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Preface

As with previous volumes of this digest, the present edition represents 1 year (June 1991 to June
1992) of publications by the Solid State Technology Branch of NASA Lewis Research Center.
The digest does not include a number of oral presentations or symposia for which no proceedings
were published. Nevertheless, the present volume clearly indicates the areas of solid-state
research where branch efforts are focused, and provides the reader with the names of people
who can be contacted for more detailed information.

As usual, the digest is organized into three sections: MMIC and Hybrid Microwave Circuits,
Development of Heterojunction Materials and Devices, and High Temperature Superconductivity.
The topics in the MMIC and Hybrid Microwave Circuits section contain papers on V-band and
W-band work and are indicative of the general move to higher frequencies. The paper describ-
ing a 1-W, Ka-band amplifier is representative of continuing efforts to insert our research into
NASA missions. In the present case, the 1-W amplifier uses monolithic power amplifiers pro-
duced under contract by Texas Instruments in combination with in-house-designed coplanar
waveguide power dividers and combiners. The resulting amplifier is intended to be used as a
transmitter for a number of ACTS experimental ground terminals. In addition, the branch still
maintains a significant effort in the design, fabrication, and testing of novel schemes for feeding
array antennas.

In-house work in materials and devices research continues to feature a strong collaboration with
the University of Michigan and a strong interest in InGaAs heterojunction materials, both on
GaAs and InP. One of the most significant achievements in the last year was the production of a
"decal" HEMT from which all of the GaAs substrate was removed. Deposition of the remaining
active layers on a sapphire substrate yielded a device that outperformed the original GaAs
substrate.

In the area of superconductivity, significant effort was maintained in determining microwave
properties of thin films. However, because our film deposition facility was undergoing major
modification, the principal sources for films was outside Lewis. The largest part of our effort in
superconductivity this year was directed to the design, fabrication, and testing of an X-band
oscillator stabilized by a superconducting resonator and a cryogenic mixer. These will serve as
the local oscillator and down converter for a receiver, developed jointly with the Jet Propulsion
Laboratory, to be submitted to the Naval Research Laboratory for their Superconducting Space
Experiment (HTSSE-II).

New facilities this year reflected branch research interests. A W-band test set was added to
permit ANA work on monolithic 90-GHz parts that will be delivered by TRW. An addition to
our Hall measurement facility, which will permit optically modulated measurements, became
fully operational this year. Finally, a major modification in the laser ablation system will pro-
vide cleaner vacuums while permitting sequential ablation of multiple targets. The primary
objective of the modification was to allow the in situ deposition of multilayer structures.

Regis F. Leonard

Branch Chief, Solid State Technology Branch
NASA Lewis Research Center

August 1992
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ADVANCES IN MMIC TECHNOLOGY FOR COMMUNICATIONS SATELLITES

Regis F. Leonard
NASA Lewis Research Center
Cleveland, Ohio

Abstra

This paper discusses NASA Lewis Research
Center’s program for development of monolithic
microwave integrated circuits (MMIC) for
application in spacc communications. Emphasis will
be on the improved performance in power
amplifiers and low noise receivers which has been
made possible by the development of new
semiconductor materials and devices. Possible
applications of high temperature superconductivity
for space communications will also be presented.

I. Background

Advanced satellite communications systems,
with ever increasing data rates, multiple beams,
higher frequencies, on-board processing, and
complex interconnects, place an ever increasing
demand on the spacecraft resources, most specif-
ically the prime power and weight budgets. One
solution to these requirements is the use of phased
array antennas, which can provide multiple beams
and electronically steerable beams without the
complications required by mechanical steering. A
practical system, however, will usually require the
availability of components utilizing a high degree of
monolithic integration {MMICs), inasmuch as
discrcte components and hybrid technology are
prohibited by the volume and weight constraints of
space missions.

Over the last ten years, NASA Lewis Research
Center has undertaken a program aimed at
demonstrating the feasibility of a varicty of state-of-
the-art MMIC modules with application in satellite
communications systems. Primary goals of that work
have been to increase the available power output
from a MMIC module, to increase the efficiency of
MMIC amplifiers, and to reduce the noise figure of
MMIC receivers. Over that period, dramatic
improvements in all of these paramelers have been
made possible by revolutionary advances in
materials technology. Most of these have been
enabled through the routine use of molecular beam
epitaxy (MBE), which has made a variety of
materials feasible. Most significant of these are
lattice-matched and strained-lattice

Copyright © 1992 by the American Institute of Aeronautics and Astronautics, Inc. No copyright is asserled in the United States under Title 17, U.S. Code. The U.S. Government has

(pscudomorphic)  heterojunction  structures.
Combined with clectron-beam lithography, which
makes 0.1 micron features possible, frequencies and
efficiencies are now possible which would have been
unthinkable five years ago.

1. Power Amplifiers

Over the last § to 7 years, ncw materials have
been responsible for tremendous improvements in
the power-added efficiency which can be achieved at
either the device or circuit level. Typically, a
conventional GaAs MESFET, the standard device
5 years ago, can achicve efficiencies near 20% at
Ka-band, which in turn resulted in amplificr
efficiencies of 10 to 15% over approximately the last
five years. Since that time, however, structures such
as the pseudomorphic HEMT, shown in Figure 1,
have permitted record values of Fmax, and subse-
quently, record values of gain and efficiency at fre-

quencies up to near 100 GHz.
PSEUDOMORPHIC HEMT STRUCTURE

InGaAs (15% In)

UNDOPED GaAs

Figure 1. Pseudomorphic HEMT Structure
The psendomorphic HEMT utilizes an active
channel consisting of approximately 150 Angstroms
of MBE-grown InGaAs, with approximately 15%
indium. Using this percentage of indium results in
a structure which is not lattice-matched to the GaAs
substrate. However, the lower band gap of the
InGaAs provides much improved charge
confinement, significantly higher mobility, and
higher saturation velocity. Combined with doped
donor layers of AlGaAs, or even with doping within
the channel, pseudomorphic HEMT devices have
demonstrated a clear superiority to either conven-
tional GaAs MESFETs or AlGaAs HEMT devices.
This is illustrated by the results of development

aroyalty-free ficense to exercise alf rights under the copyright claimed herein for Government purposes. All other rights are reserved by the copyright owner.
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contracts which NASA Lewis has sponsored at
Texas Instruments and at Hughes Aircraft.

Ka-Band Power Amplifiers

Anticipating the possible conversion of NASA’s
deep space communications network to Ka-band,
NASA Lewis commissioned Texas Instruments to
develop a set of monolithic power amplifier chips at
32 GHz. This effort has established or equalled
state-of-the-art performance in such devices. The
characteristics of four of these chips are shown in
Table 1.

The third and fourth chips listed in Table 1 are
single stage pseudomorphic HEMT amplifiers. The
700 mW power output of the larger of these
combined with its 25% efficiency represents a
significant advancement in the state-of-the-art
performance for such a module.

In a follow-on to this work, using a modified
version of the pseudomorphic device and improved
circuit designs, TI has accepted the performance
goals given in Table 2. If achieved, these will again
represent significant performance improvements for
a 32 GHz multistage power amplifier.

Stages | Gate widths | Output | Gain | Efficiency | Frequency
(um) Power (dB) (%) (GH2)
(mwatt)
3 50-100-250 190 23 30 31
3 100-300-800 390 16 25 pat]
1 100 €3 6.5 40 31
1 800 710 4.2 25 3

Power Gain Power-added efficlency "
" 250mW 1548 50%
" W 1048 35%

Table I. Performance Characteristics of Texas
Instruments Monolithic Power Amplifiers.

The first two chips listed in Table 1 are 3-stage
amplifiers, and represent a significant advance in
the design of such circuits. Specifically, the design of
interstage matching networks requires extremely
accurate models for the devices being utilized at
power levels well beyond the usual small signal
approximations. The power output, efficiency, and
gain represent an apparent record in performance
of a multistage amplifier at this frequency. Details
of the design of these amplifiers are reported else-
where!!

Table 2. Performance Goals for Modified TI
Amplifiers

V-Band Power Amplifiers

As NASA’s science missions become more
complex they require ever increasing capacity for
data relay. To ensure that technology exists which
can satisfy the requirements of anticipated
intersatellite links, Lewis initiated a power amplifier
development at 60 GHz at Hughes aircraft
approximately 3 years ago. Again, the only device
which appeared to have the potential for achieving
the required gain, power and efficiency was the
pseudomorphic HEMT. At the present time, the
contract has not been completed. However, the
contract goals, as well as Hughes’ results to date for
a pseudomorphic device, a single stage amplifier,
and a 3-stage amplifier are shown in Table 3.

INPUT
STAGE

Figure 2. TI's Three Stage 32 GHz Monolithic

Power Amplifier

STAGE 2

OUTPUT
STAGE

GOAL PERFORMANCE
ONE-stage| 3-stage
POWER OUT | 100mW]| 11omW | 100mw
GAIN 15dB 6dB 17dB
EFFICIENCY | 30% 26%

Table 3. Goals and Performance for Hughes’ 60
GHz Power Amplifier




111, Low Noise Componen

Materials developments similar to those
reported in power amplifier applications have also
taken place over the last ten years in low noise
devices and circuits. These improvements are
illustrated by the results which have been achieved
first with AlGaAs/GaAs HEMTs, which produced
device noise figures of 1.8 dB and amplifier noise
figures of 3.2 dB at 60 GHz? More recently, the use
of InGaAs/InP HEMTs**>® became feasible,
resulting in amplifier noise figures near 1.0 dB at 60
GHz. Such greatly reduced noise figures make low
noise amplifiers a viable alternative to a mixer at
frequencies up to nearly 100 GHz. In addition, a
number of systems which could not afford the rela-
tively small penalty imposed by monolithic circuit
implementation, now become feasible.

W-Band Low Noise Amplifier and Mixer

The most recent work undertaken by NASA
Lewis is the development of a 94 GHz monolithic
low noise amplifier and a monolithic mixer.
Although NASA has not identified a mission
requiring a 94 GHz communications system at this
time, the advantages in terms of reduced antenna
size (or equivalently increased data rate or reduced
RF power) should make it attractive if the tech-
nology were available.

The development, being carried out at TRW in
Redondo Beach, will utilize lattice-matched
InGaAs/InP technology, will include the design, fab
rication and test of both hybrid and monolithic
versions of low noise amplifiers and mixers at W-
band. The performance goals for the required
modules are shown in Table 4.

Low Noise Amplifier

RF Band: 90-98 GHz

Noise Figure 3 dB max

Gain: 18 dB min
W-Band Mixer

Conversion Loss: 6 dB max

LO Power: 5 dBm max

Noise Figure: 4 dB max

Integrateable with LNA ]

Table 4. Performance Goals for TRW's MMIC
Receiver Modules

If successful, the work will result in a record noise
performance for a monolithic amplifier at this
frequency, and will demonstrate the feasibility of
monolithic circuitry in InGaAs/InP, the clear choice
for systems requiring the best possible noise
performance. TRW’s approach to the work is based
on a lattice-matched InGaAs/InP device, which has
demonstrated a noise figure of less than 2 dB. Such
devices, incorporated into circuit designs which
¢liminate many sources of parasitics by utilizing
coplanar waveguide as a transmission media, appear
to provide an excellent chance of achieving the
program goals.

The W-band mixer design, utilizes the same
InGaAs/InP HEMT as does the LNA. This
approach is expected not only to achieve the noise
figure goals, but also to minimize conversion loss by
incorporating gain within the mixer, to require
reduced LO power, and to be integrateable with the
low noise amplifier to allow a monolithic receiver.

IV. High Temperature Superconductivity

Another technology which exhibits long term
potential for significantly improving the performance
of space communications systems is
superconductivity. Since the discovery in 1987 of
matcrials which become superconducting at 90K
(and perhaps more significantly for space
applications 120K) a number of superconducting
microwave circuits have been explored by NASA
Lewis. One of the most promising of these appear
to be ultra-low noise receivers, such as might be
required on an earth-orbiting relay satellite
communicating with a power-limited planetary
mission.

Low Noise Applications of Superconductivity

NASA Lewis, in collaboration with NASA’s Jet
Propulsion Laboratory is working on the design and
fabrication of a low noise receiver module which
would be a candidate for testing in NRL’s High
Temperature Superconducting Space Experiment
(HTSSE). A block diagram of the X-band system is
shown in Figurc 3. The system will utilize
"conventional' semiconductor devices (discrete or
MMIC) as active elements in the low noise
amplifier, mixer, and local oscillator, with
superconducting interconnects used for passive
portions of the circuitry. For example, the input
filters and matching circuits for the LNA will
employ HTS materials, thereby reducing



significantly the losses at the front end of the " 6650 pm————1
system, since at X-band, surface resistance of HTS
transmission lines is only 1/50 that of gold.
Similarly, the local oscillator will use FETs as active
devices, but will employ a superconducting ring
resonator as a stabilizing element. Such a circuit will
produce a lower "Q" than a dielectric resonator,
however, it should be approximately 20 times higher

1650 ym

than any other planar implementation, and e |
therefore advantageous for systems where size and 1325 pum
weight are severe constraints.
Figure 4. Layout of a 2x2 32 GHz
i' ———— T T T T "'L:c— = Superconducting Array
: I nesponsTBILITY

I mpo:xLaxuw | | Preliminary results of radiation pattern

! | Lo - 8.4 Gz | measurements on this antenna, compared with an

: | ' | identical gold antenna are shown in Figure 5.

7.25 GHx

‘ |
| PEmECT | M AT
| S ——— Y ettt —— PA
Ta70K Fu3l.8 W:IN% Asl:;-sa%: TEdB
Figure 3. Schematic of HTSSE Experiment LANTHARM AL

Applications of HTS to Array Antennas el

Superconductors could also offer significant
advantages if used as interconnections in a large "
phased array antenna. In this case reducing the feed
network losses effectively increases the gain of the
antenna, This concept has been quantified by

Dinger7, who showed that for a 100 cm?2 array, at -4

35 GHz, the effective gain would be increased by 3

dB by using superconducting interconnects. At the e TN FEDEEDIE T |
present time, work is ongoing to demonstrate this AHGLE {DECAEES)

advantage. experimentally. As _an initifﬂ SOLD MICROSTRIP ANTENNA PATTZAN
demonstration, a 2x2 patch array with microstrip AT T- 295K, F- 31.8 GHz, MAX AMP - 37dB

feed, based on a design supplied by Ball Aerospace,
has been fabricated and tested. A diagram of the
antenna is shown in Figure 4.

P | 1 PR |
i m KJ [1] s 14

AMGLE  (DEGREES)

Figure 5. Radiation Patterns from a 2x2
Superconducting Array



A second array, similar in design to the 2x2 has
been successfully fabricated by Ball, has passed
preliminary RF testing, and has been delivered to
NASA Lewis for measurement of radiation patterns
and gain. Work is ongoing, in cooperation with Ball
Aecrospace, under NASA contract, to refine the
basic antenna design by utilizing other feed
concepts, such as capacitive coupling. In addition,
Ball is investigating architectures which will
minimize heat loads associated with a large array.

Superconducting Antenna Shuttle /Airborne
Experiment

Figure 6 shows schematically an experiment
which would use a superconducting, steerable array
antenna as part of a ground-to-ACTS-to-shuttle-to-
ground communications experiment. The uplink to
ACTS would be at 30 GHz. The ACTS to shuttle
link would be at 20 GHz, with the shuttle tracking
the ACTS spacecraft electronically in one plane and
mechanically in the other.

Figure 6. Superconducting Space Shuttle
Experiment

A schematic diagram of the antenna portion of the
proposed system is shown in Figure 7.

CRYRQ-COOLED ROOM TEAP
|
|

P
(==} T TJ9©| cone
i
16 ELE. FILTER LNA | PHASE-
SUBARRAY b siFTer

Figure 7. Schematic Diagram of
Superconducting Array Antenna

As the diagram illustrates, the antenna would
consist of a 1x9 array of 4x4 subarrays. Such a
system would be large enough to demonstrate the
advantages of superconductivity in the interconnects
but small enough to realistically consider fabricating
at this time. In addition, the low noise receivers
associated with each antenna element would be
cooled, thereby improving noise performance. The
remainder of the system (a phase shifter for each
16-clement subarray, a power combiner, and the IF
amplifiers) would operate at ambient temperature.
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LOW NOISE InP-BASED MMIC RECEIVER FOR W-BAND

Regis F. Leonard
NASA Lewis Research Center
Cleveland, Ohio

Abstract

This paper will describe a program,
currently being carried out by TRW
under LeRC sponsorship, to develop a
monolithic W-band low noise
amplifier, a critical element in any
w-band communications, sensors, or
radar application. Goals of the
program include a fully monolithic
low noise amplifier with a noise
figure of <3.5 dB, and a monolithic
mixer suitable for integration with
the LNA. The contractor has chosen
lattice-matched InGaAs/InP &8s the
baseline device for the program., The
paper also briefly describes some
potential applications of W-band
technology, including communications,
where the higher frequency would
provide greater bandwidth and would
make possible significant reductions
in antenna size, or, for fixed
antenna size, reductions in
transmitter power.
tentjal W-Band Applicatjons

A variety of  ©potential space
applications of W-band technology
have been suggested. Most of these
take advantage of the
wavelength of millimeter wave beam-
widths, greater spatial resolution,
and greater immunity to interference.
At the same time, the higher
frequency provides greater bandwidth
and therefore greater information-
carrying capability. In addition,
there occurs a relative window in
atmospheric absorption near S0 GHZ,
which gives W-band technologies
another unique advantage.

Specific applications which NASA has
examined include passive imaging
radiometry and active radar sensors
for earth observations, such as a
geostationary rain radar system. Both
of these would take advantage of in-
creased spatial resolution of W-band
as well as the reduced size of
components and the possibility of
monolithic implementation, which
would make electronically scanned
systems feasible.

shorter

Another candidate mission for the use
of W-band radar would be a debris-
tracking radar system for space
station, where the 3-mm wavelength
would permit the system to meet the
requirement that it must detect and
track particles as small as
approximately 1 cm.

Finally, W-band technology, when
applied to deep space communications,
again offers the advantages of narrow
beamwidths and large bandwidth. &As
with radar applications, these may be
utilized either for the reduction of
transmitter power, or for the

reduction of antenna size, or an
improvement in signal quality,
depending on specific system
requirements. In either case,

however, some technology development
is required before W-band can be
considered a viable candidate for use
in a space mission. The most
critical elements of this technology
are low noise receivers, preferably
in a monolithic implementation, and
power Bources based on both solid
state and vacuum electronics. The
present paper describes developments

_in low noise/monolithic technology.

ate-of-the Art e v

Low Noise Technology

In the last four years advances in
materiales and device technology have
had a revolutionary effect on the
noise performance of both microwave
and millimeter wave systems. As
recently as 1986 Sholley and Nichols
reported a noise figure of 4.6 dB for
a one stage, 56 GHz amplifier using a
0.25 micyon gate and AlGaAs/GaAs HEMT
devices. At the time this
represented some of the highest
frequencies for which the HEMT
technology had been demonstrated, and

was considered excellent noise
performance.
By 1988, Duh et.al. reported 0.25

micron AlGaAs/GaAs HEMT devices witg
noise figures of 1.8 dB at 60 GHz.
Using these devices in a two stage V-
band amplifier, they achieved 3.2 dB

Copyright © 1991 by the American Institute of Aeronautics and Astronautics, Inc. No copyright is asserted in the United States under Title 17, U.S. Code. The U.S. Government has
a royaity-free license 1o exercise all rights under the copyright claimed herain for Government purposes. All other rights are reserved by the copyright owner.
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noise figure and 12.7 dB gain at 61
GHz.

The current state of the art,
however, appears to be based on the
use of devices which utilize an
active channel of InGaAs lattice-
matched (53% indium) to an 1InP
substrate. In 1989 Vaughn et.al. of
Hughes and Duh et.al. of GE reported
record performance for low noise
amplifiers using InAlAs/InGahs/InP
devices with a gate lgqgth of
approximately 0.25 microns.™

At 60 Ghz the Hughes group reported
single stage amplifiers with noise
figures of typically 1.5 dB, and some
as low as 0.8 dB without corrections
for losses. GE fabricated devices
with noise figures of 1.2 dB and 15
dB of small signal gain, and a three-
stage 60 GHz amplifier with a noise
figure of 3.0 dB and 22 dB gain. The
Hughes three-stage amplifier
exhibited a 2.6 dB noise figure and
15.5 dB gain. At 90 GHz, using this
same technology, GE reported a 2.1 dB
noise figure for the deembedded HEMT
device, and a 4.5 dB noise figure for
a two-stage amplifier. Most
recently, TRW reported an
InAlAs/InGaAs/InP device with a gate
length of 0.15 microns with a minimum
noise figuge of 1.7 dB and 7 dB gain
at 83 GHz.

a oal 8

Effort

In view of these rapid advances in
low nolse technology, & contract was
awarded to TRW, Redondo Beach, CA
approximately 6 monthe ago for the
development of two monolithic chips
{(a low noise amplifier and a mixer)
as components of a low noise
receiver. As intermediate steps in
the program, the contract calls for
the fabrication and test of critical
gubmodules, as well as a hybrid
version of each monolithic chip. The
performance goals for each of these
items are given in Table 1.

10

LNA
RF FREQUENCY 90 TO 98 GHz
GAIN 18 dB MIN

<3.5 dB (MMIC)
<3.0 dB(HYBRID)

NOISE FIGURE

MIXER

RF FREQUENCY 90 TO 98 GHz

LO FREQUENCY 88 GHz

LO POWER <4 dBm

NOISE FIGURE <4 dB DOUBLE-SIDE
BAND

Table l.Performancé Goals for 90 GHz
Receiver Modules

Deliverables from the contract will
include three hybrid LNAs, 20 MMIC
LNAs, and 20 MMIC mixers, as well as
three sets of critical components and
submodules, and one eget of test
fixtures.

n oac egent

Effort
ev o

TRW has studied three device types to
determine the most appropriate
approach to the present contract
These were the GaAs/AlGaAs HEMT, the
pseudomorphic (InGaAs/GaAs) HEMT, and
the lattice-matched InGaAs/InP HEMT.
A comparison of the characteristics
of the three devices is shown in
Table 2.

_ Oovios Toshmeloyy
m: Letdor-Mriched
tmlaks HEMT
Poromotor Sala REMT (Sake-Sased] [ ]
Bevice MFigain Projectsd TRW {100} TRW {1990}
uks uasa 21 8As 2 17d81748
Precess meturity Excallerx Boelor Good
Nolablity Excobent Excolot TBD
M % s MTTF> W'
3-dog Saralty {cn} uxu® xR 15208
500 »3.00 »38,000
e T
>IN0 &0 >10,000
[ 0K
Soturstion velochy ewvs] 15210 -2k W7 21x10°

Table 2. Comparison of HEMT Devices

Based on these data, the InP-based
device, reported in reference 35,
appeared to be the only approach
capable of satisfying the contract

Tam



requirements. The basic structure of
the TRW device is shown in
Figure 1.

o

Elwua—‘

Gwdopad inAbs baffer
Gupediunios buller
4 P subevren

Figure 1. Structure of InGaAs/InP
HEMT
Further performance improvement

should result from shortening the
gate length to 0.1 micron, which is

The most important considerations
were the ease of integrating and
grounding active components, the
reduced sensitivity to substrate
thickness, smaller parasitics, and
ease of transition to slotline or
notch antenna elemente which seem
most appropriate at W-band
frequencies. In addition, the
absence of a requirement for small
dry-etched via holes facilitates the
transition from the more mature
pseudomorphic HEMT MMIC processes to
the developmental InP.

onolithi w_No ifie

Preliminary designs have been carried
out for the monolithic 1low noise
amplifier. It is anticipated that
the chip will use three stages of
amplification. The simulated
performance of this design, based on

a 0.1x40 micron InP HEMT device s

well within the capability of state-
shown in Figure 2.

of-the-art E-beam lithography.
Therefore, in the present program, a
0.1x40 micron InP HEMT was selected
as the baseline device for both the
low noise amplifier module and for
the mixer module.

5 GAIN
Circujt Implementation B

Following a study of the relative
advantages of microstrip, coplanar

NOISE FIGURE

and grounded coplanar transmission 0.000 RS%LN ggﬁ;:
lines, grounded coplanar wavegulde A LOSS

has been chosen as the baseline for 0

the monolithic versions of both the  __ » /
LNA and the mixer. A comparison of T A

the characteristics which led to this -25.00
decision is shown in Table 3. 90.00 94.00 98.00
’ FREQ-GHz
asvecy bl veam0e £ren w~1;“
7IY -G -—EﬁQ- Figure 2. Simulated Noise and Gain of
) a Three-Stage W-Band LNA
SMTTRATE BN ESS ATOS S ATOMMAS 4TOSMES
OURICTERTE M ®woea 1w o B w0 As indicated, the gain is expected to
STECTADELITRC GRETAL Bt 7 - - be greater than 22 dB across the
— — — _— required band, while the noise figure
- ow -—— an should be less than 2.5 dB, both of
STEQRATION LEVEL _— - - which exceed performance goals by a
[P — N owen wow gsizeable margin.
MOCERG BMALL VA-MOLES MO WAHOLES REOUINED | WANOLES RIDUSED
feoane Monolithic Mixer

SUNES COMPCMENTS EASY Sy 4
::T e w w Preliminary designs for the
SRS M ew e LYWL LYWL monolithic mixer module are based on
- SRR SHUCIAEL Mo PaLY WL o o a single-balanced active HEMT mixer,
ihmiattiamnibdesssnsnmminsinodhate w—"" e e which would use the same 0.1x40

Table 3.Comparison of Microstrip, micron InGaAs/InP HEMT device which

CPW, and Grounded CPW Media was chosen for the LNA. This
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ORIGINAL PAGE IS

OF POOR QUALITY



approach has the advantages of
minimizing conversion loss (or even
producing conversion gain), requiring
a minimum of LO power (<4dBm), and
being compatible with LNA technology
should another level of monolithic
integration be required. The
measured performance of such a mixer
in hybrid implementation with a 0.15
micron InP device was reported by
Chow, et.el. of TRW. In that work,
with an 8% GHz, 3 dBm local
oscillator, they observed a

conversion gain of 2.4 dB and a

single-sideband noise figure of 7.3
dB.

Progqram Status

At the present time TRW has been
under contract for approximately six
months (of a 36 month effort). 1In
addition to the preliminary amplifier
and mixer architectures which have

been selected, some critical
components and submodules have been
tentatively identified. These

include the 1low noise devices for
which accurate models must be derived
before detailed amplifier and mixer
designs can be carried out, and a
number of passive elements, such as
MIM capacitors, nichrome resistors,
coupled line sections, open stubs,
Lange couplers, tee-junctions,
crosses, and bends which have been
used at lower fregquencies, but
require refined models at W-band.
Submodules to be studied include bias
networks, the input matching network,
and single stage amplifier chips.
For the monolithic mixer, critical
components include a rat race
coupler, matching networke for the
mixing device, and the IF filter. At
the present time detailed design and
fabrication of these critical
components and submodules is about to
begin.

rogram Challenges

Although considerable work has been
carried out on InP devices, ag well
as on the design of 1low noise
amplifiers, even to W-band
frequencies, major challenges must
still be met if the goals of the
program are to be met. These include
the development of an InP MMIC
process. Although this activity will
build on previous experience in
pseudomorphic HEMT fabrication, the
demonstration of a fully monolithic

12

circuit in InGaAs/InP will represent
a significant advance.

The use of coplanar waveguide as a
transmission medium at
requires the development of accurate
models of such structures. This is
made doubly challenging by the
frequencies involved and by the
paucity of work in CPW at any
frequency. This difficulty will be
overcome by using some of the newly
developed electromagnetic simulations
in conjunction with experimental
studies of selected discontinuities.

Test procedures, particularly
extremely low noise measuremente at
90 GHz present many unique and
difficult problems. Again, the
frequencies involved preclude the use
of commercially available "off-the-
shelf" test equipment. One of the
most significant needs is for on-
wafer test equipment, which will
significantly enhance the accuracy of
the results, inasmuch as de-embedding
procedures no longer need to take
into account uncertainties sBuch as
bond wire characteristics. On-wafer
probing of course also reduces the
time and money spent in RF testing,
as low quality chips can be screened
and eliminated early.
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V-BAND PSEUDOMORPHIC HEMT MMIC PHASED ARRAY COMPONENTS FOR
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Torrance, CA 90509

Alan N. Downey

NASA Lewis Research Center
Cleveland, OH 44135

ABSTRACT

Recent advances in pseudomorphic HEMT MMIC (PMHEMT/MMIC) technology have
made it the preferred candidate for high performance millimeter-wave components for phased
array applications. This paper will describe the development of V-band PMHEMT/MMIC
components including power amplifiers and phase shifters.

For the single-stage MMIC power amplifier employing a 200 pm PMHEMT, we
achieved 151.4 mW output power (757.0 mW/mm) with 1.8 dB associated gain and 26.4 %
power-added efficiency at 60 GHz. A two-stage MMIC amplifier utilizing the same devices
demonstrated small-signal gain as high as 15 dB at 58 GHz. And, for the phase shifter, a four-
bit phase shifter with less than 8 dB insertion loss from 61 to 63 GHz has been measured.

1. INTRODUCTION

The need to develop V-band transmitter/receiver (T/R) components for use in radar,
communication, and surveillance systems is rapidly increasing. At the same time, the approach

employed must reduce the cost, size and weight of the system; therefore, monolithic techniques
are essential.

Until recently, the development of millimeter-wave (MMW) monolithic T/R components
has been limited to operation below 30 GHz primarily due to the low cutoff frequency of
MESFETs, which have been the workhorse for MMICs. The increased use of MMW T/Rs has
prompted extensive research in the field of high electron mobility transistors (HEMTs). After
they were first successfully developed in 1980', HEMTs have demonstrated their superior gain
and noise figure performance over MESFETs because of their higher electron mobility and

! This work supported by the NASA Lewis Research Center, under Contract Number
NAS3-25088.
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velocity, The pseudomorphic HEMT, first demonstrated at MMW frequency in 19862,
overcomes many of the limitations of the conventional HEMTs, allowing significantly improved
power performance and made the development of low cost, small size, light weight, and high
performance MMW monolithic T/R components possible.

In this paper, we describe the development of state-of-the-art V-band monolithic
components using pseudomorphic HEMT technology. These include monolithic single and two-
stage power amplifiers, and four-bit monolithic phase shifters.

2. MONOLITHIC V-BAND POWER AMPLIFIERS

Advances in pseudomorphic HEMT technology have led to the recent progress in the
development of MMW monolithic power amplifiers. The performance of MMW power
amplifiers is primarily determined by three factors: (a) device and material properties, (b) device
topology, and (c) matching circuits. High drain-gate breakdown voltage, large channel current
density and high transconductances are the necessary device properties for high power
amplification. Device topology determines the cutoff frequency, source-drain current, device
impedance level, and parasitic losses. Proper gate length, gate width, and source-drain spacing
are essential to high performance MMW HEMT amplifiers. The matching network determines
gain, bandwidth, gain flatness, maximum output power and efficiency of the amplifier.

Figure 1 shows the
photograph for a single-
stage MMIC amplifier
employing a 200 pm
PMHEMT. The amplifier
chip was mounted on a V-
band test fixture for power
test. The fixture utilized
E-plane probe transitions
to couple the RF power
from microstrip lines to
waveguides.  Figure 2
shows the power
performance for the
amplifier. We achieved
130 mW output power
(650 mW/mm), 3.1 dB
gain, 30.6 % power-added Figyre 1 V-band Single-stage MMIC Power Amplifier.
efficiency; 141.3 mW ,
output power (706.5
mW/mm), 2.5 dB gain, 30.6 % power-added efficiency and 151.4 mW output power (757
mW/mm), 1.8 dB gain, 26.4 % power-added efficiency at 60 GHz. The same amplifier when
biased for power achieved 182 mW output power (910 mW/mm). This result, to our
knowledge, set the state-of-the-art for V-band MMIC amplifiers.
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Figure 2 Power Performance for a V-band Single-Stage MMIC Amplifier.

After successfully demonstrating single-stage amplifier performance, we designed and
fabricated a two-stage MMIC amplifier by cascading two single-stage amplifiers, as shown in
Figure 3. The amplifier’s
small-signal performance
was measured on-wafer
using an Automated
Network Analyzer for the
frequency range from 30 to
60 GHz. Figure 4 shows
the small-signal
performance for the two-
stage power amplifier. A
small-signal gain of more
than 10 dB from 52 to 60
GHz with a peak gain of
15 dB at 58 GHz was
achieved. Under higher =
power operation, We€ Figyre 3 V-band Two-Stage MMIC Power Amplifier.
achieved 80 mW output
power, 20.4 % power-
added efficiency and 12 dB gain at 58 GHz.
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Figure 4 Small-Signal Performance for a V-band Two-Stage MMIC Amplifier.

3. MONOLITHIC PSEUDOMORPHIC HEMT PHASE SHIFTERS

With the development of a
PMHEMT power amplifier, it is
desirable to have PMHEMT phase
shifters for MMIC process
compatibility. Figure 5 shows the
photograph of a PMHEMT MMIC
four-bit phase shifter with a
dimension of 75 x 260 mils. The
process for this phase shifter is
fully compatible with the
PMHEMT power amplifier and
other T/R MMIC components
which allows future integration of
the complete T/R module.

Figure 5 V-band Four-Bit Monolithic Pseudomorphic

The MMIC four-bit phase HEMT Phase Shifter.

shifter consists of four single

18



branchline phase shifters: three with 200 pm gate periphery PMHEMTSs and one with 500 um
gate periphery PMHEMTs. For each branchline phase shifter, the PMHEMTs are connected
from the two output ports of the coupler to via hole grounds. The input signals are reflected at
the device drain ports and recombined at the isolation port of the coupler. Phase shifts are
achieved by controlling the gate bias of the device to vary the device channel impedance. We
have achieved a 0 to 360 degree phase shift in 22.5 degree steps with less than 8 dB insertion

loss from 61 to 63 GHz. The performance characteristics of the phase shifter is shown in Figure
6.
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Figure 6 Phase Shift Performance for a V-Band Monolithic Four-bit Pseudomorphic
HEMT Phase Shifter.

4, NCLUSION
We have developed state-of-the-art V-band monolithic components using PMHEMT

technology. These components are critical to future space communications systems which
require high performance, small size, light weight, and low cost modules.
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Abstract

A new design of an active antenna with a dielectric resona-
tor stabilized HEMT oscillator (DRO) and an aperture-coupled
patch antenna is reported. The circuil is fabricated using coplanar
waveguide (CPW) with the oscillator and the antenna on opposite
sides of the substrate. The active antenna was demonstrated at
7.6 GHz; however, the design can be scaled to higher frequencies.
Excellent oscillator characteristics and radiation pattern have been
obtained.

L. Introduction

As the frequency of operation of Earth observation systems
(EOS) shifis into the millimeter wave and submillimeter wave
regions of the spectrum, there is a need to develop efficient power
combining techniques which can eliminate circuit losses, minimize
expensive machining of mounts and housing for diodes, reduce
thermal problems, provide graceful degradation and combine large
number of active devices. Conventional low frequency power
combining techniques are unable to meet the above requirements,
and hence quasi-optical or spatial power combining have to be
employed. In the past, a quasi-optical integrated antenna and
receiver front cnd was demonstrated using MESFET oscillator
coupled to a slotline-coplanar waveguide antenna.! A wideband
tunable active antenna and power combiner was also demonstrated
using 4 Gunn diode mounted in a slotline-coplanar waveguide
resonator.’

In this paper, we demonstrate a new design of an active
antenna module with a dielectric resonator stabilized HEMT oscil-
lator (DRO) which is aperture-coupled to a patch. Several of these
modular antennas can be combined to form a spatial power com-
biner. The circuit is fabricated using coplanar waveguide (CPW)
with the oscillator and the patch antenna on opposite sides of a
two-layer dielectric substrate. By fabricating the antenna and the
oscillator on two substrates of different perminivity and thickness,
both of these components can be independently optimized for best
performance.

IT. Design Description and Fabrication

Oscillator
Figure 1 shows the schematic of a DRO with series feed-

back. In this circuit T, and T are the reflection coefTicient look-
ing into the gate terminal of the HEMT and the input terminal of
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the transmission line coupled to the diclectric resonator respec-
tively. Fg is written as

-1
T, =8y + S8 * (1 - S M

" Where S|, 512, S5, and 5, are the scattering parameters of the

HEMT with a transmission line of length d, connected in serics
with the source to provide feedback, and T, is the reflection coef-
ficient of the load connected to the drain. T, is written as

2nd
T, =T exp|-j £} 2)
}\8’

Where T, is the reflection coefficient at the reference plane of the
resonator which is ai a distance d,, from the gate. [ takes into
account the coupling cocfficient 6and the termnmuon Zy The
condition for steady state oscillation to occur in the circuit can be
writlen as

rT, =1 )

To fabricate the oscillator, the length d; which provides the
series feedback is adjusted so that the HEMT s unstablc, that is,
lI‘ | should be greater than unity. The location d,, of the dielec-
mc resonator with respect 1o the gate is adjusted so as to satisfy

" Eq. (3). The CPW circuit layout for the oscillator pan of the

active antenna is shown in Fig. 2. The circuit is fabricated on
0.635 mm thick RT/Duroid 6010.5. The active device is a fow
noise HEMT (Model $8902) manufactured by Toshiba. The diclee-
tric resonator (Part no. TC-8500-x-001) is manufactured by Trans-
Tech, Inc.

Antenna

Figure 3 iliustratcs the CPW aperture-coupled patch antenna
part of the active antenna. The coupling takes pluce through an
aperture in the common ground plane sepurating the CPW and the
patch. The aperture width W, of 0.254 mm is chosen for ease of
fabricalion A good initial guess for the aperture length L, is

(slo!lmc)/“’ where X, is the wavelength of an uniform slotline.
ﬁns starting value of L, is then slightly reduced to account for the
slot end cffects. To improve coupling a notch of width W,

(0.75 mm) and length L, is cut out from the CPW ground plane
located right above the aperture. The longitudinal distance
between the extreme ends of the notches is slightly less than the
aperture length L,. The CPW is terminated in a short circuit at a



distance of approximately Ag(cpw)/Z from the center of the notch.

The tength A of the patch is less than half wavelength after cor-

recting for end effects. The width B of the patch is 1.5 times A.
To improve coupling the aperture is offset by about 5.5 mm from
the center of the patch. The feed and the patch are fabricated on
0.508 and 0.254 mm thick RT/Duroid 5880 respectively.

III. Experimental Results and Discussions

The measured frequency spectrum at 7.6 GHz of the active
antenna is shown in Fig. 4. The stability of oscillations is excel-
fent. The measured H-plane radiarion pattern of the active antenna
is shown in Fig. 5 and is observed to be typical of a patch. The
measured cross-polarization is less than -20 dB. By substituting
the measured power and gain into the Friis transmission formula
the absolute power radiated by the patch antenna is determined to
be 1.1 mW. This is small since the HEMT is a low-noise low-
power device.

1V. Conclusions

An active antenna with a dielectric resonator stabilized
HEMT oscillator and a CPW/aperture coupled patch antenna is

— Matching

Dielectric
i network

c / resonator r HEMT

L

Figure 1.—Schematic of a dielectric resonator stabilized HEMT
oscillator with series feedback.
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presented. Although the active antenna is demonstrated at

7.6 GHz, the design can be easily scaled to higher frequencies.
Excellent oscillator characteristics and radiation pattern have been
obtained.
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Figure 2.—CPW circuit for the oscillator part of the active
antenna.



3
T r Patch

antenna

Aperture in the
common ground
plane — -

CPW short
circuit

~— To oscillator
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Figure 4.—Measured frequency spectrum of the oscillator.
Center frequency is 7.6 GHz, Res. BW = 100 kHz, Hor. div

=1 MHz, Ver. div =10 dB.
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Figure 5.—Measured far field H-plane radiation pattern of the
active antenna.

23






A VERTICALLY INTEGRATED KA-BAND PHASED ARRAY ANTENNA

R. R. Kunath, R. Q. Lee, K. S. Martzaklis, K. A. Shalkhauser,
and A. N. Downey

NASA Lewis Research Center
Cleveland, Ohio

R. Simons

Sverdrup Technology, Incorporated
Middleburg Heights, Ohio

Abstract

Future communications satellites applications are
considering phased array antennas as an integral
part of the overall communications system.
Monolithic Microwave Integrated Circuit (MMIC)
based phased array antenna systems enable multi-
functional system attributes such as electronic
beam steering, multiple beams, system reconfigur-
ability, and graceful system degradation. NASA
Lewis Research Center’s Space Electronics Divi-
sion has been actively pursuing the development
of MMIC-based phased array antennas for com-
munication satellite applications in the Ka-band.
This research has been focussed on the insertion
of MMIC:s into functional phased array antenna
designs.

This paper will discuss the design, development,
and experimental demonstration of a small phased
array antenna suitable for communications satel-
lites applications. A vertical integration architec-
ture is used which minimizes the size of the array
with its associated beamforming network (BFN).
The antenna features a 4-clement linear
microstrip array that uses aperture coupling of the

antenna elements to the BFN; a modified Wilkin-
son power divider BFN; and 32 Ghz, 4-bit MMIC
phase shifters on customized alumina carriers.
Performance data is shown for all components

~ and far field antenna radiation patterns are given.

L Introduction

As a result of the successful development of
Monolithic Microwave Integrated Circuits
(MMICs), phased array antennas have become an
attractive option to meet communications systems
antenna requirements. The inherent multi-func-
tionality of phased array antennas (i.e. electronic
steering, agile reconfigurability, graceful perfor-
mance degradation, sidelobe control, etc.) makes
them ideal candidates to meet the varied antenna
needs of the communications system. The advan-
tages of the phased array antenna are gained
through the independent phase and amplitude

adjustability of the individual antenna elements.
Unfortunately, the discrete nature of the elements
in the phased array antenna also gives rise to
grating lobes, which, if not controlled, can lead to
less than optimum performance. However, due to
their small size, MMICs have enabled the antenna

*Copyright ® 1992 by the American Institute of Aeronautics and Astronautics, Inc. No copyright is asserted in the
United States under Title 17, U.S. Code. The U.S. Government has a royalty-free license to exerxise all rights under
the copyright claimed herein for Governmental purposes. All other rights are resetved by the copyright owner.”
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designer to choose element spacings such that the
impacts of grating lobes can be minimized.

At Ka-band frequencies and higher, the MMIC is
approximately the size of the radiation wave-
length. This creates a problem achieving opti-
mum phased array antenna element spacing, and
more importantly, minimizes the space available
to distribute RF and control signals to the
MMICs. One possible solution to this problem is
the vertical integration or layering of the antenna.
In vertical integration, the antenna is separated
into layers, and each layer is specialized for a
particular function. In this way, the vertical di-
mension of the antenna is exploited rather than
the horizontal dimensions, and the space required
per antenna element is minimized. The following
is a description of the design and performance of
a vertically integrated, 1X4, 32 GHZ subarray.

II. Antenna Laver

Figure 1 shows the 1X4 rectangular patch array
used. The dimensions of the patch antennas,
which are etched on a 10 mil PTFE substrate
(e=2.2), are 0.239 cm by 0.417 cm. The patch
antennas are aperture coupled to a microstrip line
through a slot in the ground plane. The ground
plane on the antenna layer is common between
the RF and antenna layers. The slot dimensions
are 0.407 cm in length by 0.0254 cm in width, and
are oriented along the H field line. The slot is
placed at the location where the H field is a maxi-
mum. The exact slot position is determined by
computing the input impedance of the TM,, mode
of the patch antennas. For an antenna with a thin
substrate, the patch antenna can be modelled as a
cavity bounded by the patch, the ground plane,
and a magnetic wall around its perimeter.! The
input impedance computed from the cavity model
approach has been found to be in good agreement
with the measured results. For efficient coupling,
the microstrip line is terminated in an open circuit
which is approximately a quarter of a waveguide
wavelength from the center of the slot. The patch
antennas are designed to operate at approximately
30 Ghz. Prior to fabricating the 1X4 phased
array, a single aperture coupled patch was fabri-
cated and tested to ensure good coupling efficien-
cy and symmetrical radiation patterns. Based on
the 90% coupling efficiency measured, a 1X4
phased array was fabricated and tested. An E-
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plane radiation pattern of the 1X4 phascd array
without the MMICs is shown in Figure 2.

. RF er

1. 32 Ghz MMIC Phase Shifters

The MMIC phase shifters that were used were
developed by Honeywell through a contract with
NASA Lewis. The four-bit design consisted of
three switched-line bits (180°,90°,45°) and one
loaded-line (reactive) bit (22.5°). The MMICs
were designed for a center frequency of 32 GHz
and a bandwidth from 31-33 GHz. The targeted
insertion loss was designed to be 2 dB/bit with an
S11 and S22 of greater than 10 dB.2

The devices were fabricated in two iterations. In
the first iteration Honeywell had three designs
(Type I, I, and II). In the second iteration only
two designs (Type II and IIT) were fabricated.
The second iteration yielded 52 Type I devices
from which 24 were packaged.

The device size was 6.41mm X 2.65 mm. Each
switched-line bit is controlled by two pairs of
FETs as shown in Figure 3. At any given time,
the RF signal propagating through the bit is di-
rected to cither a delay path or a reference path
by differentially biasing the pairs of FETs with
zero and minus five volts. The loaded-line is
controlled by applying a variable zero to minus
five volt signal to it. While the loaded-line phase
response is not linear, it does provide some trim-
ming capability to accommodate the in-exact set-
tings of the switched-line bits.

2. MMIC Carriers

Each phase shifter MMIC was mounted to an
individual chip carrier to facilitate its RF charac-
terization prior to use in the array. This approach
not only adapted the MMIC for connection to the
test fixturing, but also provided a stable mounting
platform for the MMIC to help protect it from
damage during handling. Furthermore, the use of
a carrier meant that the MMIC would be mount-
ed and wircbonded in one cycle, and would not be
subjected to additional soldering, bonding, or
probing steps. All electrical connections used in
the characterization were made to the carrier



using non-destructive, temporary contacts to
metalization patterns near the periphery of the
carrier.

The carriers were fabricated from a simple design
using a one-piece, 0.010" thick, alumina (ALO,)
substrate mounted to a gold-plated kovar base
(Figure 4). The central portion of the alumina
was laser machined to remove ceramic material
and allow the MMIC to be mounted with its top
surface flush with the RF microstrip metalization
of the carrier. To compensate for the differences
in thickness between the 0.010" alumina and the
0.004" GaAs MMIC substrate, an elevated plat-
form, or pedestal, was machined into the kovar
base. Thus, when fully assembled, the MMIC
mounts flush with the microstrip input and output
lines, thereby minimizing bondwire lengths to
improve RF performance. The mounting of the
MMIC directly to the metal base had the addi-
tional benefit of improved heat removal. The
alumina substrate was soldered to the kovar base
using a solder preform. The MMIC was mounted
into the carrier recess using a thermally and elec-
trically conductive epoxy.

The carriers were originally designed with integral
mounting tabs extending from opposite corners of
the metal base to permit fastening of the carriers
into the array structure. These tabs were later
removed from the design to reduce the carrier
size to achieve a tighter inter-element spacing.
The resulting rectangular footprint of the carriers
was 0.25" by 0.5". The carriers were designed with
the intent of eventual hermetic sealing of the
MMIC in a package. This would be accomplished
through the addition of vertical walls (a seal ring)
and a lid to the carrier and slight modification to
the microstrip metalization designs. The lid of
the package was also considered as a mounting
location for phase shifter control circuits such as
an application specific integrated circuit (ASIC) or
opto-electronic interface circuit (OEIC).

3. MMIC Characterization
and Performance

Characterization of the packaged MMIC'’s was
accomplished using a Hewlett Packard (HP)
8510B Automatic Network Analyzer (ANA) and
two HP 6626A system DC power supplies (MMIC
bias and control), controlled by an HP 236 com-
puter/controller. Package insertion was facilitated
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using an ICM semi-custom TF-2001-C test fixture
configured with OS-50 coaxial to microstrip
launchers. The test fixture was inserted between
the two ports of an Reflection/Transmission test
sct cnabling measurements from 26.5 to 40 GHz.
The characterization bandwidth was 30 to 34
GHz.

The main objective of the MMIC testing was the
determination of the relative insertion phase as a
function of phase shifter state setting. A 50 ohm,
500 mil long through line on a 10 mil thick Alu-
mina substrate served as the thru standard. Mul-
tiple insertion of the thru standard demonstrated
good test fixture repeatability (Figure 5). Calibra-
tion verification with regard to insertion phase
was achieved via a 527.68 mil line resulting in a
527.72 mil measurement.

A total of 24 packaged MMIC'’s were character-
ized. For each of the 16 phase states, measure-

 ments were conducted for insertion loss and rela-

tive insertion phase. The variable loaded line bit
was also characterized. Typical insertion loss
values ranged from 10 to 12 dB for the test as-
sembly (carrier, MMIC & bondwires) over the 16
phase states (Figure 6). To measure relative
insertion phase, the MMIC was set to its refer-
ence state (U °) and this measurement was stored
to memory. Since a division of two complex num-
bers in polar form is equivalent to the ratio of the
magnitudes and the difference of the angles, the
(S21/memory) display feature of the ANA was .
utilized to show the additional insertion phase as
cach state was switched in (Figure 7). The curves
were generally linear at the frequencies of inter-
est. Performance of the loaded line bit is shown
in Figure 8. Eight of the 24 MMIC’s were chosen
for array integration.

4, 1X4 Power Divider

A 1X4 power divider was designed to split the
signal from the RF source into four equal ampli-
tude and equal phase signals to present to the
MMIC phase shifters. Three modified Wilkinson®
equal-split (3 dB) power dividers were formed on
copper clad, 10 mil PTFE substrate material, with
a copper/resistive metal composite layer from
which shunt resistors were formed (Figure 9). In
the transmit mode, a signal is applied to the input
(port 1) and is split into two signals each having
equal phase and amplitude. These two signals are



then each fed into a second power divider, yield-
ing four signals (at ports 23,4, and 5) of equal
amplitude and phase at a power level of about
one-fourth (-6 dB) that of the original signal pow-
er. This signal is then applied to the MMIC
phase shifter.

When the antenna is operated in the receive
mode, the process is reversed. Signals processed
by the MMIC phased shifters are presented to the
four legs of the power divider (ports 2,3,4, and 5),
which now act as a power combiner. Components
of the signals from the MMIC phase shifters at
ports 2 and 3, for example, which are in-phase,
will add constructively, and out of phase compo-
nents will be absorbed by the shunt resistors.
Likewise, the other two signals from the remain-
ing MMIC phase shifters at ports 4 and 5 com-
bine into a common signal. The two new signals
are then combined in the final Wilkinson power
divider (combiner) to form the composite signal.
If the signals from the phase shifters are all equal
in amplitude and phase, the resulting signal will
be approximately four times (6 dB) greater than
the original signal for any individual phased shift-
er.

IV. Bias/Control Laygr

The final layer of the anteana provides both struc-
tural support and bias/control signal distribution.
Each of the MMIC phase shifters requires seven
control signals, which are routed on this layer.
This layer is fabricated from 62.5 mil PTFE mate-
rial. The bias/control layer must lay directly on
top of the microstrip lines of the 1x4 power divid-
er as shown in Figure 1. The low dielectric con-
stant of this board minimizes its impact on the
1X4 microstrip power divider. Additionally, four
"windows" are cut into this board to provide wire
bonding access to the MMIC phase shifters. Wire
bonds are made between the MMIC carrier pads
to their respective control lines on the bi-
as/control board. Because the signal distribution
lines on the board are copper, a gold mesh is first
welded to the line, which facilitates a gold to gold
wire bond. Finally, ribbon cable is used to bring
the bias/control signals into the distribution lines.

Mechanically, this board acts as a stiffener for the
overall structure. All other layers are mounted to
this layer, including the MMIC aluminum mount-
ing/heat sink plate. Tapped stand-offs are fas-
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tened to the bias/contro! board to provide mount-

ing points when the subarray is tested on the
antenna range.

V. Antenna Subarray
Performance

Figures 10 illustrates the antenna performance of
the subarray. Figure 10 is a plot of relative gain
versus angle for all elements set to relative phase
difference of zero (boresite). This pattern agrees
favorably with Figure 2; however, the mainlobe is
not as well defined due to a phase imbalance
between the elements. The cause of the phase
imbalance is believed to be the close spacing
between radiating elements (0.4 lambda), and
therefore strong mutual coupling, and the lack of
isolation between the radiating element and the
phase shifer. The noise scen in the pattern is the
result of the low RF level available during testing.
A second iteration of this design provides for the
insertion of an MMIC amplifier for each element
which will provide the necessary isolation betwcen
clements.

