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Abstract — A production technology for GaAs MMI€’s has been devel-
oped. In a six-morith period, seventy 2-in wafers have been processed for
X -band monolithic power and low-noise amplifiers and more than 2000
working chips have been produced. The two-stage power amplifiers have
achieved a typical performance of 1.6-w output power with 8-dB associated
gain and 20-percent power-added efficiency at 9.5 GHz. The two-stage
low-noise amplifiers have consistently achieved 3-dB noise figure with
20-dB associated gain at the same frequency. Improvement of MMIC
processing technology implemented in this work has resulted in an average
dc chip yield of 1S percent. '

I. INTRODUCTION

DVANCES IN GaAs material and wafer processing

technologies in recent years have made the GaAs
field effect transistor (FET) a very attractive device for
applications at microwave and millimeter-wave frequen-
cies. A GaAs FET is a far more versatile device than other
two-terminal, solid-state devices such as Gunn diodes and
IMPATT diodes in terms of application. Furthermore,
since FET’s are structurely very simple surface devices,
they can be easily integrated with various passive circuit
components in a monolithic configuration. A number of
laboratories have demonstrated a variety of monolithic
circuits with excellent microwave or millimeter-wave per-
formance [1]-[6].

In order to implement these monolithic circuits in sys-
tem applications, such as.active phased-array antennas,
space-borne communication systems, and electronic warfare
(EW) systems, a production technology has to be devel-
oped to produce large quantities of “identical” and “af-
fordable” chips. Unfortunately, progress on MMIC pro-
duction has been very slow and very few papers addressing
this important issue have been reported in the literature [7].
Recently, in order to transfer the technology from the
laboratory into manufacturing, we have extensively in-
vestigated the producibility of MMIC’s, using an X-band
two-stage power amplifier and a two-stage low-noise
amplifier as test vehicles for this study. The combination of

optimum circuit design, proper material selection, batch'

wafer processing, and improved GaAs processing tech-
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niques has resulted in a reproducible, high-yield, high-per-
formance MMIC production technology.

In this paper, the circuits design, material and processing
improvements, and amplifier performance will be dis-
cussed. In addition, the fabrication yields for various com-
ponents and the complete amplifier chips will be analyzed.

II. MonNoLitHiCc CIRCUIT DESIGN

A. Power Amplifier

The baseline approach for the monolithic power ampli-
fier circuit design employs a single-ended, two-stage con-
figuration. A 0.8 X1500-um gate power FET is used for the
driver stage and two 0.8 Xx1800-pm gate power FET’s are
used for the output stage. Fig. 1 shows the schematic of the
power amplifier circuit design. A small-signal FET equiv-
alent-circuit model was generated from the measured data
of discrete FET’s under low input power levels, and a
large-signal model for the maximum output power was
determined by load-pull measurement of the FET’s. The
large-signal model was used to synthesize a lossless output
matching network; thus, maximum output power could be
obtained from the matching circuit. The input and inter-
stage networks were designed to provide gain flatness by
utilizing the small-signal FET model. After the matching
networks were synthesized, the SUPERCOMPACT pro-
gram was used to optimize the final matching networks
which consisted of all the microstrip transmission lines,
discontinuities, and other passive components. Interdigital
capacitors are used for the RF matching elements because
they can be accurately controlled for small capacitance
values. MOM overlay capacitors are used for RF bypassing
and dc blocking because of their large capacitance per unit
area. Airbridges are employed to interconnect the FET
source pads and to connect the microstrip line to the top
plate of the overlay capacitors. A substrate thickness of 0.1
mm is chosen to facilitate the fabrication of via holes. The
use of via hole grounding allows greater flexibility in the
layout of the amplifier because grounds can be placed
almost anywhere on the circuit rather than only at the chip
edges. In addition, it lowers source grounding inductance
and reduces the time required to mount the chips. Fig. 2
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Fig. 1. Schematic of the two-stage power amplifier. This amplifier de-

sign consists of transmission-line and capacitor matching networks, and
0.8 X1500-pm as well as 0.8 X3600 pm FET’s.

