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Abstract —A process for manufacturing small-to-medium scale GaAs

integrated circuits is described. integrated FE’r’s, diodes, resistors, thin-fifm

capacitors, and inductors are used for monolithic integration of digital and

anafog circuits. Direct implantation of Si into >105 Q. cm resistivity

substrates produces n-layers with ~ 10-percent sheet resistance variation. A

planar fabrication process featuring retained anneal cap (Si02), proton

isolation, recessed Mo-Au gates, silicon nitride passivation, and a duaf-level

metaf system with polyindde intermetal dielectric is described. Automated

on-wafer testing at frequencies up to 4 GHz is introduced, and a

calculator-controlled frequency domain test system described. Circuit yields

for six different circuit designs are reported, and process defect densities

are inferred.

I. INTRODUCTION

T HE EARLIEST efforts at monolithic integration of

gigahertz-bandwidth circuits in gallium arsenide [1]

addressed the performance advantages of the technology,

not the manufacturability. The subsequent application of

ion implantation [2] and planar processing [3] did much to

improve the GaAs integrated circuit (IC) fabrication tech-

nology. Now, as this technology moves into a more mature,

applications-oriented phase, moth attention is being paid

to manufacturing techniques, both in fabrication and test-

ing. This paper describes a manufacturing process for

small-to-medium scale GaAs IC’S of the type described in

references [4]–[7] (amplifiers, counters, and RF subsys-

tems).

The wafer fabrication portion of the process is pre-

sented, along with a description of components and pro-

cess steps. Rationale is given for the incorporation of new

or nonstandard process techniques. Automated on-wafer

circuit testing is discussed, and a specially designed system

for performing these tests at microwave frequencies is

described. Finally, yield data for representative circuits

fabricated and tested with this process are presented.

II. COMPONENTS

The manufacturing system described here is designed to

fabricate small-to-medium scale gigahertz bandwidth ana-

log and digital GaAs IC’S. The principal attributes of this

high-speed process are a low-capacitance substrate and

interconnection scheme (dual-layer metal), and a variety of

active, as well as passive, components: The components
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60,000 #/c102
80 V
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lnH-20nH
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illustrated in Fig. 1 have their key electrical parameters

listed in Table I.

Pinchoff voltage of the l-pm gate-length FET is adjusted

to – 2.1 V by channel-thickness etching; a standard devia-
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tion of 0.31 V is maintained on a typical wafer. This

pinchoff voltage choice represents a compromise between

the lower pinchoff preferred for low-power digital circuits

and the higher pinchoff voltage which can give lower

distortion and higher output power in linear circuits. Since

analog and digital circuits are often integrated together on

a single chip, the use of a single-pinchoff-voltage FET

tends to insure compatibility of signal amplitude between

the two circuit types.

Schottky diodes, fabricated concurrently with the FET’s,

are used for RF detectors, switches, and level-shift ele-

ments [4], [5].

Resistors, made simply with the implanted n-layer, are

used as loads and for bias adjustment, chiefly in linear

circuits [7]. Where very high values of bias resistance are

required, the “Pinch” resistor of Fig. l(d) is useful, since it

has over four times the average sheet resistance of the

implanted resistor.

A particularly important component, and one which is

not inherent to the GaAs FET process, is the thin-film

metal-insulator-metal capacitor. The high capacitance per

unit area (60 000 pF/cm2 ) of this component makes

capacitors of 1 pF to 20 pF practical, with parasitic capaci-

tance-to-ground less than 0.1 percent. Such capacitors are

especially useful for coupling and bypass applications

within the chip [7].