V1. Conclusions

A vertically integrated 1X4, 32 GHz subarray
antenna was designed, fabricated and tested.
Each of the vertical layers was optimized for per-
formance, and MMICs on custom carriers were
characterized prior to insertion. Measurements
indicate that the overall antenna performance is
acceptable, but not ideal. Further modifications
must be made to accomodate the impact of mutal
coupling between radiating clements. To fully
optimize the inter-element spacing at Ka-band
and higher frequencies, still requires a distribution
media that minimizes the space required for rout-
ing RF and control signals.
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Abstract

Future communications satellites applications are considering phased array antennas as an
integral part of the overall communications system. Monolithic Microwave Integrated
Circuit (MMIC) based phased array antenna systems enable multi-functional system attributes
such as electronic beam steering, multiple beams, system reconfigurability, and graceful
system degradation. NASA Lewis Research Center’s Space Electronics Division has been
actively pursuing the development of MMIC-based phased array antennas for communication
satellite applications in the Ka-band. However, due to the compact spacing of these arrays,
methods of reducing the number of control signals to each element of the phased array are
being investigated. NASA Lewis has developed an OptoElectronic Interface Circuit (OEIC)
which enables the distribution of control signals to each antenna element through a single
fiber optic cable. With the application of this technology, the number of phased array
interconnections has been minimized with a corresponding decrease in system weight.

This paper will discuss the design and development of a small, optically controlled phased
array antenna suitable for communications satellites applications. A vertical integration
architecture is used which minimizes the size of the array with its associated beamforming
network (BFN). The antenna features a 4-element linear microstrip array that uses aperture
coupling of the antenna elements to the BFN; a modified Wilkinson power divider BFN; and
32 Ghz, 4-bit MMIC phase shifters in customized quartz packages with corresponding OEICs
for control signal reception.
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1. Introduction

Phased-array antennas have long been investigated to support the agile, multibeam radiating
apertures with rapid reconfigurability needs of radar and communications. With the
development of the Monolithic Microwave Integrated Circuit (MMIC), phased array antennas
having the stated characteristics are becoming realizable. However, at K-band frequencies
(20-40 GHz) and higher, the problem of controlling the MMICs using conventional tech-
niques either severely limits the array size or becomes insurmountable due to the close
spacing of the radiating elements necessary to achieve the desired antenna performance.

Investigations have been made that indicate using fiber optics as a transmission line for
control information for the MMICs provides a potential solution'. By adding an optical
interface circuit to pre-existing MMIC designs, it is possible to take advantage of the small
size, lightweight, mechanical flexibility and RFI/EMI resistant characteristics of fiber optics
to distribute MMIC control signals. Additionally, vertical integration, separating the antenna
into discrete functional layers, further minimizes the space required to implement the
antenna. This paper will describe the architecture, circuit development, testing and integra-
tion of an optically controlled K-band MMIC phased-array antenna.

II. Vertically Integrated Antenna Architecture

Figure 1 shows an optically controlled, vertically integrated 1X4 rectangular patch array
architecture. The dimensions of the patch antennas, which are etched on a 10 mil PTFE
substrate (e=2.2), are 0.239 cm by 0.417 cm. The patch antennas are aperture coupled to a
microstrip line through a slot in the ground plane. The ground plane on the antenna layer is
common between the RF and antenna layers. The slot dimensions are 0.407 cm in length by
0.0254 cm in width, and are oriented along the H field line. It was experimentally deter-
mined that a 90% coupling efficiency is achieved with this method.

The MMIC phase shifters were developed by Honeywell through a contract with NASA
Lewis. The four-bit design consists of three switched-line bits (180°,90°,45°) and one
loaded-line (reactive) bit (22.5°). The MMICs were designed for a center frequency of 32
GHz and a bandwidth from 31-33 GHz. The targeted insertion loss was designed to be 2
dB/bit with an S11 and S22 of greater than 10 dB.> The device size is 6.41lmm X 2.65 mm.
Each switched-line bit is controlled by two pairs of FETs as shown in Figure 2. At any
given time, the RF signal propagating through the bit is directed to either a delay path or a
reference path by differentially biasing the pairs of FETs with zero and minus five volts.
The loaded-line is controlled by applying a variable zero to minus five volt signal to it.
While the loaded-line phase response is not linear, it does provide some trimming capability
to accommodate the in-exact settings of the switched-line bits.
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The OEICs were also developed by Honeywell through a contract with NASA Lewis. These
devices are follow-ons to a successful proof-of-feasibility, hybrid OEIC development. The
current OEIC features a fully monolithic receiver which includes an integrated
photodectector, LNA, link status monitor, clock recovery circuit, and a 1:10 demultiplexer
with a 4B/5B decoder. Additional features include: operation from 10 to greater than 400
Mbps, burst and continuous mode operation, on-chip addressability and diagnostics, and a
mil-spec, foundry compatible process. The die size is 0.215" by 0.109", and the device
operates at wavelength between 780 and 820 nanometers (Figure 3). A specialized, two-
layer carrier was fabricated on which to mount the devices. The two-layer design was
designed to conform to the dimensions of the MMIC package lid, and to enable the bias
connections to the OEIC to be limited to two.

Each phase shifter MMIC is packaged in an individual fused silica package fabricated by
Hughes Aircraft Company to facilitate its RF characterization prior to use in the array. This
approach not only adapts the MMIC for connection to the test fixturing, but also provides a
stable mounting platform for the MMIC to help protect it from damage during handling.
Fused silica was chosen because its electrical properties enable its use at high frequencies
with the lowest known loss. Furthermore, because the OEIC requires no ground plane, the
lid of the package provides a surface upon which it can be mounted. Figure 4 illustrates the
package design, while Figure 5 details the "piggy-back” OEIC mounting.

A 1X4 power divider was designed to split the signal from the RF source into four equal
amplitude and equal phase signals to present to the MMIC phase shifters. Three modified
Wilkinson® equal-split (3 dB) power dividers are formed on copper clad, 10 mil PTFE
substrate material, with a copper/resistive metal composite layer from which shunt resistors
were formed (Figure 6). The shunt resistors provide isolation between the legs of the power
divider by absorbing signals reflected from the MMIC phase shifters that propagate back
through the divider network.

The final layer of the antenna provides both structural support and bias signal distribution.
Each of the MMIC phase shifters requires seven control signals, which are provided by the
OEIC, but the bias of zero and minus five volts is routed on this layer. This layer is
fabricated from 62.5 mil PTFE material. The bias/control layer must lay directly on top of
the microstrip lines of the 1x4 power divider as shown in Figure 1. The low dielectric con-
stant of this board minimizes its impact on the 1X4 microstrip power divider. Additionally,
four "windows" are cut into this board to provide wire bonding access to the MMIC phase
shifters.

III, MMIC and OEIC Characterization and Performance
The main objective of the MMIC testing was the determination of the relative insertion phase

as a function of phase shifter state setting. The MMICs were characterized using a specially
designed alumina carrier and an test fixture. A 50 ohm, 500 mil long through line on a 10
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mil thick Alumina substrate served as the thru standard. Multiple insertion of the thru
standard demonstrated good test fixture repeatability (Figure 7). Calibration verification with
regard to insertion phase was achieved via a 527.68 mil line resulting in a 527.72 mil
measurement. The characterization of the MMICs in the package has not yet been accom-
plished.

A total of 24 packaged MMIC’s were characterized. For each of the 16 phase states, mea-
surements were conducted for insertion loss and relative insertion phase. The variable
loaded line bit was also characterized. Typical insertion loss values ranged from 10 to 12 dB
for the test assembly (carrier, MMIC & bondwires) over the 16 phase states (Figure 8). To
measure relative insertion phase, the MMIC was set to its reference state (0 °) and this
measurement was stored to memory. Since a division of two complex numbers in polar form
is equivalent to the ratio of the magnitudes and the difference of the angles, the (S21-
/memory) display feature of the ANA was utilized to show the additional insertion phase as
cach state was switched in (Figure 9). The curves were generally linear at the frequencies of
interest. Performance of the loaded line bit is shown in Figure 10. Eight of the 24 MMIC’s
were chosen for array integration.

The OEICs were tested by Honeywell in both bursted and continuous modes. Figure 11
shows the results of the OEIC being tested in bursted mode. The device was tested up to
data rates in excess of 400 Mbps with no signs of degradation in performance. Testing
instrumentation limitations prevented characterization beyond these data rates.

IV. Conclusions

An optically controlled 1X4, 32 GHz subarray antenna has been presented. The antenna
features a vertically integrated architecture that uses MMIC phase shifters with "piggy-
backed" OEIC control devices. Experimental results of the testing and characterization of
the devices and components have been discussed. This type of architecture minimizes the
space of the antenna, and the use of fiber optic control signal distribution minimizes the
number of control signal lines to the devices, with an associated mitigation of weight.
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Tested from 7-480 Mbps Tested in Burst Mode to 130 Mbps
(Test System Limited) (Test System Limited)

Contains the analog and digital clrcuits required to recover data and clock without the
need for external components or a phase-locked loop.

Additional Advaniages: No preamble or set-up time required
Robust to jitter and amplitude varlation
Breadband
Low cost

Figure 11. OEIC Bursted Test Demonstration



Coplanar Waveguide Aperture-Coupled
Microstrip Patch Antenna
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Abstract—The performance characteristics of a coplanar wave-
guide (CPW) aperture-coupled microstrip patch antenna was
investigated experimentally. A grounded CPW with a series gap
in the center strip conductor was used to couple microwave
power to the antenna through an aperture in the common ground
plane. Results indicate good coupling efficdency and confirms the
feasibility of this feeding technique.

1. INTRODUCTION

PERTURE-COUPLED feeding is attractive because of

advantages such as no physical contact between the feed
and radiator, wider bandwidths, and better isolation between
antennas and the feed network. The use of coplanar wave-
guide (CPW) as transmission media can also provide lower
radiation losses and ease of monolithic microwave integrated
circuit (MMIC) device integration in MMIC phase arrays
{1]. Furthermore, aperture-coupled feeding allows independent
optimization of antennas and feed networks by using substrates
- of different thickness or permittivity. Recently, it has been
demonstrated that using a *“dogbone™ aperture can greatly
improve the coupling efficiency [2]. CPW feed structures using
probes as well as apertures to couple microwave power to the
antenna have also been reported to have excellent coupling
efficiency and antenna patterns [3], [4].

This letter reports an experimental investigation of a new
aperture-coupled feeding technique wbere a grounded CPW
with a series gap in the center strip conductor is used to couple
microwave power to a microstrip patch antenna through an
aperture in the common ground plane. This design permits
the "insertion of solid state devices in the series gap of the
CPW feed and thus, is suitable for use in active antenna
or quasi-optical combiner/mixer designs. To optimize the
coupling efficiency three different feed configurations have
been designed and tested.

II. DESIGN DESCRIPTION

Fig. 1 shows the CPW aperture-coupled microstrip patch
antenna configuration used in the experiment. In the experi-
mental antenna, the patch and the CPW feed structure, with
a scries gap in the center strip conductor, are fabricated on
separate substrates, and the aperture is etched on the common
ground plane. The aperture is located directly above the series
gap. Thus, microwave power is coupled from the ground CPW
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_-— Common ground plane
_-— Bond wires '

"~ Feed substrate
Eofpy

CPW input port

Fig. 1. Schematic of the CPW aperture-coupled microstrip patch antenna:
S = 0076 cm, W = 0.025 cm, L = 0.711 cm, L; = 0.205 cm,
Wy =069cma=076cmb=114cm Ty = 0.051 cm, €,y = 2.2,
Ty = 0.025 cm, ¢,2 = 2.2.

feed line to the patch through the aperture. The aperture is
displaced by about 0.32 cm from the center of the patch to
provide a proper impedance match. The inset in Fig. 2 shows
the three different feed configuration designs reported here. In
the first design, the length and width of the series gap and the
aperture are Ly and S, and Ly and W;, respectively. In the
second design, the width of the series gap is increased from
5 to S, by flaring the center strip conductor of the CPW feed
line near the gap location. In the third design, the rectangular
aperture is replaced by a dumbbell aperture of identical length
and width. The design parameters for the antennas tested can
be found in the figure caption.

HI. RESULTS AND DISCUSSIONS

The measured return losses for the three different feed con-
figurations are shown in Fig. 2. As indicated in the composite
curves, the return losses are improved from -8.2 dB for (a)
to —-13.2 dB for (b) to -16.9 dB for (¢). In the experiment,
the short circuited CPW stub length, I, was set at about one
third of a wavelength initially, and by reducing the stub length
with an adhesive 3M copper tape, the coupling efficiency was
improved by about | dB. Results also indicate that the coupling
efficiency was improved by more than 3 dB cach by using
an enlarged senes gap or a dumbbell aperture. However, the
geometrical change in the series gap and aperture of the feed
structure produced a slight change in the resonance frequency.

© 1991 IEEE. Reprinted, with permission, from IEEE Microwave and Guided Wave Letters; VOL. 2, NO. 4 pp. 138-139; April 1992.
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Fig. 2. Measured return vs. frequency for feed structures with (a) a series
gap and a rectangular aperture; (b) an enlarged series gap and a rectangular
aperture; (c) an enlarged series gap and a dumbbell aperture (5; = 0.355
crm; taper length, L = 0.711 cm; and radivs, R = 0.0843 cm).

Typical measured E- and H-plane pattens for the CPW
aperture-coupled microstrip patch antenna are displayed in
Figs. 3(a) and 3(b), respectively. The patterns look fairly
symmetrical and exhibit a 3-dB beamwidth of about 61 degrees
for the E-plane and 50 degrees for the H-plane. The measured
front-to-back ratio is about 14 dB, which is typical for an
aperture fed antenna configuration. '

IV. CONCLUSION

A new type of microstrip patch antenna utilizing a series gap
in the center strip coriductor of the CPW feed line for coupling
power to the antenna has been demonstrated. This design
allows easy insertion of solid state devices in the CPW feed
line, and therefore, has advantages over other CPW aperture
coupled microstrip antenna designs in realization of active
antennas. Techniques for improving coupling efficiency are
described and discussed. Measured results indicate excellent
radiation patterns and coupling efficiency.
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Fig. 3. Mcasured radiation patterns for the CPW aperturecoupled micro-
strip parch antenna: (a) E-plane, (b) H-plane.
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COPLANAR WAVEGUIDE APERTURE
COUPLED PATCH ANTENNAS WITH
GROUND PLANE/SUBSTRATE OF FINITE
EXTENT

R. N. Simons and R. Q. Lee

terms: Antennas, Microstrip, Aperture coupled

Indexing
antennas

Coplanar waveguide (CPW)/aperture coupled microstrip
patch antennas constructed with ground coplanar waveguide
(GCPW), finite coplanar waveguide (FCPW) and channelised
coplanar waveguide (CCPW) are demonstrated. The mea-
sured characteristics show that the CCPW/aperture coupled
microstrip patch antenna has the largest bandwidth, whereas
the GCPW/aperture coupled microstrip patch antenna has
the best front-to-back ratio.

Introduction: Coplanar waveguide/aperture coupled micro-
strip patch antennas have attracted much attention because of
their suitable geometry for monolithic integration and their
broader bandwidth characteristics. Recently, a coplanar
waveguide/aperture coupled microstrip patch antenna has
been demonstrated and found to have excellent performance
characteristics [1]. In this Letter the relative performance of
three CPW/aperture coupled patch antenna configurations
are compared. The configurations are constructed using a
grounded coplanar waveguide (GCPW), a finite ground plane
coplanar waveguide (FCPW) [2] and a channelised coplanar
waveguide (CCPW) [3]. The performance parameters investi-
gated include modes supported by the CPW feed structure,
coupling efficiency, radiation pattern, front-to-back ratio, and
bandwidth.

Feed design, fabrication and patch integration: The cross-
section view of a GCPW feed is shown in Fig. la. The semi-
width G of the upper ground plane of the GCPW is chosen to

| 2B ~|
upper
-—F’-——{WISI'“I-'—G—-I e gr%%nd
- Pere
€~€. ., ~_lower
0 ground
a plane
G 28 G \ finite c
l "_’{\MS[M‘—’! - upper
T ground
| plane
€0 €1~ |
. i)
Fig. 1 Cross-section view of coplanar waveguide (CPW)
Feeds:
a Grounded CPW:
§=0762mm, W =0254mm, G=124765mm, ¢,=22 T, =

r

0-508 mm, 2B = 50-8 mm

b Finite CPW:

G =393mm

¢ Channelised CPW:

G =3937mm, 2B =9-144mm

be greater than the coplanar waveguide wavelength 2, at the
patch resonance frequency. Consequently, the width 2B of the
GCPW is greater than 24, The widths of the centre strip
conductor and the slot, denoted as S and W respectively, are
chosen to provide a good impedance match to a coaxial con-
nector.

The cross-section view of a FCPW feed is shown in Fig. 1b.
Unlike the GCPW, the upper ground plane of the FCPW is
smaller than its lower ground plane. The semi-width G of the
FCPW tested is less than 0-254,. The other parameters such
as the total width 2B, S and W are the same as for the GCPW.

Fig. lc shows the cross-section view of the CCPW feed. The
entire feed structure is very small, and in this example, G and
2B are less than 0-254, and 0-52,, respectively. The widths §

and W are the same as for the GCPW. Further, along the
vertical sides of the substrates, metal strips are placed. These
metal strips not only provide mechanical support and heat
sinking but form a channel with the lower ground plane that
provides additional isolation between feed lines in an array.
The integration of the GCPW feed with a patch antenna is
shown in Fig. 2a. The patch is electromagnetically coupled to
the feed through an aperture as explained in Reference 1.
Integration for the two other feed structures is realised by
replacing the GCPW feed substrate with an FCPW or a
CCPW feed substrate as shown in Fig. 2b and ¢, respectively.

mIcrostrip
T patch
t anterna
¥ subslrate
Cotrz
7 penure e
4 -~ —lower ground plane
o L
T CPW
A feed line
¢
substrate -3 »/" w
€g€n A\ Z e €0fn
bond wires ) /C/S—"W
mput port
a c

w5

[T
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Fig. 2 Schematic diagram showing integration of CPW feeds with
microstrip patch antenna

a Grounded CPW:

W, = 0-762mm, L, = 2-794mm, L = 6-858 mm

W, = 0-254mm, L, = 691 mm, ¢,, = 2:2

T, = 0-254mm, a = 7-6 mm, b=101-4mm

b Finite CPW

¢ Channelised CPW

Experimental antenna performance and discussions: The mea-
sured performance of the antenna in Fig. 2 over the frequency
range of 13-0- 14-0 GHz is summarised in Table 1. Because the
extent of the ground planes in a GCPW feed is several wave-
lengths, the feed supports parallel plate modes guided between
the CPW planc and the lower conducting plane [4]. These
spurious modes are manifest as resonance spikes in a S,
measurement made without the patch in place. By reducing
the ground plane dimensions as in an FCPW or CCPW feed,
the spurious modes are suppressed and give rise to fewer res-
onance spikes. In all three examples, the measurements show
that the magnitude of S,, with the patch in place is better

Reprinted from ELECTRONICS LETTERS 2nd January 992 Vol, 28 No. 1 pp. 75-76
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Table 1 RELATIVE PERFORMANCE OF
CPW/APERTURE COUPLED MICROSTRIP
PATCH ANTENNA CONFIGURATIONS

Transmission line GCPW FCPW  CCPW
Spurious modes Several Few Few
Coupling to patch Excellent Excellent Excellent
Radiation pattern Excellent Excellent Excellent
Front-to-back ratio (dB)

E plane 10-8 10-2 10-3

H plane 14-0 111 124
2:1 VSWR bandwidth (%) 23 36 42
Fabrication Simple Simple Complex
Cost Low Low High

than —20dB and therefore the coupling is excellent. The mea-
sured radiation patterns at 13-9 GHz for the three examples
are shown in Fig, 3. The patterns are observed to be very
good. The asymmetry in the E-plane pattern is caused by the
proximity of the fixture that is used to support the coaxial
connector which brings in the microwave signal. The front-to-
back (F/B) ratio, which is defined as the magnitude of the
peak radiation in the forward direction to the peak radiation
in the backward direction, is observed to be higher for the
antenna with the CCPW feed than with the FCPW feed.
However, the antenna with the GCPW feed has the highest
F/B ratio. This is expected due to higher shielding by the large
ground planes of the GCPW feed. Further, the F/B ratios in

(i) (i) ()

amplitude ,dB
o

-10

-20

-30.—-

w0 L L] I ! J

=90 -60 -30 0 30 60 90
ongleb,deg

Fig. 3 Measured radiation pattern of CPW {aperture coupled microstrip
putch antenna

(i) GCPW feed
{ii) CCPW feed
{iii) FCPW feed
a H-plane
b E-plane
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the E and H planes are not equal. This is because the peak
backward radiation has different amplitude and occurs at a
di_ﬂ'erent angle in the two planes. When compared with a
microstrip aperture coupled patch antenna and a probe feed
patch antenna, the above feeds have lower F/B ratios as indi-
cated in Table 2.

.The measured VSWR bandwidth is higher for the antenna
with the FCPW feed than that with the GCPW feed.
However, the antenna with the CCPW feed has the highest
bandwidth. When compared with other feeding techniques the
above feeds have higher bandwidth as indicated in Table 2.
Lastly, the fabrications of the GCPW and FCPW feeds are
simpler and lower in cost compared to the CCPW feed.

Table 2 COMPARISON OF CCPW/APERTURE
COUPLED PATCH ANTENNA WITH
MICROSTRIP/APERTURE COUPLED PATCH
ANTENNA AND PROBE FEED PATCH

ANTENNA
CCPW  Microstrip  Probe
Front-to-back ratio {dB)
E plane 10-3 55 10-9
H plane 12-4 151 18-8
2:1 VSWR bandwidth* (%) 42 24 12

* Antenna substrate thickness is 0-254 mm

Conclusions: CPW/aperture coupled microstrip patch
antennas constructed with GCPW, FCPW and CCPW feeds
are demonstrated. The measured characteristics include the
radiation pattern, coupling efficiency, bandwidth, and front-
to-back ratio. Measurements show that the three examples
have excellent radiation pattern and coupling efficiency.
Finally, it is observed that the CCPW/aperture coupled
microstrip patch antenna has the largest bandwidth while the
GCPW/aperture coupled microstrip patch antenna has the
best front-to-back ratio.

29th October 1991
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ELECTROMAGNETIC COUPLING ABSTRACT

Electromagnetic coupling between coplanar waveguides (CPW) and
BETWEEN COPLANAR WAVEGUIDE microstrip patch antennas has been investigated for two feed config-
AND MICROSTRIP ANTENNAS urations: (1) direct aperture-coupled feeding of a patch antenna by a

CPW feed, and (2, proximity-coupled feeding of a patch antenna by

a microstrip line which is aperture coupled to a CPW feed. Results
Rainee N. Simons, Richard Q. Lee, and Glenn R. Lindamood

indi " . . d vield hi
NASA Lewis Research Center ‘C’:, l:cza: 1e;;£:':ﬁ‘zfeedmg approaches are feasible and yield high
Cleveland, Ohio 44135 pg >
KEY TERMS INTRODUCTION
Coplanar waveguide, aperture-coupled microstrip patch antennas, Electromagnetic coupling is an attractive feeding technique,
proximity-coupled microstrip patch antennas ~ particularly for large microstrip array antennas. This tech-
CPW
/— Common ground
/  plane

(b)

Figure 4 Schematic illustrating (a) CPW proximity-coupled microstrip patch antenna: § = 0.762 mm, W = 0.254 mm, W, = 0.762
mm, L, = 2.794 mm, L = 6858 mm, T, = 0.508 mm, ¢, = 2.2, W, = 0.77 mm, W, = 0.254 mm, L, = 6.91 mm, ¢; = 2.2,
T, = 0.508 mm, 2B = 10.0mm, T, = 0.254 mm, ¢,; = 2.2,a = 7.6 mm, b = 11.4 mm: (b) CPW aperture-coupled microstrip patch
antenna: £, = 2.2. T, = 0.254 mm
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nique requires no soldering, has wide bandwidths, and atlows
independent optimization of the antennas and the feed net-
work. Also, since the feed and the antennas are on separate
substrates, better isolation between the antennas and the feed
network can be obtained. Electromagnetic coupling where
the antenna is proximity or aperture coupled to a microstrip
line has been demonstrated [1, 2]. Yet electromagnetic cou-
pling between microstrip antennas and coplanar waveguides
has received little attention in the literature. As a transmission
line, coplanar waveguide offers many advantages over the
microstrip line, such as easy shunt or series mounting of active
or passive device, and low radiation loss. The use of CPW
would greatly facilitate device integration in MMIC phased
arrays [3]. This article is concerned with electromagnetic cou-
pling between coplanar waveguide and microstrip patch an-
tennas. In the article, the designs and performance charac-
teristics of a CPW proximity-coupled and a CPW aperture-
coupled microstrip patch antenna will be presented and dis-
cussed.

CPW APERTURE COUPLED ANTENNA DESIGN

A CPW proximity-coupled microstrip patch antenna is shown
in Figure 1(a). The coupling takes place through an aperture
in the common ground plane separating the two transmission
lines. The aperture width W, of 0.254 mm is chosen for ease
of fabrication. A good initial guess for the aperture length L,
iS Ay tner/ 2, Where 4, is the wavelength of a uniform slot line
[4]. This starting value of L, is then slightly reduced to account
for the slot end effects. The microstrip line is terminated in
an open circuit which is approximately /.mn/4 from the
center of the aperture after correcting for the end effects. The
other end of the microstrip line is proximity coupled to a
rectangular patch antenna with the line extended about half-
way into the patch. To improve coupling. a notch of width
W, and length L, is cut out from the CPW ground plane
located right above the aperture. The longitudinal distance
between the extreme ends of the notches is approximately
equal to the aperture length L,. The CPW can be terminated
in a short circuit or an open circuit at a distance of approxi-
mately A crw/2 OF Zycpw/4. Tespectively. from the center of
the notch. A pair of bond wires on either side of the notch
is used to suppress any spurious slot modes generated at the
discontinuity.

A CPW aperture-coupled microstrip patch antenna is
shown in Figure 1(b). The layout and design parameters are
identical to the proximity-coupled case except that the patch
is directly aperture-coupled to the CPW instead of proximity
coupled through a microstrip line. To improve coupling. the
aperture is offset by about 3 mm from the center of the patch.

RESULTS AND DISCUSSIONS

In order to demonstrate good coupling efficiency for the CPW
proximity-coupled microstrip patch antenna. the insertion loss
(S between the CPW and the microstrip hine, and the return

loss (S.,) at the CPW port were measured and are shown in
Figure 2(a) and 2(b), respectively. The insertion loss, includ-
ing losses of the coaxial connectors at both ends, is less than
2 dB. and the return loss is better than 12 dB. For the CPW
aperture-coupled microstrip patch antenna. the measured in-
put impedance is shown in Figure 3. which also indicates good
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Flgure 2 Measured characteristics of the aperture transition be-
tween the CPW and the microstrip line: (a) insertion loss and (b)
return loss at the CPW port

coupling efficiency. At the best impedance match frequency
of 14 GHz, the return loss is greater than 20 dB and the 2:1
VSWR bandwidth is 4.2%. The measured H- and E-plane
patterns for the CPW aperture-coupled and the CPW prox-
imity-coupled microstrip patch antennas are displayed in Fig-
ure 4(a) and 4(b), respectively. The degradation in the
radiation patterns of the CPW proximity-coupled patch is due
partly to radiation from the aperture adjacent to the patch.



Figure 3 Measured input impedance of the CPW aperture-coupled
microstrip patch antenna
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Figure 4 Measured radiation patterns for the aperture-coupled
(solid lines) and proximity-coupled (dashed line) microstrip patch
antennas: (a) H plane and (b} E plane

The measured front-to-back ratios for both antennas are
about 14 dB, which is typical for an aperture-fed geometry.
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CONCLUSIONS

Aperture-coupled and proximity-coupled feeding techniques
have been demonstrated for coupling microwave power from
a CPW to a patch antenna. Both feeding techniques have
shown excellent coupling efficiency, and have potential ap-
plications for MMIC phased array antennas.
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NEW TECHNIQUES FOR EXCITING
LINEARLY TAPERED SLOT ANTENNAS WITH
COPLANAR WAVEGUIDE

R. N. Simons, R. Q. Lee and T. D. Perl

Indexing terms: Waveguides, Slot antennas. Antenna feeders

Two new techniques for exciting a linearly tapered siot
antenna (LTSA) with coplanar waveguide (CPW) are intro-
duced. In the first approach, an air bridge is used to couple
power from a CPW to an LTSA. In the second approach,
power is eleciromagnetically coupled from a finite CPW
{FCPW) to an LTSA. Measured results at 18 GHz show
excellent return loss and radiation patierns.

Introduction: Linear tapered slotline antennas (LTSAs) are
useful in applications which require high element gain, narrow
beam width and wide bandwidth [1]. Recently an LTSA
excited by a CPW has been reported [2]. In this feed, the
centre strip conductor of the CPW extends across the slotline
orthogonally and meets the opposite slot edge. LTSAs with a
coplanar waveguide feed (CPW) have the advantages of
reduced feed radiation loss, ease of monolithic microwave
integrated circuit (MMIC) integration and fast an inexpensive
on-wafer characterisation wusing CPW wafer probing
equipment.

This letter demonstrates two new techniques for exciting
LTSAs with CPW feeds. The first is to directly couple a CPW
to the LTSA through an air bridge (Fig. ). Direct coupling
requires the feed and antenna to be on the top side of the
board, which makes fabrication simple. The second method is
to electromagnetically couple a finite CPW (FCPW) to the
LTSA (Fig 2). Electromagnetic coupling does not require a
direct solder connection and is therefore more reliable. Fur-
thermore, the use of FCPW suppresses spurious modes
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Fig. 1 Schematic diagram illustrating CPW feed directly coupled by uir
bridge to LTS A
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excited between the CPW plane and the lower conducting
plane [3].
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Fig. 2 Schematic diagram illustrating FCPW feed electromagnetically
coupled to LTS A which is on oposite side of substrate

a Top metallisation, § = 0-0762cm
W = 0-0254cm
b Bottom metallisation

" Feed design and fabrication

(a) Air bridge feed: A CPW directly coupled to an LTSA by
an air bridge is shown in Fig 1. A 0-00508 cm wide gold
ribbon bridges over the slotline connecting the open end of
the CPW to the opposite edge of the slotline. In this feed the
CPW is terminated in a tapered open circuit of length L,
which is about 4i,,.,/2, where i_ is the guide wavelength at
the centre frequency f, of 18 GHz. The width S of the CPW
centre strip conductor at the open end is 0-031 cm. The slot-
line of the LTSA is terminated in a curved short circuit of
length 4,,,/4 beyond the bridge. The width of the slotline is -
the same as that of the CPW which is indicated as W. The
radii of curvature r; and r, of the slotline are approximately

‘;'g( slot )/6

(b) Electromagnetically coupled feed: In this feed network the
FCPW feed and the LTSA are fabricated on opposite sides of
a substrate as illustrated in Fig. 2a and b, respectively. The
FCPW and the slotline cross each other at right angles. To
improve coupling two notches of width W and lengths L, and
L, are cut out from the FCPW ground plane located right
above the slotline of the LTSA. The ratio of the lengths L,/L,
is about 3 and L, is approximately 0-251,,,,. The width 2G
of the ground planes is about 0-654,.,. The FCPW is ter-
minated in a short circuit at a distance of L, which is approx-
imately 0-44,,,., from the centre of the notch. A pair of
bondwires on either side of the notch is used to suppress any
spurious slot modes generated at the discontinuity. The slot-
line is terminated in a short circuit at a distance L, which is
4 gstoryd from the notch.

LTSA design and fabrication: The LTSA is formed by grad-
ually flaring the width of the slotline by an angle 2a. In
general, a symmetric beam is required to illuminate a reflector
for maximum aperture efficiency; this is achieved by choosing
2z equal to 10-6° [1]. Similarly, to optimise the radiation
efliciency of the LTSA, H is chosen to be 0-754,, where 4, is
the free space wavelength at f,,. The length L of the antenna as
determined by a and H is 4-14,. The circuits are fabricated on
0-0508 cm thick RT, Duroid 5880 (¢, = 2-2) substrates.
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Experimental results: The measured return loss for the directly
coupled and the electromagnetically coupled feed are shown
in Fig. 3a and b, respectively. These measurements show that
the return loss is better than —10dB (2:1 VSWR) and the
bandwidths are 3-7 and 6:0GHz for the two feeds, respec-
tively. As expected, the electromagnetically coupled antenna
exhibits the greater bandwidth. The measured E- and H-plane
radiation patterns for the LTSA with the two feed networks
are shown in Fig. da and b, respectively. The patterns are
nearly identical because identical antenna designs are used for
both feed networks.
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Conclusions and discussions: Two new feeding techniques for
the LTSA have been presented. Both yield excellent radiation
patterns over their bandwidths. The return loss shows,
however, that the CPW clectromagnetically coupled LTSA
has broader bandwidth than the CPW directly coupled LTSA.

31st January 1992

R. N. Simons, R. Q. Lee and T. D. Perl (Mail Stop 54-5 NASA Lewis
Research Center, 21000 Brookpark Road, Cleveland, OH 44135, US A4)
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Ka-BAND DUAL FREQUENCY ARRAY FEED FOR A LOW COST
ACTS GROUND TERMINAL
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ABSTRACT:

Because of low cost and ease of
fabrication, microstrip arrays are
attractive as feeds for reflector
antenna systems. This paper describes
the development of a 4x4 microstrip
array which will be used as a feed
for a low cost ACTS ground terminal.
The array feed consisted of four 2x2
subarrays is fed with coplanar
waveguide power dividing networks.
The patch radiator is designed to
excite two orthogonal, linearly
polarized wave at Ka-band frequencies
(around 20 and 30 GHz). In the paper,
test results for the developed array
will be presented and discussed.

I. INTRODUCTION:

The launching of NASA's Advanced
Communication Technology Satellite
(ACTS) in 1992 will provide a unique
opportunity for the industry and
government to experiment with and
validate the new technologies to be
flown onboard the ACTS spacecraft.
One of the experiments currently
contemplated by NASA is to
demonstrate a low cost ground
terminal (less than §500) for
establishing a communication 1link
with ACTS. A voice link of 4.8 Kbs
will connect the low cost ground
terminal to the ACTS ground-based
link evaluation terminal (LET) via
one of the fixed beam from ACTS. The
antenna for the proposed ground
terminal consists of a prime focus
offset-fed 0.6 m reflector and a 4x4
microstrip array feed. This antenna
provides simultaneous operation
across the receive (19.38-20.28 GHz)
and transmit (29.1-30.0 GHz)
frequency bands with linear
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polarization. Mechnical scan and
manual adjustment is used for beam
and polarization alignment. Of the

~antenna system, the 0.6 m reflector

can be purchsed for about $100, and
the 4x4 array feed will be developed
by NASA. This paper will describe the
baseline design of the Ka-band 4x4
array feed. Results for the array
performance will also be presented
and discussed.

II. SYSTEM REQUIREMENTS:

For wuplink at 29.6 GHz and
downlink at 19.9 Ghz, the 0.6 m
reflector with 55 efficiency has a

.gain of 42.8 dB and 39.3 dB

respectively. To complete the link
with adequate margin, the required
EIRP per carrier for uplink is 40.2
dBW and the required G/T for downlink
is 12.0 dB/K. These results are
obtained based on a feed loss of -
2.5 dB and rain attenuation of -23.0
dB. The surface tolerance for the 0.6
m reflector is 0.01 in. rms which
could result in a loss of 0.5 dB in
antenna gain.

III. ARRAY DESIGN:

The proposed 4x4 array has
rectangular microstrip patch elements
which are arranged in rectangular
lattice with A/2 element spacing
(free-space wavelength). Coplanar
waveguide (CPW) power dividers are
used to distribute RF power to the
array. All elements in the array are
fed in phase and with equal amplitude
to produce a beam in the broadside
direction.

The microstrip patch used in the



experiment is shown in Figure 1(a).
The patch with dimensions (a,b) is
etched on 0.508 cm RT/Duroid
substrate. The patch is designed for
dual frequency (20-30 GHz) operation
with a single feed at (a .b ) to
excite both the ™, and TM_ modes.

These modes generate two ort%ogonal

linearly polarized (LP) waves. The
single feed approach requires only
one RF power distribution network for
both receive and transmit operations.

The feed position chosen for
best impedance match with the feeding
network is determined by computing
the input impedance of each resonance
mode at the specified feed position.
For thin substrates, the patch
antenna can be modelled as a cavity
which consists of the patch, the
ground plane and a magnetic wall
along the perimeter [1]. The interior
fields of the antenna are
characterized in terms of a discrete
set of modes, and can be replaced by
a radiating magnetic current source
along the perimeter as shown in
Figure 1(b). The input impedance can
then be computed in terms of the
electromagnetic energy stored in the
antenna, power dissipated in copper
and dieletric, and losses due to
surface wave and radiation. The input
impedance computed by the cavity
model approach are found to be in
good agreement with measured results
[1].

Using the cavity model approach,
the input impedance can be computed
for any given feed position and patch
geometry. In general, the input

impedance can be varied over a wide’

range by changing the feed positions
along the edge of the excited mode
(x-axis for TM mode), but very
little along the radiating edge (y-
axis) [1]}. Thus, in determining the
feed position for dual mode
operation, the feed position for the
™, mode is
vary1ng the feed position along the
x-axis. Then, the feed position is
varied along the y-axis to optimize
the impedance match for the TM

optimized first by.
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mode. Since the input impedance at
any given fe2d position is mode
dependent, it is very difficult to
achieve impedance match for both the
™ 1and TM. mecdes with a single feed
point. Therefcre, a compromised feed
position where both modes can be
strongly excited must be used. To
validate the design approach, a dual
frequency rectangular patch of
dimensions a=.48cm and b=.3 cm has
been designed, fabricated and tested
at ka-band frequencies.

Iv. POWER DIVIDER DESIGR
ARCHITECTURE:
Figure 2 shows the cross

secticnal view of the 4x4 microstrip
patch array constructed on a
multilayer Durcid substrate. The 4x4
array is made up of four 2x2 subarray
with each subarray fed by a 1:4 CPW
power divider azs shown in Figure
3. The power divider circuits and the
patches are fzbricated on opposite
sides of a 20 mil thick Duroid
substrate. The detailed layout of the
1:4 CPW power divider used in the
experiment is shown in Figure 4. As
indicated, the patches are
electrically connected to the output
ports of the power divider by probe
couplers. To provide proper impedance
match, the center conductor strips of
the CPW lines are tapered toward the
intersection. Furthermore, the output
ports of the power divider are
terminated in short tuning stubs.

The four subarrays are then
excited by another 1:4 CPW power
divider <constructed on a second
Duroid substrate. This substrate
rests on top of the antenna substrate
to form a multilayer feeding network.
A novel coax-to-CPW nonplanar
transition will be used to couple RF
power to and from the array. The
coaxial-to-CPW junction is formed by
the intersection of four CPW lines
with a coaxial cable whose outer
conductor is slotted to form four
coupled transmission lines. The



center pin of the coaxial line meets
the intersecting CPW center conductor
and the four outer conductors meet
the CPW ground planes. A circulator
is used to separate the transmit and
receive signals. Isolation between
the transmit and receive ports is
better than 20 dB. Details for the
design of the coax-to-CPW transition,
CPW power dividers and the post
coupler are described in {2], (3].

V. RESULTS AND DISCUSSION:

The impedance and the return
loss characteristics of the patch
were measured using a  HP8510
automatic network analyzer. Figure 5
shows the measured return loss which
indicates resonances at 19.8 and 29.4
GHz. The return losses are 11.6 dB at
19.8 GHz and 6.9 dB at 29.4 GHz
indicating good coupling efficiency.
Figure 6 shows the measured impedance
vs. frequency on a Smith chart. As
indicated by the curves, the
resistive parts of the impedance is
30.9 ohms at 19.8 GHz and 23.1 ohms
at 29.2 GHz. Better impedance match
for both frequency can be achieved
with a proper choice of feed
position. The measured E- and H-plane
patterns at 19.80 and 29.98 GHz are
shown in Figure 7. The patterns are
symmetrical at both frequencies.

Figure 8 shows the measured
return loss of a 2x2 microstrip
subarray which was constructed based
on the designs of the patch and power
divider described above. The return
losses are 15.38 dB at 19.48 GHz and
25.7 dB at 30.02 GHz. The H-plane
patterns for the 2x2 subarray are
display in Fig. 9. The patterns
measured at 19.70 and 29.98 GHz are
generally symmetrical and in
agreement with computed patterns for
a 2x2 subarray. Additional efforts
are required to optimize the subarray
performance. This modular subarray
will be used as building block for
the 4x4 dual frequency array feed.
Results for the finished array will
be reported at the conference.
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VI. CONCLUSION:

This paper reports the
development o¢cf a Ka-band dual
frequency array feed for a low cost
ACTS ground terminal. The array has
patch elements with a single feed to
excite both the TM_ _ and ™, modes .
The patch antennas are fed by a
multilayer coplanar waveguide power
dividing network. A modular 2x2
subarray has been bresdboarded and
tested. Measured impedance and
radiation patterns demonstrate good
array performance indicating the
validity of such an approach.
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Figure 5.—Measured retum loss (S44) at the coaxial input port
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Abstract

This paper presents the design and performance of the
following CPW microwave distribution networks for linear
as well ascircularly polarized microstrip patches and printed
dipole arrays: (1) CPW/Microstrip Line feed, (2) CPW/
Balanced Stripline feed, (3) CPW/Slotline feed, (4) GCPW/
Balanced coplanar stripline feed, and (5) CPW/Slot coupled
feed. Typical measured radiation patterns are presented,
and theirrelative advantages and disadvantages are compared.

troduction

Coplanar waveguide (CPW) is a transmission line which
consists of a center strip and a semi-infinite ground plane
on either side of it! as shown in Fig. 1. This type of
waveguide offers several advantages over conventional
microstrip line, namely, it facilitates easy shunt as well as
series mounting of active and passive devices; it eliminates
the need for wraparound and via holes, and it has a low
radiation loss. Another importantadvantage of CPW which

has recently emerged is that CPW circuits render them-"

selves to fast and inexpensive on-wafer characterization at
frequencies as high as 50 GHz.2 Lastly, since the RF
magnetic fields in the CPW are elliptically polarized,
nonreciprocal components such as ferrite circulators and
isolators* can be efficiently integrated with the feed net-
work. These as well as other advantages make CPW useful
fora MMIC based microwave distribution network. Grounded
CPW (GCPW) is a variant of CPW which incorporates an
additional ground plane on the back side of the substrate®
as shown in Fig. 1. This additional ground plane can serve
asa heat sink and provide mechanical strength. Inaddition,
the ground plane serves as a shield between stacked antenna
boards to improve isolation.

Several CPW fed antennas have been reported in the
literature. A GCPW fed coplanar stripline antenna con-
structed by widening the center strip of the GCPW to form
a rectangular patch (Fig. 2(a)) has been reported.® This
antenna produces a linearly polarized far field radiation
pattern in a direction normal to the plane of the substrate.

CPW fed slot antennas which are the complcment to printed
dipole antennas (Fig. 2(b)) have also been reported.7 This
antenna also radiates in a direction normal to the plane of
the substrate.

This paper presents the design and performance of the
following CPW microwave distribution networks for linear
as wellascircularly polarized microstrip patches and printed
dipole arrays: (1) CPW/Microstrip Line feed, (2) CPW/
Balanced Stripline feed, (3) CPW/Slotline feed, (4) GCPW/
Balanced coplanarstripline feed, and (5) CPW/Slot coupled
feed. Typical measured radiation patterns are presented,
and their relative advantages and disadvantages are compared.

CPW Microwave Distribution Network Design

Coplanar Waveguide/Microstrip Line Feed

A CPW to microstrip line feed with post coupler® is
shown in Fig. 3. The CPW and the microstrip line share a

~ common ground plane that has an aperture. The coupler is

formed by a metal post which passes through the aperture
connecting the strip conductors of the CPW and the microstrip
line. A pair of wire bonds located adjacent to the post tie
the CPW ground plancs and the microstrip ground planes
to a common potential. The diameters of the aperture and
the metal post were experimentally optimized to obtain the
best ingertion loss characterictics. The advantage of this
type of feed is that the thickness and relative permittivity
of the dielectric substrates for the feed network and the
antenna can be independently chosen. This allows the
individual components to be optimized for the best
performance.

Coplanar Waveguide/Balanced Stripline Feed

A CPW o balanced stripline feed also makes use of a post
coupler® as illustrated in Fig. 4. The mechanical features
of the coupler is similar to that described above. This
coupler in addition uses a tapered stub to improve the

~ bandwidth of the device. The advantage of this feed is
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similar to that of the previous example.



Coplanar Waveguide/Slotine Feed

A CPW to slotline feed'? which uses a nonplanar CPW
T-junction is illustrated in Fig. 5. The circuit is formed
when a CPW on a separate substrate is placed perpendicular
on the CPW of the CPW/Slotline feed network. The advan-
tage of this type of feed is that it climinates the need for
direct connection between the feed line and the feed net-
work of the array module.

Grounded Coplanar Waveguide/Balanced Coplanar
Suripline Feed

Figurc 6 shows a GCPW to balanced coplanar stripline
feed.!! Since the GCPW is an unbalanced structure, the
transition to a balanced coplanar stripline requires a balun.'?
At the unbalanced end, currents of equal magnitudes but
opposite direction flow in the center strip conductor 2 and
in the ground planes 1 and 3 of the GCPW. At the balanced
end, currents of equal magnitude but opposite in direction
flow in the strip conductors 2 and 3 of the coplanar stripline.
The short circuit placed between conductors 1 and 2 at the
balanced end results in an open circuit between the conduc-
tors a quarter wavelength away at the unbalanced end
forcing all currents to flow between conductors 2 and 3.

In addition, the balun also provides impedance transfor-
mation. This transformation ratio is determined by the
characteristic impedance of the coplanar stripline formed
by conductors 2and 3. This is because all of the microwave
energy propagates through this section of the transmission
line. The advantage of this type of feed is that it allows
construction of end fire arrays which are necessary for
building large two-dimensional phased arrays. The disad-
vantage is that it requires a bond wire to tie conductors 1
and 3 at equal potential which might impact reliability.

Coplanar Waveguide/Slot Coupled Feed

This circuit is formed by etching a narrow resonant slot
in the bottom ground plane of a GCPW. The slotis oriented
symmetrically and transverse to the center strip conductor
of the GCPW. The advantage of this type of feed is that the
microstrip patch antennas can be electromagnetically coupled
to the feed through the aperture thus making integration
easy.

Coplanar_ Waveguide Feed System Performance and
Antenna Integration

The measured return loss (S ") and insertion loss (S;)
of the CPW/Microstrip line post coupler is shown in Fig. 7.
The return loss and insertion loss are better than 10 and
1 dB, respectively, over a wide band of frequencies extend-
ing from 0.045 to 6.5 GHz. Figure 8 schematically itlus-
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trates the integration of a rectangular patch antenna with
the feed.

The measured return loss (Sy,) and insertion loss (5, )
of the CPW/Balanced stripline post coupler is shown in
Fig. 9. The return loss and insertion loss arc better than 17
and 0.25 dB at the design frequency of 2.2875 GHz. Fig-
ures 10(z) and {b) present the proof-of-concept model of a
seven patch hexagonal circularly polarized (CP) subarray
with the above feed system.

The above are typical characteristics of the feeds dis-
cussed in the previous section and the characteristics of the

other feeds will be presented at the conference.

Far Field Radiation Patterns of the Antennas

The measured far field radiation pattern of the microstrip
patch antcnnas shown in Fig. 8 are presented in Fig. 11.
The radiation is linearly polarized and is parallcl to the
plane of the antenna.

The measurcd far field radiation patterns of the CP
subarray shown in Fig. 10 is presented in Fig. 12. These
patterns were measured at 2.325 GHZ. The on-axis axial
ratio for the LHCP is 1.5 and 3 dB beam widths are 36° in
both planes of the subarray. The gain of the subarray as
determined from the beam widths is 13 dB. The measured
return loss at the coaxial input port of the subarray is better
than 10 dB at 2.325 GHz.

The above are typical measured radiation patterns of the
antennas investigated and more results will be presented at
the conference.

Conclusions and_Discussions

The paper presents the design and performance of several
CPW microwave distribution networks which have poten-
tial applications in phased arrays. Typical measured far
field radiation patterns of several antennas with the above

Ao - - i DR |
feeds have been prescnted and discussed.
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NEW COPLANAR WAVEGUIDE TO
RECTANGULAR WAVEGUIDE END
LAUNCHER

R. N. Simons and S. R. Taub

Indexing term: Waveguide couplers

A new coplanar waveguide to rectangular waveguide end
launcher is experimentally demonstrated. The end launcher
operates over the K -band frequencies that are designated for
the NASA Advanced Communication Technology Satellite
(ACTS) uplink. The measured insertion loss and return loss
are better than 0-5 and — 10 dB, respectively.

Introduction: Coplanar waveguide (CPW) is a very useful
transmission line for microwave integrated circuits and has
several advantages over conventional microstrip line [1].
CPW monolithic microwave integrated circuit (MMIC) com-
ponents such as amplifiers and mixers have been demon-
strated [2]. There are several applications where a CPW to
rectangular waveguide coupler or transition is necessary.
These include: direct injection of signals from a CPW MMIC
into a waveguide, a feed network for waveguide radiating ele-
ments in a two-dimensional phased array antenna, and as a
transition in a CPW walfer probe for on-wafer characterisation
of solid state devices. The transition is important particularly
at millimetre-wave frequencies where the small dimensions
make coaxial connectors difficult to fabricate. Recently, CPW
to rectangular waveguide post and slot couplers were demon-
strated [3]. In the post and slot couplers, coupling is through
an aperture in the broad wall and in the narrow wall of the
rectangular waveguide, respectively.

This Letter presents the design and experimental character-
isation of a new CPW to rectangular waveguide end launcher.
In the end launcher, coupling is through an L-shaped loop
that enters the waveguide through an aperture in the end wall.

End launcher design and fabrication: A CPW to rectangular
waveguide end launcher is schematically illustrated in Fig. 1.

2w
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finite upper ~t
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€ E — ot pond ) by
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waveguide

[

Fig. 1 Schematic diagram of CPW to rectangular waveguide end
launcher

D =0254 mm,¢ = 22,5 = 0554 mm
W =025 mm,G=125mm

The end launcher consists of a dielectric substrate carrying the
CPW that enters the waveguide through an aperture in the
centre of the end wall. The dielectric substrate is centred in the
waveguide. Further, the CPW centre strip conductor extends
into the waveguide and forms an L-shaped loop. The loop
couples power from the quasi-TEM CPW mode to the TE,,
waveguide mode. The centre strip conductor width § and slot
width W of the CPW for a given substrate thickness D are
determined so as to provide a good impedance match to a
50  coaxial connector. The waveguide height and width are
standard for a given frequency band. The length, height and
widths of the probe extending into the waveguide are denoted
as L, H, W, and W,, respectively.

End launcher performance and discussions: The length L is
approximately A oepuiae/0 at the centre [requency Jo of
30-75 GHz. The height H is half the substrate height. The
widths W, and W, are 04 and 0-508 mm, respectively. The
above parameters, obtained through experimentation, resulted
in excellent insertion and return loss characteristics. The mea-

~siired return loss at the CPW port and the insertion loss

between the CPW and the waveguide ports of the end
launcher are presented in Figs 2 and 3, respectively. The end

return loss d8

26 5 282 29 9 31 6 33 3 35 0
frequency  GHz

Fig. 2 Measured return loss at CPW port

insertion loss dB

26 5 282 299 6 333 350
frequency GHz

Fig. 3 Measured insertion loss of end launcher

launcher operates with a refurn loss of better than —10dB
over approximately 20% bandwidth centred at f;. This band-
width includes the NASA Advanced Communication Tech-
nology Satellite (ACTS) uplink frequencies (29--30 GHz). The
insertion loss of the end launcher is ~1 dB and includes the
losses in the coaxial connector and in the coax-to-waveguide
adapter of the test setup which were not practical to calibrate
out. Hence, the net insertion loss of the launcher is very small
and is of the order of 0-5 dB.

Reprinted, with permission, from IEE Electronics Letters; Vol. 28, No. 12, June 1992, pp. 1138-1140.
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Conclusions: A new CPW to rectangular waveguide end
Jauncher realised using printed circuit technology and having
very small dimensions is experimentally demonstrated. The
measurements show that the launcher has excellent insertion
loss and return loss characteristics. Thus the launcher is inex-
pensive to fabricate, compact and efficient.

21st April 1992

R. N. Simons and S. R. Taub (Mail Stop 54-5, NASA Lewis Research
Centre, 21000 Brookpark Road, Cleveland, Ohio 44135, USA)
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ABSTRACT

The effect of air-bridges on the performance of various
coplanar waveguide (CPW) discontinuities is studied. Spec-
ifically, the coupled open-end CPWs and the short-end shunt

CPW stub discontinuities are considered. The high fre-

quency effect of the air-bridge is evaluated using a hybrid
technique. At first, the frequency dependent equivalent cir-
cuit of the planar discontinuity without the air-bridge is
derived using the Space Domain Integral Equation (SDIE)
method. Then, the circuit is modified by incorporating the
air-bridge’s parasitic inductance and capacitance which are
evaluated using a simple quasi-static model. The frequency
response of each discontinuity with and without the air-
bridge is studied and the scattering parameters are plotted
in the frequency range 30-50 GHz for typical CPW dimen-

sions.

