-height of the Schottky metalization. The depletion depth dgep, of the 2-DEG is given as

2e(Vpi — Va,

where Vi, is the built-in voltage (0.7-1.0 V), V, is the applied voltage (which is negative for
reverse-bias), and ng is the 2-DEG sheet charge density. For a 2-DEG sheet charge density of
1012 ¢cm=2 (1013 ¢m™2) and assuming € of GaAs, the 2-DEG depletion depth is 3 wm (0.3 pum)
at 20V reverse bias. The total capacitance is equal to the junction capacitance in parallel with
the shunt capacitance associated with the pad-to-pad fields and anode-to-ohmic fields.

The equivalent circuit is shown in Fig. 3. For simplicity, the junction conductance is
neglected. [The skin effect is probably not important for this device since the length and depth
of the 2-DEG are small]. Also, the inductive effect of charge carrier inertia is neglected
although this effect may be important at cryogenic temperatures due to the long momentum
relaxation time of the 2-DEG. The junction capacitance C; can be estimated using Eq. 1. The
series resistance, R, is composed of the resistance of the undepleted channel and the ohmic
contact resistance. The former is given by

_ (L = dgep)

Rs qHnnsW )
where L is the channel length and L, is the electron mobility in the undepleted channel. The
ohmic contact resistance is simply Roc = r,/W where r. is the specific contact resistivity
(normally specified in units Qmm) of a HEMT-like ohmic contact, and W is the device width
(in mm). The shunt capacitance term Cg, includes pad-to-pad capacitance and Schottky-to-
ohmic capacitance. For high frequency design, Cg,, and the Ry must be minimized.

The theory of the junction breakdown has not been fully developed. However, Vi, in long
channel devices is assumed to be caused either by impact ionization or by tunneling.
Experimental observations of very large breakdown voltages in prototype devices [9] lead to
the conclusion that for short channel length devices, the breakdown voltage was limited by
punch-through. In this paper, those devices with channel lengths of 1 um are probably punch-
through limited whereas the 2-3 um length devices may be limited by impact ionization or
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tunneling, or both. The breakdown voltage may also be limited by the geometry of the anode
metalization (for example, the half-height R) or by processing and material defects. A more
detailed discussion of the breakdown in these devices will be presented in a later paper.

C. Frequency and Power Limitations

Several factors limit the frequency response and power performance of the multiplier. The
frequency response may be limited by the dynamic cutoff frequency which is usually defined
[13] as

— Smax - Smin

Veo = ——TTERS_ (4)

where Smax (Smin) 1S 1/Cmin (1/Cmax), and R is the series resistance of the varactor diode. It is
desirable for the device to have a v, value much higher than the operating frequency to ensure
that the multiplier efficiency is not degraded. To achieve high v, the series resistance should
be as small as possible, the minimum capacitance (near breakdown) should be small and the
capacitance modulation ratio Cpax/Cnin should be large.

Another important quantity which may limit both the frequency response and maximum
output power is the finite velocity of the electrons traversing the modulation region (the
epilayer in GaAs diodes or the 2-DEG channel in the Schottky/2-DEG diode). Recently,
Kollberg et al [14] showed how the finite electron velocity limited the current in the 6P4 diode
used by Erickson [3]. Kollberg argued that the ac displacement current could not exceed the
saturation current which in turn is limited by the electron drift velocity. Using Monte Carlo
analysis, the effective velocity and the saturation current in the 6P4 diode were estimated (in
[14]) to be 2.4 x 107 cm/s and 44 mA, respectively. At input powers beyond that which causes
the current to saturate, the diode’s rf impedance increases (since the current cannot). Kollberg
used this analysis to simulate the roll-off in efficiency with input power, which was observed
by Erickson.

The velocity saturation current is written here for the 2-d case as
Lys = qngverW (5)

where ng is the 2-dimensional sheet charge density, W is the contact width and veg is the
effective velocity of the electrons in the channel. As will be shown, a Schottky/2-DEG diode
with W =100 um and ng = 1.85 x 1012 cm~2 has roughly the same characteristics as the 6P4
diode. Assuming the same effective velocity as was used for the 6P4, namely veg = 2.4 x 107
cm/s, Iy is about 70 mA.

The finite electron velocity may also limit the frequency response if the transit-time for
electrons traversing the modulation region is comparable to the period of the LO frequency.
The transit-time corner frequency has been proposed [10] as a useful design parameter for the
diode’s frequency response, and is defined as

where L is the channel length (or the epilayer thickness in the standard diode). Note that the
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frequency given by Eq. 6 is a corner frequency since, as the frequency increases beyond this
value, the maximum rf modulation length shortens, resulting in a smaller capacitance ratio and
thus to a roll-off in the multiplier efficiency. For example, assuming an effective electron
velocity of 2.4 x 107 cm/s (as was used in [14]), a varactor diode with input frequency of 80
GHz will have a maximum modulation length of about 0.48 pm. In comparison, the 6P4 diode,
which is often used at this frequency, has an epilayer thickness (and maximum dc modulation
length) of about 1.0 um. Thus, both standard and 2-DEG diodes should be designed to achieve
a large capacitance modulation ratio within the length given by Eq. 6.

Having outlined the equations for the capacitance, resistance, punch-through voltage (Eq.
2 with dgep = L), the dynamic cutoff and the transit-time frequencies and the saturation current,
the Schottky/2-DEG diode may be designed for particular applications. This procedure is
simplistic but is similar to the design of the state-of-the-art varactors currently in use. This
design procedure was used for the "refined prototype" devices whose results are given in
Section V. Before presenting the device results, the fabrication will be briefly reviewed.

III. FABRICATION

The prototype Schottky/2-DEG devices discussed here were fabricated on a
pseudomorphic Al ;5Ga 75As/In 15Ga gsAs/ GaAs structure shown in Fig. 4. This structure was
grown by MBE and analyzed using the Van der Pauw method to determine the mobility and
sheet charge density. The electron sheet charge density at both 77 K and 300 K was
1.85x10!2 cm2 and the electron mobilities were 31,400 cm2/V-s and 6640 cm2/V-s at 77 K

Layer
1 GaAs 5x 1018 cm™3 40 A
2 Alg 25Gag 75As 5x 1017 cm™3 300 A
3 Si Atomic Plane 5x 1012 cm™2 --
4 Alg25Gag 75As - 50 &
5 In ;5Ga gsAs - 150 A
6 GaAs - 5000 A
7 ST GaAs Substrate

Fig.4. AlGaAs/InGaAs/GaAs heterostructure used for the devices discussed here.
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Fig. 5.

8.50kx 18kv 125

1

Scanning electron micrographs of Schottky/2-DEG devices. The interdigitated
device (top) has anode width of 250 um and channel length of 2 um. The "refined
prototype” device (bottom) shown here is similar to the devices discussed in Section
V. Here, the anode width is 100 um and the channel length is 5 pm.
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and 300 K, respectively. The supply and cap layers are substantially depleted to the 2-DEG
and/or the surface, to minimize parallel conduction. The ohmic contact consists of an
electroplated SnNi/Ni/Au trilayer which is alloyed at about 380°C. To form the Schottky
contact, a trench is etched through the 2-DEG layer and a Pt/Au contact is electroplated into
the trench. Next, the contact pads are plated and finally a 2-3 micron deep NaOH:H,0, etch to
the SI-GaAs substrate is performed to isolate the two pads. All lithography levels are
performed using a Karl Suss MJB-3 (405 nm). An SEM photo of the interdigitated device is
shown in Fig. 5 (top). A sketch of a "refined prototype" is also shown (bottom). The rough
surface of this device was due to the isolation etch, performed using chlorine reactive ion
etching. A subsequent wet chemical etch reduced the surface roughness considerably.

IV. LOW FREQUENCY EVALUATION OF INTERDIGITATED DEVICES

The dc evaluation of the Schottky/2-DEG diodes include I(V), C(V) and reverse
breakdown voltage measurements. First, the interdigitated device results are presented (these
results were also presented in [10]). The forward and reverse I(V) of a single Schottky/2-DEG
device is shown in Fig. 6 (top), measured at room temperature. The exponential diode
characteristic is seen as the linear portion of this semi-log I(V) plot, in the range 0.35 - 0.7 V.
The "knee" voltage (at 1 pA) was 0.512V. The AV values for the current intervals 0.1 — 1.0uA,
1.0 — 10.0pA and 10.0 — 100pA are 74mV, 74mV and 81mV, corresponding to inverse slope
parameters, V,, of 32.1mV, 32.1mV and 35.2mV, respectively. This corresponds to a diode
ideality factor of 1.26. The series resistance of this device was determined to be 56Q. The
expected 2-DEG channel resistance at room temperature is 6 . Allowing for a pessimistic
value of the ohmic contact resistivity, 1y of 2.5 Qmm, the total series resistance expected for
this device was about 16 . The remaining 40 Q series resistance is most likely due to
insufficient plating of the ohmic contacts, as was substantiated by inspection using scanning
electron microscopy. The dual anode devices have no ohmic contact resistance. In these
devices, the I(V) is dominated by the characteristic of the reverse-biased junction and a series
resistance measurement cannot be made. However, using Eq. 3, the L =2um, W =250um
device resistance is about 4 € at 295K and about 1.0 Q at 100 K due to the increase in mobility
upon cooling.

The C(V) curves of the single and dual anode interdigitated devices are shown in Fig. 6
(bottom). The channel length (gap between fingers) is 2 pm (3 um) for the dual (single)
Schottky device. The anode widths were 250 pm for both devices. As expected, the dual
Schottky device has a nearly symmetric C(V) characteristic and it’s zero-bias capacitance is
about half that of the single anode device. Subtracting the pad-to-pad capacitance which was
measured to be 4 fF, this symmetric C(V) device had a dynamic cutoff frequency of about 1
THz at 295K and about 4 THz at 100 K. The velocity saturation current (Eq. 5 using
Vert = 2.4 x 107 cmy/s) is 178 mA. Also, the transit-time corner frequency of the 2 pum channel
length device is about 19 GHz, calculated using Eq. 6. The capacitance levels of the dudl
anode device is probably too high for most multiplier applications. Nevertheless, multiplier
testing of these devices will be performed in the near future.
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Fig. 7. C(V) of refined prototype device A. Also shown is a fit (Eq. 1) using R =0.75 um,
Csh=8.0fF, Vi; =0.7 Vand W = 90 um.

V. LOW FREQUENCY EVALUATION OF REFINED PROTOTYPE DEVICES

The refined prototype devices had two anode width/channel length combinations. The
"A" devices had anode widths of 90 um (on average) and channel lengths of 2.5 um while the
"B" devices had anode widths of 80 wm and channel lengths of 3.0 um. The C(V) characteristic
of device A is shown in Fig. 7. The theoretical capacitance, shown fitted to the data, agrees
well with the data except near zero-bias where the fit is lower than the data. The fit assumed a
reasonable value of the anode metal half-height (R =0.75 um) and a shunt capacitance of 8.0
fF. This value of Cg, is higher than expected since the pad-to-pad capacitance was measured to
be about 2 fF. The additional shunt capacitance may be due in part to fields between the anode
and ohmic metals. This contribution to the capacitance is not easily determined and is also not
substracted for the v, calculations. The difference between the theory and the data near zero-
bias is either due to inaccuracy of Eq. 1 for the geometry of this device or to effects related to
the leakage current at low bias. We are currently investigating a more general theory of the
junction capacitance for devices of various geometries.

The forward I(V) as a function of temperature of device A is shown in Fig. 8. As the
temperature decreased, several changes occured. First, the entire I(V) curve shifted to higher
voltages, as expected due to the temperature dependence of the saturation current (the theory of
the thermionic saturation current of the Schottky/2-DEG junction is being investigated [15]).
At lower currents, the "leakage" current which has been routinely observed at room
temperature is seen to decrease substantially so that, at 220 K, it is much less than one
nanoamp. Finally, the strong temperature dependence of the series resistance is evident at high
currents.
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The measured series resistance of device A is plotted as a function of temperature in Fig.
8 (bottom). The resistance decreased nearly linearly from 19.9 Q at 300 K to 10.5 Q at 130 K,
and the resistance at 77 K was 8.9 Q. The 2-DEG resistances calculated using Eq. 3 with the
low field mobility values at 300 K and 77 K are 14.1 Q and 3.0 Q, respectively. Thus, the
ohmic contact resistivity (for the width 90 um) is estimated to be about 0.6 Qmm. This value
of ree is much lower than was achieved on the earliest Schottky/2-DEG devices. The
improvement is probably a consequence of the higher doping at the heterostructure surface and
an improved ohmic plating and alloying procedure. Further reduction of r (perhaps to 0.1
Q2mm) should be possible using evaporated Ni/Ge/Au ohmic contacts.

