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SUMMARY 

This review deals v.·ith a variety of a5pects of GaAs research. spanning both digital 

and analogue applications. The relative merits of GaAs as a material for high speed 

srmi~onductor devices are s:resented. The prospects of aallium arsenide as a com­

petitor to silicon for digital applications arc investigated. The recent upsurae in 

hctc;ostructurc research is highlighted with reference to high electron mobility 

transistors (HEMTs) and hctcrojunction bipolar devices. The performance of these 

new devices is compared with that of the well established enhancement •nd depic­

tion mode field effect transistors (MESFETs) us~d in presen! GaAs IC technology. 

The present performance of GaAs integrated circuits is discussed in detail and 

related to the expanding market for this type of technology. The current state of 

GaAs IC research is d-=scribed for both digital and analogue devices. State of the 

art results arc reported and likely areas of improvement indicated. The important 

area of testing. packaging and reliability, crucial fo the success of all commercial 

technologies. is addressed. Recent advances in material growth, device design and 

fabrication arc outlined. The r ,quirements for sub-micron geometrics. necessary for 

further improvements in speed and performance, arc out:incd with particular rcf er­

cnce to crystal growth, molecular beam epitaxy and electron beam lithography tech­

niques. Developments in the areas of compute:- aided design and the appearance of 

industrial IC foundry services arc reported. Areas of significant collaboratfon 

between industry, research institutes and universities throughout the world arc 

highlighted. 

The rapidly expanding area of integrated optics is also dii:cussed, with reference to 

the likely impact on the fibre-optic communications systems market. Finally, the 

future prospects for G1As technology arc c:.utlincd. The review roncludes with the 

• 

• 

1u11cstion that gallium ancnidc acchnology will be utilized in conjunction with sili- • 

con technology rather than as a substitute for it in most systems. . ' 
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INTRODUCTION 

Recent advances in gal!ium arse11ide technology have led to o dramatic increase in 
interest in \!sing gallium arsenid~ (GaAs) integrated circuits in a wide range of 
applications. Initial interest centred around analogue applications. and the early 
1980's saw the birth of a new generation of GaAs monolithic microwave integrated 
circuits (MMICs). Current trends however. suggest that the development of high 
speed digital IC's will dominate GaAs technology. 

Gallium arsenide has several properties which lead to superior J?igh rreq·aen:y /speed 
performance when compared with silicon. Gallium arsenide has a higher low field 
tlectron mobility than silicon. whkh allows electrons to !"eac·h a peak velocity in 
excess or twice that or electrons in silicon. Furthermore, in very small devices 
(sub-micron) the phenomenon of 'velocity overshoot' allows even higher velocities to 

~ 

be obtained (upto five times those achieved in silicon devicc:s). Another advantage 
of GaAs over Si is that devices fabricated using n-type matedal have the property 
that sub-mic:-on epitaxial lpyers grown on semi-insulating GaAs. exhibit mobilities 
approaching the bulk value. This contrasts with silicon where thin layers grown on 
insulators exhibit substancially lower mobilities th•n the bulk value. It is this 
feature of n-type GaAs which gives GaAs transistors lower parasitic resistances and 
higher gains than similar silicon devices. 

Digital integrated circuits fabricated in GaAs orr,r advantages in speed. power 
dissipation. operating temperature range and radiation hardness when compared 
with silicon. GaAs digital integrated circuits have the high speed capa'1Hity 
required for very high-speed computers, high data rate communication systems. and 
high-speed wide-bandwidth measurement systems. Space and miHtary applications 
take advantage of a radiation hardness which extends beyond 10 megaRADs for 
GaAs ICs. Silicon MOS circuits generalay fail around 10 kRADs - the best silicon 
circuits withstand 1 MRad. GaAs IC's have been operated over the \emperature 
range -200 to 300 degrees Ce1ltigrade. and consequently circuits have been 
developed to take advantage of this temperature range for use in combustion 
engines and other hostile environments. 

