G G G G R S — o

J

,l
A

D ’{% j U :j ') /"

NR 251-029-10

GaAs MONOLITHIC MICROWAVE SUBSYSTEM TECHNOLOGY BASE

— Dr. J.G. Oakes (Devices) 412-256-7665 ey
<. Dr. J.E. Degenford (Circuits) 301-765-7324 3 Y b
Westinghouse Defense and Electronic Systems Center ! ™
Systems Development Division
Baltimore, Maryland 21203

December 1880 -
Final Technical Report for Period 1 April 1979 — 31 May 1980

Approved for Public Release; Distribution Unlimited.

Reproduction, in whole or in part, is permitted for any purpose of the U.S. Government. The views and conclusions
contained in this document are those of the authors and should not be interpreted as necessarily representing the official
policies, either expressed or implied, of the Defense Advanced Ressarch Projects Agency or the U.S. Government.

Prepared for

DEFENSE ADVANCED RESEARCH PROJECTS AGENCY
1400 Wilson Boulevard
Arlington, Virginia 22209

OFFICE OF NAVAL RESEARCH
800 North Quincy Street
gﬂi;ngton, Virginia 22217

DT FILE co

81 9 04 001

RPN £ SRS T e SR LS = HIE ST



UNCLASSIFIED

SECURITY CLASSIFICAT'ON OF THIS PAGE (When Data Entered)

' REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
1. REPORT NUMBER 2. GOVT ACCESSION NO.| 3. RECIPIENT'S C ATALOG NUMBER
7 NR 251-029-3 A ALOD 40
1 TITLE (and Subtitie) Sl 2 | IYPEQERE PERTODTOVERED,
— ] CE”Final Fechnical v ép
6 GaAs Monolithic Microwave Subsystem Lt | MJ{MJ' s .{ B
Technology Base » T, ; : TG §RG. REFORT NUMBFE R :
P T AWTHOR(s) GRANT NUM R(s)
" IC> J.G./Oakes " e O3 ¥ 5
T T.E. /Degenford M, ¢ 1} ’ T Nﬂbpl4-78_c-526%
+ a8 ox e/ JriYEr  \jyopgen Oder -39 4 3
9. PERFORMING ORGANIZATION NAM An_s ADDRESS . _4 10, s:ggﬁl;«:oenn.:zs?TTKN-UnMoBJEEg;f?Asx :
- Westinghouse DESC 1 pif Frrtivag
- Systems Development Division 61301E/§l;i3 |
Baltimore, Maryland 21203 L oqpeorder -§ {
- 11. CONTROLLING OFFICE NAME AND ADDRESS |
Defense Advanced Research Projects Agenﬁ‘ Dec B8
— 1400 Wilson Blvd. NUMBER OF PABES
Arlington, Virginia 22209
- T MONITORING AGENCY NAME & ADDRESS(if different from Controlling Office) 1S. SECURITY CLASS. (of this report)
- office of Naval Research UNCLASSIFIED
Code 427 &
i Arlington, Virginia 22217 15a, SDECLASSIFICATrI\]Q/N‘ADOWNGRADIN;
B 16. DISTRIBUTION STATEMENT (of this Report)
3 Approved for public release; distribution unlimited.
. .
5 17. DISTRISUTION STATEMENT (of the abatract entered in Block 20, it different from Report)
- =
- v
18. SUPPLEMENTARY NOTES
., Scientific Officer Telephone: (202) 696-4128
'? " 19. KEY WORDS (Continue on reverse side if necessary and identify by block number)
- Gallium Arsenide Ion Implantation
_ Monolithic Lithography
T FET
- Integrated Circuits
20. ABSTRACT (Continue en reverse side |f neceseary and identify by block number)
-,
i (.}~ ~puring this reporting period, the effort was primarily
- directed toward increasing the power output per unit of gate
width and exploiting the previously developed direct selective
3: ion implantation technology to design, fabricate and evaluate
successive iterations of multistage monolithic power amplifiers.
Improvements in GaAs materials and FET device design and
I~ processing have resulted in increases in FET output power per ;
- DD , o' 173 | eormiom oF 1 nov 6815 oBsOLETE RCLASSTEIRD *
E SECURITY CLASSIFICATION OF THIS PAGE (When Data ad)
i Mt L i e A A R S A R S T N S A R R AR G R e i




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

20. ABSTRACT (Continued)

-unit of gate width. Values of 0.7 watts per mm have been
achieved, (typical values between 0.6 and 0.7 watts per mm). A
device power output of 1.6 watts CW has been measured for an
eight cell 2400 W gate width FET.

The design of wide-band multistage power amplifiers, that
observe area conserving constraints necessary for economical
monolithic fabricaticn, is a formidable task. An analysis and
optimization procedure which solves this problem has been de-
veloped and demonstrated by the design of a wide-band two-stage
monolithic power amplifier that yielded a power output of 28
dBm +0.7 dB over the frequency range from 5.7 to 11.0 GHz.
Power outputs of greater than 30 dBm have been achieved over
narrower bandwidths.

SSIFIED

_ SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




e Y A OIS RS . S i W T

t

‘j"

¢

AN MTIR O - i R s A SR S AR Mt .2 oo i At gt B i

81-0571

GaAs MONOLITHIC MICROWAVE SUBSYSTEM TECHNOLOGY BASE

WESTINGHOUSE DEFENSE AND ELECTRONIC SYSTEMS CENTER
Systems Development Division
Baltimore, Maryland 21203

FINAL REPORT
March 15, 1978 - May 31, 1980

M. Cohn, J.G. Oakes, J.E. Degenford
M.C. Driver, R.G. Freitag, D.C. Boire

Prepared for:

DEFENSE ADVANCED RESEARCH PROJECTS AGENCY
Contract No. N000l14-78-C-0268
DARPA Order No. 3543

Contract Authority: NR 251-028
Approved for Public Release; Distribution Unlimited

Reproduction, in Whole or in Part, is Permitted
for any Purpose of the U.S. Government

Effective Date of Contract: March 15, 1978
Expiration Date of Contract: May 31, 1980

The views and conclusions contained in this

document are those of the authors and should
not be interpreted as necessarily represent-
ing the official policies, either expressed

or implied of the Defense Advanced Research

Projects Agency of the U.S. Government.

4 e




TABLE OF CONTENTS

. 1. INTRODUCTION AND MANAGEMENT SUMMARY 1-1 ;
‘: 2. DEVICE FABRICATION 2-1 i
) 2.1 Material Growth 2-1
E 2.2 Ion Implantation 2-1
) 2.3 Fabrication Procedure 2-2
2.3.1 Wafer Metallization 2-5 f
2.3.2 Wafer Thinning and Metallization 2-8 :
2.3.3 via Technology 2~-10
2.3.4 Yield 2~11
2.4 Discrete Device Performance 2-15
2.4.1 Small Signal Response 2~15
2.4.2 Power Response 2-17
3. AMPLIFIER DESIGNS 3-1
3.1 Introduction 3-1
3.2 FET Characterization 3-2 1
3.2.1 S-Parameters and Small Signal Models 3-2 i
3.2.2 Load-Pull Measurements and Amplifier Design L
Techniques 3-2 [
3.3 Multistage Wide-band Amplifier Design Techniques 3-7 L
: 3.4 Single Stage Octave Amplifier Design and Results 3-8 f
' 3.5 Two~Stage Amplifier Designs and Results 3-23 I
T 3.5.1 Introduction _{'ﬁ‘ff_sfm For | 3-23 '1
.- 3.5.2 Mark I Amplifier NTIS GCRA&I g 3-26
. 3.5.3 Mark II Amplifier e ced T 3-26 |
.. 3.5.4 Mark III Aamplifier Justification o 3-32 :
3.5.5 Mark IV Amplifier — 3-34 i
: 3.5.6 Mark V Amplifier S eeribarions | 3-40 1

Availability Codes |
I ] |Avail and/er

Dist Special




4,
5. SUMMARY
Appendix A

Appendix B

Appendix C

Appendix D

Appendix E
Appendix F

Appendix G
Appendix H

PHASE SHIFTERS

AND CONCLUSIONS

Growth and Characterization of Large
Diameter, Undoped Semi-Insulating GaAs
for Direct Ion Implanted FET's

Monolithic Microwave Amplifiers Formed
By Ion Implantation Into LEC Gallium
Arsenide Substrates

Fabrication Considerations for Multistage
Monolithic Power Integrated Circuits

Directly Implanted GaAs Monolithic X-Band
RF Amplifier Utilizing Lumped Element
Technology

Processing Tolerance and Trim Considerations
in Monolithic FET Amplifiers

Design Considerations for Wide-band
Monolithic Power Amplifiers

Publications

Publications of Consultants to Contract
N00014-78-C-0268




LIST OF ILLUSTRATIONS

Figure

2-1 ! Implantation and Alignment Mark Fabrication

2~-2 Metallization of Contacts and Circuit

2-3 FET Fabrication Using the Chlorobenzene Process

2-4 Schematic Diagram of the Chlorobenzene
Photoresist Process

2-5 SEM of 1 um Gate Opening in 1 um Thick
Chlorobenzene Treated Unit

2-6 Scanning Electron Micrograph of Tub Etched in
GaAs With Vias to Every Source at the Bottom
of the Tub

2-7 Circuit Design With Vias to Every Source

2-8 Circuit Designed for "Sparse" Via Technology
Vias Placed in Areas Marked by Asterisks

2-9 S-Parameters for IC7 1200 um FET

2-10 Power Output and Gain of a 900 Micron Periphery
GaAs FET

2-11 Power Output and Gain of 2400 um Periphery
GaAs FET

2-12 Power Output Per Unit Periphery for Westinghouse
Ion Implanted FET's Since October 1978

3-1 Typical S-Parameters of Westinghouse 900 uFETS

3-2 Small Signal Models

3-3 Typical Load Pull Data

3-4 Load Pull Schematic

3-5 Load Pull Contours at 5 GHz

3-6 Load Pull Contours at 6 GHz

3~-7 Load Pull Contours at 7 GHz

3-8 Load Pull Contours at 8 GHz

3~-9 Load Pull Contours at 9 GHz

3~10 Load Pull Contours at 10 GHz

vii
e A AT Z o A a1 h e

2-12
2-13

2-13
2-16

3-10
3-11
3-12
3-13
3-14




3-14
3-15
3-16

3-20
3-21
3-22
3-23
3-24
3-25
3-26
3-27
3-28
3-29
3-30
3-31
3-32
3-33
3-34

Composite Load Pull Contours of Constant Output
Power and Gain for 1200 uFET

Impedance Locus for Mark V Output Circuit Over-
layed on Load Pull Contours

Impedance Locus for Mark V Interstage Circuit
Overlayed on Load Pull Contours

Single-Stage Octave Band Aamplifier
Single-Stage Octave Band Amplifier Power Results

Comparison Between .feasured and Predicted
Amplifier Gains

Predicted Small Signal Gain of Single-Stage
amplifier

Predicted Effects of Trimming on Small Signal
Gain of ICIO Amplifiers

Measured Effect of Tuning Input Series Inductance
on Gain Response of Single~Stage Amplifier

Mark I Amplifier

Mark I Amplifier Schematic

Mark II Amplifier

Mark II Amplifier Schematic

Mark II Small Signal Si;

Mark II Amplifier Response Curves
Mark III Amplifier

Mark III Amplifier Schematic

S11 for Mark III Amplifier

Mark III Amplifier Response Curves
Mark IV Amplifier

Mark IV Amplifier Schematic

S11 for Mark IV Amplifier

Mark IV Amplifier Gain Response
Mark V Amplifier Schematic

Phase Shift Performance

3-17
3-18
3-20

3-25
3-27
3-28
3-29
3-30
3-31
3-33
3-34
3-35
3-36
3-37
3-38
3-39
3-41
3-42
3-43

4-3

ki




- s

IR
>

LT

1. INTRODUCTION AND MANAGEMENT SUMMARY

The earlier portions of this program(l)

concentrated on:

a. developing the basic technology required for direct se-
lective ion implantation (DSIZ) into unbuffered semi~insulating
GaAs wafers,

b. evaluation and use of GaAs wafers made from high purity
boules grown under internally funded prog: .m at Westinghouse in
our Melbourn Liquid Encapsulated Czochralski (LFC) crystal growth
facility,

c. power FET design, fabrication and evaluation,

d. increasing FET power output per unit of gate width,

e. analysis of the relationship of amplifier gain and band-
width on FET power per unit gate width,

f. development of passive lumped constant circuit element
design and fabrication procedures,

g. preliminary monolithic power amplifier design and
development, and

h. initial 3-bit lumped element phase shifter investigation.
These necessary preliminary efforts set the stage for the results
achieved during the remaining portion of this program
(October 1, 1979 to May 31, 1980).

During this latter reporting period, the effort was primarily
directed toward increasing the power output per unit of gate
width and exploiting the previocusly developed technology to
design, fabricate and eveluate successive iterations of multistage
monolithic power amplifiers.

Improvements in GaAs materials and FET device design and
processing have resulted in increases in FET output power per

unit of gate width. Values of 0.7 watts per mm have been achieved




(typical values between 0.6 and 0.7 watts per mm). A device
power output of 1.6 watts CW has been measured for an eight cell
2400 p gate width FET.

The design of wide-band multistage power amplifiers, that
observe area conserving constraints necessary for economical
monolithic fabrication, is a formidable task. An analysis and
optimization procedure which solves this problem has been de-
veloped and demonstrated by the design of a wideband two stage
monolithic power amplifier that yielded a power output of 28 dBm
+0.7 dB over the frequency range from 5.7 to 11.0 GHz. Power
outputs of greater than 30 dBm have been achieved over narrower
bandwidths. This powerful design procedure is particularly im-
portant for the design of wideband power amplifiers. In hybrid
MIC power amplifier design, where area constraints are not usually
important, many of the problems can be circumvented through the
use of pairs of balanced amplifiers with quadrature hybrid
junctions, e.g., Lange couplers, at both the input and output of
each stage. This new design procedure, which is described in
detail in section 3.3, can be extended to higher power and wider
bandwidth amplifiers.

During the approximately two-year duration of this program,
many management decisions which affected the program's direction
and results were made. Two of them were particularly significant
with regard to their impact on the program.

The first was the decision to employ direct selective ion
implantation into unbuffered wafers. The then predicted potential
advantages were numerous and have been previously described.(l)
The immediate impacts were (1) a temporary program slowdown while
the necessary technology was refined, and (2) an RF performance
degradation due to the lower mobilities initially achievable
with commerically available unbuffered chrome doped semi-insulating

GaAs wafers. That problem was subsequently eliminated and our
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decision was vindicated when our own supply of high purity LEC
grown GaAs became available for this program.