1 INTRODUCTION

Recently, researchers have shown a great deal of interest
in coplanar waveguides (CPW) for (M)MICs design due to
several advantages such as design flexibility, potential for
low dispersion and low radiation, and less dependency on
the substrate thickness [1-3]. While there is no need for via
holes in CPW circuits, air-bridges are fundamental compo-
nents mainly used to connect the ground planes in order to
suppress the propagation of coupled slotline mode [4]. In
addition, they are used to connect CPWs with slotlines or
coupled slotlines in uniplanar (M)MICs [5]. Unfortunately,
air-bridges represent discontinuities which may cause para-
sitic effects depending on their electrical size and location.
It has been found experimentally that the parasitic effect of
a typical air-bridge along a uniform line is negligible. The
size of a typical air-bridge is very small; the height is 3 um
and length ranges from 10 pm to 50 um [4, 5). However,
a 5% change in the resonant frequency of a CPW line res-
onator including ten air-bridges has been reported in [4].

In this paper, the two CPW discontinuities shown in
Fig.1 are studied. In Fig.1a, the air-bridge is used to connect
the center conductors of two coupled open-end CPWs, while
in Fig.1b it connects the two ground planes of the shunt
CPW stub in order to suppress coupled slotline mode. Since
the size of a typical air-bridge is very small, a hybrid tech-
nique can be used to analyze these discontinuities. First, the
frequency dependent equivalent cirauit of the discontinuity,
without the air-bridge, is derived using the Space Domain

without fee all or part of this material is granted provided that the coples are not made or distributed for direct cormmercial advantage. Copying is by permission
ectrical and Electronics Engineers. To copy otherwise, or to republish, requires a fee and specific permission.

Integral Equation (SDIE) method [6-8]. Then, this equiva-
lent circuit is modified by incorporating the air-bridge’s par-
asitic effects. These effects, a series inductance and a shunt
capacitance, are evaluated using a quasi-static model. The
theoretical method is discussed bnefly in section 2, and nu-
merical results for symmetric discontinuities are presented
in section 3. Results for non-symmetric CPW discontinu-
ities will be shown in the sympostam Moreover, experi-
ments will be performed to validate the obtained theoretical
results.

2 THEORY

The CPW under consideration is shown in Fig.2 where it
is assumed to be inside a rectangular cavity of perfectly con-
ducting walls. The cavity dimensions are chosen such that
the CPW fundamental mode is not affected by higher order
cavity resonances. The theoretical method used to study
CPW discontinuities, in the absence of air-bridges, is based
on a space domain integral equation which is solved using
the method of moments. The SDIE approach has been pre-
viously applied to study several CPW discontinuities and
has shown very good accuracy, effidency and versatility in
terms of the geometries it can solve [6-8]. Since the theoret-
ical method is presented in detail in [7, 8], a brief summary
will be given here.

The boundary problem pertinent to any CPW disconti-
nuity may be split into two simpler ones by introducing an
equivalent magnetic current M, on the slot apertures. This
surface magnetic current radiates an electromagnetic field
in the two waveguide regions (above and below the slots)
so that the continuity of the tangential electric field on the -

-surface of the slots 1s satisfied. The remaining boundary

condition to be applied is the continaity of the tangential
magnetic field on the surface of the slot apertures which
leads to the following integral equation

¢ [ [ @) + e me & = 5o

where (‘;:J are the magnetic field dyadic Green’s functions in
the two waveguide regions [7, 8] and J, denotes an assumed
ideal electric current source exciting the coplanar waveguide
mode (gap generator model).

The integral equation (1) is solved using the method
of moments where the unknown magnetic current is ex-
panded in terms of rooftop basis functions. Then, Galerkin's
method is applied to reduce the abowe equation to a linear

© 1991 IEEE. Reprinted, with permission, from IEEE MTT-5 Digest; pp. 469-472; April 1991.
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system of equations

(% %)) - (5)

where Y;(i = y,2;j = y,2) represent blocks of the admit-
tance matrix, V; is the vector of unknown y and z magnetic
current amplitudes, and J; is the excitation vector which
is identically zero everywhere except at the position of the
sources. Finally, the equivalent magnetic current distribu-
tion and consequently the electric field in the slots are ob-
tained by matrix inversion.

In case of symmetric CPW structures, the aperture fields
form standing waves of the fundamental coplanar waveguide
mode away from the discontinuity. Consequently, using the
derived electric field, an ideal transmission line method [9] is
applied to determine the scattering parameters and evaluate
the elements of the equivalent circuit.

Fig.3a shows the equivalent circuit (x-model) for the
CPW discontinuities shown in Fig.! in the absence of the
air-bridges. For the structure of Fig.1a, X; and X; repre-
sent the fringing and coupling effects respectively between
the two coupled open-ends. However, for the CPW stub dis-
continuity of Fig.1b, X, and X represent the reactances due
to the coplanar waveguide and the coupled slotline modes
respectively which are excited in the CPW stub. It is the
purpose of the air-bridges to short the series reactance in
both discontinuities. Fig.3b shows the new equivalent cir-
cuit after taking the air-bridge into consideration. The air-
bridge can be modeled as an air-filled microstrip line [4, 5],
and the design formulas in [10] are used to evaluate its par-
asitic capacitance C, and inductance L.. A parallel plate
waveguide model can be also used since the air-bridge height
is very small (typically 3 ym ). Both models give a capac-
itance C, in the order of 1-10 pF and an inductance L, in
the order of 1-10 nH. Finally, new scattering parameters are
evaluated from the modified equivalent circuit.

(2)

3 NUMERICAL RESULTS

In the numerical results shown here, the considered CPW
discontinuities are printed on a 300 gm GaAs substrate
(¢, = 13) with an inner conductor width of 75 pgm and
slot width of 50 yum. The characteristic impedance of such
line is approximately 50 Q. The slot width of the open-end
and the CPW stub are both 25 um.

3.1 Coupled open-end CPWs

Fig.4 shows mag(S);) for the coupled open-end CPW
discontinuity (without air-bridge) as a function of frequency
for different separation distances. It can be seen that the
coupling between the two lines is small even with a separa-
tion distance of 20 pm. It is worth mentioning that such
structure is widely used as a test fixture for making pre-

cise scattering parameters measurements of a wide variety
of active and passive circuit elements. This is performed
by mounting the element {or (M}MIC) on the center area
{called ground plane mounting island) and connecting it to
the CPW lines using bondwires. Fig.5 shows the fringing
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and coupling reactances of the equivalent w-model of the
discontinuity with reference planes chosen to coincide with
the end of the center conductors. It has been found numer-
ically that X, varies approximately as 1/f and it is always
capacitive for any separation distance depending mainly on
the center conductor and slot widths. This behavior is not
clear in Fig.5 because of the large vertical scale. On the
other hand, the value and nature of X; depends on the
separation distance besides the center conductor and slot
widths. :

Fig.6 shows mag(S2) for the same discontinuity with an
air-bridge connecting the center conductors (with a height of
3 um). It can be noticed that the insertion loss in this case
is very small compared to the case without the air-bridge
shown in Fig.4. The variation of mag(S;;) with respect to
frequency and length of air-bridge is analogous to the one
found experimentally in [4] . Thus, it is indeed reasonable
to model the air-bridge quasi-statically as long as it is ade-
quately small.

3.2 A shorted-end shunt CPW stub

Fig.7 shows the scattering parameters of a shorted-end
shunt CPW stub discontinuity (without the air-bridges) with
a stub length of 550 urn. It can be noticed that such strue-
ture behaves as a series stub (instead of a shunt stub) with
a resonant frequency 46.5 GHz. Fig.8 clarifies this by show-
ing that the series reactance X; resonates at this frequency
while the shunt reactance X, resonates at 49.5 GHz (at
which the length of the stub is approximately a quarter of
a coplanar mode wavelength). However, the effect of this
latter resonance does not appear in Fig.7 because of the ex-
istence of the series reactance X,. It has been found that
these two resonant frequencies are approximately indepen-
dent of the separation distance between the two coplanar
lines (ranging from 20-80 um) depending mainly on the stub
length. A similar equivalent circuit of this discontinuity is
proposed in [10] where the reactances are assumned to be
inductive, which is not always true as shown in Fig.8.

Fig.9 shows the scattering parameters of the same dis-
continuity with air-bridges connecting the ground planes of
the CPW stub. The air-bridges are chosen with width of 10
pm and height of 3 pm. These air-bridges ensure that the
two ground planes of the CPW stub are at the same poten-
tial and suppress the coupled slotline mode. This results in
shorting the series reactance and thus reducing the equiv-
alent circuit to a shunt reactance (with air-bridge parasitic
effects). Fig.9 shows that this structure is indeed a shunt
stub not a series one.

4 CONCLUSIONS

Two different CPW discontinuities involving air-bridg-
es (coupled open-end CPWs and shorted-end shunt CPW
stub) have been analyzed using a hybrid technique. In this
approach, the planar structure without the air-bridge is an-
alyzed with the SDIE method and a frequency-dependent
equivalent circuit is derived. Then, the effect of the air-
bridge is taken into account quasi-statically by modifying
the equivalent circuit appropriately and the new scatter-



ing parameters are computed. It has been found that the
coupling is very small between two open-end CPWs, when
they are not connected with an air-bridge, even with small
separation distances. In addition, it has been found that
a shorted-end shunt CPW stub behaves as a series stub if
the two ground planes of the CPW stub are not connected
together due to the presence of the coupled slotline mode.
It is the air-bridge, whose parasitic effects are typically neg-
ligible, that makes these structures behave as required. Ex-
periments will be performed for both discontinuities with
and without air-bridges to validate the theoretically derived
data. In addition, results for non-symmetric CPW discon-
tinuities will be shown in the symposium.
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Figure 1: (a) Coupled open-end coplanar waveguides with an air-
bridge. (b) A coplanar waveguide shorted-end shunt stub.
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Figure 2: A cross section of 2 coplanar waveguide inside a cavity.
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Figure 3: (a) Equivalent circuit of the CPW discontinuities shown
in Fig.1 without the air-bridges. (b) Equivalent circuit of the C'PW
discontinuities shown in Fig.1 with the air-bridges taken into account.
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SUMMARY

A novel package, which consists of a carrier and housing, has been developed for monolithic-
millimeter wave Integrated Circuit amplifiers which operate at 30 GHz. The carrier has coplanar
waveguide (CPW) interconnects and provides heat-sinking, tuning, and cascading capabilities. The
housing provides electrical isolation, mechanical protection, and a feed-thru for biasing.

INTRODUCTION

MMICs (monolithic-millimeter integrated circuits) are currently available for satellite communica-
tion applications at millimeter wave frequencies (ref. 1). However, very little has been done in the devel-
opment of carriers and housings that enable these circuits to be inserted into actual systems. In this
paper we present the design and characteristics of a CPW (coplanar waveguide) carrier and a housing for
MMIC amplifiers operating at 30 GHz. CPW circuits have the advantage of providing easy series as well
as shunt mounting of microwave devices. Furthermore, since the ground planes are on the same side as
the strip conductor, via holes and wraparounds are eliminated; therefore, parasitics are small. Radiation
loss, when compared to microstrip, is low; hence CPW circuits are less prone to interaction with the
package and EM interference. Another advantage is that CPW circuits lend themselves to fast and in-
expensive characterization using wafer probing equipment.

CARRIER DESIGN

The carrier assembly is shown in figure 1. The carrier consists of a finite width conductor backed
CPW (CBCPW) circuit on a dielectric substrate. The CBCPW circuit consists of a pair of tapered open
circuits which face each other, and are separated by the surrounding ground plane. The ground plane
also serves as an island for mounting MMIC devices and facilitates low inductance ground connections
from any point on the perimeter of the MMIC. The length of separation between the open circuits is
chosen to accommodate a particular MMIC chip. By tapering the CPW open circuit the electric field
lines are concentrated at the open end and therefore are coupled efficiently to the short wire bonds
between the CPW input/output lines and the MMIC. A copper post (diameter 0.031 in.) inserted in the
center of the carrier serves as a heat sink for the MMIC. A brass backing plate provides heat dissipation
and mechanical support. The MMIC and brass backing plate are attached to the dielectric substrate
using silver conductive epoxy.

This carrier provides advantages in the following areas: Tuning, cascading and calibration. MMIC
tuning is accomplished by sliding small lengths of metal strips over the CPW circuit until the desired
S-parameters are obtained. The metal strips are then glued in place. Two or more of the above carriers
can be cascaded, as shown in figure 1, by use of a novel plastic clip. The clip slides over and grips the
two brass backing plates. This ensures excellent alignment for wire bonding. LRL calibration can be
performed to the plane of the MMIC.
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HOUSING

A single carrier with the housing is shown in figure 2. The housing provides mechanical protection,
electrical isolation, and a coaxial feed-thru for bias lines.

EXPERIMENTAL RESULTS

A single carrier was tested by fixing a 50 {1 GaAs microstrip line, 700 mils long, in place of an
MMIC, wire-bonding it to the CPW lines and measuring the S-parameters over the frequency range of
29 to 30 GHz with an HP 8510B Network Analyzer. The measured insertion loss, S,) = 1.9 dB and the
return loss, S, < -15 dB, as shown in figure 3. This includes the losses of the Wiltron Universal Test
Fixture and the carrier. These losses were found to be 0.9 dB by measuring the insertion loss of an
identical CPW thru-line on an identical substrate. The insertion loss and return loss measured with and
without the housing is shown in figure 4. The S,, measured, without the microstrip line, is a measure of
the isolation between the input and output ports. The carrier and the housing were tested. An isolation
of greater than 16 dB was measured, which is an improvement of 10 dB over the isolation of the carrier
without the housing. The measured characteristics are shown in figure 5. Figure 6 shows the carrier,
carrier with housing and cascaded carriers.
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Abstract

This paper describes the progress to date of the development
of a 1-W, 30-GHz, coplanar waveguide (CPW) amplifier for
the Advanced Communication Technology Satellite (ACTS)
Small Terminal Uplink. The amplifier is based on Texas
Instruments’ monolithic microwave integrated circuit (MMIC)
amplifiers; a three-stage, low-power amplifier and a single-
stage, high-power amplifier. The amplifiers have a power
output of 190 mW and 0.710 W, gain of 23 and 4.2 dB, and
efficiencies of 30.2 and 24 percent for the three-stage and one-
stage amplifiers, respectively. The chips are to be combined via
a CPW power divider/combiner circuit to yield the desired | W
of output power. ’

Introduction

MMIC amplifiers find extensive applications in satellite
communications due to their small size and efficiency. In this
paper we describe the design and development of an MMIC
amplifier for the ACTS Small Terminal Uplink. The amplifier
is based on Texas Instruments’ monolithic microwave inte-
grated circuit (MMIC)amplifierchips; athree-stage, low-power
amplifier chip and a single-stage, high-power amplifier chip.
The chips are to be combined via a CPW power divider/
combiner circuit to yield the required 1 W of output power.
Table 1 shows the amplifier requirements. Henceforth in this
paper the term “MMIC chips” will refer to the Texas Instru-
ments amplifier chips and the term “amplifier” will refer to the
entire amplificr assembly.
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Amplifier Design and Performance

A configuration drawing of the amplifier is shown in fig-
ure 1. The signal is brought into the amplifier via a coaxial
input line and a coaxial-to-CPW transition. The power is
divided three ways by a CPW power divider. The output of the
power divider is coupled to the cascaded MMIC chips. The
MMIC chips are mounted on the amplifier using a novel carrier.
The output of the MMIC chips are combined in a three-way
CPW power combiner. The power divider and combiner are on
two separate substrates, connected back-to-back using a novel
post coupler. The output of the combiner is fed into a coax to
waveguide transition which forms the input to the antenna. An
alternate amplifier configuration is shown in figure 2. This is
anonplanar design that eliminates the need for the post coupler.
The output of the power divider and combiner connects directly
to each of the TI MMIC chips.

Power Divider/Combiner

A coax-to-CPW in-phase three-way radial, nonplanar power
divider/combiner is formed by the intersection of three CPW
lines. Poweris coupled to this junction from acoaxial cable, the
outer conductor of coaxial cable is slotted lengthwise to prevent
shorting of the CPW lines. The center pin of the coaxial line
meels the intersecting CPW center conductors and the three
outer conductors meet the ground plane. This arrangement has
the advantage of holding the ground planes at the same poten-
tial and exciting the three CPW lines in equal amplitude and
phase without the use of bond wires.



Post Coupler

A CPW-10-CPW post coupler is shown in figure 3. The
CPW'’s share acommon ground plane that has an aperture. The
coupler is formed by a metal post which passes through the
aperture and contacts the strip conductors of the CPW. A pair
of wire located to the sides of the post, tie the CPW ground
planes toacommon potential. The S-parameters for the coupler
are shown in figure 4. The coupler works only marginally at
30 GHz, but shows excellent characteristics at 7 GHz. Work is
being done, including computer simulations to better under-
stand the behavior of this coupler.

MMIC Chips

Two MMIC chips were used, a three-stage and a single-stage
amplifier chip. The gain compression of the three-stage chip is
shown in figure 5. A typical chip has a power output of
190 mW, gain of 23 dB, and efficiency of 30.2 percent. Typi-
cal characteristics for the single-stage chip are: power output
of 710 mW, gain of 4.2 dB, and efficiency of 24 percent. In
order to achieve the required 1 W of output power, the MMIC
chips were cascaded. The cascading configuration is shown in
figure 6. :
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MMIC Carrier

Anovel package, which consist of a carrier and housing, was
developed to mount the MMIC chips in the amplifier. The
carrier with housing is shown in figure 7. The carrier has CPW
interconnects and provides heat-sinking, tuning, and cascading
capabilities. The housing provides electrical isolation,
mechanical protection, and a feed-through for biasing. Fig-
ure 8 shows the measured insertion and return loss of the carrier
with a 50-Q microstrip line in place of the MMIC. After
subtracting the losses due to the test fixture, the insertion Joss
of the carrier is about 1.0 dB and the return loss is better than
15 dB.

Conclusions

The paper presents two schemes for the assembly of a 1-W,
30-GHz MMIC amplifier for the ACTS small terminal. The
characteristics of TI MMIC chips, the post coupler, and the
carrier have been prescnted. Future work includes: character-
izing the power divider/combiner, tuning the MMIC chips, and
assembling the amplifier.
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Power input -25 dBm
Power output 1W

Center frequency 29.634 GHz
Bandwidth 29.1-30 GHz
Input connector 2.4 mm 0S-50
Output waveguide WR 28

Tabie 1: Amplifier requirements.
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I. INTRODUCTION

As both silicon and GaAs based technologies drive device
speeds into the multigigabit per second ranges, and rise
times down to small fractions of a nanosecond, the quality
of all circuit components including interconnections assumes
ever increasing importance. Digital systems supported by
these technologies are designed to operate in the multigigabit
per second data regime, where synchronous clock and
data distribution are extremely difficult to maintain. This
means that for many geometries the interconmection lines
have to be treated as broad-band transmission systems.
Skin effcct, dielectric properties and imperfections, and
electromagnetic  discontinuities can cause severe signal
distortion in addition to randomizing propagation delays.
Thin-film multichip package technology offers high density
interconnection capability and design trade-off flexibility.
However, conductor resistivity, cross section, length, choice
of dielectrics, and driver/receiver characteristics must be all
compatibly incorporated into each design in order for the
system to function properly. The increased density of com-
ponents within integrated circuits requires hundreds of
electrical interconnections for each chip, and thousands of
/O ports for the entire package. Optical interconnections
offer a potential solution to these increased requirements. The
advantages of optical links are receiving wide acceptance,
with the most relevant ones being: low attenuation in
good structures, noise immunity, low cross talk, extremely
high carrier frequencies (multiplexing capability), propagation
delays being independent of fan out, and, in some cases,
isolation of various parts of a circuit (e.g., the driver electronics
from the receiver electronics). Optoelectronics offer an
important supplement to the electrical signal transmission but
poses its own set of technological challenges.

In the following sections, a comparative analysis of conven-
tional conductors versus optical interconnections is presented.
The discussion is focused on limitations of electrical trans-
mission lines and the applicability of short range optical links
in packages of high performance digital systems intended
1o operate at multigigabit rates. An effort is presented to
define the conditions for which the optical alternative benefits
system performance. Finally, the implementation of optical
waveguides with polyimides, as part of the MCNC high
performance package, is described.
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Abstract— The well-known advantages of optical interconnec-
tions include high carrier frequency, low attenuation, high noise
immunity, and, in ideal guides, low cross talk. In this paper, a de-
tailed comparison between optical and electrical interconnections
is presented, with the emphasis on advantages and drawbacks
of optical link utilization. The impact of attenuation, dispersive
degradation, and fan out on signal integrity is discussed. Reflec-
tions from discontinuities are taken into account in the section
on fan out, but the issue of reflection is omitted in the remainder
of the paper, not because it is unimportant, but because these
reflections do not give either system an advantage. If anything,
reflections are more troublesome in optical waveguide circuits
than in electrical circuits. Bends in optical waveguides cannot
exceed the limitations imposed by the index difference which
precludes the existence of abrupt bends that mimic corners or
vias in electrical interconnections. According to our results, there
is no obvious advantage of using optical interconnections for
the distribution of digital signals containing significant frequency
components in excess of 10 GHz, unless substantial distances
are involved, for which low dispersion optical waveguides could
provide a solution. The actual electronic digital signal speeds for
which suitable interconnections can be provided still depend as
much on the skill of the designer as on the availability of materials
or processes. Therefore, in high-speed digital systems, a detailed
study has to be performed on the entire system before a decision
is made as to which interconnection scheme is superior for a
given application. Moreover, the reduction of the number of lines
and ports by multiplexing and demultiplexing is limited by the
electronics, for both electrical and optical approaches. Retention
of waveform amplitude and integrity and tolerance of cross talk
eventually become the key parameters that force the transition to
the optical channel at ultra-high digital speeds. Approaching tens
of picosecond rise time, dispersion and attenuation of electrical
signals is detrimental, while optical waveforms are basically
unaffected in low dispersion waveguides, making the transition
to optical interconnections essential. The implementation of a
polyimide optical waveguide in the MCNC package is discussed.
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1I. ATTENUATION

Optical techniques promise interconnections that overcome
important limitations of conventional electrical interconnec-
tions [1]-[4], such as attenuation, dispersion, and cross talk
" (coupling noise). Computations of the attenuation as a function
of frequency for transmission lines of arbitrary cross sections
are relatively involved [5]-[7], and require a substantial
amount of numerical computation. Generally, the line attenu-
ation per unit length is

_ _ R
2- RG{ZQ}

where Re{Zp} is the real part of the characteristic impedance.
Since R is a function of frequency, this attenuation
incorporates the conductor series resistance loss factor
including the skin effect. Dielectric loss is neglected here.
Then, for those geometries for which the internal and external
inductances can be separated, the characteristic impedance of
a transmission line is given by

Zo = \/R + X + jwlext @

M

jwcext

where R and X = wlk;, are the real and imaginary
parts of the internal impedance of the line, Liy is the
internal inductance of the line, and L., and Cg are
the external inductance and capacitance of the line. Tt
should be noted that R, Ly, Lex, and Ceq can be all
implicitly frequency dependent. At high frequencies, Zy
approaches Ro= \/Lcxt/Cext which does not change
with frequency in homogeneous dielectrics such as clad
microstrip lines. For conventional, unclad microstrips, even
this Ry term continues to change with frequency [7], [8],
asymptotically approaching the value of the characteristic
impedance of a parallel plate waveguide. All these differ-
ences directly affect high-speed electrical signal propagation.
For example, the attenuation is calculated for a polyimide
supported microstrip, homogeneously capped by the same
material. The trace of the microstrip is made of copper 8 um
wide and 4 pm thick such that nominal Ry ~ 58 2. The
frequency dependence of R = R(w) is totally determined by
the current distribution in the metal which is shown in Fig. 1
for the 8 pm by 4 um lead of the strip. Fig. 1(a) corrcsponds
to the distribution of the 200-MHz frequency component of
the current, and is contrasted with the 10-GHz component
shown in Fig. 1(b). The attenuation a{w) clearly rises with
frequency as a result of the current crowding at the corners
and at the bottom of the strip. The bottom of the strip is at
y = 0 in Fig. 1(a) and (b). Moreover, for frequencies up to
approximately 0.2 GHz, the attenuation increases, as shown
in Fig. 2, due to decreasing characteristic impedance caused
by an increasing capacitive reactance. With a further increase
in frequency, the capacitive reactance is compensated by the
inductive reactance, and the signal attenuation is determincd
by the line resistance which includes the skin effect at high
frequencies. Above 1 GHz, there is a substantial increase
in attenuation duc to currcnt crowding as shown in Fig. 1,
which increases resistance and decreases internal inductance.
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Fig. 1. Magnitude of current distribution within a 8 um by 4 um copper
strip of a microstrip geometry of height H = 8 um, width 11" = 8 ym, and
thickness T = 4 um, entirely embedded in a dielectric of e, = 3.5. (2) At

200 MHz, (b) At 10 GHz.

Comparing this result to the optical alternative, it is obvious
that the attenuation of communication quality optical fibers is
lower by many orders of magnitude. However, the use of such
fibers in a high performance package is highly impractical.
The density and complexity of thin film multichip packages
rule out the insertion and coupling of optical fibers, but allow
the fabrication of optical waveguides directly in the package.
The lowest losses for these waveguides are about 0.01 dB/cm,
and are obtained with laser annealed polycrystalline ZnO.
However, typical losses are in the range of 0.1-5.0 dB/cm
[9]. Recently, transparent polyimides have been introduced
for waveguide applications with attenuations in the range of
0.3-4.0 dB/cm [10]-[11]}. In addition to the attenuation, op-
tical interconnections suffer from various coupling losses (i.e.,
coupling of light source 10 the waveguide and the waveguide
to the detector, or coupling/splitting between waveguides). Tt
is important to point out that the losses of optical links are
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Fig. 2. Functional dependence of clectrical attenuation for the microstrip
specified in Fig. 1: H = W =8 ym, T = 4 pum (strip thickness), e, = 3.3,
and Rp ~ 38 Q.

not dependent on digital rates and, therefore, not frequency
dependent throughout the whole signal spectrum, but, as
shown, the attenuation of electrical interconnections increases
with frequency and eventually becomes larger than its optical
counterpart.

ITI. EFFECT OF FAN OUT ON OPTICAL SENSITIVITY

The derivation of the effect of optical fan out on the
maximum operating rate of an optical interconnection is based
on the reduction of the output power which, under ideal con-
ditions, is equally split among N loads. In practice, however,
more than half of the total power is lost in the fan out process.
Since the noise increases with bandwidth, maintaining a speci-
fied bit error rate (BER) at a reduced output power implies a
reduction in data rate. Assuming a Gaussian distribution, the
BER is given by [12]

— _1_ i —z%/2
P(E) = = Q/ e/ dy ®)
where
_ID-4 4
Q (1)0% C))

with D defined as the decision level (current level above which
the state is “1” and below which it is “0”), i is the expected
signal current, and <ii>0'° is the rms noise,

Several sources contribute to the noise involved in the
detection of optical signals, some of them are dependent on the
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photonic signal. The major sources are due to the photocurrent
of the detector, the thermal noise generated by the biasing
circuitry, and the noise due to the preamplifier. In digital
receivers, the noise is dominated by circuit noise, (iQ)C, while
noise due to the detected signal is negligible [12]-[16]. For
a quantum detector such as a p-n or a p-i-n photodiode, the
optical power nP required to achieve a desired error rate (i.e.,
receiver sensitivity) is determined by Q. If the decision level
D is the half way between the “0” and “1” states, and if the
“0” level is close to zero, then

7= (et ©

where hv is the photon energy. For long distance commu-
nications, a BER of 10~ is usually assumed for a rate of
1 Gb/s. When manipulating words rather than single bits, a
much lower BER must be imposed, typically 10~!7 at 1 Gb/s
[2]. Fig. 3 shows the BER as a function of Q for the 1079 to
10719 range. Note that due to the exponential nature of (3),
this tenth order of magnitude change in the BER is obtained by
an increase in @ of only 50%. For a BER of 1017, Q = 8.5.
Thus at a wavelength of 800 nm, nP = 13.15<i2)2'°, while

for the 1300-1550 nm range, nP = 8.1 ~ 6.8(1‘2)3;‘. The
additional power required for achieving an improvement of
eight orders of magnitude in the BER is less than 3 dB. This
is, of course, a minimum value since degradation factors such
as power rail noise and clock feedthrough require an increased
optical signal to maintain the same BER.

The circuil noise of the receiver depends on the semiconduc-
tor technology and circuit design employed. The conventional
approach to obtain a wide-band low noise front-end is by a
transimpedance amplifier with a large feedback resistor. Even
though the bandwidth is increased by a factor of 4 + 1, where
A is the open loop gain, the use of such a design is limited
due to the phase shift generated by the amplifier [13]. For



very high frequencics, a high impedance front-end such as a
field effect transistor (FET) is utilized. The large RC time
constant is corrected by a proper equalizer [13]. Indeed, a
combination of a InGaAs avalanche photodiode and a GaAs
FET in a high impedance configuration was employed to
measure data at a rate of 8 Gb/s [17]. The receiver sensitivity
was —25.8 dBm for a BER of 107°. The same data rate was
detected with the same detector FET combination, but using a
low input impedance configuration, required a minimum power
of —15.5 dBm for an equal BER [18].

The circuit noise current for a FET receiver is given by
[12]-[15]
4kT

(), = F 12B+ 2alguecl2B
4kTT 4kT
+ — (27TCT)2fCIfB2 + —g——r"- (27\’0’1")21333.

®

Here B is the bit rate, Ry, is the load resistance, g 15 the
FET leakage current, g, is its transconductance, and fc is
the 1/f noise corner frequency. The total capacitance Cr is
the sum of the FET gate capacilance, the detector capacitance
Cly, and the stray capacitance C,. The numerical factor I is
a noise factor associated with channel thermal noise and gate
induced noise of the FET. It is about 0.7 for Si and 1.1 for
GaAs FET’s. The definite integrals I», I3, and Iy depend only
on the output pulse shape. For a rectangular pulse, I can be
taken as 0.4, I3 as 0.03, and Iy as 0.1.

Originally derived for intermediate frequencies in the range
of few hundred megabits per second [12}, these formulas can
also be adapted to very high frequencics. Thus since at these
high data rates the drain load resistor Rp must be decreased
in order to reduce the RC time constant, Rp may become a
source for significant noise. This noise is taken into account
by defining an equivalemt I given by ['eq = T'+1/gmRp [16],
[19]. This noise and the channel noise (the fourth term in (6))
can be minimized by optimizing the gate width upon which
both g,, and C'r depend. For a well-designed FET preamplifier
with a small leakage current, the circuit noise is dominated by
Johnson noise due to the channel. To reach this limit, Ry,
should be made as large as possible to reduce the thermal
noise (the first term in (6)). There is a trade-off between
bandwidth and sensitivity, however, since this thermal noise
is proportional to the first power of B, while Johnson noise
is proportional to the third power. At a bit rate of 20 Gb/s
with a g,, of 50 mmho and Cr = 1.5 pF, Johnson noise is
larger if Ry is more than 10 © (!). Indeed, these equations
were utilized to analyze the noise of the amplifier for bit rates
up to 20 Gb/s [16]. A detailed consideration of the various
aspects of very high bit rates is given in [19].

The calculated sensitivity of p-i-n receivers as a function of
data bit rate, up to 50 Gb/s, is shown in Fig. 4. As can be
derived from (5) and (6), the minimal optical power required
at the detector is proportional to B!, In addition, the BER
is rate dependent. Assuming a constant number of errors per
unit time, the BER is linearly proportional to the inverse of
the bandwidth. Since the change in Q is minimal, this effect
is secondary. The parameters used in (6) for deriving the
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Fig. 4. Receiver sensitivity versus data rate at wavelength of 825 nm. BER
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C'r = 0.5 pF for integrated FET.

noise generated by the FET were based on data of state-of-
the-art GaAs transistors, capable of operating at these high
frequencies. These were g, = 50 mmho and Ct = 1.5 pF.
Then, for a wavelength of 825 nm, at room temperature:

nP =468x107%.QB"® %)

when B is expressed in gigabits per second. The quantum
limit curve reflects the minimum average number of photons
per pulse required to assure that the probability of zero
photoelectrons generated is below the dictated BER (e.g., 39
for BER = 10~!7 as compared to 21 for 107°) In addition,
a third curve is added to represent the improved sensitivity
attainable with integration of the detector and the FET on a
single chip, thereby reducing the total capacitance to 0.5 pF.
When a bipolar transistor is used in the common emitter
configuration as the front end, the circuit noise current is
generated by the base current I,, the collector current I,
and the base spread resistance ryy. This current is given by
[12]-]14], [16]:
(). =

4kagB + 2q1,I,B
R

21,
+ 2
pE

m

(2nCr)’ I3 B

+ 4kTrys[27(Ca + C,)) I3 B> (8)

Here Cy includes the base~emitter capacitance Cy. and the
base—collector capacitance Cyic. The third term is inversely
proportional to the collector current since the transconductance
gm = ql./kT. In addition, the diffusion part of the capacitance
Cy. depends linearly on I, so an optimum collector current
can be derived. At low frequencies, the optimum I, is linearly



proportional to the bit rate, so both the shot noise generated by
the base and by the collector render (cqual) terms proportional
to B? [12]. Neglecting the contribution of the shot noise
generated by the base current and assuming a large enough
load resistor, one obtains for the low frequency range [12],
(16]

0.5
(i%), = 8rkTCr (%) B?

+ 4kTryp[2m(Cq + C)) 3B, ©)

Here f is the common emitter current gain. At very high bit
rates, the optimum collector current is independent of B, that
is, I. = 2rkTC, fr/q, where C, is the total low frequency
capacitance and fr is the current gain-bandwidth product.
Under these conditions, C7 = 2C, and the noise current is
given by [13], [14], [16]

4kT 167kTC,
'.2 = 9 —————o 3
(). = R ToB+ = LB

+ 4kTryy[27(Cy + C)* I, B, (10)

The cross-over point between the low and the high bit rate
regimes is at B = fr(I2/B813)°°. The last term in (10) is
dominant at high frequencies provided that fr and the load
resistor are large enough. For typical values of ryp = 100 Q
and Cq+Cs = 1 pF, the receiver sensitivity at 825 nm is given
by

nP =6.62x1078.QR!3 11

for B in gigabits per second. Comparing to the expression
presented in (7) for an FET front-end, the bipolar circuitry
does not seem to have any advantage over the FET. Even if the
stray capacitance (| is substantially reduced by integration,
the effect on the sensitivity is not dominant. Only with an
improvement in technology resulting in a significant reduction
in the base resistance ry, can the bipolar transistors become
more competitive. Fig. S shows the receiver sensitivity for
GaAs FET and bipolar front-ends for the parameters specified
in Fig. 4 except that the wavelength is 1550 nm.

The mathematical process of evaluating the effect of fan
out on the maximum bit rate is quite intricate since the
relationships between the detected power, @, and the BER
are not explicit. The computation is based on the assumption
that the system is operating at its maximum data rate for a one
to one link (V = 1). The optical power is now split between
N (>1) receivers equally. Knowing the reduced power, the
data bit rate is derived. Starting with maximum bit rates of
0.1, 1, and 10 Gb/s for N = 1, Fig. 6 illustrates the effect of
fan out on the maximum bit rate. No excess losses, in either the
waveguide or the coupling and splitting, are taken into account
in these plots. With 10 Gb/s for N = 1, a similar analysis is
shown in Fig. 7, for which four different levels of total losses
are assumed. The effect of these losses is quite devastating.
When the excess losses (including coupling, splitting, and total
attenuation) are 4 dB per link, the maximum operating data
rate is reduced more than 3 orders of magnitude for a fan out
of 10.
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Fig. 5. Receiver sensitivity versus data rate at wavelength of 1550 nm for
GaAs FET and bipolar.
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Fig. 6. Maximum bit rate as a function of fan out for various bit rates of
lossless links.

IV. FAN OUT IN ELECTRICAL NETWORKS

Turning the attention to fan out in electrical circuits, it
should be noted that there is a tradition of thinking about fan
out in electrical circuits as being distinct from that of fan out
in optical channels by the fact that line charging takes place in
one and not the other. This difference is indeed real but only in
the sense that it is much easier to accumulate electrons than it

C-L
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is to accumulate photons. This distinction vanishes when first-
incidence logic is considered for both optical and electrical
systems, which is the only logic that can be considered for
optical networks, unless optical resonators are built into the
channels. For charge-accumulation logic to take place, the
propagation time through the interconnections must be shorter
than or comparable to the significant waveform features,
particularly fall and rise times. Because of the advantages and
the feasibility of fully charging short electrical lines, such ac-
curnulation logic is frequently assumed for electrical networks
(e.g., interconnections in VLST chips) which, of course, is not
without penalties. Thus when assuming accumulation logic for

clectrically interconnected networks, some of the effects of fan ’

out on electrical interconnections are presented by Haugen et
al. [1]. For this mode of operation, an increased fan out results
in a lower effective characteristic impedance, e.g., a 50-(2 line
impedance is effectively reduced to a lower value depending
on the dielectric constant, the relative Iengths of lines, and
the degree of fan out. For example, for a polyimide stripline
structure (with capacitance 1.25 pF/cm), the loading density
is limited to approximately 3 pF every 2 cm to ensure that
the reflection coefficient p is less than 0.2. Again for charge
accumulation logic, a larger fan out requires a larger driving
power and it results in slower signal response.

In contrast, when first incidence logic is assumed, many of
the considerations for electrical systems are similar to optical
networks, with square law detection for photonics being the
principal distinction. Assuming first incidence logic, a load on
a terminated electrical line (i.e., fan out N > 1) may limit the
maximum bit transmission rate, depending on load and line
length. Two fan-out schemes are discussed here: one with loads
at the end of the line (Fig. 8(a)), and the other with loads at
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Fig. 8. Circuit diagrams for two different fan out schemes with both series
and paralle] terminations, (a) Loads at the end of the linc. (b) Loads al the
end and the middle of the line.

the middle of the line (Fig. 8(b)). In each fan-out scheme,
both termination methods (i.e., series termination and parallel
termination) are considered. The termination resistor, Ry, is
the high frequency limit characteristic impedance (i.e.,

Ro = lim Zo

w — OC

where Z is defined in (2)). Since the wire segment connecting
the transmission line and the receiving pad is only 0.5 mm,
it was considered as a lumped circuit. A total capacitance
of 0.1 pF is assumed for each electrical fan out, which
consists of contributions from the wire segment, the receiving
pad, and the receiver gate. Fig. 9 shows the output signal
waveforms derived for a 2-cm copper line of the cross section
given earlier (8 um by 4 um) with a fan out of 1 (N = 1),
while Fig. 10(a) and (b) shows thc same for a fan out of
3 (N =3); all waveforms are calculated by assuming a
trapezoidal input shown in the same figures. Output waveforms
in Fig. 9 (N = 1) can be obtained either by using Fig. 8(a)
with ¢, = 0.1 pF or using Fig. 8(b) with ¢, = 0.1 pF and
cp = 0 pF. Output waveforms in Fig. 10(a) were obtained
using Fig. 8(a) with ¢, = 0.3 pF, while those in Fig. 10(b)
were obtained using Fig. 8(b) with ¢, = 0.1 pF and ¢cp =
0.2 pF. For N = 1, the peak of the output waveforms is greater
than 50% of the input, and the amplitude of the reflections
is small, the output waveforms are considered as adequate
for switching the receiving devices. For N > 3, the peak of
the output waveforms is reduced, and the amplitude of the
reflections is increased. The transient output waveforms are
seriously degraded. The noise margin is greatly reduced, and
the waveforms might fail to switch the receiving gates. It is
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Fig. 9. Output waveforms of a 2-cm long microstrip described in Fig. 1
for both series and parallel lerminations, at 8 Gb/s, fan out ¥V = 1 (ie,
c, = 0.1 pF in Fig. 8(a)).

also observed that the attenuation of a 10-cm long line is such
that even for a single load (i.e., N = 1) the output signal at
8 Gb/s is below 50% for both terminations.

Because modeling and simulation of the propagation of
digital electrical signals has achieved a high degree of pre-
cision, even in networks of high complexity [20], [21], actual
examples of signal damping and dispersion are shown in the
next section for first incidence logic design considerations.

V. EFFECT OF DAMPING AND DISPERSION
ON MAXIMUM BIT RATE

As discussed in the previous section, the limitation on the
maximum operating data bit rate of an optical interconnection
is the power reaching the receiver of a compatible band-
width. Improving coupling efficiency, reducing waveguide
attenuation, and developing more powerful sources can all
contribute to higher operating specds. Avalanche photodiodes
provide better signal-to-noise ratio [12]-[16], however, higher
voltages (tens of volts) are required for their biasing, which
may be not acceptable within a package. Monolithic inte-
gration on III-IV semiconductors or flip-chip interconnection
for the optoelectronics [22] should help reduce the noise at
extremely high frequencies. Moreover, single mode optical
waveguides are assumed throughout, which is not always
achievable in practice. Also, of course, it is well known that
modal dispersion can very quickly dominate all other effects
[21]. '

The considerations for electrical transmission lines as dis-
cussed above range from charge accumulation logic to first
incidence logic. For a better comparison to the optical al-
ternative, first incidence logic, which does not suffer from
the RC type of pulsewidth broadening described previously,
is under the influence of several propagation induced high
frequency effects which are principally dispersive damping
and dispersive phase distribution. These dispersive effects,
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Fig. 10. Waveform distortion due to fan out for microstrips described in
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which also manifest themselves in the design of multiple trans-
mission line matching and termination matching, cause the
most deleterious high-speed network phenomena. The positive
aspect of electrical network technologies is that fabrication and
processing are at a very high level of development. What’s
more, methods and tools for designing and analyzing ultra-
high-speed networks with high precision are also developing
rapidly [22]. Therefore, very exacting rules of electromagnetic
propagation can be applied to the engineering of ultra-high-
speed digital electronic networks of high complexity.

Several specific examples of high-speed digital pulse propa-
gation arc shown for illustrating the damaging effects of
damping and dispersion but also for demonstrating the relative
tolerance of high-speed signals 10 these effects in the context
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Fig. 11. [lustration of the propagation of high-speed digital signals on
the microstrip described in Fig. 1. The effects of metal conductivity
& = 5.8x107 mho/m) on both damping and dispersion are included without
approximations. Rounded corner trapezoidal signals of full-width at half
maximum (FWHM) of 5 ps (top) and 10 ps (bottom) are propagated to
distance at which 50% of amplitude is lost.

of electronic interconnections. Rounded trapezoids are chosen
to approximate practical waveforms. Rise time and pulse
spacings are such that the signals correspond to ultra-high
digital rates; namely, 67 and 133 Gb/s. The individual signals
in these waveforms are 5 and 10 ps full width at half-
maximum (FWHM) with 7.5- and 15-ps spacing, respectively.
Fig. 11 shows the propagation of these digital waveforms on
a 8-um by 4-pm copper strip placed on a polyimide dielectric
in a microstrip configuration for which Figs. 1 and 2 were
prepared. The propagation in this geometry is nearly totally
dominated by loss with a mild phase dispersion caused by
the resistance of the strip, regardless whether the strip is clad
or unclad. The criteria for maximum distance propagation
are that either one of the signals diminished to 50% of its
launched magnitude or that the peaks separated in time such
that the amplitude is effectively 50% of the initial amplitude.
For the purpose of discussion, signal levels above 50% are
considered “1” and signals below 50% are considered “0.” By
these criteria, digital signals of 5-ps FWHM propagate 3.8 cm
and signals of 10-ps FWHM propagate 5.2 cm. These are not
long distances but, of course, these are ultra-high-speed digital
signals.

Figs. 12 and 13 illustrate the propagation of the same signals
on much wider microstrips (W = 100 pm) fabricated on the
same dielectric, ¢, = 3.5. Fig. 12 shows the effect of disper-
sion in an unclad microstrip when loss is neglected. Nearly
an order of magnitude greater distance is traversed by 10-ps
signals than by S5-ps signals. This advantage is reduced to a
factor of two when dispersive attenuation is taken into account
as shown in Fig. 13.

Clearly, even though these limiting examples show severely
damaging effects of ordinary conductors, it is evident that am-
ple range exists between the rates of systems operating to date
and the rates at which systems can be designed in the future.

VI. POLYIMIDE WAVEGUIDES

The implementation of optical interconnections into a high
performance multichip module was studied. Since polyimide
materials are used as the dielectrics for the thin-film inter-
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Fig. 12. Ilustration of the propagation of high-speed digital signals on a

lossless, unclad microstrip of W = 100 ym, # = 44 pm, T = 1 um,
e = 3.5 (i.e,, nominal Ry ~ 50 §2) showing dispersion dominated signal
degradation for 5-ps FWHM (top) and 10-ps FWHM (bottom) waveforms.
Here, because of destructive interference, 50% of magnitude at the location
of the sccond digit is reached before the entire magnitude of the sccond digit
has lost 50% of its value.
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Fig. 13. Same illusiration as Fig. 12 with conductor losses (o = 5.8 x
107 mho,/m) taken fully into account.

Fig. 14. Cross section of a polyimide waveguide. Core material: DuPont
P12525; cladding material: PI2566. Core dimensions are 20 pm x 10 um.

connections, various combinations of polyimides are being
explored to establish their suitability as optical links. Fig. 14
shows the cross section of one such waveguide. The core
material is a DuPont PI2525, with refractive index n = 1.70.
The cladding material is either SiO; or DuPont PI2566 with
refractive indexes of n = 1.48 and n = 1.58. These mate-
rials and the related processing schemes are compatible with



processes involved in the manufacturing of the MCNC high
performance multichip package. Various cross-sectional di-
mensions are characterized, ranging from 5 x 10 um? and up
to 100 x 20 pm?. Typical losses measured for these waveg-
uides are on the order of 3 dB/cm. Obviously, since mul-
timoding has not been taken into account, the size of the
waveguides have to be moderated, especially when the normal-
ized waveguide cladding index differences can be as high as
0.15. Fluarinated polyimides, known to have lower attenuation
[10], are currently under investigation as core material for
these waveguides.

VII. CONCLUSIONS

The comparison between optical and electrical intercon-
nections for high performance applications involves a large
number of parameters. With the exception of reflections from
discontinuities, the key issues are discussed in this paper. It
is shown that the attenuation of a transmission line increases
with frequency due to the skin effect, and approaches 1 dB/cm
at 10 GHz for particularly miniaturized structures. The attenu-
ation of an optical link also depends on the material used for
implementing the waveguide; however, it is independent of
modulation frequency. However, unless single mode optical
waveguides are assumed, modal dispersion can very quickly
dominate all other considerations when the dimensions of the
guide and the index difference are large. If pulse spreading in
a step-index waveguide of length L is written as

6=Ln1—A— !
c

2v3

where A = (n; — ng)/ng is the normalized index difference
[23], c is the speed of light, then § can range from 12.5 to
25 ps for a 10-cm length when the range of ng is between
1.48 and 1.58, as for the cited materials. '

Fan out reduces the maximum bit rate throughout the spec-
trum for optical interconnections, while its effect is noticeable
only in the gigabits per second regime for a terminated
electrical line when charge accumulation principles are valid.
When first incidence logic considerations apply, an electrically
interconnected system is analyzed in the same manner as an
optically interconnected system without the optical square law
provision. Then, even higher digital rates can be achieved.
Other parameters, such as power consumption, depend on the
specific technology and devices employed [1}, [3], [4].

The reduction of the number of I/O ports by multiplexing the
signal over a single link seems to be a very attractive approach.
Still, the technology is limited and the fastest multiplexers
commercially available are in the few gigabits per second
range and could be used in electric connections as well. The
realization of optical sources and detectors along with the
waveguides for optical interconnections, including all the sup-
porting electronics, is complex and is not likely to be widely
implemented presently. In spite of that, as frequency content
increases, optical interconnections can become advantageous.
Al ultra-high data rates, the retention of pulse shape over
significant distances becomes the key parameter that forces
the transition from electrical interconnections to the optical

(12)
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channel. The electro-optical components must be integrated in
order to minimize the required area and to assure performance
enhancement. At such high digital rates, additional electronics
is required to generate and detect optical signals, maintaining
an extremely high signal-to-noise ratio. At that point, the
entire package configuration is driven by the trade-off between
core components and supporting electronics. In the meantime,
dielectric materials with low relative permittivity must be
employed for electrical signal distribution, not only because
of the shorter propagation delays but also becausc of the
dispersive effects that are illustrated.
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Abstract
This paper summarizes the work
performed at or for the Lewis

Research Center with the goal of
improved microwave and mm wave three
terminal semiconductor devices. 1In
particular, we will dwell on the work
devoted to the development of the
pseudomorphic InGaAs modulation doped
field effect transistor (MODFET) made
on the commercial semi-insulating
substrates GaAs and InP. The work
includes the conceptual development,
the molecular beam epitaxy (MBE)
growth of the material, the first
operating device on GaAs substrate
and its subsequent optimization.
Results greatly superior to the
AlGaAs/GaARs MODFET were obtained.
Our efforts in technology transfer of
this device, which continue to date
using a non-MBE growth method,
resulted in a widely accepted device
in the industrial microwave
community. Our present work in the
application of high indium
concentration MODFET grown on InP in
the temperature range of 120-150K (or
lower) will also be described.

Introduction

The main goal of the technology base
research on new electronic materials
and devices at the Solid sState
Technology Branch of the NASA Lewis
Regearch Center is the improved
performance of active and passive
devices for space communications. A
secondary but very important goal is
technology transfer. 1In this paper
we will describe both the performance
results actually obtained and the way
technology transfer has been
successfully achieved in this project
in the area of an advanced three

terminal device, namely the
pseudomorphic InGaAs MODFET
(modulation doped field effect

transistor).

The progress in the new electronic
materials' development in the last
decade was driven by the epitaxial
growth of III-V semiconductors using
either molecular beam epitaxy (MBE)

Alterovitz
Space Electronics Division

Cleveland, Ohio 44135

or metal organic chemical vapor
epitaxy (MOCVD). As these two
methods require a large commitment of
funds and manpower, the Dbudget
constraints forced us to choose
awarding and monitoring grants and
contracts done outside Lewis Research
Center to achieve our goals in
materials development, with the in
house lab work devoted to material
characterization and some device
testing. This fact has helped
markedly in the technology transfer
goal.

A MODFET device includes a low
bandgap undoped material, InGaAs in
this case, grown adjacent to a higher
bandgap doped semiconductor, AlGaAs,
GaAs, or InAlAs in the present case.
This combination creates a quantum
well in the InGaAs, where quantum
confined electrons will accumulate.
It turns out that MODFET devices have
superior performance vs. single
material field effect transistors
(FET) due to a combination of
factors, mostly due to the quantum
well structure and to the properties
of the material of the well.

The paper is divided in two main
parts: program description and
technological results. In each part,
the effort done by the three material
growth groups that worked with our
support and collaboration, namely
University of Illinois, University of
Michigan and Spire Corp., will be
described.

Program Description

The work started in 1984, when
several grant proposals were received
and evaluated at Lewis Research
Center. The funding source for this
new subject was the "Pund for
Independent Research™ (F.I.R.), which
is a center wide fund. High risk,
high reward grant proposals are
summarized and highlighted by NASA
scientists for their merits, both for
NASA and for general applications.
This new shorter version of the grant
proposals compete for a limited
number of grants under the F.,I.R.

Copyright ® 1991 by the American Institute of Aeronautics and Astronautics, Inc. No copyright is assarted in the United States under Title 17, U.S. Code. The U.S. Govemment has
a royalty-tree licanse 10 exercise all rights under the capyright clalmed herein for Govemment purpcges. All other rights are reserved by the copyright owner.
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sponsorship. The highest risk-reward
proposal in the electronic materials
subject was received from Prof. H.
Morkoc from the University of
Illinois. The group at Illinois had
developed successfully the first
generation GaAs/AlGaAe MODFET and was
looking to a new concept: strain
lattice MBE epitaxial growth. Their
proposal called for epitaxial growth
of InGaAs on GaAs. The problem here
was the fact that InGa,As even for
low x values is not lattice matched
to GaAs, while the materials used
previously (AlGaAs and GaAs) are
almost perfectly lattice misched.
The electronic- properties( of
In,s,Gag A8 are much better than GaAs.
By interpolation, any InGa, As
material with x>0 is better than
GaAs. Using this fact and the
reduced device channel thickness (to
reduce strain) I was able to make a
case in the F.I.R. competition that
this proposal was {(marginally)
feasible and F.I.R.
approved. It turned out that two
other groups were working at the same
time on an InGaAs strained layer
single quantum well HODFET,‘Pamely
Sandia National Labs® and IBMY. all
three groups published their results
in a two month period. However,
the University of 1Illinois devic

itself and the concept behind it

turned up superior to the others.
The most important point of the
University of Illincis device was the
use of the combination
Al(:aA:s/Imeaiéé;/GaaAa ve.
GaAs/InGaAs/GaAs, a fact that
allowed a larger bandgap
discontinuity in the device, with
accompanying better confinement and
better current carrying capability.
The MODFET material growth wag
optimized by the Univ, of Illinois, "

but they were limited by their
lithography. Some material
characterization, using the cgwplex
technique of Shubnikov de Haas™~ was
done at Lewis Research Center. In
1986, a 0.25 micron gate MODFET was
fabricated using the Illinois grown
material bYao?‘E' Syracuse Electronics
Laboratory and the results were
absolutely spectacular. As the
InGaAs based MODFET could easily be
made with the hardware available in
the industry for GaAs/AlGaAs MODFET
and using commercial GaAs substrates,
most microwave industries moved to
the new device, and it became the

funding was
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device of choice. A recent paper““
describes the wide applicability of
this device for monolithic microwave
integrated circuits (MMIC). Our own
group at Lewis Research Center went
one step further in the application
of InGaAs on GaAs MODFET by releasing
an RFP (request for proposal) for a
MMIC transmitter technology in the
30-70 GHz range in May 1987. The
contract was subsequently awarded to
Hughes Aircraft and included the new
devices. This way both space
communications applications and
complete technology transfer were
achieved for this new material and
device.