Gallium arsenide discrete analoaue devices Cirst appeared with the introduction of 
tbe transferred electron <oscillator (Gunn diode) in the early 1970'1. This two 
terminal device which ii capable or 1ener1tin1 power at microwave rrcquencies was 
rapidly incorp<'rtted into microwave 1ub-sy1tems and i1 still used extensively in 
both commercial ind milituy afl~'lications. lnterc-;t in usina GaAs spread with the 
widespread introduction ar the GaA1 MES1"~T (metal semiconducior rield e(hct 
transistor) which is used in a wide variety or microwat•e applications upto 40 GHz. 
The demand for inteara•ed 1ub-1ys1ems •"'d to the development or an1Jo1ue GaAs 
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MMICs, for applications such as direct broadcast satellite (DBS), receiver front-ends 
and phased-array radars. The first commercial GaAs analoaue IC was introduced 
by the Harris Corporation in February 1914. Upto the present time the drive to 
develop analoauc MMJCs bas not matched the effort put in to the rapidly expanding 
digital field. This can be partly attributed to the well funded research and 
development proarams dcdicat~d to di&ital GaAs research (such as the DARPA 
proaram in the USA). 

The speed advantaae of GaAs over silicon has led to the rapid development of 
GaAs diaital circuits. Considerable effort in the United States, Europe and Japan 
has already resulted in the development of nanosecond access time 16 kbit GaAs 
RAMs. Research in the USA and F.urope bas been aimed laraely at military 
applications and commercial communication systems, whereas strona investment by 
Japanese companies has been directed towards the, rapid development of fifth 
!eneretion computers. 

The recent development of heterostructure transistors (HEMT, MODFET or 
TEGFET, and the HBT), which promise operatina frequencies upto IOOGHz has 
already been exploited with the development of very high speed di&ital IC's capable 
of operatin1 well in excess of 10 Giaabits per second. The very hi&h demands 
placed on fabrication t.:chnoloay by these devices (some of which require layer 
thicknesses of less than IOOA and contact widths of less than 0.2um), has in turn 
led to increased efforts in developing l .:ter crystal arowt~. molecular beam epitaxy 
(MBE), dry etching techniques and high performance electron beam lithoaraphy. 

Another exvandin& area of application for GaAs and related compounds lies in the 
field of Optoelectronics. Solid-state sources and detectors are key components in 
fiber-opti: communication systems. Research into developing integrated electro­
optic sub-systems has already begnn. 

Performance of GaA1 latearated Circuits. 

Although GaAs has substantial advantages i11 terms or power dissipation, speed, 
operatin& temperature and radiation hardne~s. there arc other factors which must be 
considered when corr;>arina the relative meriH of silicon and gallium anenide. In 
particular the complexhy, reliabilicy, availablity and cosc are important faccors in 
determining ,,. : besc choice of technol'l&Y· Recent developments in distributed 
parallel processing using VLSI silicon technolotY have tended to orrset the 
immediate speed advantages aained from GaAs in a number or computina 
applications. However, there are many applications where parallel J>'ocessina is .,or 
applicable. S,ecifi.:ally. ~it stream prnccuini. which in~rpura~cs error detection 
and data correlation, and data acquisition and 11mplia1 system for widcbaaJ sianal 
processors arc not suited to parallel proc~ssiaa. Future systems will iacvitably 
~xploii t~e best 1ttrib-ate1 or each technoloay, and OaAs and Si sub-ly1fem1 will be 
incorporuc~ intC' 1rc11 whicli1 mate the optimua:a use of their capabiHcic1. 

' 

• 

• 

• 

• 
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The relative perf ormanec of GaAs and Si tcchnoloaics arc shown in Fi&ures l to 3. 
The speed of silicon CMOS, NMOS, TTL and ECL families is compared with ~he 
faster GaAs MESFET, HEMT and HBT loaic 1echnolo1ics in Fiaure I. It is clear 
that present GaAs HBT tcchnoloay is ten times Caster than the fastest silicon ECL 
loaic and nearly fifty times Caster than CMOS. Even the well established GaAs 
depiction-mode MESFET is three times Caster than ECL, which in view of the 
relatively simple fabrication technology of MESFET logic makes it an attractive 
alternative for hi&h speed integrated circuits. The speed-power product shown in 
Fiaurc 2 for various technoloaies aaain demonstrates the superior performance of 
GaAs. GaAs MESFETs are shown to have a spc-ed-power product six times better 
than CMOS - the nearest .silicon competitor. Newer GaAs/ AlGaAs technol~aies off er 
even better characteristics, with speed-power products ten times lower th:an CMOS. 

At the present time, the relative maturity or silicon tcchnoloay allows much areater 
levels of intc&ration to be achieved than is possible in GaAs. Fiaure 3 sh<'ws the 
past, present and predicted trends in IC complexity. CMOS di&ital circuits with over 
100,000 &ates are already available, whereas GaAs technologie" only extend to tens 
of thousands of &ates at the present time. Heace, althouah the levtl or IC 
complexity is incrcasina rapidly Cor GaAs and GaAs/ AIGaAr technoloaies. system 
designers still do not have the high-density, high-level functions available Croon 
siliccn VLSl/VHSIC technoloay. 