The second major decision was to not attempt to incorporate
all of the required design features and processing technologies
initially. There was concern that to do so would require very
complex processing steps too early in the program with the re-
sultant probability of vanishingly small yields of good chips.
That in turn would result in untenable delays in evaluating the
the many successive signle and multistage design iterations.
Examples of necessary and/or desired technologies which were not
initially employed are FET and circuit vias, air bridges and thin
film capacitors. Each of these technologies were separately
studied and developed in a manner that would make their incor-
poration compatible with the other process steps. The use of
vias is an example of a technology which has been incorporated
in our monolithic amplifiers. The air bridge and thin film
technologies will be incorporated in future monolithic amplifier
runs.

Acknowledgement is due to various members of the faculty and
staff of Cornell University for their contribution to this program.
Professor L.F. Eastman's contributions included:

1. Deep Level Transient Spectroscopy (DLTS) of Westing-
house implanted GaAs wafers which showed very low residual
damage levels (Published),

2. Power FET design criteria including gate recess,
doping, electrode spacings, predicted output powers (Published),
and

3. Analytic model of FET used for gquick calculations of
expected dc device characteristics.

Professor Eastman and Dr. D.W. Woodard provided significant
information on furnace and temperature profile requirements which
are important to ohmic contact technology. They also provided
important information on etches for both gate recess and cleaning

operations that enabled us to improve device fabrication. The
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titles of abstracts of two relevant papers written by the Cornell
group are included in Appendix G. Professor Walter H. Ku assisted
by Mr. Louis C.T. Liu provided sample two-stage amplifier designs
based on our small signal FET models which were modified to ap-
proximate large signal conditions. Actual two-stage amplifier
designs, however, were based on the more accurate procedure dis-
cussed in section 3.3 which utilizes experimentally measured

load pull characteristics as the fundamental design data.




2. DEVICE FABRICATION

In Appendix B is included the text of a paper approved for
publication in a forthcoming IEEE Electron Devices Transactions.
The paper contains some of the items reported in the main body
of this report but it also includes some improvements in gain
obtained by polishing the back of the wafer instead of merely
lapping it.

2.1 MATERIAL GROWTH

During this program a great deal of success has been achieved

in the growth of high purity, two and three-inch diameter <100>
GaAs crystals pulled from pyrolytic boron nitride crucibles.
The growth of of these crystals is described in some detail in
Appendix A but it is worthy of note that resistivities after
thermal annealing in the high lO7 ohm cm range have been achieved
in undoped gallium arsenide pulled from pyrolytic boron nitride.
2.2 ION IMPLANTATION

The techniques and results of ion implantation were fully

(MD-1) Since

covered in the tirst year's report on this program.
that time, some progress has been made in the quantitative assess-
ment of the work.

A major effort has been directed toward increased understand-
ing of activation and mobility in ion impleanted GaAs. This was
made possible by the greatly improved uniformity and reproduci-
bility achieved in LEC GaAs grown from pyrolytic boron nitride.
The most significant result is that the activation efficiency

(n) typically quoted to characterize

+ -

NT - N
=NF - N = D __ A =n
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where 7 is the free carrier concentration which equals the net

donor concentration and NI is the implanted ion concentration.
Both are inadequate and misleading. Implantations are now charac-

terized by the relationship

+ - + -
o+ C)Np T NA{ )Ny Ny _
R N e - Np = Ty N
p * Na 1
n o= omm
+ -
n=ND'NA
> N;
+ -
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where the total ionized impurity concentration of implanted layers
(Ng + N;) is evaluated by detailed analysis of the mobility at
300°k or 77°K. 100% activation efficiency (n_) is achieved if
allowance is made for approximately 1 x 1016 5 cm” residual ac-
ceptors and pairing of implanted donors with Cr acceptors.
ﬂA values of approximately 75% are achieved for 860°C anneals of
Si29 implants; this appears to bhe a thermodynamic limit rather
than a process or substrate limit. It is found that blind at-
tempts to achieve 7 = 100% results in1k:> 100% and an ionized
impurity concentration that cannot be rationalized, or in princi-
Ple controlled, with the implanted ion concentration.
2.3 FABRICATION PROCEDURE

The use of SiO2 to assist in the definition by lift-off of
the metal layers was discontinued as noted in the previous report.
The most recent fabrication procedure is as follows.

Wafers are cut from boules grown by the liquid encapsulated
Czochralski process. In many cases, these boules are ground to
a diameter of 2" with two < 110> flats to establish the orien-
tation of the wafers. The wafers are lapped and polished to a

oo L v




thickness of 25 mils before being selectively implanted with

silicon (ZQSi) using the procedure shown in figure 2-1.

The "front" surface of the gallium arsenide is covered with
10002 of silicon nitride which is deposited using a plasma-
enhanced chemical vapor deposition system which d%ssociates ni-
trogen and silane to produce the insulator. 2500A of 7%
phosphorus-doped silicon dioxide (PSG) is deposited on top of
the Si_ N, using a CVD reactor. A pattern is formed in AZ1350J

374
photoresist and the SiO2 is etched down to the Si3N4 to form the
ion implantation mask. 29Si ions are implanted through the

Si3N4 as shown in figure 2-1(a4).

The photoresist is then removed and a second 2500 A thick
layer of PSG is deposited as shown in figure 2-1(B). The phos-
phorus doping is employed to ensure that this glass becomes
plastic at the 860°C annealing temperature and does not lead
to stress damage associated with differences in thermal expansion
coefficients. It is also an essential element in the registra-
tion of selective implants and prevents pit formation at pinholes
in the primary Si3N4 encapsulation.

The wafers are annealed in a forming gas (10% hydrogen 90%
nitrogen) atmosphere using ramping of the wafer into a furnace
such that the wafers rise from room temperature to 860°C in 20
minutes. Their temperature holds at 860°C for 15 minutes and
then falls back to 25°C in 25 minutes. The furnace contains a
flat zone 2-1/2" wide and 8" long.

After the annealing step, alignment marks are formed in the
gallium arsenide using ion milling as shown in figure 2-1(C)
using a further layer of photoresist as a coarse mask. The PSG
that was used as part of the first ion implantation mask provides
the mask for the area ion milled into the gallium arsenide
surface. This area is therefore, automatically and precisely
aligned with the implanted area.

At the center of each wafer is a square area that is uniformly

implanted with ions to provide an evaluation capability for the
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Figure 2-1. Implantation and Alignhment Mark Fabrication
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implant. After the implantation, an aluminum dot pattern is
formed on this square which allows C-V measurements to be made.
It is important at this stage of the device development to know
in detail the quality of the implant and activation.
2.3.1 Wafer Metallization

After evaluation, the aluminum dots and the remaining PSG

and SiBN4 are removed and the wafer is ready for the source~drain
ohmic contact metallization which consists of gold-geranium alloy
1200 g) followed by nickel (500 X) and platinum (400 X), When
alloyed to a peak temperature of 500°C in forming gas this metal
system has consistently produced specific contact resistances
less than 3 x 10_6(2—cm2. The metal is defined by a lift-off
process using AZ1350 photoresist 1 um thick. A schematic cross
section of the ohmic metallization prior to lift-off is shown in
figure 2-2. In order to assist the lift-off process, the photo-
resist is treated with chlorobenzene in the manner described later
in this process review.

After alloying of the source-drain metallization, the gate
pattern is defined, again using AZ1350 photoresist 1 um thick
as shown in figure 2~2. Prior to deposition of the gate metal,
the exposed gallium arsenide surface is etched up to 1000 2 to
form a recess into which the gate is deposited.(MDz) The metals
evaporated are titanium (500 R), platinum (500 g) and gold
{4500 Z). The gate is offset in our present design being spaced
1.5 um from the source contact and 3.5 um from the drain contact
in order to minimize the source resistance while maintaining
adequate gate-drain spacing to avoid premature breakdown at the

drain edge.MD3

The metal is again defined by a lift-off process
involving chlorobenzene treatment. A scanning electron micro-
gJraph of a completed FET is shown in figure 2-~3. The gate length
is 1 um and this micrograph clearly indicates the clean quality
of the gate metallization.

The final metallization on the front of the surface of the

o
wafer is the circuit metal which consists of chromium (800 A),
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palladium (100 g) and gold 19,000 g). This amount of metal is
the minimum necessary since at the lowest frequency of interest
(5 GHz) the skin depth in gold is 1.1 um. The ohmic contacts
are also partially covered with this thick metal to reduce their
spreading resistance (see figure 2-2).

The chlorobenzene treatment(MD4)

mentioned earlier is again
used for the photoresist defining the circuit metallization. A
schematic diagram of the chlorobenzene process is shown in figure
2-4. After exposure of the AZ1350J photoresist and before de-
velopment, the photoresist is soaked for 6 minutes in chloroben-
zene at room temperature, The action of the chlorobenzene is to
form a hardened crust on the surface such that after development
a lip is formed which causes a break in the metal that is sub-
sequently evaporated. A scanning electron micrograph of a 1 um
thick AZ1350J photoresist is shown in figure 2-5.

2.3.2 Wafer Thinning and Metallization

When the circuit metallization is completed the wafer is
mounted onto a lapping block and the back surface lapped with
1 um alumina lapping compound until the wafer is 150 pum thick.
A bromine methanol polish is then used to reduce the final
thickness to 100 um. The wafer is then removed from the lapping
block and mounted on a glass plate where the pattern for the
etching of the via connections through the wafer is defined.
The fabrication of the vias will be discussed in more detail
later.

Uponocompletion of the via etch, titanium (500 X) gold
(10,000 A) is sputtered on the back surface of the wafer to
metallize the inside of the via holes and to provide a ground
plane on the back surface of the wafer. After removal from the
glass slide the back metal is thickened by the evaporation of
chromium (800 X), gold (10,000 &), nickel (500 8) and gold
(2000 g). The function of the nickel is to provide a barrier

against the gold-tin alloy that is used to solder the device

chip to the microwave header.

Camin .
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Figure 2-5. SEM of 1 um Gate Opening in 1 um Thick
Chlorobenzene Treated Unit

The wafer is then mounted face up onto a glass slide for
separation of the individual chips by sawing with a 1-1/2 mils
thick diamond saw. They are then thoroughly cleaned before
being dc tested by probing.

Those chips showing good dc characteristics are soldered to
chip carriers designed to provde 50 {1 input and output microstrip
lines, bias lines and places for the bypass capacitors that are
presently mounted externally to the chip.

2.3.3 Via Technology

Vias have been used successfully in discrete FPT'S(q) to
make connections between the source contacts of the FET's and
the ground plane on the back of the gallium arsenide wafer. The
design of our amplifiers is based on a microstrip approach where
the width of the conductors and the thickness of the semi-
insulating substrate defines the inductance of the interconnecting
lines. The thickness of the gallium arsenide is chosen to be !

100 um to give acceptable losses in the circuitry. With this

2-10
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thickness the problems of fabricating vias are more acute than

for the 30 pm thick substrates used by other workers. We have
used two approaches.
In the first approach a large area "tub" is first etched in

the back of the gallium arsenide wafer aligned to the area of the
whole FET using infrared alignment and photoresist masking. Sub- !
sequently an additional layer of photoresist is used to etch
holes at the bottom of these tubes to form vias to the source
metallization. This is clearly shown in the scanning electron
micrographs of figure 2-6. Figure 2-7 shows a circuit with vias

to every source pad.

For the second approach the circuit is designed with a few
large area vias as shown in figure 2-8. At present, the source
pads are interconnected using bond wires. An air bridge tech-
nology has been developed but is not yet included in this circuit
fabrication.

The advantages of vias is that they improve the gain of the
FET by significantly reducing the source inductance and, in
addition, they provide great flexibility in the circuit design
by allowing RF ground to be achieved readily anywhere on the
slice.

2.3.4 Yield

A recent fabrication run (IC20) has shown an excellent yield
of circuits under dc testing of FET's, capacitors and via
structures. For wafer IC20C the number of circuits with all
capacitors and FET's without shorts or opens is 9 out of a total
of 46 tested for a yield of 14.6%. For wafer IC21D, this figure
is even better with a total of 21 good out of a total of 52
tested or a 40.4% yield. These figures do not include those
circuits at the edge of the round wafer that were incomplete.

The reasons for these encouraging figures are several changes
made to the fabrication procedure:

1. The mask for the final thick metallization for the

circuit was redesigned such that the capacitor fingers are
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parallel to the gate fingers on the FET's. One of the principal
causes of failure of the capacitors is the deposition of metal on
the side wall of the photoresist used to define the capacitor
geometry. This thin laye:r of metal peels off during lift off

of the excess metal and lies across the fingers causing shorts.

A similar problem can occur in the area of the gates on the FET's
if metal is deposited along the side wall of the photoresist
defining the thick metal on the source and drain contact pads.
These problems can be minimized if the wafer is oriented with
respect to the evaporation source such that the planes defined

by the gates, the capacitor fingers and the source are approxi-
mately normal to the plane of the wafer. Under these conditions,
the amount of metal deposited on the side walls of the long di-
mension of the capacitors and FET's is a minimum.

2. The design of the interdigitated capacitors is 5 um
wide fingers with 5 um wide spaces. The fabrication process for
the photomasks results in the capacitor fingers being defined
at 6 um with 4 um spaces. The device fabrication process further
changes these dimensions to 7 um wide fingers with 3 um spaces.
While the changes in the value of capacitance can be compensated
for by building in trim capacity, the yield of interdigitated
capacitors with just 3 um spaces is low. The most recent mask
design for the circuit metallization has made allowances for the
dimension changes during fabrication and hence the yield of the
capacitors has improved.

3. The implementation of the second of the two methods
for fabricating vias described previously has resulted in fewer
failures. 1In addition, the vias are now being etched in one
continuous chemical step lasting four hours with special atten-
tion being paid to the removal of bubbles formed in the via holes.
The yield of good vias on a wafer now exceeds 99% with one hole

bad on a wafer containing 53 circuits with 7 via holes/circuit.
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4. The edges of the glass plates on which the wafers are
mounted during the etching of the vias have been bevelled to re-
duce scratching of the metal during removal.

5. The top surface of the wafers are covered with 4-5um
of AZ1275 photoresist during the lapping process to help protect
them against lapping compound scratching and again during the
sawing apart of the dice to protect against gallium arsenide
particle damage. During this latter step the wafer is also
covered with a low melting point wax. AZl275 is not used on the
front surface during the via etching and subsequent metallization
due to the danger of overheating the resist during the sputtering
of the Ti-Au layer which would thereby make it difficult to remove.