, The reverse I(V) of device A was measured as a function of temperature and is shown in

Fig. 9. As in the forward I(V), the leakage current is seen to decrease upon cooling. At the
highest reverse current (100 LA), the reverse voltages decreased with temperature from 17 V at
300 K to about 9 V at 40 K. This temperature dependence of the breakdown voltage is
qualitatively consistent with impact ionization theory. Since the mean free path for electron
phonon interactions increases with decreasing temperature, the electrons can achieve higher
kinetic energies before phonon scattering occurs. Consequently, as the temperature decreases,
electrons reach the impact ionization energy at lower field strengths (lower reverse voltages)
and the breakdown voltage decreases.
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Fig. 10. Forward I(V) (top) and reverse I(V) (bottom) vs. temperature of planar GaAs

Schottky diode SC6T].
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The temperature dependence of the breakdown voltage of the Schottky/2-DEG diode
raised the question of whether the breakdown voltage in standard GaAs varactors had a similar
temperature dependence. To investigate further, the I(V) of several planar GaAs varactor
diodes (UVA-SC6T1) were measured as a function of temperature. The doping concentration
and anode diameter for this diode were 2 x 1016 cm=3 and 6 um, respectively, compared to the
respective values 3 x 1016 cm™3 and 6 um for the whisker-contacted UVA-6P4 diode. The
forward and reverse I(V) of one device is shown in Fig. 10. The forward I(V) is typical for a
low doped diode. Here, the knee voltage increased from 0.678 V at 299K to 1.015 V at 24K.
The inverse slope parameter decreased from 28.7 mV at 299 K to 12.7 mV at 24 K. The series
resistance was constant and equal to 30 Q (£ 1 Q) over the range 24-299 K. The reverse I(V)
was measured from 10 nA to 10 pA. The breakdown voltage characteristics are all very sharp.
Of the three SC6T1 diodes tested, all had breakdown voltages of 18-19 V at 24K, although the
room temperature breakdown voltages were 26 V, 29 V and about 30 V. Thus, the average
reduction in Vi, was about 35 percent upon cooling, compared to a reduction of about 50
percent for the Schottky/2-DEG diode. A decreasing breakdown voltage in these devices upon
cooling may impact the low temperature multiplier performance. On the other hand, the large
decrease in the series resistance of the 2-DEG upon cooling should result in higher multiplier
efficiency.

Finally, the saturation drift current of device A was calculated, using Eq. 5 with
Vet = 2.4 x 107 cm/s, to be 64 mA. This may be a conservative estimate since higher velocities
may be possible in the 2-DEG than in bulk GaAs. In any case, the Schottky/2-DEG diode of
roughly equivalent properties as those of the 6P4 diode has a significantly higher saturation
current (at least 64 mA) than does the 6P4 diode (44 mA according to [14]).

VI. PRELIMINARY MULTIPLIER RESULTS

The first rf measurements of a Schottky/2-DEG diode were performed at the National
Radio Astronomy Observatory using a modified NRAO tripler which was designed [16] for
whisker contacted diodes (such as the UVA-6P4). The Schottky/2-DEG diode chip was
soldered across the output waveguide. A klystron was used as a source and two power meters
were used to measure the power at the input and output ports of the multiplier. Further details
of the measurement setup may be found in [17].

The preliminary measurements were of device A having chip width and length
dimensions of 100 um and 180 pm. The chip thickness was about 60 pum. After soldering, the
clearance between the back of the chip and the waveguide wall was estimated to be only 2-3
um, due in part to the thick solder "bump". The I(V) of the device was checked after soldering
and found to be the same as before soldering. The room temperature Ry and Vi, of this device
were 20 Q and 12 V, respectively.

The first multiplier test was to determine the optimum frequency. Using 50 mW input
power, the multiplier tuners and dc bias were optimized for maximum output power at several
frequencies over the range 70-79 GHz. The result is shown in Fig. 11 where the input power
was 50 mW. The best performance was obtained at 75 GHz where P, was 160 uW at 225
GHz. The input return loss was measured at 75 GHz to be about -20 dB so the input tuning was
relatively well optimized. Next, the output power at 225 GHz was measured as a function of
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the input power, as shown in Fig. 11 (bottom). Py, was varied over the range 20 -100 mW. As
the input power increased, the output power increased, reaching a maximum value of 500 uW
at 100 mW at the input. This corresponds to an efficiency of 0.5 percent. In comparison,
Bradley [17] used this multiplier with a planar GaAs varactor of doping 1.1 x 1017 cm™3 and
diameter 7 um and obtained 3.7 mW output power and 4.1 percent efficiency at 219 GHz. This
first multiplier measurement of the Schottky/2-DEG diode is encouraging but much higher
performance should be possible. Even the current devices should yield higher multiplier
efficiencies if they are thinned to 25 pum or less and if a thinner solder layer is used to reduce
the shunt capacitance between the chip and the waveguide wall.

VII. SUMMARY AND FUTURE RESEARCH

In summary, we have reported on the recent progress in the research of a novel
Schottky/2-DEG varactor diode. Observations of reduced breakdown voltages upon cooling in
both the standard GaAs and the novel Schottky/2-DEG diodes were in agreement with the
theory of impact ionization. The problem of current saturation was discussed and the
Schottky/2-DEG diode of width 90 um was found to have a significantly higher saturation
current than the comparable GaAs 6P4 varactor. Recent improvements to the design and
fabrication procedures have resulted in devices having lower series resistance and lower
capacitance. Both single anode and dual anode (with symmetric C(V)) devices have been
investigated. The cutoff frequency of the dual anode device was estimated to be 1 THz (4 THz)
at 300 K (100 K), whereas the single anode device had cutoff frequency of about 0.6-1.0 THz,
depending on the temperature. Preliminary multiplier measurements of a single anode device
were encouraging, resulting in 500 uW output power at 225 GHz with 0.5 percent efficiency.
Ongoing research will include more extensive multiplier testing of both the single anode and
the symmetric C(V) devices. Also, shorter channel length devices with Ni/Ge/Au ohmic
contacts will be fabricated to achieve much higher cutoff and transit-time frequencies. In
addition, AllnAs/InGaAs/InP heterostructures will be investigated. Finally, the theories
relating to the junction capacitance and breakdown are being developed and the current
transport in these devices will be investigated using Monte Carlo simulations.
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Abstract—From I-V measurements on Single Barrier Varactors (SBV) at different
temperatures we concluded that thermionic emission across the barrier of the actual device
is mainly due to transport through the X band. The same structure was also modelled with
a one-dimensional drift-diffusion model, including a "boundary condition” for thermionic
emission across the heterojunction interface. By including thermionic field emission
through the top of the triangular barrier of a biased diode and the effect of a non-abrupt
interface at the heterojunction, we obtained good agreement between the modelled and
measured I-V characteristics.

1. Introduction

SBYV diodes have been proposed as an alternative to Schottky barrier diodes for harmonic
multiplier applications [1]. However, the device discussed in [1] showed a higher than
expected current. We will present experimental data and the results of a numerical model to
explain the current vs. voltage characteristics of SBV diodes.

2. Experimental results
The device consists of a 200 A wide undoped Alg 7Gag 3As barrier, surrounded by 5300 A
wide GaAs layers, doped to 1x1017 cm=3. On both sides of the AlGaAs layer there is a 50
A wide undoped GaAs spacer layer. If the effect of field emission is neglected the current is
mainly limited by thermionic emission across the barrier and can be described by the
Richardson law,

J = A" T2e-04V)/KT (1)

where A* is the modified Richardson constant and ¢y, is the bias dependent barrier height.

Both can be determined from the experimental data by plotting In(J/T2) against 1000/T for
different voltages [2]. The intersection with the y-axis gives us the Richardson constant,
while the slope is proportional to the barrier height for that specific bias voltage. Since our
barrier is comparatively thin, the influence of tunneling is observable even at quite high
temperatures, causing a deviation from a straight line in Fig. 1. This makes the
determination of the Richardson constant quite cumbersome. It must be chosen in such a
way that the barrier heights at low voltages are close to the expected barrier height at zero
bias voltage. A Richardson constant of 0.30 Acm—2K-2, much lower than the value
expected for thermionic emission in GaAs but in fairly good agreement with that measured
by Solomon et al. [2], corresponds to a barrier height at low voltages of about 0.29 eV.
This low Richardson constant together with the high current indicates that the electrons are

transferring to the X valley within the barrier. The assumed offset in I" conduction band
corresponds to 59 % of the difference in bandgap [3].
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3. Numerical results

A drift-diffusion model for one-dimensional heterojunction structures was also used to
study the device characteristics. It accounts for thermionic emission across the barrier by
calculating the current at the heterojunction interfaces from,

J = qnangvyy — A" T2e- 0 V/KT 2)
where the first term describes the current from the AlGaAs side [4] while the second term is
the current from the GaAs side emitted above the barrier. Without this "bottleneck’ for the
current, the drift-diffusion model results in a much too high current. Since a theoretical
determination of the actual emission constant across the interface is quite complicated, we
have used the experimentally determined Richardson constant in Fig. 1. The probability of
emission above the barrier depends on several parameters, such as thickness of the barrier,
crystal orientation, and roughness of the interfaces. The thermally emitted electrons were
assumed to be transferred to the X—valley when they reached the AlGaAs barrier, causing
an effective barrier height at zero bias of 0.29 eV. During a simulation the barrier height is
determined self consistently from the modelled conduction band, Fig. 2. Even at 300 K the
effect of thermally assisted tunneling is considerable, and it has to be included in the model.
Since the top of the biased barrier is triangular, the probability of tunneling as a function of
electric field and carrier energy can be estimated from the WKB approximation [5],

4w, Ae3/2} 5
3(b/21)Emax

where Emax is the electric field in the barrier and Ae is the energy distance from the top of

the barrier. The effect is included in the model by reducing the barrier height in eqn. (2)

~ with an amount Ae corresponding to a tunnelling probability of e-1. We assumed the
tunneling process to be indirect tunneling in the AlGaAs X band [6], and used a transverse

electron mass in the X band of 0.20mg. Tunneling through the I band is less probable due
to the much higher barrier, and tunneling from X valleys with the longitudinal mass
perpendicular to the interface is less probable due to the higher mass. Apart from band
bending due to accumulation of electrons at the interface, and thermionic field emission, the

- fact that the transition between the two materials is not completely abrupt will also result in
a field dependent barrier height [7]. In Fig. 2 we roughly modelled this effect by using a
grid distance of 25 A at the interface. The obtained I-V characteristic in Fig. 3 is very
sensitive to the grid distance at the right interface of the barrier, while its value elsewhere is
of less importance.

P =exp

The model has also been used to predict the capacitance vs. voltage. The capacitance is
determined from the change of charge concentration in the depletion layer for an
incremental change in voltage. As can been seen in Fig. 4, the agreement between modelled
and measured C-V characteristics is fairly good. In order to get reasonably good accuracy
the grid-distance in the depletion layer and the voltage step should not be too large.

4. Conclusions

The presented expression for the current between the two grid-points adjacent to the
heterojunction interface (eqn. 2) includes effects caused by the existence of two interfaces
and other effects, which for a theoretical determination require quantum mechanical
calculations [8]. It also gives us a possibility to model the effect of a non-abrupt transition
between the two materials. Similar expressions, have been used before in drift-diffusion
models, but they are restricted to a single interface [3,4]. The drawback with the model
used here is that it relies on measured results in order to find a value for the Richardson
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emission constant. However, since the actual emission constant may be quite difficult to
calculate, we considered it as a device parameter specific for the actual device dimensions
and growing conditions, which could be measured instead of calculated. The good
agreement with measured results indicates that the current is mainly due to thermionic
emission and thermionic field emission across the X—valley of the barrier.

The inaccuracy in the experimental determination of the Richardson constant can be reduced
by using slightly thicker barriers and by performing measurements at elevated temperatures
and lower bias voltages.
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Fig. 1. Plotting of experimental data in a In(J/T2) vs. 1000/T diagram. The applied
voltages are 0.1 V, 0.5V, 1.0V, 1.5V,2.0V, and 2.5 V (filled squares).

2.4 _
2.2 ;
2 :
|
1.8 l
S1.6
AP
2 -=0
¢ 1.2 -
5 1 T2
18]
0.8
Q
=2 0.6
0.4 !
0.2 H :
0
0 100 200 300 400 500 600 700 800 900

Distance, nm

Fig. 2. Simulated conduction bands for different applied voltages (0.0 V, 1.0 V, and
2.0 V).



Page 114 Third International Symposium on Space Terahertz Technology

1.0000

0.1000
=y D
n
o — —Modelled
v 0.0100 O Measured
5
O

0.0010

o
0.0001

0 0.20.40.60.8 1 1.2 1.41.61.8
Voltage, V
Fig. 3. Comparison between modelled and measured I-V characteristics at 300 K. The

effects of thermally assisted tunneling and a nonabrupt heterojunction interface are
included in the simulation.

0.0022

0.00%
0.0018
0.0016
0.0014

0.0012 — —Modelled
0.001 O Measured

0.0008

Capacitance F/m2

0.0006
0.0004
0.0002

0

0 0.51 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
Voltage, V

Fig. 4. Comparison between modelled and measured C-V characteristics at 300 K.