The Markets for CaAs ICs 

The market for diaital and analoaue GaAs ICs is developina rapidly. A recently 
rcJrased report (Electronic Trend Publications) forecasts an increase in demand from 
the current S60m worth of business to Sl.6 bHiion by the year 1990. Gallium 
arsenide ICs are beina developed for a wide variety of applications, ranaina from 
specialised very hiah speed di&ital sianal processors for military applications, to 
high-volume consumer requirements such as direct-broadcast satellite receh·"!rs 
(DBS) and fibre-optic communication links. At the present time militart 
applications represent 76% of the overall market. It is predicteJ tnat this figure will 
drop to 30% by the end of the decacle with a corresponding increase in the DBS and 
communications market to JS%. 

Upto the present time the microwave communications market has been dominated by 
discrete component technoloay (in particular GaAs MESF~T' have an important role 
as low noise 1mplifier1). Small-scale GaAs intearated circuits arc currently beina 
introduced and pre-scaler (frequency d~vider) circuits are already • ailable. 
Medium-scale intearated circuits such as data-mulriplexcrs, dcmulciplexcrs, 
variable-dividers and pattern aenerators are at pre-production staacs. Th esc MSI 
circuits htve an eaistina market and arc eccnomically viable bccacse or the 

reasonable yields poaible. 
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The GaAs IC industry has upto now been driven by military requirements. where 
high speed digital and high frequency, light weiaht analogue circuits are required 
in high technology defense systems. Signal processing and phased-array radar 
applications require GaAs technology to achieve the specificaticns required by the 
military. Research in the USA bas led to the production of 16kbit RAMs and 10000 
gate arrays. 

The demand for higher speed lo1ic Rnd memory for computen bas stretched silicon 
technology tu the limit and altbou1h current research into new types of silicon 
devices promises to ext~nd the speed capabilities or existin1 technology, GaAs ICs 
have already been pr~uced which provide the necessary improvements. Silicon 
central processor units arc being developed with over S million gates. Sin::c the CPU 
cycle time is limited by the propagation delay between components. it is necessary 
to pack the components as closely as possible in addition to maxia:iising their speed 
or oparation. The consequent increase in packing density and size or component 
leads to a problem in disposina of the beat generated within the CPU. Again GaAs 
has the advantage over silicon that it bas lower power dissipation as well as faster 
switching speeds. Impressive developm:nts in GaAs digital IC technology have been 
reported by both Japan and the United States. The Japanese have already presented 
results for 4kbyte RAMs fabricated using HEMT technology for ultra-high sreed 
operation. 

There is considerable speculation that GaAs ICs will follow the path or silicon 
integrated circuits towards high-volume, low cost production. However, many 
applications for GaAs ICs are relatively specialized and hence it would be expected 
that most GaAs IC dcsians would not be required in very larae volumes. It may be 
that the market for Cast GaAs logic and memory ICs will justi!"y large scale 
production (but not on the scale or silicon), but it is unlikely that a wide range or 
analogue MMIC1 will be required in larac production quantities (with the possible 
exception or DBS circuits). As a consequence of the requirement for limited supplies 
or specific types or GaAs ICs, custom research, design and development will be 
necessary for many systems applications. 

GaA1 IC RESEARCH 

Research on gallium arsenide integrated circuits has been largely concentrated in 
the United States and Japan, althouah there has been substancial activity in 
European countries. 1 he USA and European countries have recently concentrated 
research on digital intearated circuits. The US government has decided through the 
Defense Advanced Projects Aaency (DARPA) to set up GaAs foundries with $45 
million from the government and a further $22 mi!lion bein1 drawn Crom private 
industry. Companies such as. Rockwell and Honeywell are key members or the 
troup involved in this concept. The ESPRIT proaram in Europe has provided 
support in some areas ror GaAs IC research. In Japan, the Ministry or International 
Trade and Industry has been responsible ror stimulating GaAs IC r~search and 
develo:;>ment. Japan's main interest, in contrast to other Western countries lies in a 

• 

• 
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largely non-military area. developing commercial fifth-acncration computer 
technology. Japan's research is again dominated by digital requirements and 
impressive results arc already bein1 reported at conferences. 