The next step was again driven by the
general considerations given in
references 1 and 2, namely the higher
the indium concentration in InGa.As,
the better will the device perform.
The easiest material to grow is a
lattice-matched epitaxial film. Thus
Ings,Gay A8 material, grown on InP,
looked very promising. High quality
microwave performance devices were
made at Up%versity-of Illinois under

our grant using InP substrates and
Ings,Aly A8 as the high bandgap
material. However, room for

improvement was possible by going to
even higher indium concentrations and
again using strain layer epitaxy.
Pioneering3 work in this area was
published™ in 1986 and the
University of Illinois extended the
idea by growing InGa, As material on
InP with indium concentration up to
x=0.70 and using a graded
interface.! similar work and device
fabrication has been pne at the
University of Hichigan‘ and other
places. These devices will be
brought into larger scale application
when InP substrate material of 3" or
more with proven reliability is
available. At this stage, we decided
to leapfrog the regular progress by
adding another parameter to improve
performance, i.e. cooling. In 1989 a
grant was awarded to Prof. P.K.
Bhattacharya at the University of
Michigan to develop cryogenic
MODFET's. Most of the work used high
indium concentration MODFET devices
made on InP. All high frequency
cryogenic tests down to 40K were done
at Lewis Researﬁpﬂgenter, using wire
bonded devices. A new cryostat,
using probes, is now being fabricated
at Lewis Research Center to



. device.

facilitate the calibration and

measurement procedures. The
cryogenic results obtained for
pseudomorphic MODFET on InP

substrates, which are the first ever
measured anywhere, point to a marked
improvement in the properties of the
A complete device modelling
was also performed, showing a good
agreement with the experiments.“

In parallel, a Lewis Research Center
in house program was conduct&g to
study the optical properties of
InGaAs and to apply the results to
characterize the material grown for
the MODFET devices using
ellipsometry. In this technique, a

non-destructive simultaneous estimate

of the various layers' thicknesses
and ternagm)material composition is

poasible.(' The application of
ellipsometry to semiconductor
multilayer characterization,
including ternary material

composition, was ©pioneered by a
collaboration of University 85
Nebraska and Lewis Regearch Center.

A large variety of applications &?
III-V semiconductors was found.®
Recently, a spin-off company from
University of Nebraska (J.A. Woollam
Co.) began to manufacture research
spectroscopic ellipsometers and work
toward application of this technique
to in-situ semiconductor growth using
MBE and MOCVD. This is another
example of technology transfer under
our program.

We are also pursuing another
approach, offered to us by the SBIR
{(Small Business Innovative Research)
program. Improved surface morphology
and increased material production in
III-V epitaxial semiconductors are
achieved using MOCVD rather than the
conventional MBE technique. An SBIR
contract, which is now in phase 1I,
has been awarded to Spire Corporation
for the growth of InGa, As on GahAs.
The contract calls for indium
concentrations up to x=0.30 and for
device fabrication and testing. All
process steps will be optimized and
the device results will be correlated
with material parameters. The phase
II contract was awarded in April S1.

Technical Results

Device performance can be measured by
several parameters. In the case of
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ITI-V semiconductors some of the
important characteristics are power
and current gain cutoff frequencies
(f.x and £, respectively), gain,
power and power added efficiency,
noise figure and its associated gain,
third order intermodulation and
others. Most of these figures are
limited by the material properties,
although 1lithography and processing
(e.g., making a reduced resistance
"mushroom™ type gate) are also very
important. In the case of III-V
semiconductors, the critical material
parameters are saturated velocity,
mobility, bandgap, carrier
concentration, carrier confinement
and the I'-L intervalley gap. In an
early paperm, a complete FET Monte
Carlo simulation shows the importance
of a large intervalley gap for
improved device performance. This
gap increases by over 50% betwe

GaAs (0.36eV) and  InggGay A8

(0.55ev). In addition, the larger
mobility and aaturﬁfﬁd velocity in
Ings,Ga; A8 v8. GaAs ' * are important
benefita. These parameters improve
even more  as the indium
concentration in InGa, As increases
toward x=1. However, the bandgap of
InAs is so low (0.35eV) that room

temperature application is not
possible. That of InggGag As
however, is 0.75%eV and is s8till
acceptable. . In general, the higher

the indium concentration x in InGa,.
A8, the better are the electronic
properties, except for the 1low
bandgap for x near 1. The most
important consideration for the
material grower is the 1lattice
mismatch  of InGa, As to the
substrate. The InGaAs will not have
excess dislocations and will give
pseudomorphic growth if the strained
layer thiclfness is below the critical
thickness®’ t.. For InGa, As on
GaRs, t_. is just below 100A at x=0.30
and grows with decreasing x. As the
device channel thickness should be
able to carry current, the value of x
ig 1limited to x<0.30 for Gals
substrates. Increasing carrier
concentration and carrier confinement
is achieved by using Al,Ga, As and not
GaRs as the MODFET donor layer. The
value of y is limited, usually to
v<0.20, to keep the AlGaAs DX trap
centers to a minimum.

We will now show several actual
results obtained in this program.



(All graphs in this paper that were
previously published are reprinted
here with permission). Fig. 1
(reprinted from reference 6) shows
the actual MODFET structure used at
the University of Illinois. As
InGaRs has a smaller bandgap than
either AlGaAs or GaAs, an almost
square quantum well is achieved.
Results showing the short-circuit
current gain and the maximum
available gain (MAG) vs. freguency
for 1 micron gate length devices are
given in Fig. 2, which is reprinted
from reference 6. Both f; and £,
show a large improvement of over 50%
and 30% respectively vs. a
AlGaAs/GaAs MODFET. The same devices
show a reduction”’ of a factor of 10
(or more) in the gate nolise spectrun

(a) © 1986 IEEE

2004 n-GaAs

3504 n-AlgysGaggsAs

308 AlusGoassAs

(b)

© 1986 IEEE

n-Alg15Goasshs

Fig. 1. (a) Typical structure for
MBE-~- grown InGaAs/AlGals
pseudomorphic MODFET and (b) the

associated conduction band diagram.
The conducting channel forms a

wo dimensional electron gas in the
trained-layer InGaAs quantum well.
{(Reprinted from reference 6, with

permission).
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ve. the AlGaAs/GaRs device, mainly
due to the reduction of the DX trap
centers in the AlGaRs layer. A
structure similar to Fig. 1, but with
400A of cap GaAs layer, made at the
University of Illinois was used by
the G.E. Electronics Laboratory to
make a quarter micron device. A
representative result is shown in
Fig. 3 (reprinted from reference 10).
This device, with a transconductance
of 495 ms/%m, had the following
performance( around 60 GHz: MAG of
11.7 dB, noise figure of 2.4 dB and
asgociated gain of 4.4 dB, 28% power



added efficiency and 0.43 W/mm power
output level. The estimated £ , was
over 200 GHz. This result was such a
large improvement over the best
existing three terminal mm wave
device (the AlGaAs/GaAs MODFET) that
it became instantly the device of
choice for these high frequencies.

The work on MOCVD growth ©of
pseudomorphic MODFET material on GaAs
substrates at Spire Corporation is in
the early stages. The first results
show that a 1 micron undoped GaAs
buffer gives leaky devices and the
solution is a 1000A undoped
Al, ,Gag A8 and a 9000A undoped GaAs.
A schematic of the MODFET structure
used is given in Fig. 4. The work is
concentrated on x=0.30 and uses
channel thicknesses of SOA and 100A.
Transmission electron microscopy
shows defect free 1008  thick
channels, but device results point to
better performance for the 50A thick
channel. The material is not yet
optimized, and the best device gave a
transconductance of 300 mS/mm.

A 'spectroscoggg) ellipsometry
characterization' ™' was performed on
several MOCVD grown samples assuming
that the optical properties of the
In,,Gag,A8 layer in the  MODFET
structure are equal to that in an
unstrained, thick 1layer of equal
composition. However, strain effects
in the MODFET structure are changing
the propertiea of the InGaRhs 1aye§®
Work done on strained InGaAs layers

with x=0.65 and 0.70 show that the
strained InGa, As layer has optical
properties similar to an unstrained
InGa, As layer with y lower than x.
Here, y is only an apparent indium
concentration. We will now present
the newest ellipsometric results on
the MOCVD grown material from Spire
Corp. As ellipsometry cannot
distinguish doped and undoped
material, we have shown the nominal
ellipsometric thicknesses of this
structure in the right hand side of
Fig. 4. Results of the different

layer thicknesses t; (i=1 to 4) for
one sample, assuming different values
of the indium concentration x, are
given in Table I. The quality of the
least square fit is given by the
column “Trig. MSE" (i.e.,
trigonometric mean square error).
This quality parameter shows that the
actual result is obtained at an
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apparent indium concentration of
y=0.24. The thicknesses of all
layers are in good agreement with the
nominal values, but the
ellipsometrically evaluated aluminum
concentration in the AlGaAs layer is
low compared to the nominal value.
The low aluminum concentration was

MOCVD MODFET STRUCTURE

Actual Structure Nominal Struclure For Ellpsometry
t,  GaAs Oxide 204
n° Gahs 1004 t, Gaks 1004
" NGa As 400k
| AlGa As soA t,  ANGsAs 5ok
I o s As 100d t, InOaAs  100A
GaAs Subslrsie

Buffer 10,0004

81 GaAs Subsirate

Fig. 4. Actual and nominal etructure

used in the ellipsometric analysis
for a MOCVD grown MODFET structure.
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grown MODFET structure of Fig. 4.



also found in another sample and ‘it
seems to be real. A comparison of
the experimental results (called
cos{A) and tan(¥)) and a model
calculating the expected cos(A) and
tan(¥) values using the structure
given in Table I for x=0.24 is shown
in prigs. S5(a) and 5(b). The good
agreement between the experimental
and the <calculated results {is
evident.

The low temperature device work was
motivated by several considerations.
First, we expect improved circuit
performance as decreased temperature
will give increased device s;(»ged due
to higher drift velocity ) and
mobility, lower device noise, lower
metal interconnect resistivity that
gives faster and lower loss circuits,
better reliability due to reduction
of diffusion driven processes, and
possaible integration with
superconducting elements. Second, no
new technology has to be developed,
and thus the applications are
immediate. This second point is
especially important in space, as
passive cooling is projected ) to
achieve the 120K-150K range for front
end electronics.

© 1990 IEEE
100 A Ine5:GaacrAs ot S5x10* an™?
200 A Ing sy AkoasAs
150 A Ing s3AlowAs ot 5x10" cm™?
50 A I2a s Als.wAs
100-150 A In,Ga;_,As
0.53<x<0.70
400 A InessGaa.rAs
3000 A Ing s3Als A
1800 A 30 A InossGao.arAs/
30 A IngssAlgAs SL
SI IaP Substrate
Fig. 6. Layer sechematic of
pseudomorphic InGa, As/Ings,Alg sA8
(x=0.53, 0.60, and 0.70) channel
MODFET's on InP substrates.

(Reprinted from reference 16, with

permission).
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Although significant progress was
achieved in Sb based devices under
our gran to the University of
Hichigan,( %) we will limit ourselves
in this paper only to results
obtained in the strained layer InGa,.
A8 MODFET devices grown on InP.
Ellipsometry work on these
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Fig. 7. Magnitude of §,, (a) and

current gain h,, (b) vs. frequency for
a p s e udomorphidic
Ing 7Gag 4 A8/InggAl, A8 channel MODFET
at 77K and 300K with V,=1.5 volts and
V=0 volts. {Reprinted from
reference 16, with permission).



structuresalzn will also not be

given here. 1In this project, devices
with gate lengths down to 0.1 micron
and x up to 0.70 were made. The
structures used are shown in Fig. 6,
reprinted from reference 16. The
channel thickness is 100& for the
x=0.70 channel, and 150A for the
other indium concentrations.

The best device had an extrapolated £,
of 210 GHz, at 0.1 micron gate and
x=0.70. 0.2 and 0.8 micron devices
with x=0.53, 0.60, and 0.70 were DC
and RF characterized in the
temperature range 40K-300K. Results
for the S,, parameter and the current
gain of the 0.8 micron gate are shown
in Fig. 7, reprinted from reference
16. An increase of approximately 35%
in f, or 3 dB in gain can be deduced
from this figure for the 300K to 77K
cooling. Other results for the same
device were a 30% increase in
transconductance, over an order of
magnitude reduction in gate leakage
and a 20% decrease in output
conductance. Most of the improvement
was achieved with cooling to the 120K
range, a very important point for
potential space applications. The
results for the 0.2 micron devices
show less improvement with decreasing
temperature, with £, increase of on%
25%. A detailed device modelling,’
including Monte Carlo calculation of
the carrier transit times, also shows
a smaller improvement of the 0.2
micron device vs. the 0.8 micron one.
This result is explained by a much
larger contribution of ballistic
electron transport to the total
electrical transport in the smaller
gate length device vs. the longer
gate device. This contribution is
not affected by the temperature, as
no scattering is involved.

Conclusions

Three terminal devices for microwave
and mm-wave frequencies are now the
backbone for the large majority of
solid state circuit applications. 1In
this paper we have shown the
contribution of Lewis Research Center
in the research and development of
peeudomorphic InGaRs MODFET devices.
This contribution included the early
development of the device on GaAs
. substrates using MBE and the
subsequent technology transfer, the
work presently done to develop a
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viable device on GaAs substrate using
MOCVD and the pioneering work done on
low temperature (of the order 120K-
150K) applications of pseudomorphic
InGaAs MODFET on InP substrates.
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Best Fits for MOCVD-grown InGaAs/AlGaAs MODFET structure using the unstrained
InGaAs calibration functions, with In concentration as a parameter.

Trig In InGaAs AlGahs al Gahs GaAs Ox.
MSE Conc. Thick. Thick. Conc. Thick. Thick.
5.71E-4 20% 111+7 43645 .143+.004 94.3+3 16.0+0.6
5.40E-4 22% 105+6 437+4 .144+.004 93.8+3 16.240.5
$.33E-4 23% 101+6 437+4 .145+.004 93.943 16.3+0.5
5.30E-4 24% 97.945 438+4 .145+.004 93.5+43 16.3+0.5
$.36E-4 25% 94.0+5 43844 .146+.004 93.6+3 16.4+0.5
S.47E-4 26% 92.245 438+4 .147+.004 93.3+3 16.5+0.5
5.598-4 28% 87.8+5 439+4 .147+.004 92.9+3 16.6+0.5
5.64E-4 30% 84.7+5 438+4 .148+.004 93.1+3 16.740.5
Nominal 30% 100 450 0.20 100 20

All thicknesses are in Angstroms.

103






N92-82975

Intermodulation in the oscillatory magnetoresistance of a two-dimensional electron gas

S. E. Schacham,” E. J. Haugland, and S. A. Alterovitz
NASA Lewis Research Center, M/S 54-3, Cleveland, Ohio 44135
(Received 23 December 1991)

The oscillatory magnetoresistance wave form of a two-dimensional electron gas shows multiple struc-
tures when two subbands are populated. In addition to high-field oscillations at a frequency equal to the
sum of the two frequencies corresponding to the concentrations of the subbands, and to a superposition
at intermediate fields, we observed oscillations at the difference frequency at low fields and higher tem-
peratures. The field range at which the frequency difference is observed increases with increasing tem-
perature. The crossover from superposition to frequency difference is accompanied by a beat. Similar
beats, whose field location shows identical temperature dependence, can be observed in data obtained by
other groups on different structures. The various components of the wave form can be attributed to
different phase relations between the diagonal and off-diagonal elements of the conductivity tensor. Itis
shown how the intermodulation term, when inserted into the extended oscillatory equation, can give rise

. to all three structures.
INTRODUCTION

The oscillatory pattern of magnetoresistance, the
Shubnikov—-de Haas (SdH) effect, is extremely useful in
the characterization of a two-dimensional electron gas
(2DEG). As a function of the inverse magnetic field, the
frequency of oscillation is linearly proportional to the
concentration of the carriers generating the given oscilla-
tions. In addition, the decay of the oscillation amplitude
with increasing temperature at a given magnetic field or
with decreasing field at a given temperature allows for
the determination of the effective mass or the quantum

- relaxation time within the subband. The wave form be-
comes complex when either more than one subband is
populated, or more than one carrier type takes part in the
conduction process. This complex SdH pattern is gen-
erated by the presence of two Landau-level ladders, one
for each carrier type or subband. At large enough mag-
netic fields, when all the levels are sharp, a single oscilla-
tory wave form is obtained, the frequency of which corre-
sponds to the sum of the concentrations of the various
carriers.! At lower fields, a superposition of the two fre-
quencies is usually observed, whereby the oscillations at
the higher frequency, corresponding to the ground sub-
band concentration, f,, are modulated by the lower oscil-
Iatiozn3 frequency associated with the excited subband
fi*

An abrupt change in the frequency of magnetoresis-
tance oscillations as a function of the inverse magnetic
field is encountered under various conditions. Most com-
mon is a doubling of the frequency when the spin degen-

eracy is removed, usually at fields of several teslas.** For -

some particular structures, a frequency shift was ob-
served due to the different types of carriers present in the
2D gas. When an asymmetric quantum-well structure
was investigated in Ga,_ Al As/GaAs heterojunction.*
the frequency of oscillation increased by a factor of 3.4
from low to high fields. The oscillations at low fields
were attributed to the light holes only, for which the

lower effective mass m* results in a larger cyclotron-
resonance frequency w.=qB/m?*, where B is the mag-
netic field. Since the separation between the Landau lev-
els is #iw,, only the ladder produced by the light holes
generates oscillations detectable at low fields. In a second
paper,’ a similar asymmetric well was investigated in a
GaSb/AISb system. Here, too, the oscillation frequency
of the SAH pattern recorded for this structure increases
rather abruptly. However, the change in frequency is
much smaller than in the previous sample, only a factor
of 1.27. The authors attributed the low-field oscillations
to the heavy holes. .

In this paper, we report the observation of a third SdH
frequency recorded on a modulation-doped field-effect
transistor (MODFET) structure when two subbands are
populated. At lower fields, a single intermediate frequen-
cy f; is present, while at higher fields a higher frequency
fy prevails, modulated by a third, much lower frequency,
f1. This feature is temperature dependent, i.e., the cross-
over magnetic field between f; and f decreases with de-

_ creasing temperature such that at very low temperatures

the intermediate frequency is absent. The theory behind
these phenomena is discussed. Various possible mecha-
nisms are investigated, and it is shown that the presence
of three frequencies and their temperature dependence is
closely related to the intermodulation berween the sub-
bands, recently introduced by Coleridge.”

Experimental Results

The sample measured in this paper is a MODFET
structure composed of an Al Ga,_ As/GaAs hetero-
junction with x =0.3. The Al ,Ga,_ As barrier is 500-A
layer doped with Si (3X10'® cm™) and a 60-A undoped
spacer. The 2DEG concentration of the sample at dark
was measured by both Hall and SdH techniques, and was
found to be 6.10x10'" ecm™? with a Hall mobility
iy =295000 em?/Vs at 4.2 K. After exposing the sam-
ple to light, the Hall concentration increased to

©1992 The American Physical Society. Reprinted, with permission, from Physical Review B, VOL 45, NO 23 pp.45-50; June 1992.
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FI1G. 1. SdH wave form taken at 1.45 K, showing the super-
position of the two frequencies corresponding to two populated
subbands.

1.066X 10" cm ™2, due to persistent photoconductivity,
with a mobility of u; =415000 cm?/V's. The SdH wave
form measured on the exposed sample at 1.45 K is
presented in Fig. 1. A superposition of two frequencies
can be clearly observed. The high frequency, fy=19.9
T, corresponds to a 2DEG concentration of 9.65Xx 10"
cm ™2, while the low frequency, f; = 1.83 T, renders a
concentration of 8.9 10'° cm~2. The sum of these two
concentrations equals the result obtained from the Hall
experiment. At this temperature, these two frequencies
prevail throughout the experimentally available magnetic
field, ie., 1.4 T.

As the temperature is increased, a third frequency of
18.1 T is observed at the lower magnetic fields. This in-
termediate frequency f; is equal to the difference between
the two previous frequencies, ie., f;=fg—f.. The
three frequencies f;, f;, and f are observed as three
peaks in the fast Fourier transform (FFT) of Fig. 2. The
presence of a difference frequency was recently reported
by Coleridge.?

Figure 3 shows an expanded view of the SdH pattern
as a function of the inverse magnetic field. The oscilla-

1.0

FFT rms amplitude

I J
0 5 10 15 20 25 30 35

Frequency (T)

FIG. 2. FFT of the SdH parttern measured at 3.9 K, showing

the peaks at Sy (199 T), £ (1.8 T), and f; (18.1 T).
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FIG. 3. SdH pattern vs the inverse magnetic field measured
at 5.28 K. Two frequencies (f and f;) are observed. A beatis
clearly seen at the crossover point.

tions at fy; are observed at the left part of the wave form
{low 1/B), while f; is at the right side. A beat appears at
the crossover field. The indexed extrema are present in
Fig. 4. Although the slopes are very close to one another,
they are clearly distinct, and the two frequencies are
properly resolved by the computer to render the above
concentrations. Such intersects were employed in order
to determine the crossover field at the various tempera-
tures of measurement.

The increase in the crossover field with increasing tem-
perature is shown in Fig. 5. The SdH spectrum measured
at 1.6 K shows only one high frequency, namely fy.
(There is also 2 FFT peak at f;, but this frequency is not
relevant to the crossover estimate.) The reason is that the
crossover field at this temperature should be about 0.3 T,
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FIG. 4. Indices of extrema points in the experimental SdH
pattern vs the inverse magnetic field at 4.6 K. Two slopes and 8
crossover are clearly observed.
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FIG. 5. Magnetic field at which a transition between f; and
f; takes place vs temperature.

and at these low-field values the oscillatory magnetoresis-
tance was not detectable. At the other extreme, the SdH
spectrum measured at 9 K also shows only one high fre-
quency; this time it is f;. The reason this time is the
crossover field is above 1.4 T, which is the maximum
value attainable in our experimental setup. In between
these temperatures, the amplitude of the FFT peak corre-
sponding to f diminishes, while that due to f; increases
with temperature. It is possible to isolate f and f; fre-
quencies completely by obtaining the transforms of the
lower fields and higher fields separately. The analysis of
the SdH pattern was extended to temperatures as high as
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‘ FIG. 6. FFT of the SdH wave form measured at 13 K, show-
Ing a single peak at 18.1 T.
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15 K. A FFT of a wave form recorded at 13 K is shown
in Fig. 6. The only peak observed is, as expected, at the
intermediate frequency f;.

Even though the temperature dependence of this effect
has not been reported previously, a close examination of
two recent publications which present SdH patterns
recorded at various temperatures®? shows beats at mag-
netic fields which are very close to the crossover fields
shown in Fig. 5. Thus, it seems that the presence of an
intermediate frequency and its temperature dependence
are general phenomena, appearing in samples of different
structures and composition.

DISCUSSION

The presence of oscillations at difference frequencies is
not apparent from previous analyses. The fact that the
two peaks of the FFT corresponding to fy and f; can be
isolated by choosing appropriate field regions indicates
that we are not dealing with a “conventional” wave form
in which a superposition of two frequencies is observed. $

The interpretation of the data depends first and
foremost on the way the three frequencies are associated
with the carriers in the various subbands. While f;
definitely corresponds to the concentration of carriers in
the excited subband f,, there are two possible ap-
proaches to associate the two high frequencies with f.
For the sake of the clarity we will call these interpreta-
tions model | and model 2. In model 1, fy is associated
with the 2DEG in the ground subband, ie., fy=f).
Hence, for this model, f; corresponds to the difference
between the two concentrations, i.e., f;=f;—f,. Alter-
natively, in model 2, f; is assumed to be generated only
by the ground subband cartiers, f; =, so that f corre-
sponds to the sum of the concentrations fy=f;+f1.
While for model | the sum of the concentrations derived
from fy and f, agrees perfectly with the Hall data, it
necessitates the introduction of a difference frequency
into the system. The only previous report of such a fre-
quency is that of Coleridge,> who attributes this frequen-
cv to a result of the intermodulation between the two
subbands generating frequency modulation (FM). FM
produces two side frequencies of equal amplitudes, one at
the difference and the other at the sum frequency. How-
ever, no sum and difference frequencies are observed
simultancously at the same magnetic-field range.

According to model 2, fj is due to the sum of the sub-
band concentrations. The presence of oscillations at the
sum frequency is documented and the theory is estab-
lished.! However, the sum frequency usually appears as
a single frequency at fields of several teslas, following a
region of superposition of the two constituent frequen-
cies. On our data, f, is a part of a superposition wave
form. More important, since this model assumes that
fr=fy+S, one concludes that at fields below the cross-
over point the oscillations are generated by the ground
subband only, i.e., f,=f,. Thus, for model 2 to be valid
it is essential to find the physical justification for the ab-
sence of oscillations due to the excited subband at these
fields. This can be the case only if the Landau ladder



produced by the excited subband is not sharp enough.
One condition for clearly resolved SdH oscillations is that
the separation between these levels, fiw,, will be larger
than the scattering-induced energy broadening of a single
level. The width of each level, T, is related to the quan-
‘tum scattering time r, by I =#/2r,. A second condition
is that fiw, should be larger that the thermal energy
broadening kT. Translated to magnetic fields, these con-
ditions can be expressed as '

B>8.64X10%m* /my)T ,
B>0.744(m*/my)T ,

{1

where B is in teslas, I' in eV, and T in kelvin. For GaAs,
with m* /m,=0.068 one obtains

B>587r=1.93x10""/7,,
B>5.06X107°T .

(2)

If both broadening mecharisms are significant and if they
are not correlated, they can be combined to give the con-
dition fiw, > [(kT?+T?]'2 The value of 7, is derived
from the decay of the SdH amplitude with decreasing
magnetic field. Unfortunately, the calculated value of

7, depends on the mathematical formalism assumed.*’

Typlcally 7, is about 107" 5 for both the first and the ex-
cited subbands Thus, the threshold of resolution is
within the range of fields discussed in this work and it in-
creases with temperature.

According to Eq. (1), it is possible that at lower mag-
netic fields the magnetoresistance oscillations due to the
excited subband are not observed, if either the effective
mass of electrons in the excited subband is substantially
larger than that in the ground level, or the relaxation
time 7, is significantly shorter in the former, or both.
Practically neither of these statements seems correct. All
reported data indicate that the quantum relaxation time
of electrons in the excited subband is three to five times
larger than that in the ground level. *® The difference be-
tween the effective masses of carriers in the two subbands
is minimal and again seems to be in the opgposite direc-
tion, i.e, it is larger for the ground level.” Moreover,
even though Eq. (1) in the combined form fiw,
> [(kT)*+T2)'/ indicates that the crossover field should
increase with temperature, the predicted increase is much
less steep than that measured, as shown in Fig. 5. In ad-
dition, according to the present model, there is a
discrepancy (of about 10%) between the SdH and the
Hall data. Thus we rule out model 2, associating fg with
the sum of the concentrations. -

Let us return to model 1, in which fy corresponds to
]

3P
Pu L —6{o,,
ox,3dx, p?

8‘Uu,+"u )

2
+ D ({04

1)(0’,:!0’,2(11(124‘0"

the concentration of the ground subband. To validate
this model, it is essential to provide for a mechanism
through which oscillations at the difference frequency
fi=Sf1—f; can be generated. We intend to show that
this is the result of the intermodulation which prevails
when more than one subband is occupied.

The theory of Isihira and Smrcka'® for the oscillatory
behavior of conductivity under magnetic fields was ex-
tended by Coleridge to the case of two subbands.’ Based
on the introduction of intrasubband and intersubband
scattering in the presence of carriers in two subbands, the
oscillatory part AR, of the resistance R, (with a zero-
field value of R ) was expressed by’

AR - 4 Ag,  Ag,
Ry 8o 4 ' 8o

Here g, is the zero-field density of states and Ag is its os-
cillatory part. A4, and A, are the amplitudes of single-
subband oscillations.

The intermodulation, which prevails when two sub-
bands are occupied, is represented by the By, term. We
intend to show that this component incorporates several
mixed conductivity terms leading to various oscillatory
wave patterns. We start from the equations describing a
material with a single carrier type. The conductivity ten-
sor elements as obtained in Ref. 10 for this structure are

__ % 20l Ag
=140l 1+l 8 |
4
2T 2.2
- 000‘20 _ 3wigtl Ag
l+&)c7‘ o :0(l+w 40) go

where o is the zero-field longitudinal conductivity and =,
is the mobility scattering time.!! When the magnetoresis-
tance in a sample with two subbands is analyzed, the two
components of the conductivity tensor must be combined
and the matrix inverted. This results in

o o,
Pox = . 1 ) (5)

(0, ¥ 00 VP H(0, +o, )

The intermodulation component is obtained from the
second derivative term in the expansion of the resistivity
as series in Ag /g,. To reduce the complexity of the fol-
lowing expressions, we will denote the nonoscillatory part
of o, as o,, that of o, a5 o, [o,=—0ow T/

' (l—wf.—,z,)j, and the denominator of Eq. (5)by D.

The mixed derivative provides the following term:

0,818 =20, +o, o, 0, a)8,%0,.0,ap8)

2
,+°ﬂz,) a,la,za,az+(a,y‘+a,,2) 0,,9,.818

+(a,,‘+au1)(a,,|+a,,2)(cr,la,za,ﬁz-f-axZa,,‘a,ﬁ,)] ) {6
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where [ represents the subband (i=1,2) and
0w, =0xfltax)  og=0,(1+8x) with x
=|8g;/80l; i =ay, cos(2mf, /B +4,); B, =B, cos(2nf,/
B +8;). The temperature reduction factor and the ex-
ponential decay due to the quantum relaxation time s
are included in the oscillatory part of the density of states
Ag;, i.e, in x,. One should note that both w, and 7; de-
pend on the carrier type and therefore are different for
the two subbands. In our case this prevents the very sim-
ple re&arescntation that was shown in the single-subband
case.’® No a priori assumption is made regarding the rel-
ative phase between the two oscillation phases ¢; and 6,.
Equation (6) can be simplified assuming that w 7,>>1
since 7q is the mobility scattering time not the quantum
relaxation time'! and is related to the electron mobility
u, through o 1=y, B. In all high-mobility structures
this condition is fulfilled at fields as low as a few tenths of
atesla. The relative magnitude of the various conductivi-
ty components should be examined. The ratio between
the longitudinal and transverse nonoscillatory conduc-
tivities is well known, 7, = —@, 70, It is important to
notice that this is not the case for the oscillatory part of
O x;s Acr,ul_=a'ui—au‘(Ag,-=0), according to the
J

—azpn XX, = !
3x,dx; fo 7 * (0y1+l7y2)‘

The first term represents a product of cosines at the two
frequencies which is an amplitude modulation. This re-
sult is a superposition as described by Leadley er al.? and
Coleridge.” The last two terms of Eq. (8) include the
mixed oscillations due to the longitudinal conductivity of
one subband, and the transverse conductivity of the oth-
er, and therefore are of equal amplitudes, independent of
the model assumed, since the ratios between the xx and
xy components are crossed. The wave form generated by
these terms depends on the relative phase between the
longitudinal and transverse oscillatory conductivities,
and between the oscillations in the first and the second
subbands. The issue of the phases in a single-carrier-type
system was addressed by Coleridge, Stoner, and Fletch-
er,!! who have measured the phase difference between
g, and g,,. According to their findings, ¢ is equal to =,
while 8 increases from 37 /2 to 27 with decreasing field.
Thus, the phase difference increases from 7/2 to 7. The
presence of the difference frequency at high temperatures
and low magnetic fields, as verified experimentally, im-
plies that at the lowest fields there is another change in
the relative phases of the four components of conductivi-
ty; this time they will be in antiphase to the high-field
configuration. Indeed, one can observe in Fig. 3 that the
beat is accompanied by a change of phase of 7 in the
wave form. If these terms are dominant, as discussed
below, then, taking ¢, =¢, =, while §,=}r and ,=1T7,
one obtains

3P 20y 80y,
sin

B B

s, 2rrf2] o

X X,
dx, 9x 172 3
10x5 o (ay|+a,z)

derivation of Isihara and Smrcka.'® Rather, from Eq. (4)
one obtains the inverse relationship, ..,
Ao, =iw. 1A, for w,m4>>1. Thus, for this approxi-

mation a= }w?r3B. Hence, 0l o, a,a, is of the same or-
¢ 1
der of magnitude as 0, 0, 0, @,8;, while cr,io,‘ohB,B:
and o} o, a,a,/D are smaller by a factor of w ?ry? (j
1 ]

equals either | or 2 but is different from J). Since all the
terms multiplied by 8lo,, +a,z)/D are of the same order

of magnitude, this component is negligible as well as the
second term in the first set of parentheses. Therefore, Eq.
(6) can be reduced to
30 e 1
9x,0x, (g”l+a

4
Xyz)
X{— 600 e, T 0xx, )0 T @12

—Uayy to, No, 0, a8,

+0,,0,,8.8 N. @

Thus, the mixed term in the expansion of the resistivity
can be written as

[—6lo, 0,80, 80, — 2o, 0, NAo, Ao, A0, Aoy, )], {8

Thus, the difference frequency can be derived from the
intermodulation term with the appropriate choice of
phases. At higher fields, assuming the phases reported in
Ref. 11, ¢, =¢,=m and §,=6,=2m, one gets

3., en ZAau’Acrx_v: cos 2nf,
8x;0x, fo ° (ay|+ay:)3 B
2
xcos |22 | | (10)

which is an amplitude modulation as discussed before.
Finally, at the highest fields, where &é,=é,==, while
8,=8;=3m, one obtains
280, Ao,
XX, = 3 sin
0 (ay1 +ayz)

aszx

2f, 2t
axl axl l

B B

{1

~—~'This is the sum of the frequencies observed at large fields

(of several teslas, beyond our range), as observed experi-
mentally.

The intermodulation can generate several wave pat-
terns, the relative amplitude of which depends on the
effect of the various scattering mechanisms on the relaxa-

. tion time, as outlined by Coleridge.’ On the other hand,

the intermodulation is one of three components contrib-
uting to the oscillatory wave form of a system with two
occupied subbands, as presented in Eq. (3). If all three



terms were significant, the measured line shape would not
manifest a pure oscillation at the difference frequency, as
we have recorded. However, the amplitude of oscillation
due to the separate subbands decays exponentially with
increasing temperature. On the other hand, the intermo-
dulation increases markedly as the temperature is raised.?
Thus, at higher temperatures, this term becomes more
dominant, and oscillations at the difference frequency are
observed throughout larger magnetic-field ranges.

CONCLUSIONS

The presence of a third frequency in the SdH wave
form was experimentally verified. The analysis shows
that this frequency corresponds to the difference between

the concentration of the ground and the excited subband.
It seems that this feature is present in other structures as
well. All three frequencies of the wave form, starting
from the sum frequency at high fields, through the super-
position at intermediate fields, and down to the difference
frequency at the lowest fields, can be attributed to the
various relative phases between the longitudinal and
transverse conductivities in the intermodulation.
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REDUCED MOBILITY AND PPC IN In_GagAs/Al,Ga,As HEMT STRUCTURE

S. E. Schacham, R. A. Mena, E. J. Haugland and S. A. Alterovitsz
NASA Lewis Research Center

ABSTRACT
Transport properties of a pseudomorphic IngGagAs/Al ,Ga;As HEMT structure
have been measured by Hall and SdH techniques. Two samples of identical
structures but different doping levels were compared. Low temperature
mobility measurements as a fqutiqp of concentration shows a sharp peak at
a Hall concentration of 1.9.10 /cm". This concentration coincides with the
onset of second subband occupancy, indicating that the decrease in
mobility is due to intersubband scattering. In spite of the low Al
content (23%) large PPC was observed in the highly doped sample only,
showing a direct correlation between the PPC and doping concentration of
the barrier layer.

I. INTRODUCTION

An important aspect of 2DEG transport is the effect of the second
subband occupancy on carrier mobilities in HEMT structures. Several
studies have been carried out on GaAs/AlGaAs structures and have shown
that carrier mobilities decrease as a result of the larger inter-subband
scattering effects that come about from second subband occupancy [1,2].
Here we report on an In,GagAs/Al ,Ga,As structure where the energy band
separation between the subbands in the quantum well is larger due to a
larger energy band discontinuity at the heterojunction [3]. Therefore
larger carrier concentrations are required before population of the second
subband can occur [4,5]. The large energy band discontinuity at the
interface leads to better quantum confinement of the carriers and very
high electron sheet carrier densities are possible. The larger doping
concentrations however, bring up the interesting question as to how this
affects the generation of DX centers in the AlGaAs layer leading to a
persistent photoconductivity (PPC) effect [6].

It is generally believed that PPC decreases rapidly as the Al
content fall below 30%, becoming negligibly small at 23% [7]. In this
study, a comparison is made between two identical samples with a 23% Al

concentration, with a single difference in the doping concentrations.
Excess carriers were generated by illumination of the samples and measured
by the Shubnikov-de Haas (SdH) oscillations, the Hall effect and magneto-
resigtance measurements. While the total carrier concentration, n,, is
obtained from the Hall voltage, the frequency ( in 1/B, where B is the
magnetic field) of the SdH oscillation renders the electron concentration
in the subbands of the 2DEG, When a parallel conducting path is present
in the AlGaAs layer, the Hall concentration will be different from of the
SdH value. Magneto-resistance measurements are used to confirm that the
difference is due to a parallel conducting path and not as a result of
second subband occupancy at the lower carrier concentrations.

‘Permanent Address: Dept. Elect. Engr., Technion, Haifa, Israel
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IT. EXPERIMENTAL

Two samples of identical configuration were grown by MBE. The
structures consisted of a 150A InGagAs channel with an adjacent Al Ga;.As
barrier layer of 375A. The AlGaAs layer was Si delta doped S0A from the
AlGaAs/InGahs interface at two diflgere{xt concentrations. Sample #1 was
doped at a concentration of 3.5.107/cm’ and sample #2 at a concentration
of 1.10%/cm’. Photoluminescence measurements gave a value of 24% Al in the
AlGaAs layer for both samples, in good agreement with the nominal value.
A highly doped ( > 3.0.10 /cm’) GaAs capping layer was grown for ohmic
contacts on top of the AlGaAs layer. The structure was mesa etched and
patterned into conventional Hall bars. Ohmic contacts were deposited
using Au/Ge/Au/Ni/Au followed by a 400C, 15 sec anneal. Hall and digital
SdH data were taken using a 1.4T magnet while the sample was cooled to a
temperature as low as 1.4K using a cryostat with light access capability.

Illumination of the samples was carried out initially with a neutral
density filter covering the access window to the sample. Wavelengths from
350nm to 750nm were filtered out from the white light source and only the
infrared light was incident on the sample. The filter was removed once the
concentration of the sample reached a saturated value. At this point, the
illumination consisted of both visible and infrared light.

III. RESULTS

Fig. 1 shows the electron concentration derived from Hall
Measurements, as a function of illumination in arbitrary units for sample
#1. Saturation of the concentration with the qgutggl density filter
occurred at a concentration of approximately 2.2.10 /em'. For this sample,
the concentration increased from a dark elegtron concentration of
1.78.10 /cm” to a final saturated value of 2.37.10 /cm{ This increasge in
concentration constituted a 33% increase which is attributed to PPC
{persistent photoconductivity). The temperature dependence of the carrier
concentrations for the sample before and after illumination is shown in
Fig. 2. The temperature crossover point for the generated excess carriers
occurred at approximately 150K.
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Fig. 1. Carrier concentration as a function of illumination in arbitrary
units for sample #1. Illumination without the neutral density filter is
multiplied by a constant to take into account the increased light
intensity.
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Persistent photoconductivity generated by the AlGaAs layer is known
to decrease very rapidly as the aluminum content falls below 30% [7]. At
a concentration of 23% one would expect hardly any PPC. Thus the
pronounced increase in the concentration observed after illumination
sequence that persists to 150K is quite surprising. On the other hand,
for the lower doped sample #2 very little PPC was oObserved, as one would

expect from this low Al ratio.

Following the same illumination procedure

as for sample #1, the concentration of the 2DEG for sample #2 hardly
changed. It is apparent that the PPC effect is not only a function of the
aluminum content but is also directly dependent on the doping
concentration of the AlGaAs layer.

This is further illustrated by magneto-resistance measurements
pexrformed on both samples. Sample #1 showed a considerable amount of
magneto-resistance indicating the existence of a parallel conducting path

through the AlGaAs layer. On

the other hand, sample #2 hardly had any

magneto-resistance associated with it. In order to determine that the
observed magneto-resistance was due to a parallel conducting path, a fit
of the magneto-resistance was done using a two band model [8,9]. It is

assumed that concentrations obtained from oscillatory magneto-resgistance
measurements, i.e. the Shubnikov-de Haas (SdH) technique, represent the
accurate 2DEG concentration. The mobilities obtained from the fit consist
of a high mobility carrier, u, which would correspond to the 2DEG and a
low mobility. carrier, u corresponding to a carrier in the AlGaAs layer,
Ty?ical mobilities obtained from the fit are uh=3.8.10‘cn3/v.s and1h=.1.10‘
cm /V.s. As a result of the parallel conducting path in sample #1, carrier
concentrations obtained by Hall measurements will be larger than the
actual 2D concentration in the quantum well. For example, under dark
conditions, a Hall carrier concentration of 1.78.10n/cm was obtained
compared to a SdH value of 1.5.10%/cm’. The fit was verified by comparing
the Hall coefficient calculated based on mobilities and concentrations
derived from the procedure with that obtained from the measured Hall
voltage. The agreement between the two results was excellent. For sample
#2, Hall and SdH values are almost identical which is again a prove of the

absence of parallel conduction

in this sample.
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Fig.2 Temp. dependence of the
carrier concentration for sample#l;
before and after illumination.
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Fig.3 Measured Hall mobility
for sample#l as a function
of carrier concentration.

113



Plotted in Fig. 3 are the carrier mobilities as a function of
concentration as determined by Hall measurements. The measurements were
carried out at 4.2K where phonon interactions are very small. The carrier
mobili;y o; the sample increases initially from a dark current mobility of
4.2.10" cm/V.s to a maximum of 4.45.10 cm/V.s as the concentration is
increased. For this highly doped sample, a rather abrupt peak in the
mobility occurred at a 2D concentration of 1.9.10%/cm’. At this point in
the concentration, the mobility begins to drop as the concentration was
increased further. The drop in mobility has two well defined linear
slopes as a function of concegtra}ion. The change in slopes occurs at a
concentration of about 2.2.107/cm’. This corresponds to the point in the
illumination where the neutral density filter was removed.

IV. DISCUSSION

An important finding of this work is the dependence of the 2DEG
mobility on carrier concentration as presented in Fig. 3 . Initially, as
the concentration increased in sample #1 so did the mobility. This occurs
as a result of the increased screening of scattering impurities by the
generated excess electrons [10]. As the concentration went beyond a
certain threshold however, a sharp peak is experienced and the mobility
begins to drop in a linear fashion. This behavior in the mobility can be
explained by the onset of the population of a second subband in the
quantum well. At the onset of population, inter-subband scattering becomes
more prominent and has an adverse effect on the mobility. This drop in
mobility will continue until there are sufficient carriers to once again
screen the impurity potential. Similar drops in mobilities were recorded
in GaAs/AlGaAs structures by several groups and where attributed to the
onset of the1 opglation of §1seq?nd subband which occurs at concentrations
between 5.10 /cm” to 8.107/cm” [1,2]. The measured data showed decrease
which were usually much less abrupt than predicted by theory [11].

For the IngGagAs/Al,Ga,As structure the subband separation is
greater due to a larger energy band discontinuity at the semiconductor
interface. Thus larger 2D concentrations are required before a second
subband population can cccur. From the theoretical calculations by G. Ji
et al. [4] on an In,GagAs/Al GagAs HEMT structure, one can estimate that
the second subband startg to be populated when the total concentration is
approximately 1.7.10 /cm'. For the structure used in this study one would
expect a larger separation of the energy bands due to a larger conduction
band discontinuity. From Fig, 3 we see that the peak in the mobility
occurs at a Hall concentration of 1.9.10"/cm’. As mentioned earlier, Hall
concentrations are higher than the actual 2D concentration due to the
parallel conducting path through the AlGahAs layegé SdH analysis at this
point in the illumination gives a value of 1.7.10/cm’. This value would
correspond to a concentration below that of second subband population and
is consistent with the comparison with G. Ji etizalk calculations. At the
final saturated Hall concentration of 2.32.10°/cm”, SdH analysis showed
that the second subband was beginning to be populated. This is evident by
the slight amplitude modulation of the SdH waveform shown in Fig. 4. It
should be pointed out that we were not able to increase the population
enough to reach a point where we would expect the decline to end and the
rise to resume.

One of the most important aspects of this PPC study was the
comparison of sample #1 with sample #2. This study shows that even when
a low Rl fraction is present, namely 23%, a large amount of PPC was
observed for the higher doped sample, while for the lower doped sample,
the PPC was completely negligible. Thus it is obvious that there is a
direct correlation of the PPC effect with the doping concentration of the
structure.
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Finally from Fig. 1 we see that the concentration increased very
rapidly after only a few seconds of illumination. This abrupt increase in
concentration could possibly be due to the generation of electron-hole
pairs in the channel region {1]. Following this abrupt increase, the
carrier density as a function of illumination, toock on an exponential
behavior which is consistent with the excitation of DX centers in the
AlGaAs region [12].
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V. CONCLUSION

The transport properties of a pseudomorphic In,GagAs/Al yGa,As HEMT
structure have been measured by Hall and S3H techniques. It was observed
that as the second subband became occupied by excess carriers generated
through illumination, carrier mobilities were lower than their dark
current wvalues. This result can be explained as a result of a more
pronounced inter-subband scattering effect at the onset of second subband
population. The difference in the observed PPC for two samples doped at
different concentrations in the AlGalAs layer also leads to a direct
correlation of the PPC effect and doping concentrations. It was seen that
the higher doping concentrations result in a more pronounced PPC effect
regardless of the Al content in the AlGaAs 1layer. There are several
interesting points that are still unresolved. For example, at what point
in the carrier concentration does the screening mechanism resume and
carrier mobilities once again begin to increase. Also, what is the effect
of different illumination wavelength on the drop in mobility due to second
subband occupancy.
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Abstract

Variable-angle spectroscopic ellipsometry was used to estimate the thicknesses of all layers within the optical penetration depth
of InGitAs-based modulation doped field effect transistor structures. Strained and unstrained InGaAs channels were made by
molecular beam epitaxy (MBE) on InP substrates and by metal organic chemicul vapor deposition on GaAs substrates. In most
cases, ellipsometrically determined thicknesses were within 10% ol the growth-calibration results. The MBE-made InGaAs
strained layers showed large strain effects, indicating & probable shift in the critical points of their dielectric function toward the

InP lattice-matched concentration.
1. Introduction

In,Ga,_,As can be grown epitaxially on InP or
GaAs substrates, mostly as a strained layer. At a con-
centration of x =0.53, it is lattice matched to InP.
Although many applications in electronics and opto-
electronics have been demonstrated using the lattice-
matched concentration, superior properties of the
strained-layer material have shifted the direction of
applied research to x # 0.53. Modulation doped field
effect transistors (MODFETSs) with a strained-layer In-
GaAs channel have been demonstrated on InP [[] and
on GaAs [2] substrates. Strain effects also play an
important role in optoelectronic applications [3], espe-
cially near the band edge. Important parameters for
any applications are the thicknesses of the layers, com-
position, interface quality and overlayer contamination
or oxidation.

Ellipsometry, particularly variable-angle spectro-
scopic ellipsometry (VASE) in the visible, has been
shown to characterize MODFETs [4] and optoelec-

*Undergraduate Student Intern at NASA Lewis Research Center.

tronic structures [5] in the GaAs/AlGaAs family. This
non-destructive optical technique can be used to per-
form a detailed analysis of all layers within the optical
penetration depth. For InGaAs. this depth is of the
order of 1000 A, ie. it covers all interesting layers in
a MODFET structure. Ellipsometry has only been

‘used twice in the past for InGaAs-based MODFETs

{6,7]. The In, Ga, _, As/InP MODFET with v =0.53
made by metal-organic chemical vapor deposition
(MOCVD) was analyzed in detail, including interface
quality, by Erman er «l. [6]. However, the more com-
mon MODFET growth technique is molecular beam
epitaxy (MBE) rather than MOCVD. In this technique,
InP cannot be grown and is replaced by In, s: Al 1xAs,
which is lattice matched to the InP substrate and
provides the high band gap layer needed for the
MODFET. Preliminary results on lattice-matched In -
Ga, _, As/InAlAs/InP MODFETs were published by
Alterovitz et al. [7]. However, no strain effects were
reported in ref. 7. In this paper, we report on an
ellipsometric study showing strain effects for the first
time. The work included strained and lattice-matched
InGaAs MODFETs made by MBE. as well as strained
InGaAs MODFETs made by MOCVD on GaAs and

Reprinted with the kind permission of Elsevier Sequotia, Lausanne, Switzerland, publishers of the Journal of Thin Solid Films. NO 206

Pp- 288-293; 1991.
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MBE MODFET Structure

Actual MBE Grown Structure Nominal Structure for Ellips.

t, GaAs oxide oA

n" In 08, As 100A t, In,,08, A0 100 A
I In Al As 200A

" InGAL A 150 A L, I Al A 400 A
i In A A8 S0A

I inQGs A3 d t, InGa, A2 d

1 in,Qn, A8 400A t, In,Ga,,As 4004
1 In, Al As 4000 A in, Al A8

30 prd 30 A/30 A S.L InGaAs/InAlAs

S| InP Substrate

Fig. 1. Actual and nominal structures used in ellipsometry for the
MBE-grown MODFET structures: = 150 A for x =0.53 and 0.65:
d=100A for x =0.70.

using AlGaAs as the donor layer. Results will be
compared with growth-calibration data obtained during
the crystal growth.

2. Experimental details

The structures grown on semi-insulating InP sub-
strates were prepared by MBE at the University of
Michigan. The structures are shown in Fig. 1. The
30-period 30 A/30 A superlattice buffer made of In-
GaAs/InAlAs acts as a dislocation filter, The role of all
the other layers is explained in ref. 7. Growth condi-
tions are given in ref. 8. For ellipsometry purposes, the
4000 A thick InAlAs serves as the substrate, as the
optical penetration depth in most of the experimental
range is smaller than the thickness of all layers above
the superlattice. Three indium concentrations v were
tested: 0.53, 0.65, and 0.70. Nominal channel thick-
nesses derived from growth-calibration data are shown
in Fig. 1.

Three samples grown by MOCVD at Spire Corpora-
tion on semi-insulating GaAs were also tested. The
structures are shown in Fig. 2. The 1 pm buffer is made
mainly of iGaAs and is regarded as the substrate for

ellipsometry purposes. Growth parameters are given in

ref. 8.

The ellipsometric technique used was similar to that
described previously [9]. In this work, we minimized the
mean square error ¢ as defined in eqn. (1)

JE(N_l) Z [(tan wc.i — tan wc.i)z

+(cos 4, ; —cos A, )7 n

Here tan . ,, cos A, ; are the experimental results and
tan ¥, ;, cos A_ , are the model calculations. The sum-
mation is over all N experimental points, i.e. all wave-
lengths and angles of incidence. Ellipsometric dielectric
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MOCVD MODFET STRUCTURE

Actual Structure Nominal Structure For Effipsometry

[ GaAs Oxide 20A

n' GaAs 100A t, GaAs 100A
n° AlGs, As 400A
I AlGa, As S0A t, Al Ga, As 450A
t  in,Ga, As 50A 1, In,Ga, As 50A
(100A) (1004)
GaAs Substrate
Buffer 10,000A

SI GaAa Substrate

Fig. 2. Actual and nominal structures used in ellipsometry for the
MOCVD-grown MODFET structures. The aluminum concentration
in Al Ga,_,As is a variable. Some samples have a 50 A
In, ;Ga, ;As layer and others have a 100 A layer.

calibration functions were taken from the following:
In, Ga, _ As from the algorithm developed in ref. [8],
AlGaAs from the algorithm given in ref. 10, GaAs from
ref. 11, Inys,Aly4xAs from previous measurements at
NASA Lewis Research Center and the oxide from ref.
12. The dielectric function for the oxide was measured
on GaAs oxides, but it gives a good description of the
oxide on In,,Ga, ;;As {13].