Third International Symposium on Space Terahertz Technology Page 115

PROGRESS ON SINGLE BARRIER VARACTORS FOR
SUBMILLIMETER WAVE POWER GENERATION

Svein M. Nilsen, Hans Gronqvist, Hans Hjelmgren, Anders Rydberg,
and Erik L. Kollberg
The Millimeter Wave Group
Department of Applied Electron Physics, Chalmers University of Technology,
S-412 96 Goteborg, Sweden

ABSTRACT

Theoretical work on Single Barrier Varactor (SBV) diodes, indicate that the
efficiency for a multiplier has a maximum for a considerably smaller capacitance
variation than previously thought. The theoretical calculations are performed, both with
a simple theoretical model and a complete computer simulation using the method of
harmonic balance. Modelling of the SBV is carried out in two steps. First, the
semiconductor transport equations are solved simultaneously using a finite difference
scheme in one dimension. Secondly, the calculated IV-, and CV characteristics are input
to a multiplier simulator which calculates the optimum impedances, and output powers at
the frequencies of interest. Multiple barrier varactors can also be modelled in this way.
Several examples on how to design the semiconductor layers to obtain certain
characteristics are given The calculated conversion efficiencies of the modelled
structures, in a multiplier circuit, are also presented. Computer simulations for a case
study of a 750 GHz multiplier show that InAs diodes perform favourably compared to
GaAs diodes. InAs and InGaAs SBV diodes have been fabricated and their current vs.
voltage characteristics are presented. In the InAs diode, was the large bandgap
semiconductor AlSb used as barrier. The InGaAs diode was grown lattice matched to an
InP substrate with InAlAs as a barrier material. The current density is greatly reduced
for these two material combinations, compared to that of GaAs/AlGaAs SBV diodes.
GaAs based diodes can be biased to higher voltages than InAs diodes.

1. INTRODUCTION

A SBV device, in its simplest form, consists of a thin layer of a large bandgap
material which acts as a barrier, and a thicker layer of a small bandgap material on each
side of the barrier. A cross section of a typical SBV diode is shown in Fig. 1. The low
bandgap material at both ends of the device is normally highly doped in order to make
possible, the formation of low resistance contacts: Provided the layer thicknesses and
doping concentrations are symmetrical around the barrier, the current I vs. voltage V and
the capacitance C vs. voltzge V will be be symmetrical around zero volt. An applied rf-
voltage will then generate only odd harmonics. This makes it possible to design higher
order multipliers with fewer idler circuits and thus less losses. Also the design
procedure and mechanical construction of a higher order multiplier, making use of a
SBYV device as the non linear element will become much easier compared to that of one
using a Schottky diode. It is the purpose of this paper to give an overview of our work
on SBV diodes [1][2][15].
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Ohmic contact

L1
L2

L4

Substrate

Ohmic contact

Fig. 1. Schematic cross section of a SBV mesa diode. L1 is the highly doped contact
layer, L2y and L4y, are the depletion regions on either side of the barrier, index
n denotes sublayers, L3, is the barrier and L5 is part of the buffer/substrate
layer. In the simulations L1 and L5 are set equal. Mesa diameter = a.

2. DIODES
2.1 Quality factor of SBV's
The cutoff frequency for a varactor, as defined in Eq. 1, is often used as a quality

factor, suggesting that Cmax should be as large as possible for a fixed Chmin.

-1 1 _1 (1)
¢ 27 Rslo\ Cmin  Cmax

where Rg]o is the dc series resistance of the device, Cpax and Chin are the calculated
device capacitances for accumulated and depleted low doped epilayers, L2 and L4 in
Fig.1, respectively. :

However, a simple analysis show that an optimum Cpax/Cmin ratio exist. Choosing a
CV characteristic as shown in Fig. 2 and assuming that all harmonics, except the first
and third harmonics are shortcircuited over the variable capacitance, only these two
frequency components have to be considered. The bias voltage is of course always zero
volts. This makes the analysis quite simple. In Fig. 3 we have plotted the efficiency vs.

Cmax/Cmin for different values of Rg, assuming 1/wCpip = 180 Q. The important
conclusion from this graph is that there is an optimum value for Cmax/Cmin , and that
too large Cpax values will deteriorate the multiplier's efficiency. Table 1 shows input
and output impedances. Although this model is much simplified the results show that the
input is highly reactive with a fairly low resistance while the output seems to be easier to
match. This result will be confirmed below in the harmonic balance simulations
employing a modified version of the computer program by P.H. Siegel et.al. [8].
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C= (Cmax + Cm]n)/z + [(Cmax - len)/zl COS(V)

(@!

C = Co = (Cmax + Cmin)/2
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Fig. 2 Approximate CV characteristic of SBV diode used in the simplified analysis.
Vmax is the maximum voltage across the diode.
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Table 1 Calculated efficiencies, optimum input and output imedances for a SBV diode
tripler with the approximate cosine shaped CV characteristic for different series

resistances.
SOURCE IMPEDANCE LOAD IMPEDANCE
2.5 65.5 8.6 91.0 29.5 34.0
5 46.7 10.9 90.0 30.4 33.0
10 27.2 15.7 95.0 30.2 36.0
20 11.8 25.0 90.0 23.0 33.0
40 2.9 44.1 106.0 14.0 38.0
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2.2 MEASUREMENTS

2.2.1  DC measurements

We have fabricated several diodes based on the materials: GaAs, InGaAs and InAs,
see Table 2 for details. Our efforts at modelling these devices are however, more recent.
For the GaAs based diode we use a barrier of AlxGa1-xAs, in the InGaAs case we use
AllnAs as a barrier. The latter diode is grown lattice matched on an InP substrate. For
the InAs diodes we use an AlSb barrier which gives a very high barrier, 1.3 eV for
indirect transitions. It should therefore be very efficient in blocking the current through
the varactor. The InAs device is grown on a GaAs substrate with thick GaAs and InAs

buffer layers.
Table 2 Material from which diodes of various sizes have been
fabricated.
Wafer #ID & Material system Layer thickness (top/down) and
Crystal doping concentration
Grower
GaAs/AlyGa-xAs/GaAs L1 =400 nm, Ng = 3.4%1018 [cm-3)
#614 x=070inL3 L21 = 533 nm, Ng = 1.0*1017 [cm"3]
L22 = 5.3 nm, undoped
IMEC Buffer: n+ GaAs L32= 21.3 nm, undoxd
Substrate: n* GaAs L4y =127,141 =12
L5 = 1998 nm, Ng = 3.4*1018 [cm-3)
InAs/AlSb/InAs L1 =200 nm, Ng = 5.0%1018 [cm"3]
#1566 Buffer: n* InAs, and n* GaAs L21 =400 nm, Ng = 6.0¥1016 [cm-3]
Substrate: n* GaAs L272 = 5nm, undoped
Chalmers Barrier thickness = L3 L3 = 20 nm, undoped
L4y =123,141 =12
L5 = 2000 nm, Nq = 5.0%1018 [cm-3)
InAs/AlSb/InAs L1 =200 nm, Ng = 5.0%1018 [cm-3)
#1567 Buffer: n* InAs, and nt GaAs L21=320nm,Ng = 1.0%1017 [cm‘3]
Substrate: n* GaAs L22= 5 nm, undoped
Chalmers Barrier thickness = L3 L3 = 25 nm, undoped
L4p =123,141 =121
L5 = 2000 nm, Ng = 5.0%1018 [cm-3]
Lattice matched L1 = 400 nm, Ng = 4.0%1018 [cm™3]
#ST1 g%ﬂﬂﬁlm@“ L2 = 400 nm, Nq = 6.0%1016 [cm-3]
uffer: n* In _ - 16 rcm-3
L3= 25nm,Ng = 6.0*10
Tampere Substrate: n* InP ; - oo nmNd fem™]
Barrier thickness = L3 L4=L2
B L5 = 1000 nm, Ng = 4.0%1018 [cm-3]
InAs/AlSb/InAs L1 = 200 nm, Ng = 2.6*1018 [cm-3]
#1047 Buffer: n* InAs, and nt GaAs L2 = 150 nm, Ng = 1.0*1017 [cm-3]
Substrate: n* GaAs L3 = 14 nm, undoped
IMEC Barrier thickness = L3 L4=12
L5 = 3000 nm, Ng = 2.6*1018 [cm-3)
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The influence of the epilayer design on the IV-, and CV characteristics has been
investigated theoretically in some detail.
The different SBV diodes fabricated by us have been DC characterized with a DC
parameter analyzer. Most of the measurements have been done on large area diodes,
100~ 2500 um?2. A limited number of measurements have been made on small area,
7 pm?, diodes of the #614 type.
Diodes characterized are one GaAs varactor with an AlGaAs barrier, one diode grown
on InP with InGaAs and InAlAs epilayers lattice matched to the substrate and two InAs
diodes with AISb barriers grown on GaAs substrates. The material from which we have
fabricated devices are listed in Table 2. DC characterization of the different SBV diodes
show that the current density is decreased as the barrier height is increased as expected,
see Fig. 4. The InAs/AISb material system has a 1.3 eV barrier for indirect transitions
and = 2 eV for direct. The lowest current density is obtained for InAs/AlSb devices.
They also show a large variation in their characteristics, a factor of two or more in
current density over a distance of a few millimeters on the wafer. Whether this variation
is caused by the epilayers being severely lattice mismatched to the substrate or by some
growth parameter, is difficult to say. In comparison, diodes of the lattice matched
InGaAs/InAlAs materials grown on InP substrate as well as those of GaAs/AlGaAs
show current density variations of only a few percent over the same distance. It can also
be noted that the breakdown voltage of the InAs and InGaAs diodes is low, about 2
Volt, in comparison with the GaAs diode. For a varactor to be used in practice the
breakdown voltage needs to be higher since the pump voltage otherwise could destroy
the diode. One method of increasing the total breakdown voltage is to fabricate several
varactor diodes in series. Each of n identical diodes would then only need to sustain the
total pump voltage divided by n.
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Fig. 4  Measured current vs. voltage for SBV diodes of size 25*25 um2 in different
material systems.



Page 120 Third International Symposium on Space Terahertz Technology

2.2.2 RF measurements

Two methods have been developed for measuring the capacitance of these diodes,
the results will be published elsewhere [14]. One method is similar to the one by
Tolmunen et. al. [15], the other method uses a 60 GHz coplanar probe to contact a mesa
diode surrounded by a large ring which is contacted by the two ground contacts of the
probe.

2.3 MODELLING DEVICES AND MULTIPLIER PERFORMANCE
2.3.1 CV and IV modelling

For calculating the CV-, and IV characteristics, the semiconductor transport

equations including the energy balance equations for holes and electrons are solved
simultaneously using a finite-difference scheme in a detailed one-dimensional energy
transport model for GaAs/AlyGa_xAs heterojunction structures with 0.0 < x < 1.0.
The computer program is a modified version of the program developed by H. Hjelmgren
[3][4]. The program can readily be modified further for other heterostructures. A non-
uniform grid-mesh is used to obtain the necessary accuracy and acceptable calculation
times. Position dependent barrier parameters were implemented following the procedure
of M. S. Lundstrom and R.J, Schuelke [5]. The model used is based on the paper by R.
Stratton [6]. The five variables are the electric potential, the quasi-Fermi levels for holes
and electrons, and hole and electron temperatures. The equation system has a 19
diagonals band-matrix which is solved by LU decomposition. To improve the
convergence properties of the program the energy balance equation for holes is not used,
hence the hole temperature is set to the lattice temperature for all applied voltages. Hot
electrons and lattice heating are not simulated, hence the five equation model is reduced
to a three equation (Poisson's and current continuity equations) model. Recombination
is modelled with Shockley Read Hall (SRH) recombination. The relaxation time was set
to 3.0 ps, the electron life time to 1.0 ns, and the conduction band-offset to 65 % in
most simulations for which x < 0.45. The contact resistivity of the two ohmic contacts
can be set to a value of choice. They are modelled by modifying the boundary conditions
for the potential. The thermoionic emission current, which limits the current through the
device, is then calculated from the equation for a reverse biased Schottky diode, using a
voltage dependent barrier-height obtained from the shape of the conduction band.
Tunneling current is assumed to be sufficiently small and thus neglected altogether.
The diode capacitance, C= dQ/dV = AQ/AV is determined numerically from the change
AQ in the stored electric charge in the semiconductor for an incremental change AV in the
applied voltage. The integration of charges is carried out to the middle of the barrier for
single barrier devices. To obtain the depletion capacitance one must correct for the
influence of the series resistance on the voltage across the depletion layer.

2.3.2 CV characteristics and conversion efficiencies of modelled structures.

It is of importance to understand how the CV characteristic can be modified by
changes to the design of the epitaxial structure. It is obvious that increasing the width of
the barrier will decrease Cpax, and that a wider L2 region, see Fig. 1, will allow a larger
capacitance swing, i.e. make Cpjp smaller. Below we will investigate how the doping
profile of the diode affects the efficiency of a 3*60 GHz tripler. The effect of the plasma
resonance on the series resistance was not included in the multiplier calculations on
structures #100-103B, #112 and #114 at 3*60 GHz.
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The following rules are basic to the understanding of the behaviour of the CV
characteristic for different choices of doping concentrations, viz.

i. Doping the barrier will increase Cpax without influencing the capacitance value at
large biases, i.e. Cpjn is not much affected. This phenomenon is studied in structures
#100-103B. However, too many dopants in the barrier and its blocking capability may
be destroyed.

ii. A similiar effect, an increase in Cmax, can be obtained by introducing thin regions
with high doping concentration adjacent to the barrier on each side. One such example is
#112. This scheme may be less damaging to the barrier’s blocking capability, but it may
also affect material quality in a negative way or make symmetrical growth more difficult.

iii. A reduced doping concentration in the L2 layer where the depletion occurs, will
cause a more rapid change in the capacitance vs. bias voltage. It will also lead to a larger
series resistance. The method cannot therefore be recommended as a stand alone
measure.

iv. To avoid an increase in the series resistance according to iii., a tapered doping
concentration in the L2 region will improve the situation. A comparison between #112
and #114 illustrates this phenomenon.

Please note that the choice of doping profile will also influence the series resistance. An
advantageous CV characteristic may offer an undesireably large series resistance.