Research on analogue ICs appean to be lagging behind the better funded digit~I 

area. The absence of strong government support has generally led to research being 
motivated by private venture funding for commercial aims (DBS etc) or hopeful 
military contracts (phased-array). 

Research oa Aaalo1.e late1rated Circuits 

A large number of companies in the United States have research programs for 
analogue GaAs ICs (MMICs). Companies such as Avantek in the USA have 
developed broadband MMIC feedback amplifiers capable of operating from 0.1 to 12 
GHz. Rockwell International have developed a fully monolithic 20GHz transmit 
module for the NASA Lewis Research Center. which has a S-bit phase control and 
exhibits a gain of 16dB from 17.7 to 20GHz. la the United Kingdom. companies 
such as Plcsscy and GEC have led the way with rc:scarch on analogue ICs. and 
others such as STC and Thorn arc investing strongly in this area. Effort has largely 
been devoted to developing small-scale integration analogue circuits such as 
amplifiers. mixers and phase shifters. Thomson CSF of France initiated research 
into monolithic amplifiers and have developed improved design aids for analogue 
circuits [I]. NEC in Japan have recently reported research on an X-Band voltage 
controlled oscillator (2). which represents the increasing interest in wideband 
monolithic sources. 

The demand for GaAs IC technology and a\.ailability of design and fabrication 
facilities has created a number of options for the system designers. Companies with 
established GaA• research. design and fabrication facilities clearly will opt for in­
house production. Many companies have aquired design expertise but lack the 
fabrication facilities and expertise. In this situation in-house design and the use of 
external "foundry' fabrication is an option. Systems manufacturers may choose to 
contract-out the whole process with merchant designers and separate foundry 
fabrication. Finally. for applications rcquirina limited quantities of specific designs, 
custom design and fabrication facilities arc offered by some companies. The 
relatively recent upsurae in the number or companies orrering 'foundry' facilities is 
evidence or GaAs JC technoloay reaching a useful state of maturity. The function 
or 'GaAs Foundry Operations and Standardization of GaAs ICs and packaging was 
recently discussed at the 198S GaAs IC Symposium. 

Analogue ICs arc currently bcin~ developed across the full microwave frequency 
spectrum of I GHz to 30 GHz. &;!>adband EW sub-systems, particularly phased­
arrays, represent a major area of interest. The other principal research area is 
concerned with the commercial application of DBS. 

The distributed amplifier is a circuit which has received a areat deal of intereH 
Crom Western researchers. Huahes have successfully developed a seven section 2 co 
30 GHz amplifier, which exhibits a aain or 6 +I- 0.3dB across the band. A 
packaged amplifier design was recently described by Jones et al of Tektronix (4). 
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Feedback amplifiers have been produced at lo1"cr microwave frequencies. s'1ch as 
the sinale supply 1-3 GHz design by Motorola [SJ and the 0.1-1.I GHz low noise 
DBS design of Plcssey [6]. Monolithic switches have been the subject of considerable 
research effort by many laboratories. Plcssey have described an L-Band SPOT 
switch (6). Bedard ct al or Adams-Russell Co. have reported a hi1h performance L­
Band GaAs SPOT switch with an insertion loss or O.ldB and an isolation of 3SdB at 
l.S GHz [7]. Raytheon have developed several fast GaAs FET switch dcsi1ns to 
cover the 0-20GHz regime. for broadband EW applications [I]. GEC (Hirst) have 
investigated GaAs surface orientated PIN diodes for monolithic switching 
applications. using both conventional and new shallow trench fabrication techniques 
(9). A hi1h 1ain X-Band limitina receiver amplifier has been recently developed by 
Tl in the USA (10). 

The DBS area has stimulated several major research projects. NEC have reported a 
fully integrated 12 GHz low noise converter. consisting or a low noise amplifier. 
image-reject filter. dual-aate FET mixer and buffer amplifier integrated onto a 
single chip [II]. Avantek have also described a low-cost 4 GHz low noise amplifier 
for television receiver only (TVRO) applications [12). 

Millimeter-wave ICs are an important developing research area and several papers 
addressed this subject at the recent IEEE GaAs IC symposium. B. Spielman of the 
Naval Research Laboratories 1ave an invited paper on monolithic millimeter-wave 
integrated circuits at this symposium. A I IS GHz monolithic GaAs FET oscillator. 
developed by Tserna and Kim of Texas lnstr.-ments, demonstrates the impressive 
hi1h frequency capabilities or this technoloay (13). 