3. Results and discussion

Results for three indium compositions grown by
MBE are given in Table 1. The thicknesses I, corre-
spond to Fig. 1. The quality of the fits, as measured by
the value of the mean square error, is good. However,
two features of these results were unexpected: the very
low values of the cap InGaAs layer thicknesses and the
negative values for the strained layer thicknesses. The
low values obtained for the cap layers can be explained
by the very short growth time of these layers and the
accompanying experimental errors, and by possible loss
of material due to oxidation. We found this result for
the InGaAs cap layer in all our MBE samples. Another
explanation might involve an interface layer between
the InAlAs and the cap layer. However, for our struc-
tures it is almost impossible to study this interface by
ellipsometry. We already have 4-5 parameters and an
interface layer would introduce another parameter. In
addition, we already have a high correlation parameter
(0.9 or higher) between 1, and ¢,, the cap layer and the
InAlAs layer thicknesses respectively. The correlation
problem was discussed in refs. 14 and 15. The high
correlation between ¢, and 7; means that ellipsometry
has difficulty in estimating accurately the value of each
one of these two parameters, but the sum 1, + 15 is not
affected by the correlation. Results given in Table 1
support this conclusion, with experimental ¢, + 1, values
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TABLE 1. Best fits for MBE-grown InGuaAs/InAlAs MODFET structures using the strain-free calibration functions (wavelength range

3300-7500 A)

x =053 ¥ =0.65 x =0.70
Nominal Ellipsometry Nominal Ellipsometry Nominal Ellipsometry
1 0 208 0 27.6 0 58
1 100 457 100 41.4 100 50.3
N 400 443 400 452 400 424
1 150 <51 150 -0.3 ) 100 —2838
' 400 - 400 566 400 559
4 — 32 x 107} -— 27x10° — 18 x10°*

InGaAs or InP in the visible. However, we expect the
critical points and, accordingly, the dielectric function
[10] to change continuously as a function of composi-
tion. In the case of pseudomorphic InGaAs, we find a
split of the valence band [16] and the resulting band
structure with the associated critical points is expected
to be more complex than the case for AlGaAs. How-
gver, in a very rough approximation and extension of
the result in ref. 16, the band gap of strained-layer
In,Ga,_, As is similar to unstrained In,Ga, _, As,
where x >y for 1 > 0.53, ie. for compressive strain.
Assuming that all critical points move in the same
direction we have to use as a calibration dielectric
function for our strained In Ga,_, As the dielectric
function obtained for unstrained In, Ga, _, As from ref.
8 with x > ). We used the dielectric function of the
unstrained 1In,5;Gag 4, As to fit the In, Ga,_, As
strained-lattice layers for both x =0.65 and 0.70. The
results are given in Table 2. The quality of the fits is
good, and there are no unphysical results for layer
thicknesses. Results are also shown in Fig. 3(a) and (b)
for the fit given in Table 2 for the x =0.70 sample.
There is a remarkably good fit of the experimental and
the modeled data, including the sharp jumps in the
values of cos A.

Two comments on the results given in Table 2 will
now be discussed. First comment is with regard to

TABLE 2. Best fits for MBE-grown strained-layer channel samples.
assuming all InGaAs layers are lattice matched to InP. je. v =0.53
(wavelength runge 3300 7500 A)

v =0.65 x=0.70
Nominal Elipsometry Nominal Ellipsometry
1 0 275 0 26.7
1 100 41.5 100 48.9
IN 400 452 400 433
iy 150 100
e 400 564 400 330
kY 0.65 0.53 0.70 0.53
a — 26 %1077 1.8 x 10}

in the range 474-493 A, while the nominal value is
500 A.

The other unexpected result, the negative values for
1,. is definitely related to the special property of this
layer, namely that it is a pseudomorphic strained layer.
The ellipsometric dielectric calibration functions that
were used for the calculations were taken from ref. §,
where a study of strain-free In,Ga, _, As material was
done. It is known that the band gap of pseudomorphic
InGaAs grown on InP is different from that of un-
strained bulk InGaAs [16). There are no theoretical
calculations ol the dielectric function of pseudomorphic

TABLE 3. Best fits for MOCVD-grown InGaAs/AlGaAs MODFET structures using the strain-free calibration functions {wavelength range

3500 6800 A)

MO6-316-3 MO6-332-1 MO6-334-1
Nominal Best fit Nominal Best fit Nominal Best fit
1 20 20.6 20 17.7 20 18.3
1> 300 341 100 101 100 103
Ry 0.2 0.223 0.2 0.166 0.2 0.155
N 450 374 450 443 450 491
1y 100 86.0 100 94.5 50 528
T - I3x 0t — 57 x10°* — 50x10°
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Fig. 3. Experimental and model simulation for (1) tan y and (b) cos A rs. energy for five angles of incidence for the MBE-grown v =0.70
sample. All of the InGuAs material is assumed to be lattice matched to InP.

correlations. The same correlation problem between 7,
and ¢, mentioned previously was also observed for the
results given in Table 2. We will now combine the
results of Table 1 (for the lattice-matched sample) and
Table 2 (for the strained-lattice sample) for the parame-
ter '/, + f,: while the nominal value is 500 A for all
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samples, the range of experimental results is 482-
493 A, even smaller than the range mentioned above.
The second comment is with regard to the concentra-
tion parameter x, especially for the strained-lattice sam-
ples. This parameter was obtained from growth-
calibration data, which were cross checked by X-rays
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Fig. 4. Experimental and model simulation for (a) tan ¢ and (b) cos A vs. energy for four angles of incidence for an MOCVD-grown v = 0.30
sample.
for strain-free material. A positive confirmation that x Three MOCVD-grown MODFET structures of pseu-
for the strained-lattice samples is not 53% was obtained domorphic In, ;Ga,,;As on GaAs were measured. The
from electrical measurements of devices made from the results are shown in Table 3. For one of the samples,
same wafers or similarly prepared wafers [17, 18]. The =~ we also show a complete comparison of experiment
measured device parameters show a clear dependence and model in Fig. 4. The mean square errors ¢ are
on the nominal value of x. __much smaller than those for the InGaAs/InAlAs/InP
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samples. In addition, all results pertaining to the In-
GaAs and the GaAs layer thicknesses are in good
agreement with the nominal values. There are some
discrepancies between the ellipsometric estimates and
the AlGaAs nominal concentrations or thicknesses. At
the present time, we believe that the ellipsometric result
may be a more accurate description of the sample. The
low values for o are probably due to better calibration
spectra for the constituents and the fact that the alu-
minum concentration in AlGaAs is a free parameter,
while the composition in Ing s, Al 43 As is held constant.

4. Conclusions

A variety of InGaAs MODFET structures, made
by both MBE and MOCVD were studied by variable-
angle spectroscopic ellipsometry. The thicknesses of all
layers involved in the electric conduction were esti-
mated and reasonably good fits to the nominal values
were obtained. We have clearly seen, for the first time,
strain effects in pseudomorphic InGaAs. These effects
were explained qualitatively as a shift of the critical
points in the strained vs. the unstrained InGaAs mate-
rial. In addition, in the case of MOCVD, we have seen
possible problems in an AlGaAs layer, showing that
ellipsometry can be used as a quality control tool for a
complex material,
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MICROWAVE PROPERTIES OF "PEELED” HEMT DEVICES
SAPPHIRE SUBSTRATES

Paul G. Young', Samuel A. Alterovitz',Rafael A. Mena'* and Edwyn D. Smith"

*University of Toledo
Electrical Engineering Department
Toledo, Ohio 43600

**NASA Lewis Research Center
Cleveland, Ohio 44135

The use of an AlAs layer buried between the GaAs substrate and the active
device layer of high electron mobility transistor (HEMT) material has allowed
the development of "peeled” devices. Work by Konagai® and Yablonovitch? in
the area of ”peeled” layers using selective etching has opened a new technology
in transferable devices and circuits. MESFET rf operation3 and some work in the
area of DC HEMT performance4 of ”peeled” devices has been demonstrated.

Iuterest in peeled technology has arisen because the 1 to 2 um active layer of a
_ microwave device can be ” peeled” from the GaAs and attached to a suitable host
with the desired permittivity and thermal properties. The small thickness of the
active layer permits interconnections between devices and transmission lines to
be made using standard photolithographicaly produced metal lines eliminating
the need for bond wires resulting in improved rf performance. The focus of this
research will be to demonstrate the first full rf characterization of HEMT device
parameters. The results of this research will be used in the design of circuits
with peeled HEMT devices, e.g. 10GHz ampliﬁer5.

Devices were fabricated using two HEMT structures grown by MBE methods.
A 500A AlAs release layer for ”peel off” was included under the active layers of
the structure. The structures are a homogeneously doped A10.3Gao‘7As/GaAs
and a delta doped square well Al ,3Gag 7, As/GaAsHEMT structure as shown
in figure 1. Devices were fabricated using a mesa isolation process. Contacts were
done by sequentially evaporating Au/Ge/Au/Ni/Au followed by rapid thermal
anneal at 400C for 15 seconds. Gates were wet etch recessed and lum to 1.4umn
Ti/Au gate metal was deposited. Devices were peeled off the GaAs substrate
using Apiezon wax to support the active layer and a HF:DI (1:10) solution to
remove the AlAs separation layer. Devices were then attached to sapphire
substrates using van der Waals bonding.
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DC testing of the devices was conducted to determine contact resistivity, channel
resistivity, extrinsic transconductance and Hall mobility. Transmission lines
were used to determine contact resistivity and channel re51st1v1ty Results of
these tests showed a contact resistivity of 7*10° T ohm-cm? before and after peel
off with no degradation in the measured channel resistivity. This indicates that
parameters associated with the source drain series resistance of a transistor are
unaffected by ”peel- off’ process.

The extrinsic transconductance for a square well delta doped structure is shown
in figure 2 illustrating that no device degradation was experienced when peeling
off the devices. Similar results were obtained for the homogeneously doped
structure with a peak extrinsic transconductance of 120 mS/mm for a 1.4um
device. It appears that the parameters associated with the DC operation of the
devices are unaffected by the peel off process. Further proof of this is seen in the
Hall mobility results as shown in figure 3. The Hall mobility for a non-peeled
and peeled homogeneously doped HEMT structure is plotted as a function of
temperature showing no apparent degradation in the mobility over the
temperature range. Peak electron concentratlons for both the peeled and non-
peeled structures are of the order of 3 10t / cm?as measured by Hall techniques.

Rf testing of devices were also conducted using a Cascade probe station and the
HP8510A automatic network analyzer. The S parameters verses frequency were
measured and the rf results are plotted in figure 4 for a square well, delta doped
device before and after peel off. As can be seen, the device exhibits no change is
F,,.x Put there appears to be an improvement in the maximum available gain
(Gnla )and the S parameter response at lower frequencies. G, has increased by
2 dB for the peeled verses the unpeeled device. Similar results were achieved for
the homogeneously doped structure. The S parameters show an improvement in
the forward (S,,) and reverse transmission (S,,) parameters resulting in the
improved gain response.

The parameters indicated that while DC parameters are unaffected by peel off
while the rf performance is slightly improved. It can be assumed that the
sapphire substrate does affect the frequency response of the device resulting in

tlie improvements of G __.
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Abstraci—In this paper we present a theoretical model for the
trap-assisted tunneling process in diffused n-on-p and im-
planted n*-on-p HgCdTe photodiodes. The model describes the
connection between the leakage current associated with the
traps and the trap characteristics: concentration, energy level,
and capture cross sections. We have observed that the above
two types of diodes differ in the voltage dependence of the trap-
assisted tunneling current and dynamic resistance. Qur model
takes this difference into account and offers an explanation of
the phenomenon. The good fit between measured and calcu-
lated dc characteristics of the photodiodes (for medium and high
reverse bias and for temperatures from 65 to 140 K) supports
the validity of the model.

I. INTRODUCTION

HE MAIN interest in ternary alloys HgCdTe stems

from their potential use in infrared detectors. One of
the parameters affecting the performance of such devices
is the trap concentration in the neutral as well as the de-
pletion regions. Traps in the neutral region serve as
Shockley-Read-Hall centers and bring about two short
thermal transitions instead of one longer transition. They
may cause a dramatic decrease in the minority-carrier life-
time in these regions [1]. The reduction of lifetime at a
distance smaller than a diffusion length from the edge of
the depletion region is of great importance, since it in-
creases the diffusion leakage current and decreases the
quantum efficiency as well as the photodiodes cutoff
wavelength [2].

The role played by traps in the depletion region is more
complicated. The existence of an electric field in the de-
pletion region gives rise to two additional nonthermal
transitions: a) tunneling of electrons from the valence band
to the traps and b) tunneling from the traps to the conduc-
tion band. In addition to the thermal-thermal path that
takes place in centers located in the neutral region, three
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more paths are possible in centers located within the de-
pletion region: thermal-tunnel, tunnel-thermal, and tun-
nel-tunnel paths. The Shockley-Read-Hall mechanism is
therefore replaced by a more complex mechanism, often
called trap-assisted tunneling. The three additional paths
add significant leakage current and therefore degrade the
performance of photodiodes operated at low temperatures
and reverse biases higher than 50 mV.

The negative effect of traps on the performance of
HgCdTe diodes is not limited to the low-temperature high-
bias region. In previously published works [3], [4] we
demonstrated the correlation between tunneling currents
and 1/f noise measured on HgCdTe diodes. It was shown
that the low-frequency noise associated with tunneling
mechanisms is much higher than that associated with dif-
fusion and generation-recombination mechanisms. It was
also found that the dark current of photodiodes, operated
at the usual working conditions, is dominated by the dif-
fusion mechanism, while the low-frequency noise is often
dominated by tunneling mechanisms. The concentration
and nature of the traps within the depletion region are
therefore important parameters, which determine the low-
frequency noise and may degrade the detector’s signal-to-
noise ratio, even when trap-assisted tunneling current is
negligible.

Since each of the four paths involved in the trap-as-
sisted tunneling process has different temperaturc and
voltage dependencies, the overall temperature and voltage
dependencies of the trap-assisted tunneling cusrent is very
complicated. Several published papers deal with the phe-
nomena of trap-assisted tunneling in HgCdTe diodes [5}-
{8] and capacitors [9]-[11], and present comparisons be-
tween theory and measured data. Most of these models
seem to fit certain observed behavior within a limited
range of operating conditions; namely, temperature and
bias; but none in a wide range of these parameters. In this
paper we model the trap-assisted tunneling current of
front-illuminated diffused n-p and implanted n*-p
Hg, _,Cd, Te photodiodes with x = 0.22. We compare
mecasured and calculated characteristics in a wide range of
temperatures (65-140 K) and biases (0.3-0.8 V). We also
demonstrated the different voltage dependence of the trap-
assisted tunneling mechanism in the high-temperature re-
gion and suggest an explanation for this difference.

© 1992 IEEE. Reprinted, with permission, from IEEE Transactions on Electron Devices; VOL 39, NO 7 pp.1638-1645; July 1992.
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II. DeviCE PROCESSING AND SURFACE POTENTIAL

The model and the measured data presented in the fol-
lowing sections characterize front-illuminated bulk
HgCdTe photodiodes with x = 0.22. The starting mate-
rial is undoped p-type bulk material grown by the travel-
ing heater method (THM), either a) with |N, — Np| =
10" em™? at 77 K, or b) with [N, — Np| = 3 x 10"
em™ at 77 K.

In the case of the material with N, = 10'°cm™, n*-p
junctions were formed by implanting boron with a rela-
tively low dose and low energy. The photodiodes were
passivated with a thin film of native sulfides and covered
with a 1-um evaporated ZnS layer, which serves as an AR
coating. After passivation the devices were exposed to a
low-temperature post-implantation anneal (80°C). In the
case of the heavily doped material (N, = 3 x 10" cm™?),
n-p diodes were fabricated by diffusing Hg into the bulk
p. The n-p diodes were passivated with evaporated ZnS.

A small number of gate-controlled diodes and capaci-
tors were fabricated near the n*-p and n-p diodes. The
gate-controlled diodes dc characteristics, as well as the
capacitors C-V characteristics, were used to study the rolc
played by the surface potential and to determine the rel-
ative contribution of surface-induced lcakage currents.
Using capacitors and gate-controlled diodes it has been
shown that in properly processed passivated n*-p [4], [12]
and n-p [13] diodes, surface effects do not contribute sig-
nificant dark current even at reverse biases as highas 1 V
and temperature below 65 K. Hence, the model presented
in the following section rightly ignores the negligible
amount of surface-induced currents and concentrates on
various leakage processes that take place in the bulk.

3

III. MODELING OF THE TRAP-ASSISTED TUNNELING
MECHANISM

In general, three distinct mechanisms dominate the
leakage current and the dynamic resistance in HgCdTe
diodes with x = 0.22: diffusion, band-to-band (direct)
tunneling, and trap-assisted tunneling {4]. The diffusion
mechanism dominates the leakage current and dynamic
resistance in zero bias and low bias and in high tempera-
tures. Band-to-band tunneling is the dominant leakage
mechanism in high reverse biases and low temperatures,
in diodes fabricated on doped material. Trap-assisted tun-
neling is the dominant mechanism in medium biases and
medium temperature regions in diodes fabricated on doped
matcrial, and in wider regions in diodes realized on un-
doped material. It has been lately shown by Nemirovsky
et al. [4], [12] that the trap-assisted tunneling dominates
the current and dynamic resistance in HgCdTe diodes fab-
ricated on undoped material even in temperatures down
to 65 K and reverse biasesup to 1 V.

Modeling of the trap-assisted tunneling mechanism is
rather complicated since the dc characteristics are mostly
defined by the nature of the depletion region. The current
and dynamic resistance are determined by the concentra-
tion of traps in the depletion region, by their distance from
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the edges of the bands, by their capture cross section, and
by the depletion-region doping level. Since in both ion-
implanted and diffused HgCdTe diodes the doping level
and the trap concentration may depend on the distance
from the junction—a simple model describing the voltage
dependence of that mechanism will not be accurate. Mod-
eling of the temperature dependence is even more com-
plicated since the temperature behavior of the capture
cross section depends on the origin of the material and on
the type of trap and therefore may vary with each sample.

Fig. 1 shows the energy bands of a diode with a mid-
gap level in high (Fig. [(a)) and low (Fig. 1(b)) reverse
biases. It is clearly seen that therma!l transitions are al-
ways possible for all traps while tunnel transitions are not.
An essential condition for the electron tunneling process
is a trap energy ‘‘higher’’ than the bottom of the conduc-
tion band. Similarly, holes can tunnel from a trap to the
valence band only if the trap energy is “‘lower’ than the
top of the valence band. Fig. 1 shows that traps can be
divided into four major groups according to the following
allowed carrier transitions:

a) Traps that can exchange carriers with the valence
band by thermal transition only, and with the conduction
band using both thermal and tunnel transitions.

b) Traps that can exchange carriers with both bands
using thermal transitions only (Shockley-Read~Hall cen-
ters).

¢) Traps that can exchange carriers with the valence
band by thermal and tunnel transitions, and with the con-
duction band by thermal transition only.

d) Traps that can exchange carriers with both bands by
thermal and tunnel transitions.

In the case of degenerate n*-p diodes, two additional
groups of traps are added (see Fig. 2):

) Traps with thermal and tunnel transitions such as (c),
but with a higher thermal barrier due to the Burstein-Moss
shift.

f) Traps with only thermal transitions such as (b), but
with a higher thermal barrier due to the Burstein-Moss
shift.

Since each group has its characteristic carrier transition
paths, each is associated with different occupation prob-
ability as well as with different probabilities for tunnel
and thermal transitions, and hence different contributions

_to the overall current. In addition, the relative number of

traps associated with cach group depends strongly on tem-
perature and bias. For example: the trap-assisted tunnel-
ing current in a diode with mid-gap traps operated at high
reverse bias is dominated by the contribution of group (d),
while in the case of low reverse bias the contribution of
that group is negligible (see Fig. 1). Hence, modeling of
the trap-assisted tunneling current should include detailed
calculations of the relative concentration of traps in each
group as well as their special characteristics.

The different role played by the two types of holes
shoule be noted. Since the tunneling rate of carriers is
inversely proportional to the exponent of their mass, the
tunneling probability of heavy holes is much smaller than
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Fig. 1. The energy bands of an n-p diode with a mid-gap trap level in high
(upper) and low (lower) reverse biases. The traps are divided into four
major groups according to the allowed carrier transitions.

that of light ones and therefore can be ignored. On the
other hand, due to the higher density of states in the heavy-
hole band, the thermal transition of heavy holes is much
higher than that of light ones. As a result, the hole thermal
transition is dominated by heavy holes while the hole tun-
nel transition is dominated by light ones.

GV/kTy

Fig. 2. The energy bands of an n*-p diode. Two additional groups of traps,
(e) and (f), are added due 1o the Burstein-Moss shilt.
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Fig. 3. The four transitions of group (d) and the tunncling distances.

tween the center and the bands. The temperature depen-
dence of the thermal cmission rates is given by n, = N¢
- exp (— (E, — Ey)/kT) for electrons and by p; = Ny, -
exp (—Er/kT) for heavy holes (where Ny, is their effec-
tive density of states).

Assuming quasi-equilibrium situation, U,y = Upy, n -
py=nt-exp(qV/kT),and n, p;, p; ~ 0 in the depletion
region, the net generation rate of group (d) Uy is given by

Uy =

2
—‘Yn'ani (e
T

Let us consider the generation-recombination transi-
tion path of group (d) in which all tunnel and thermal tran-
sitions are allowed. The net capture rate of electrons into
centers located at a distance x from the junction and with
energy Er and concentration Ny, is

U = vur® N7 (1 = f) = vumiNpuf
+ w.nlx + x,INp(1 = f) = New Ny, f
1))
and the net capture rate of holes into the same traps is
U = YpPalON7f — v, Nyl = )
X INp f = 0, NNy (1 = f) (2)

where x,. and x,,. are the tunneling distances for electrons
and holes (see Fig. 3)), and f = f (x) is the trap occupation
probability. v, and ¥, are the electron and holes capture
coefficients, p,, p., and n are the concentration of heavy
holes, light holes, and electrons, and Ny and N are the
light holes and the clectron effective densities of states.
w, and w, represent the carriers tunneling probabilities be-

+owp v —
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1) + chCwl'NV + ‘Yn”lwuNV + 7/)plw¢‘NCJ
Yally + ’Ypp, + UJ(.NC + w,,NV '

3)

The net generation rates of groups (a), (b), and (c) can
be easily obtained using (3). Assuming w, N, — O for
group (a), w, Ny = 0, w.N¢c — 0 for group (b), and w N¢
— 0 for group (c) one obtains

~YaY,n i @ — 1) + y,p i Ne
Uu = NTu + N
Yoty t vap1 + W Ne
@)
2o, qVIkT)
—YaYphii(e -D
U, = Nrb[ ; (5)
Yalh + 'Yppl
_,Y",an:.’(e(qV/kT) -1+ 'Yn"lwuNV
U, = N, [
Yully + 'Yppl + w:'NV
(6)

where Ng,, Np,, and Ny represent the concentration of
traps in groups (a), (b), and (c), respectively.

The net generation rates of group (e) and (f) (shown in
Fig. 2), can also be obtained by replacing the electron
thermal ‘barrier (E, — E;) with (E, — E; + BS), where
BS is the average additional barrier caused by the Bur-
stein-Moss effect. The temperature dependence of the



thermal emission rate is given now by
—(E, — E; + BS)
kT

ny = N¢ exp [ ] = ne!"85/kD

Q)

and the generation rates (of Ny, traps in group (e) and Ny
traps in group (f)) by

U= N [—v..wpn?(e“'""”’ -+ v,.n;w.,Nv}
¢ re Ynnle(BS/kT) + 'Yppl + w(‘NV

. e(BS/L-T) (8)
U=N [-7"7”"'2("@//”) 7 1)] ©)
f Tr Yoty +,yﬂpleq—83/kﬂ .

The magnitude of the tunneling rates w.N¢ and w, Ny
are obviously important in determining the trap-assisted
tunneling current. The tunnel diode theory of Sah [14]
indicates that the tunneling rates out of a group of traps
located at a distance Ey from the valence band are given
by

N wigmXEM®
Ny = ~—~—————
Ve hS(ER _ ET)

[—81(2,7::‘)‘/2(55 - Ep*?
P 3hqE

} (10)

xlgm¥EM?
hE;

[~87r(2mff)'/2E37/2]
3hgE

where E is the maximum electric field in the depletion
region, M is the matrix element of the trap potential en-
ergy, and m and m are the effective masses of carriers
in the valence and conduction bands. The tunneling prob-
ability of light holes is much greater than that of heavy
holes and therefore is the only probability to be consid-
ered. Following Kinch [9], we assume that the effective
masses of light holes and electrons are given by mp =
m?¥ = 0.07myE,, where myq is the electron rest mass and
E, is the bandgap in electron-volts. We use the experi-
mentally determined value [9] for m¥M* = m}*M* =
1072V - cm?® and finally obtain

wL.Ny =

(1D

6 % 10°E
0 Np =
<" E, - E
—1.7 x 10EYYE, — Ep)*/?
-exp{ ‘E s 7 } (12)
6 % 10°E -1.7 x 10EYEY?
w,,V=T-exp _— .
(13)

The magnitude and temperature dependence of the cap-
ture coefficients are also important in determining the trap-
assisted tunneling current. In general, the capture coeffi-
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Fig. 4. The energy bands of an n-p diode and the five possible relations
(between V, V,, E,, and E7), as well as the various groups of traps and
their position within the depletion region.

cients vy, and v, are given by

'Yp = Up le Yo = On Vln (14)
v —[ﬁ [T ]”2 15)
P 3mk " 3mk {

m¥ =007 - mg - E

where g, 0,, Vi, Vi mﬁ,, and mJ are capture cross sec-
tions, thermal velocities, and effective masses of heavy
holes and electrons, respectively. Since the two effective
masses are linear functions of the temperaturc we can use

Lax estimation [15] for the temperature dependence of

mhy =055 - m

"electron and hole capture cross sections g, & T4 and 0,

o 77% and estimate the temperature dependence of elec-
tron and hole capture coefficients to be

T]™
Y (T) = Vpo [ﬁ]

T ~Bn
71|(T) = 'Yn()l: }

(17a)

- (17b)
where v, and vy, are the capture coefficients at 77 K and
8, and B, are fitting parameters.

The overall trap-assisted tunneling current can now be.
obtained by integrating the net generation rate across the
depletion region. To do so one should take into account
the generation rate and the number of traps associated with
each group.



Detailed calculations of energy bands in p-type
HgCdTe which take into account the high density of states
in the valence band show that for 60 K < T < 150 K the
material does not become degenerate even with doping
levels higher than 10'® cm™3. Therefore, in the case of
n-p diodes the traps can be divided into four groups. The
relative number of traps in each group is determined by
the relations between the built-in voltage. the applied
voltage, the bandgap, and the energy level of the traps.

Fig. 4 shows the five significant relations possible in
n-p diodes as well as the various groups of traps and their
position within the depletion region. By integrating the
net generation rate across the depletion region we obtain
the total generation rate in each one of the five cases

where Ja7 is the trap-assisted tunneling current and £,
Er, Vy, V, and W represent the bandgap, the trap energy,
the built-in voltage, the applied voltage, and the depletion
region width, respectively.

In the case of degenerate n*-p dlodes the additional
thermal barrier caused by the Burstein-Moss effect con-
siderably increases the number of groups and the number
of relations between E,, E7, Vo, V, and BS. The result is
more than 15 significant relations which involve six dif-
ferent groups of traps. However, in reverse bias above
50 mV only two significant cases are possible: E, + BS
< Vy+ Vand E; < Vy + V < E, + BS. Fig. 5 shows
the energy bands associated with the two cases as well as
the five groups involved and their position within the de-
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S dx S E U, dx, V+V, > E,
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Since U,, U,, U., and U, are constant, the integration yields
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pletion region. The total generation rate for Vp + V > E, + BS is given now by
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Fig. 5. The energy bands of an n*-p diode and the two relations between
V, Vo, E,, Er, and BS, possible for reverse bias above 50 mV. The various
groups of traps and their position within the depletion region are also plot-
ted.

Similarly, for E, < V5 + V < E, + BS the net generation
rate is given by

W(1 — (Fg— Er— BS)/(V + Vo))
o= | 0, a
0
WET/(V + Vo)
+ g U, dx
W(1 - (Ex - ET—- BS)/(V+ Vo))
W(1 —BS/(V + Vo)) w
+ S U, dx + S U, dx.
WET/(V + Vo) W(l - BS/(V + Vo))
(20b)

The associated trap-assisted tunneling current Jp47 is now
given by

E
Jrar = qWNr [Ua (ﬁ) + Uy (1 -

Eg—ET BS }

A +U e

+U‘<V+Vo> ‘<V+V0>

for Vo + V > E, + BS, and for £, < o+ V<E +
BS by

E, + BS
V+ ¥,

(21a)

E, + BS - Er
V4V, b

Jrar = ‘IWNT[Ua (1 -

E, + BS +
2 T ) + U. {1 _u)
V+V, V+V,
BS
+ U, (——V + Vo)]' (21b)

IV. RESULTS AND DISCUSSION

Figs. 6 and 7 represent typical resistance-temperature
characteristics (R-T) of two one-sided HgCdTe photo-
diodes fabricated on undoped THM material. We chose
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Fig. 6. Mcasured and calculated characteristics of a diffused n-p diode with
x=0.219,N, =2 x 10" cm™, and junction area of 4; = 2 X 10” " em’.
The dynamic resistance associated with the trap-assisted tunneling mech-
anism versus reciprocal temperature is plotted, with the diode reverse bias
as a parameter. The symbols represent measured data while the solid curves
represent theory. The fit was obtained for Ny = 4.3 x 10" cm ™, £, =
0.6E, v = 3.2 X 1077 [em*/S], B, = I, 7,0 = 9.8 x 1077 [em*/$],
and 8, = 0.3.
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Fig. 7. Measured and calculated characteristics of an ion-implanted n*-p
diode with x = 0.225, N, = 10'® cm™", and junction area of 4; = 2 X
107% cm®. The dynamic resistance associated with the trap-assisted fun-
neling mechanism versus reciprocal temperature is plotted, with the diode
reverse bias as a parameter. The symbols represent measured data while
the solid curves represent theory. The fit was obtained for E; = 0.6E, .0
=21 %107 [cm*/S), 8, = 1.3, 7,0 = 6.6 x 107" [cm* /8], and 8, =
0.3. The effective trap concentration for ¥ = 0.6 V is N; = 1.8 x 10'®
em™, For smaller bias we muliiply both the carrier concentration and the
traps concentration by a factor y < 1, maintaining the same ratio between
the trap and acceptor concentrations. The obtained values for 5 were 0.93,
0.86, and 0.78 for reverse biases of ¥V = 0.5, 0.4, and 0.3 V, respectively.

to compare measured and calculated resistance instead of
currents because small changes in the characteristics be-
come evident. Being the derivative of the current, the dy-
namic resistance reveals small changes that are masked in
the current characteristics.

Fig. 6 shows the characteristics of a representative dif-
fused n-p diode with x = 0.219 and n = 2 X 10" cm™*
(at 77 K). Fig. 7 shows the characteristics of an implanted
n*-p diode with x = 0.225 and p = 10' cm™* (at 77 K).
The two figures show dynamic resistance versus recipro-
cal temperature, with the diode’s reverse bias as a param-
eter. The symbols represent measured data while the solid
curves represent the theoretical model presented in
(3)-(21); namely, the numerical derivatives of (19) and



(21). As indicated by Nemirovsky et al. [4], in the entire
temperature and bias regions of Figs. 6 and 7, the leakage
current and dynamic resistance of undoped diodes are
dominated by the trap-assisted tunneling mechanism.
Therefore, our calculations of leakage current disregard
the contribution of other leakage mechanisms such as dif-
fusion and band-to-band tunneling.

The complex temperature dependence of the trap-as-
sisted tunneling process is seen clearly in both figures.
The high-temperature regions are dominated by Shockely-
Read-Hall thermal-thermal transitions as indicated by
straight lines on a semilog scale. The low-temperature re-
gions, on the other hand, are dominated by the tunnel--
tunnel transitions as indicated by the decrease in the dy-
namic resistance with decreasing temperature.

In addition to the difference in the average resistances,
caused mainly by the different compositions, the two
diodes differ in their voltage dependence in the high-tem-
perature region. The diffused n-p diode represented in Fig.
6 exhibits almost no voltage dependence in the region
dominated by thermal-thermal transitions. Fig. 7, on the
other hand, demonstrates the strong voltage dependence
of the dynamic resistance of the n*-p implanted photo-
diode in the same temperature region. This last figure
shows that the dynamic resistance is degraded by a factor
of 5, as the reverse bias is increased from 300 to 600 mV.
This is unexpected behavior since both current and dy-
namic resistance in this temperature region are dominated
by thermal-thermal transitions and therefore should ex-
hibit negligible field dependence. The suggested expla-
nation for this behavior is related to the profile of vacan-
cies close to the junction, and will be discussed in the next
paragraph.

Tobin {16] and Riley [17] have both observed a linear
relationship between the shallow acceptor concentration
due to Hg vacancy and the deep trap concentration. They
have suggested that the traps are either a different (and
additional) state of the Hg vacancy or a complex involv-
ing the Hg vacancy. Both Tobin and Riley did not rule
out either the additional vacancy-state model or the va-
cancy-complex model. However, the correlation between
trap and vacancy concentrations they observed is of great
importance, since it indicates that the vacancies produce
both the shallow level (responsible for p-type conductiv-
ity) and the deep level (traps). Also, it has been found
and demonstrated by Bubulac et al. {18], that in undoped
material, Hg freed by the implant annihilates vacancies
and decreases the doping level in the region adjacent to
the n* region. Fraenkel ef al. [19], and more recently

Nemirovsky et al. [4], used C-V profiling techniques to
characterize the carrier profile of HgCdTe photodiodes re-
alized by implanting boron into undoped material. They
have found that n*-p~-p junctions are formed with very
Iow p doping near the junction, and that the doping in-
creases gradually until it reaches the bulk doping level. In
order to explain the thermal-thermal transitions voltage
dependence in implanted diodes we rely on these two phe-
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nomena. By considering the gradual profile of the Hg va-
cancy and the correlation between vacancy and trap con-
centrations, we suggest that the trap concentration is
gradual as well. Therefore, as the reverse bias increases
and the depletion region expands, regions with higher trap
concentration are introduced and the average number of
traps increases. As a result, even in temperature regions
dominated by thermal-thermal transitions, the trap-as-
sisted tunneling current and dynamic resistance depend
strongly on bias.

The good fit between measured and calculated dynamic
resistance of the two diodes supports the validity of the
model as demonstrated in Figs. 6 and 7. In the case of a
diffused n-p photodiode, the fit was obtained for trap en-
ergy of Ex = 0.6E, and trap concentration of Ny = 4.3
X 10" cm™3. The obtained values of the clectron capture
coefficients were v, = 3.2 X 1077 [em®/S] and 8, = 1
and the hole capture coefficients were v, = 9.8 x 1077
[em?/S]) and B, = 0.3. Using (14)-(16) the capture cross
sections at 77 K were calculated to be 0, = 4.7 x 107!
em’and g, = 1.2 x 107" cm?.

In the case of implanted n*-p photodiodes, a good fit
was obtained for trap energy of E; = 0.75E,. Since the
vacancy concentration (and therefore the carrier concen-
tration as well) was assumed to depend on the distance
from the junction in these diodes, different effective car-
rier and trap concentrations for each bias were used. The
values derived from the fitting process for ¥ = 0.6 V were
Nr=18 x 10" ecm™3and N, = 10'* cm™*. For smaller
bias values we multiply both the acceptor concentration
and the trap concentration by a factor » < 1, maintaining
the same ratio between trap and acceptor concentrations.
The obtained values for 3 were 0.93, 0.86, and 0.78 for
reverse biases of ¥ = 0.5, 0.4, and 0.3 V, respectively.
The attained values of the electron capture coefficients
were v, = 2.1 X 107¢ [em®/S] and 8, = 1.3 and that
of holes were v,y = 6.6 x 107° [em®/S] and B, = 0.3.
The capture cross sections calculated using (14)-(16),
were g, = 3.3 X 107" cm® and 0, = 8.2 x 107" cm?
at 77 K, for the electrons and the holes, respectively.

The values for trap energy levels, concentrations, and
capture cross sections, obtained from the fit between mea-
sured and calculated characteristics, are in agreement with
thosc published in the literature, mostly by Polla, Jones

and co-authors [20]-[22]. In this work data on traps in
undoped HgCdTe based on DLTS measurements were
provided. Although they have reported the existence of
two energy levels associated with the deep traps 0.4 E,
and 0.75 E,, they have found that only the 0.75E, level
determines the R-T characteristics [22]. The trap concen-
trations reported by them ranged from approximately
0.1N, to 10N, (where N, is the shallow acceptor concen-
tration), and therefore are also in agreement with our val-
ues. However, our results differ from previously pub-
lished values since we obtained acceptor-like centers with
0p > 0,. Such centers with g, > ¢, were found only in
As doped material [23].



V. SUMMARY

In this paper we modeled the trap-assisted tunneling
mechanism of n-p and n*-p Hg,_,Cd, Te photodiodes.
The model describes the connection between the leakage
current and dynamic resistance associated with the traps,
the trap characteristics (energy level, concentration, and
capture cross sections), and the bulk properties (dopant
concentration and composition). We demonstrated the dif-
ference between these two types of photodiodes in the
voltage dependence of the trap-assisted tunneling current
and resistance, and suggested an explanation for this dif-
ference. Finally, we supported the validity of the model
by comparing measured and calculated characteristics in
a wide range of temperatures (65-140 K) and biases (0.3-
0.8 V). Good fits between measured and calculated char-
acteristics were obtained for trap concentrations, energy
levels, and capture cross sections, close to those pre-
sented in the literature. Unfortunately, only a handful of
published works [20]-[23] deal with the naturc of traps in
undoped HgCdTe. Therefore, the validity of our model
should be farther confirmed, by replacing the published
characteristics of the traps with DLTS data measured on
our samples [24]. In addition, more detailed studies of the
trap profile and their connection with the shallow acceptor
level are needed.
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ABSTRACT

The performance of high-temperature
superconductor (HTS) passive microwave
circuits up to X-band has been encouraging
when compared @ to their metallic
counterparts. The extremely low surface
resistance of HTS films up to about 10 GHz
enables a reduction in loss by as much as
100 times compared to copper when both

materials are kept at about 77K. However,
a superconductor's surface resistance
varies in proportion to the frequency
squared. consequently, the potential

benefit of HTS materials to millimeter-wave
communications requires careful analysis.
A simple ring resonator has been used to
evaluate microstrip losses at Ka-band. We
have also investigated additional promising

components such as antennas and phase
shifters. Prospects for HTS to favorably
impact millimeter-wave communications
systems are discussed.

INTRODUCTION
Thin film analog signal processing

electronics was envisioned as the first
practical application for high temperature
superconductors. The major prerequisite
for microwave circuits was comparatively
low surface resistance as opposed to high
current density or high critical magnetic
field performance, although the parameters
are correlated. The surface resistance
(Rs) of normal conductors varies in
proportion to the square root of frequency
due to the skin effect, whereas for a
superconductor the surface resistance is
proportional to the frequency squared. The
strong dependence of Rs on frequency for
superconductors is a consequence of the
reactive voltage associated with the
oscillating supercurrent interacting with
unpaired (normal) electrons to induce loss.
The proportion of normal electrons varies
from 0 at T=0 to 1 at T=Tc.

This property can be exploited to enhance
passive microstrip circuitry, such as
filters and phased array beam forming
networks (BFNs). HTS microstrip enables
tremendous miniaturization of filters
without any concomitant degradation in
performance compared to a waveguide
implementation. HTS microstrip may also
enable high directivity arrays because of
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the greatly reduced gain degradation in
BFNs. Antennas, phase shifters, hybrid
superconductor/semiconductor circuits and
other components are likely to profit from
this property as well. This paper will
examine the potential of passive HTS
circuitry to favorably impact millimeter-
wave communications.

The greatest contribution to millimeter-
wave communications may ultimately result

- from active low- or high-Tc superconducting

electronics. Digital signal processors
utilizing Josephson junction (3J)
technology will almost surely evolve

because of the three-to-four orders of
magnitude improvement in the delay-power
product. Low-Tc JJs operate ten times
faster than any high density semiconductor
device and consume 1000 times less power.
The eventual possibility of high-Tec JJ
chips has been suggested as researchers
learn to intentionally manufacture arrays
of large angle grain boundary junctions.
It has been established for conventional
superconductors that energy gap is
approximately 3.5 kTc at zero temperature
where k is Boltzmann's constant. This gap
varies slowly with temperature up to about
1/2 Tc. Beyond about 2/3 Tc, the gap
diminishes precipitously, becoming zero at
T=Tc. Consequently, in practice, device
operation may be restricted to temperatures
below 0.67 Tc. It cannot be stated with
certainty that this same phenomenon will
govern high-Tc electronics. A novel active
high-Tc device termed the superconducting
flux flow transistor (SFFT), may lead to a
new class of microwave electronics. The
SFFT uses a current control line to create
a magnetic field and induce flux motion
which changes the terminal voltage. Hence,
the SFFT is the electrical dual of the FET.
The SFFT can produce a net gain and has

been demonstrated in basic microwave
devices. Although this paper will not
focus on active high-Tc electronics,

revolutionary advances in communications
and high speed data processing will likely

be derived from this facet of the
technology.
Microstrip Ring Resonator

Microstrip ring resonators with a design
center frequency of 35 GHz were fabricated
from laser ablated YBaCuO thin films

Copyright © 1991 by the American Institute of Aeronautics and Astronautics, inc. No copyright ie asserted in the United States under Title 17, U.S. Code. The U.S. Government has
a royalty-free license to exercise all rights under the copyright claimed hereln for Government purposes. Al other rights are reserved by the copyright owner.
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deposited on lanthanum aluminate
substrates®. The ring resonator technique
provides a useful method for evaluating
patterned film characteristics and includes
film-substrate interface effects.
Reflection coefficients were measured over
a wide temperature range and performance
was compared to identical resonators made
of evaporated gold. The performance
crossover, in terms of resonator "Q" which
is inversely proportional to loss, occurred
at about 80 K. The unloaded Q of the
superconducting resonator was about 4 times
better than gold at 20 K. Unloaded Q data
as a function of temperature is shown in
figure 1. As expected because of the
dependence of internal inductance of the
strip on the changing normal/supercon-
ducting electron densities, the resonant
frequency was observed to have a negative
temperature coefficient. This prototype
device indicated the potential for HTS to
enhance millimeter-wave microstrip
circuitry.
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Figure 1 - 35 GHz RING RESONATOR UNLOAD "Q" VERSUS
TEMPERATURE FOR GOLD AND LASER ABLATED
YBa,Cu,0,5 FILM ON LaAlO,

Low Noise Receivers

Because of the extraordinary distances
involved and scarce transmitter power,
receivers for deep-space 1links have
extremely  demanding sensitivity
requirements. At the present time, maser
amplifiers provide the only practical
technology for interplanetary
communications. The drawback to these
systems is cost and the complexity of the
necessary 4.5 K refrigeration. A promising
alternative to maser technology is
cryogenically cooled high electron mobility
transistor (HEMT) low noise amplifiers
{LNAs} . Noise figures of HEMTs cooled
below 1liquid nitrogen temperatures are
approaching the performance of maser
amplifiers. The minimum noise figure of a
metal semiconductor field effect transistor
(MESFET) scales as the reciprocal of the
cutoff frequency (or transconductance).
The high carrier mobility of a HEMT results
in a much 1larger transconductance when
compared to a conventional  MESFET.
Furthermore, the noise conductance is
inversely proportional to the square of the

cutoff frequency. This reduces the HEMT's
susceptibility to impedance variations and
enables high performance over a wide
bandwidth. The HEMT's performance also
improves much more rapidly upon cooling
than a conventional MESFET.

A possible Mars-Earth communications
scenario calls for relay satellites in
orbit about each planet. Because of the
increased operating temperature, reduced
cost, and improved reliability, HEMT LNA
recelvers may prove enabling. In order to
assess the performance enhancement that HTS
could provide to such a system, mock
hypothetical receivers were designed at 10,
32, 60, and 94 GHz. Each simplified
receiver consisted of an ideal antenna, 1.5
wavelengths of feed loss, a five-pole band-
pass filter, three (10 and 32 GHz), four
(60 GHz), or five (90 GHz) gain stages, and
a mixer. Scattering and noise parameters
of the hypothetical HEMTS were consist? t
with state-of-the-art performance .
Since the LNA gain was nearly 40 4B in each
case, any marginal improvement in HEMT gain
upon cooling was neglected since it would
not impact system sensitivity. A surface
resistance of 5 milliohms at 30 GHz with a
frequency squared dependence was assumed
for the HTS. Figure 2 shows the modeled
receiver noise figure as a function of
frequency for gold microstrip at 300K and
77K and for HTS at about 77K. The shapes
of the curves are largely an artifact of
the chosen device parameters and the curve
fitting algorithm. Obvious advantages of
HTS over gold are indicated at lower
microwave frequencies. An improvement in
sensitivity of about 0.1 dB exists at 60
GHz. The enhancement diminishes to zero at
80-90 GHz.
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Figure 2 - PREDICTED RECEIVER SENSITIVITY
ENHANCEMENT PROVIDED BY PASSIVE HTS
MICROSTRIP CIRCUITRY

The salient issue is the significance of
the marginal improvements even at



millimeter vavelengths. Figure .3
demonstrates the merit of even minor
sensitivity improvements for a Mars-Earth
link. Channel assumptions were based
primarily on an earlier study’. For
example, power efficient modulation
permitting a receiver (energy per
bit)/(noise power) ratio of 1.5 dB wag
assumed. A different range of 2.7 X 10
km, which would place the planets roughly
at quadrature, was assumed. Data is
plotted for both five and ten meter
transmit and receive antennas. A reduction
in receiver noise figure by several tenths
of a dB corresponds to a transmitter power
reduction of tens to perhaps hundreds of
watts, or alternatively to a reduction in
antenna size. The development of large
deployable antennas represents a
significant technical challenge. Voyager,
for example, utilized a 3.7 meter X-band
antenna. The NASA Advanced Communication
Technology Satellite's 3.2 meter dish is
the largest Ka-band antenna developed to
date.
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Figure 3 - TRANSMITTER POWER REQUIREMENTS AS A
FUNCTION OF RECEIVER NOISE FIGURE FOR A
MARS-EARTH LINK

superconducting Microstrip Antennas

Application of high Tc superconductivity to
electrically short antennas, superdirective
antenna arrays and millimeter wave array
feed networks has beeq,9na1yzed by several
researchers recently ' . Their work has
shown HTS may be most beneficial when used
in the feed and matching networks for
nicrowave and millimeter wave microstrip
arrays. This is due to the fact that the
maximum obtainable gain from an antenna
array is limited by the ohmic losses in the
metal microstrip transmissien lines which
form the feed network. Thus, even though
the antenna directivity increases with an
increasing number of elements, the gain is
limited by the feed network losses. At
millimeter waves the problem becomes even
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more serious. However, recently Hansen7
showed an HTS 100 element linear array at
35 GHz could experience a gain increase of
8 to 10 dB over an identical copper array.

NASA Lewis Research Center and Ball
Aerospace have designed, fabricated and
tested 30 GHz four element superconducting
microstrip arrays on various substrates.
The antennas were assembled into a brass
test fixture with a 50 0 gold microstrip
feed line patterned on an alumina substrate
separating the coax-to-microstrip
transition (Wiltron V-connector) from thez
antenna (Fig. 4). Wire bonds connect the
feed line to the antenna. Wire bonds were
made directly to the YBCO. To test the
devices, each test fixture was in turn
mounted at the second stage of a 2-stage
closed-cycle helium refrigerator. A
hermetically sealed coaxial feedthrough
passes the RF into the vacuum chamber. A
high-density polyethylene (HDPE) cap serves
as both a vacuum jacket and a radome. The
entire cryrostat was mounted on the
rotating pedestal of a far-field antenna
range for pattern measurements in the
receive mode.

V -CONNECTOR
___JZZ;_ FEED LINE
/T ANTENNA
BRASS
///—F1XTURE

<.

ARRAY WITH FEED LINE MOUNTED IN TEST
FIXTURE

Figure 4 -

The measured H-plane patterns are shown in
Fig. 5 normalized to the highest received
power for a magnesium oxide substrate. The
antenna demonstrated a received power
maxima at approximately 30.3 GHz and 31.7
GHz. H-plane co- and cross-polarization
measurements suggest that the lower
frequency resonance is primarily due to
feedline radiation. The amplitudes of the
received antenna patterns at 70K are
comparable to gold levels. These results
were anticipated for a first experiment
because the HTS arrays are not yet fully
optimized and the films used had a
relatively 1low (below  85K) critical
temperature T,). Higher quality films and
the use of ohmic contacts are expected to
yield greater received powers for the HTS
antennas relative to the gold circuits. It
should be noted, though, that only 1 dB of
improvement over the gold circuits can be
expected for such a small number of



elements.
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The analytical and preliminary experimental
work have shown that superconducting
microstrip antennas have advantages over
conventional antennas. It is also clear
that the range of applications of
superconducting antennas will be limited
due to cryogenic requirements and the
performance of superconducting films at
frequencies above 50 GHz. However, in
applications where high gain from the
antenna 1is desired regardless of other
considerations, high performance
superconducting antennas will be likely
candidates.

Microwave Ssuperconductor Switches

The proposed superconductor switch consists
of a rectangular patch of HTS material
terminated by a quarter-wave radial stub,
positioned one quarter wavelength away from
a microstrip tee junction. If the switch
is superconducting, its path appears as an
ideal open circuit at the center frequency.
It was determined that a 0.005 inch long,
25:1 aspect ratio HTS patch was nearly
optimum for the design of a 32 GHz switched
line phase shifter which will be described
later,

Two possible modes of operation exist for
a superconductor switch. The simplest is
the bolometric mode, for which the film is
held near 1its transition temperature.
Normally, this technique exploits the fact
that in this region, the temperature
derivative of resistance is maximum.
Incident radiation from an infrared light
emitting diode or a laser raises the
temperature and consequently causes the
film to become resistive. This technique,
although seemingly straightforward, has
inherent speed limitations due to the high
thermal conductivity of HTS compatible
substrates. The problem for RF switching
is compounded by the highly inductive
component of the HTS near Tc. It is appar-
ent from the observation of HTS resonator
Q data that an acceptable reduction in loss
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for switching purposes doesn't occur until
the temperature falls to about 75% of Tc.
Consequently, it is unlikely that a
bolometric switch would be practical except
under the most forgiving circumstances. To
date, the fastest operation we achieved has
been on the order of several seconds.
Alternatively, magnetic field induced
switching may provide a viable solutilon.
The second operational mode is gquantum
mechanical. Incident photons with energy
exceeding the bandgap break up the Cooper
pairs and generate a population of
quasiparticles. This effect destroys the
superconductivity, resulting in a resistive
film. Speed is limited only by carrier
recombination time. Implementation of this
type of switch is hindered by the need to
precisely control film stoichiometry,
surface quality, and film thickness.
Furthermore, although this effect has been
well documented for 1low-Tc materials,
there is still much controversy regarding
an analogous response in high-Tc films.

In a typical millimeter-wave device
requiring RF switching, such as a phase
shifter, the majority of insertion loss can
be attributed to the parasitics associated
with the switches. For example, metal line
loss near 30 GHz on 0.020 inch LaAlO; is
about 0.14 dB per wavelength. The
parasitics of a typical MESFET switch could
contribute as much as 0.5 dB to the total
insertion 1loss. An "off" FET can be
modeled as an RLC tank circuit. The
inductor, L, is external to the FET and is
included to rescnate the circuit and
improve the off-state impedance. The
capacitor, C, 1is the total pinch-off
¢apacitance between the source and drain,
and the resistor, R, is the channel and
contact resistance. An "off" HTS switch
can be modeled by an inductor and resistor.
The inductor associated with the HTS switch
represents the large kinetic inductance
term of the superconductor near Tc. It is
this reactive term which necessitates
operating the HTS switch farther below the
transition temperature than normal for a
"bolometric" type of device. Both switches
can be accurately modeled by a single
resistor, Ron, _in the high conductivity
state. Sokolov defined a suitable figure
of merit for FET switching devices as:

Q® = (R,R)' (wC)? = Ryy/R,,

where w is the radian frequency. For a
typical switching FET, taking R =10 ohms,
C=0.07 pf, and R=5 ohms, Ry, is 1149 ohms
at230 GHz. This yields a figure of merit
{(Q°) of about 110. If we consider an HTS
switch, using a surface resistance of 0.010
ohms in the superconducting state, the
equivalent resistivity at 30 GHz is 8.4e-8
chm-cm. ~Assuming a normal state
resistivity of 1le-3 ohm-cm, by toggling
between the two states, the theoretical
figure of merit is about 12,000. It is
interesting to note that the semiconductor
switching @ will degrade as the fregquency



squared; hence, it can be expected that an
HTS switch will outperform a MESFET switch

throughout the millimeter wavelength
portion of the spectrum.
witc se [-)

Phased array antennas require variable
phase shift components for each radiating
element to achieve spatial scanning. A
true time delay phase shifter can
theoretically provide frequency independent
beam steering for large arrays. A popular
method for implementing this concept is
referred to as the switched line technique.
This method achieves true time delay by
switching the signal between two alternate
routes; either the reference (zero phase
shift) path or the delay path. The phase
shift is proportional to the path length
difference (Al) and frequency. Hence the
time delay, which 1s equal to the
derivative of phase with respect to radian
frequency, will be aAl/c. The array scan
angle will be frequency independent since
the radiating element spacing and the delay
have the same dependence on wavelength. A
minimum of three active devices configured
as two single-pole double~through switches
are required per bit.