The effect of doping the barrier on the CV characteristic is illustrated in Fig. 5 which
show the results for structures #100-103B. The increase in Cpyax is as large as 70 %

when the doping is increased from 1*1015 cm3 10 1*1018 cm3. To see any effect at

all, the doping in the barrier needs to exceed 1*1017 cm-3. The series resistance remains
the same of course, since it is essentially determined by the doping in region L2. In Fig.
6 is shown the conversion efficiency vs. input power (all input power is assumed to be
absorbed). It is interesting to note that the efficiency actually decreases as Cpax
increases. This is in agreement with the results presented in paragraph 2.1.

The effect of a high doping concentration near the barrier interface is illustrated by the
CV characteristic of #112 in Fig. 7. Notice that the CV is almost identical to the one of
#103. Since the series resistances are also very similar, the efficiencies vs. pump power
are virtually identical as can be seen in Fig. 6 and Fig. 8.

Structure #114 has a linearly graded doping concentration in the L2 and L4 regions,
starting with 1*¥1015 cm-3 near the barrier and increasing to 2*1017 cm-3 at a distance
of 385 nm from the barrier. The ratio Cmax/Cmin is increased considerably compared to
that of a homogenously doped L2 region, but the series resistance is larger than for
#100-103B. The CV resembles mostly that of #103B. The capacitance swings down
faster, but have the same Cpjp and a small reduction in efficiency.
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Fig. 5  Calculated CV characteristics for symmetric GaAs/Al( 44Ga(Q.56As structures
#100-103, #103B with different barrier doping. L2 = L4 = 390 nm with
1.0¥1017 cm-3, L3 = 20 nm, for #100: Ng = 1.0%1015 cm-3, for #101:

Nd = 1.0%¥1016 cm-3, for #102: Ng = 1.0%1017 cm-3, for #103B:
Ng = 5.01017 cm-3, for #103: Ng = 1.0*1018 cm-3.
For all structures L1 = L5= 100 nm, Ng = 3.4*1018 cm-3
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Calculated conversion efficiency vs. pump power for structures #100-103 and
#103B at 3*60 GHz. It is the devices with undoped or low doped barrier
which have the highest conversion efficiency. The series resistance Rg]g used
was between 32.9 and 33.1 ohm (calculated by the simulation program) for all
five structures.
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Fig. 7  Calculated CV characteristics for symmetric GaAs/AlQ 44Gag 56As structures
for different doping profiles in the L2 region meant to enhance the Cax/Crmin
ratio.

#112 has L21 = L41 = 386 nm with Ngd going from 1.01017 cm-3 10

0.8%1017 cm-3 at the barrier interface, i.e. a weak gradient, L2) =147 =

4 nm with Ng§ =1.0*1017 cm'3, L3 consists of three parts, L3] =L33 =7 nm
Ng = 1.0%1018 ¢cm-3, L33 = 6 nm Ng = 2.0*1017 ¢cm-3.

#114 has L21 = L4] = 385 nm with N going from 2.0¥1017 cm™3 to
1.0¥1015 cm-3 at the barrier interface, i.e. a steep gradient, L22 =147 =

5 nm with Ng =5.0%1016 cm=3, L3 consists of three parts, L3] =L33 = 6 nm
Ng = 1.0%1018 ¢cm-3, L37 = 8 nm Ng = 5.0%1016 ¢cm-3.

L1=L5=100 nm with Nd = 3.4%¥1018 ¢m-3 for both structures.
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Fig. 8  Calculated conversion efficiency vs. pump power for structures #112 and
#114 at 3*60 GHz. The value of Rg]g was 33.8 ohm for #112 and 44.2 ohm

for #114.

3. A 750 GHz MULTIPLIER DESIGN STUDY

A study on different 750 GHz multiplier configurations using GaAs and InAs
SBV-diodes was performed. The aim of the study was to evaluate theoretically the
optimum frequency multiplier configuration for generating = 50 LW of output power at
750 GHz, assumed to be enough for pumping a 750 GHz SIS mixer, using a Single
Barrier Varactor (SBV) diode as the nonlinear element.

Different important diode parameters were investigated, such as the cutoff frequency
which is a direct function of the doping level Ny of the low doped epilayers, L2 and L4
in Fig.1, in the device. The cutoff frequency was calculated for GaAs and InAs SBV-
diodes of three different sizes, see Fig. 9. In these calculations of Cmax and cutoff
frequencies, it was assumed that the effective barrier width was three times that of L3
because of the distance necessary for a lineup of the fermi levels at the interface between
the low doped layer L2 and the undoped barrier L3. It can be seen that the optimum

doping concentration is 1¥*1017cm3 and 2*1017cm™3 for GaAs and InAs devices
respectively, both having a diameter of 2 um.
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Fig 9  Calculated cutoff frequency vs. doping level Nde for GaAs and InAs SBV-
diodes of different diameters a. Ngs = 3.4*1018cm-3 in L1 and L5, Ngp =
1*1017cm=3 in L3, L1 = 100 nm, L5 = 100 nm, L2 varies with Nge, the
barrier width L3 is 20 nm.

GaAs: (O0):a =2 um., (O):a=4um., (A): a=20um.
InAs: (M):a =2 um,, (@):a=4um., (A):a=20pum.

Another important parameter to consider is the effect of the plasma resonance
frequency on the series resistance of the diodes [7]. This is of great importance to
devices intended for THz frequencies. In Fig.10 is plotted the calculated series
resistance for InAs SBV-diodes when the plasmaresonance is taken into account . It is
found that by using InAs instead of GaAs in the low doped epilayers and in the
substrate, the plasma resonance frequencies are shifted to higher frequencies. This is

due to the higher electrical conductivity ¢ of InAs compared to that of GaAs. It can be

seen in Fig. 10 that a doping Ng in L2 and L4 .of about 1*1017 ¢m-3 gives sufficient
clearence up to a frequency of 2 THz



Third International Symposium on Space Terahertz Technology Page 127

— — — —
(e»] (@] (@) ()
— N w ESN

—
(@]
o

Real part of series resistance (ohm)

Frequency (GHz)

Fig. 10 Calculated series resistance vs. pump frequency for an InAs SBV-diode for
different doping levels Nde in the low doped epilayers L2 and L4. Doping

concentration Ngs is 3.4*1018 cm3 in L1 and LS, Nb is 1¥1017 ¢cm=3 in the
barrier L3, L1 =100 nm, L5 = 100 nm, L2 = L4 = 533 nm, L3 = 20 nm,

diameter a = 3.57 um.
(®): Nde is 1*1016 cm-3., (m): Nge is 1%1017 cm-3,,
(A): Ndeis 1¥1018 cm3,

The avalanche breakdown voltage for the low doped epilayers limits the maximum
pump power that can be used for the device. Using the optimum doping concentration
the breakdown voltage was calculated to be 15.7 V for GaAs and 1.2 V for InAs, and
having depletion lengths of 480 nm and 100 nm respectively. Due to the very small
breakdown voltage for the low doped InAs epilayers, L2 and L4 in Fig. 1, the doping of
the epilayers was reduced slightly to a constant value of 1*1017 cm-3 which gives a
breakdown voltage of 2 V and a length of 179 nm for the L2 and L4 epilayers.

The structure chosen for further study in the InAs/AlSb/InAs material system was the
following: L1 = 100 nm with Ng = 3.4*1018 ¢cm-3, L2 = 150 nm with Ng = 1*1017
cm3,L3 = 14 nm with Nq = 5%1015 cm™3, L4 =12, L5 > L1.

Since the barrier length is choosen to be 14 nm thick, the tunneling current may for such
a thin barrier not be negligable in reality, especially not at room temperature, why a
thicker barrier may be more appropriate. The total current through the SBV-diode
consists of (i) the dc-current, mainly thermionic current, and (ii) the displacement
current due to the rf-voltage variation over the depletion region. Increasing the dc-
current compared to the displacement current makes the tripler work more in a varistor
mode with a reduced efficiency, see Fig. 11.
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It is assumed in the simulations that the same IV and CV characteristic calculated for a
GaAs based SBV-diode can also be used for InAs based diodes, of a similar design.
This assumption is due to the fact that the difference in conduction current, see Fig.4,
between InAs and GaAs diodes at a fixed bias voltage, has been found to have a
negligible influence on the efficiency, see Fig. 11.
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Fig. 11 Calculated conversion efficiency versus input power, when varying the
calculated conductance, dI/dV, for the device in steps of (dI/dV)*10Y , where
yis 0, 1,2 or 3. Ngs = 3.4%1018 cm3, Nge =1*1017 cm™3, Ngp = 5%1015
cm‘3, L1 =100 nm, LS = 100 nm, L2 = L4 = 150 nm, L3 = 14 nm, diameter
a=2um. (m): y=0.0, (O): y=1.0, (O): y=2.0, (A): y=3.0

Three different multiplier configurations for generating the desired output power of
2 50 uW at 750 GHz have been investigated, see Fig. 12. In the calculations was the
effect on the series resistance from the plasma resonance included.
Due to the different frequencies for pumping the 750 GHz SBV-diode multipliers, see
Fig. 12, the expected maximum available input power differs considerably, as shown in
the figure. It should be observed that 11 mW of output power from a 250 GHz
Schottky-varactor diode tripler, see Fig. 12, is achieved at operating conditions close to
the Schottky diode burnout [9]. Thus a more realistic value of a maximum of 6 mW of
output power was used for the 250 GHz tripler. In the calculations the maximum
allowed input power was set to such a value that the rf-voltage Vif over the device,
minus the rf-voltage over the series resistance, is less than or equal to the breakdown
voltage Vpr of the low doped epilayer L2.
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150 GHz
75 GHz 750 GHz
< 160 mW <20 mW >0.05 mW

Schottky SBV
250 GHz
$3.3 GHz ;@ @ > 750 GHz
< 60 mW <1l mW > 0.05 mW
Schottky SBV
107 GHz —D@ > 750GHz
<36 mW >0.05 mW
SBV

Fig. 12 The different 750 GHz multiplier configurations investigated in this study.

The conversion efficiency for 750 GHz SBV-diode multipliers using SBV-diodes
based on InAs and GaAs is shown in Fig. 13. Simulations for two different contact
resistances Rc = 8*10-7 ohmcem? and 1*10-8 ohmem?2 were used for the GaAs SBV-
diodes, in order to evaluate what implications the choice of material has on the efficiency
of the device. The higher electron mobility in InAs reduces the series resistance of the
diode, thus giving InAs SBV-diodes an advantage in efficiency for low input powers
over GaAs SBV-diodes, having the same ohmic contact resistance. This advantage in
efficiency is even larger when a more realistic ohmic contact resistance, Rc, of 8%10-7
ohmem? is used for the GaAs SBV-diodes. The efficiency of the multipliers increases
with increasing multiplication rate, see Fig. 13, in principle in the same way for the
different SBV-diodes. This is due to the fact that at lower frequencies the impedance
(resistance Ry and reactance jXy) of the variable capacitance increases, i.e. becomes
larger as compared to Rg. The efficiency is proportional to Rv//(Rv + Rg), see ref.[10].
The cutoff frequency is defined in Eq. 1.
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Fig. 13 Calculated conversion efficiency versus input power for various multiplier
configurations, see Fig.12, using InAs and GaAs SBV-diodes as the nonlinear
element. Two GaAs SBV-diodes having different contact resistances Rc,
(=Rco in the figure), are shown in the figure where Rcg = 1%10-8 ohmem?2.
Nds = 3.4¥1018 cm-3, Nge =1*1017 cm™3, Np = 5%1015 cm3, L1 =
100 nm, L5 =100 nm, L2 = L4 = 150 nm, L3 = 14 nm, diameter a = 2 um.
(O): GaAs SBV-diode tripler, (8): GaAs SBV-diode quintupler,

(0): GaAs SBV-diode heptupler, (®): InAs SBV-diode tripler,
(A): InAs SBV-diode quintupler and (M):InAs SBV-diode heptupler.

Using a larger diameter SBV-diode means of course a lower impedance, although it
can handle a larger input power before Vf exceeds the breakdown voltage Vpr. A larger
diameter device will also withstand larger thermal heating, caused by the absorbed pump
power, before efficiency degradation occurs due to the reduced mobility of the electrons.

The mobility W of the electrons is proportional to the temperature T of the material,

where for GaAs: 1 ~ T1/2 and for InAs: p ~ T3/2 [11][12]. Thus InAs is more sensitive
to thermal heating. However, since the breakdown voltage for InAs material is small
compared to GaAs, the level of the absorbed power is restricted from that point of view.
The influence of the thermal characteristics of the SBV-diode on the efficiency is not
taken into account in this study. ‘

The calculated output power, using the values for the efficiency shown in Fig. 13, is
shown in Fig. 14. The simulated output power for a state of the art 2.8 fF Schottky-
varactor diode described in [13], is also shown in Fig. 14 where it can be seen that the
maximum output power for the Schottky-varactor diode clearly exceeds the output
power for GaAs SBV-diodes having a contact resistance of 8*10-7 ohmem?2 (80R¢o),
for the same input power. However, it should be noted that output powers comparable
to the Schottky-varactor diode tripler are achieved from the InAs SBV-diode multipliers
at much lower input power, even though the Schottky-varactor diode is capable of
generating at least twice the output power compared to the InAs SBV-diode before the
diode voltage exceeds the breakdown voltage for the device.
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It should be noted that the calculations for the Schottky-varactor tripler assume optimum
match at all frequencies for the tripler, i.e. including the idler. For the SBV-diode tripler
1s optimum match only considered for the input and output frequencies. Thus the
matching conditions are much easier to obtain for the SBV-diode compared to the
Schottky-varactor diode, in reality giving the SBV-diode an advantage in efficiency
compared to the Schottky-varactor diode. Also the unavoidable resistive losses at the
idler frequency in the Schottky-varactor diode tripler gives the SBV-diode tripler an even
greater advantage.