The final component is the dual metal system itself

which offers low resistance interconnects (0.37 S2/ ❑ ) and

low capacitance crossovers (typ. <4 fF). Spiral inductors,

though not process components in themselves, can be

designed with this dual-metal system. The low observed Q

values limit inductors’ usefulness to peaking applications

[5] in the < 4-GHz frequency range typical of circuits

made with this process,

III. WAFER l?ABRICATION

The first step in GaAs IC fabrication is the formation of

an n-type layer by ion implantation. For this step to be

successful, and for subsequent device electrical characteris-

tics to be satisfactory, suitable GaAs starting material must

be selected. The two most basic requirements for GaAs

material electrical characteristics are:

1) that bulk resistivity be sufficiently high, even after ion

implant anneal, to assure acceptably low leakage cur-

rents between circuit elements;

2) that residual impurities be low enough to insure uni-

form and repeatable implanted-layer sheet resistance

and acceptably low back-depletion layer coupling be-

tween devices (“Backdating”) [8].

In early semi-insulating GaAs [9] the high-resistivity

condition was often met by addition of large amounts of

Cr to the crystal growth melt. This often produced material

which was unacceptable for ion implantation directly into

the substrate. As a result, early ion-implanted GaAs IC’S

[2] used low-resistivity liquid-phase epitaxially grown (LPE)

“Buffer” layers [10] as the implant medium, with satisfac-
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Fig. 2. Ion implantation step. Si ions are implanted at 230 keV to a dose
of 6.25X 10‘z/cm*. Mobile electron concentration is 2X1017/cm3 peak
at 0.2 km below surface.
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Fig. 3. Ohmic contact step. Au–Ge alloyed ohmic contacts are fabr-

icated with the aid of field oxide lift assist.

tory results. However, cost-effective manufacturing of GaAs

IC’S dictates the use of direct-to-substrate ion-implanta-

tion. Suitable material is obtained by (111)-growth of

high-purity or lightly Cr-doped GaAs with the liquid-en-

capsulated Czochralski (LEC) method [11]. Because these

ingots must be sliced along the (100) plane, irregularly

shaped slices result. These slices are cleaved into rectangu-

lar (1 .25– 1.5-in) wafers for processing. The more desirable

2–3-in diameter round, (100)-grown wafers, which are also

suitable for direct-to-substrate ion implantation [12] have

been evaluated, but not yet incorporated into the process

described here. To assure that the high-resistivity condition

is satisfied in all cases, each wafer is subjected to a nonde-

structive ac conductance test, and required to pass a speci-

fication equivalent to >105-0. cm resistivity. Although

material is routinely grown which far exceeds this resistiv-

it y specification, even the best ingots can exhibit conduc-

tive sections, necessitating a wafer-by-wafer screen.

Uncoated wafers are ion implanted with Si ions [13] at

230 keV and a dose of 6.25 X 1012/cm2, as shown in Fig. 2.

The wafers are coated with chemical-vapor-deposited

(CVD) Si02 420 nm thick, and annealed in H2 ambient at

850”C for 30 min. The resulting active doping profile (Fig.

2) is 200 nm deep at the peak concentration of 2 X 1017/cm3.

Estimated electrical activation is 75–80 percent, and nomi-

nal sheet resistance is 320 L?/ ❑ . Sheet resistance, as mea-

sured with a contactless RF conductivity meter [14], typi-

cally varies less than *5 percent on a given wafer. A total

sheet resistance variation for all wafers has been estab-

lished at *10 percent, with high percentage of acceptance.

Standard Au-Ge alloyed ohmic contacts are produced

as shown in Fig. 3. A novel feature of this process step is

the use of the anneal cap, which has been retained to serve

as a process-assisting field oxide. Windows are chemically
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Fig. 4. Proton isolation step. Protonsat 140keVare implanted through

field oxide, masked by Au-dielectric sandwich. Invisible isolation wells
give superior isolation to selective implant process.

etched in the field oxide where ohmic contacts are to

appear. The undercutting of photoresist during this oxide

etch produces a cantilevered photoresist overhang which

insures trouble-free lifting of the deposited ohmic contact

metal pattern.