Several disadvantages are inherent to this
method of implementation: asymmetric
insertion 1loss between the delay and
reference paths, high insertion 1loss
overall, and poor isolation between the
radio frequency (RF) and bias signals. The
effect of switching Q on insertion loss was
discussed earlier. An equally vexing
problem results from the interaction of the
biasing network required to control the
switches and the RF signal. Standing wave
patterns are set up on the bias 1lines
causing unpredictable performance and
sensitivity to bondwire 1lengths. The
proposed phase shifter is shown in figure
6.
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PHASE SHIFTER USING HTS SWITCH.

If the switches in the reference line, for
exanple, are superconducting they represent
a high impedance path from the junction.
Concomitantly, the shunt switches in the
delay path are caused to become normal
(resistive) via optical illumination or
magnetic quenching, passing the RF signal.
The switches were modeled as thin film
resistors of variable sheet resistance in
the design, and the influence of the switch
reactance was incorporated as part of the
radial stub. Figure 7 illustrates the
predicted performance and reveals the
exceptionally narrow insertion loss
envelope and low total insertion loss.

[e] ugio

The potential for HTS devices and circuits

to contribute significant performance
enhancements to millimeter-wave
communications subsystems has been
demonstrated. Reproducible, large area

films on attractive substrates will be
enabling for practical applications, as
will economical, compact, and reliable
cryogenic cooling systems. It ls expected
that the combination of superconducting
antennas, feed networks, filters, hybrid
LNAs, and phase shifters would enormously
enhance system performance in terms of the
gain/temperature ratio.
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SUMMARY

The application of superconducting technology in space has been limited by the require-

ment of cooling to near liquid helium temperatures. The only means of attaining these tem-
peratures has been with cryogenic fluids which severely limits mission lifetime. The development
of materials with superconducting transition temperatures (T ) above 77 K has made super-
conducting technology more attractive and feasible for employment in aerospace systems. In
this paper, potential applications of high-temperature superconducting technology in cryocoolers
and remote sensing, communications and power systems will be discussed.

INTRODUCTION

There has been a great deal of interest in low temperature technology for space applica-

tions from the beginning of the space age. The initial interest was chiefly in using cryogens for
rocket fuel and life support systems. The interest shifted later to scientific instruments. An
example of such an application is Gravity Probe B (GPB) which is being developed to test cer-
tain tenets of Einstein’s general theory of relativity. The experiment is designed to measure the
gyroscopic precession which should result from the influence of the mass of the Earth on space-
time. GPB makes extensive use of superconducting technology. It will have superconducting
lead sleeves to attenuate the Earth’s magnetic field. Rotating superconducting niobium-coated
quartz spheres will act as gyroscopes, and SQUID magnetometers will measure their magnetic
moments. There are many other examples of past and planned space missions which require low
temperatures. One of the common elements of these missions is the use of liquid helium (up to
4000 L) to reach the low temperatures. Use of helium limits the lifetimes of the missions to less
than 5 years.

This limited mission lifetime has been one of the key factors which has limited the appli-

cations of superconducting technology. Until the discovery of high temperature superconducting
(HTS) materials, liquid helium was necessary to reach the temperatures at which materials were
in their superconducting states. HTS materials with transition temperatures above liquid

nitrogen temperature significantly reduce the cooling required to use these materials in space. A
satellite using liquid nitrogen or hydrogen as a cryogen would have a much longer lifetime than a
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satellite which had the same volume of liquid helium. Mechanical coolers capable of cooling to
80 K are much further along in development than coolers capable of cooling to <10 K. Passive
cooling can also be used to reach the 70 to 80 K range for very low heat loads. Because of the
dramatic increase in transition temperature, superconducting technology may now be feasible for
use in space for communication, power, and propulsion systems. Before HTS materials will be
used in space, their long term stability must be demonstrated, especially in the space environ-
ment. Also, the added weight, power requirements and complexity of the necessary cooling must
be included when estimating the benefits of using superconducting technology. Many applica-
tions have been suggested and investigated to determine the benefits of incorporating super-
conducting technology in space systems and are described below.

APPLICATIONS OF HTS MATERIALS
Cryocoolers

Space cryocoolers typically operate at or below 77 K and provide a natural cryogenic envi-
ronment for HTS applications, with no additional weight/energy penalty to refrigerate the HTS
component. Applications are being developed that potentially can significantly enhance cryo-
cooler performance, efficiency, reliability and lifetime, such as HTS electrical leads for thermal
isolation in space borne liquid helium dewars, damping of vibrations induced in the focal plane
by Stirling cycle mechanical cryocoolers and passive magnetic bearings for turboexpander-type
cryocoolers. :

Some of the future NASA mission such as the Earth Observing System (EOS) will employ
cooling of infrared and other types of sensors in order to obtain the required sensitivity and
energy resolution. A large number of electrical leads, typically manganin wire, are needed to
connect the sensors situated on the cooled focal plane at <10 K to instrumentation at a much
higher temperature located outside the dewar. Another mission, the Advanced X-ray Astrophys-
ics Facility (AXAF) will have immersed in liquid helium an adiabatic demagnetization refrigera-
tor requiring nearly 3 A of current for operation. Although the sensor leads usually carry only
microamps or less of current, they nevertheless comprise a significant parasitic heat load. For
example, in the case of the Spectroscopy of the Atmosphere by Far Infrared Emission (SAFIRE)
mission, the sensor leads constitute 33 percent of the instrument and 17 percent of the total heat
load.

A high degree of thermal isolation can be achieved if the sensor leads are replaced by HTS
copper oxide ceramics, which have thermal conductivities of less than one-fourth that of
manganin. Using YBa,Cu;0, ¢ for just the 158 sensor leads in the SAFIRE dewar would reduce
the total heat load by at least 8 percent and extend the mission life by more than 5 percent.
Much larger extensions of lifetime have been estimated for other missions. Another important
benefit of using HTS electrical leads, in addition to thermal isolation, is an estimated 10 to
100 times improvement in signal-to-noise ratio.

Stirling cycle mechanical cryocoolers are a leading candidate to provide the detector
cooling required for the many far-infrared (>10 pm) experiments planned for the EOS missions
of the late 1990’s and early 21st century. In order to achieve precision imaging and high optical
resolution, vibrations of the detectors induced by the cryocooler operation, as well as spacecraft
induced resonances, must be damped. The generally accepted goal is 0.01 to 0.02 Ib of force at
the focal plane. One approach that is showing some success is back-to-back cooler operation
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supplemented by active electronic suppression of the fundamental cryocooler frequency (~40 Hz)
and higher harmonics (ref. 1).

This approach, however, is unlikely to satisfy all the vibration damping requirements and
it may be that an additional, and preferably passive, damping mechanism will still be required.
YBa,Cu;0,_s materials, which have an inherent magnetic damping capability due to dissipation
of energy by flux motion (ref. 2), could potentially provide this mechanism. Magnetic Technolo-
gies, Inc. laboratory experiments using nonoptimum materials and magnetic field geometry have
demonstrated that presently available YBa,Cu30, s materials can provide at least an order of
magnitude greater damping at 77 K than with no superconducting material.

Advanced turboexpander-type cryocoolers based on the Brayton thermodynamic cycle are
being developed by NASA for future long duration missions. Important advantages offered by
the turboexpander type, which use noncontact gas bearings, over the Stirling cycle mechanical
cryocooler are potentially vibration free performance and greater reliability and lifetime. A dis-
advantage of the gas bearings is the need to run warm, which causes a large heat leak between
the warm bearing zone and the cold expansion turbine, resulting in inefficient operation at low
temperatures. Therefore, the need exists to improve the efficiency. A promising approach to
eliminating the heat leak is to replace the rotary gas bearings with HTS passive magnetic
(Meissner) bearings. A study by Creare, Inc. of a1 W, 10 K cryocooler, where the gas bearings
for the coldest turboexpander were replaced by Meissner bearings fabricated from currently
available HTS materials, showed that a 40 percent decrease in input power was possible.

With YBa,Cuy0, 5 materials prepared by the melt quench process, levitation forces are
now adequate for cryocooler applications although some improvements in stiffness may be
required (ref. 3). A rotational speed of 450 000 rpm (surface speed of 150 m/s) has been
demonstrated by Creare, Inc. which is more than adequate for cryocooler applications (90 m/s).

Remote Sensing Applications

Many space-based sensing systems are cooled for improved sensitivity and decreased noise.
This is another area of application where including HTS materials would have no cooling penalty
when compared against nonsuperconducting systems. Three devices which would provide great
benefit to near Earth and deep space missions are bolometers, mixers and signal processors.

In missions to the outer planets lasting ten years or longer, passive radiative cooling is
presently the only satisfactory option for cooling the focal plane. This means the detector
temperature is 70 K or higher. Studies of planetary atmospheres at wavelengths greater than
20 pm will require the use of thermal detectors (ref. 4). A promising candidate for this appli-
cation is a transition-edge bolometer that uses the resistive transition of a HTS element as the
temperature sensing element. Such bolometers have been demonstrated to be superior to pyro-
electric detectors. Another type of bolometer is the kinetic inductance bolometer which poten-
tially has much lower noise and higher sensitivity. The operation of this bolometer depends on
the temperature dependence of the magnetic penetration depth just below T..

Submillimeter spectroscopy is an important objective of future missions for astrophysics
and Earth atmospheric studies. Principle components for these studies are mixers. Thus far the
most sensitive mixers in the millimeter to near submillimeter range have been Nb based
superconductor-insulator-superconductor (SIS) tunnel junctions. HTS tunnel junctions could
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possible extend this frequency range well into the THz range. However, SIS tunnel junctions
fabricated from HTS materials have not yet been demonstrated. An alternative approach is the
superconductor-normal-superconductor (SNS) microbridge. Progress in HTS SNS is proceeding
rapidly.

Locating a superconducting signal processor on a focal plane has many advantages over a
semiconducting processor in terms of speed, power consumption and thermal loading. The
higher speed would allow fewer data lines to the focal plane which means lower thermal loading.
The development of such a processor is further in the future than development of HTS bolom-
eters or mixers.

Space Communications Applications

In the past, the need for heavy, short life and complicated cryogenic systems near 20 K
prohibited the use of superconducting electronics circuits in space communications systems in
spite of their outstanding advantages when compared to room temperature semiconductor elec-
tronics circuits. Since this discovery, NASA has been very active in identifying the applications
of HTS materials in space communications systems. The approach has been twofold: first to
identify subsystems and communications scenarios where superconducting devices and circuits
will have the largest impact and second to design, fabricate and characterize generic super-
conducting devices and components and compare their performance with conventional circuits to
quantitatively determine their advantages.

Under the first approach, in-house application analysis (ref. 5) and studies conducted by
TRW, Ball Aerospace and Varian were used to identify key applications and are listed below.

1. Ultra Low Noise Hybrid Superconductor/Semiconductor Receivers
2. Phased Array Antennas from 1 to 50 GHz

3. Digital Signal Processors

4. Traveling Wave Tube Amplifiers

These studies included the impact of cryocoolers in their comparison which has often been
ignored. One of the key findings is that superconducting circuits can offer outstanding advan-
tages in reducing a spacecraft’s power, size and weight in high performance space communica-
tions systems. They can also provide low loss, low noise, high data rate subsystems. However,
only in a communication scenario where such high performance is required, can one justify the
use of cryocoolers.

Under the second approach, NASA has designed, fabricated and characterized microstrip
and coplanar resonator circuits from X-band to Ka band frequencies (refs. 6 and 7), X-band
filters, phase shifter switches (ref. 8), X-band superconducting resonator stabilized oscillators,
Ka-band passive microstrip antenna (ref. 6) and hybrid superconductor/semiconductor low noise
amplifiers using YBa,Cu;0, s and thallium thin films on lanthanum aluminate substrates.
Superconducting resonator circuits have shown higher “Q” values than gold circuits which trans-
lates into low loss passive microwave circuits (ref. 9). Superconducting filters have shown low
insertion loss and higher “Q”s (ref. 7). Early evidence of superior performance of high T
superconducting passive microwave components at liquid nitrogen temperatures has led Naval
Research Laboratories (NRL) to evaluate their performance in several space experiments and
expedite technology development (ref. 10). NASA has participated in NRL’s High T_ Super-
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conducting Space Experiment (HTSSE) I. NASA is also planning to participate in HTSSE II
expected to be launched in 1996. For this experiment NASA Lewis Research Center and the Jet
Propulsion Laboratory will be jointly developing an X-band hybrid HTS/semiconductor
receiver. Also under planning is a Ka-band superconducting receiver antenna experiment as a
part of a link between shuttle and Advanced Communications Technology Satellite.

For space communication applications, the discovery of high T, superconductors has led
to the development of high performance microwave components operating at 77 K. It is possible
that these components may find use in real space communication systems demanding extraordi-
nary performance. However, only the discovery of superconductors operating at 150 K can make
their use practical in most of the space communications systems.

Space Power Applications

When high current density superconductors appeared in the early 1960’s their potential for
application to space power technologies was carefully explored since it seemed certain that a zero
resistance conductor could lower the launch weight by reducing the masses of both the conduc-
tors and the power system. Further, it could allow the wide use of magnets which would no
longer need large and heavy power supplies and/or massive amounts of iron. The price to be
paid however was the need to maintain the conductor below its transition temperature. For the
conductors then available this meant refrigeration to well below 20 K (typically 4.2 K). This
constraint introduced weight, complexity and reliability issues that effectively foreclosed the use
of superconducting technology in space power systems. As was found with terrestrial power
applications, the use of superconductors offers an attractive payoff only for the very largest
systems.

Now, in the 1990’s, this issue is being reexamined as the result of two developments.
First, we are seriously considering space missions, such as Moon colonization and Mars explora-
tion, that will require large capacity (>100 kW) electric power systems and second, the
discovery of HTS materials.

The most straight forward application of SC is direct power transmission. In this case we
look at the wiring harness which carries power and control signals within the power management
circuitry and between it and its electrical sources and loads. In reference 11 it was shown that,
at a current density of 2x10* A/cm2 a superconducting wire can reduce the launch weight
dramatically. Since large space systems will require many kilometers of wire carrying many kilo-
watts, substantial savings are possible if it all could be operated below the SC transition
temperature. In general, this is not possible, but it might be practical if the power source must
be located a long distance from its load. Not only would a minimum weight penalty be incurred,
but the system designer would have additional flexibility in choosing the system operating volt-
age. A recent design study (ref. 12) has shown that it is possible to use directional radiators to
cool such a line to less than 77 K in orbits as close as 1000 km from the Earth and to even lower
temperatures in deep space. The mass of such a system, which uses radiation shields and com-
mercially available HTS materials is still substantially less than a comparable system with
copper transmission lines and it requires no active cooling system.

About 30 percent of a transformer’s weight is conductor, therefore it is another element of

a power distribution system where superconductors might be usefully employed. Because the
useful current density in superconducting materials is at least 100X greater than that of copper,
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the use of superconductors could eliminate more than 99 percent of this mass. In the case of
capacitors only a small fraction of a capacitor’s mass is conductor and therefore little is to be
gained by the direct substitution of superconducting material. Of course, transformers and capa-
citors are elements of ac systems and the largest impact of superconducting technology on power
systems might come from their elimination as the use of superconductivity could make dc sys-
tems more interesting (ref. 11).

This long term storage of electrlcal energy as a magnetic field is only feasible if super-
conducting inductors are used since the I’R losses of normal conductors would quickly dissipate
the energy. Early examination (ref. 13) of its potential for use as a space “battery” showed that
it has some important advantages. Such a storage system has virtually no losses, allowing the
recovery of 95 percent of the input, and would tolerate a wide range of charge/discharge rates.
Further, it would have an unlimited cycle life. The specific energy, which is limited by the
forces that the field exerts on the conductor, has been estimated at near 50 W-hrs/kg, which is
competitive with NiH, batteries.

Presently most space systems depend on photovoltaic arrays for primary electrical power
and with increased power demands the arrays can reach large sizes. Also, in many orbits there
is sufficient plasma density such that arcing can be a problem at >150 V. Therefore power from
these large arrays may have to be carried to their loads at high currents. The weights of these
conductors, presently 3 to 5 percent (ref. 14) of the array mass and the 1 to 2 percent of the
array lost to I’R can be substantially reduced by the use of superconductors. Although the per-
centages are small, in large or multiple systems the absolute weight and money savings can be
nontrivial. It rema.ins to be seen if the system complexity introduced by the need to thermally
shield the superconducting components will discourage its use in this application.

Many other space applications of superconducting technology in addition to the ones dis-
cussed above have also been identified. These include active bearings for rocket engines and
magnets for magnetoplasmadynamic thrusters.

CONCLUSIONS

The discovery of materials which are superconducting above liquid nitrogen temperature
has made superconducting technology more attractive and feasible for use in aerospace systems.
For some future missions where cooling is necessary to fulfill the mission objectives, the HTS
materials meet all the technical requirements and are likely to be used after the material
stability issues have been settled. For other missions, the added complexity of cooling must be
justified by the improved performance offered by superconducting technology. If materials are
developed with higher transition temperatures, cooling will be much less of an issue, and the use
of superconducting technology should become much more widespread in space-based systems.
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ABSTRACT

The measurement of cryogenic antennas pcses unigue logistical
problems since the antenna under test must be embedding in the
cooling chamber. In this paper, a method of measuring the per-
formance of cryogenic microstrip antennas using a closed cycie
gas-cooled refrigerator in a far field range is described.
Antenna patterns showing the performance of gold and super-
conducting Ka-band microstrip antennas at various temperatures

are presented.
t. INTRODUCTION

Printed circuit antennas have been the focus of much research
in recent years as candidates for applications such as satellites
where weight and volume are a premium [1]. In theory, many-
element microstrip arrays could rival the gain of traditional
parabolic dishes. However, microstrip antennas have high ohmic
losses which act to l1imit the maximum obtainable gain. This
problem is compounded at millimeter wave frequencies since the

surface resistance of metals increases with f1/2  causing micro-

strip transmission lines to be much more lossy.
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It is well known that ohmic losses may be reduced sig-
nificantly by cooling the circuit to cryogenic temperatures.
Gold has a resistance temperature coefficient of approximately
10 nQ cm/K. Computer simulations show that a reduction in
temperature from 300 K to 77 K translates to 10 dB/m less loss at
30 GHz for a microstrip line on 0.25 mm alumina. The use of
cryogehics has the additional benefit of reducing the noise fig-
ure of the system, which 1is critical for radiometric antennas.
Recently, much attention has been given to the use of high
temperature superconductors (HTS) as a solution to the problem of
gain limitation in many-element microstrip array antennas [2,3].
According to [3], an HTS 100 element linear array at 35 GHz could
experience a gain increase of 8 to 10 dB over an identical copper
array. Measurements of 35 GHz HTS ring resonators have shown an
improvement in microstrip line attenuation of 10 dB over identi-

cal gold circuits when both are at 77 K. [4]

In a practical sense, measuring the performance of antennas
at cryogenic temperatures is quite difficult. If the antenna is
to be cooled in a cryogen such as liquid nitrogen or 1liquid
helium, a radio-transparent dewar must be used. In general such
an arrangement allows performance measurements only at two
temperatures: room temperature and the boiling point of the
cryogen. This type of cryostat has been used by [5] to measure
electrically small superconducting arrays at 650 MHz and by [6]
to measure a 500 MHz HTS dipole. A gas refrigerator, on the
other hand, has the advantage that the temperature can be set to
any value within its range. However, a vacuum must be main-
tained, which necessitates the use of some type of radio-

transparent vacuum jacket.

In this paper, we discuss the design of a temperature-
controlled cryostat which has been used to successfully test
planar superconducting microstrip arrays at 30 GHz. To our
knowledge this is the first reported use of a gas refrigerator

for cryogenic antenna measurements.
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2. DESIGN

The cryostat used is based upon a CTI-Cryogenics compressor
and cold head. The unit is a closed-cycle helium refrigerator.
A Lakeshore Cryogenics temperature controller controls the cur-
rent through a heater element to provide temperature control over
the system. The two-stage cold finger is enclosed by a stainless
steel tube, capped with a 1id machined from high-density
polyethylene (HDPE) as shown in Fig. 1. HDPE was chosen because
of its low relative permittivity (2.24) [7] and loss tangent and
because 1t'1s inexpensive in comparison to other polymers such as
teflon. The 1lid is spherical with an inner radius of 12.7 cm and
thickness of .508 cm. A hermetically sealed coaxial feedthru
(two back-to-back "K' sparkplug launchers) passes the RF into the
vacuum chamber. Semirigid coaxial cable connects the feedthru to

the antenna test fixture.

The antennas used are 4 element microstrip arrays with a
resonance at 31.7 GHz. The antennas were patterned onto their
respective substrates, magnesium oxide (Mg0) and Tanthanum
aluminate (LaAl120s3), and assembled into a prass test fixture
(Fig. 2). A 50 Q gold microstrip feed line patterned on an
alumina substrate separates the coax-to-microstrip transition
(Wiltron V-connector) from the antenna. The test fixture was
made as thin as practically possible to reduce the thermal load-
ing of the cryostat, thereby hastening the cool-down and warmup
times involved. Wire bonds connect the feed 1ine to the antenna.
To test the antennas, each test fixture was in turn mounted at
the second stage of a 2-stage closed-cycle helium refrigerator.
A high-density polyethylene (HDPE) cap serves as both a vacuum
jacket and a radome. S-parameter (Si1i1) measurements using an HP
8510B were done by calibrating to the coaxial connector insice
the cryostat while at room temperature. The entire cryostat was
mounted on a plexiglass stand, which in turn was fastened to the
rotating pedestal of a far-field antenna range for pattern

measurements in the receive mode (Fig. 3).
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3. ANTENNA MEASUREMENTS

This setup was used to measure H-plane patterns of the
aforementioned Ka-band microstrip arrays. The arrays were fab-
ricated with high-temperature superconductors (HTS) and, for com-
parison purposes, with evaporated gold. The antennas were
measured at 30 K, 70 K and room temperature (295 k). In addi-
tion, the array patterns of the gold antennas were measured with
and without the HDPE 1id to judge the effect of the radome. The
measured patterns are shown in Fig. 2. Comparison of the pat-
terns wiﬁh and without the 1id show the H-plane patterns to be
essentially unchanged, except for a 3-dB amplitude decrease when
the 1id is removed. This is most likely a result of the 1id
acting as a dielectric lens, thereby weakly focusing the radia-
tion. The thickness of the HDPE 1id was chosen arbitrarily, and
at the resonant frequency of the antennas is 1.22 dielectric
wavelengths, The gold antenna patterns show a 3 dB increase in
received power as the temperature is Jowered from 295 K to 30 K.
The HTS arrays show a distinct difference in pattern below and
above the critical temperature (Te), with the received power

increasing by more than 10 dB below Tc.
4, CONCLUSIONS

A specially designed cryogenic unit has been developed for
the measurement of microstrip antennas at temperature down to
25 K. The use of the unit was demonstrated by measuring far-
field patterns and the reflection coefficients of superconducting
and gold Ka-band microstrip arrays. H-plane measurements show no
substantial effects resuliting from the presence of the HDPE

radome.
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Abstract—Superconducting four-element microstrip array an-
tennas operating at 30 GHz have been designed and fabricated on
a lanthanum aluminate (LaAlQ3) substrates, The experimental
performance of these thin film Y-Ba—Cu-O superconducting
antennas is compared with that of identical antenna patterned
with evaporated gold. Efficiency measurements of these antennas
show an improvement of 2 dB at 70 K and as much as 3.5 dB at
40 K in the superconducting antenna over the gold antenna.

I. INTRODUCTION

INCE the advent of high-temperature superconductors

(HTS), many superconducting electronics applications
have been projected at liquid nitrogen temperatures [1].
More recently, HTS devices such as resonators, delay
lines, filters, and phase shifters have been fabricated and
tested at X-band frequencies and below [2]. Experimental
results have shown that HTS devices typically ~exhibit
significantly better performance than that of identical metallic
circuits. Experimental work with Ka-band superconducting
ring resonators [3] has shown a factor of 3 improvement in
circuit “Q” at 35 GHz over an identical circuit fabricated
with evaporated gold. Such results have encouraged the
investigation of potential HTS applications in microstrip

* "ana systems.

.0 date, experimental investigation of HTS antennas has
been very limited in scope, consisting mainly of work done
on electrically small antennas at frequencies less than 1 GHz
[4]. Analytical work by Dinger [5] has shown that HTS may be
most beneficial when used in the feed and matching networks
for microwave and millimeter-wave microstrip arrays. This is
due to the fact that metal microstrip transmission lines have
high ohmic losses which, in the feed network of an antenna
array, act to limit the maximum obtainable gain. This problem
is especially profound at Ka-band and higher frequencies. With
the use of HTS, however, the conductor losses in the feed
network are reduced dramatically. According to Dinger [5].
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an HTS 100 element linear array at 35 GHz could experience
a gain increase of 8 to 10 dB over an identical copper array.
To experimentally investigate the advantages of HTS in such
array antennas we have designed and fabricated a 30 GHz
four-element superconducting microstrip array on a lanthanum
aluminate (LaAlO;) substrate. Efficiency measurements are
presented and compared with identical gold antennas.

II. THE ANTENNAS

The four-element antcnna arrays were designed for a lan-
thanum aluminate substrate. This material was chosen in spite
of its high relative permittivity (e.) because it allows the
growth of high quality YBCO thin films. The design for the
antenna consists of four microstrip patches spaced Ao /2 apart
in both directions and fed in-phase by a microstrip corporate
feed network. The patch feedpoints are inset by approximately
28% and fed via 100-{2 quarter-wave transformers to match the
high-patch input impedance. A substrate thickness of .25 mm
is used to minimize substrate modes and radiation. The YBCO
thin film was deposited by a laser ablation process and had a
relatively low critical temperature (7.) of 84 K. The patierning
of the circuit was done by standard photolithography using
a wet chemical etchant. An evaporated gold ground plane
of 100-A titanium followed by 1 pm of gold was used. An
identical circuits was made using 1 um of evaporated gold as
metallization for comparison purposes.

The antennas are assembled into a brass test fixture with
a 50-Q gold microstrip feed line patterned on an alumina
substrate separating the coax-to-microstrip transition from the
antenna (Fig. 1). Wire bonds connect the feed line on the
alumina substrate to the antenna. To test the devices, each test
fixture was in tum mounted at the second stage of a two-
stage closed-cycle helium refrigerator that has a high-density
polyethylene (HDPE) cap serving as both a vacuum jacket
and a radome [6].

The efficiency of the HTS antenna relative to the gold an-
tenna was found measuring the power received by the antenna
under test at boresight and applying the Friis transmission
formula. The antenna under test is used in the receive mode
in the presence of a transmitting hom, while Sz; and the
reflection coefficient (S);) of each antenna under test are in
turn measured (Fig. 2). With all other factors being equal for
the two antennas under test, the efficiency of the HTS antenna

© 1992 IEEE. Reprinted, with permission, from IEEE Microwave and Guided Wave Letters; VOL 2, NO 4 pp.143-145; April 1992.
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ITII. RESULTS AND DiISCUSSION

The measured E- and H-plane patterns of the gold array at
31 GHz are shown in Fig. 3. The perturbations in the patterns
are due to effects such as feed radiation, surface waves, and
scattering from the test fixture. As can be seen in Fig. 4, the
efficiency of the HTS antenna increases dramatically at the
onset temperature but tends to level off at lower temperatures.
The efficiency of the four-element arrays can be approximated
as

nap) = aeL - @ L + nap),,.- @
Here, a is the conductor attenuation constant (dB/unit length),
a, is the attenuation constant due to other effects such
as substrate losses and feedline radiation losses, L is the
total feedline length, and ny is any remaining efficiency
term including such effects as aperture and surface wave
efficiencies. Of the terms involved in (2), to a very good
approximation only «. is affected by a change in either
conductor metallization or ambient temperature, Thus, the
relative efficiency as given in (1) is a measure of the difference
in metal losses found in the feed network and patches of the
two antennas. Loss calculations predict the HTS antenna to
have approximately 1.3 dB of increase in gain over the gold
antenna at 77 K. Measured relative efficiency data shows 2
dB increase at 70 K and as much as 3.5 dB improvement
at 40 K. The better than expected performance at the lower
temperatures may be attributed to higher than expected losses
in the very narrow (2.8-um width) 100-Q2 gold lines.

To verify the shape of the efficiency curve found in this
work, data from measured microstrip ring resonators patterned
on identical YBCO thin films [3] was used to find the
attenuation constant, o, as a function of temperature. By
assuming this loss to be the only loss in the array, the shape
of the gain-versus-temperature curve may be found as
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where L is the total feed line length (1.5 cm). These values are
plotted in Fig. 5 along with the experimental antenna received
power quantity

S0 |2
1-[S1)?

and show the same behavior as measured in the array. Similar-
ity of these curves confirms the shape of the experimentally-
found efficiency curve and validates the assumption that
conductor loss is the only parameter of the antenna efficiency
which changes significantly with temperature.

4)

IV. CONCLUSION

A superconducting Ka-band microstrip array on lanthanum
aluminate has been demonstrated. Efficiency measurements
show a distinct improvement in performance over an identical
gold circuit at temperatures below 75 K. Comparison with
measured data from ring resonators confirm the general shape
of the measured efficiency curve. '
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Fig. 4. Relative efficiency of HTS antenna with respect to gold antenna
versus temperature.
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Abstract

A superconducting 7.3 GHz two-pole microstrip bandpass
filter and a GaAs low noise amplifier (LNA) were combined into a
hybrid circuit and characterized at liquid nitrogen temperatures.
This superconducting/semiconducting circuit's performance was
compared to a gold filter/GaAs LNA hybrid circuit. The super-
conducting filter/GaAs LNA hybrid circuit showed higher gain and
lower noise figure than its gold counterpart.

Introduction

Before the discovery of high-Tc superconductivity, the inte-
gration of low-Tc superconductors with semiconducting devices
was not feasible since many semiconducting devices freeze-out
below 10 K. The recent demonstration of high-Tc superconducting
passive microwave components operating at liquid nitrogen tem-
peratures"2 has enhanced the feasibility of integrating these super-
conducting components with semiconducting devices to achieve
high performance microwave systems. GaAs and heterostructure
microwave semiconducting devices make strong candidates for
integration since they have shown significantly lower noise figures
at liquid nitrogen lemperatures.l

In deep. space communications, radio astronomy and radiome-
ter applications, low noise and low loss requirements are frequently
met by cooling the microwave components. For the first time we
have combined in a hybrid circuit a superconducting microstrip
bandpass filter and 2 GaAs low noise amplifier (LNA), which is a
basic building block in these applications. We compared its per-
formance to a hybrid gold filter/LNA circuit operating at the same
temperature. The circuit design, fabrication, and experimental
results are presented below.

Circuit Design and Fabrication

A two-pole microstrip bandpass filter was designed with a
2.5 percent bandwidth, 0.5 dB passband ripple, and 7.5 GHz center
frequency on lanthanum aluminate substrate. The layout of the
two-pole filter is shown in Fig. |. The filter was fabricated using
laser ablated YBCO superconducting films (~5000 A) on a 10 mil
lanthanum aluminate substrate. A gold film deposited by E-beam
evaporation on the opposite side of lanthanum afuminate substrate

was used as a ground plane. An identical filter using gold film for
the microstrip and the ground was also fabricated.

The LNA selected was an Avantek Inc. PGM 11421 with a
specified frequency response from 4 to 11 GHz, a minimum gain
of 8.0 dB, and a typical noise figure of 2.5 dB. The bandpass
filter/GaAs LNA hybrid was mounted in a brass test fixture as
shown in Fig. 2. The devices were connected by 10 mil gold bond
wires to 50 Q input/output microstrip lines that were fabricated on
10 mil thick Duroid (¢, = 2.3) substrate. The length of the micro-
strip lines were chosen so as to minimize the interaction between
the launcher pins and the devices.

The coax to microstrip transition was implemented using
SMA female flange connectors. Silver paint was used to improve
the contact between the center conductor of the launcher and the
microstrip line.

Cryogenic Measurements and Results

The LNA and bandpass filters were tested individually to
verify their performance at T = 300 and 77 K. An HP 8510B
automatic network analyzer (ANA) was used to measure insertion
gain or loss, and a HP 8970A noise figure meter was used to
determine the noise figure of the LNA. Table | presents a sum-
mary of the pertinent results that apply for this work. The data for
the gold filter shows a reduction in the insertion loss of 1.4 dB
between T = 300 and 77 K. This is due to lower ohmic loss in the
gold conductor and (o a reduction of loss in the dielectric substrate
at T = 77 versus 300 K. The HTS filier shows a significantly
smaller insertion loss than the gold filter at 77 K. This is due to
the near elimination of conductor loss in the YBCO film compared
to the loss in the gold conductor. Most of the loss present of the
HTS filter is due to the use of a gold ground plane.

The primary advantage in using an HTS filter over a gold fil-
ter is that the HTS filter offers a much smaller insertion loss. [f
the HTS filter’s gold ground plane were replaced with HTS mate-
rial, a further reduction in insertion loss could be achieved.

For the LNA/bandpass filter hybrid measurements, a full two
pon calibration was performed inside the cryosiat so as to move
the ANA reference planes 10 the ends of the semi-rigid cables
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inside the cryostat. Since this experiment is concemed only with
the relative difference in gain of the hybrid circuit and not with the
absolute gain, a two port calibration was selected over a TRL or
LRL calibration, which could move the reference planes of the
ANA onto the test fixture, thereby removing its effect as well. In
all measurements performed, only the filters were changed in the
test fixture.

To calibrate the noise figure meter, the LNA/bandpass filter
was replaced in the test fixture by a 50 Q thru line supplied by
Avantek Inc. An ANA measurement was made to determine the
total insertion loss of the test fixture and semi-rigid cables over the
frequency range of 7.0 to 8.0 GHz. This loss was found to be
2.6 dB in this frequency range. One half of this loss (1.3 dB},
representing the loss of that portion of the test fixture that appears
at the input of the hybrid, was subtracted away from the noise
figure measurements that were made on the hybrid at the appropri-
ate frequency points, leaving only the actual noise figure of the

hybrid.

Figure 3 shows the difference in the hybrid’s gain when gold
and HTS filters, respectively, are used, while Fig. 4 shows the
difference in the noise figures. Since the HTS filter becomes func-
tional only after the system reaches cryogenic temperatures, there
is no room temperature data provided for it. This particular filter
was fabricated on a high quality substrate, it began to conduct at
T=89 K, and reached its minimum insertion loss at T = 85 K.

At 77 K the gold filter/LNA hybrid shows a noise figure
improvement of nearly 3.5 dB as compared to 300 K, while the
HTS filter/LNA hybrid shows a 5.5 dB improvement in noise fig-
ure compared to gold at 300 K. As expected, the overall gain of
the HTS fiker/LNA hybrid is greater than that of the gold hybrid
due 10 a lower insertion loss of the HTS filter.

As a check on the accuracy of these results, the data obtained
for the LNA and filters individually is inserted in the expression
for the noise figure of a cascade, F, = F| + (F, - 1)/G,. Here,

F| and F, are the noise figures of the filter and LNA respectively,
and G| is the loss of the filter. Table 2 shows the results for the
minimum noise figure of the hybrid. There is good agreement
between the calculated and measured noise figures for the hybrid.

Conclusions

A low loss two-pole Y-Ba-Cu-O superconducting bandpass
filter on lanthanum aluminate substrate was connected in series
with a packaged GaAs low noise amplifier and fully characterized
at 77 K. The noise figure characteristics of the superconducting
filtert/LNA hybrid circuit when compared to the gold filter/LNA
hybrid circuit showed an improvement of 2.1 dB at 77 K. The
gain characteristics showed an improvement of 0.5 dB for the HTS
filter hybrid over the gold hybrid at 77 K.

This first demonstration of superconducting filter/GaAs LNA
hybrid circuit shows potential for applications in radio astronomy,
radiometers and deep space communications systems where high
performance is desired in spite of the cooling requirements.
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TABLE 1.—DATA ON THE LNA AND BANDPASS FILTERS
USED IN THIS EXPERIMENT

(The frequency range is 7.0 to 8.0 GHz. The gain/loss values shown are average values
over this frequency band. For the filters, noise figure values were taken to be the

magnitude of the respective insertion loss.]

Gain/loss, Noise figure,
dB dB
LNA (PGM 11421) T =300 K 8.9 2.5
T=77K 9.5 0.9
Gold filter T =300 K -42 4.2
T=77K -2.8 2.8
HTS filter T=77K -0.5 0.5
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TABLE 2.—CALCULATED AND MEASURED VALUES FOR THE NOISE FIGURE

OF THE HYBRID CIRCUIT

Calculated Measured
noise figure, noise figure,
dB dB
Gold filter/LNA, T = 300 K 6.7 7.0
Gold filter/LNA, T = 77 K 3.7 36
HTS filter/LNA, T =77 K 1.4 1.5

__,I’,_

‘L Fw um
T

75um

80 um

1
ae

Figure 1.—Layout of the C-band, two pole bandbass filter.

Two pole HTS filter

Out

C-91-06409

Figure 2.—Test fixture used for measurements on bandpass
filter/LNA hybrid.
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a 3.42dBat7.345 GHz
b 5.3dBat7.415 GHz
¢ 582dBat7.175 GHz

-30 | J
6.5 7.5 8.5
Frequency, GHz

Figure 3.—Forward transmission (gain) of the gold filter/LNA
hybrid (a) at T =300 K, (b) at T = 77 K, and (c) the HTS filter/
LNA hybrid at T= 77 K.
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Abstract —Superconducting microstrip ring resonators operat-
ing at 35 GHz have been fabricated from laser ablated
YBa,Cu;0,_, (YBCO) films on lanthanum aluminate sub-
strates. The circuits consist of superconducting strips over nor-
mal metal ground planes. The circuits are measured from 20 K
to 90 K and with microwaye input powers ranging from 0.25 mW
to 10 mW. The superconducting resonators show significant
improvement in Q (six to seven times higher) over identical gold
resonators at 20 K, but only marginal improvement at 77 K. No
variation in the superconducter performance is observed with
varying input power. Using a microstrip loss model, the mi-
crowave surface resistance of the superconductors is extracted;
the lowest value obtained at 77 K is 9 m{2. The change in the
resonant frequency with temperature is analyzed and a value for
the penetration depth computed. “Double resonances” observed
in some superconducting ring resonators are described and an
explanation for their presence advanced. Factors limiting mil-
limeter-wave high-temperature superconductor circuits are ex-
plored and potential performance levels calculated based on
current reported values for high-temperature superconductor
surface resistances.

I. INTRODUCTION

ONTINUED refinement in the growth of thin high-
Ctemperature superconducting (HTS) YBa,Cu,0,_,
(YBCO) films on microwave-suitable substrates has re-
sulted in materials with very low microwave losses. Cur-
rently, the best reported films have surface resistivities in
the range of 0.1 mQ at 77 K and 10 GHz [t]. When
extrapolated assuming an f? dependence, surface resis-
tivities lower than that of copper are seen to be possible
to beyond 100 GHz. The availability of such low-loss films
has spurred interest in microwave applications for these
films. Frequently mentioned examples of where high-tem-
perature supcrconductors could have an impact arc mi-
crostrip filters [2], delay lines, and feed networks for
monolithic antenna arrays [3] where overall circuit and
system performance may be improved by the low-loss
superconducting lines.

The microwave loss of the superconducting films is

generally measured by one of scveral techniques, which-
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may be grouped into two categories: 1) those that do not
require patterning of the film, such as cavity techniques
{4] or microwave transmission studies [5], and 2) those
that pattern the film into some form of planar transmis-
sion line resonator [6]. Measurements on the patterned
films are believed to give a more complete assessment of
the supcrconductor petformance in planar microwave cir-
cuits since factors such as dielectric loss, substrate /film
interface imperfections, and edge damage caused by pat-
terning are included in the response of the circuit. Such
patterned film techniques have a drawback, however, in
that values of the surface resistance (R,) are difficult to
extract, and the circuit Q values have little importance in
comparisons between diffcrent test circuits. Nevertheless,
these techniques, when coupled with reasonable attempts
at modeling, can provide valuable insight into HTS mi-
crowave circuit performance.

A number of HTS surface resistance measurements
exist ranging from 1 to 100 GHz [1}; these represent both
cavity-type and patterned resonator measurements, al-
though patterned resonator measurements are generally
restricted to below 15 GHz. Because the superconductor’s
surface resistance increascs as the frequency squared,
smaller relative improvements over normal metals are
expected as the frequency increases. Measurements on
patterned resonators at millimeter-wave frequencies arc
therefore of interest in assessing the performance level
possible when high-temperature supcrconductors are used
at these frequencies and in determining the factors that
limit such circuits’ performance.

In this paper, we prcsent results from the study of
microstrip ring resonators at 35 GHz. These resonators
were fabricated from single-sided YBCO films deposited
by laser ablation on lanthanum aluminate (LaAlO,). The
response of the resonator was observed as a function of
temperature, noting the resonator Q and the resonant
frequency as well as the effect of the microwave drive
power on the circuit performance. The results were com-
pared with a gold implementation of the circuit. In addi-
tion to the comparison with the gold circuit, a microstrip
loss model, the phenomenological loss equivalence method
{PEM) was used to calculate surface resistances for the
HTS films and an effective superconducting penetration
depth was calculated. The factors limiting the circuit
performance are discussed, and with the aid of the best
publishced values for the superconducting surface resis-
tance, potential circuit performance levels are calculated.

©1991 IEEE. Reprinted, with permission, from IEEE Transactions on Microwave Theory and Techniques; VOL 39, NO 9 pp. 1480-1486;

September 1991.
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II. Circuit FABRICATION AND TESTING
A. Film Growth and Patterning

The superconducting YBCO films used in this study
were produced by laser ablation of a YBa,Cu;0,_,
(YBCO) target onto one side of a heated lanthanum
aluminate substrate. A 248 nm pulsed excimer [ascr with
a pulse rate of 2 pps and a laser fluence of 2 J/cm? was
used to ablate a YBa,Cu,;0,_, stoichiometric pellet with
a density of 95% of theoretical. The laser was rastered
over the target by means of an extcrﬂnal lens, and the
deposition rate was approximately 100 A per minute. The
substrates were mounted on a heated ( ~ 755° C) stainless
steel block 7.5 cm from the target and exposed to an
ambient oxygen atmosphere of 170 mtorr during deposi-
tion. Following deposition, the oxygen pressure was raised
to 1 atm, the block temperature lowered to 450°C, and
the sample allowed to anneal at that temperature for two
hours. Then the block was slowly cooled in oxygen to
room temperature before removing the sample from the
growth chamber. Film thicknesses were typically in the
range of 3000 A to 6000 A and substrates slightly in
excess of 1 cm? could be covered.

When observed in an optical or scanning electron mi-
croscope, the samples were generally found to be smooth
and featureless but occasional surface roughness or par-
ticulates from the ablation process could bec found. No
misaligned platelets or indications of second phases were
found in these examinations. X-ray diffraction analysis of
the samples confirmed that to within the test resolution,
the material was c-axis aligned and frec of sccondary
phases. Transition temperatures (7.) of up to 90 K were
achieved.

The superconducting films were patterned into res-
onators by wet etching and standard photolithography. A
positive photoresist was spun on, exposed, and developed
in normal processing fashion. The films were then etched
in a dilute solution of phosphoric acid in water
(1:100::H,0:H,P0O,). The etch was quick, but undercut-
ting was found to be minimized by the use of the very
dilute solutions. Following etching, the photoresist was
stripped in acetone. Since the samples had superconduct-
ing films on only one side of the substrate, a normal metal
ground planc was evaporated to complete the circuit.
First, 100 A of titanium was deposited to promote adhe-
sion of the gold layer, which was then evaporated. The
ground plane thickness was slightly in cxcess of 1 um.

B. Circuit Testing

The resonant circuit consisted of a microstrip ring with
a 3A resonance near 35 GHz; it is shown schematically in
Fig. 1. The strip width was 143 um and the mean diame-
ter of the ring was 1980 um. The ring was coupled to a
single microstrip feed line via a capacitive gap 47 um
across. The substrate thickness was 254 pm (10 mils) to
avoid substrate modes at 35 GHz. A normal metal ground
plane was used and its thickness was 1 pm, Calculations
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Fig. 1. A schematic drawing of the circuit used in this study. The
microstrip ring was three wavelengths in circumference at 35 GHz. The

line width was 143 pm and the substrate thickness 254 um. The
calculated line impedance was 38 ().
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Fig. 2. The circuit model used to extract the unloaded Q. The cou-
pling gap between the ring and feedline is modeled as an ideal trans-
former plus a series loss.

of the linc impedance by the method of Wheeler [7] and
using the observed effective dielectric constant gave val-
ues of ~ 38 Q.

Since the ring had only one port, the resonancc was
measured via the reflected power. The circuits were mea-
sured using a Hewlett Packard 8510 network analyzer
with a WR-28, Ka-band waveguide option. Transition
from the waveguide mode to the microstrip was accom-
plished by a cosine tapered E-plane ridge in a section of
WR-28 waveguide [8]. The ridge contacted the end of the
microstrip feedline at the edge of the substrate and
launched the quasi-TEM microstrip mode. A standard
waveguide calibration was performed at the plane where
the tapered ridge fixture was connected. This calibration
was performed at room temperature only and was as-
sumed to be valid over the entire temperaturc range.
Measurcments were made using a closed-cycle helium
refrigerator with a vacuum enclosure around the cold
finger. Sample temperatures could be controlled from
room, temperature to between 10 K and 20 K. Normal
signal lcvels at the calibration plane were 0.45 mW;
however the level could be varied from 0.10 to 10 mW for
study of the power dependence of the HTS film proper-
ties.

The reflection data from the resonators provided a
measure of the loaded Q; the unloaded Q’s were calcu-
lated from these data using the model shown in Fig. 2 [9],
where the ring resonance is modcled as a simple RLC



circuit and the coupling gap as an ideal transformer with
series loss. By circuit analysis of the model, the impedance
of the isolated ring, and its Q (the unloaded Q or Q) is

found to be
1 1\]"
—+jlwC——
R ( wL)

Qo= w,CR

7 =

res

1
(2)

where w is the angular frequency, o, the resonant fre-
quency, and R, C, and L the distributed resistancc,
capacitance, and inductance of the line. This represents
the impedance and Q of the ring only, unperturbed by
the input line. The loaded Q, the quantity actually mea-
sured, is the response of the ring loaded by the line
impedance and coupling loss as transformed by the cou

pling gap. The impedance of this equivalent circuit and its
Q, (the loaded Q) is

n? 1 ( o ! ) - \
(Z,+R) R " wL )
w,CR(1+0)  Qy(l+0o) s

LT (1+o+k)  (1+0+k) (4)

where o = R, /Z, and x = Rn? / Z,. The values of o and
x relating the loaded and unloaded Q’s can be deter-
mined from the reflection coefficient of the resonator.

Far from the resonance, the reflection coefficient is given
by

Zloaded =

(c—-1)
eEy ©
while at resonance
3 (o0 +x—1)
C(o+k+1)] (6)

Using the values of ¢ and « obtained through T" at these
points and the measured loaded Q, the unloaded Q was
determined using (4). The determination of whether the
resonator was overcoupled or undercoupled was made
from an examination of the Smith chart.

I1I. CircurT PERFORMANCE

A. Resonator Q and Surface Resistance

Several superconducting resonators were fabricated and
tested. In all cases the YBCO resonators showed no
resonance above T, owing to the high normal state resis-
tivity of the YBCO material. At a point a few degrees
below T, low-Q resonances appeared which quickly
sharpened and rose above the unloaded @ values mea-
sured for gold resonators at those temperatures. The
temperature at which the crossover between the super-
conducting resonator and the gold resonator occurred was
dependent on the quality of the superconducting film,
with the film T, being a first-order indicator of the
quality. Unloaded Q’s for the superconducting resonators
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Fig. 3. Measured @ values for gold and superconducting resonators
over the range (a) 0 1o 300 K and (b) 0 to 100 K. The Q of the gold
resonator increases by only a factor of 2 in cooling from 300 K to 20 K.
The superconducting resonators show only marginal improvement over
the gold resonator at 77 K, while operation at lower temperaturcs
provides more substantial improvement.

continued to rise with decreasing temperature, though at
a decreasing rate. Fig. 3 shows the unloaded Q versus
temperature between 0 and 300 K (a) and 0 and 100 K (b)
for two superconducting resonators and a gold resonator.
The difference in the O values between samples HTS#1
and HTS#2 is typical of the spread among the many
superconducting resonators that were measured. Circuit
performance ranged from only slightly better than gold
across a wide temperature range to the best results as
shown for HTS#1. A strong correlation was observed
between the unloaded Q values and the film T, [10]; films
with higher T.’s generally had higher Q’s. Film T’s in-
cluded in this study ranged from ~ 84 to 89 K.

‘The effect of the microwave drive power on the Q of
superconducting films HTS#1 and HTS#2 is shown in
parts (a) and (b) of Fig. 4, respectively, where the Q is
plotted versus the microwave input power at three tem-
peratures. The microwave power, as measured at the
calibration plane, was varied from 0.25 mW to 10 mW. It
is seen that there is no degradation in the performance
for either film for this range of powers. In general, the
laser-ablated films tended to show no power dependence
up to at least 10 mW unless the film was of particularly
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low quality (i.e., 7. < 80 K and /or poor morphology).
The performance of the superconducting resonators, as
shown in Fig. 3, provides some improvement over the gold
circuit, with a factor of 2 increase in the unloaded Q at 77
K which grows to a factor of 7 at 20 K. This level of
improvement is below the levels reported for X-band
resonators, where order of magnitude improvements at 77
K are reported [11]. However, when the f? dependence
of the superconducting surface resistance is considered, it
is seen that smaller improvements over
circuits arc cxpected at higher frequencies. To assess the
magnitude of the obscrved improvements and to deter-
mine whether better performance may be expected, mod-
eling of the microstrip is necessary to account for the
superconductor surface resistance. Such a model will not
only allow prediction of circuit performance given the
surface resistance; it will also allow the surface resistance
to be inferred from measured Q data. The development
of accurate equations for the superconducting microstrips
is limited by the lack of precise values for the dielectric
constant and loss tangent of the LaAlO, substrates and
because the accuracy of existing closed-form expressions
for microstrip structures is unknown when applied to
high-dielectric-constant substrates such as LaAlO;. Nev-
ertheless, by matching experimental results from thin gold

U TP |
normar metal

170

circuits where the surfacc resistance is reasonably known,
sufficiently accurate expressions may be found to model
the superconducting strips. For this work we have used
the PEM [12].

The basis of the PEM method is that the internal
impedance of the conductors {meaning the resistance and
reactance arising from the field penetration into the strip
and ground plane) can be calculated as the product of the
surface impedance of the material, a geometric factor (G)
determined by the line geometry, and a corrective term
for the conductor thickness:

Zimernal = Zsurface'G.Co‘h[T‘e]' (7)

Separate G factors are calculated for the strip and ground
plane. The thickness correction for the strip is calculated
from an effective thickness for the conductor, ¢,, and a
complcx decay constant, 7, which accounts for the field
decay into the conductor. These are calculated as

t, = G X {cross-sectional area of strip)

r=(jopo)"”?
where u is the permeability of vacuum and ¢ the com-
plex conductivity. The thickness correction for the ground
plane is determined from the actual conductor thickness
and the decay constant, 7. The geometric factors for the
strip and ground plane are calculated by the incremental
inductance rule {13}

5oL

1
G=—
BT on,

(8)
where dL /dn is the derivative of the external inductance
with respect to an incremental recession of the wall i.

We have used the equations of [11] to calculate the G
factors for the strip and ground plane:

G 2 ( w1l d d n(2d
R bl § ER Rt
©

1 [ w 12
S O s 10
Ggmund Id }Ll [4‘1] ] ( )

where d is the substrate thickncss, w is the strip widtl,
and ¢ is the conductor thickness. Qs were calculated by
the standard formula:

B B

Q=§=

e . (1)
2( & conductor + A Yictectric + aradlaﬁon)

The @ ongucior 15 computed from the real part of the
internal impedance as calculated from the PEM. The

@ gicrecuic 18 computed from the expression [11]

273 [ gk } tan § {nepers]

X gielectric —

8.68 kg A meters

4
ke —1
Tk

where & is the dielectric constant of the substrate and &

(12)
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Fig. 5. Measured Q values for a thin gold resonator and values
calculated using PEM. The agreement is within 10% to about 100 K.
Increasing deviation below 100 K is due to errors in the caiculated R,
value for gold at those temperatures.

is the effective dielectric constant experienced by the
propagating wave. The radiation loss is assumed to be
negligible owing to shielding of the circuit. Values for g
were determined experimentally from the resonant fre-
quency of the ring and the known circumference.