Fig. 2.

Photographs of front and back sides of a complete power
amplifier chip. This amplifier measures 2X3 mm and has thirty-four
0.8 X150-um gate fingers, eight 10-pF capacitors, twenty-seven air-
bridges, and eleven via holes.

shows the front and back sides of a finished power ampli-
fier chip. There are thirty-four 0.8 X 150-um fingers, eight
10-pf overlay capacitors, twenty-seven airbridges, and
eleven via holes on each 2 X 3-mm power amplifier chip.

B. Low-Noise Amplifier

A single-ended, two-stage approach was chosen for the
monolithic low-noise amplifier. Microstrip transmission
lines are used for RF matching because of their low noise,
low dispersion, and useful impedance range. The amplifier
was designed using two 0.5 X 300-pm gate low-noise FET’s.
The FET equivalent-circuit model was generated from the
measured S-parameters on discrete FET’s and an in-house
program was used to calculate the optimized noise model.
The input matching network was synthesized to provide
the optimum source impedance for minimum noise figure,
while the interstage and output matching circuits were
designed to provide the gain match. The circuit schematic
for the low-noise amplifier is shown in Fig. 3, and the front
and back sides of the low-noise amplifier chip are shown in
Fig. 4. There are eight 0.5 X 75-pm gate fingers, five 10-pF
overlay capacitors, nine airbridges, and five via holes on
each chip.
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Fig. 3. Schematic of the two-stage low-noise amplifier. Standard 0.5 X
300-um FET’s are used in the design, and all the transmission lines and
capacitors are suitable for MMIC realization.

Fig. 4. Photograph of front and back sides of a completed LNA ch1p
This LNA has a dimension of 1.8X1.9 mm and has eight 0.5 X 75-pm
gate fingers, five 10-pF capacitors, nine airbridges, and five via holes.

III. MATERIAL AND PROCESSING

The main objective of this work is to demonstrate the
producibility, repeatability, and low-cost production of
high-performance monolithic amplifiers. To accomplish
this, we must select the optimum material and establish a
high-yield, batch wafer process.

A. Material Selection

One of the major objectives of this task is to evaluate
and select GaAs materials suitable for MMIC production.
The principal selection criteria are: 1) amplifier perfor-
mance, 2) uniformity, and 3) cost effectiveness.

Various GaAs materials including doped vapor. phase
epitaxy (VPE), ion implantation into the buffer layer; and
direct ion implantation into semi-insulating substrates have
been evaluated for both amplifiers. Direct ion implantation
is the ultimately preferred approach due to the material
cost, process flexibility (the ability to dope selectively), and
on-wafer uniformity. However, the boule-to-boule and
sometimes wafer-to-wafer inconsistency problems at pre-
sent still hamper this technology for MMIC production.
VPE materials, on the other hand, have demonstrated
better wafer-to-wafer consistency and better device perfor-
mance for both power and low-noise circuits. Therefore, in
the early phase of this producibility study, we chose doped
VPE materials for both amplifiers. The doping density
(N)/active layer thickness (¢) for the power and low-noise
FET’s are 1.2X10"cm ~3/4500A and 2.8 X10"cm~%/1800
A, respectively. The standard deviation of the N-¢ product
distribution, as measured by source—-drain current, is about
5 percent on a 2-in wafer and from wafer to wafer.
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Fig. 5. Block diagram of MMIC fabrication procedure. The study iden-
tified that Schottky gate, passivation, overlay capacitor, and via hole
fabrication are critical steps affecting MMIC yield and performance.