The presence of the photoresist during the final cleaning
stages has allowed the removal of the surface wax and the sawing
debris by a vigorous trichloroethylene jet. A subsequent soak
in acetone has produced very clean chips.

2.4 DISCRETE DEVICE PERFORMANCE

Each fabrication run of circuits contains some discrete de-
vices which are fully evaluated in terms of their S-parameters
and power response in order that the next generation of amplifiers
may be designed on the basis of these measurements. Accordingly,
during the last few months of this contract, the aim has been
to keep the discrete device parameters as constant as possible.
2.4.1 8Small Signal Response

A typical set of S-parameters from 2 GHz to 12 GHz is plotted
on a Smith chart in figure 2-9 for a 1200 um periphery FET from
run IC-7 at VD = 10 volts, VG = =2 volts, and a drain current of
197 mA which is about half of IDSS' Sll

series R~L-C circuit with a real part of about 5 ohms. This is

represents a well-behaved

typical for a 1200 um FET. 522 is more complex and needs both
parallel and series elements to be modelled. The relatively

large 822, particularly at the low frequencies indicates a high
value of Rpg - The 512 is less than 0.1 and corresponds to very

low reverse feedback through the FET on the header. Finally, 521
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is large. The magnitude at the outside of the Smith Chart is
drops below 1.0

3.0 for The 821 curve. The magnitude of 821
above 9 GHz. The maximum available gain of our power FET's is
10-12 dB at 8 GHz and 7-10 dB at 10 GHz. These values are cal-
culated from the S-parameters and verified during the power test-
ing of each device.

The small signal S-parameters are used to construct a model
of typical devices from each run. This allows us to identify and
isolate any device problems which may occur. The model also
provides us with input matching data for our IC designs. In
general, we observe about 1.0 pF/mm input capacitance, 5} -mm

series input resistance, 75 to 90 mmhos/mm transconductance

and 0.25 pF/mm parallel output capacitance.

2.4.2 Power Response

The best power performance quoted in our last report(MD_l)

was 0.64 watts/mm of periphery with 4 dB of gain at 8 GHz. This
value has been raised to 0.7 watts/mm for 4 dB of gain at the
same frequency for a 900 um periphery device (IC-10C). The re-
sponse of the 900 um periphery FET at 8 GHz is shown in figure
2-10. This device shows a linear gain of over 9 dB in the power
tuning mode and produces 27.5 dBm (562 mW) with 7.5 dB of gain
corresponding to 0.62 W/mm.

A 2400 pum device from a different run (IC 20B) has delivered
only slightly less power/unit periphery (0.657 watts/mm) while
delivering 1.58 watts at 8 GHz and 4 dB gain. This device was
fabricated on undoped (BN6) gallium arsenide. A plot of the
device response is shown in figure 2-11. The small signal gain
of 5-8 dB is lower than that of the 900 um device because of
extra loss associated with the source interconnection which was

accomplished by hard wires on this run.

The testing of these devices was performed on the automatic
(MD-1)

test setup described previously.
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The power output per unit periphery of the ion implanted FETs
fabricated on this contract since October 1978 is shown in figure
2-12. The average power is around 0.6 watts for the last 10

runs, both in lightly chromium-doped and undoped wafers.
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3. AMPLIFIER DESIGNS

3.1 INTRODUCTION

During the course of this program, three different monolithic
amplifier types have been studied: 1) narrow-band single stage,
2) octave band single stage, and 3) two-stage octave band. The

narrow-band designs were used primarily as vehicles for testing

discrete FETs and circuit elements and were described in the
technical report covering the period September 30, 1978 - September
30, 1979 (NR251-029-10). Hence, only the octave band designs will
be discussed here.

Also studied were on-chip circuit trimming techniques which
significantly enhanced the understanding and performance of these
amplifiers and provided design information for the next design
iteration.

One of the major problems encountered in designing wideband
multistage FET power amplifiers is achieving the required 6 4B/
octave/stage gain compensation over the band as well as maximum
power output simultaneously.

Reactive mismatching is commonly used to provide the required
gain compensation, however, the severe mismatches created thereby

complicate the design of interstage network considerably.

The interstage circuit has to simultaneously provide:
® Gain Equalization

® Present optimum load impedance to output of proceeding
stage (for max. pwr, out.)

e Matching to input of following stage ;
In hybrid amplifiers, this problem is overcome by routinely |
using hybrid coupled balanced amplifier pairs for each stage. To
implement such an approach requires input and output quarter-
wavelength directional couplers plus two parallel gain and phase

3-1




matched amplifier stages. For monolithic amplifiers, such an
approach is very wasteful of GaAs substrate area, particularly
for frequencies below 10 GHz.

An alternate technique has been developed which distributes
the gain equalization among input, interstage, and output stages.
This alternate approach is based on load-pull characterization of
the devices and is discussed in section 3.3. A description of the
load-pull measurements is contained in section 3.2.2.

3.2 FET CHARACTERIZATION
3.2.1 S-Parameters and Small Signal Models

For power amplifier designs, FET characterization includes
both small signal S~parameters measurements plus the load-pull
measurements discussed in the next section. Typical S-parameters
for the Westinghouse FET's are shown in figure 3-1. Small signal
models derived from these S~parameters are shown in figure 3-2aéb
; for typical recent Westinghouse 900 and 1200 4 FET's. While the
P input S-parameters and corresponding input circuit is still appro-

priate for large signal design, the optimum large signal load im-

;é pedance must be determined using the load pull measurements dis-
cussed in the next section.

! 3.2.2 Load-Pull Measurements and Amplifier Design Techniques

In order to fully characterize the discrete FETs for subse-
quent high power amplifier design, it is essential to have data
relating output power to FET load impedance. Such "load pull"

data as shown in figure 3-3 can be obtained using mechanical

tuners, but such a procedure is very time consuming since the

setup must be disassembled after each measurement to measure tuner

impedance. An alternate "electronic" load-pull setup1 as shown in - f

figure 3-4 is vastly superior since it allows rapid, accurate

measurements and automatic recording of data on a Smith chart.
This type of load-pull setup basically simulates a reflected

wave electronically by sampling and amplifying a portion of the

TE. Rauscher and H.A. Willing, "Simulation of Nonlinear Microwave

FET Performance Using a Quasi-Static Model", IEEE MTTS Trans.,
Vol. MTT-27, pp. 834-840, October, 1979.
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- input signal to the FET and then feeds it into the FET output

. through an attenuator and phase shifter as shown in the figure.

. The amplitude and phase of the reflected signal can thus be con-
k trolled to present any desired impedance to the FET. A network

analyzer, in conjunction with two power meters, is used to sample
both incident and reflected waves at the output of the FET and
display both effective load impedance and net output power, the
latter obtained by taking the difference between the incident and
reflected power meter readings. '

A dedicated test system of this type was set up during this
reporting period.

Initially, it was necessary to temporarily use a number of
X-band waveguide components in the system, hence the lower fre-
guency limit of the measurements was restricted to = 7.5 GHz.
Components to assemble a completely coaxial system to operate
down to 5 GHz (and lower if desired)}. These components were re-
ceived and integrated into the system .n time for the measurements
for the Mark V designs discussed in section 3.4.

The load pull information along with the measured small signal
S-parameters, was the basis for the wideband amplifier design
technique discussed in the next section.

3.3 MULTISTAGE WIDE~-BAND AMPLIFIER DESIGN TECHNIQUES

The first two-stage amplifier ("Mark 1") was designed by re-
ducing RD in the small signal model to RD/2 and then designing
the input, interstage, and output matching circuits using the net-
work synthesis program, AMPSYN. In this approach the output cir-
cuit was essentially matched, with all gain compensation (12 dB)
provided by the interstage and input networks.

During the time period when this amplifier was being fabricated,
however, extensive load pull measurements were begun on our FETs.
These measurements showed that the FETs driven well into compres-
sion, which is necessary to achieve good output power and efficiency,

the optimum load impedance was much lower than had been previously
assumed, making the aforementioned design approach invalid. ﬁ
]




During further study of the load pull curves, an amplifier
design procedure was evolved which has been used for all subse-
quent two stage amplifier designs. This design procedure can be
summarized as outlined below':

1. For constant power input, load pull contours are generated
at 5, 6, 7, 8, 9, and 10 GHz at various output power levels as
shown in figures 3-5 through 3-10.

2. From this data, a composite set of contours is assembled
representing constant power output (and gain) at each frequency.
This is shown in figure 3-11.

3. The output circuit (or interstage circuit in the case of
the first stage) is designed to present an impedance locus which
crosses these constant power contours in a manner to provide con-
stant power at each frequency.

Thus, the output circuit provides the optimum load impedance
at the highest frequency of interest while selectively "de-optimiz-
ing" the load impedance at lower frequencies to provide constant
power (and gain). This procedure effectively shifts most of the
burden of gain equalization to the output and interstage circuits
thus simplifying the input circuit design. It also facilitates
the achievement of a better input impedance match. Typical im-
pedance/load pull loci, illustrating this technique, for the out-
put circuit and the interstage circuit for the most recent ampli-
fier (Mark V) design are shown in figures 3-12 and 3-13. As
mentioned earlier, this design procedure has been used on all two-
stage designs starting with the "Mark II" amplifier.

3.4 SINGLE STAGE OCTAVE AMPLIFIER DESIGN AND RESULTS

Prior to the start of the development of the two-stage octave
amplifiers, a single-stage 900u FET octave amplifier was designed,
fabricated, and tested. The amplifier, shown in figure 3-14 (a)
and schematically in figure 3-14(b) was essentially a test vehicle

1J.E. Degenford, R.G. Freitag, D.C. Boire, M. Cohn, "Design Con-

siderations for Wideband Monolithic Power Amplifier," 1980 GaAs
IC Symposium Digest, p. 22, Nov. 1980.
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for verifying broadband circuit designs. In addition, extensive
on-chip circuit trimming experiments were conducted to verify the
predictability and practicality of trimming and to improve the
amplifier performance. Trimming is very useful during development
since it can significantly speed up development time. A typical
amplifier design cycle, from initial inception through mask making,
fabrication, and testing takes six to eight weeks. Since the FETs
may be evolving and improving during this time, it is important to
have flexibility to trim the amplifier to compensate for minor FET
changes, otherwise an entire run might be lost due to FET varia-

tions. The information obtained by trimming then provides guidance

for the next amplifier design.

Untrimmed power results on one of the best amplifiers (IC10C2)
from run IC10 are shown in figure 3-15. Note that this amplifier
produced 100 mW output from 5 to 9.9 GHz with 5 dB gain, 200 mW
from 5.0 to 9.0 GHz with 5 dB gain, 300 mW from 5 to 8.4 GHz with
4.5 dB gain, and 400 mW from 5 to 7.5 GHz with 4.0 dB gain. While
this amplifier exhibited basically a flat small signal response
as shown in figure 3-16, the more typical amplifier from this run
exhibited a high frequency rolloff even under small signal condi-
tions as shown in figure 3-16 for amplifiers IC10C8 and IC10C6.
In an effort to determine the cause of this rolloff, a careful
study of the amplifier layout as compared to the original circuit
design was made which revealed the following items:

® A short 0.006" transmission line had been added during mask
layout at the gate to move the shunt inductor in the gate
away from the source metallization.

® Because the chip was wider than the discrete chip on which
the original measurements had been made, the source metal-
lization, and hence, source inductance was larger than de-
signed.

@ Circuit metal thickness of 1.3 microns was less than the
optimum 2-3 microns for minimum loss.

The cumulative effect of these changes as shown }n figure 3-17 by
the dotted curve is a significant gain loss at the top end of the
band. This predicted curve is replotted on figure 3-16 (solid

curve) and the trends agree well with the two amplifier results,
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IC10C8 and IC10C6, although the measured amplifier gains are con-
sistently slightly lower than the predicted value.

In an attempt to improve the frequency response at the upper
band edge a study was made on the effects of trimming these ampli-
fiers. Since the gate-source input circuit was found to have more
inductance than originally planned, the effect of decreasing the
input series inductance was studied. This inductance is the in-
verted U-shaped piece of transmission line connecting the input
shunt capacitor to the gate of the FET in figure 3-14. Figure
3-18 shows the effect of shortening this inductor by 1) bonding
a ribbon halfway across the "U", and 2) by bonding 2 ribbons to
effectively bypass the "U" of the transmission line. As can be
seen, the gain response is optimized for case 1 above. Note that,
compared to the untuned response, the tuned response is improved
significantly at the top end of the band, degraded slightly in
the middle of the band, and improved slightly at the lower end of
the band. Measured results of tuning an amplifier in this fashion
are shown in figure 3-19, and show excellent agreement with the
predicted response.

It should be noted that the preceding trim experiments were
carried out under small signal conditions for convenience in mak-
ing rapid swept measurements. An experiment to improve the output
power at the upper edge of the band was also performed and was
very successful. By shortening the two output inductors on the
chip, 400 mW output power was achieved across the bandwidth with
3 dB minimum associated gain. This tuning was not optimum, from
the standpoint of both power and gain, nonetheless, it did confirm
the trimming procedures under power conditions.

3.5 TWO-STAGE AMPLIFIER DESIGNS AND RESULTS
3.5.1 Introduction

Five two-stage monolithic amplifiers were designed during this

reporting period. Each is discussed in more detail in the follow-

ing sections.
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3.5.2 Mark I Amplifier

The first two-stage amplifier to be fabricated shown in
figures 3-20 and 3-21, utilized a 900pu FET in the first stage
and a 2400u FET in the second stage. Large signal FET response
was approximated by using the small signal FET model with the
drain-source resistance dropped to half its small signal valve.
Each matching network included a series capacitor which doubles
as a tuning element and a dc block. Biasing was accomplished
through shunt inductors connected to large (18pF) off-chip capaci-
tors. These inductors were also used as tuning elements.

This amplifier had interdigital capacitor fingers oriented
in two directions and suffered from metal liftoff problems on the
capacitor fingers leading to zero yield. Later designs were con-
strained to have all the fingers oriented in the same direction
to eliminate this problem.
3.5.3 Mark II Amplifier

This two-stage amplifier was designed so that each stage was
a separate one-stage amplifier with 50f) terminating impedances as
shown in figure 3-22 and 3-23. This temporary design approach
permitted dividing the two-stage amplifier chip into two single-
stage chips each of which had accessible input and output ports.
That facilitated testing of the individual stages for diagnostic
purposes. It utilized a 900u FET in the first stage and a 2400
FET in the second stage. The impedance of the output matching cir-
cuit for each stage was designed to cross the load pull contours
to produce constant power and gain at each frequency. The load
pull contours were only available, however, over the frequency
range of 7 to 10 GHz due to equipment limitations. Load pull con-
tours for the lower portion of the band were extrapolated. The
input circuit was designed to match the small signal input im-
pedance of the FETs because this impedance has been shown to be
nearly independant of drive level. The resultant S11 of the

amplifier is shown in figure 3-24.
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The response of this amplifier under small signal and power

conditions was shifted down in frequency by about 2 GHz as shown
in figures 3-25(a) and 3-25(b). The shift was due in part to
interaction between the output circuit of the first stage and the
input circuit of the second, and in part due to the neglecting of
an "intrinsic" gate inductance associated with each FET, the
importance of which was discovered later during tests on the

Mark III amplifier. This two separate amplifier approach was not
pursued further. 1Instead, a true interstage network as discussed
in the next section on the Mark III amplifier was designed.