Research oa Dl11tal late1rated Circuits 

GalHum arsenide has a substaqtial speed-power advantage over silicon technoi?IY· 
This was demonstrated clearly &t the 1914 GaAs IC Symposium. where a aroup Crom 
the LEP laboratories (France) compared the performance of a complex 40 aate 
circuit fabricated in silicon NMOS and GaAs BFL loaic (14). It was reported that 
the GaAs circuit (a 3 bit feed-back adder) was three times Caster ~' the ume power 
levels and consumed one-tenth the power when operated ill the same switchin1 
rates. 

Intensive research on diaital IC1 has led to a dramatic increase in the intearation 
levels possible. As a result of this r~searcb effort, 16 kbit random access memories 
(RAMs) have recently been reported. tr.:!•i1tor1. In particular, a very hiah density 
16 kbit static RAM, with over 100,000 transistors, bas been described by NTT, 
which uses self-aligned pte technoloay in conjunction with a two inch wafer 
process '. J SJ. This RAM, which used direct coupled FET loaic, has an 1 cceu time or 
4ns and dissipates 2.S watts. A creditable 9941. yield is c~aimed, based 011 functional 
4k blocks. NTT have also developed a 2 as acccu time I kbit RAM usina 0.9S 
micron aate lenath enhancement mode transistors. A Cast l.6n1 acceu t'ime .. kbit 
RAM, dissipatina I.I watts. has been reported by the Toshiba Re~arch and 
Development Center (16!- The Toshiba circuit uses both depletion and enhancement 
loaic, and is fabricated u1in1 buried ptc technoloay. Rockwell ha\fe put the 

I I I I 

I I I I 

• 
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emphasis on low power dissipation with the development of a 2.lns ac~ess time lk 
bit static RAM, developing only llO mW [17]. ney achieve low operating powers 
using a depiction mode process with high resistance Cermet load resistocs in each 
cell. Rockwell are developing a 4k GaAs static RAM, whjch dissipates I 
microwatt/bit in standby and has an access time of lOns. Using a 3 inch wafer 
process, they have produced IS completely functional 2S6 bit RAMs on a single 
wafer. The Cermet resistor process was again used to minimise power dissipation. 
Rockwell report read and write access times of l and 2 ns respectively for the 2S6 
bit RAMs. 

Material and process refiacments have gradually made direct coupled FET logic 
(DCFL), which uses normally-off enhancement mode MESFETs (E-MESFETs), the 
most promisina approach 111 GaAs for future LSI and VLSI circuits. This technology 
has been used to fabricate 3000 gate 16 :a: 16 bit parallel multiplien and fast static 
16k RAMS (SRAMs) with Sns access times and dissipation levels as low as 2 wans. 
Small-scale intearation and MSI level circuits, such as multiple:a::cn and prescalers, 
have been designed using other GaAs FET technologies such as buffered FET logic 
(BFL), Schottky diode FET logic (SDFL), capacitor-coupled FET logk (CCFL) and 
source-coupled logic (SCL), which utilize normally-on depletion mode MESFETs 
(D-MESFETs). Enhancement-mode MESFETs used in DCFL havr. many advantages 
over depletion mode devices. E-MESFETs allow sinale p\lwer supply operation (D­
MESFETs require both positive and neaative supplies), simpler logic aates, lower 
supply voltages, low power dissipation and consequently higher integration densities 
(necessary for LSI/VLSI). The major drawback of E-MESFETs is that they require 
a relatively complex and expensive pri>ccss tcchno!ogy, to achieve the extremely 
thin, liahtly dop'=d channel region. The thin active layers arc extremely surfacc­
sensitive, hiahly resistive and can be difficult to control. A final restriction with 
E-MESFETs is that they arc limited to a small l"1i1: voltage swing of around O.SV 
before strong forward gate conduction occurs. LSI design philosophy requires the 
difference between th: voltaacs representing loaical I and 0 states to be twenty 
times the standard deviation of the threshold voltaae, which means that the E­
MESFET threshold voltage must be uniform to within 2S millivolts . This clearly 
puts strinacnt demands on the wafer qusdity and processins control. However, 
improvements in fabrication technoloay and material growth have made E-MESFET 
and DCFL technology viable for LSI applications. Rocchi of LEP reported at the 
9th European Specialist Workshop on Active Microwave Semiconductor Devices, that 
for Cast, low power LSI applications, 0.6 micron gate length DCFL circuits were 
three times raster than 0.6 micron sate lenath silicon NMOS and corasumed ten times 
less power at the maximum speed or the NMOS circuit. Rocchi also claims that 
these results also apply as an approximate comparison for silicon ECL and CMOS 
circuits for continuously operated systems (18). 