B. MMIC Processing

Batch processing is an important concept in simulating
MMIC production conditions. We have tried batch
processes with varying numbers of wafers per lot. On the
basis of our present equipment and processes, six wafers
per lot is the optimum size and has been chosen for this
producibility study. '

A block diagram of the MMIC fabrication procedure is
given in Fig. 5. At the beginning of this study, the chip
yield was about 5 percent, which was definitely too low for
low-cost and high-volume production. Using process-moni-
toring test patterns, we were able to identify and later
improve the critical steps that affected the MMIC yield
and performance. ' '

1) Schottky Gate: Excluding GaAs material, the Schot-
tky gate is the most important element that determines the
device performance and yield. The gate process includes
definition by photolithography, recess etching, and metalli-
zation. Although E-beam lithography is capable of produc-
ing high-yield 0.5-um gates, the optical approach was
selected because of its higher throughput and more reliable
equipment. We have developed a contact photolithography
process capable of fabricating gates as small as 0.5 pm with
high yield and consistency [2]. The SEM’s in Fig. 6 show
the 0.5-um optical gates. Gate recess etching is a major
cause of the spread of FET dc parameters (I,5g and V).
By using controlled agitation and minimum etching steps
(two to three steps), we were able to control the uniformity
of I, after gate recess and metallization, to about 10
percent for the power amplifier and about 20 percent for
the low-noise amplifier; the larger spread in the latter 1s
due to the smaller photoresist opening. Gate metallization
is another important factor that affects device performance
and yield. Presently, Ti/Pt/Au is used for power ampli-
fiers and Al is used for low-noise amplifiers for optlmum
yield and device performance.

2) Passivation: Protecting the MMIC circuit from mech-
anical and environmental damage and enhancing reliability
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Fig. 6. SEM photographs' of the 0.5-pm gates fabricated by optical
photolithography. By using controlled agitation and minimum steps, we
were able to fabricate these 0.5-um gates with high yield and con-
sistency.

require deposition of a passivation layer. The layer should
have good physical integrity, a low surface state density at -
the interface with GaAs, low dielectric loss, and a low
dielectric constant to function without impairing FET and
circuit electric performance. Presently, our standard passi-
vation material is a 2000 A CVD SiO, film. The primary
effect of the passivation is that the frequency response of

‘the monolithic circuits shifts down by 500 MHz due to

changes in the FET characteristics, whereas the output
power, gain level, and noise figure of the amplifiers are
preserved. This frequency shift can be corrected by using a
revised FET model in the circuit design. Amplifier chips
with this passivation have shown no performance degrada-
tion after subjected to a 135°C, 30 psi, and 100-percent
humidity environment.

3) Overlay  Capacitor: MOM overlay capacitors are

" formed by sandwiching a 2500- A sputter SiO, film be-

tween two metal layers. Capacitor failure due to pin holes
in the dielectric film was identified as the major cause of
low MMIC yield in the early lots. For the power amplifier



1600

chip, achieving a 60-percent yield for the eight 10-pf capa-
citors requires the single capacitor yield to be better than
(0.6)!/% = 0.94 (94 percent). Subsequently, stringent control
of wafer cleaning and handling, combined with the experi-
mentally determined optimum SiO, thickness of 2500 A,
have resulted in consistently better than 95-percent yield
for a 10-pf capacitor.

4) Via Hole: Via hole etching is the final step in the
MMIC process. Wafers are first mounted device-side down
on a lapping block and thinned to 100 um. The surface is
then coated with photoresist and the via hole pattern is
aligned to the front circuit by using an IR mask aligner.
The via holes are etched through the GaAs substrate with
wet chemicals. Because of the nature of wet chemical
etching, the size and uniformity of the via hole openings on
the front surface are very senmsitive to the exact wafer
thickness and parallelism after thinning. Using the combi-
nation of a precision lapping and a chemical-mechanical
polishing technique, 2-in GaAs wafers can be thinned
down to 100+ 5 pm with a mirror-finish and damage-free
surface, which is the key to a high vield for via holes.

After implementing the process improvements described
above, the chip yield has gradually increased to a healthy
15 percent. :

IV. MMIC YieLDp

After the wafer processing is completed, individual
MMIC chips are separated, visually inspected, and dc-
tested. Visual inspection rejects chips with broken or
shorted gates, incomplete or shorted circuits, over-etched
via holes, surface contamination or defects, and edge cracks
or chip-outs. The dc test measures the I,,3¢ and V,,, of the
FET’s, and tests for via hole connection and overlay capa-
citor shorts. DC acceptance criteria for the power FET’s
are [, (FET 1)=400—-600 mA, I,, (FET 2)=
1000-1400 mA, and V,, < 6 V. The criteria for low-noise
FET’s” are: I,g (FET 1+FET 2)=80-140 mA and
Vo <3 V.