3.5.4 Mark III Amplifier

This two-stage amplifier featured an interstage circuit that

was designed to directly transform the input impedance of the
second stage to an impedance locus at the output of the first
stage that crossed the load pull contours so as to produce con-
stant gain and output power at all frequencies. The amplifier
and schematic are shown in figure 3-26 and 3-27, respectively.

A 900pu FET was used in the first stage and a 2400u FET was used
in the second stage. The input and output circuits were designed
as in the previous amplifier. Again the measured load pull con-
tours were available only from 7 to 10 GHz. Figure 3-28 shows
the input, P of this amplifier, while figure 3-29 shows the
response of this amplifier under small signal and power conditions.
The response was again shifted down in frequency, this time by
about 1 GHz. This amplifier produced 660 mW from 4.25 to 7.5 GHz
with a peak power of 0.82 watts and an associated nominal gain of
~ 7 dB.

An extensive computer analysis of this amplifier was performed
to explain the shift of the measured response from the design goal
of 5 to 10 GHz. The result of this study was that a much better
correlation between the predicted circuit mol .1l response and the
actual circuit measurements was obtained if a small (=~ 0.1 nH)
series inductance was added to the gate side of the FETs used in
the design. The implication of this analysis was that a small
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Figure 3-26. Mark III Amplifier

0.1 nH gate inductance should be included in the intrinsic FET
model used for amplifie: design. This was done in the Mark IV
design discussed in the next section with good results.

An attempt was made to trim this amaplifier to increase its
high frequency response. By shortening the bias irnductor for the
900 u FET, the power output in the 8.5 - 9 GHz range was significantly
improved as predicted. Over 900 mW as obtained at 9 GHz with 6.8
dB associated gain.
3.5.5 Mark IV Amplifier

This amplifier shown in figures 3-30 and 3-31 was essentially
a second iteration of the Mark III design. The intrinsic FET
models used in this design included a small gate inductance as
indicated from Mark III analysis in an effort to increase the
high frequenqy response. Circuit vias were employed for improved
source grounding (lower inductance) and increased circuit flexi-
bility. Measured load pull design data was available only from
7 to 10 GHz.
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This amplifier produced 28 +0.7 dBm output from 5.7 to 11.0
GHz with 6 +0.7 dB associated gain. The amplifier S14 and large
signal frequency responses are shown in figure 3-32 and 3-33 re-
spectively. The improved high frequency response confirmed the
validity of the inclusion of the small gate inductance in the
intrinsic FET model.
3.5.6 Mark V Amplifier

A fifth two-stage amplifier was in processing at the conclusion

of this program. Several important circuit design advances werc
incorporated into this design. For the first time, load pull
characterizations of the FETs were available over the full 5-10
GHz bandwidth. (Previous characterization extended from only
7-10 GHz due to equipment limitations.) The amplifier schematic
is shown in figure 3-34.

A CAD technique for optimizing the impedance locus of the out-
put and interstage circuits in relationship to the load pull con-
tours was developed and utilized. The output circuit (or inter-
stage circuit in the case of the first stage) presents an impedance
locus designed to cross the constant power load pull contours in a
manner to provide constant gain and power at each frequency. At
a given frequency, an error function was defined as the absolute
value of the distance on the Smith Chart between the load pull
contour and the impedance point presented to the FET by the circuit.
A Fletcher Powell minimization procedure was employed to reduce
the value of the error function across the band, thus fitting the
impedance locus to the constant power contours. Figure 3-12 and
3-13 in section 3.3 show the impedance loci resulting from using
this circuit optimization technique.

The last circuit improvement was the replacement of the 900 um
input stage transistor with a larger 1200 um transistor to drive
the second stage more effectively. These design advances should
ensure a 1 watt output over the 5-10 GHz band.
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4. PHASE SHIFTERS

The high-pass, low-pass phase shifter has been the preferred
mechanization for the three-bit phase shifter for this program
because of its compact size and potential for wide-band operation.

In spite of this potential, however, it has proved to be nearly
impossible to achieve octave band performance due to parasitic
effects.

It was originally intended to fabricate the phase shifter mono-
lithically using surface-oriented Schottky barrier diodes as
switching elements. The use of Schottky barrier diodes, of course,
would limit such a phase shifter to low level applications in the
amplifier chain (typically a few milliwatts). Prior to fabricat-
ing a totally monolithic version, it was decided to fabricate a
hybrid 90°© test bit using 5 micron chip diodes which would be
bonded to the monolithic circuit elements of the phase shifter.

Such a hybrid 90° test bit was fabricated and tested (see
Progress report for the period September 30, 1978 - September 30,
1979, Report NR251-029-10, on this program) and suffered high in-
sertion loss in the low pass state due to interaction of the re-
versed biased diode capacitance with the high-pass circuitry.

It was decided, due to the intensity of the amplifier effort,
to postpone further fabrication efforts, in favor of a detailed
analytic study of the phase shifter to see if alternate diode
and/or circuit configurations would give the required octave band
performance.

Studies during this reporting period showed that the insertion
loss problem could be eliminated by using smaller, 2.5 micron junc-
tion diameter, diodes with their attendant small reverse biased
capacitance. To study the phase shift performance of a 9n° pit

using these small diodes, a monolithic microstrip circuit layout

4-1




was made, and all parasitic elements, such as the shunt capacitances

of the interdigital capacitors, were accurately accounted for in
the equivalent circuit model. Analysis of this accurate model
showed excessive phase variation over the octave band as shown

in figure 4-1. Attempts were made at circuit optimization to
flatten the phase shift curve, but these were unsuccessful. The
phase characteristic shown in figure 4-1, would of course be quite
adequate for typical radar or communications systems bandwidths
(up to 25%). To achieve octave band performance, further study of
alternate high—-pass low-pass configurations, such as 1) Low
parasitic circuit layouts, and 2) Increases in the number of cir-
cuit elements in each configuration, must be performed. The ana-
lyses that were performed were for a 0.004" thick GaAs substrate
as is required in order that the power amplifier's thermal im-
pedance be adequately low. 1If, as is likely, the phase shifter
operates at a much lower power level, it can be on a substantially
+hicker substrate which (1) reduces the parasitic shunt capacitance
of all of the passive elements, (2) permits larger values of in-
ductance for the same linewidth, and (3) reduces circuit losses.
Further analysis with this added degree of freedom should be per-
formed to evaluate the magnitude of the improvement and determine

if thereby octave bandwidths can be achieved.




e e

PHASE SHIFT (DEG)

100

80

60

40

20

Figure 4-1.

i N IDEAL HIGH
N PASS-LOW PASS
~N PHASE SHIFTER
~
\\
\ _
S
—
S—
| ~—
T — ——
PHASE SHIFTER
WITH PARASITIC
ELEMENTS
—
] ) 1 N J
5 6 7 8 9 10
F(GHz)
81.0571.v.33

Phase Shift Performance

4=-3/4-4




———a

5. SUMMARY AND CONCLUSIONS

The major inpetus for the development of monolithic amplifiers
on this program has been the promise of improved wideband per-
formance due to the elimination of bond wires and other parasitic
reactances normally associated with hybrid amplifiers and minimi-~
zation of interconnecting line lengths. With the Jdevelopment of
the two-stage monolithic amplifiers discussed earlier in this re-
port, this promise of wideband performance has been fulfilled.
This accomplishment has involved the development and marriage of
a large number of technologies to produce a viable 0812 FET tech-
nology for GaAs monolithic amplifiers.

A summary of the specific technical achievements on this pro-
gram includes:

e Use of High Purity GaAs Pyrotic Boron Nitride Boule Tech-
nology to provide the ultra-pure substrates required for
the fabrication of these amplifiers (GaAs material developed
on Westinghouse internal funds).

® The achievement 0f deep and shallow sit selective implants
ovsr large 2" dlameger wafers with high mobilities (5000
/v.s at 1017 cm This technology eliminates the need
for epitaxial growth and mesa etching, and eliminates step
coverage problems.

® A FET fabrication technology capable of producing discrete
FET's with output powers consistently between 0.60 and 0.70
W/mm with best values of 0.7 W/mm.

® The achievement of high Q interdigital capacitors accurately
fabricated across 2" wafers.,

® A design procedure for wide~band, high power monolithic
amplifiers which includes sophisticated modeling of lumped
elements, and extensive use of high power load pull char-~
acterization.

® Two-stage amplifiers with 28 dBm +0.7 dB output power from
5.7-11.0 GHz with 6 +7 dB associated gain, and 1 watt peak
output power with narrow-band tuning.




Also, during the program, trimming has been proven to be a
useful tool to facilitate development and reduce design time. Its

utility in production should also be examined in the future.

In addition to interdigital capacitors, three other important
amplifier technologies, vias, and air bridges, and thin film capac-
itors have been developed. To date, only interdigitated capacitors
and vias have been incorporated since it has been found to be very
important to phase in new technologies slowly so as not to seriously
impact circuit yields.

Items for further study include:

® Yields - dc yields on present amplifiers have run as high
as 40 percent. However, to accurately assess yields, many
more runs are needed. A sequence of runs made on a pilot
production basis would reveal faults and weak points in the
processing and enable one to compile yield statistics for
future production and cost planning.

® Phase Shifter - The high-pass - low-pass lumped element
phase shifter has been shown not to be adequate for octave
bandwidths when fabricated on thin (0.004") GaAs substrates.
More study is required to ascertain if thicker substrates
and/or alternate circuit configurations with more elements
will give octave band performance.

® Incorporation of air bridges and thin film capacitors into
future amplifier designs is essential.




APPENDIX A

GROWTH AND CHARACTERIZATION OF LARGE DIAMETER,
UNDOPED SEMI-INSULATING GaAs FOR DIRECT ION
IMPLANTED FET's

A.1 INTRODUCTION
High frequency GaAs MESFET's have received increasing atten-

tion over the past decade. Monolithically integrated power and

low noise/high gain amplifiers operating at X-band frequencies,
as well as high speed GaAs digital logic IC's, are now being de-
veloped at several laboratories throughout the world. Fabrication
of these monolithic circuits by direct ion implantation of semi-
insulating GaAs substrates is highly desirable because of its
potential as a reliable, low-cost manufacturing technology.
Significant progress is c'rrently being made towards developing
a viable planar ion implantation technology, but it is widely
recognized that the variable, and often poor quality of semi-
insulating substrates is a major limitation at present. Gals
substrates of high resistivity, which retain their semi-insulatinag
proverties throughout device fabrication are required, in order
to maintain good electrical isolation for low-loss passive cir-
cuit elements and low parasitic capacitances associated with
active devicés. Unfortunately, at the temperatures normally
employed in FET processing, the thermal stability of the semi-
insulating substrate has often been a severe problem in the past.
A common manifestation of the problem is the formation of a con-
ductive surface layer following a thermal annealing process. 1In
ion implantation technology, these anomalous conversion and com-
pensation phenomena ‘which have been observed following post-
implantation annealing, adversely affect the implant profile and
activation, and can result in poor control of full channel current
ind pinch-off voltage in directly implanted FET structures. It

i robable that the high and variable concentrations of !

. on, chromium, oxygen and carbon impurities which are present
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in typical Cr-doped semi-insulating GaAs substrates contibute
to the difficulties in achieving uniform implant profiles, since
these impurities can modify their electrical role or redistribute
as a result of implantation and thermal annealing. Chromium re-
distribution has been graphically demonstrated in the case of

(1)

directly implanted Cr-doped substrates. In addition, typical

Cr-doped GaAs substrates contain at least 1 x 1017 cm_3 ionized
impurities which severely reduce the electron mobility in direct-
ly implanted FET channels and degrade the FET performance and
frequency limitations. Thermally stable, high resistivity GaAs
substrates containing very low concentrations of residual impuri-
ties are therefore highly desirable for “irect ion implantation
device fabrication.

To address the problem of unpredic, properties associated
with the semi-insulating GaAs substrates which are available com-
mercially today, a crystal growth facility which utilizes a
Melbourn Liquid-Encapsulated Czochralski (LEC) pullter has recent-
ly been established at our laboratories. LEC growth was selected
over other growth technologies because of its current capability
for producing two- and three-inch diameter <10(>- and <111>-
crystals of semi-insulating GaAs from which round, large-area
substrates can be prepared (figure A-1). In device processing,
handling and processing costs are approximately independent of
wafer size, making large-area substrates very attractive for
future, low cost manufacturing technology. Perhaps of even more
significance is the adaptability of LEC growth to silicon-free,
pyrolytic boron nitride crucible techniques,(2'3) offerinag the
potential of semi-insulating GaAs crystals of significantly
improved purity, without resorting to intentional Cr doping.