The manifest advantages of planar isolation in GaAs IC

fabrication have traditionally been realized with selective

ion implantation [3]. The process presented here uses the

slightly more complicated proton bombardment isolation,

the details of which are described by D’Avanzo [8]. The

principal advantages of proton isolation are:

1) improved dc leakage current isolation, especially be-

tween gate-level interconnect metal and n-regions, due

to greatly decreased surface leakage current; and

2) reduced back-depletion layer coupling (“Backdating”)

between closely spaced active devices.

As shown in Fig. 4, protons are implanted through the

field oxide at 140 keV with a dose of 5 X 1014/cm2. Chemi-

cal removal of the gold-dielectric mask leaves behind an

essentially planar surface with proton-damaged isolation

wells between devices. Leakage current between 3-pm-

spaced n-islands is typically 10 nA at 16 V; leakage be-

tween gate-level interconnect metal and n-islands separated

by 3 pm is 10 UA at 10 V. The “Backdating” threshold

voltage is typically 7 V with undoped substrate material,

effectively eliminating adj scent device backdating as a seri-

ous circuit design limitation.

The l-pm FET gates and the first level of interconnect

metal are simultaneously formed in the next process step

(Fig. 5). Lithography at this step is by contact photomask-
ing, as is the entire process. Submicrometer hard-surface

masks define photoresist cuts which mask field oxide etch,

gate channel etch, and metal lifting. Once again, the field

oxide serves as an undercut support for overhanging pho-

toresist, insuring a clean lift for the E-beam evaporated

937
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Fig. 5. Gate and first-level interconnect metat fabrication. Mo-Au gates

are fabricated by contact photolithography, oxide and GaAs etching,

and liftoff. Field oxide fift assist assures clean patterns.

Mo–Au gate metal system. This metal system has been

shown to produce Schottky barriers which are stable dur-

ing subsequent (300°C) processing and accelerated device

life tests. (A somewhat similar evaporated Mo–Au system

proved not to be the critical lifetime-determining factor in

GaAs FET reliability studies by Mizuishi et al. [15]).

At this point, test FET’s are subjected to in-process dc

and 1-MHz tests. The purpose of these tests is to reject

wafers on which FET’s do not meet process control specifi-

cations, thereby saving subsequent process costs. Wafers

passing in-process electrical tests are next coated with a

thin (100-nm) film of oxygen-free silicon nitride. This film

is deposited in a parallel-plate reactor apparatus [16] at an

RF power of 250 W (5 W/cm2) onto a heated substrate

(200”C). Although such films may not be stoichiometric,

and contain substantial included-hydrogen, they are

claimed to give increased device reliability with respect to

long-term burnout, as compared to Si02 passivating films

[17]. It has also been proposed that incorporated hydrogen

in silicon nitride films plays an active role in increasing

GaAs FET reliability by chemically combining with resid-

ual oxygen on the GaAs surface [17]. Plasma-enhanced

CVD was chosen because:

1) it proceeds at temperatures well below the ohmic con-

tact alloy temperature (430°C); and

2) it does not cause irreversible damage to n-type GaAs

layers, as RF-sputtered films commonly do.

However, the high dielectric constant (6.9) of these silicon

nitride films, and the tendency of thick depositions to

crack, make them a poor choice for the dielectric which

separates first and second metal layers, where minimum
inter-layer capacitance is required.

The high dielectric constant of the silicon nitride passi-

vation layer is exploited to make thin-film capacitors, as

shown in Fig. 6. A titanium top plate is patterned by

photoresist lifting over sections of first-level interconnect

metal which serve as the lower capacitor plates. Nitride
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Fig. 6. Passivation and capacitor. Silicon nitride 10Cfnm thick is de-
posited by plasma CVD. Dielectric constant of 6.9 gives high (60 000

pF/cm2 ) capacitance in areas where capacitor top plates are defined.
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Fig. 7. Intermetaf dielectric and via cut. Polyirnide (Dupont PI-2555) is
spun on and cured at 300”C to give smooth top surface, as shown. Vias
are etched with dry ion-etch technique.

film quality and parameter control are such that 10-pF

capacitors with active area of 1.7X 10’4 cmz are produced

with 90-percent yield and 5-percent standard deviation of

capacitance value.