The expected losses in the 750 GHz tripler mount is assumed to be less than 10 dB.
However it can be seen from Fig. 14 that the only realistic SBV-diodes capable of
generate 2 500 uW, necessary for 2 50 uW of output power at 750 GHz are InAs based
diodes, even though this is achieved close to or at the breakdown voltage Vpy limit for
the InAs devices. Although the breakdown voltage Vpr and thereby also the maximum
allowed absorbed input power for the InAs SBV-diodes are much smaller than for the
GaAs SBV-diodes, it can be compensated for by connecting several InAs/AlSb
junctions in series, creating a multiple barrier InAs SBV-diode.
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Fig. 14 Calculated output power versus input power for various multiplier config-
urations, using InAs and GaAs SBV-diodes and a Schottky-varactor diode as
the nonlinear elernent in the multiplier. Two GaAs SBV-diodes having differ-
ent contact resistances Rc, (=Rco in the figure), are shown in the figure where
Rco = 1*10-8 ohmem?2. Nys = 3.4*1018 cm3, Nge =1*1017 cm-3,

Np =5*1015 cm3, L1 = 100 nm, L5 = 100 nm, L2 = L4 = 150 nm,

L3 =14 nm and diameter a =2 um.

(0O): GaAs SBV-diode tripler, (A): GaAs SBV-diode quintupler,
(O): GaAs SBV-diode heptupler, (@): InAs SBV-diode tripler,

(A): InAs SBV-diode quintupler, (M): InAs SBV-diode heptupler, and
(E): Schottky-varactor tripler with Cg = 2.8 fF and Rg = 20 ohm [13].
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It should also be noted that the GaAs SBV-diode, Rc = 8*10-7 ohmcmz, could in
principle be pumped by a much larger input power than 6 mW, used in Fig. 14, before
the diode voltage exceeds the breakdown voltage Vi of the device.

The dotted line in Fig. 14 marks the minimum 50 pW output power limit, which has to
be exceeded, assuming no losses in the mount.

As can also be seen in Fig. 14, higher order InAs SBV-diode multipliers can be used for
generating the necessary 500 LW of output power. The penalty for using a higher order
multiplier is more resistive losses due to a larger number of idler circuits.

4. CONCLUSIONS

Theoretical work on multipliers show a maximum efficiency for a lower Cmax to
Cmin ratio than expected. This has been shown both in simplified calculations as well as
in full harmonic balance simulations. These findings have several implications. First,
there is no need for a thin barrier. Secondly, a wider barrier reduces the current. This
also make simulations easier. The C vs. V characteristics have been simulated from
epilayer parameters and the impact of different doping structures on both the CV and the
efficiency for the multipier has been presented. The examples presented can be used as
design rules.. In a case study for a 7S0GHz multiplier an InAs SBV diode outperforms
a Schottky diode.
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Abstract

The efficiency of the Schottky diode multiplier can be increased by cooling the
diode to 77 K. The main reason for better efficiency is the increased mobility of the
free carriers. Because of that the series resistance decreases and a few dB higher
efficiency can be expected at low input power levels. At high output frequencies
and at high power levels the current saturation decreases the efficiency of the
multiplication. When the diode is cooled the maximum current of the diode
increases and much more output power can be expected. There are also slight
changes in the I — V characteristic and in the diode junction capacitance, but
they have a negligible effect on the efficiency of the multiplier.

1 Introduction -

It is well known, that cooling a Schottky diode mixer improves its sensitivity, i.e.
reduces the mixer noise temperature. This is mainly due to the sharper I — V
characteristic at cryogenic temperatures, only partly due to the smaller series
resistance and lower metal losses in the mixer mount. In satellite applications
the heterodyne receiver is readily cooled passively to temperatures of 110...150
K. Also, a space qualified 80 K cooler is available. This makes it very reasonable
to consider the effect of cooling on the frequency multiplier performance. This is
especially important at submillimeter waves, where not enough power is available
from ordinary all-solid-state frequency multipliers.
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2 Diode model and effect of cooling

A simple equivalent circuit of the Schottky diode contains three components: non-
linear junction capacitance, nonlinear junction conductance and series impedance

[1].
i (V)
. B
—_— N N——
W’
/f |
Vv
Figure 1: Simple equivalent circuit of the Schottky diode.

Capacitance

The basic model for the junction capacitance of the Schottky diode is
__C_O____, (1)
V1= V/du

where ¢y; is the built-in potential (about 1 V) and () is diode capacitance, when
the voltage over the junction is zero. For very small submillimeter wave diodes
the edge effect must be included in the diode model as (2]

C;(V) =

o) = 2 (14 520) 2)
e R

where A is the anode area, ¢, is the dielectric constant of the semiconductor,
w(V) is the length of the depletion region, r, is the anode radius, g is the charge
of an electron, Np is the doping density in the semiconductor, ko is Boltzmann’s
constant and 7 is the temperature. In these models the junction capacitance is
very high near the contact potential ¢;;. Physically this is impossible, and a bet-
ter model for junction capacitance must be calculated by using the drift-diffusion
model [3]. In any of the models, the primary mechanism for the efficiency of the
multiplier, the degree of capacitance nonlinearity, is not temperature dependent.
Thus, cooling has no effect on the diode’s inherent capability to generate har-
monics. In the two simple models the only temperature dependent factor is .
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When the diode is cooled from 300 K to 77 K, the contact potential ¢3; increases
by about 0.1 V [4]. Because ¢; varies only slightly when the diode is cooled, the
same operation point can be reached if the bias potential Vj,,, is also increased
as much as ¢y;. In all, the effect of cooling on the junction capacitance is so small
that it has an almost negligible effect on the multiplier efficiency.

60 1 T ;
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w |
= ] -
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0 ‘
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FS ] )
- ,I
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© toF - -
0 1 1 1
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Figure 2: The junction capacitance at temperatures 300 K (solid line) and at 77
K (dashed line).

Series impedance

When the nonlinearity of the epitaxial layer above the plasma resonance is not in-
cluded, the series impedance of the submillimeter wave Schottky diode is modeled

as [5]
Z2,(w) = Zepi(w) + Zsus(w) + Zokin(w) + Re (4)
Zoi(w) = P -;e(ef!) , [1 ey +j£;-] " (5)

-1
= pes | i
Zuale) = L2 [1 +jw/w,+‘7wd] ©)

(W) = Joi. P () /1 e
Zanlw) = %5 In (r) / \/1 Tiefe, e @)

where R, is the contact resistance (about 1 Q), p is resistivity, te(ess) 15 te —wW(Vhias ),
- t. is the thickness of the epitaxial layer, b is the radius of the chip and §, is the
skin depth in the substrate given by

2-p,
\/w.#o (8)
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where p is permeability of GaAs. Scattering frequency w, and dielectric relax-
ation frequency wy are

q
m"/"’:,
1

)
Ps €

W, =

(9)

(10)

Wy =

where m* is the effective carrier mass and g, is the carrier mobility. The resistivity

is
1

p=——,
g Ty
where n is the concentration of the free electrons in the conduction band.

(11)

In a semiconductor, the concentration of the free carriers n and the mobility of the
carriers y, are the most important temperature dependent factors in equations
given above. In GaAs the donor binding energy Ep is so small and the concen-
tration of donors Np is usually so high that the concentration of the free carriers
n is equivalent to Np at all temperatures, where the diode should be used. At
a very cold temperature, below 10 K, the concentration drops, because there is
not enough thermal energy to ionize electrons to the conduction band, and so the
resistivity of GaAs becomes high. At very high temperatures the concentration
of the intrinsic carriers is higher than Np, and thus n is also higher than Np.

In GaAs the mobility of the free carriers can be calculated from the mobilities of
the various scattering processes by using the Matthiessen rule

1 1 -
Ly 2 12
s Zug (12)

In GaAs the most important scattering processes are the ionized impurity scatter-
ing, acoustic-mode scattering and polar-optical scattering. At room temperature,
the polar-optical scattering dominates. When GaAs is cooled, the mobility in-
creases until the mobility of the polar-optical scattering and the mobility of the
impurity scattering are equal. At that temperature, mobility u, has a maximum,
and when the diode is cooled more the mobility decreases. When Np is rather
low (1-10®cm™%) the optimum temperature is low (~ 50 K) and the mobility
greatly increases [6]. At very high doping concentration (2-10*"cm~3) the optimum
temperature is higher (~ 150 K) and the mobility increases only a little when the
diode is cooled to 77 K.

When considering the effect of cooling on the series impedance of the Schottky
diode, it is simplest to consider first its effect on the DC resistance and then the
effect on the series impedance at high frequencies. When the diode is cooled to
77 K, the mobility of electrons increases and thus the resistivity of the epitaxial
layer decreases, which also decreases the DC resistance of the diode. When the
doping concentration of the epitaxial layer is low, the DC resistance decreases
significantly. (For diode UVA 6P2 the measured decrease is about 4.5 Q, from a
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value of 10.5  to 6 Q; the calculated values agree very well, see Figure 3) When
the doping rate is higher the decrease of the resistance is not as large. (For diode
UVA 2T2 the calculated decrease is about 3.5 Q, from a value of 12 Q to 8.5 Q)
When considering the effect of the decreased series resistance on the efficiency of
the multiplication, it must be noticed that the resistance of the epitaxial layer Z.,;
is a function of the thickness of the layer. In an efficient reactive multiplication,
the voltage over the depletion region spends a substantial part of the pump cycle
in the low voltage region, where the contribution of Z,,; in Z, is large, but a small
part of the pump cycle in the high reverse voltage region, where the contribution
of Z.pi in Z, is small. When the diode is now cooled, the decrease of the series
resistance is smaller than the decrease of the DC resistance, but still the decrease
of resistance has a very strong positive effect on the efficiency of multiplication.

At high frequencies the series impedance of the Schottky diode is no longer purely
resistive, because of the plasma resonance and the skin effect. When the diode is
cooled, the plasma resonance frequency

n-q?

wp = VW, Wy =

el (13)
does not change, because it is independent of the electron mobility u,. Because w,
and wy are temperature dependent, the Q-factor of the resonance is also temper-
ature dependent, and when the diode is cooled to 77 K the Q is increased (Figure
3). Because the mobility in the substrate changes only very little when the diode
is cooled, the impedance of the substrate Z,,; and the impedance of the skin effect
are not changed significantly.
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Figure 3: The series resistance of diode UVA 6P2 at temperatures 300 K (solid
line) and 77 K (dashed line).
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Figure 4: The series reactance of diode UVA 6P2 at temperatures 300 K (solid
line) and 77 K (dashed line).
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I-V characteristic
For a Schottky diode the I — V' characteristic is assumed to be [4]
L(V) = A-R™.g%.er(V-#w)lkes (14)
O
§ = 6;-coth <T) (15)

q-h Np
b = & -\/4.6‘%,, (16)

where R** is modified Richardson’s constant, % is A/27 and k is Planck’s constant.

There are two important factors of the I — V' characteristic for the efficiency of the
frequency multiplication: the turn-up point of the I — V' curve, and the steepness
of the I — V' curve beyond that. When the Schottky diode is cooled, the possible
voltage range where the multiplication is mainly reactive, increases, and thus the
maximum efficiency can also increase. For a cooled diode the shape of the ] — V
characteristic is also sharper, and therefore the resistive multiplication is slightly
more effective.

-5
10 10 ) L] !

Current [A]
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Figure 5: The current-voltage characteristic at temperatures of 300 K (solid line)
and 77 K (dashed line).
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Current saturation

At alow electric field the electron drift velocity vgq is directly related to the electric
field £ as
vg = p, - E. (17)

When the electric field increases the drift velocity also increases until the velocity
reaches a maximum value Umqz (= 2.2-10° m/s at about 3.2 kV/cm in an intrinsic
case). In that situation the electron conduction current

te=A-n-q-p, € (18)
must be replaced by the maximum current
ima.z = A'n'Q'vma.z- (19)

This current saturation causes a very significant decrease in the efficiency of the
multiplier at high power levels and also when the output frequency is high, because
the junction capacitance cannot be pumped with optimum current. The current
saturation seems to be the most important factor for a submillimeter wave fre-
quency multiplier, when the efficiency of the multiplication is considered. When
the diode is cooled, the maximum drift velocity increases [6] and because of that
the maximum electron current also increases. Therefore, when the diode is cooled
the effect of the current saturation is less significant. This increases the efficien-
cy especially at high power levels, at high frequencies, and in the case of a high
multiplication factor.

The current saturation may be modelled by strongly current dependent series
resistance R,(i) above the maximum current. Kollberg et al. have presented the

following model [7]:
R,(i)= R,(DC)-a -1, (20)

where a is a parameter, depending on the maximum current of the diode 7,,,,. The
meaning of the R,(%) is to modify the current waveform approximately as required
by causing a very strong increase in the series resistance when the current of the
diode is higher than the maximum current i,,,.. The parameter a has been fitted
empirically to the measured results only in one case and must be estimated for
other diodes and frequencies. There seems to be no physical background for this
model, but so far no better model has been proposed.