In this appendix, we report the growth of high purity, two-
and three-inch diameter <100> -GaAs crystals pulled from pyrolytic
boron nitride crucibles and the characterization of these sub-
strates for direct ion implantation device fabrication. These
updoped GaAs/PBN crystals consistently exhibit resistivities

i
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approaching 108 ohm cm, are thermally stable under implantation

annealing and contain very low total impurity concentrations.
The residual silicon and chromium contents are in the low 1015
cm_3 range. The improved crystal purity contributes significantly
to the high channel mobility (approaching 5,000 cmZ/Vsec at
1 x 1017 cm-3 peak donor concentrations of interest for power
FET structures) and the uniform, reproducible implant profiles
which have been achieved in directly implanted GaAs/PBN substrates.
Discrete FET's and monolithic amplifier circuits fabricated on
these substrates exhibit excellent transconductances, small signal
gains and RF output power at X-band frequencies.
A.2 CRYSTAL GROWTH

Liguid-Encapsulated Czochralski (LEC) growth was first demon-
strated experimentally in 1962 by Metz et al.(u) for the growth
of volatile PbTe crystals, and has since been developed by Mullin
et al.(s) for several III-V crystals. 1In this Czochralski
technique, the dissociation of the volatile As from the GaAs melt
which is contained in a crucible is avoided by encapsulating the
melt in an inert molten layer of boric oxide and pressurizing the
chamber with a non-reactive gas, such as nitrogen or argon, to
counterbalance the As dissociation pressure. In-situ compound
synthesis can be carried out from the elemental Ga and As compo-
nents since the boric oxide melts before significant sublimation
starts to take place (=400°¢C) . Compound synthesis occurs rapidly
and exothermally at about 820°C under a sufficient inert gas
pressure (=30 atm) to prevent sublimation of the arsenic component.
Crystal growth is initiated from the stoichiometric melt by
seeding and slowly pulling the crystal through the transparent
boric oxide layer. ©)

The Melbourn high pressure LEC puller used in this work is
a resistance-heated six-inch diameter crucible system capable of

charges up to 8-10 kg weight and can operate at pressures up to

150 atmospheres. The system features a closed-circuit TV for




viewing the melt and a differential crystal weight monitor for
diameter control. .
A number of 2- and 3-inch diamet~~ <100> -GaAs crystals free

of major structural defects such as _win planes, inclusions and

precipitates have been grown successfully. A photograph of two
<100> -GaAs crystals each weighing approximately 3 kg is shown j
in figure A-2. To achieve repro¢ 1ible growths of high quality,
twin-free crystals, a growth procedure was adopted which included
the use of vacuum baking of the boric oxide encapsulant to re-
move residual moisture - an important factor in maintaininc high
visibility of the melt-crystal interface during growth, and the
gradual increase of the crystal diameter to the desired value
during the initial stages of growth (as seen in the crystal dis-
played on the right-hand side of figure A-2) to minimize disloca-
tion generation. Semi-insulating GaAs crystals have been prepared
from undoped and Cr-doped melts synthesized in-situ from high ;
purity elemental arsenic and gallium charges and contained in g

both fused silica and pyrolytic boron nitride crucibles. Selected
semi-insulating GaAs crystals have been sawed and polished to
provide substrates for device fabrication. Selection of both Cr-
doped and undoped crystals was based on structural, chemical and i
electrical characterizations which are described below.
A.3 SUBSTRATE QUALITY

A.3.1 Crystalline Perfection

It has been shown on an experimental basis that crucible-pulled

GaAs crystals can be grown free of dislocations at small crystal

(7 por B

diameters, usually 0.5 in and crystal lengths <3 in.
these small crystals, successful dislocation-free growth depends
upon the following growth conditions: (1) a Dash-type seeding
method in which the seed is grown with a thin neck before increas-

ing the diameter to form the crystal cone(s); (2) a melt which is ¥

close to stoichiometry and a small axial temperature gradient at

the interface(g); (3) the growth interface maintained flat to J

!
(10) In addition, the angle of the crystal h

convex toward the melt.
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cone is also important for dislocation-free growth. If the cone
angle is too large, dislocation generation can result from the
high internal stresses which develop as the crystal cone emerges
from the B203 encapsulant.(11)
Although large diameter (<3 in) LEC GaAs crystals grown in

the <100> axial orientation are free of gross structural
imperfections, such as twins and inclusions, these crystals are
usually characterized by high background densities of dislocations
(10% to 10°

of figure A-3 for a typical <100> LEC GaAs wafer. Our preliminary

cm—z), such as shown by the x-ray reflection topograph

investigations on improving the structural quality of large
diameter GaAs crystals have concentrated on determining the opti-
mum conditions for initiating dislocation-free growth. Figure
A-4(a) and (b) show x-ray reflection topographs of longitudinal
sections of seed-and cones for two <100> GaAs crystals correspond-
ing to two different cone angles: (a) a relatively shallow cone
and (b) a steeper cone of 27" to the crystal axis. In both cases
dislocation-free growth is initiated using a Dash-type seeding.
As the cone diameters increase, the dislocation densities
increase, particularly in the crystal interior, together with
activation of glide planes; however, the rate of dislocation
multiplication has been reduced by the steeper cone angle (figure
A-Ub).

A.3.2 Impurity Content

(12) of LEC

GaAs material pulled from both quartz and pyrolytic boron nitride

Secondary ion mass spectrometry bulk analysis

crucibles at our laboratories, as well as large-area boat-grown
substrates purchased from an outside supplier have been carried
out. A wide range of impurity species were examined and the data
clearly show that the lowest impurity content is achieved in LEC
growths from PBN crucibles. Quantitative estimates of impurity
concentrations were obtained by calibration against GaAs samples
which had been ion implanted with known doses of specific
impurities. The results are shown in figure A-5 where the markers
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on each bar represent data for different crystals. Residual

silicon concentrations in the (1 to 2) x 1015 cm-3 range are observed

16

in GaAs/PBN samples compared to levels which range up to 10

cm in crystals grown in quartz containers. The residual chro-
mium content in undoped LEC GaAs crystals pulled from either PBN

or fused silica crucibles is below the detection 1limit of the
SIMS instrument, estimated to be in the 1 - 2 x 1015 cm_3 range.

Analyses of LEC-grown crystals pulled from Cr-doped melts reveal
that the Cr content (typically 2 x 10"® cm™3 at the seed-end and
approaching 1017 cm_3 at the tang) is close to the anticipated

doping level based on the amount of Cr dopant added to the melt

and its reported segregation behavior.(13)

(2 to 4) x 1016 cm-3 were observed in the boat-grown samples.

Cr dopant levels of

The reduced concentration of shallow donor impurities in growths
from PBN crucibles permits lower Cr doping levels to be utilized,
as shown in figure A-5 where 8 x 1015 cm-3 Cr dopant concentration
is observed in a sample cut from near the tang end of the crystal.
Additional SIMS studies' ")
PBN crucibles generally result in high boron concentrations (101

crn-3 range) in the GaAs material versus low 1015 cm—3 concentra-

indicate that LEC growths from
-

tions in quartz crucible growth. No significant differences in

carbon 1017 cm—3, oxygen 1016 cm_3, selenium'<1015 cm-3 and tel-

lurium <1015 cm - contents of different GaAs samples are revealed
by these investigations. The results reported in section 4 sug-
gest that the 1017 cm_3 concentrations of boron and carbon in
GaAs/PBN substrates remain electrically neutral through implanta-
tion processing and do not contribute significantly to ionized
impurity scattering.

A.3.3 Electrical Characterization

Resistivity and thermal stability measurements were carried
out on LEC-grown GaAs substrates to determine the suitability of
the substrates for ion implantation studies. Additional assess-
ment of the substrate quality was provided by measurements of the i
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transport properties of n-doped layers formed by direct ion
implantation into the substrate.

The axial resistivity variation along undoped and Cr-doped
GaAs crystals is shown in figure A-6. Substrate resistivities
in the 108 - 109 ohm cm range are observed in Cr~doped substrates

{(containing high 1016 cm—3 Cr concentrations) compared to resis-

tivities of 107 to 108 ohm cm in undoped GaAs/PBN substrates.

Lightly Cr-doped GaAs/PBN crystals (8 x 1015 cm_3 Cr content) ex-
hibit resistivities greater than 3 x 108 ohm cm. Undoped Gads
crystals pulled from fused silica crucibles show lower resistivity-
ties and a greater variation along the crystal. Variable results
were obtained from crystal to crystal, varying from 106 to 107
ohm cm in one to resistivities in the 103 ohm cm in another
crystal.

The mechanism of electrical compensation in semi-insulatinag

GaAs has been studied extensively(15’16)

and it has been tacitly
accepted that semi-insulating behavior in undoped GaAs results
from oxygen compensation - an impurity which is introduced to
suppress silicon contamination from dissociation of the SiO2
ampoule in horizontal Bridgeman growth and is unintentionally
incorporated in LEC grown crystals. In Cr-doped GaAs, high
resistivity is believed to result from the compensation of shallow
donors by the deep chromium acceptors. More recently, Zucca(16)
has proposed a model which includes both a deep acceptor (Cr) and
deep donor (oxygen) to interpret experimental resistivity data

in lightly Cr doped GaAs (5 x 1015 cm—3 Cr). The assignment of
the measured deep donor level at about 0.66 to 0.72 eV from the

(17)

conduction band edge is however controversial. Zucca's data

indicate predominantly hole conduction from chromium acceptors
(E_ - 0.83 eV) in highly Cr-doped substrates (6 x 10'° cm™> cr).
Plots of log resistivity versus reciprocal temperature for
undoped and Cr doped LEC GaAs crystals pulled from pyrolytic
boron nitride and fused silica crucibles are shown in figure A-7.

All the samples measured showed conduction by electrons to be
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Resistivity, ohm cm

Figure A-6. Axial Resistivity Variation Along LEC Grown GaAs
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dominant and independent of the Cr content between 2 x 1015 and
8 x 1016 cm-3. An activation energy of 0.76 eV was measured for
all sample types. While these results confirm the importance

of the deep donor level observed by others in semi-insulating
GaAs, no other conclusions can be drawn at present and further
studies are in progress.

Although direct evaluation of the carrier mobilities and net
donor and acceptor concentrations in semi-insulating GaAs sub-
strates is made difficult by the high sample impedance and the
complexity of data interpretation,(17) high impedance Hall mea-
surements performed at ambient temperature indicate high apparent
electron mobilities of between 5,000 and 7,200 cmz/vsec in un- ‘
doped GaAs pulled from quartz or PBN crucibles and is a qualitative
indication of the high purity of these samples. In contrast,
the measured electron mobilities in all semi-insulating Cr-doped
samples are in the 1,000 to 3,000 cmz/vsec range.

Thermal stability of substrates for ion implantation was
assessed by means of resistivity measurements following an encap-
sulated anneal of the semi-insulating slice (prior to implantation)
to determine whether any conducting surface layers have formed
as a result of thermal treatment. Samples for the unimplanted,
encapsulated anneal test were prepared using the same process as
is used for implantation. Wafers are prepared by etching to remove
cutting damage and bromine-methanol polishing on the front surface
to 0.020 in thickness. A 9003 layer of Si3Nu was deposited on
the front surface by a plasma-enhanced silane-nitrogen reaction.
These depositions were performed in a modified LFE PND301 reactor
at a substrate temperature of 340°C, nominal gas flows at 40 ccm
1-1/2% Siﬂuoin Ar and 3 sccm N,, and 100 witts RF power, which
yielded 75 A/min deposition rates. A 2500A thick layer of 7%
phospho-silicate glass was also deposited at 420°C on both sur-
faces prior to annealing as protection against pinholes in the
nitride encapsulant (and is also utilized for pattern definition
with selective implants in FET processing). The wafers are
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annealed at 860°C for 15 minutes in a forming gas atmosphere.
Surface sheet resistances exceeding 106 ohms/) are desired after
annealing to ensure isolation of passive as well as active ele-
ments in analog IC processing. 1
Typical sheet resistance data for semi-insulating undoped '
and lightly Cr-doped GaAs/PBN substrates and conventionally Cr-
doped GaAs substrates before and after encapsulated anneals are
shown in figure A-8. Some degradation in the sheet resistance
is always observed as a result of the thermal treatment, but the

leakage currents measured in these low field measurements (103

v/cm) and the RF losses observed in monolithic circuits fabricated
on these substrates are low. In particular, surface leakages of
<30 pA at 15 volts bias and high breakdown voltages of 25 volts
were measured in interdigitated capacitor structures (5 um sepa-
ration and 13.2 mm periphery) to test the performance under the
high operating fields normally utilized in monolithic circuits.(18)
A.4 TION IMPLANTATION

Direct ion implantation of undoped and Cr-doped GaAs substrates
was performed at ambient temperature using 29Si ions in a 400 keV
Varian/Extrion ion implanter. The Si beam was generated from a

SiFu source so that the Si isotope ratios could be measured and
2981+ beam purity assured. The implants discussed here were per-

-]
formed through a 900A thick front surface Si encapsulation.

N
374
Separate sequences of bare implants indicate that the activation
efficiency and mobility data are identical in both cases. Eigh
sensitivity SIMS profiles of 2°Si and ~°Cr after a & x 102 ecm™ 2 -
29
350 keV

si+ implant through Si3Nu is shown in figure A-9. These |
specimens received the standard PSG overlay and 860°C/15 minute i
?

298i and 28

anneal. In figure A-9, the surface Si peaks are pro-
bably the result of matrix effects in the SIMS measurements and
recoil implantation from the Si3Nu layer. The effects of recoil
implantation are not detected in electrical measurements because
of surface depletion phenomena. Surface accumulation of Cr in

both Cr-doped and undoped LEC GaAs substrates is typical of
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(1)

published results. In contrast to these published data, only

slight Cr depletion is observed near the peak of the 2951+

implant.

Electrical activity profiles of 298i implants in semi-
insulating GaAs were obtained by C-V measurements using evapo-
rated Al Schottky barrier .diodes. Plots of the variation of net
donor concentration with depth of implants in undoped GaAs/PBN
substrates are shown in fiqgure A-10 and represent the uniformity
across each slice and from slice-to-slice in this material in
both activation efficiency and profile shape. The data shown
was measured on three slices cut from the first half of an un-
doped GaAs/PBN crystal. The data shows a high degree of uniformi-
ty for direct substrate implants and similar uniformity and
reproducibility has been achieved for implant energies between
125 and 400 keV. As shown in figure A-10, the measured profiles

can be fitted to the tabulated joined half gaussian profile,(19)

(20) are made to the latter to allow for

provided modifications
energy loss in the Sl3Nu and diffusion. The depth of maximum
concentration (R ) is 2650A and the deep and shallow standard
deviations (0 ando ) are 1000 and 1HOOA respectively.

The proflles shown in figure A~11 are typical of 295i implants
into Cr-doped GaAs substrates. Poor agreement with the theoreti-
cal LSS profile is apparent, although SIMS profiling of the 2951
implants in Cr-doped substrates yvields approximately gaussian
distributions (see figure A-9). The abrupt fall-off of the elec-
trical profiles near the Rm +”ARm depth suggests either Cr accumu-
lation in the region and/or Cr depletion at shallower depths. |
Achievement of this profile is sensitive to the energy of the »
channel implant and the dose of any shallow (125 kV) implant
employed to increase the electron concentration at the surface.