As a test of the PEM method, the Q values were
calculated for a thin gold resonator (1 um thick gold) and
compared with the experimentally determined values. The
dc resistivity of the gold in the ring was measured across
the temperature rangc using a four point probe tech-
nique. The values of the resistivity were then used to
calculate the microwave surface resistance (R;) and pene-
tration depth (8,) at the different temperatures using
R, =(wp /20)/? and §, = (2/ wuo)'/?, Avalue of 8.3E-5
was used for the dielectric Joss tangent. The results of the
calculation are shown in Fig. 5. The match is within 10%
across most of the temperature range, with increasing
deviation below 100 K. Comparisons between experimen-
tal and computed values for 0.45 and 1.5 um thick gold
resonators also showed agreement within 10% above 100
K with increasing deviation below. The larger deviations
at low temperatures do not appear to be a defect of the
model, but rather appear to derive from incorrect values
for the surface resistance of the gold. Nonidealities such
as surface scattering are not accounted for by the simple
surface resistance equation used, and probably result in
an underestimation of the actual surface resistance. Thus
the PEM equations adequately model the losses for the
microstrip structure.

The PEM method was next applied to the supercon-
ducting resonator results using R, values for the gold
ground plane that were corrected to match the gold
resonator experimental results below 100 K. The same
value for tan § as used in the gold resonator calculations
was used here. Calculations were done with three values
of the penetration depth, since this parameter is not
known with a high degree of certainty. (Calculations in
the following section give a value of approximately 3000
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TABLE 1
Microwave SURFACE ResistiviTy CoMPUTED
FROM THE SUPERCONDUCTING RESONATOR
Q VaLues Using PEM

HTS#1: 0° Penetration Depth, A,

1500 A 3000 A 4500 A
20° 1mo 0.8 m 0.7 mf}
50° 34 m(l 29m0 2.5mo
7 12mQ 9miol 7m

HTS#2: 0° Penetration Depth, A,

1500 A 3000 A 4500 A
20° Tm{ SmQ 37mQ
50° 104 m{ 7.1 mQ 55mQ
77° 15mQ 9.1 mf 6.3 m

A.) The results are summarized in Table I, where we see
that K, values computed at 77 K for HTS#1 lie in the
range from 12 mQ to 7 mQ, and those for HTS#2 from
15 m$ to 6 mQ. These computed values of R, at 77 K
are somewhat higher than those for the best reported
films (1-4 mQ) [1]. If surface resistance values of the
order of the best reported can be achieved in patterned
strips, then better circuit performance than observed here
can be achieved.

To determine the levels of performance possible in this
circuit, the PEM can be used to calculate projected Q
valucs. If a best value of R, =1 m{ at 77 K is assumed
and the present gold ground plane retained, a circuit Q of
~ 2500 is calculated, a factor of 5 higher than that for the
all-gold circuit. The gold ground plane, in this case, limits
the circuit Q. To achieve higher circuit Q’s a supercon-
ducting ground plane is needed. If the gold ground is
replaced with a 1 m{) superconductor the Q rises to
~ 5000, an order of magnitudc higher than for the gold
circuit, Thus an order of magnitude improvement is possi-
ble at 77 K if surface resistivities of ~1 m{l can be
achieved and superconducting strips and ground planes
are used. It should be noted, though, that this R, value of
1 mQ at 77 K, 35 GHz represents the lowest reported
value for current YBCO material. For superconducting
films with surface resistances higher than this, operation
at lower temperatures would be necessary to achieve
comparable improvements. The effect of the dielectric
loss (assuming tan 8 = 8.3E-5), while not dominant for the
above conditions, is comparable in magnitude (@ gereerric =
0.12 nepers/meter) to the conductor losses and con-
tributes to the total Q by an amount that cannot be
neglected. As the conductor losses decrease, because of
either improved film quality or lower operating tempera-
ture, the dielectric loss becomes dominant and will begin
to limit the circuit performance.

B. Resonant Frequency Shift and Penetration Depth

Fig. 6 shows the resonant frequency as a function of

7 temperature for both a superconducting ring and a gold

ring. It is seen that both circuits undergo a shift in the
resonant frequency to higher values as the temperature is
decreased. The resonant frequencies do not coincide in
the common temperature range of the two films owing to



scatter in the substrate thicknesses among samples as well
as differences in the line widths (a consequence of minor
undercutting during etching). The magnitude of the shift
for both the superconducting ring and the gold ring is of
the order of 1% for the temperature range ovcr which
each circuit is opecrational. For the superconducting cir-
cuit, there is a very rapid change just below T, and any
practical circuit operating in this region would be suscep-
tible to drift with any thermal fluctuations. Such drift
would be most scverely felt in narrow-band circuits or
applications requiring a high degree of stability. Opera-
tion at 77 K is on the edge of this region and may or may
not provide adequate stability depending on the require-
ments of the circuit.

The causes for the resonance shifts are different for the
two circuits. The gold circuit has been analyzed with the
data available on lanthanum aluminate, and the reso-
nance shift was found to correspond to that which would
be expected from the thermal contraction in the sub-
strate. The shift of the superconducting resonator is due
mostly to the change in the magnetic penetration depth in
the superconducting strip with temperature, although
other effects, among them thermal contraction, are em-
bedded in the response also. By analysis of the frequency
shift it is possible to extract a value for the pecnctration
depth.

As a first approximation in this analysis, it is assumed
that the shift of the superconducting resonator is due
entirely to the changing penetration depth. The penetra-
tion depth affects the resonant frequency through the
distributed inductance of the line. Specifically, the chang-
ing field penetration in the conductors results in a change
in the internal reactance of the line. The resonant fre-
quency may be rclated to the inductance through the
standard expression for the propagation constant of a
transmission line:

2
p= = =2mf(LC)"

R

where A, is the guide wavelength, f the frequency, and L
and C the distributed inductance and capacitance of the
line. For the ring resonator at resonance, we know that
the circumference (D) is equal to an integral number of
wavelengths (for this resonator, n# = 3); thus,

3 1
"1} (LT[
(13)

where f; is the resonant frequency and the notation
“{T})” denotes that the terms arc functions of tempera-
ture. If we call f,{0} the resonant frequency at 0 K, then

(T D{O}(L{0)C{o})'/?
];0{{0})= {0}(L{0}C{0}) (14)

D{TY(L(T)C{T})'*
As a first-order approximation we assume that C{T} = C{0}
and D{T} = D{0}; i.e., we ignore any thermal contraction

A,=Dy3 and  f (T}
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Fig. 6. The resonant frequency as a function of tcmperature for super-
conducting and gold resonators. The shift in the gold resonator is due
mostly to thermal contraction in the substrate. The shift in the supercon-
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Fig. 7. Analysis to determine the penetratjon depth. The best fit to the
experimental points gives a value of 3000 A for the penetration depth.

in the substrate. Then

flTY} _ [ L{o} ]‘”
folo) LY

Now the inductance of the transmission line is composed
of three components, from the fields external to the
conductors and the fields inside the strip and ground
plane. The inductance due to the penetration into the
strip and ground is attained from the imaginary part of
the internal impedance as calculated from the PEM (pre-
ceding section). The expression used for the external
inductance is the one that formed the basis for calculating
the G factors in the PEM [13]:

(15)

My 1 2
L,=—|In(8d/w)+—(w/d)"|. (16)
¢ 2w 32
An analysis for HTS#1 is shown in Fig. 7. The best fit to
the data gives a A, value of 3000 A; similar analysis for
HTS#?2 also gave a value of ~ 3000 A.
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Fig. 8. An example of the double resonance that was seen in several
superconducting resonators. The appearance of two peaks can be ex-
plained by an discontinuity within the ring. This discontinuity may be
due to inhomogeneities in the superconducting film or in the substrate.

C. Double Resonances in Superconducting Rings

A phenomenon seen in superconducting resonators
several times in the course of this study was the splitting
of the single resonance peak into two or more overlapping
peaks, as illustrated in Fig. 8. Analysis of such resonators
was hampered because the overlapping resonances did
not allow Q@ values to be calculated with a degree of
accuracy. The splitting of a ring resonance can be ex-
plained by a discontinuity in some region of the ring [14].
This discontinuity can be in either the HTS film or the
substrate, but in either case it will set up standing waves
which vary slightly in frequency, thus producing two closely

spaced resonance peaks. Examination in an optical micro-

scope of the superconducting resonators that showed the
splitting did not reveal any obvious defects in the strip.
The lanthanum aluminate substrates contain a large num-
ber of twins and it is possiblc that the splitting may be
traced to this. At this point, however, no clear determina-
tion of the cause can be arrived at. It can only be noted
that superconducting films, including films that othcrwise
appear of high quality, are susceptible to regions of inho-
mogeneity that can produce such discontinuities. It should
be pointed out that similar effects will not be seen in
linear resonators since a discontinuity would divide the
" line into two smaller sections that would show resonances
at frequencies above the primary resonance of the line
and so be missed.

IV. ConcLUSIONS

Microstrip ring resonators with YBCO superconducting
strips and gold ground planes have been fabricated and
tested at 35 GHz. These circuits showed higher unloaded
Q’s than identical resonators with gold strips and ground
planes; the best circuit achieved a factor of 2 improve-
ment at 77 K and reached a factor of 7 improvement at 20
K. Because of the f? dependence of the superconductor
surface resistance, smaller relative improvements over

normal metal circuits are expected at millimeter-wave
frequencies. However, modeling using PEM indicated an
R, value of ~10 mQ at 77 K, which is higher than the
best reported value of 1-4 mQ at that frequency and
temperaturc. This indicates that improvements in circuit
performance over those observed here are possible if
patterned strips exhibiting lower surface resistance can
be fabricated. To achieve an order-of-magnitude increase
in unloaded Q at 77 K over the normal metal circuit,
calculations suggest that a normal ground plane cannot be
used. If both strip and ground were superconducting
material with an R, of 1 m(}, which represents the lowest
values reported to date at 35 GHz and 77 K, then an
order-of-magnitude improvement at 77 K would be
possible.

Observation of the rcsonant frequency versus tempera-
ture of the superconducting resonator showed a shift of
approximately 1% from just below T, to 20 K. Operation
at 77 K places the circuit away from the steepest part of
the frequency versus temperature curve, but still on the
“knee,” indicating possible thermal stability problems for
very narrow band circuits operated at that point. An
analysis of the frequency shift indicated a value of 3000 A
for the effective penetration depth, Aj.

Millimeter-wave superconducting circuits were found to
severely test the quality of superconducting films. To
achieve significant improvements in loss characteristics
over normal metal lines at these frequencies, the highest
quality films and/or operation below 77 K are required.
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ABSTRACT

Superconducting annular ring antennas operating in the TM; mode
ar 21 GHz have been designed and fabricated on lanthanum alumi-
nare substrate using a YBCQ high-temperature superconducting thin
film. The efficiencies and far-field antenna patterns have been mea-
sured and are compared with an identical antenna paterned with sii-
ver. The resonant frequencies and experimenial far-field patrerns
agree well with published models, and efficiency measuremenis show
a maximum improvement of 6% at 20 K in the efficiency of the
HTS antenna when compared to the silver ring at the same tempera-
Ture.

INTRODUCTION

The recent discovery of the ceramic high-temperature super-
conductors (HTS) has generated much speculation into their
use in microwave antenna systems. Experimental investiga-
tions of passive microwave devices such as delay lines, re-
sonators, and filters at X-band frequencies have shown that
HTS provides a substantial loss reduction over identical cir-
cuits fabricated with metals (gold, silver, or copper) [1]. How-
ever, very little experimental work has been reported in ap-
plying HTS to microstrip antennas. In this Letter, we present
the first reported experimental performance of a supercon-
ducting annular ring microstrip antenna.

THE ANTENNAS

The geometry of the annular ring microstrip antenna used in
this investigation is shown in Figure 1. The antenna substrate
is lanthanum aluminate. Although this material is less than
ideal for microstrip antennas because of its high permittivity
(e, = 23), it has been used extensively as a substrate for HTS
circuits because of its low dielectric loss tangent and its ex-
cellent lattice match with YBCO, leading to high-quality (low-
loss) films. The inner radius a is 1.36 mm and the outer radius

Figure 1 Annular ring antenna. Parameters are ¢ = 1.36 mm,
b= 263mm, w = 0.1 mm, and gap size g = 0.010 mm. Dielectric
thickness d = 0.254 mm

b is 2.64 mm. These dimensions were chosen for a TM,; mode
operation in the K band. The substrate thickness d was chosen
to be the minimum practical thickness of 0.254 mm to reduce
surface wave generation. The antenna is capacitively gap-
coupled to a 100-um-wide 50-Q microstrip line via a 15-um-
wide gap. The HTS thin film was deposited by a laser ablation
process [2] and had a transition temperature (7,) of 89 K. A
standard photolithography and wet etching process were used
for fabrication. A silver contact of 2500 i. was deposited at
the end of the microstrip feedline as a bonding pad. An iden-
tical antenna was fabricated with 1.6 um of silver for com-
parison purposes. Both circuits had 1.6 um of evaporated
silver as ground planes.

EXPERIMENTAL RESULTS

The antennas had a fundamental (TM,;, mode) resonance at
5.52 GHz and the higher-order TM,>-mode resonance at 21.65
GHz. The resonant frequencies of annular rings are found by
solving [3]

Ji(ka)Yi(ka) — Ti(kb)Yi(ka) = O,

where k = 27/A. It has been shown [4] that good agreement
between predicted and experimental values can only be ob-
tained by using an effective dielectric constant €. and mod-
ified radii of '

For this work, a value of 20 for €. gave agreement within
2% for all measured resonances. The computed and measured

resonant frequencies of the first few resonances are given in
Table 1.

Reprinted, with permission, from Microwave and Optical Technology Letters; Vol. 5, No. 5, May 1992, pp. 234-236.
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For pattern measurements, the antennas were mounted in
a brass test fixture and placed in a closed-cycle helium re-
frigerator [4]. A 2-cm-long microstrip line on alumina with
K-connector launcher was wire-bonded to the feed line on
the annular ring antenna. The E- and H-plane antenna pat-
terns for the TM,; mode were measured and are shown in
Figure 2. These patterns compare quite well with the patterns
predicted by the cavity model as given by Lee and Dahele [5]
(also shown in Figure 2). Deviations of the experimental data
from the predicted patterns are due to the finite ground plane,
surface waves, and scattering from the test fixture.

The efficiency of these antennas were measured using the
Wheeler-cap method [6]. The method consists of measuring

TABLE 1 Measured and Calculated Resonances

qus Fcak
Mode (GHz) (GHz)
T™y 5.52 5.46
™., 10.61 10.65
TMu 15.35 15.44
T™,, 19.79 19.89
TM;, 24.08 24.14
TM,2 21.65 21.70
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Figure 2 (a) Measured H-plane pattern, (b) measured E-plane
pattern
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the input resistance at resonance with and without a radiation
shield and calculating the efficiency as

_ Rwa - Rw
n= _—RW ,
¢ R, and R,, are the input resistances with and without
v sadition shield. respectively. Newman, Bohley, and Wal-
cer {7] and Pozar and Kaufman [8] have shown that the cap
size, shape, and conductivity have little effect, while good
electrical contact has significant effects on antenna efficiency.
For this work an aluminum cap with inner dimensions of 1.25
cm wide and deep by 0.64 cm high was used. Copper tape
and silver paint ensured good electrical contact of the cap to
the test fixture. The measured efficiencies are shown in Figure
3 as a function of temperature. The HTS antenna is seen to
surpass the performance of the metal antenna at temperatures
below 80 K, reaching a peak efficiency of 74%. A substantial
portion of the lost power is dissipated as surface waves; Pozar
[9] showed that about 23% of the power is dissipated as sur-
face waves at 20 GHz due to the high permittivity of the
substrate.

CONCLUSION

The performance of a superconducting annular ring antenna
has been evaluated and compared with that of an identical
silver antenna. Efficiency measurements show a 5% increase
in performance of the HTS antenna over the silver at 77 K,
and 10% at 20 K, due to the lower conductor losses of the

0.8 T T T T T r—T T T y T ™
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Figure 3 Efficiency of the annular rings measured using the
Wheeler-cap method

HTS. Pattern measurements compare favorably with pub-
lished models. Surface wave efficiency approximations show
that the performance of these antennas is limited by surface
wave losses,
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ABSTRACT

We have fabricated and tested several 8.8-GH: coplanar waveguide
resonators made from laser ablated YBua,Cu0O-_; thin films on
LaAlQ substrates. A quality factor of 1250 at 77 K was measured.
A corrclation benveen the microwave performance of the resonators
wnd the critical temperanre and morphology of the films was
observed.

INTRODUCTION

The Jdevelopment and continuing improvement of thin high-
temperature superconducting YbA-Cu;0;., (YBCO) films
has been accompanied by much interest in their application
in microwave circuits. Many investigations of the microwave
properties of these films have been reported [1]. Many of
these investigations have emploved microstrip [2. 3] and strip-
line |4} resonators and filters. A disadvantage of these ap-
proaches is that they require films on both sides of the sub-
strate or on several substrates which are assembled into the
appropriate structure. The coplanar transmission line geom-
ctey chiminates this difficulty. We report here the results of
measurements at 8.8 GHz on several coplanar waveguide
{CPW) resonators fabricated from YBCO films deposited by
taser ablation onto LaAlO; substrates. Unloaded quality fac-
ors of 1230 at 77 K and 1700 at 20 K have been observed.

EXPERIMENTAL PROCEDURES

The YBCO films were deposited onto {(1.5-mm-thick. [ cm X
L em 1 .2A1Q; substrates by laser ablation. The substrates were
mounted on the surface of a heater whose remperature was
measured with an imbedded thermocouple. The depositions
were performed in 23-Pa oxygen at temperatures from 765 to
NS035 'Co A pulsed Kr-F excimer laser beam (248 nm) was
sciannad in one dimension across a 95% dense YBCO target
which was rotating. The pulse rate was two per second and
the energy density was 0.8 J/cm?®. Following deposition, the
temperture was ramped down to 450 °C at a rate of 2 °C/
min. while the oxygen pressure was increased to 1 atm. The
temperature was held there for 2 h and then ramped down
1o room temperature at 2 °C/min. Optical and scanning elec-
tron mcroscopy were used to observe the morphology of the
lilms.

Ihe dlms were patterned into CPW resonators by pho-
tolithography with Shipley 1400-31 photoresist and 100: 1
Jeionzed H.O:phosphoric acid etchant. A plan drawing of
the resenator is shown in Figure 1. The length of the resonator
wis 4 23 mm. while its width was 0.275 mm. The gap on each

Bli 1

Figure 1 Plan vicw of a CPW resonator ona 10 x 1) x 0.3 mm?

" LaAlQ; substrate. Dimensions are given in the text. The regions

outside the ground plane contain additional test structures

side of the resonator was 0.25 mm. The feed line tapered from
0.55 mm to the width of the resonator over a length of 1.0
mm. Capacitive coupling to the resonator was achieved across
gaps ranging from 33 pm to 150 um. A resonator of identical
geometry was also fubricated from a 2.4-um-thick gold film.

The critical temperatures (7,) of the films were measured
by a four contact method. Before patierning, contacts were
made by wire-bonding directly to the film. After patterning
they were made by wire-bonding to silver contacts on several
test structures surrounding the resonator. The resonators
were mounted in a gold-plated copper measurement jig which
was mounted in a closed cvcle crvostat. A S-mm-deep. 6-mm-
wide cavity underlaid the CPW transmission linc. The reflec-
tion coefficients of the resonators were measured with an HP
8510 netwark analyzer with typical signal levels of 1 mW. The
unloaded quality factors were determined following the pro-
cedures described in References [2] and {3]. taking into ac-
count the coupling coefficient and losses.

RESULTS

The conductor quality factor was determined from the un-
loaded quality factor using tan § values for LaAlO; trom
Reference [3]. The effective surface resistance [4. 6] was ex-
tracted from the conductor quality factor {7. §].

The results of measurements of five superconducting re-
sonators and one gold resonator are summarized in Table 1.
The T,’s shown were measured after patterning. The unloaded
quality factors, effective surface resistances, and resonant fre-
quencies which are listed were measured at 77 K. Sample A
had an anomalously low T, a farge number of particles on
its surface (3 orders of magnitude more than the other sam-
ples). and exhibited the poorest microwave performance.
Sample E had the best microwave performunce. Its unloaded
quality factor at 8.8 GHz and 77 K was 1250, which is nearly
seven times better than that of the gold resonator. The ef-
fective surface resistance of Sample E shows a sharp drop as
temperature is decreased below the critical temperature, a
plateauw and then a slight decrease again at low temperature.

Reprinted, with permission, from Microwave and Optlcal Technology Letters; Vol. 5, No. 6, June 1992, pp. 257-259.
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TABLE 1 Summary of film properties and microwave resuits. The microwave results
are for measurements at 77 K
Eflective
Deposition Film Critical Unloaded Surlace Resonant
Temperature  Thickness Temperature Quality Resistance  Frequency
Sample (C) (nm) (K) Factor {(m{}) (GHz)
Gold — 2400 — 184 28.5 8.822
A 805 670 83.7 137 341 8.658
B 765 570 87.6 334 136 8.905
c 765 370 88.2 1070 39 8.695
D 785 480 88.8 760 57 8.882
E 805 280 90.4 1250 3.2 8.852

The plateau with low-temperature decrease is similar to but
not as pronounced as the behavior reported in Reference [4],
and was not observed in the other samples.

The unloaded quality factor is plotted as a function of
temperature in Figure 2 for the gold resonator and Samples
B. C, D. and E. Upon reviewing these curves and the data
presented in Table 1, it can be seen that there is a tendency
for the unloaded quality factor to increase and the effective
surface resistance to decrease as the T of the film increases.
Some variation with T, is expected, particularly for films with
low 7,. as the reduced temperature T/T,) for them approaches
unity and 77 K would be on or near the steep transition. To
study this further, the unloaded quality factors and effective
surface resistances at 7/7, = 0.85, which corresponds to 77
K for Sample E, were extracted from the measurements for
each sample. This places the point of comparison on the rel-
atively flat portion of the curve for each sample. A strong
variation with 7, remained, showing that the variation with
T, was not merely a result of the variation in the difference
between the measurement temperature and the critical tem-
perature.

Sample D does not fit this trend perfectly. While its T. is
better than that of both Samples B and C, its microwave
properties are better than those of Sample B but worse than
those of Sample C. This may be a result of the morphology
of the films. Optical microscopy showed that Samples B and
D had defect densities approximately three to four times
higher than Sample C. The density on Sample C was such
that four defects occurred in the 0.0125-cm? area of the re-
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Figure 2 Untoaded quality factor as a function of temperature for
the gold resonator (open circle). Sample B (solid circle), Sample C
(open square). Sample D (open triangle), and Sample E (filled tri-
angle)
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sonator. These defects were typically on the order of 5-10
wm in size and were the result of YBCO particles being dis-
lodged from the target during ablation. The resonator of Sam-
ple E was free of three particles.

Scanning electron micrographs of the surfaces of the films
were obtained to further investigate the morphology. Sample
E was observed to be very smooth and continuous. Submicron
pits and voids were observed in the surfaces of the other
samples. The samples can be ranked according to the density
of voids in the order A. B. D, C. E. with A having the largest
density of voids and E having none. This correlates exactly
with the measured microwave performance.

CONCLUSIONS

Coplanar waveguide resonators have been patterned from
several laser ablated YBa,Cu;0-_, thin films on LaAlO; sub-
strates and have been tested. A quality factor of 1250 at 8.8
GHz and 77 K was measured. This is nearly a factor of 7
better than a gold resonator of like geometry. A correlation
between the critical temperature and the quality factor is sug-
gested by our results. A good critical temperature is a nec-
essary but not sufficient indicator of the microwave perform-
ance of the films. We have observed that faws in the
morphology such as particles and voids cause films with good
critical temperatures to exhibit inferior microwave perform-
ance.
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Coaxial Line Configuration for Microwave Power
Transmission Study of YBa,Cu,0,_, Thin Films

C. M. Chorey, F. A. Miranda, and K. B. Bhasin

Abstract—Microwave transmission measuremenis through
YBa,Cu;0,_,; (YBCO) high transition temperature superconducting
(HTS) thin films on lanthanum aluminate (LaAlO;) have been per-
formed in & coaxial line a1t 10 GHz. LaAlO; substrates were ultrasoni-
cally machined into washer shaped discs, polished, and coated with laser
ablated YBCO. These samples were mounted in the 50-0 coaxial air line
to form a short circuit. The power transmitted through the films as a
function of temperature was used to caiculate the normal state conduc-
tivity and the magnetic penetration depth for the films.

[. InTRODUCTION

Microwave applications of high transition temperature supercon-
ductors (HTS's) have generated considerable interest because of the
low surface resistance of these superconducting compounds com-
pared to metallic films. Presently, typical microwave HTS circuits
take the form of passive planar transmission line structures such as
resonators, filters, and delay lines, where the low surface resistance
leads to high-Q, low-loss circuits [1], [2]. Passive applications in
other than planar transmission line form are generally less common
due to the difficulties in forming high quality bulk superconducting
parts or in coating complex shapes with a HTS film. In this paper
we report on the implementation of a novel coaxial line configura-
tion for the microwave characterization of HTS thin films. This
technique was used to determine the conductivity and magnetic
penetration depth of YBa,Cu,0,_; (YBCO) HTS films at 10 GHz
via the transmitted microwave power as a function of temperature.

I1. SAMPLE PREPARATION

The configuration used for this paper consisted of mounting the
HTS sample transversely in a coaxial line to form a short circuit. A
50-Q air dielectric line, 1.5625 in long with an inner diameter of
0.1378 in and a 0.0580-in diameter center pin was used. The body
of the line separated into three pieces: two female APC 3.5 connec-
tor sections attached to a 0.75-in center barrel. The center pin also
separated into three pieces: two female pin contacts which threaded
into the center section of the pin. The center pin was supported in
the body of the line by two air articulated rexolite beads which
rested in 0.159 diameter recesses in the connector/barrel flanges
(Fig. 1(2)). Both the body of the line and the center pin were made
of beryllium copper and were gold plated.
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Fig. 1. Schematic drawings of the coaxial linc and the mounting of the
HTS sample. (a) Schematic of the coaxial line with a cutaway showing the
position of the support bead and center pin. (b) Detail of the mounting of the
HTS sample to the center pin. (¢) Cutaway view showing the HTS sample
mounted in the coaxial line and the location of the indium gasket.

To produce the HTS samples, raw cut slices of (001) LaAlO,
approximately 30 mils thick were obtained. These were ultrasoni-
cally machined into washer shaped discs with an outer diameter of
0.158 in and a center hole of 0.059-in diameter. Glass cover slips
were used during the machining to help minimize edge chipping and
cracking. The machined pieces were then lapped from one side to a
thickness of 20 mils to remove edge and surface damage and then
polished to an epitaxial finish. The substrates, when done, had a
bright finish but were slightly bowed in the radial direction due to
preferential polishing along the outer edge and around the center
hole.

The YBCO superconducting films were deposited on the washer-
shaped LaAlQ; substrates by a pulsed laser ablation technique [3].
The deposition was performed using a 248-nm KrF laser on a
stoichiometric target 95% or more of the theoretical density. The
substrate temperature was held at 750°C and the ambicnt oxygen
pressure was maintained at 170 mtorr. The resulting films were
typically 2500-3000 A thick, with a transition temperature (T,
R = 0) between 85-90K.

The HTS samples were mounted in the coaxial line with the aim
of achieving electrical comact between the HTS film and the inner
and outer coaxial conductors, and providing good thermal contact
between the HTS sample and the body of the line. Electrical contact
was required along the entire junction between the HTS sampie and
the coaxial conductors to prevent leakage coupling of microwave
power around the film. Providing mechanical support to the sample
was also an important consideration because the LaAlO; substrates
were quite fragile. These various needs were found to be best served
by machining the cxisting recess for the rexolite support bead an
additional 20 mils in depth and inserting the sample next to the
bead. This provided mechanical support as the rexolite bead backed
the lanthanum aluminate, and also facilitated electrical contact to the
<oaxial line because of the overlap of the outer metal tube with the
HTS film.

In assembly, the sample was first attached to the center pin. One
of the female contact sections of the center pin was unscrewed from
the rest of the pin assembly and slightly tapered using emery paper
near the connection with the rexolite bead. Because the YBCO film
did not extend down into the center hole of the sample, merely
sliding the sample onto the tapered pin did not produce adequate
electrical contact between the pin and the HTS film. Using solder to

©1991 IEEE. Reprinted, with permission, from IEEE Transactions on Applied Superconductivity; VOL 1, NO 4 pp-178-180; September

1991.
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achieve a better connection between the two was not feasible
because the heat necessary for soldering degraded the film’s super-
conducting properties and also because the soldering flux attacked
the YBCO film. A conductive epoxy was also tried, but when
applied to the superconducting film it also caused the film to
degrade. The best results were obtained by forming a gold-foil
collet which was inserted into the center hole of the sample. Small
amounts of conductive epoxy were applied to the inner hole of the
sample (away from the HTS film) and to the tapered center pin to fix
the collet to the sample and pin. The sample and collet were pressed
snugly onto the tapered pin, the pin reassembled and the epoxy
allowed to dry (Fig. 1(b)). The press fit between the tapered pin and
the gold collet caused the gold to overlap the HTS film, providing
contact between the film and the pin.

To achieve electrical and thermal contact to the outer tube, an
indium gasket was used. The gasket was loosely inserted into the
machined recess in the connector flange. The flange was then
pressed over the HTS sample on the center pin which had been
reinserted into the rest of the coaxial line. The HTS sample pressed
into the soft indium with a ‘‘cookie-cutter’” effect, forming a
complete electrical ‘‘seal’” around thc outer edge of the HTS sample
and the coax tube (Fig. 1(c)). Any excess indium was trimmed from
between the flanges before they were clamped together. No heat was
applied to the indium at any time. This indium ‘‘seal” provided
good electrical contact and cxcellent thermal contact for the sample.

I11. MEASUREMENTS AND RESULTS

The coaxial line was tested by mounting the sample at the second
stage of a closed-cycle helium gas refrigerator inside a custom made
vacuum shroud. While the coaxial configuration is inherently wide
band, measurements here were limited to 10 GHz, which corre-
sponds to the center frequency of a narrow test band in the Naval
Research Laboratory’s High Temperature Superconductivity Space
Experiment (HTSSE D) [4]. An HP 8350 sweep oscillator provided
the input signal at a power level of 1.0 mW. The input power (via a
10-dB coupler) and the output power were measured with power
meters (HP 436A with 8485A sensors), and the system was cali-
brated by referencing the measurements to the power transmitted
through an open air line (i.e., without an HTS sample).

Fig. 2(a) shows the normalized transmitted power (P/P,,,)
versus temperature (T) for three HTS samples, where P, is the
largest measured value for the power transmitted through the sam-
plc. In the normal state (T > T, where T, is the transition tempera-
ture) the YBCO film has a moderately high resistance and lossy
transmission occurs through the film and dielectric. The metallic
character of the films in the normal state is shown by the positive
slope of the transmitted power.

The power transmission signal can be used to determine transport
properties at microwave frequencies such as the conductivity {(¢). In
the normal state the conductivity (o) of the film can be expressed
conveniently in terms of the power transmission as [5], [6]

{-RPy+ [(RPLY - 40P (sP, - 87,2)]”2}
: 2QP,dZ,

ay =

(1)
where

(2.3)
(2.5)
(2.0)

and P, is the power transmission coefficient in the normal state, d
is the film thickness, Z. is the characteristic impedance of the

Q= (n*+1) + (n* - ) cos (2kt)
R =203+ 1) + 2(2* - 1) cos (2k¢)

S=q*+607+1— (92— 1) cos (2ke)
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Fig. 2. (a) Normalized transmitted power (P/P_, ) versus temperature
(T) at 10 GHz for YBa,Cu;0, , thin films (3000 X) on LaAlO; (20 mils).
(b) Conductivity (6,) versus temperature (7°) at 10 GHz for YBa,Cu,0,_,
thin films (3000 A) on LaAlO; (20 mils). (c) Effective magnetic penetration

depth (A.q) versus temperature (7)) at 10 GHz for YBa,Cu0, _, thin films
(3000 &) on LaAlO, (20 mils).

coaxial line, ¢ is the substrate thickness, and k = 2x9/L is the
wavenumber with 7 the refractive index of the substrate and L the
wavelength of the microwave signal. Values of g, at 100K for films
1-3 were ~1.2 x 10%, 3.8 x 10%, and 7.6 x 10° S/m, respec-
tively. Taking the reciprocal of these valucs we obtained resistivity
values for samples 1-3 of ~ 83, 263, and 132 xQ-cm, respec-
tively. These values are consistent with those obtained by others [7]
using dc measurements techniques.

In the superconducting state (7" < T,) the conductivity can be
expressed as (6* = g, — jo,) where o, is the part of the conductiv-
ity associated with the normal carriers and o, is that associated with
the superconducting carriers. The power transmission data can be
used to determine o, through the expression [5], [6]:

0 /0, = {=B(0.dz) ™" + {(0.d2)7}[(8/2)" - 1]
—aol(gczdzr)7| - (Ul 1‘/06)2 + (Pr/P.s)

{1+ a(odz)™" + v(ocdzc)'z]}m} @)



where o, and P, are the conductivity and the power transmission
coefficient, respectively, at T = T_, P, is the power transmission
coefficient in the superconducting state, « = R/Q, vy = §/Q, and
B =[-29(5' = Dsin(2kr)}/Q. Note that although @, can be
determined directly from experimental measurements of the magni-
tude and phase of the transmitted power [8], we have not deter-
mined this parameter directly because the experiment was not
configured to measure the phase of the transmitted signal. There-
fore, we have used in (3) the temperature dependence of ¢, accord-
ing to the two-fluid model approximation [5]

0, = o(T/T)* (4)
which has been used in the modeling of HTS microwave circuits.
Fig. 2(b) shows a plot of ¢, versus temperature for the samples
under discussion. The effects of leakage sources (possibly pin holes
or cracks) in film 3, and to some extent in film 1, are evidenced by
the decrease of o, after reaching a maximum at a temperature not
far below T.. Values of ¢, at ~77K for samples 1-3 were
~6.5 x 10% 3.2 x 10%, and 3.7 x 10% §/m, respectively.

When the HTS films thickness is of the order of the magnetic
penetration depth the surface impedance (Z, = R+ JX,) of the
films is enhanced and will be influenced by the film thickness as
well as by the substrates properties [9]. For thin films the effective
surface reactance ( X,4) can be defined in terms of the transmitted
power and the magnetic penetration depth, X\ [10]:

Xr=Ry| P /P.|'* cosh (d/N) (5)
where R, = (pow/20,)'/? is the surface resistance of the film at
T., wo is the permeability of free space and w = 2 % f is the angular
frequency. Since in general X 4 for good superconducting films can
be expressed as [9)

Xer = oWy = powhcoth (d/)) (6)
then the effective value of the penetration depth can be obtained by
solving (5) and (6) simultaneously. The details of this calculation
can be found elsewhere [11]. Fig. 2(c) shows a plot of A4 versus T
for films 1-3. This corresponds to values of \ at approximately 77K
for samples 1-3 of 0.45, 0.50, and 0.50 um, respectively. At 41K
the value of A for film 1 was ~0.39 um. The advantage of using
(5) and (6) 1o determine A\ is that they are independent of any
model of superconductivity in these materials. It is evident that the
values for the penetration depth obtained for these films are larger
than those previously reported for high quality YBCO thin films and
single crystals [7], [11]. This is not unexpected mainly because of
the difficulties in film deposition for the film shape needed in this
paper. The presence of film inhomogeneities, and the possible film
deterioration, especially close to the outer and inner rims of the

washer-shaped samples, will certainly increase the magnetic pene-
tration depth.
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IV. CONCLUSIONS

Microwave power transmission measurements have been made
through YBCO thin films on LaAlO, mounted in a coaxial line.
Calculations of the conductivity and penetration depth show that the
superconducting properties of the films after fabrication and mount-
ing procedures are still suitable for microwave applications. Modi-
fications to this novel mounting scheme, in order to allow the
determination of other transport parameters, such as the surface
resistance (R,), may lead to microwave applications alternate to
traditional microstrip transmission line circuits.
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Microwave properties of YBa,Cu3;0,_; high-transition-temperature
superconducting thin films measured by the power transmission method
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The microwave response of YBa,Cu;0, _ s superconducting thin films has been studied by
performing power transmission measurements. The measurements were made at

frequencies within the 26.5-40.0-GHz frequency range, and at temperatures from 20 to 300
K. The films were deposited on LaAlO;, MgO, yttria-stabilized zirconia, and LaGaO,
substrates by laser ablation and dc off-axis magnetron sputtering. From these measurements
the complex conductivity o* = o, — jo,, the magnetic penetration depth 4, and the

surface resistance R, of the films have been determined. It was observed that both oy and o,
increased when cooling the films below their transition temperature. This behavior
disagreed with that expected from the two-fluid model. In addition, it was observed that the
temperature behavior of o, deviates from the predictions of the Bardeen-Cooper—

Schrieffer theory. Values of A have been obtained that are in good agreement with the best
reported values for high quality c-axis-oriented thin films and single crystals (~ 140

nm). The anisotropy of A was determined by measuring this parameter in ¢- and g-axis-
oriented films. An intrinsic penetration depth value (A ~90+30 nm) has been estimated from
the film thickness dependence of A. Values of R; for the YBa,Cu;0, _ ;5 films were
calculated and found to be comparable or lower than that of copper at temperatures below
80 K. These R, values were consistent with those found on the same films using

resonant-cavity techniques.
1. INTRODUCTION

Since the discovery of the high-transition-temperature
superconductors (HTS) by Bednorz and Muller! and Wu
et al.? numerous studies have been done to understand the
phenomenon of superconductivity in these materials. In
particular, considerable attention has been paid to the re-
sponse of these oxides to electromagnetic radiation because
this type of interaction can give information on aspects
such as pair coupling mechanisms, density of states, exci-
tations of quasiparticles, gap characteristics, and general
material properties.’ Furthermore, these studies allow the
determination of material parameters such as the complex
conductivity o* o, — jo,, the magnetic penetration
depth A, and the surface resistance R, These parameters
are important for new applications such as superconduc-
tor-insulator-superconductor mixers,* ring resonators for
local oscillator applications,”  superconductor-based
antennas,® and high-power microwave switches,’ among
others.

In the past, millimeter and microwave transmission
and reflection experiments have been used to study the
properties of low-transition-temperature superconducting
films. Glover and Tinkham® analyzed the microwave prop-
erties of Pb and Sn films and obtained the complex con-
ductivity and an effective value for the energy gap of these
films from microwave transmission data. Rugheimer, Le-
hoczky, and Briscoe’ measured the reflection and transmis-

TPresently with NASA-Lewis Research Center.

sion coeflicients of thin { ~ 50 A) films of Sn and In at 1.2-,
0.8-, and 0.4-mm wavelengths and at temperatures below
the transition temperature 7. They found a good correla-
tion between their experimental results and the transmis-
sion and reflection ratios calculated on the basis of the
Bardeen-Cooper—Schrieffer (BCS) theory.!® Subsequent
studies by Lehoczky and Briscoe,'! based on measurements
of the microwave transmission and reflection coefficients
for thin ( <150 A) superconducting Pb films, were consis-
tent with the BCS-based Mattis and Bardeen expressions
for the conductivity.'?

The information obtained from these studies provided
strong fundamental evidence for the validity of the BCS
theory in explaining the microscopic properties of low-T
superconductors. More recently, Sridhar"? explored the in-
teraction of microwaves with superconductors by perform-
ing extensive measurements of the R, and X, for supercon-
ducting Sn using a right TEy,;-mode cylindrical Pb-plated
Cu cavity resonating at 10 GHz. The results obtained by
Sridhar for the surface impedance (Z, = R, — jX,) were
consistent with those predicted by the BCS theory even
though Z, varied over several orders of magnitude.

A variety of tests has been performed in order to ana-
lyze the microwave properties of the new HTS supercon-
ducting oxides. However, studies of HTS films by using
transmission and reflection coefficient measurements at
millimeter and microwave frequencies have not been as
abundant as other related tests such as R, critical current
density j, and ac magnetic susceptibility y, measurements.

. Reprinted, with permission, from the Journal of Applied Physics; 70 (10) pp. 5450-5462; 15 November 1991.
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To our knowledge, the first study of this nature on HTS
thin films was done at 60 GHz by Ho er al.'* on Bi-Sr-Ca-
Cu-O superconducting thin film$ (1000-5000 ;\) deposited
on MgO. Their results suggested that the behavior of the
millimeter-wave complex conductivity at temperatures be-
low the beginning of the transition 7T, could be ex-
plained in terms of a model of superconducting grains nu-
cleating in a normal conducting matrix. A similar analysis
at 9.0 GHz was done by Nichols et al® for
YBa,Cu;O;_5 thin films (~1 pum thickness, T,
~ 80-85 K) on Al,O;, Mg0O, and yttria-stabilized zirconia
(YSZ) substrates. These results indicated that the micro-
wave conductivity behaved qualitatively as expected for a
BCS-type superconductor but deviated from the quantita-
tive predictions of this theory, as evidenced by the distri-
bution of gap values obtained (2Ay/kpT, = 1.3-6.5). A
more recent work by Golosovsky er al.'® reports on the
effects of an external magnetic field on the microwave
transmission at 9.5 GHz through superconducting films
(T, ~ 80-85 K) of YBa;Cu;0,_;s on MgO substrates.
These researchers found that, in the superconducting state,
0, increases and o, decreases when the sample is under the
influence of an external magnetic field, and that these
changes may be caused by the appearance of vortices in the
weak links formed at the grain boundaries.

Valuable information about the properties of thin films
of the HTS materials has been provided by the studies
mentioned so far. However, since these studies were per-
formed, films of higher quality have been produced due to
the improvements of film deposition techniques such as
laser ablation and off-axis magnetron sputtering. Further-
more, knowledge of the performance of these films at mi-
crowave frequencies well above the x band ( ~8-12 GHz)
is becoming more necessary for modeling and development

a:ntrol signal
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of new integrated circuits for microwave applications.>!

In this paper we present results of the interaction of
microwaves with YBa,Cu;0;_ s superconducting thin
films deposited on LaAlO,;, MgO, YSZ, and LaGaOj sub-
strates. Results for o*, 4, and R; of the thin films over a
wide range of temperatures 7 and film thickness 4 are
discussed.

This paper is organized as follows. A brief review of
the experimental configuration for the microwave measure-
ments is presented in Sec. II. Sections III and IV present
sample preparation techniques and a brief discussion of the
calculation of o* from the measured magnitude and phase
of the microwave transmitted power. Section V presents a
description of and results from the measurements of sam-
ple parameters, and Secs. VI and VII briefly discuss the
theoretical considerations for the determination of X and
R, respectively. Section VIII provides the results obtained
in this study and their interpretation. Finally, Sec. IX pre-
sents the conclusions drawn from this work and sugges-
tions. for future research.

ll. MICROWAVE MEASUREMENTS

A schematic of the configuration used to measure the
microwave power transmission is shown in Fig. 1. Note
that this experimental configuration also allows the mea-
surement of the power reflected from the sample. However,
it was found that for the thickness of films considered in
this study (~800-5000 A) and for the maximum power
level available {~16 mW) the reflected power barely
changes on the films’ transition from the normal to the
superconducting state. We did not use the fractional reflec-
tion coefficient data for our analysis because it has been
shown that it is less sensitive to changes in o* than the



transmission coefficient.!! Furthermore, we found that it
was more difficult to account for systematic errors in the
reflection data than it was for the transmission data. Sim-
ilar observations were made earlier by other researchers
who measured the transmitted and reflected microwave
power of low-T, superconducting thin films (~20-150
A).>!! These researchers found that the fractional change
in the reflected power on cooling a film from the normal to
the superconducting state is larger for thinner films than
for thicker ones. However, we have not examined thinner

films since good HTS films of thickness less than 500 Aare

difficult to obtain. The deposition factors affecting the qual-
ity of very thin HTS films have been discussed by others.'®

The main components of the experimental apparatus
are an HP-8510B network analyzer and a closed-cycle he-
lium gas refrigerator, which are both controlled by an HP
9000-216 computer. The network analyzer is coupled to
the refrigerator by Ka band (26.5-40.0 GHz) rectangular
waveguides. The measurement technique compares the re-
flected and the transmitted signals against the incident mi-
crowave signal to determine the reflection and transmission
coefficients. The data measured in this way are then stored
by the computer for subsequent analysis.

All the measurements were made under vacuum
(<1073 Torr) in a custom-made aluminum vacuum
chamber designed to fit on top of the external shield of the
refrigerator and to give access to the waveguides connect-
ing the network analyzer with the refrigerator. Natural
mica windows were used as vacuum windows in the wave-
guide because mica has a low loss and a thermally stable
relative dielectric constant; furthermore, it is transparent
in the frequency range considered in this study. Inside the
vacuum chamber the sample was oriented perpendicular to
the microwave source by clamping it between two wave-

guide flanges thermally connected to the cold head of the '

refrigerator through a Au-plated Cu plate. The film side of
the sample was directed toward the incident microwave
signal. The system was calibrated before the beginning of
each measurement cycle to account for the impedance of
the waveguide network. The noise level for our measure-
ments was determined to be below — 60 dB. Background
attenuation and phase corrections were made by subtract-
ing the transmitted power as a function of temperature in
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FIG. 2. Side view of a rectangular waveguide propagating the TE,; mode
with its entire cross section covered by a high-T, superconducting thin
film of thickness d deposited on a dielectric substrate of thickness ¢ and
refractive index n.

the absence of the sample from the data obtained with the
sample in place. Measurements of bare substrates were
used to determine any temperature dependence of their
dielectric constant. These results are reported in Refs. 19
and 20. The temperature of the film was measured with
two silicon diodes placed in a §-in.-diam hole on top of each

of the sample’s supporting flanges. The accuracy of these
diodes is = 1.0 K from 1.4-100 K and 1% of the temper-
ature in the range from 100-325 K. The difference in tem-
perature readings of the two sensors was less than 0.2 K
over the entire temperature range. An additional sensor
was located next to the heater attached to the cold head of
the refrigerator and was used to control the temperature of
the cold head.

Hll. SAMPLE PREPARATION

The YBa,Cu;0, _ 5 superconducting thin films consid-
ered in this study were deposited either by pulsed laser
ablation or by a dc off-axis magnetron sputtering technique

- with an in situ anneal in oxygen. Most of the samples were

deposited on LaAlOj; substrates, but films were also depos-
ited on MgO, YSZ, and LaGaO;. All of the substrates were
approximately 1.0 cm? with thickness of 10-20 mils, and
had a (100) crystallographic orientation. The thickness of
the films ranged from approximately 800 to 5000 A, as
determined by using a surface profilometer over steps
etched at the corner of each film with undiluted phosphoric
acid (H,POy,).

Most of the YBa,Cu;0; _ 5 films were deposited by us
at NASA-Lewis Research Center using a pulsed laser ab-
lation technique,?’ while the dc off-axis magnetron-sput-
tered films were deposited at Westinghouse Research Cen-
ter in Pittsburgh.?? A brief description of the laser ablation
technique used to deposit the films is given below. The
deposition was performed with a stoichiometric target of at
least 95% of the theoretical density. The target was pol-
ished with 400 grit Al,O; sandpaper before each deposi-
tion. The deposition process was carried out at a substrate
temperature of 750 °C and at an ambient O, pressure of
170 mTorr. The laser wavelength was 248 nm, the pulse
length was 20-30 ns, the pulse rate was 2 pulses/s, and the
laser fluence on the sample was ~2.0 J/cm? per pulse.
During deposition, the distance between the target and the
sample was kept at 7.5 cm. Throughout the deposition
process the laser bearn was rastered 1 cm in two orthogonal
directions across the target using an external lens on a
translator. This gave uniform ablation of the target. At the
end of the deposition, the O, pressure was increased to 1
atm and then the temperature lowered to 450 °C at a rate of
2 °C/min. The temperature was held at 450°C for 2 h, in
order to optimize its oxygen content, before it was lowered
to 250 °C at a rate of 2 °C/min. Then the heater power was
turned off, and the sample was allowed to cool to 40°C or
less before it was removed from the chamber.



IV. CALCULATION OF COMPLEX CONDUCTIVITY
FROM THE MEASURED MAGNITUDE AND PHASE
OF MICROWAVE-TRANSMITTED POWER

By measuring the transmission of a microwave signal
through a superconducting thin film we were able to de-
termine the changes in the conductivity of the film as a
function of temperature. For a film of thickness d depos-
ited onto a substrate of thickness ¢ and refractive index n,
that covers the entire cross section of a rectangular wave-

J

guide propagating the TEg mode (see Fig. 2), the frac-
tional transmitted power coeflicient T and the phase shift ¢
may be written as

T=4n*{n’cos’ (kont) [ (kedR)* + (2 + kodI)?]
+ sin®(kont) [ (kodR)? + (0% + 1 + kodI)?)
+ (2nkodR)sin(kont)cos(kont) (n* — 1)}~ 1 (1)

¢ =arctan{cos (ko) [ (nkedR)cos(kent) + (n* + 1 + kodI)sin(kgnt) ) — sin(kgt) [n(2 + kodI Ycos{kont)
— (kodR)sin(kgnt) 1 }{cos (kot) [ ( — kodR)sin(kont) + n(2 + kedI)cos(kont) ] + sin(kot) { (kodR)cos(kont)

+ (n? + 1+ kodD)sin(kont) 1},

(2)

where k, is the magnitude of the propagating wave vector in the rectangular waveguide. The dispersion coefficient

(R + jI) of the thin film is related to o* by R =

1 + 4woy/we, and [ = 470 /we, where w/27=f is the frequency of

the wave, and ¢ is the relative dielectric constant of the HTS material. Thus, o* is given in terms of T and ¢ by

{(Zn/Tm) [# cos(kgnt)sin(kot + ¢) — sin(kont)cos(kot + 6)] — n(n? — 1)sin(kont)cos(kont)}

(3)

kod[ncos?(kont) + sin’(kgnt) ]

and

{(2n/T”2)[n cos(kont)cos(kot + ¢) + sm(kont)sm(kot + ¢)] — 2n%cos?(kgnt) — (n* + 1)sin? kom)}

(4)

kod [ n¥cos® (kgnt) + sin’(kgnt) ]

In this study, T and ¢ are the measured quantities. There-
fore, once T and ¢ are known, o* can be calculated.

V. DERIVATION OF FILM PARAMETERS

A. Transition temperature (dc measurements),
x-ray-diffraction analyslis, and sample morphology
analysis by scanning electron microscopy

Measurements of dc resistance Ry, versus temperature
were performed for all the films analyzed in this study
using a standard four-point probe method. The tempera-
ture at which the measured resistance fell below the reso-
lution of the measuring instrument (~ 1072 0 cm) was
defined as the dc transition temperature 75°. The transition
width (AT) was defined as the temperature interval over
which the resistance varied between 109 and 90% of the
normal state resistance value. The 7 for all the films are
listed in Table I. Figure 3 shows the Ry vs T curves for
two of the films considered in this study. Also shown is the
first derivative of Ry, with respect to T, which more clearly
indicates the beginning of the transition. For film no. 3 in
Table I, shown in Fig. 31(a), the T‘C'c was 90.6 K, and the
transition width was 0.4 K.

X-ray-diffraction analysis was performed on all sam-
ples by using a Scintag diffractometer with an energy-dis-
persive detector which permits minor impurity-phase de-
termination in thin films. Most of the samples studied
showed predominantly c-axis orientation. The mosaic
spread of the YBa,;Cu;0; _ 5 films was determined by using

r
x-ray rocking curves. Table T shows the x-ray rocking

curve full width at half-maximum (FWHM) for the (005)
YBa,Cu;0;_; peak measured for the samples undercon-
sideration. Note that the FWHM of the rocking curves for
the films deposited on LaAlQ; are in close agreement with
those corresponding to films on MgO, LaGaO;, and YSZ.

TABLE I. Material parameters of YBa,Cu;0; _, thin films.

Sample  Substrate  DM? d (A" 7 (K)y FWHM (DEG)"

I LaAlO, LA 4900 $8.3 0.84
2 YSZ  OAMS 800 9] 0.96
3 LaAlO; LA 2400 90.6 0.86
4 LaAlO, LA 1769 $7.3 0.90
5 LaAlO, LA 828 85.2 0.74
6 LaAlO, LA 1762 55.5 0.68
7 MgO0  OAMS 1000 87.2 0.76
8 LaGaO, LA 4000 88.0 0.80
9 LaAlo, LA 1000 $6.2 0.51
10 MgO LA 3500 87.5 1.08
1 LaAlO, OAMS 2600 87.5 0.62
12 LaAlO, LA 2665 82 .
13 LaAlo, LA 2655 86.3 o
14 LaAlo, LA 4000 84.2 1.04

*Deposition method. LA: laser ablated; OAMS: off-axis magnetron sput-
tered.