In a period of six months, seventy 2-in GaAs wafers
have been processed and tested, and more than 2000 dc
good-power and low-noise amplifier chips have been pro-
duced. The yield data have been accumulated and analyzed.
On the power amplifier chip, the yield of the FET’s with
5.1-mm total gate width is about 60 percent, the yield of
the microstrip transmission lines and the interdigital capa-
citors is about 95 percent, the yield of eight overlay capaci-
tors is about 60 percent, the yield of airbridges is about 95
percent, and the yield of via holes is about 90 percent. In
addition, about 10 percent of the chips are lost from
handling, edge effect, and dicing, and about 20 percent of
the chips are rejected because the dc parameters (/,,¢¢ and
Vpe) fall outside of the specified windows. The best ampli-
fier yield from a single 2-in wafer is close to 40 percent, the
best yield from a 6-wafer lot is better than 25 percent, and
the overall average yield is about 15 percent. This high chip
yield was accomplished mainly by identifying and improv-
ing critical fabrication steps through batch processing a
large number of wafers. Further yield improvement is
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Fig. 7. Measured output power range of the monolithic power ampli-

fiers. The measurement included 54 amplifier chips from 20 wafers, and
was carried out at an input power of 24.5 dBm
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Fig. 8. Output power distribution of monolithic power amplifiers.
Fifty-four amplifier chips from 20 wafers were measured, and a Gaus-
sian distribution on the output power was observed.

expected when we continue on the learning curve for
MMIC production.

V. AMPLIFIER PERFORMANCE

Three to five sample amplifier chips from each wafer
were randomly selected from the dc-good chips, and
mounted for RF evaluation. About 90 percent of the
mounted devices are RF-functional, i.e., they have positive
gain at X-band frequencies.

A. Power Amplifier

The typical smali-signal gain of the power amplifier is 11
dB at 9.5 GHz. Output power is typically 1.6 W with 8-dB
associated gain and 20-percent power-added efficiency.
The best output power is 2 W with 8.5-dB gain and
25-percent power-added efficiency at 9.5 GHz. The range
of output power of 54 amplifier chips from 20 different
wafers is shown in Fig. 7. A histogram of the distribution
from the same samples is given in Fig. 8.

The phase tracking of the power amplifiers have also
been tested. The variation of the phase angle of the large
signal S, is approximately 7 degrees from chip to chip on
the same wafer, and is approximately 18 degrees from
wafer to wafer.
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Fig. 9. Measured gain and noise figure ranges of monolithic LNA’s. The
measurement included 30 LNA’s from 10 wafers, and showed +0.8-dB
and +0.3-dB variations in gain and noise figure, respectively.

B. Low- Noise Amplifier

Sample low-noise amplifier chips have been measured
and the gain—noise figure curves of 30 amplifiers from 10
different wafers are shown in Fig. 9. The typical noise
figure is 3 dB with 20-dB associated gain across the 1-GHz
bandwidth.

VL

Combining the choice of optimum -material, refined
processing techniques, and relaxing the constraints of cir-
cuit design, a production technology for high-yield and
high-performance MMIC’s has been developed and dem-

- onstrated. Improvement of MMIC processing technology
has resulted in an average chip yield of 15 percent over 70
processed wafers. Two-stage X-band power amplifiers de-
liver a typical output power of 1.6 W. with 8-dB associated
gain and 20-percent power-added efficiency. Low-noise
amplifiers have typical performance of 3-dB noise figure
with 20-dB associated gain. This work has demonstrated
the feasibility of producing the large quantities of MMIC
chips. Based on this experience, we believe that GaAs
MMIC’s are ready for production. Further refinement of
the design and processing will result in low-cost MMIC
chips in the near future.

CONCLUSION
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