Implantation of 298i into Cr-doped GaAs has generally been charac-

terized by poorer uniformity of activation and profile shape,
particularly in highly Cr-doped substrates which exhibit unpre-
dictable and often anomalous implant profiles.,
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More detailed measurements of the electrical activation of

9Si implants in semi-insulating GaAs/PBN substrates are shown

in figure A-12. Implantations through the Si3Nu
layer at 100, 200 and 400 keV energies were utilized to obtain

encapsulant

uniform profiles in this series of experiments. The net donor
concentration was obtained directly from C-V measurements and
the implanted concentration from the measurement dose and the
channel thickness as calculated from the profile data and assumed

to be Rm +¢1/2 A
a 0.6 eV surface barrier and a 40% deposition of the low energy

Corrections for surface depletion assuming

implant in the nitride layer were made. Figure A-12 indicates

an activation efficiency of 78%. Similar measurements of other
GaAs/PBN substrates indicate that the activation efficiency in-
creases with increasing chromium content [70-80%/undoped; 75-85%/
low Cr (8 x 10'> cm™3); 85-100%/high Cr (6 x 10'° em™>). The
somewhat lower activation efficiencies observed in implanted un-
doped and lightly Cr-doped GaAs/PBN substrates are consistent

with the amphoteric nature of silicon in GaAs, so that the im-
planted silicon can occupy both the Ga and As sublattices. 1In
contrast, the As sublattice sites are already occupied by chromium
in more heavily Cr-doped GaAs, and as a result, the silicon re-
sides almost entirely on Ga sublattice sites. Activation there-
fore approaches 100%.

Figure A-12 also indicates the existence of a small threshold
dose for the onset of electrical activation. This threshold
corresponds to an excess acceptor concentration in undoped GaAs/
PBN substrates which must be compensated before any net electrical
activity is observed. The intercept in figure A-12 indicates the
excess acceptor concentration NA is 0.9 x 1016 cm"3. Implants
into high Cr content GaAs substrates indicate an excess acceptor
concentration in the (5 to 10) x 1016 cm_3 range, increasing from
seed-end slices to the tang of these Cr-doped crystals. These
results suggest that additional Cr in excess of about 1 x 1016

cm 3 concentration in GaAs/PBN substrates serves no useful
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purpose and contributes to excessive ionized impurity scattering,
compensation and redistribution phenomena.
Low-field Hall effect mobilities as a function of the peak
donor concentration of direct implanted channels in undoped and
Cr-doped GaAs substrates are shown in figure A-13. Data from
two undoped GaAs/PBN and three conventional Cr-doped GaAs crystals
grown by the LEC technique, as well as Cr-doped boat-~grown GaAs, ]
are shown. The implants were performed at energies between 250

and 400 keV, with and without nitride caps and with single and

29

dual energy implants. Si implants into semi-insulating GaAs/

PBN substrates show the highest mobilities: at peak donor con-
centrations of about 1 x 1017 cm_3, mobilities of 4,800 to 5,100
cmz/vsec are measured compared with mobilities in 3,700 to 4,500
cmz/vsec range for Cr-doped substrates prepared by LEC or boat
growth. In lightly doped channel layers (2 x 1016 cm—3), the
observed differences are considerably larger - an electron mobility
of 5,600 cmz/vsec in undoped GaAs/PBN substrates versus 3,000
cmz/vsec in Cr-doped substrates. The measured mobilities of di-
rectly implanted channel layers in GaAs/PBN are compared to

(21)

theoretical bulk mobilities in figure A-13. The higher

mobilities observed in undoped GaAs/PBN substrates are consistent
with a compensating acceptor density of about 1 x 1016 cm—3,
in agreement with the value derived from observations of the
threshold dose for the onset of electrical activity (figure A-12).
Mobility measurements were also performed at 77K for the im-
planted layers in semi-insulating GaAs-PBN substrates. A plot
of mobility as a function of peak donor concentration at 77 and
298K is shown in figure A-14. The 77K mobility of 12,000 cmz/
vsec which has been achieved in lightly doped channels (2 x 1016
cm-3) is to our knowledge the highest mobility which has been
achieved by direct ion implantation into semi-insulating sub-
strates and is comparable to the mobilities which have been
attained in epitaxially grown layers (see, for example, the data
compiled by Rosztoczy and Kinoshita).(zz)
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A.5 DISCUSSION AND SUMMARY

The progress made towards developing higher purity, high
resistivity GaAs crystals through the use of LEC pulling from
pyrolytic boron nitride crucibles is reported in this appendix.
The intent is to achieve stable, semi-insulating substrate pro-
perties without resorting to intentional doping with chromium
(or at least, to reduce the Cr dopant content of GaAs signifi-
cantly) in order to avoid the serious redistribution problems
associated with this impurity at quite low temperatures and
their potentially harmful effects on FET device performance and
reliability.

It has been shown that large diameter GaAs crystdls agrown
from high purity melts in PBN crucibles contain significantly
lower contrations of residual impurities than LFC and boat-grown
crystals prepared in fused silica containers. 1In particular,
residual silicon concentrations of (1-2) x 1015 cm-3 was deter-
mined by quantitative SIMS analyses compared to silicon contents
of up to 1 x 1016 cm-3 in other GaAs crystals, High boron and
carbon concentrations were, however, observed in GaAs/PBN
crystals, but these impurities do not appear to affect the elec-
trical transport properties of ion implanted layers formed in
these substrates. Semi-insulating behavior is achieved in un-
doped GaAs/PBN substrates, although the concentrations of deep
acceptor impurities, such as Cr and Fe are at least an order of M

magnitude less than the Cr doping levels normally encountered in

conventional semi-insulating GaAs. The as-grown resistivity and

sheet resistance of thermally annealed undoped GaAs/PBN substrates

fall in the mid to high 107 ohm cm and 107 ohm/ O ranges,

respectively. Although these resistivities are lower than those ;
of conventional Cr-doped GaAs, acceptably low leakages and RF
losses are attained in FET's and analog circuits fabricated on
this material. Light Cr doping enables higher resistivities to
be attained without adversely affecting the measured electron
mobilities in implanted layers.
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Direct ion implantation studies of undoped GaAs/PBN sub-
strates using 2951 implants yvield highly reproducible implant
profiles showing excellent agreement with LSS theoretical
predictions. The results suggest a weakly amphoteric behavior
of the silicon implants in undoped or lightly Cr-doped GaAs/PBN
substrates and demonstrate an excess compensating acceptor con-
centration of about 1 x 1016 cm"3 in these substrates. High
channel mobilities of 4,800 to 5,000 cmz/vsec are obtained in
directly implanted channels with (1 to 1.5) x 1017 cm_3 peak
donor concentrations required for X-band power FET structures.

Excellent power FET performance has been demonstrated from
1 pm gate lencgth devices fabricated on semi-insulating GaAs/PBN

(23) Directly implanted devices

substrates in our laboratories.
exhibit 5 values of about 100 mmho/mm, small signal gains at

8 GHz of over 11 dB and an RF output power of 0.75 watts/mm.

A total output power in excess of 1 watt with 5 dB gain at 8 GHz
was measured recently from a directly implanted FET device

(2,400 um gate). Preliminary evaluations also indicate that
device characteristics of improved uniformity are attained on
semi-insulating GaAs/PBN substrates - a significant factor for
the design of circuit parameters in monolithic integrated GaAs
circuits.

GaAs device fabrication has traditionally been carried out
on irregularly-shaped substrates because of the lack of uniformly
round substrates in the past. The coracle diameter control(s)
is a step in this direction, but is available only for <111>
growths and from our limited experience of this method, is
found to adversely affect the purity and structural quality of
LEC crystals. Figure A-15 illustrates a GaAs boule which has
been ground accurately to diameter with an orientation flat.
X-ray topographs of test slices reveal that no significant work
damage is introduced by the diamond center-grinding operation.
The polished slices shown have a diameter of 1.975 + .001 inch -
a thickness of 0.018 inch and a <110> flat. The availability
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of round oriented <100> substrates fabricated to tight dimensional
tolerances with rounded edges (as in silicon technology today)
will have important implications as far as moving towards a truly

low-cost, higher yield automated GaAs device processing technoloqy
in the future.
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APPENDIX B

MONOLITHIC MICROWAVE AMPLIFIERS FORMED BY ION
IMPLANTATION INTO LEC GALLIUM ARSENIDE SUBSTRATES

B.1 ABSTRACT

A fabrication procedure for broadband monolithic power GaAs
integrated circuits has been demonstrated which includes formation '
of via holes through the 100 um thick GaAs substrate. A selective
implant of 29s5i ions into the GaAs substrate is used to dope the
FET channel region to 1.2 x 1017 cm~3. The ohmic contacts are
AuGe/Ni/Pt and the gates are Ti/Pt/Au. A 1.5 um thick circuit
pattern is achieved using metal rejection assisted by chloroben-
zene treatment of AZ1350J photoresist. Using undoped Czochralski
wafers of GaAs pulled from a pyrolytic boron nitride crucible,
integrated amplifiers have been produced which deliver 28 +0.7 dBm
from 5.7 to 11 GHz. These chips are 2 mm x 4.75 mm x 0.1 mm thick.
B.2 INTRODUCTION

Monolithic power integrated circuits in gallium arsenide offer
improved bandwidth over hybrid circuits using discrete gallium
arsenide FET's due to the elimination of wire bond inductances.
In addition, if the yield of such circuits can be made sufficient-
ly high that the unit cost is low, then phased array radar systems
will become economically attractive. Each element of a phased
array system may require up to three chips with, for example, power
amplifiers, low noise amplifiers and phase shifters. The use of
ion implantation directly into semi-insulating substrates contain-
ing little or no chromium appears to provide the yield and repro-
ducibility necessary to make these low-cost, monolithic radar
components.




A

We have used selective ion implantation of 29Si into sub-
strates grown in our laboratories to fabricate wideband power
monolithic circuits. The selective implantation is truly planar
and does not require mesa etching to isolate the active areas of
the circuit. The mobility values obtained using unintentionally-

doped substrates range from 5700 cm2/V sec at 1.5 x 1016 cm_3

doping to 4700 cm?/V sec at 1.5 x 1017 cm™ 3. The uniformity of
the carrier profiles is excellent as demonstrated in the paper
(1)

elsewhere in this issue. The device currents across the GaAs
wafer show the same uniformity. In figure B-1 is plotted the
source-drain saturation current of the GaAs FET's before the gate
is added as a function of the standard deviation of the current.
Each data point is the average value for at least five widely
spaced points on each wafer. The plot clearly shows that the
undoped (chromium concentration<5 x 10114 cm-3) wafers all have
currents whose uniformity is better than the 4% standard deviation,
while many of the chromium-doped (chromium concentration >2 x 1016
em™3) samples are well beyond the 10% mark.

We have built one-and two-stage monolithic GaAs power ampli-
fiers operating from 5 to 10 GHz using standard photolithographic
masking with the addition of a chlorobenzene process(z) to help
the metal lift-off. With vias for grounding the sources of the
power transistors, these monolithic chips have produced 28 +0.7
dBm across the 5.7 to 11 GHz band with 6 +0.7 dB associated gain.

The present paper describes the fabrication details for mono-
lithic power amplifiers and the microwave performance of the re-
sulting chips. The discussion of the fabrication includes in-
formation on two methods for achieving via holes. The performance
of the passive circuit elements in the microwave matching networks
is also considered.

B.3 FABRICATION TECHNOLOGY

B.3.1 Selective Ion Implantation

Wafers are cut from boules grown by the liquid encapsulated
Czochralski process. 1In many cases, these boules are ground to a
diameter of 2" with two <110> flats to establish the orientation
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of the wafers. The wafers are lapped and polished to a thickness
of 25 mils before being selectively implanted with silicon (298i)
using the procedure shown in figure B-2. The "front” surface of
the gallium arsenide is covered with 10002 of silicon nitride
which is deposited using a plasma-enhanced chemical vapor deposi-
tion system which dissociates nitrogen and silane to produce the
insulator. 2500% of 7% phosphorus-doped silicon dioxide (PSG) is
deposited on top of the Si3Nu using a CVD reactor. A pattern is
formed in AZ1350J photoresist and the Sioz etched down to the
Si3Nu to form the ion implantation mask. <29Si ions are implanted
through the Si3Nu as shown in figure B-2a. o

The photoresist is then removed and a second 2500A thick layer
of PSG is deposited as shown in figure B-2b. The phosphorus doping
is employed to ensure that this glass becomes plastic at the 860°C
annealing temperature and does not lead to stress damage associated
with differences in thermal expansion coefficients. The PSG layer
is an essential element in the registration of selective implants
N

and prevents pit formation at pinholes in the primary Si en-

374

capsulation.

The wafers are annealed in a forming gas (10% hydrogen 90%
nitrogen) atmosphere using ramping of the wafer into a furnace
such that the wafers rise from room temperature to 860°C in 20
min., their temperature holds at 860°C for 15 min. and then falls
back to 25°C in 25 minutes. The furnace contains a flat zone
2-1/2" wide and 8" long.

After the annealing step, alignment marks are formed in the
gallium arsenide using ion milling, as shown in figure B-2c¢c, using
a further layer of photoresist as a coarse mask. The PSG that was
used as part of the first ion implantation mask provides the mask
for the area etched into the gallium arsenide surface. This area
is, therefore, automatically and precisely aligned with the im-
planted area.

At the center of each wafer is a square area that is uniformly
implanted with ions to provide an evaluation capability for the

—————
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implant. After the implantation an aluminum dot pattern is formed
in this square which allows C-V measurements to be made. It is
important at this stage of the device development to know in de-
tail the quality of the implant and activation.

B.3.2 Wafer Metalization

After evaluation, the aluminum dots and the remaining PSG and

Si3Nu are removed and the wafer is ready for the source-drain
ohmic contact metallization which consists of gold-germanium alloy
(12008) followed by nickel (5008) and platinum (400%). When
alloyed to a peak temperature of 500°C in forming gas this metal

system has consistently produced specific contact resistances less
than 3 x 10°9Q -cm?. The metal is defined by a lift-off process
using AZ1350J photoreésist 1 um thick. A schematic cross section
of the ohmic metallization prior to lift-off is shown in figure
B-3a. 1In order to assist the lift-off process, the photoresist

is treated with chlorobenzene in the manner described later in
this paper.