*Film thickness.

°Full width at half-maximum for the (005) x-ray-diffraction peak of
YBa,Cu;0; _s

¢Using the (003) x-ray-diffraction peak.
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FIG. 3. dc resistance vs temperature and its first derivative (dR/dT) for
(a) laser-ablated YBa,Cu;0;5 .. 5 thin film (2400 A)on LaAlQ,, (b) off-

axis magnetron-sputtered YBa,Cu;O; _ 4 thin film (1000 A) on MgO.

This indicates that the twinnings of the LaAlO; substrate,
believed to broaden the rocking curve FWHM,? do not
noticeably broaden the rocking curves of these samples.

The surface morphology of the films was studied by
scanning electron microscopy (SEM). The laser-ablated
film surfaces were generally smooth, as shown in Fig. 4(a)
for a film on LaAlQ;. This is in contrast to observations by
others™ of grains on the surface of very high-quality laser-
ablated YBa,Cu;0; _ ;5 thin films. However, a view over a
larger area of the film [Fig. 4(b)] shows structural inho-
mogeneities in the film, which may be caused by the sub-
strate’s structural defects.

Figure 5(a) shows SEM micrographs of an off-axis
magnetron-sputtered film deposited on MgO. Clearly this
film is not as smooth as the laser-ablated one. Supercon-
ducting grains, with sizes between 1 and 3 um, are uni-
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FIG. 4. Scanning electron micrographs of the surface of a laser-ablated
(828 A) YBa,Cu;0;_ s thin film at approximately (a) 21 000 and (b)
11 000 times.

formly distributed over a smooth surface that also shows a
uniform distribution of dips [Fig. 5(b)]. These dips or
voids may be caused by negative-ion (oxygen) resputter-
ing, as previously noted by other researchers.”® The effect
of these grains on the microwave properties of the films is
still not well understood since it has been observed that the

degree of surface roughness does not always correlate with
R,

B. Microwave measurements: Transition temperature,
normal-state surface resistance, and mean free
path

The transition temperature TMY and other transport
parameters of these films determined from microwave
power transmission measurements are summarized in Ta-
ble II. Using the microwave power transmission measure-
ments, we defined Ti“w as the temperature just above that
at which dT/dT changed by more than 5% from its nor-

mal-state value. In general, TV agreed with the onset

_ temperature obtained from the Ry, vs T measurements but

was a few degrees higher than T4 However, we found that
for some of the samples the T‘f.“ values varied by a few
degrees depending on the contact position across the film,
a fact that may be explained in terms of the different paths
the current can take between the current contacts. There-
fore, since the whole sample can be probed by the micro-



FIG. 5. Scanning electron micrographs of the surface of an off-axis mag-
netron-sputtered (1000 A) YBa,Cu;0; _; thin film at approximately (a)
11 000 and (b) 2 000 times.

wave technique used in this study, we consider ™Y to be
more representative of the superconducting transition of
the sample.

The calculation of the conductivity by microwave
power transmission measurements allowed us to determine
the normal-state resistivity py. Previous measurements of
HTS materials have shown that the microwave and the dc
conductivities are nearly equal in the normal state.'*
Therefore, we can use the microwave conductivity to ob-
tain py from py = 1/0y. Note that the normal-state resis-
tivities we obtained, approximately 111-400 u{lcm at
TM¥ for predominantly c-axis-oriented films (see Table
IT), are in close agreement with the values reported for
YBa,Cu;0, _ 5 thin films by other researchers.”****° How-
ever, our results are large when compared with more re-
cent values of approximately 65-90 u{ cm at temperatures
around 100 K, which were obtained for very high-quality
YBa,Cu;0,_; thin films on LaAlO; and MgO
substrates.??

The normal-state surface resistance R, was deter-
mined from py at 7M™ by using the normal skin effect
formula,’?® Ry = (uewpy/2)"2 The values so obtained
are shown in Table I1. The value of py can also be used to
determine the carrier mean free path / by using the free-
electron expression,'**!%

lpy=[Que*/h) (s*/37%)' ) 1, )

where 5 is the density of free carriers, e is the electronic
charge, and 4 is Planck’s constant. For YBa,Cu;0; _; su-
perconductors the density of carriers (holes) is approxi-
mately 9x 102" cm ~3.** Using this value in Eq. (5) gives

TABLE IL Microwave measured parameters of YBa,Cu;0,_; superconducting films.”

Sample Substrate DM® d (A ™% (K) R ()d P (uft em)* S (um)f 1 (A)® R, (m0)"
1 LaAlQ, LA 4900 90.8 0.68 379 5.57 7.8 29 (77)
2 YSZ OAMS 800 92 0.37 111 3.02 26.5 45 (77
3 LaAlO,; LA 2400 91.6 0.51 216 4.24 13.6 33 (80)
4 LaAlQ, LA 1769 91.7 0.58 274 4.72 10.7 32 (77
5 LaAlO, LA 828 92.5 0.61 313 512 9.4 12 (7
6 LaAlO; LA 1762 94.0 0.96 758 7.89 3.9 566 (77)
7 MgO OAMS 1000 94.0 0.67 373 5.57 79 15.3 (77)
g LaAlO, LA 4000 94.0 0.95 752 7.91 39 13 (77)
9 LaAlOQ; LA 1000 88.6 0.45 164 3.66 17.9 43 (7N

10 MgO LA 3500 932 0.70 408 5.83 7.2 86 (77)

11 LaAlO, OAMS 2600 93.6 0.52 222 4.26 13.2 6.9 (17)

12 LaAlO; LA 2665 88.8 0.60 294 497 10.0 47 (Z7)

13 LaAlQ, LA 2655 91.2 0.70 400 5.79 7.4 29 (78)
14 LaAlQ; LA 4000 914 0.80 524 6.62 5.6 132 (77)

Al microwave parameters measured at 30.6 GHz. RYY, oM¥, and Y calculated at ™.

bDeposition method. LA: faser ablated; OAMS: off-axis magnetron spultered

°Film thickness.

9Normal-state surface resistance.
“Normal-state resistivity.

'Skin depth.

8Mean free path.

hSuperconducting-state surface resistance. Numbers in parentheses indicate temperature in K at which R, was measured.

192



oMY =0.294 pQ cm pm (6)

at TMY. The resulting values of / calculated from the mi-
crowave measurements are given in Table II. Note that
contrary to the observations in low-T, superconductors of
the increase in / with increasing film thickness, no correla-
tion between / and the film thickness could be observed for
the YBa,Cu;0,_; thin films. However, our values of /
were consistent with those reported by Bardeen and
co-workers>? for the YBa,Cu;0; _ s superconductor.

V1. SURFACE REACTANCE AND MAGNETIC
PENETRATION DEPTH

The microwave power transmitted through the high-
T, superconducting thin films considered in this study can
be used to determine their surface reactance X, This pa-
rameter is directly related to the magnetic penetration
depth A, which is a measure of the distance a magnetic field
penetrates into the superconducting material. Therefore,
knowledge of A is very important in determining the suit-
ability of the new HTS materials for microwave applica-
tions. :

Sridhar'? was the first to use the microwave power
transmitted through Sn thin films, placed at the end walls
of a cylindrical copper resonant cavity, to determine the
effective surface reactance X, as a function of tempera-
ture. Since we were able to measure the microwave-trans-
mitted power directly, we have followed Sridhar’s method
for obtaining X, After satisfying all the boundary condi-
tions of the problem, the expression for X, in terms of the
transmitted power is

Xeﬂ‘zR?\/l[w cosh(d/1) !meiu/Px\;niu' 2, (7N

where RN is the normal-state surface resistance at T
= TM¥, dis the film thickness, and pY . and P¥_. arethe
power transmitted in the normal and the superconducting
states, respectively.

For thin films X_¢ is given by
X.g=X,coth(d/1), (8)

where X, = oph, 0/27=f is the frequency and p, is the
permeability of free space. Thus, to find 4 we solved Eq.
(7) for X, by assuming an initial value of 1 = 100 A. Using
the resulting value of X, in Eq. (8), we calculated a new
value of A. This value was then used in Eq. (7) and the
process was repeated until the value of A changed by less
than 0.19 between iterations. The obtained values of 4,
corresponding to films of different thickness, are discussed
in Sec. VIIL

VIl. SURFACE RESISTANCE

The surface resistance of a conductor is important be-
cause the propagation properties of transmission lines and
the quality factor Q of resonant cavities and microstrip
circuits are related to the losses of electromagnetic energy
in these materials during signal propagation. For a good
conductor the surface impedance is given by

Z,= (jugw/o) 2. 9

193

For a superconductor the conductivity is complex and
therefore R, can be expressed in terms of ¢, and o as

(al)z (02)2 1/2 o
=l )
Oy Oy ay
o 2 o 27 —=1, 172
&)

oy oy

where Ry = (wpg/20y)"* is the surface resistance of the
film at T.. In the limit o;»0 (typically at low tempera-

tures compared to T, and for fiw <€ kgT,) the surface
resistance is given by

R,~Ry(01/ay) (o5/3) " = (0po)*A%0,/2. (1)

Note that in this limit the R, of a superconductor increases
as the square of the frequency while for a normal conduc-
tor the losses increase just as the square root of the fre-
quency. Equation (11) agrees with experimental results
within 30% for low-T, superconductors (for example,
within 5% for Sn) when the BCS expression for o, is used
in Eq. (11).%

Re=Ry

X (10}

VIil. RESULTS AND DISCUSSION
A. Transmitted power

In general, the temperature dependence of T and ¢ was

- -similar for the films. However, there were differences in the

microwave power transmitted through the films mainly
due to variations in their material composition and quality.
For a given film the microwave power transmission coeffi-
cient was measured with a repeatability of *5% over the
entire temperature range. This error was estimated by mea-
suring several films repeatedly with the film being removed
and replaced between each set cf measurements.

The metallic character of the films is evidenced by the
positive slope of T with decreasing temperature for T
> T?_’{w (see Fig. 6). At T?{w, the transmitted power de-
creased abruptly and continued decreasing with decreasing
temperature, leveling off at low temperatures. We observed
that the abruptness of this transition and the temperature
at which the transmitted power started to level off was
closely related to the film quality, as determined by the
values of R, A, and o, Different power levels (~0.1, 1.0,
and 16 mW) were used in probing the samples. Note that
although for low power levels and low temperatures the
data are noisier, the transmitted-to-incident power ratio is
the same for all incident powers. This indicates that the
superconducting state is not altered by the incident power,
at least for the different power levels and frequency range
considered in this study. The absence of any appreciable
shift of T?“V for most of the films, within a resolution of
0.5 K, supports this argument. This behavior was typical of
all the films considered independent of thickness.

Figure 7 shows the measured relative phase shift,
Ab = b9 k — (T, corresponding to films 1 and 2 of
Table II. Note that in the normal state A¢ is basically
constant. Below T?'w, an abrupt negative change in A¢é
takes place, leveling off at temperatures below 85 K for film
2 and continuing to decrease with decreasing temperature
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FIG. 6. Transmitted power vs temperature for a laser-ablated
YBa,Cu;0; _ s thin film (2400 A) on LaAlO;.

for film 1. The observed A¢ for film 2 is consistent with
that expected for low-T, superconductors since its magni-
tude is less than the 7/2 value expected for a totally su-
perconducting thin film (o,/0,»1). However, for almost
all the films considered in this study, A@ became larger
than 7/2 at some temperature below TM" as shown by
film 1 in Fig. 7. Nichols et al.'® also observed this effect in
a transmission experiment with YBa,Cu;0; _ 5 thin films.
They explained their observations in terms of leakages
through the film owing to pinholes, microcracks, normal
insertions, and possibly other leakage sources in the film.
However, we have seen the recurrence of this effect on
high-quality superconducting YBa,Cu;0;_; thin films
and failed to observe it in T1- and Bi-based films probed by
the same technique. Based on these observations we believe
that the behavior of A¢ is not exclusively the result of
leakage sources but rather caused by an intrinsic, and so
far not understood, mechanism present in high-quality
YBa,;Cu;0; _ s thin films. The constraints imposed by this
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FIG. 8. Transmitted power vs thickness for laser-ablated YBa,Cu;0,_,4
thin films.

effect on the determination of ¢, in the superconducting
state are discussed later.

Figure 8 shows a plot of the microwave power trans-
mitted at 33.3 GHz through three films of thickness less
than 3000 A, which were deposited by laser ablation on
LaAlQ; substrates of equal thickness. As expected, the
transmitted power decreases exponentially with increasing
film thickness for temperatures below 70 K even though
the T9 of the films differed by approximately 5 K. The
attenuation coefficient of the films varied from 4x 10°
em~!at 300 K to 1 X 10" cm ! at temperatures below 70
K. The nonlinear behavior seen near 7, in the plot of the
power vs thickness data in Fig. 8 is due to the difference in
T, values of the films. It was also noticed that for films
thicker than 3000 A the exponential dependence of the
power transmitted on film thickness was not followed. This
may be due to the increase in the number of g-axis-oriented
grains with increasing film thickness, as has been observed
by others.**

It was also observed that for the above-mentioned films
the 7™V for the thinnest film was approximately 2 K
higher than for the two thicker films which both have ap-
proximately the same T‘Z{W. However, the thinnest film had
a broader transition region than that exhibited by the
thicker films, which may have been caused by the presence
of a large number of weak links, as has been observed in
similar films by others.*>*® This shows that 72" should

not be the only parameter used to estimate film quality.

B. Complex conductivity

As shown in Sec. IV, one can obtain the complex con-
ductivity of the YBa,Cu;0; _ , thin films from the magni-
tude and phase of the microwave transmitted power, using
Egs. (3) and (4). Figure 9 shows the real and imaginary
parts of the complex conductivity as a function of temper-
ature for one of the films considered in this study (no. 1,
Table 1I). Observe that in the normal state, o, exhibits a
metallic behavior as a function of decreasing temperarture
(see insert in Fig. 9), whereas o, remains very close to zero
as expected for a good conductor. This behavior in the
normal state was typical of all the films considered in this
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FIG. 9. Real and imaginary parts of the microwave conductivity vs tem-
perature at 30.6 GHz for a laser-ablated YBa,Cu,0, _ 4 thin film (4900
A) on LaAlO,.

study. Both o, and o, increase rapidly when the films cool
through the transition temperature. Observe the maximum
reached by o, and its subsequent rapid decrease at temper-
atures not far from T?‘w, while g, exhibits a monotonic
increase with decreasing temperature. Similar behaviors
for o and o, just below T;‘ were observed by Nichols er

al.”® in YBa,Cu;0; _ ;5 thin films (~ 10000 A) deposited
on ALO;, YSZ, and MgO substrates, and more recently by
Golosovsky et al.'® for YBa,Cu;0, _ 5 on MgO. Nichols er
al.’® suggested that this behavior is consistent with that
expected for a homogeneous superconductor which, for
decreasing temperatures, exhibits both an increasing en-
ergy gap and an increasing density of quasiparticle states at
the gap edge, such as a BCS superconductor.

A comparison of the measured o with that calculated
from the BCS-based Mattis-Bardeen equatlons 2 js shown
in Fig. 10. The curve was calculated by using the measured
T“\.JW and o, at T?’W, and assuming an isotropic energy
gap. It is evident that the temperature behavior of the mea-
sured o, deviates from that expected from the BCS theory.
According to the BCS theory, the increase in o, when the.
film cools through the transition temperature is accompa-
nied by an increase in nuclear-spin relaxation rate
(1/T)) above the normal-state value because of the in-
crease of the density of quasiparticles at the gap edge. At
lower temperatures both oy and 1/7T, decrease exponen-
tially to zero as the quasiparticles above the gap are frozen
out.”” However, Warren et al.*® have shown that 1/7 for
quasiparticles of the chain-forming Cu(l) and planar
Cu(2) lattice sites decreases rapidly when the film cools
through T, Therefore, if the observed behavior of oy is a
consequence of the intrinsic superconducting state of the
film, then this type of response may be due to a nonisotro-
pic energy gap or to a superconductor that does not behave
according to the BCS theory. Furthermore, if the behavior
is intrinsic to the material, then one would expect the tem-
perature dependence of o, to be the same for all the
YBa,Cu;0; _ s HTS thin films considered, independent of
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FIG. 10. Real part of the microwave conductivity for a YBa,Cu;0,_5
thin film (4900 A) on LaAlO,. The solid line represents a numerical fit
using the BCS temperature dependence for o,.

the deposition technique and substrate employed in the
film fabrication. Unfortunately, the data for some of the
films on different substrates do not support this assertion.

_ In these films it was observed that both o, and o, increase
~as the film is cooled through its transition temperature, but

the rapid decrease in o, observed for most of the films
analyzed in this study was not observed. Instead o, leveled
off at low temperatures as shown in Fig. Il for a laser-
ablated film on LaAlO;.

One can explain the variability of behavior of o (7) by
taking into account the granular nature of the
YBa,Cu;0,_ s HTS thin films. Ho er a/. '* and Kobrin er
al.*® have suggested that these HTS thin films can be visu-
alized as composed of superconducting regions embedded
in a normal conducting matrix. When the grains undergo
the superconducting transition as the film is cooled
through T. the microwave electric field will be excluded
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FIG. 11. Real and imaginary parts of the microwave conductivity for a
laser-ablated YBa,Cu;0; _, thin film (2655 A, T:'“ = 91.2 K) on
LaAlQO; at 35 GHz.
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from the superconducting regions. This exclusion of the
electric field from the superconducting regions will en-
hance the effective current density in the intergranular nor-
mal regions resulting in an increase in o, of the film. Since
the distribution of nonsuperconducting inclusions varies
from film to film, the temperature dependence of o, will be
different for each film. In addition, the distribution of
T.’s from grain to grain may also contribute to this effect.

C. Surface reactance and magnetic penetration
depth

Figure 12 shows the surface reactance versus temper-
ature for two of the films investigated in this study {(films
no. 3 and no. 4 of Table I). Observe that film no. 3 exhibits
a strong shielding of the microwave field as deduced from
the sharp decrease of X| at temperatures just below T?{w,
and the slow change of X with decreasing temperatures at
temperatures below approximately 80 K. On the other
hand, X, of film no. 4 decays slower than that for film no.
3 at temperatures below TMY and shows a much broader
transition. As discussed in Sec. VI, we have used the rela-
tionship between X, and A to determine A for the films
analyzed in this study. Figure 13 shows a plot of A versus
film thickness 4 at 30 K for films deposited on LaAlO;.
Observe that the anisotropy of A is indicated in this plot by
the large value of A observed in Fig. 13 for film no. 6 of
Table I, which is a predominantly g-axis-oriented film as
determined by x-ray-diffraction analysis. Taking the ratio
between A for this film and that of films no. 4 and no. 9 of
Table I, which have comparable thickness, yields
A¢/A4=3.8 and A¢/A9==5.7, respectively. These ratios are
consistent with the value of /4, = 5 reported by others
for single crystals and high-purity samples of the
YBa,Cu;0,_ superconductor.”"” Observations by
others*? have shown that as the film becomes thicker it is
more difficult to preserve their c-axis orientation, i.e., the
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number of g-axis-oriented grains increases with increasing
d. Since the shielding currents along the c-axis-oriented
grains are smaller than those along the a-b plane, one ex-
pects A to increase with film thickness as seen in Fig. 13.

The solid line in Fig. 13 represents a fit to the data
using a second-degree polynomial regression analysis. This
gives a value for the penetration depth corresponding to
zero film thickness of A(d=0)=90=30 nm. This value of
A represents the smallest possible value that can be ob-
tained for a c-axis-oriented film free from grain-boundary
effects and other nonsuperconducting inhomogeneities; i.e.,
the intrinsic value of A at low temperatures for the
YBa,Cu;0, _ 5 superconductor. To our knowledge, this is
the first time that this value has been estimated experimen-
tally for any of the HTS materials.
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FIG. 13. Magnetic penetration depth A vs film thickness d for

YBa,Cu,0; _; thin films. {) represents an g-axis-oriented film and the
solid line represents a second-degree polynomial fit.
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FIG. 14. Magnetic penetration depth A vs temperature for a laser-ablated
thin film (2400 A) on LaAlQ;. The dashed line represents a fit to the data
using the temperature dependence for A according to the two-fluid model
and the solid line represents a fit to the data using the temperature de-
pendence of A according to the BCS theory in the clean limit.

The temperature dependence of A for a laser-ablated
film on LaAlO; (no. 3 of Table I) is shown in Fig. 14.
Using the expressions for the temperature dependence of A
in the two-fluid model (TFM) approximation,

AMT)=A0)[1 - (T/T)*1 2, (12)

and according to the weak-coupling BCS theory in the
clean limit,***

AMTY=2(0)[200 - T/T)]~ "%, T-T, (13)

we have estimated the zero-temperature penetration depth
[A(0)], by fitting the measured A to Egs. (12) and (13)
 using a standard least-squares fit. All the fittings to the
experimental data were carried out for 7/7T, < 0.98. For the
film in Fig. 14 we obtained Agcs(0) =96+9 nm and
A1em(0) = 138+ 13 nm. These values are consistent with
those reported by others for c-axis-oriented thin films and
single crystals of YBa,Cu;0, _ s> For sample no. 4,
which according to the X, plot (see Fig. 12) is not quite as
good in overall quality as film no. 3, we found
Arrm(0) = 145+£12 nm and Agcs(0) =113+=8 nm, in
agreement with what was expected from the X data. The
increase of A may be due to the effect of grain boundaries
and other nonsuperconducting inhomogeneities as has
been suggested by others.*®

In summary, the power-transmission technique pre-
sented here provides a nondestructive technique for the
determination of A for HTS thin films, in contrast to mi-
crostrip resonator methods in which the film must be pat-
terned. We have shown that the technique is sensitive to
the intrinsic anisotropy of A as well as to the overall film
quality.

D. Surface resistance

The surface resistance of the films was calculated by
using the values of o; and o, obtained from power-trans-
mission measurements in Eq. (10). We have used Ry and
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oy as the surface resistance and the real conductivity, re-
spectively, of the film in the normal state and at T
= T?‘W. We have already mentioned that for most of the
films analyzed in this study we could not determine o; at
temperatures far below TH". Although the values of o,
obtained within this limited temperature range below
T?‘W allowed us to compare its behavior with that expected
from the Mattis-Bardeen equations, for most of the films
studied we could not determine R, at temperatures far be-
low 7MY,

Values of R, calculated at temperatures around 77 K
and at 30.6 GHz are given in Table II. The smallest values
of R, at 77 K were obtained for a laser-ablated thin film
(2400 ,3.; no. 3, Table I) on LaAlO;, R; ~ 3.3 m{, and an
off-axis magnetron-sputtered YBa,Cuy0;_; thin film
(2600 A; no. 11, Table I) on LaAlO;, R, ~ 6.9 mQ. These
values are lower than those for pure copper (R; ~ 16 m{2 at
77 K and 30.6 GHz), and are also in good agreement with
those reported for high-quality YBa,Cu;O0; _; thin films
deposited by off-axis magnetron sputtering onto LaAlO;
substrates ( ~500 pQ at 10 GHz and 77 K, which corre-
sponds to approximately 4.7 m{} at 30.6 GHz, assuming a
quadratic frequency dependence) B However, they are still
somewhat larger than the best value reported to date for a
laser-ablated YBa,Cu;0; _ 4 thin film on SrTiO;, with an
R, value of ~1 mQ} at 30.6 GHz, again assuming a qua-
dratic frequency dependence.*

We also observed that for films of thickness less than
1000 A (for example, films no. 2 and no. 5 of Table IT)
R, becomes larger than for most of the thicker films con-
sidered in this study. However, this effect was not directly
correlated with the T, values, i.e., a high R, value did not
necessarily imply a low value for T, (see film no. 2 of Table
II). In general, for the overall range of film thicknesses
studied, no clear correlation between R, and the thickness
of the film was observed. The large value of R, observed for
film no. 6 of Table II is directly related to its a-axis orien-
tation. The lack of a strong correlation between T, and
R, for these HTS thin films is evidence of the unpredict-
ability of the overall potential performance of these films
just based on one or two measured parameters. In addition,
this again indicates the tremendous problem that the dif-
ferences in type, average size, and location of the impurities
and lattice defects from film to film still pose for the com-
plete and unambiguous characterization of these materials.

To date, most of the R, measurements of
YBa,Cu;0; _ s HTS have been performed using resonant-
cavity techniques.***7*? Although this technique provides
a direct measurement of R, it does not provide informa-
tion about other important transport parameters in the
superconducting state such as o* and & without assuming
a model for the superconducting state. Furthermore, it has
been observed that the values of R, for YBa,Cu;0; _4 thin
films vary by more than an order of magnitude in measure-
ments performed at different laboratories.*® In view of this,
we have measured the R; of three laser-ablated
YBa,Cu;0; _ 5 thin films (~2660-4000 A) on LaAlO; by
microwave power transmission and resonant-cavity mea-
surements. All three films were measured by Newman, of
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FIG. 15. Surface resistance R, vs temperature at 36 GHz for a

YBa,Cu;0; _; thin film (4000 A) on LaAlO; as measured by a micro-
wave power-transmission method ( + ) and by a cavity-wall replacement
method: NRL (03) and FM (A). The R, for copper ({) is also plotted for
comparison.

the Naval Research Laboratory (NRL) in Washington,
DC, using a TEg-mode copper cavity resonant at 36
GHz. One film was also measured by Wilber, of Fort Mon-
mouth (FM) in New Jersey, using a TEg,;-mode copper
cavity resonant at 35 GHz.

Figure 15 shows R, versus temperature for the film
(~4000 A) measured by both NRL and FM. The R, of
copper is also shown for comparison purposes. This film
hada 7% = 842K anda 7MY = 90K. R, values of 177
and 25 mQ) at 80 and 50 K, respectively, were obtained by
using the power-transmission method. The scatter of the
data below ~ 50 K is due to our use of an input power of
only | mW. Similarly, R, values of 528 m(l at 80 K, and 13
m{ at 50 K, were measured at NRL. The R, values
(scaled to 36 GHz assuming an f? dependence) measured
at FM were 127 mQ at 78 K, and 23 m{} at 48.5 K. The
uncertainty in this data is #20% below 50 K. The time
elapsed between the R, measurements shown in Fig. 15 was
1.5 months, with the NRL measurement performed first
and our microwave power-transmission measurement last.
Note that both techniques give an R that decreases rapidly
when the sample is cooled through T’:{w and then levels off
at lower temperatures showing a residual surface resistance
that changes very slowly with decreasing temperature. Al-
though there is an appreciable discrepancy between the
R, values obtained by the two techniques at temperatures
not far from T’:IW, they agree within a factor of 2 at lower
temperatures. A similar behavior was observed for the
other two samples, and the resulis obtained are presented
in Ref. 51. When the R, value of the sample drops below
that of copper the accuracy of copper cavities is limited
and the measured value can often be considered only an
upper bound to the actual R, value. The good correspon-
dence between the three measurements suggests that the
microwave power-transmission technique can be used as an
alternate technique to copper cavities for the determination
of R, in HTS thin films. Further study is necessary to
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determine any lower limits on the values of R that may be
measured by this technique.

IX. CONCLUDING REMARKS

We have studied the microwave response of
YBa,;Cu;0; _ 5 superconducting thin films by measuring
the microwave power transmitted through the films at fre-
quencies within the Ka band, and at temperatures ranging
from 20 to 300 K. We found that the microwave transmis-
sion properties are very weakly dependent on temperature
in the normal state, but change drastically upon transition
to the superconducting state. In particular, the transmis-
sion decreases and there is a negative phase shift with re-
spect to the phase at room temperature when the sample is
cooled through its transition temperature.

The magnetic penetration depth for all the films was
determined from the surface reactance of the films. We
were able to experimentally verify the intrinsic anisotropy
of A for this HTS superconductor by measuring this pa-
rameter in c-axis- and predominantly g-axis-oriented films.
As expected from the anisotropy of these HTS materials,
the value of A for the g-axis-oriented film was larger than
the values obtained for c-axis-oriented films. In fact, the
ratio of A for an g-axis-oriented film to that of c-axis-ori-
ented films agrees very well with that reported by others
for single crystals and very high-quality thin films of the
YBa,Cu;0; 5 superconductor. We also observed that A
increased with increasing film thickness, which is consis-
tent with the increase of the number of g-axis-oriented
grains and other structural and material defects with in-
creasing film thickness. From the thickness dependence of
A we were able to estimate, for the first time, the intrinsic
value of A for the YBa,Cu;O;_ s superconductor. This
value is consistent with that expected from measurements
of A in single crystals using other techniques.

The microwave complex conductivity was determined
in both the normal and the superconducting state. We ob-
served that both ¢, and o, increased on transition to the
superconducting state. This implies that the temperature
dependence of o, deviates from the predictions of the two-
fluid model. In addition, we found that the temperature
dependence of ¢ is not consistent with that expected from
the Mattis-Bardeen equations and the BCS theory.

We have calculated the surface resistance R, for all the
films, and we found that for the films of the highest quality
the R, values at 77 K were in good agreement with those
reported by other researchers for similar films and were
equal to or less than that for copper at the same frequencies
and temperatures. OQur analysis suggests that the laser-ab-
lated and the dc off-axis magnetron-sputtered
YBa,Cu;0; _ 4 thin films are promising for microwave ap-
plications. The merits of our experimental technique have
been tested against widely accepted characterization tech-
niques, such as resonant-cavity measurements. The consis-
tency of the R, values measured using both techniques sup-
port the validity of our method. The strength of our
technique is that it allows the calculation of: several trans-
port parameters (4, o*, R, etc.) from one single measure-
ment, an attribute rarely found in other probing techniques



employed in HTS films research. The versatility of our
technique rests not only in yielding values of A, o*, and
R, in good agreement with those obtained by other tech-
niques, but also in being sensitive to the intrinsic anisot-
ropy of these materials, as evidenced by the results of A for
YBa,Cu;0; _ 5 thin films.
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MAGNETIC PENETRATION DEPTH OF YBa,Cu,0,, THIN FILMS DETERMINED BY THE POWER
TRANSMISSION METHOD

Vernon O. Heinen, Félix A. Miranda and Kul B. Bhasin
Nalional Aeronautics and Space Administration, Lewis Research Center, Cleveland, OH 44135, US.A.

ABSTRACT

A power transmission measurement technique has been used to determine the magnetic penetration depth ()
of YBa,Cu,0,, superconducting thin films on LaAlO, within the 26.5 to 40.0 GHz frequency range, and at
temperatures from 20 to 300 K. Values of A ranging from 1100 to 2500 A were obtained at low temperatures.
‘The anisotropy of A was determined from measurements of c-axis and a-axis oriented films. An estimate of
the intrinsic value of A of 90+ 30 nm was obtained from the dependence of  on film thickness. The advantage
of this technique is that it allows A 10 be determined non-destructively.

KEY WORDS: Magnetic penetration depth, YBa,Cu,O,; thin films, Power transmission measurements.
INTRODUCTION

Since the discovery of the high-transition-temperature superconductors (HTS) by Bednorz and Muller {1}, and
Wu et al. [2) numerous studies have been done to determine the potential of these materials for practical
applications and to learn more about the nature of their superconducting state. One of the parameters of most
relevance in the evaluation of the suitability of the new HTS thin films for microwave applications is the
magnetic penetration depth (2). This parameter, which is a measure of the distance a magnetic field
penetrates into the superconducting material, is important not only because it can provide information about
the fundamental mechanisms for superconductivity in these materials but also because of its sensitivity to the
quality of the superconductor near its surface. In particular, for thin films of thickness t in which A ~ t, A serves
as an excellent figure of merit to determine the quality of the entire film, and provides necessary information
for the design of superconductor-based microwave integrated circuits [3]. To date, values of A for YBa,Cu,0;;
single crystal and ceramics have been reported using various experimental techniques, such as muon-spin-
rotation and low field dc magnetization measurements [4-6]. Others have determined this parameter in HTS
thin films from a variety of microwave measurements [7-10]. However, some of the most favored microwave
techniques used for the determination of A usually involve the alteration of the film by way of patterning it into.
microstrip resonators and other transmission line structures {9,10].

In this paper we present results on the determination of A for YBa,Cu,0,; HTS thin films using a power
transmission method. One of the merits of this technique is that it does not alter the film in any way so that
the same film can be used for further characterizations or for the fabrication of a microwave device. Values
of A over a wide range of temperatures (T) and film thickness (d) are discussed.

EXPERIMENTAL

‘T'he YBa,Cu,O,, superconducting thin films considered in this study were deposited by pulsed laser ablation
on LaAlO, substrates. The substrates were approximately 1.0 cm?, with thickness of 10 to 20 mils and had a
(100) erystallographic orientation. The thickness of the films ranged from approximately 800 to 5000 A, as
determined by using a surface profilometer over steps elched at the corner of each film with undiluted
phosphoric acid (H,PO,). Measurements of de-resistance (R,.) versus temperature were performed for all the
films analyzed in this study using a standard four-point probe method. The temperature at which the
measured resistance fell below the resolution of the measuring instrument (= 10® n-cm) was defined as the
de-transition temperature (T). The transition temperature for all c-axis oriented films was between 84 and
91 K. The crystallographic orientation of the films was determined by x-ray diffraction analysis,

The main components of the experimental apparatus are an HP-8510B network analyzer and a closed-cycle
helium gas refrigerator, which are both controlled by an HP 9000-216 computer, The network analyzer is
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coupled to the refrigerator by Ka band (26.5 to 40.0 GHz) rectangular waveguides. The measurement
technique compares the transmitted signal against the incident microwave signal to determine the transmission
cocflicients. The data measured in this way are then stored by the computer for subsequent analysis.

All the measurements were made under vacuum (<107 torr) in a custom-made aluminum vacuum chamber
designed to fit on top of the external shield of the refrigerator and to give access to the waveguides connecting
the network analyzer with the refrigerator. Mica windows were used as vacuum windows in the waveguide,
The sample was oriented perpendicular to the microwave source by clamping it between two waveguide flanges
thermally connected to the cold head of the refrigerator through a Au-plated Cu plate. The film side of the
sumple was directed toward the incident microwave signal as shown in Fig. 1. The system was calibrated
before the beginning of each measurement cycle to account for the impedance of the waveguide network. The
noise level for our measurements was determined to be below - 60 dB. Background attenuation and phase
corrections were made by subtracting the transmitted power as a function of temperature in the absence of
the sample from the data obtained with the sample in place. Measurements of bare LaAlO, substrates were
used to determine any temperature dependence of their dielectric constant. The results of these measurements
have been previously reported [11]. The temperature of the film was measured with two silicon diodes placed
in a 1/8 inch diameter hole on top of each of the sample’s supporting flanges. The accuracy of these diodes
is £ 1.0 K from 1.4 to 100 K, and 1% of the uctual temperature in the range from 100 to 325 K.

ANALYSIS

The surface reactance (X,) of a superconductor is defined in terms of A. Therefore knowledge of either one
of these parameters allows the determination of the other. The surface reactance can be expressed in terms
of the microwave power transmitted through them, Sridhar {12] was the first to use the microwave power
transmitted through Sn thin films, placed at the end walls of a cylindrical copper resonant cavity, to determine
the effective surface reactance X,q, as a function of temperature. Therefore, since we were able to measure
the microwave transmitted power directly, we have followed Sridhar's method for obtaining X . After
satisfying the boundary conditions of the problem, the expression for X,y in terms of the transmitted power
is

Xcrr = Rﬁwcosh(d‘/k) ! meiu/Pr:miulys (1)

where R} is the normal state surface resistance at T = TY¥, which is the transition temperature determined
from the power transmission measurements, d is the film thickness, and P}, and P}, are the power
transmitted in the normal and the superconducting states, respectively. For thin films, X 4 is given by

X.r = X coth(d/2) @)

where X,=wuk, © /21 = fis the frequency and 4, is the permeability of free space. Thus, to determine A we
solved equation (1) for X, by assuming an initial value of A = 100 A Using the resulting value of X ; in (2),
we calculated a new value of A. This value was then used in equation (1) and the process was repeated until
the value of A changed by less than 0.195 between iterations. This value was taken to be the value of A at the
temperature under consideration.

RESULTS AND DISCUSSION

Figure 2 shows a plot of the power transmission coefficient P versus temperature for one of the films analyzed
in this study. For a given film the microwave power transmission cocfficient was measured with a repeatubility
of £ 5% over the entire temperature range. This error was estimated by measuring several films repeatedly
with the film being removed and replaced between cach set of measurements. The metallic character of the
films is evidenced by the positive slope of P for T > Th". At T'}", the transmitted power decreased abruptly
and continued decreasing with decreasing temperature, leveling off at low ltemperatures. We observed that
the abruptness of this transition and the temperature at which the transmitied power started to level off was
closely related to the film quality, as determined by measurements of the surface resistance (R,) and the
complex conductivity (0 =0 ,-jp,). Different power levels (~0.1, 1.0, and 16 mW) were used in probing the
samples. Note that although for low power levels and low temperatures the data are noisier, the transmitted-
to-incident power ratio is the same for all incident powers. This indicates that the superconducting stale is
not altered by the incident power, at least for the different power levels and frequency range considered in
this study. The absence of any appreciable shift of 1%¥ for most of the films, within a resolution of 0.5 K
supports this argument. This behavior was typical of all the films considered independent of thickness.
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As discussed in the last section we have used egs. (1) and (2) to determine A for the HTS thin films. Figure
3 shows a plot of A versus film thickness (d) at 30 K. The anisotropy of A is indicated in this plot by the large
value of A for the film represented by the ¢ symbol which is a predominantly a-axis oriented film. Taking the
ratio between A for this film and c-axis oriented films of comparable thickness, yields & /A, - 3.8 and A /A,
~ 5.7, respectively. These ratios are consistent with the value of A /A, ~ 5 reported by others for single crystals
and high purity samples of the YBa,Cu,044 superconductor [4,14-15]. Observations by others {7} have shown
that as the film thickness increases it is more difficult to preserve their c-axis orientation, i.e., the number of
a-axis oriented grains increases with increasing d. Since the shielding currents along the c-axis oriented grains
are smaller than those along the a-b plane, one expects A to increase with film thickness as seen in Fig. 3.

T T T T LS e S ot o B B IR IR O

.ﬂlll".‘..”.‘_:

O :

THIX SUBSTRATE"?

s
:
3 nf H INCIDENT POWER 3
¢ b E
g~ 4,01 mW
S 3
7 2,10mW -3
e
g-u" + o, 16miV E
N ¥ 2o .
+ -
—~ +
U | Pt a b 1 i,

L
~Tee (L] I 158 19 (30 3
TCHPCRATLRE (X)

Fig. 1 Schematic of rectangulas waveguide propagaling'lhc
TE,, mode with its entire cross section covercd by a high-
T, superconducting thin Blm of thickness d deposited on a

Fig. 2 Power transmission coefficicot versus lemperature
for a laser ablated YBa,CuyO, thin film (2400 A) on

. . . LaAl 20 mils).
dielectric substrale of thickness t and index of refraction n. G ( )
A T T 7 T
%00
700[
1 ed
&0 +
or €
g < af
ol .
. < o 3
~ o oooooogo® °°°_,°,°E£/ b
w 1} Ll - 3
200 A _.
b
100 ]
00 350 a0 0 0 50 600 0 ol L 1 1 1 1 1
0 S0 10 19 200 20 = 1 L L L . . & L
TEMPERATIRE, K

Fig. 3 Magnclic penctration depth (A ) versus film thickness
(d) for YBa,Cu, O, 4 thin films on LaAlG, (20 mils). Tl"tc
4 symbol represents an a-axia oriented film and the solid
finc represcnts a second degree polynomial fit.

Fig. 4 Magnelic penelration depth (1) versus lemperature
for a YBa,Cu, O, thin film oo LaAlQy (20 mils). The
dashed (solid) linc represents a fit to the data using the

temperaturo dependence for X according to the two-fluid
model (weak coupling BCS theory in the clen limil).

The solid line in Fig. 3 represents a fit to the data using a second degree polynomial regression analysis. This
gives a value for the penetration depth corresponding lo zero film thickness of A (d=0) = 90 % 30 nm. This
value of A represents the smallest passible value that can be obtained for a c-axis oriented film free from grain
boundary effects and other non-superconducting inhomogeneitics; i.c., the intrinsic value of A at low
temperatures for the YBa,Cu,0,, superconductor, To our knowledge, this is the first time that this value has
been estimated experimentally for any of the HTS materials.

The temperature dependence of A for a film (d=2400 A) is shown in Fig. 4. Using the expressions for the
temperature dependence of A in the wo-fluid model (TEM) approximation,

A(T) = A(O{1 - (T/T )Y 3)
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and according 1o the weak-coupling BCS theory in the clean limit [14,10),
A(D) = AR - T/TH T-T, 0]

we have estimated the zero-temperature penetration depth (x (0)), by fitting the measured A to equations (3)
and (4) using a standard least-squares fit. For the film in Fig. 4 we obtained A ;5(0) = 96 + 9 nm and A (0)
= 138 * 13 nm. For another film of d=1769 A film we found A y(0) = 145 = 12 nm and A 5(0)= 113 =
8 nm. These values are consistent with those reporied by others for c-axis oriented thin films and single
crystais of YBa,Cu,0,4 [4,17,18).

CONCLUSIONS

The magnetic penetration depth of YBa,Cu;0;4 HTS thin films on LaAlO; was determined using a power
ransmission method. We were able to experimentally verify the intrinsic anisotropy of A for this HTS
superconductor by measuring this parameter in c-axis and predominantly a-axis oriented films. As expected
from the anisotropy of these HTS materials, the value of A for the a-axis oriented film was larger than the
values obtained for c-axis oriented films. In fact, the ratio of A for an a-axis oriented film to that of ¢-axis
oriented films agrees very well with that reported by others for single crystals and very high quality thin films
of the YBa,Cu,0,, superconductor. We also observed that A increased with increasing film thickness which
is consistent with the increase of the number of a-axis oriented grains and other structural and material defects
with increasing film thickness. From the thickness dependence of A we were able to estimate, for the first time,
the intrinsic value of A for the YBa,Cu,0,; superconductor. Finally, the power transmission technique
presented here provides a non-destructive technique for the determination of  for HTS thin films, in contrast
10 microstrip resonator methods in which the film must be patterned.
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Abstract

The magnetic flux relaxation behavior of YBa,Cu,0; _, thin film on LaAlO, for H ¢ was studied in the range 4.2 — 40 K and
0.2 — 1.0 T. Both the normalized flux relaxation rate S and the net flux pinning energy U increase continuousty from 1.3 x 107
to 2.0 x 102 and from 70 to 240 meV respectivcly, as the temperature 7 increases from 10 to 40 K. This behavior is consistent
with the thermally activated flux motion model. At low temperatures, however, S is found to decrease much more slowly as
compared with k7, in contradiction to the thermal activation model. This behavior is discussed in terms of the athermal quantum
tunneling of flux lines. The magnetic field dependence of U, however, is not completely understood.

1. Introduction

In type IT superconductors the pinning of magnetic
flux lines is responsible for the lack of dissipation
during the flow of high current densities. The pinning is
caused by various types of defects, ie. grain boun-
daries, twins, point defects and inhomogeneities. The
observation of a high degree of mobility of these flux
lines in the oxide superconductors [1-3} has stimulated
many theoretical studies and has led to the proposal of
several models. According to the conventional thermal
flux motion model [4] the magnetization relaxes loga-
rithmically with time ¢ for ¢ <1, where ¢ is a cross-
over time given by ., = ., exp[U(H, T)[kT], ty,,;, is the
flux line hopping time (1010~ "?s), U(H, T) the net
flux pinning energy, k the Boltzmann constant and T
the temperature. At ¢ > ., or for high T, the motion of
flux lines attains a steady state and the magnetization
relaxes exponentially with ¢ [5]. However, the observa-
tion of logarithmic decay even at large T and the
non-linear behavior of the relaxation rate has led to
many alternative models for the nature of the pinning
energy U [6-8].

In the present work, the relaxation of screening-cur-
rent-induced magnetization in a YBa,Cu,0,_, thin
film has been studied as a function of temperature 7'
and "external field H. The magnetization is found to
relax logarithmically up to 10*s for T as high as 0.45T,
where T, is the superconducting transition temperature.
The normalized relaxation rate S increases non-linearly

*Present address: Department of Metallurgy, Indian Institute of
Technology, Powai, Bombay 400076, India.

*Department of Physics, Kent State University, Kent, OH 44242,
US.A.

with 7 and is discussed in terms of the thermally
activated flux motion model, but with a modified pin-
ning energy U. The low temperature behavior, however,
cannot be explained by this model and is discussed in
terms of “quantum tunneling” or “‘athermal flux mo-
tion” model [9]. The magnetic field dependence of U,
however, is not completely understood.

2. Experimental methods

The YBa,Cu,0,_ thin film about 0.3 pm thick was
deposited by a pulsed laser ablation technique onto a
heated LaAlO,(100) substrate. The film texture was
determined by the standard ©-26 scan and rocking
curve and shows that the grains are preferentially
aligned with their ¢ axis along the plane normal. The
film has a smooth surface and the average grain size,
determined by scanning electron microscopy, is about
0.25 ym. The superconducting transition temperature
T.(0) determined by the standard four-probe d.c. tech-
nique is 88.5 K with a transition width of about 1.0 K.

The magnetization and magnetic flux relaxation were
studied using a commercial superconducting quantum
interference device magnetometer. The data collection
procedure is described in detail in ref. 3. The diamag-
netic transition temperature determined from the field-
cooled magnetization at 2 mT applied along the ¢ axis
was found to be 88.5 K and is the same as that deter-
mined by the electrical transport method.

3. Results

The relaxation of the screening-current-induced
magnetization at H =0.2T, 04T and 1.0T applied

Reprinted with the kind permission of Elsevier Sequoia, Lausanne, Switzerland, publishers of the Journal of Thin Solid Films. NO 206
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perpendicular to the orthorhombic ¢-& plane of the
crystals was studied in the temperature range 0.057, <
T < 0.45T,. The magnetization was found to relax log-
arithmically with ¢ up to 10*s at all the temperatures
and fields studied. The relaxation rate dM(H, T)/dIn ¢

is shown in Figs. 1(a) and 1(b) as a function of T and
H respectively. The rate decreases continuously as H
increases from 0.2T to 0.4 T at all temperatures. At
1.0 T, however, it exhibits a peak at about 20 K. The
relaxation rate dM(H,T)/dIn¢ normalized by the
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Fig. 1. The logarithmic relaxation rate dM/d In ¢ of the screening-current-induced magnetization: (a) as a tunction of temperature T (A, 0.2 T;
0,04T, O, 1.0T); (b) as a function of external field # (A, 10K; O, 20 K; ¢, 40 K). (The lines connecting the data points are aids to the

eye.)
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initial magnetization M, at 1, eliminates the uncertain-
ties associated with the determination of the demagne-
tization factor and allows the possible determination of
the net pinning energy U. In analyzing the results of the
present work, , is taken as 10* s so that the relaxation
is in the logarithmic regime. Figures 2(a) and 2(b) show
the normalized relaxation rate (1/My) dM(H, T)/
dInt =S8 as a function of T and H respectively.

4. Discussion

In a typical relaxation measurement, the net flux
pinning energy U(H, T, t) is zero at 1 = 0 and increases
rapidly with 1. The driving force for the motion of these
flux lines is a combination of flux line interaction,
thermal activation and the flux line gradient (Lorentz
force or current density J). In the conventional ther-
mally activated flux motion model, U(H, T, ) is as-
sumed to be a linear function of J and independent of
T. This leads to the classical relation [4, 6, 10]

MH, T, 1) =MyH, T[| —=kT/UH, T) In(t/ty,,)] (1)

The relaxation rate normalized by the initial magnetiza-
tion can be obtained from the above relation and is
given as

[1/Mo(H, T)] dM(H, T)/dInt =S

= —kT[[UH, T) — kT In(to/ty,)] (2)

According to the above relation S is a linear function of
T only when U(H, T) » kT In(ty/t},,,). Since U has to
go to zero as T — T. it also predicts a divergence or an
upward curvature for the S curve as T increases. In the
present work, however, it can be clearly seen from Fig.
2(a) that neither is S a hnear function of T nor does it
curve upwards as 7 increases. This type of behavior has
been observed before in magnetization studies on single
crystal, aligned powder and thin film [1-3]. '

The net flux pinning energy U obtained from eqn. (2)
by considering ¢, to be typically 10-%s is shown in
Fig. 3. At low fields, 0.2 T and 0.4 T, U increases
linearly with 7 in the range 10-40 K and does not
exhibit divergence at large 7. However, at 10T, U
increases non-linearly with T and has an upward curva-
ture. To understand this behavior of U or conversely S,
different forms for the shape and depth of the flux line
potential well have been proposed. On the basis of a
single potential well Beasley et al. [6] and Welch [7]
have proposed that U = U,(H) (1 — J/Jy)" where J, is
the current density in the absence of flux relaxation and
3/2 <n < 2is a constant depending on the shape of the
potential well. According to this model U does not
diverge as J =0 or T - T,,, where T, is the irreversibil-
ity temperature, but converges to the intrinsic pinning
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potential U,(H). The observed T dependence of U at
02T and 0.4 T indicates a qualitative agreement with
this model in the temperature range studied.

The collective flux creep model [11] and the vortex
glass model [12] predict an inverse J dependence for U
of the form U = U,(H) [(Jy/J)" — ] where u is a vari-
able in the collective flux creep model but a universal
constant in the vortex glass model. Zeldov et a/. [8], in
contrast, proposed that U = U,(H) In(Jy/J), on the
basis of a single potential well approximation, All these
models predict an upward curvature for U as J -0,
which is observed at 1.0 T. The vortex glass model also
predicts that S attains a universal constant value
in the range~0.27.< T < x0.657,. This behavior,
however, is clearly not observed in the present work
(Fig. 2(a)). The validity of the other models will be
discussed in detail elsewhere [13].

Recently, substantial magnetic relaxation has been
reported at temperatures as low as 0.1 K in YBa,Cu,0,
single crystal [14] and grain-aligned powder [15] and at
1.6 K in ¢ axis aligned thin film [16] for A applied along
the ¢ axis. In the present work, however, 4.2 K was the
lowest T at which the relaxation behavior was studied.
Figure 4 shows S and U at 4.2 K for increasing H. At
0.2T, § decreases by less than 40% compared with that
at 10 K and the reduction becomes negligible as H
increases. This shows that the T at which .S saturates at
low temperatures increases as H increases. On the con-
trary, the thermal activation & T is reduced by 58%. This
behavior is contrary to the classical thermal activation
model [4] and has also been observed in molybdenum
disulfides for T < 0.27, by Mitin [9]. He has proposed
that the observed relaxation results from quantum tun-
neling or hopping of the flux line segments across the
potential barrier separating two pinning centers and is
athermal in nature. The hopping time for this process
was estimated to be about 10~ '"?s, which is comparable
with 1., used in the present analysis. This phenomenon
is similar in principle to the electron transport mecha-
nism in disordered semiconductors {17]: quantum tun-
neling crossing over to thermal activation as T increases
and domination of the highest rate process at any given
T. At present there is no single model incorporating
both of these processes.

The magnetic field A dependence of U is shown in
Fig. 3(b) and also in Fig. 4. As can be seen from these
two figures, the H dependence of U changes continu-
ously as T is increased. At 4.2 K and 40 K, U decreases
as H increases while at 10 K it increases as H increases.
At 20K, however, U increases to 131 meV at 04T
before decreasing at high fields. Keller et al. [ 18] found
that U increases steadily as H increases to 5.0 T in the
range 10-40 K. At 77 K, however, U decreased with
increasing H. In the case of YBa,Cu,0,_, single crys-
tals Daeumling et al. [19] have reported an anomalous
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5. Conclusions

The temperature and magnetic field dependence of
the flux pinning energy in a ¢ axis oriented YBa,-

Cu,0;,_, thin film have been investigated. It is found

that the temperature dependence can be understood
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magnetization behavior and hence flux pinning as 7
changes. This has been attributed to the variation in
pinning strength, creation of field-induced pinning cen-
ters and granularity. This clearly shows that the H
dependence of U is also not completely understood at
present.
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Fig. 4. The normalized relaxation rate S () and the net flux pinning potential U { A} at 4.2 K are shown as a function of external field A.

qualitatively in terms of the thermal activation model
only by incorporating modified potential functions. The
low temperature behavior, however, cannot be under-
stood in terms of this model and can only be understood
by considering an athermal flux line tunneling mecha-
nism for motion. The magnetic field dependence is found
to be anomalous in nature and cannot be explained by
the existing models [1].

All the models proposed so far concentrate only on
modifying or altering the form of the pinning potential
function so as to explain the observed results. However,
an attempt to relate these functions to the actual pinning
centers in the material, various types of defects, is as yet
lacking. The present work clearly demonstrates that the
response of the flux lines to the pinning centers is not the
same for temperature variations and field variations.
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