The intermetal dielectric is a spin-on polyimide film [18],

[19]. This film produces an essentially flat top surface,

regardless of underlying topology, and after cure at 300°C

has dielectric constant, .s,= 3.8, and loss tangent, tan S =

0.007, measured at frequencies up to 2 GHz. Stress tests

(15 lb/in2 steam for 100 h, 150”C bake for 1700 h, 300°C

bake for 300 h) have proven the durability of this polyim-

ide layer. A combination of reactive ion etching (Oz Plasma)

and ion etching (Ar beam) is used to pattern “Via” open-

ings in the polyimide and silicon nitride (Fig. 7). Where the

capacitor top plate exists, it acts as an etch stop. Thus, the

via openings to capacitors and first level metal are pro-

duced with one mask-and-etch operation.

Interconnection of components is accomplished with the

GROSS SECTION :

~ SECONDLEVEL METAL

( \ I
/

\ I I

TO P VIEW:

I
Fig. 8. Second level interconnect metal. Ti-Pt–Au metaf is evaporated,

then patterned with ion etching. Second metal interconnects ohmic
metal, first layer metal, and capacitor top plates.

Fig. 9. Scanning electron micrograph of circuit section. First-level and

second-level metaf are shown, along with interconnecting vias. Wafer is
later overcoated with polyimide as a scratch protector for second metal.

second layer Ti–Pt–Au metal system (Fig. 8). Besides

connecting first-level (gate) metal to ohmic contacts, the

second metal provides low resistance (0.37 Q/• ) intercon-

nects for high-current-carrying paths, and crossovers for

signal-path wiring. Fig. 9 shows a scanning electron micro-

graph of the ion-etch patterned second metal on polyimide
dielectric. Flatness of the polyimide over underlying fea-

tures is evident.

IC fabrication is completed by coating the entire circuit

with a second layer of polyimide film, whose function is to

prevent handling damage to second-level metal. Bonding

pads and scribe borders are opened with the via etch

process.

Final wafer test consists of dc and l-MHz audit of FET,

diode, resistor, capacitor, and metallization test patterns.

The purpose of these tests is wafer screening for process

control. Functional testing of integrated circuits is de-

scribed in the next section.
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IV. CIRCUIT TESTING :~cy Analyzer
.< ”.=, .“, ,....,,,,”, . . ...= . . . .

Wafer testing of GaAs IC’S in this manufacturing pro-

cess is performed with an automated RF circuit test system

(Figs. 10 and 11). There tie two fundamental reasons for

testing circuits this way:

1) high frequency IC’S often do not function at dc or low

frequencies (e.g., at-coupled amplifiers); and

2) functional operation does not guarantee correct re-

sponse over the desired range of frequencies and am-
1

plitudes.

Since rejection of chips after package assembly is expen-

sive, an accurate on-wafer tester is essential to the econom-

ics of the process.

The high-frequency wafer test system, diagramed in

Fig. 10, consists of an RF signal source (0.01 –8.4-GHz Fig, lo Diagrm of automated RF wafer test system. The caktiator

sweep signal generator), an RF detector HZ–22-GHZ controls dc and RF instruments via an IEEE 488 bus. The basis of this

spectrum analyzer), dc power supplies, bias-voltage sup- system is the programmable spectrum analyzer which can measure

plies, RF relays, and an automatic wafer prober. All these
linear and nonfinear responsesof both digital and anafog circqits.

devices are calculator-controlled via an IEEE Std. 488 data

bus. Circuit testing proceeds by applying voltages, mea-

suring dc currents, then stimulating the circuit with an RF

input, and monitoring its input and output signals at

various frequerlcies and amplitudes.