After alloying of the source-drain metallization, the gate
pattern is defined again using AZ1350 photoresist 1 um thick as
shown in fiqure B-3b. Prior to deposition of the gate metal the
exposed gallium arsenide surface is etched up to 10008 to form a
recess into which the gate is deposited.(3)
are titanium (5008), platinum (5008) and gold (45008). The gate

is offset in our present design being spaced 1.5 um from the source

The metals evaporated

contact and 3.5 pm from the drain contact in order to minimize the
source resistance while maintaining adequate gate-drain spacing to

(%)

avoid premature breakdown at the drain edge. The metal is again
defined by a lift-off process involving chlorobenzene treatment.
The final metallization on the front of the surface of the
wafer is the circuit metal which consists of chromium (8002), pal-
ladium (1002) and gold (1“,0002). This amount of metal is the
minimum necessary since at the lowest frequency of interest (5 GHz)
the skin depth in gold is 1.1 um. The ohmic contacts are also
partially covered with this thick metal to reduce their spreading

resistance (see figure B-3c).
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The chlorobhenzene treatment(z)

mentioned earlier is again used
for the photoresist defining the circuit metallization. A sche-
matic diagram of the process is shown in fiqure B-4. After ex-
posure of the AZ1350J photoresist and before development, the
photoresist is soaked for 6 min. in chlorobenzene at room temper-
ature. The action of the chlorobenzene is to form an altered
layer on the surface such that after development a lip is formed
which causes a break in the metal that is subsequently evaporated.
A scanning electron micrograph of a 1 um long gate opening in 1 um
thick AZ1350J photoresist is shown in figure B-5. Note the 10008
wide overhang at the upper surface of the photoresist. The GaAs
surface has been etched through the opening in the photoresist to
form the gate recess.

B.3.3 Via Technology

(5)

Vias have been used successfully in discrete FET's to make
connections between the source contacts of the FET's and the
ground plane on the back of the gallium arsenide wafers. Mono-
lithic amplifiers which rely upon microstrip transmission lines
for matching circuitry present a design trade-off between thermal
(6) The thickness of the

gallium arsenide is chosen to be 100 um to give acceptable losses

considerations and low loss circuitry.

in the circuitry, while maintaining satisfactory heat transfer
characteristics for the power FET's. With this thickness the
problems of fabricating vias are more acute than for the 30 um
thick substrates used in discrete FET's. The via technology is
necessary not only to improve the gain of the FET by reducing
source inductance but they also provide great flexibility in the
circuit design by allowing RF ground to be achieved readily any-
where on the slice. We have developed two different procedures
for implementing vias on our monolithic circuits. In the first
approach a large area tub (300 um x 1650 um) is first etched in
the back of the gallium arsenide wafer using AZ1350J photoresist
and an acid-hydrogen peroxide-based etch. This tub is aligned to
the whole area of the FET on the front of the wafer using infrared
techniques. A second AZ1350J photoresist layer is used as an

B-8

s b i atan e wa




1STS3I030Yd JO IUBWILSI], dUIZUBJOIOTYD 2Y3 JO weiberg OTIeWBYDS “H-g 2Inb1g

0L A 220008

78S (g] dojanag ‘ “

4
uopdafay o4 Apeay |e}aw pajesoder] di pauapJey ;

¥BOS UIZUQ0IOJY 2 o
JoSC UWYG - .

fOSETZY #s0i 3

. . . . ’- v L IR -t




PR ——

80-0077-PA-13

Figure B-5. Scanning Electron Micrograph of 1 um Gate Opening
in 1 um Thick Chlorobenzene Treated Photoresist

etching mask to produce 100 um diameter holes to meet each source
pad. These holes, together with the back of the wafer, are sub-
sequently metallized with Ti/Au to form the via connections and
ground plane, respectively. The etched tubs and vias are shown
in figure B--6.

This "complete" via technology has a drawback in that it re-
quires source pads that are 150 um long (the gate length) by 125
pm wide in order that the etched vias do not destroy the channel
regions of the device. Using air bridges or wire bonds to inter-
connect the sources would require a width of no more than 50 um
which means a 75 um reduction in FET width for each 300 um of de-
vice periphery and hence a considerable savings in chip area. An
additional problem with this technology is that the final etch is
designed to be made through a thickness of no more than 25 um,
and hence this process is very sensitive to the uniformity of the

wafer thickness.
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In the second approach, the circuit is designed with a few
large area (250 um x 250 um) vias as shown in figure B-7. Vias
are located at each end and at the center of the output transistor,
at each end of the input transistor, and on two capacitors in the
interstage matching network. The sources are interconnected using
bond wires. The limited use of vias ("sparse" vias) allows a single
etch step on the back side to reach the pads on the front of the
slice, hence improving processing simplicity. The yield of vias
for this process is better than 99% over the wafer.
B.4 MICROWAVE CIRCUIT CHARACTERISTICS
B.4.1 Passive Elements
! The microwave circuits consist of interdigitated capacitors
X and short microstrip inductors, typically less than 60° electrical
length which minimizes the chip area required. The interdigital
capacitors are based on a 10 um center-to-center spacing of the
fingers with a 5 um gap between adjacent pairs as shown in figure
B-8. While the length of each finger in a capacitor can be as
long as 300 um, both the length and the number of fingers is
varied to produce the desired capacitance with an upper limit of
about 1 pF. The photograph shows the clean definition of the
capacitor which is necessary for high yield and adequate voltage
capability. The application of dc bias voltages across the inter-
digital capacitors was examined to ensure no degradation in their i!
microwave performance at up to 20V. The data of figure B-9 shows
the leakage currents and microwave characteristics at 8 GHz for a
typical interdigital capacitor. The capacitor was wire bonded
to ground at the end of a 50§ microstrip line. Application of dc

bias was then effected using an external bias tee on an automated

network analyzer while measuring the S-parameters from 2 GHz to

12 GHz. At all bias voltages, -20V to +20V, the capacitor and

bondwire combination looked like a well-behaved series R-L-C cir-

cuit with 1.25 , 0.539 nH and 0.758 pF. This corresponds to a ) ’
Q at 5 GHz of 33.6 without including any correction for the loss '
in the 50 Qmicrostrip line. From the data in figure B-9, the
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Liftoff Using Chlorobenzene Treated Photoresist

5um Fingers
Sum Gaps
1um Metal

BO0Q77PA 46

Figure B-8. Interdigital Capacitors Formed on GaAs Using Lift-Off
Techniques With Chlorobenzene Treated Photoresist

leakage current of the capacitor up to as much as 20V was 200 pA.
This leakage current was independent of the polarity of the applied
vias voltage. The phase and magnitude of the reflecticn coeffic-
ient at & GHz are nearly unchanged as a function of appiied bias,
generally staying within 1° of phase and 0.005 in magnitude. We
conclude that the interdigital capacitors can be used for form
high performance microwave tuning elements capable of blocking up
to 20V of dc bias.

The microstrip inductors are typically 50 to 100 um wide and
less than a quarter wavelength long. Since the micréstrip trans-
mission line uses a lower ground plane, this form of inductor has
been adopted instead of a lumped inductor requiring no adjacent
ground plane to simplify the mounting of the finished IC chips
and enhance the heat sinking of the active devices on the chip.
The chips have several microns of gold with a nickel barrier on

the bottom and are soldered to gold-plated copper lieaders using a

B-14



syeo uo siojlroede) Te3THIPaILIUT
103 3ua1In) abesxed] pue SSOT JY UO dbeijop seTd JO 30933 “6-9 9InbT4 qk

SIOA “s0)19ede) uQ abeyjop selg
SE A LLSO L8
0 Sl ) S 0
- — v OIJ 0
sde9 uoINW G o o
s43buif uoIIW §
—
:aopoedey [ — 001 3 g
I3
9€€ = (ZHOS) D — 0s1 m.m
c
wyo gz 7 = 1My - Hoz 23
Jojoede 0
1dggp0="" I &
aJIMpuo
Hu 6€g = > 1PU%84 1 ol S -
— T T olll F
—o %
|- —-— - —— 8l o
oo
Joyoede) L)
lesbIpaau) : ~
‘P.rs((r\lo T T ' v 3 m
almpuog . et - 3
‘WL 7"\\\\\01 s g
Q.
1 L 1 (4 1




Sn-Au solder at 220°C in a hydrogen atmosphere. The use of a
soft solder has reduced chip breakage problems with chips up to
4.75 mm long, while the hydrogen atmosphere enhance the wetting
of the solder.

The microwave characteristics of passive circuits using the
interdigital capacitors and microstrip inductors are readily pre-
dictable. The interstage matching network of a two-stage mono-
lithic amplifier was cut out of the chip using a diamond saw and
mounted separately on a microwave header. Wire bonds were used
to connect the circuit to 50 microstrip lines on either end.

The unit was then measured on an automatic network analyzer. The
reflection loss of the circuit from 2 GHz to 12 GHz and the con-
figuration of its elements are shown in figure B-10., The circuit
consists of seven elements, four inductors and three capacitors,
mounted both in series and parallel. The measured reflection

loss (dashed curves) show a good match to 50 near 6 GHz and higher
reflection values elsewhere. This is in excellent agreement with
the modeled circuit characteristics (solid curve), except for the
location of a small resonance near 3 GHz which can be reconciled
with the measured values by changing one element value. The model
curve represents the degree of accuracy achieved in producing the
desired circuit performance without trimming on a monolithic chip.

The two measured curves represent differences in microwave
performance caused by the surface finish of the bottom of the
GaAs chip. 1In general, the lapped bottom surface shows greater
deviation from the modeled result than the polished surface case
due to higher losses. The lapped surface was produced using 1 um
alumina lapping compound to bring the GaAs wafer to 100 um thick-
ness, The polished chip came from a wafer which was lapped to
150 um thickness and further thinned using a bromine:methanol
polish solution to 100 um thickness.

B.4.2 1Integrated Circuit Performance

The fabrication of microwave monolithic integrated circuits
using selective ion implantation has produced one- and two-stage
broadband power amplifiers with up to one watt output power. The
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discrete power FET's from these runs produce better than 0.5 W/mm .
at 8 GHz with best results of 0.7 W/mm for a 900 um periphery FET 1
(0.63W) and 0.66 W/mm for a 2400 um periphery device (1.6 watts).
When incorporated in a single-stage amplifier, the 900 um periphery
FET was matched from 5 GHz to 10 GHz and exhibited better than 5 dB
gain over this band at 100 mW output power. The single-stage ampli-
fier is shown in figure B-11. The input and output matching net-
works use two capacitors and five inductors on a chip of 1.25 mm x
3.375 mm size. Optimization of this circuit has produced 400 mW
from 5 GHz to 10 GHz with over 3 dB of gain.

A two-stage amplifier employing a 900 um periphery FET in the

first stage and a 2400 um periphery second stage was shown in
figure B-7. This circuit contains five interdigital capacitors
and nine inductors. The chip for the two-stage amplifier is

2 mm x 4.75 mm, but uses a more densely packed circuit. Seven

via holes are used on the chip; two to ground the first FET, three
for the 2400 um FET, and two for capacitors in the interstage
matching network. This chip has produced 28 +0.7 dBm output power
from 5.7 to 11.0 GHz with 6 +0.7 dB associated gain.

To understand the effects of RF drive level, frequency and dc
bias voltages on the output power characteristics of these broad-
band amplifiers, three dimensional plots of gain, frequency and
output power are generated using an automated microwave power
measurement system. While a table of measured data can provide
precise gain values at a given frequency and power level, it does
not provide an overall picture of the amplifier performance. The
characteristics of a two-stage amplifier at two different bias
conditions are shown in figure B-12a and B-12b. 1In each case,
the output power capability at a given frequency was monitored as
the gate and drain bias voltages were varied until an optimum was
found. The plots show gain from 0 to 20 dB on the vertical axis,
frequency from 5 to 11 GHz horizontally and output power from 0 to
30 dBm coming towards the reader. As a result, the back wall of
the plot shows the gain versus frequency of the amplifier at low
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drive levels or the small signal gain. The front edge near the
frequency axis at 0 dB gain shows saturated output power as a
function of frequency. From the saturated output power, one can
climb the wall to find the output power and gain at any frequency.
The curves in figure B-12a, for example, show the amplifier when
biased to obtain maximum power at 6 GHz. Notice the high gain
from 5.5 to 7.5 GHz with a peak output power or over 29 dBm at

6 GHz with over 10 dB of associated gain. From 8 to 11 GHz,
however, not only is the gain lower but the output power does not
reach 28 dBm and falls below 25 dBm at 8.5 GHz. By biasing the
gates of both FET's closer to cut-off, the input capacitance is
decreased and the response shifts up in frequency close to the
designed band of 7 to 10 GHz for this amplifier. This is shown
in figure B-12b where the output power was optimized for 7.5 GHz
using the FET bias conditions. While the small signal gain is
only changed by about 1 dB, the saturated output power from 7 to
10.5 GHz never falls below 28 dBm and peaks at 1 watt at 10.5 GHz.
The bias point of both FET's for this case was nearly identical
and very close to the design values. Further attempts to raise
the performance at higher frequencies by bias adjustnent proved

unrewarding.

The complete RF characterization of the broadband GaAs mono-
lithic amplifiers is a very complicated task. In addition to the
usual small-signal tests on a network analyzer, the automated
power system provides rapid measurement and display of data over
a wide frequency and power range. We expect advanced, automated
microwave measurement systems to become increasingly necessary as
the complexity of linear microwave integrated circuit chips in-
creases.

B.5 CONCLUSION

7 Broadband power amplifiers have been successfully fabricated
i as monolithic integrated circuits on semi-insulating GaAs without
' added chromium pulled from pyrolytic boron nitride crucibles.
Using selective ion implantation of silicon ions directly into

the GaAs substrate, power FET's delivering up to 0.7 W/mm at 8 GHz

[ R
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have been produced. The uniformity of the FET drain-source cur-
rent has less than 4 percent standard deviation across undoped
semi-insulating substrates compared with more than 10 percent for
chromium-doped wafers.

A via technology has been used to provide low inductance RF
grounding, both for the source electrode of the FET's and selected
microwave circuit elements. The vias are etched through the 100 um
thick GaAs substrate to a 250 um by 250 um metal square on the top
surface of the wafer. The yield of etched via holes across the
wafer is better than 99 percent and is unaffected by up to a 25 um
thickness variation across the slice due to lapping and polishing ‘
tolerances. This technology improves the gain of the microwave
transistors by reducing the source inductance. In addition, the
layout of the microwave circuitry is eased by having ground avail-
able anywhere on the chip.

The use of 1.5 um thick evaporated metal films patterned with
a photoresist lift-off process allows inductive lengths of micro- ]
strip line and interdigital capacitors to be fabricated on the Gaas
chip. The resulting amplifiers have produced up to 400 mW from 5
GHz to 10 GHz from a single-stage amplifier and 28 +0.7 dBm from
5.7 GHz to 11 GHz from the two-stage amplifier.

Further technology improvements will include incorporation of
the dc bias circuits on the GaAs chip and the use of air bridges g
on the power PET's for source interconnection. i
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APPENDIX C

FABRICATION CONSIDERATIONS FOR MULTISTAGE
MONOLITHIC POWER INTEGRATED CIRCUITS

V. L. Wrick, J. X. Przybysz, M. C. Driver, S. K. Wang, E. S. Coleman,
R. A. Wickstrom and J. G. Oakes; Westinghouse R&D Center, 1310 Beulah Road,
Pictsburgh, PA 15235; Tel. 412-256-3360.