3 Analysis of multipliers

At millimeter waves Schottky varactors are often driven into conduction, which
is only nearly optimal. In this case, the usefulness of classical theories [8] is poor
and harmonic balance analysis [9] should be used. One form of the harmonic
balance analysis is the multiple reflections technique, where the multiplier circuit
is divided into linear and nonlinear subcircuits, which are then analyzed in the
frequency and time domain.
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Doubler for 160 GHz

Let us first consider the effect of cooling on a two diode balanced doubler for 160
GHz, because we have also experimental results for it [10].

Table 1: Parameters used for UVA 6P2.

C'0 A l. ND | imaz
300K | 21 33| 1.0 | 3.5-10¢ | 0.61 44
TTK | 21 33| 1.0 | 3.5-10%¢ | 1.40 66
fF | um? | um cm™ | m/s | mA

The two diode construction has been analyzed both at 300 K and at 77 K. First,
the efficiency has been calculated with optimum embedding impedances. These
results have been plotted in Figure 6 (solid lines). Here the efficiency has only a
very poor correlation with the measurements (O and X) because of the VSWR,
which is mainly caused by the fact that the embedding impedances are optimized
for high input power. When the doubler is then analyzed by using the optimum
embedding impedances for high input power at all input power levels, the corre-
lation is much better, especially when 0.5 dB losses in the input and 0.8 dB losses
in the output have been taken into account.

Table 2: Experimental output power versus temperature and input power (two

diodes).

Input power
10| 33[ 50[ 100 | mW

300K || 1.6 | 9.0 | 13.9 | 22.0 | mW
Temperature | 223 K || 1.9 | 10.4 | 16.3 | 26.7 | mW
TTK | 22128 | 18.7 | 30.7 | mW

In order to understand better the agreement between the theory and experiment, it
is worth separating the effects of the decreased series impedance and the increased
current handling capability due to the cooling. First, if the current saturation is
omitted in the theoretical analysis, the effect of cooling is as follows. At low
input power levels when the multiplication is purely reactive, the decreased series
impedance causes a clear increase in the efficiency due to smaller losses in the
series impedance. According to simulations, the increase of the efficiency in the
above case at low input power levels is about 1.5 dB. However, when the input
power per diode is large (i.e. > 10 mW), the multiplication efficiency tends to
decrease with the increased input power due to the resistive multiplication. This
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Figure 8: The efficiency of the 160 GHz doubler at 300 K and at 77 K (above),
when using optimum impedances (solid line) and impedances optimum for high
power (dashed line). Measurement results, when 0.5 dB input losses and 0.8 dB
output losses have been taken into account, at 300 K (o) and at 77 K (x) have
also been plotted.

is because the voltage swing reaches the conduction region during every cycle.
The smaller the series impedance, the lower the input power needed to reach this
conduction, and thus, resistive multiplication. Therefore, the gain due to the
smaller series impedance is smaller at high input power levels than at low power
levels. According to the simulations, the efficiency increase due to the smaller
series impedance in the multiplier described above is only 0.5 dB at 50 mW input
power per diode.

When the current saturation is taken into account, but not the series resistance,
the positive effect of cooling is seen only at high power levels. This is because
the junction capacitance can be pumped at 77 K more effectively than at 300 K.
At small power levels the saturation, of course, does not play an important role.
According to our simulations, the higher current handling capability of the cooled
diode 6P2 improves the efficiency by 1 dB at 50 mW input power per diode.

These two effects of cooling together, the decreased series impedance and the
increased current handling capability, explain the experimentally verified 1.5 dB
increase in the multiplication efficiency of all power levels and therefore give some
kind of a proof of the current saturation in the diode at high input power levels.
Due to the higher efficiency at high input power levels, the maximum output power
is also increased by the same amount, which helps in pumping the following stage
in the multiplier chain producing submillimeter wave frequencies.
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Multipliers for 1 THz

When constructing multiplier chains for 1 THz, a reasonable choice is first to
double the output frequency of a powerful W-band Gunn oscillator and then to
follow by a tripler and a doubler or by a doubler and a tripler. The latter choice
does not only depend on the varactor diodes but also on the technology to build
fine mechanical multiplier mounts.

In order to get some understanding of how much power could be available at
1 THz, the choice of a tripler to 500 GHz and doubler to 1 THz has been made
because this allows comparison with experimental results up to 500 GHz [10]. The
tripler for 500 GHz and the doubler for 1 THz can be analyzed the same way as
the doubler for 160 GHz, but now current saturation plays a very important role.
Because the presented model for current saturation has only poor correlation to
the physics, the results for high frequency multipliers should be considered only
qualitatively.

Some general aspects can still be presented. First, when the diode is cooled,
the maximum drift velocity increases, which also increases the maximum current.
Second, when the output frequency is high, the changes during the voltage swing
are very fast. In that situation, the current needed for optimum multiplication
is very high, and then current saturation plays a very important role by greatly
decreasing the efficiency. By cooling, the maximum current should increase and
the efficiency of the multiplication may increase by a few dB. Third, when the first
or second stage multiplier is cooled, the maximum input power for the last stage
multiplier increases, and so also the maximum output power for 1 THz increases.
Our simulations have indicated an increase of about 7 dB from 100 pW to 500
£W in the optimum situation.

4 Conclusions

Cooling of a Schottky varactor multiplier increases its efficiency by as much as
a few dB. Because of the smaller series impedance the efficiency of frequency
multiplication increases by 1-2 dB at small input power levels. At large input
power levels the efficiency increases by 2-10 dB due to the higher current handling
capability of the diode. A cooled multiplier can be readily used in satellite ap-
plications, where the receiver is cooled to 50...150 K. The positive effect of the
cooling should be utilized especially in submillimeter wave multipliers when the
output power necessary cannot be reached in any other way.

Even though the model of a Schottky diode is already rather complex, it should
be studied more. The main reason for a poor model is that current saturation is
poorly handled. Much more work must be done to model the saturation exactly.
Also much more experimental work on cooling multipliers is needed, before all the
effects of the cooling can be understood.
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Superlattice Barrier Varactors*
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Abstract

SBV (Single Barrier Varactor) diodes have been proposed as alternatives to Schottky
barrier diodes for harmonic multiplier applications. However these show a higher current
than expected. The excess current is due to X valley transport in the barrier. We will
present experimental results showing that the use of a superlattice barrier and doping
spikes in the GaAs depletion regions on either side of the barrier can reduce the excess
current and improve the control of the capacitance vs. voltage characteristic.

The experimental results consist of data taken from two types of device structures.
The first test structure was used to study the performance of AlAs/GaAs superlattice
barriers. The wafer was fabricated into 90 micron diameter mesa diodes and the resulting
current vs. voltage characteristics were measured. A 10 period superlattice structure
with a total thickness of approximately 400 A worked well as an electron barrier. The
structure had a current density of about one A/cm? at one volt at room temperature. The
capacitance variation of these structures was small because of the design of the GaAs
cladding layers. The second test structure was used to study cladding layer designs.
These wafers were InGaAs and InAlAs layers lattice matched to an InP substrate. The
layers have nt doping spikes near the barrier to increase the zero bias capacitance and
control the shape of the capacitance vs. voltage characteristic. These structures have a
capacitance ratio of 5:1 and an abrupt change from maximum to minimum capacitance.
The measurements were made at 80 K. Based on the information obtained from these two
structures, we have designed a structure that combines the low current density barrier
with the improved cladding layers. The capacitance and current-voltage characteristics

from this structure are presented.

*This work was supported by the Center for Space Terahertz Technology under NASA Contract No.
NAGW-1334 and by the URI-ARO Program Contract No. DAAL03-87-K-0007.
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Introduction

Varactor diodes are an important component of harmonic multipliers operating above
100 GHz. These multipliers are the primary source of power in the submillimeter wave
frequency range, where the diode predominantly used is a Schottky barrier device. How-
ever, a multiplier based on Schottky diodes suffers certain disadvantages. The circuit is
complex, with higher order conversion requiring matching at all frequencies-the input,
the output, as well as idler frequencies. The varactor must also be biased to increase the
voltage swing and prevent current flow over the barrier in the forward direction. These
problems can be overcome by using heterojunction based varactor structures. Implemen-
tation of such novel diode structures is motivated by the symmetry of their capacitance
vs. voltage characteristic which permits odd harmonic conversion without the added

complexity of even harmonic idlers and bias circuitry .

The Single Barrier Varactor

One possible structure is the single barrier varactor, shown in Figure la. The cor-
responding energy band diagrams under thermal equilibrium and bias are shown in 1b
and lc. The analogue of the metal-semiconductor electron energy barrier found in the
Schottky varactor diode is the conduction band offset between the GaAs region and the
wider bandgap Al,Ga;_.As layer. This energy barrier acts to inhibit electron transport
through the structure and ideally should be as large as possible for the device impedance
to be purely reactive. When one side is biased relative to the other, the GaAs region
on the anode side is depleted of electrons and becomes positively charged, similar to the
semiconductor region of a Schottky varactor under reverse bias. Electrons accumulate
on the cathode side of the structure, forming a charge separation across the Al,Ga;_;As
region. The relationship between the stored charge and the applied voltage is non-linear,
resulting in a non-constant device capacitance. Moreover, since the structure is symmet-
ric, reversing the sign of the applied voltage merely interchanges the roles of depletion
and accumulation regions and does not affect the device capacitance. Therefore the
capacitance-voltage characteristic has even symmetry. Early attempts at implementing
such varactors were limited in efficiency by high leakage current densities !. Details of
the leakage current analysis are described elsewhere in these proceedings 2.

By replacing the single heterostructure by a superlattice barrier, we propose to reduce
the carrier transport through the device by increasing the effective barrier height seen

! Anders Rydberg, Hans Grongqvist, and Erik Kollberg, Millimeter and Sub-Millimeter Wave Multi-
pliers Using Quantum Barrier Varactor (QBV) Diodes, IEEE Electron Device Letters, Vol. 11, No. 9,

Sept. 1990, pp. 373-375.
2H. Hjelmgren, J. East and E. Kollberg, ” Thermionic Emission Current in a Single Barrier Varactor,”,

these proceedings.
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by an electron. A doping profile modification can improve the capacitance vs. voltage
characteristic; however, a trade-off is seen between maintaining a high barrier height and

a good C-V profile.
The Superlattice Barrier Varactor

Although the SBV presents a symmetric C-V characteristic, its efficiency is degraded
due to the high leakage current associated with the device because a purely reactive
multiplier is more efficient than a resistive one. The true thermionic emission energy
barrier seen by an electron in the GaAs regions is not the I' to I energy level offset but
the considerably lower I' to X energy level difference, as seen in Figure 2a. By means of
a scattering process an electron incident on the barrier can pass through the Al,Ga;_;As
region into the X valley of the barrier material. Thermionic emission over this X level
requires less kinetic energy than emission over the I' level and consequently a smaller
bias voltage is needed to turn on the current.

The X valley transport can be suppressed by replacing the single heterojunction
by a series of barriers interspersed with quantum wells, i.e., a superlattice. Such a
superlattice appears in Figure 2b. The well regions are thin, resulting in quantum
mechanical confinement. The energy mini-bands are shifted upward considerably with
respect to the I' point in bulk GaAs. A simple calculation indicates that the energy
increase can be on the order of an electron volt. Unlike the SBV, there is no longer a
continuous X valley current path since the well energies are higher than the X levels.
The superlattice structure achieves a larger effective barrier than that of the SBV and
suppresses the leakage current.

A thin, highly doped layer between the superlattice and each adjacent N~ region can
be used to modify the capacitance. The so-called §-doped regions (see Figure 3) are thin
and contain a large amount of charge so that at zero bias they remain mostly undepleted.
Flat band effects are minimized and the zero bias capacitance is increased. Varying the
bias slightly causes almost no change in the depletion width and the capacitance remains
constant. However, beyond a threshold voltage, the entire ¢ region becomes depleted
and the lightly doped N~ region begins to deplete rapidly, causing a sharp drop in the
capacitance from its zero bias value.

Advantages and Disadvantages

In designing superlattice varactors, two material systems were considered: GaAs/AlAs
and InGaAs/InAlAs lattice matched to InP. Structure I, seen in Figure 4, shows a 10 pe-
riod, 20 A / 20 A GaAs/AlAs superlattice barrier varactor chosen for examination of the
barrier properties. The MBE grown wafer was processed on the front side by photolithog-
raphy. Contacts were made to the front and back by evaporating a Ni/Ge/Au/Ti/Au
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sequence and annealing at 405 degrees Celsius. Mesa diameters of 5 to 90 um were then
chemically etched. The measured room temperature I-V curve in Figure 5 demonstrates
the effectiveness of the superlattice in keeping the current to a minimum. At a bias of
1 volt the current density is about 1 A/cm?, compared with about 150 A/cm? for the
single barrier varactor. However, the ratio of maximum to minimum capacitance is
insufficient for any significant harmonic conversion.

The second structure, a 40 A / 40 A InGaAs/InAlAs superlattice, was designed with
doping spikes added, as outlined in Figure 6a. Figure 6b shows the C-V data, taken at
80 K to reduce the parallel conduction current 2. A close agreement is observed with the
capacitance characteristic predicted by a self-consistent quantum mechanical and Poisson
solution for the charge and potential distribution throughout the superlattice varactor.
When a voltage of approximately 0.2 volts is applied, the capacitance drops sharply to
about one-fifth of its zero bias value, corroborating the theoretical expectation. Thus
doping profile modifications allow good control of the capacitance-voltage characteristic.