The advantages of frequency-domain testing versus time

domain testing are:

1)

2)

standard, programmable instruments can detect and

analyze signals. Digital output of relatively few num-

bers can completely characterize complex waveforms,

including distortion, modulation, and spurious re-

sponses;

bandwidth restrictions of real-time oscilloscopes and

the triggering and aliasing problems associated with

sampling oscilloscopes are avoided; and

large measurement range ( >140 dB) facilitates mea-

surements ranging from large-signal switching re-

Fig. 11. Photograph of automated RF wafer test system.

3)
‘PROBE CARD

FRAME

sponse to low-level thermal noise.
,SPRING- LOADED

CONNECTOR
The disadvantages of this type of frequency domain testing :

:.
are: :

1) phase information can not be readily obtained; and

2) parameters of the time domain (e.g., risetime, delay
MICROSTRIP

PROBE CARD

time) cannot be measured directly. 1

As a result of these properties, the RF test system is very
..

GROUND J
!.. . .

useful for characterization of RF circuits of all types, but
“....” “.

..”
of limited usefulness in characterizing and troubleshooting

..
... “.

circuits whose response is essentially time domain. How-
“.

ever, adequate tests can be performed on even these switch-
IP

ing-type circuits as long as they can be stimulated to

deliver a periodic output waveform with a recognizable

“Signature”. An example of such a test is given later.

The wafer-probing portion of this test system consists of

a calculator-controlled automatic wafer stepper and a

high-frequency probe card (Fig. 12). DC and RF signals x TEST

alike are fed to, and from the circuit under test on 50-fl ‘ig 12 Il!igh-frequency probe card. 50-~ microstrip fines on a sapphire

coaxial and microstrip lines. Contact to test wafers is made
substrate convey signals to and from the wafer under test via Be–Cu
probes protruding through a center hole. The wafer moves,probes are

through a hole drilled in the sapphire probe card via stationary.
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Fig. 13. Amplifier frequency response measurement; packaged and
probed. (Bars represent measurement uncertainty).

Be–Cu probes. Where ground is required, a probe is con-

nected to the probe card bottom-side ground plane with a

short gold ribbon bond. The probe inductance, 0.7 nH, can

present problems, especially in signal ground paths. Also,

the 50-!2 characteristic impedance of microstrip lines used

as power supply leads can furnish unwanted signal feed-

back paths. For these reasons, it is often necessary to

customize probe card designs (e.g., include power-supply

bypass capacitors on the probe card) for particular circuits,

and to consider the effects of probe parasitic when laying

out chips. Very nearly, however, the same performance that

can be obtained from a hybrid-substrate-mounted chip can

be observed with the RF wafer probe.

An example of the difference between packaged circuit

performance and wafer probe performance of an individ-

ual circuit is shown in the frequency response data of Fig.

13. Here, a particular 22-dB gain, 2.5-GHz bandwidth

amplifier chip was measured with the probe card and in a

microwave package. The measurement uncertainty varies

from *0.5 dB to ~ 1.0 dB, as indicated by the data bars.

At low frequency and high frequency, the packaged perfor-

mance and probed performance generally agree to within

the probe system measurement uncertainty. Corrections for

repeatable anomalies, such as the gain “dip” of probed

data (0.5- 1.5 GHz), can be introduced into the data analy-

sis.

Examples of parameters commonly measured on ampli-

fying circuits are: gain; frequency response; power satura-

tion; harmonic distortion, and noise figure. In production

test mode, such circuits can be checked at sufficient prede-

termined frequencies in 1 tin or less. During this test,

input bias is optimized, small-signal gain and noise figure

are measured at five frequencies, and large-signal gain and

distortion checked at five frequencies. The same system is

used to perform extended characterization tests which re-

quire greater test time.