Recent improvements in the purity of large two and three inch diameter GaAs
substrates, coupled with direct selective ion implantation producing
5000 cm?/v-8 mobility at 107 em™3 doping, have made broadband linear inte-
grated circuits very attractive. Our two stage power amplifiers have demon-
strated 10.8 dB gain from 5 GCHz to 9 GHz and broadband .output powers of up to
.80 watts. To optimize the RF performance of linear power IC's requires the
involvement of device engineers in the microwave design process, an area
traditionally divorced from device design considerations.

Tl ree areas will be used to illustrate the influence of the device engineer
on the performance of a two stage amplifier. The first consideration is the
reproducibility of the doping level of the FET channel and an estimate of the
expected variations in the power transistors as the channel characteristics
are varied. This analysis shows the sensitivity of one, two and three stage
amplifiers to doping variations and establishes working limits for specifying
the starting wafer tolerances.

A second area is the method chosen for source grounding of the FET's.
Conventional wire bonding, plated-through 'via" holes and a combination of
vias for each 1200 micron cell with wire bonding between sources have all been
used. Microwave modelling has shown a significant increase in the parasitic
capacitances of large power FET's using vias to ground each source which,
while it does not reduce the maximum available gain, does change the optimum
matching impedance. The IC fabrication and performance of all three source
grounding schemes will be discussed along with their matching problems.

Finally, we will relate the thinning of the GaAs wafer to RF loss in the
microwave circuitry on the IC chip. The thickness of the semi-insulating GaAs
substrate is a compromise between the higher loss of the microwave matching
networks on thin substrates and the need for a low thermal impedance. We have
chosen 100 microns thickness for our designs and keep the RF loss low by polish-
ing the back surface of the wafer before metallization. A comparison of
microwave circuit loss in a seven element passive circuit on 100 micron
thick GaAs has shown about 0.5 dB improvement when using a polished back over
that obtained by lapping with 1 micron abrasive. This result is consistent
with the observation that the 1 micron (40 microinch) roughness of the lapped
surface is nearly equal to the skin depth at 5 GHz in gold.

*This work was supported in part by the Defense Advanced Research Projects
Agency through the Office of Naval Research and the Naval Research
Laboratories under Contract N0O0014-78C-~0268.
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APPENDIX D
DIRECTLY IMPLANTED GaAs MONOLITHIC X-BAND RF AMPLIFIER
UTILIZING LUMPED ELEMENT TECHNOLOGY*

A monolithic GaAs amplifier containing four lumped inductors
and two interdigital capacitors has been fabricated with over 20-
percent yield on a 1.25 x 2,.5-mm chip using direct-ion implanta-
tion. The overall amplifier exhibits a one-stage gain of 6 dB
centered at 7.1 GHz with a l0-percent bandwidth. No post-fabrica-
tion adjustment on any tuning element was required to achieve
design goals. One key to the potential of this largechip
"monolithic" technolgy is the fact that the per-area yield of
the passive circuitry (L's, C's) is generally 50 to 100 times
as great as the yield-limiting mechanisms in the active channel
of the power FET's. As a result, adding passive circuitry to
the FET chain in a controlled lithographically-defined manner
only decreases the number of chips per wafer, rather than
geometrically reducing the chip yield.

In order to establish a GaAs integrated-circuit technology to
eventually reduce the cost of multistage X-band power amplifiers
below $100/amplifier, we have been studying the uniformity and
reproducibility of direct-ion implantation utilizing a 400-kV
Varian Extrion Ion implanter, Model 400-10. We are presently

utilizing 6-to 18-cm2

keV with 3-5xlo12 cm—2 dose utilizing sit as a dopant. Post-

GaAs substrates which are implanted at 400

implantation capping is carried out in a modified LFE plasma
nitride despoition system at 341°C and the wafer annealed for
15 min at 860°C in forming gas.

In the device process, a 900-zm gate FET having a l-micron
gate and a é-micron S-D spacing is fabricated utilizing AuGe/Pd/
Au ohmic contacts. The input and output matching circuits contain
four lumped inductors ranging from 0.15 nH to 1.25 nH plus two 1 pF
interdigital capacitors. The circuit metals are over 1 micron




thick to minimize circuit losses. As can be seen in the photo-
graph, figure D-1, the overall size of the one-stage amplifier
is only about 3 mmz, leading us to believe that lumped, high-Q X-
band circuit elements can offer substantial size-reduction po-
tential over distributed circuits of the same bandwidth.

The lumped-element circuit design for this amplifier was
performed at the Westinghouse Advanced Technology Labs in
Baltimore by Mr. D. Maki. :

Figure D-1. Ten Percent Bandwidth Monolithic Amplifer

AT X RS TR

*This work was supported in part by the Defense Advanced Research
Projects Ausency, through the Office of Naval Research under Contract

N00014-78-C-0268.
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APPENDIX E

PROCESSING TOLERANCE AND TRIM CONSIDERATIONS
IN MONOLITHIC FET AMPLIFIERS

SESSION X: MICROWAVE CIRCUITS

THAM 10.2: Processing Tolerance and Trim Considerations in Monolithic FET Amplifiers
James E. Degentord. Marvin Cohn, Ronald R. Freitag, Daniel C. Boire

Westinghouse Electric Corp.

Baltmore, MD

PIRECT TON IMPLANTATION (clhimmating the need for buffer
laver growth and qualification) offers many advantages for
monolithie amplilicr meluding lower cost and potentially higher
vield and reproduciinhty. Microwave FETs using direct Siim-
plants into Cr doped semi-insulating substrates have yielded typi-
cal power outputs between 0.52W /mm and 0.62W/mm at 8GHz
a shown m Figure 1. These devizes have been incorporated in
sngle stage monohthie lumped element amphhrrs' (Figure 2) 10
vield 6dB gam over 1% bandwidth at 7.5GHz. Figure 3. These
amphiliers have also vielded 350-3400mW power out with 3.9dB
assoctated gan (200 FET). The measured input and outpat
match exhibited by these amplifiers as shown in Figure 3 has
confirmed the arcut design procedures used.

For these preliminary single-stage ampliters, both coplanar
and mierostnp amphifier designs have been studied. Interdimtated
capacitors with 5u gaps and S fingers are used for all tunimg
applications where capacitanee values < 2pF are required. Typical
Q values of 4050 are measured at 8GHz for metahzation thickness

20 Lumped inductors are used in the coplanar geometry . while
short sechions of lhigh impedancee transmission lines are used in
the mucrostrip geometry . Measurements to date at low power
levels show both designs 19 be comparable: however. as power
levels merease and heat sinking becomes more important, mcro-
stap designs are preferred because of their better heat dissipation
capabnhity

The desirability of fabnicating monohithie amphfiers which
require no tnmming is self evident. However it s likely to be
many vears before process vanations can be made sufficiently
small 1o achieve lngh vields and hence low cost for apphications
requining large ~ets of multistage amphifiers which nowt be gain
and phase matched over a large trequeney range. Dunng the
evolutionany penod . the alnlits 1o tnm monohthie 16s wall be
ananvaluable aid which can be built into the design

Tomvestigate the practicahty of tnmming technmiques, a two-
stage IW amphfier with 10AR associated gain was designed as
shown i Figure 4 The desyen was optimized for 10dB associated
gamn (Fyeure 5) over the 5-10GH2 frequency range. Analysis of
processing tolerances estabhshed that the most common process
vanations were channel do

e density (* 209%) which results ina
S 0% change i mput (gate source) and output (dran-souree)
capacitance . and gate length vanations (£ 209%) which result in a
corresponding £ 20% change wn imput capacitance and * 20%
change i the input pate resistance. An extensive analvsis has
heen performed to studv the effect of these vanations and ways
of trmmming to compensate for these variations. As an example,
consider the case fo- gate length vanations of £ 10% and * 20%.

YOukes. 3 G et al. “Directly Implanted GaAs Monolithic
X-Band RF Amphher Utibzing L d Element Technologyv',
GaAs 1C Symposiu=m Digest, Sept. 27-28, 1979,

The predicted gam response for these cases is shown i Figure 5
along with the nominal value. For the < 10% case note the drop
at 10GHz 1o *8.5dB. Figure 6 illustrates the effects of 3 wavs
of retuming the amphiier to compensate for this gate length
change. Table | compares the values of the twelve cirewnt ele
ments for the nominal two stage amphifier and the reaptimized
amphifier

By adjusting only four of the most sensitive parameters
(|‘| s, Ly and ( 2) performance almost as good as o 1 2clement
reoptimization can be obtamed . Further, performans« obtaned
by vetumng only Ls and Lg 15 almost as good as adyusting tour
parameters. Henee amplifier tuning to compensate tor g - 10%
change i gate length can be accomplished with &= fow as two
elements. with no practical necessity for turning mort than tour
clements

Caleulated gan and transmussion phase results have bees
obtaimed for - 10% and +20% gate length vanations and * 20%
channel doping vanations.

Acknowledgment

This work was supported in part by the Defense Advanced
Research Projects Ageney. through the Office of Naval Research
and the Naval Research Laboratory under contract
NOOO14-78-C-0268

Element Values “c Change i Element Values

For Nom.nal Desygn Reoptimized For < [ 0% Gate

(nH, pF) Leagth € hange
12 Flement 1 Flement 2 Flement

Ly 1.40 12.9(%) 5.7(%)
Lo 0.59
13 0.94 140
Ly 1.10 6.2
L 0.59 162 2 8.5
Ly, 0.45 133 89 14
L~ 0.23 - 43

" 0.72 0.0
Ly 042 - 24
G 0.21 0.0
Co 1.23 18.7 8.9
Ca 0.46 Sty
Cp 1.00 0.0

TABLE 1
e e wickie
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APPENDIX F

DESIGN CONSIDERATIONS FOR WIDEBAND
MONOLITHIC POWER AMPLIFIERS

J. E. Degenford, R. F. Freitag, D. C. Boire, M. Cohn
Westinghouse Electric Corporation
P. 0. Box 1521, MS 3717, Baltimore, MD 21203

One of the major problems encountered in designing wideband multistage
_FET power amplifiers is achieving the required 6 dB/octave/stage gain compen-

sation over the band as well as maximum power output simultaneously. Reac-
tive mismatching is commonly used to provide the required gain compensation,
however, the severe mismatches created thereby complicate the design of inter-
stage networks considerably. In hybrid amplifiers, this problem is overcome
by routinely using hybrid coupled balanced amplifier pairs for each stage.
To implement such an approach requires input and output quarter-wavelength
directional couplers plus two parallel gain and phase matched amplifier
stages. For monolithic amplifiers, such an approach is very wasteful of
GaAs substrate area, particularly for frequencies below 10 GHz.

An alternate technique has been developed which distributes the gain
equalization among input, interstage, and output stages. This alternate
approach is based on load-pull characterization of the devices and may be
summarized as follows: '

1. For a given fixed input power level, load pull contours are plotted

- corresponding to constant power output at each frequency.

2. The output circuit (or interstage circuit in the case of the first
stage) is designed to present an impedance locus which crosses these
constant power contours in a manner to provide constant power at each
frequency.

Thus, the output circuit provides the optimum load impedance at the
highest frequency of interest while selectively "de-optimizing" the load
impedance at lower frequencies to provide constant power (and gain). An
amplifier designed using this approach is shown below.

This “lumped element” amplifier incorporates a 900 u FET in the first
stage and a 2400 p FET in the second., Matching circuits utilize inter-
digital capacitors and inductors formed by short lengths of transmission
line and incorporate a trim capability. The first iteration of this ampli-
fier produced 660 mwW from 4.25-7.5 GHz with a peak power of .82 watts, and
an associated nominal gain of <7 dB. A second interation employing circuit
vias for improved source grounding (lower inductance) and increased circuit
flexibility is in processing. Because of the lower inductance afforded by
the vias, this improved version is calculated to have a minimum power out-
put of 1 watt over the 5-10 GHz band. Experimental results will be present-
ed at the symposium.

These amplifiers were fabricated at the Westinghouse R&D Laboratory,
Pittsburgh, PA, under the direction of Drs. J. G. Oz':ee and M. C. Driver.

*This work was supported in part
by the Defense Advanced Research
Projects Agency, through the
Office of Naval Research under
Contract N0OOO14-78-C~0268.

2 Stage 1 Watt Octave Bandwidth
Amplifier
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IEEE Transactions on Electron Devices, Vol. ED-27, No. 6,
June 1980, 1045

PHYSICAL AND MATERIALS LIMITATIONS ON BURNOUT VOLTAGE OF
GaAs POWER MESFET's

by Sandip Tiwari, Student Member IEEE, Lester F. Eastman, Fellow, IEEE
and Lynn Rathbun

Abstract

This paper presents a study of factors limiting the burnout
voltage of GaAs power MESFET's. A new device geometry had been
investigated. Novel techniques using electron-beam induced current
(EBIC) in the drain loop in a scanning electron microscope (SEM) and
the shift in carbon Auger line in a scanning Auger microscope (SAM)
have been applied to study the bulk electric field distribution and
the surface voltage distribution. These techniques have been used to
identify the regions of high electric field that lead to devici6 -3
burnout. The highest burnout voltages were observed at 8 x 10" .cm
doping with at least 60V burnout at full channel current and 85V near
pinchoff conditions. This is a new state of the art.

An optimum undoped buffer-layer thickness is observed to
be compatible with high burnout voltage and low leakage current.
Finally, under optimized conditions of doping and geometry, no
improvement is observed in the burnout voltage with the use of a higher '3
doped contact layer.

Electronics Letters 27th September 1979, Volt. 15, No. 20
EFFECTS OF ION IMPLANTATION ON DEEP LEVELS IN GaAs

by T. R. Jervis, University of Nevada, D. W. Woodard and L. F. Eastman, !
Cornell University

Abstract

We have studied the effects of ion implantation in GaAs using
the techniques of deep-level transient spectroscopy. Samples included
an unimplanted epitaxial buffer layer, a sample implanted directly into
that buffer layer and then capped with 513N4, a sample implanted into
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that buffer layer through a similar cap, and a sample implanted directly

into a semi-insulating substrate and then capped. All implants were with
$129 and both types of implant were annealed at 860°C for fifteen minutes.

We find that the total density of deep levels is not changed significantly

by direct implantation, capping and annealing but that implantation through

a cap greatly increases the total deep-level concentration. Deep levels
found in implanted layers after capping and annealing are primarily characte-
ristic of the substrate or buffer layer into which the implantation is made,
unless the implant is through a cap in which case contaminants from the cap-
ping process may be evident at high densities.
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