The final structure utilized the low leakage properties of the GaAs/AlAs superlattice
and incorporated the doping modifications that had been tested in the InGaAs/InAlAs
system. In structure III the same superlattice as Structure I (with one well layer removed
from the end for symmetry) was grown on a new varactor wafer which incorporated a
doping spike of sheet density 1x10'? cm~? and a more lightly doped N~ region than the
previous GaAs/AlAs wafer. Figures 7 and 8 present the room temperature I-V and C-V
data from 90 micron diameter mesas fabricated on this wafer. Compared with structure
I, the leakage current density has increased. This current degradation can be attributed
to the following mechanism: the effective electron thermionic emission barrier is reduced
by band bending at the barrier edge due to the high electron density in the doping spike.
The capacitance and parallel device conductance were simultaneously measured on a
HP4275A LCR meter, where the bias was varied until the conductance exceeded the
measurement capability of the machine. As seen in Figure 8, the C-V profile exhibits a
swing ratio of close to 4. However, the zero bias capacitance was larger than the value
predicted by the quantum mechanical analysis by about a factor of 2. The reason for
this is not clearly understood at the present time.

Despite the fact that the current levels in the final structure were higher than ex-
pected, the superlattice varactor represents improvement over the single barrier varactor.
Figure 9 compares the current densities for the two devices at low and high voltages and
temperatures. For operation at low temperature or for small voltages the superlattice
barrier fares better than the SBV.

3J. P. Sun, W. L. Chen, J. East and G. Haddad, C-V Characteristics of Quantum Well Varactors,
Proceedings of the 1991 International Semiconductor Devices Research Symposium.
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Conclusions

We have demonstrated a superlattice barrier varactor in the GaAs/AlAs system which
promises to be useful in odd harmonic generation due to its reduced leakage properties
when compared with the SBV. Moreover, modification of the capacitance by means of
an appropriate doping profile has been demonstrated in the InGaAs/InAlAs material
system. A compromise appears, however, between minimizing leakage current levels in
the device and achieving a large maximum to minimum capacitance swing ratio. We
hope to begin RF testing of the superlattice barrier varactors in the near future.
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FIGURE (1): (a) Single Barrier Varactor , (b) band diagram under
equilibrium, (c¢) band diagram under bias.
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FIGURE (9): Comparison of improvements
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VARACTOR DIODES

R. Peter Smith, Debabani Choudhury, Suzanne Martin, and M.A. Frerking,
John K. Liu, and Frank A. Grunthaner

Center for Space Microelectronic Technology
Jet Propulsion Laboratory/California Institute of Technology
4800 Oak Grove Drive
Pasadena, CA 91109

Abstract: A new varactor diode process has been developed in which much of the
processing is done from the back of an extremely thin semiconductor wafer laminated to a
low-dielectric substrate. Back-to-back BNN diodes were fabricated with this technique;
excellent DC and low-frequecy capacitance measurements were obtained. Advantages of
the new technique relative to other techniques include greatly reduced frontside wafer
damage from exposure to process chemicals, improved capability to integrate devices
(e.g., for antenna patterns, transmission lines, or wafer-scale grids), and higher line yield.
BNN diodes fabricated with this technique exhibit approximately the expected capacitance-
voltage characteristics while showing leakage currents under 10 mA at voltages three
times that needed to deplete the varactor. This leakage is many orders of magnitude better
than comparable Schottky diodes.

Introduction:

Planar varactor diodes! are being developed in place of whisker-contacted devices in order
to improve the performance and ruggedness of spaceborne submillimeter-wave heterodyne
receivers; at the same time thin heterostructure layers are being used to improve diode
performance, making processing more demanding. Such devices could be more useful if
integrated into relatively large arrays that could potentially be used for communications
systems. It is expected that such back-to-back multiplier diodes with Schottky contacts and
heterostructure barriers can be made to operate reasonably efficiently at frequencies over
one terahertz2-3:4. In this paper we present results from devices in which the isolation
was performed from the back. This technique simplifies processing, greatly increasing
yield and providing a much lower dielectric constant, and thus low loss, environment for
antennas and other circuit patterns.

Conventional multiplier diode isolation techniques have a number of problem areas.
Isolation implants are commonly used, but the removal of masking materials from the
wafer often presents difficulties. An alternative technique for isolating the active devices is
to perform a mesa etch, but connection of the contacts to the top of the mesa is problematic.
One approach attempted here requires relatively difficult planarization processing that can
potentially damage the thin barrier layer. Metal step coverage may be also a problem with
this approach. Air bridging can also be used with mesa isolation, but this also exposes the
top of the semiconductor material to a larger number of process steps. Some inactive
semiconductor material, with its associated high dielectric constant, is generally left in place
with all of these approaches.

We have developed an alternative processing technique that promises to be simpler and
more robust. In this process, no inactive semiconductor material is left, and the front of the
wafer is exposed to the absolute minimum of processing possible for a front-side back-to-
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back diode process. In our work, the remaining process steps were completed with the
devices laminated to a 3 mil quartz substrate. This quartz is the same as is typically used
for the crossed-field waveguide multiplier filter structures for which the devices were
intended. Clearly, there is a wide lattitude in substrate material, which adds a great deal of
flexibility to the design of submillimeter-wave components. The total number of steps is
relatively low, improving yield. Since thinned! or lifted off> devices never need to be
handled off of the substrate material, relatively large scale integration can potentially be
achieved with this process.

Initial fabrication runs have been successful. Back-to-back BNN diodes have been
fabricated using the new technique and then measured for DC and low-frequency
capacitance characteristics. Eight micron mesas with 1.5 and 3.75 micron wide Schottky
metalization showed good C-V and outstanding I-V characteristics. While the C-V pulses
were approximately two to three volts wide (full-width half-maximum), leakage currents
were as low as 50 nA with 10 volts between pads. Mesas as small as 1 micron were
successfully patterned.

Device Fabrication:
A. Semiconductor layer structure

Details regarding appropriate BNN layer structures have been addressed before2,3,4. The
general approach for a GaAs-based BNN diode, from the top surface down, is to include:
(1-optional) a thin GaAs cap layer, (2) an AlGaAs layer that is sufficiently thick to preclude
tunneling but sufficiently thin to allow a large capacitance per unit area - 15 to 20 nm of
Alg 45Gag 55As is typical, (3) near the AlGaAs, a highly doped region in order to ensure
that the high capacitance mentioned above is achieved at zero voltage, (4) a moderately
doped GaAs drift/varactor region in which all of the doping can be depleted with little
parasitic conduction to the metal pads, and (5) a highly doped region that provides a low-
resistance path between the two Schottky pads.

The structure used for these devices is as follows: (1) a 2 nm GaAs cap, (2) a 15 nm
Al 45Gag 55As barrier, (3) a 3 nm GaAs spacer followed by 5x1012/cm? silicon planar

doping, (4) a 1x1017/cm3 by 125 nm drift region, and (5) a 5x1018/cm3 by 900 nm
conducting base. A 600 nm undoped Al 45Gag_55As layer for use as an etch stop layer
was located just below the active device layers, although much thinner layers have also
been successfully used. The layer structure is shown schematically in Figure 1.
Capacitance-voltage measurements between large capacitance pads on another area of the
same wafer gave the data shown in Figure 2.

The process is shown in Figure 3. We processed GaAs wafer pieces about 1.7 cmon a
side that were laminated onto quartz pieces 76 microns (3 mils) thick by 2.5 cm in
diameter. The GaAs wafers were initially 510 microns (20 mils) thick.

The Schottky contacts are defined by exposing AZ 5214 with a standard image reversal
technique and then evaporating and lifting off Ti/Pt/Au. While we did not do a surface
isolation, the devices should show less leakage current and particularly less parasitic
capacitance if etching (or implanting) were done through (or into) the delta-doped layer.
Etching by using the metal as a mask has been done successfully but not on the wafers
processed in this work.
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Figure 1: Epitaxially grown GaAs/AlGaAs layer Figure 2: Capacitance-voltage
for BNN diodes used in this study. Wafer layers were characteristics measured at 1 MHz
grown with molecular beam epitaxy. Doping is silicon. using large dots.

B. Device Processing

Backing Water

Backing Wafer Backing Wafer

(© (d)

Figure 3: (1-a) The Schottky contacts are deposited, and a thin isolation through the delta-doped region is
etched optionally, (2-a) front-side passivation is deposited, (3-b) the wafer is mounted face-down on a quartz
wafer with wax for thinning (this wafer must be suitably thin to serve as the final substrate for the device
and may be mounted in turn on a sturdier substrate), (4-b) conventional lapping and then selective thinning
to an AlGaAs etch stop layer located just below the active layer, (5-¢) lithography for mesa isolation is
performed from the back of the wafer (at this point the wafer is sufficiently thin that the front-side metal can
be viewed from the back through the substrate), and (6-c) the wafer is etched, (7-d) thin SigNy or SiOy is
deposited in order to passivate the back and, if necessary, opened for bonding pads, and (8-d) the thin quartz
wafer is diced.
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The GaAs wafers were glued face down to a 75 micron thick quartz wafer, 2.5 cm in
diameter, with UV-curing glue. The GaAs wafers were then lapped down to a 100 micron
thickness using 5 micron, 1 micron, and finally 0.3 micron grit. Polishing was done with
a silica colloidal suspension and pad. Selective thinning to the etch stop layer (5, above)
was done using a 95/5 solution of ammonia and peroxidel. The peroxide/ammonia etch
undercut the edges of the wafer two to three hundred microns, two to three times the
vertical etch distance. Little damage of scale larger than pinholes of a micron or two in
diameter could be seen over most of the wafers processed. A brief dip in HCI and water
was used to remove the remaining oxide layer.

It should be noted that the wafers were remarkably rugged. The single cracked wafer
observed so far occured during the lapping operation, which in our lab is performed using
a relatively violent vibration table. The wafer that broke lost some small portions of the
edge, but the area on which the GaAs was epoxied proved to be extremely tough despite
cracks through the quartz. The wafer was processed to completion despite the cracks, with
no allowances made to ease the normal rigors of microelectronic processing (spinning,
contact lithography, etc.).

Mesas were defined by standard positive photolithography and dry etching. Wet etching
was unsuccessful using either photoresist masks (excessive undercutting for the smaller, 1
micron mesas) or nitride masks (adhesion problems). The mesas were aligned to the
frontside metal with IR backlighting, although the semiconductor is thin enough to permit
aligning with optical backlighting if available.

Additional process steps have been done, including backside passivation with more ECR
nitride and etching of contact holes with a CF4/O2 plasma. Clearly, the ability to deposit
more metal in order to further reduce loss and to make MIM capacitors with the frontside
metal and backside nitride is very attractive. Also, we have tried thinning the glue with
acetone prior to spinning; this results in a much thinner layer (roughly 10 microns) between
the GaAs wafer and the quartz substrate.

Figure 4: Backlit photograph of central portion of device. The small dark rectangle in the center is the
approximately 4 x 16 micron micron mesa. The larger, dark portions with the thinner protrusions (2
micron fingers) are the Ti/Pt/Au pads. The remaining area is quartz.
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The ECR nitride process is then repeated on the back, with windows opened with CF4/02
RIE to the frontside metal for contacting. Other MMIC-style processing, including plating,
MIM capacitor formation, etc. could be performed at this point.

Figure 4 shows a photograph of a completed device.

Electrical Measurements

Devices were checked for DC and capacitance characteristics after processing. Figure 5
shows the 1 MHz capacitance of a 3.75 x 8 micron device. While the peak capacitance is
lower than expected from the capacitance data shown in Figure 2, it is thought that the
difference is probably due to the fact that the processed wafer piece is from the edge of the
MBE wafer. Figure 6 shows the DC current leakage before backside passivation. The
measured current is many orders of magnitude lower than would be observed with
comparable Schottky diodes, leading us to believe that the BNN is potentially superior as a
multiplied power source.
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Figure 5: Measured C-V characteristics of a device with back-to-back 3.75 x 8 micron BNN diode.
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Figure 6: Measured DC leakage current for back-to-back 3.75 x 8 micron diode. Traces for positive and
negative voltages were taken by sweeping away from zero volts. Higher leakage currents can be measured
instantaneously if the voltage is not slowly swept; similar behavior commonly observed in MESFETs
leads us to believe that the method used above is the most relevant.
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Conclusions

We have demonstrated a new process for back-to-back diode fabrication using a BNN
structure. The process should make integration of submillimeter-wave diodes much easier
while simultaneously reducing RF losses through the elimination of all non-essential high-
dielectric semiconductor. The BNN diodes constructed with this process show a strikingly
low leakage current.
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ABSTRACT

The GaAs Schottky varactor diode is the non-linear device most commonly
used for submillimeter wave harmonic generation. Output power adequate to serve as a
local oscillator source for SIS tunnel junctions has been demonstrated with whisker-
contacted GaAs Schottky varactor multipliers in waveguide mounts up to about 800 GHz.
In this paper, we present results for a tripler to 200 GHz using a new multiplier
device, the single barrier varactor (SBV). This new varactor has a potential advantages
such as stronger non-linearities or special symmetry, which make it attractive for
submillimeter wave frequency multiplication.