An example of the frequency domain test response of a

circuit normally tested in time domain is shown in Fig. 14.

Here, a binary counter, consisting of a master–slave flip-

flop, is functionally tested with an input frequency of 1

GHz. Fig. 14(a) shows the signature spectrum expected

(a)

(b)

Fig. 14. Digital circuit frequency domain test example. A binary coun-
ter master–slave flip-flop is operating correctly in (a). The easily
recognized spectrnm displayed in (b) is for marginal, but incorrect,
operation.

from a properly functioning unit. Fig. 14(b) shows the

response of this circuit with marginal input drive condi-

tions. Often, such marginal operation is difficult to observe

on sampling oscilloscopes. In contrast, frequency domain

response is easily interpreted, even by an automatic test

routine which does not rely on human interpretation. A

test of a more complex digital counting circuit, with four

different externally controlled modes of operation and a

requirement for high-frequency input sensitivity measure-

ment, is performed by this system in less than 3 min. Input

bias for best sensitivity is determined, all functional modes

tested, and counting sensitivity for nine frequencies is

measured.

V. h3uLTs

The automated RF test system has been used to collect

functional yield data on a variety of circuits, both linear

and digital. Data collected for six circuit types from 23

tested wafers is graphed in Fig. 15. Here, four different

amplifier circuits (A 1–A4) and two digital circuits (D 1–D2)

have their functional yield percentages (full-wafer, in-

cluding edges) plotted against active circuit area (devices
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ACTIVE CIRCUIT AREA (cm*)

Fig. 15. IC yield for six different circuit designs (A= amplifier type,
D = digitaf type). Average of individual wafer yields is plotted against
active circuit area. Bars indicate one standard deviation.

and wiring). Functional yields ranging from 13 percent to

97 percent are included in the data. The inverse relation

between yield and active area is evident, with an implied

defect density of 440/cm2 in a homogeneous Poisson dis-

tribution [20]. It has been inferred from visual inspection

that a high correlation exists between metal-pattern defects

of photolithographic origin and circuit defects, but that the

majority of these defects are not associated with the 1-pm

gate stripes. Therefore, it should not be assumed that this

data represents any fundamental limit on GaAs IC tech-

nology in general, but rather that it reflects only the

experience for the wafer population studied. In fact, the

“Window Method” [20] of extrapolating yields was applied

to a particularly high-yield wafer of this group. Analysis

indicated a uniform Poisson distribution of 100

defects/cn#, excluding edge defects, rising to a nonuni-

form density of 240/cm2 when wafer edges were included.

The conclusion drawn is that GaAs IC technology stands

to benefit substantially in manufacturing yield by adopting

larger wafers and cleaner lithographic procedures. How-

ever, present yields (Fig. 15) are wholly adequate for

economic manufacturing of small-to-medium-scale GaAs

It’s.

VI. CONCLUSION

We have presented a description of a manufacturing

process for GaAs IC’S which is intended for a low-volume

high variety-of-circuits production environment. Key fea-

tures include:

1)

2)
3)

4)

5)

6)

wafer selection on basis of substrate resistivity;

retained anneal cap field oxide for metal lifting assist;

proton-damage isolation for reduced backdating and

increased isolation breakdown;

silicon nitride passivation used as a thin-film capaci-

tor;

polyimide intermetal dielectric and scratch protection
layers; and

on-wafer functional testing and characterization of

circuits at microwave frequencies.

Circuit components (FET’s, diodes, resistors, capacitors,

inductors) were described.

In addition, an automated on-wafer IC tester was de-

scribed which performs rapid frequency-domain functional

tests and circuit characterization measurements at frequen-

cies from 0.1 GHz to >4 GHz.

It is claimed that this manufacturing process offers a

practical way to economically produce GaAs IC’S in the

low-microwave frequency range where we believe they will

make substantial contributions to the design and manufac-

ture of electronic instruments and systems.
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