The performance of a tripler using a SBV over a output frequency range
from 186 to 207 GHz has been measured in a crossed waveguide mount. The theoretical

performance of the device has been calculated using large signal analysis. A comparison
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of theoretical and measured results and a discussion of various losses in the mount and

the varactor have also been presented.

Heterodyne receivers are used for high spectral resolution shorter-

millimeter and sub-millimeter wave  astrophysics and earth remote sensing
observations. Local oscillator, mixer and antenna are the critical components in a
receiver. One approach to provide sub-millimeter power is to use the combination of a
high-power millimeter-wave source with a harmonic multiplier for higher frequency
generation. Frequency multipliers use a non-linear device to generate harmonics of the
input frequency from a fundamental oscillator. Although the Manley-Rowe relations
show that an ideal harmonic genarator with 100% efficiency is possible with a varactor,
real multiplier circuits are limited by loss in the device and circuit and by impedance
matching limitations at the input, output, idler and harmonic frequencies [1,2]. As the
circuits become smaller with increase in frequency, impedances and losses become more
difficult to control.

To achieve the full capability of the diode, appropriate embedding
impedances must be provided by the multiplier mount. The impedances at the input and
output frequencies must be set to maximize coupling power into or out of the device. In
higher order multipliers, current flow at the intermediate harmonics (i.e. the idler
frequencies) will enhance harmonic conversion. Therefore, the diode must be terminated
with a lossless reactance at these frequencies. The embedding impedances are provided by

the multiplier mount. Nonlinearities symmetric about zero bias will generate only odd
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harmonics, greatly simplifying the multiplier mount design. For instance a tripler
mount for a symmetric device will be equivalent to a doubler mount for a device without
symmetry. Similarly, a quintupler mount will be equivalent to a tripler mount, both
requiring one idler.

This paper presents the theoretical and experimental results of a 200 GHz

tripler using a single barrier varactor (SBV) as the nonlinear device.

MULTIPLIER DEVICE

The single barrier varactor diode used as the multiplier device in our
experiment, was developed at the Chalmers University of Technology [3,4]. These

Chalmers devices were fabricated with the epitaxial GaAs/Alg 7Gag 3As/GaAs material

- grown as indicated in Fig.1. It is inherently a symmetric device. The Alg 7Gag 3As barrier

o
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(n-doped)
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Fig.1: Schematic of the Chalmers Device
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which blocks the current flow is in the center having a thickness of 213 A. On either side
of the barrier, there is an undoped GaAs spacer having a thickness of 53 f\ GaAs depletion
region (n=1x1017 cm-3 ) on either side has a thickness of 5330 K Top and bottom
contacts are formed on highly doped GaAs regions (n=3.4x1018 cm-3 ) using 1000 X

<
AuGe, 200 A Ni and 1600 X Au. The top contact is made with a whisker and the bottom is

a large area ohmic contact. The Alg 7Gag.3As barrier will to a large extent prevent

electrons from passing through the structure. Thus the conduction current through the
device is very small. For moderate voltages, the conduction current is essentially caused
by thermionic emission. The width of the depleted part of the moderately doped epitaxial
layer will vary with bias voltage, thus forming a voltage dependent capacitance C(V).
When the diode is biased in the forward direction, the depleted region will appear on one
side of the barrier, and the depletion capacitance of the device will decrease with
increasing voltage. Since the diode is symmetric, a reverse bias will in the same way
cause a decrease in the capacitance value of the device. Hence, the maximum capacitance

is obtained for zero voltage and is determined by the thickness of the Alg;Gag3As

barrier. The minimum capacitance which occurs for maximum bias voltage, is
determined by the doping concentration and the extension of the moderately doped drift
region. For an appropriately designed device, similar capacitance swing with voltage as
for the Schottky-varactor diode is expected [5].

The losses due to the series resistance may be larger in the SBV diode than

in Schottky varactors, since the maximum current imax= CdV/dt will occur for V(t) = 0,

i.e. when both dV/dt and C are maximum and n-doped drift regions on both sides of the
barrier are undepleted and contribute to the series resistance. In addition, for small area
device, the ohmic contacts exhibits higher resistance than Schottky contacts. However

for a Schottky varactor tripler, the idler current at the second harmonic will degrade
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the tripler performance, since any finite reactance termination will cause power losses
in the series resistance. For the SBV tripler, this particular problem is virtually non-
existent [4].

The Chalmers devices tested here, have a mesa height of about 2.5 microns
and area of 5x5 micron2. In order to evaluate the dc characteristics, the device has been
mounted in a coaxial mount as shown in Fig.2. The S-parameters are measured using a
HP 8510B Network Analyzer. The K-connector provides 50 ohms up to the whisker to
allow accurate de-embedding of the mount [6]. The equivalent circuit of the diode
mounted in a co-axial mount is shown in Fig.3. Chalmers device was measured to have a
dc series resistance of 7 ohms. The measured C-V and |-V characteristics for the 5x5

micron2 Chalmers device are shown in Fig.4. The measured maximum capacitance is

l = ——l
—
& p—

Whisker

Device

Fig.2 : Schematic diagram of the device mounted in a coaxial mount

Rs Lw K-Connector

cvzE Zw  ==cj

Fig. 3 : Equivalent circuit of a device in a coaxial mount
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Fig.4 : Measured C-V and |-V characteristics of Chalmers device

65.6 fF and minimum capacitance is 12.4 fF. The figure of merit of the diode, which is

its cut-off frequency, is given by,

f. = 1 1 1
¢ 27":Rs{cmin Cmax}

Chalmers device has a cut-off frequency of 1200 GHz. The diodes are found to be damaged

when the dc voltage exceeded about 6V.

LARGE SIGNAL ANALYSIS

The critical step in the multiplier analysis is to solve the voltage and
current waveforms of the nonlinear device which is pumped and biased in an arbitrary
embedding network. A common solution of this nonlinear problem is to use a type of

harmonic balance technique. Time-domain current and voltage solution are sought which
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satisfy the diode conditions and frequency-domain solutions are sought which satisfy the
external circuit equations. In this work, a modified nonlinear program based on Siegel,
Kerr and Hwang [5] has been used in order to calculate the tripling efficiency of the

Chalmers single barrier varactor diodes. Fig. 5 shows the equivalent circuit of a
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Vs -[ “ze(mp)

Fig.5 : Eduivalent circuit of a multiplier

multiplier. Harmonic triplers with 186 GHz,192 GHz, 200 GHz, 207 GHz output
frequencies are calculated. We have optimized the impedance at the third harmonic
frequency. The idler and the higher harmonics are set to open circuits. Impedance up to
12th harmonic are analyzed. In the analyses, the measured C-V and |-V characteristic
shown in Fig.4 have been used. Since the series resistance is important in the device
performance, the calculations are carried out for a range of resistances, 5 ohm, 10 ohm,
15 ohm and 20 ohm.

Fig.6 presents efficiency versus the input power for a SBV tripler to 192
GHz taking series resistance of the device as a parameter. In order to quantify the effect
of current flow in the device on the multiplier performance, we have calculated the
performance for a device with 5 ohm series resistance with no current. The theoretical
efficiency is found to degrade from 45% to 20% when the measured current is included.

Higher device series resistance degrades the tripler performance significantly as the
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Fig.6 : Calculated tripling efficiency for Chalmers device

series resistance of 20 ohm results in about a factor of four worst performance than a

series resistance of 5 ohm.

200 GHz WAVEGUIDE MOUNT

To achieve optimum performance of the device, it must be provided with

the appropriate circuit embedding impedances. The impedances at the input and output
frequencies must be set to maximize coupling power into or out of the device. In higher
order multipliers, current flow at the intermediate harmonics i.e. the idler frequencies
will enhance the harmonic conversion. Therefore, the diode must be terminated with a
lossless reactance at these frequencies.

An output of the large signal analysis, used to optimize the device, is the
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required embedding impedance. In fig.7, the real part of the optimum impedance is
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Fig. 7 : Input and output circuit optimum embedding impedances calculated

by large signal analysis

shown on the horizontal axis and the imaginary part on the vertical axis, parameterized

by the input power for both the input frequency (R4, X1) and the output frequency (Rgs,
X3). Impedances are plotted for different series resistances of the device. Input power

increases from 0 mW to 50 mW. At low input power the real part is same as the device
series resistance. The input imaginary impedance ie the impedance corresponding to the
maximum capacitance at input frequency. As the input power increases, the device
capacitance decreases increasing the impedance. The real impedances needed are in the
range from 7-30 Ohms. The imaginary impedances range from 40-100 Ohms for the
input circuit and from 15-42 Ohms for the output circuit respectively.

The embedding impedances are provided to the single barrier varactor
(SBV) device by a crossed waveguide mount. In addition the mount distributes the power.
A schematic drawing of the crossed waveguide mount is shown in Fig.8. The single
barrier varactor device is mounted spanning the output waveguide. The output waveguide
is actually oriented perpendicular to the plane of the paper. Power at the input frequency

travels down the input waveguide. A low pass filter consisting of Au metallization on the
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quartz substrate couples the input power from the waveguide to the whisker contacted
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Fig.8 : Schematic diagram of the device in the mount

SBV device located at the output waveguide. An E-plane tuner and a backshort at the input
waveguide provide adjustments to optimize the embedding impedance at the input
frequency. The output waveguide is cutoff at the input frequency preventing propagation
down it, thereby confining the input power to the vicinity of the SBV device. The tripled
power is coupled out the output waveguide. The embedding impedance at the output
frequency is adjusted by varying the whisker length and by a movable backshort. The low
pass filter prevents the output frequency from traveling to the input waveguide. A

scanning electron micrograph of the device in the mount is shown in Fig. 9.

EXPERIMENTAL RESULT

The set-up for 200 GHz tripler measurements is shown schematically in

Fig.10. A 60-70 GHz klystron is used as the pump source. The input power is monitored
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Fig. 9 : Scanning Electron Micrograph of the device in the mount
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Fig.10 : Test setup for the 200 GHz tripler measurement

by a Anritsu power meter, calibrated to give the power at the input flange. The reflected
power is measured using a directional coupler coupled to a second power-meter. The third
harmonic output power is measured by a third powermeter. We determine the loss at the
third harmonic in the waveguide from the output flange to the powermeter by a

substitution technique. The observed loss in the WR4 output waveguide is 0.032 dB/A,
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consistent with the resistive losses corresponding to the metal conductivity of 2x107
mho/m. The flange-to-flange efficiency is defined as the ratio of the power at output
flange to the power available at the input flange. Using various whisker lengths, the
efficiency and output power were measured between 186-207 GHz. Measurements were
taken with three different whisker lengths, 6 mil, 8.4 mil and 11 mil. It was seen that,
the Chalmers 25 micron2 device, contacted with a 8.4 mils long whisker gives best
tripler performance. The measured efficiency versus input power for 186 GHz, 192

GHz, 196.5 GHz and 201 GHz output frequencies are shown in Fig.11 for a 8.4 mil long

8.4 mil whisker
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Fig.11 : Measured efficiency versus input power plot for the tripler

whisker contact. The best performance has been achieved at 192 GHz, giving an
efficiency of more than 2% at 40 mW input power. This is similar to the results
demonstrated by Rydberg et al. using the same device [3].

To compare the experimental results to the performance predicted by
large signal analysis, the loss in the multiplier mount is assesed. Loss arises from

several mechanisms. At the input frequency, the finite conductivity of the waveguide and
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dielectric loss in the filter are very small. The primary loss mechanism is due to the
impedance mismatch. By measuring reflected power at the input, less than 0.2 dB loss
due to mismatch was observed, over the frequency range tested.

At the output frequency, the impact of finite conductivity is higher. In
addition, losses due to imperfections in the backshort are critical. Other mechanisms
include the impedance mismatch and higher harmonic generation.

Some of these loss mechanisms at the output frequency have been modeled

using Hewlett Packard’'s Microwave Design System (MDS) package. Fig.12 shows the
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Fig.12 : Calculated transmission from the diode to the output flange of

the tripler mount

calculated transmission from diode in the tripler mount to the output flange of the mount
as a function of backshort position. When there is no loss, the transmission is 100% at -
resonant positions of backshort. If a finite conductivity of 2x107 mho/m, the measured
conductivity of the WR4 output waveguide is included, the peak transmission reduces to

about 90%. If in addition, the backshort has a 10% loss, the transmission reduces to
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about 60%. For a backshort loss of 25%, the transmission goes down to 40%. The losses
reduce the height of the peaks and the sharpness of the resonances out. In addition, the
antiresonant backshort positions donot give zero percent transmission.

The measured results are plotted in Fig.13, which shows the relative
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Fig.13 : Plot of measured output power as a fumction of output backshort position

output power as a function of output backshort position. This looks qualitatively similar
to the theoretical results. The measured first peak match the theoretical results with
10% backshort loss, while the valley and second peak are closer to the 25% backshort
loss.

Based on these observations, the multiplier mount loss budget is
presented in Table-l. In the output circuit, the loss due to the finite conductivity is
estimated as 1 dB. Loss due to backshort is 3 dB. Impedance mismatch loss and loss due to
higher harmonics are not known. Therefore, the loss in the output circuit is estimated to
be more than 4 dB. Input circuit loss is estimated to be less than 0.2 dB. Using these loss

values, 0.2 dB at input and 4 dB at output, the measured flange-to-flange efficiency is
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Table - |
Loss

Output Circuit

Finite Conductivity 1dB

Backshort Loss 3dB

Impedance mismatch ?

Higher hammonics 2

Total > 4dB
Input Clrcuit
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