A number or laboratories bave been investiaatina direct coupled FET loaic. AT & 
T Laboratories have 4eve1.oped frequency dividers and multiplex-demultiplex IC set, 
with 12:1 multiplC!Jl capahilitics operatin1 at 1.J OHz (19). Flahive et al reporc sate 
delays or around 30pS, with speed-power products of the order or 4.3CJ for these 
circuits. Direct coupled FET loaic (DCFL) has al•o been investiaated by OKI 
Electronic Industry Co., who have been using enhancement mode desisns in 
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conjunction with MOCVD epitaxial techniques, to develop a l l.7ns, 8 x 8 multiplier, 
dissipating 103 mW [20). GaAs JFET technology for DCFL large scale integrated 
circuits was described by Wada ct al of the Sony Corporation at the l 98S GaAs IC 
Symposium (21). Sony, McDonnell Douglas and Toshiba have been pioneering 
research into GaAs JFET technology for ICs, as an alternative to the popular sclf­
aligned gate (SAG) approach. Sony and McDonnell Douglas place th.c gate beneath 
the surface by p-type ion implantation. Toshiba have developed a reactive gate 
technique, where reaction between a platinum gate and the GaAs surface is used to 
produce a 'virtuar recessed gate. 

Digital circuits incorporating heterostructure devices are being investigated in a 
number of laboratories. Heterojunction bipolar tr-..Asistors (HBTs) and high electron 
mobility transistors (HEMTs also known as TEGFETs or MODFETs), fabricated 
from GaAs and AlGaAs using MBE technology, arc being used to produce very high 
speed ICs. Fujitsu reported a 2 ns access time for a cooled (77 K) 4 kbit static 
RAM, based on l.S micron gate length HEMTs (22). They expect to achieve sub­
nanos:cond access times from a l micron gate length RAM currently being 
investigated. Kob!:lyashi ct al of Fujitsu have reported a fully operated 1 kb HEMT 
static RAM at the 198S IEEE GaAs IC Symposium [23). A high speed 4x4 bit 
parallel multiplier using selectively doped heterostructure transistors w.is described 
by Schlicr ct al of AT cl T Bell Laboratories at the same symposium [24). Pei ct al 
of AT cl T described a 10 GHz frequency divider at the 1984 GaAs IC Symposium 
which used 0.4 micron gate length, selectively doped, HEMTs [2S]. This ultra-fast 
circuit achieved gate delay times of down to l lps/gatc, with a speed-power product 
of ISfJ/gatc. HBTs have been successfully incorporated in an 8.S GHz frequency 
divider by Rockwell, who used emitters 1.6 microns wide [26]. 

High speed digital to analogue converters (DAC) arc the subject of research by the 
Hughes Research Laboratories. A 6 bit DAC has already been reported by this 
laboratory, achieving 700 ps settling times [27]. A particular effort is being made in 
this area to improve the processing technology to achieve higher DAC speeds. Hsieh 
ct al of Hewlett Packard recently described their latest results fer a 12-bit GaAs 
digital to analogue converter at the 198S GaAs IC Symitosium [28). 

A wide range of other GaAs digital circuits have been reported for logic 
applications. These include multiplcrs such as the Rockwell 8 x 8 multiplier 
exhibiting a S.2 ns multiply time, the Fujitsu 16 x 16 bit multiplier with 10.S ns 
multiply time, and adders such as the NEC 32 bit adder with a 7.6ns add time. A 
large number of small scale integration ICs have also been demonstrated 
(combinations of gates, shirt registers, counters etc.). Furutsuka ct al of NEC have 
described a GaAs IC 12xl2 bit expandable parallel multiplier usinR LSI sidcwall­
assisted closely spaced electrode technology [29]. This eircuit was designed using 
depiction mode FETs in BFL and SCFL logic gates, because of their high load 
drivability and lar1c noise marain. The circuit was shown to perform within a 4ns 
critical path delay. 

A new era in macro cell array design, allowing customisation, of ICs without 
incurring the development costs o(' run custom design, has d'awned with the 
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appearance of a commercially available 3 GHz array, announced in October 1985 by 
Harris Microwave Semiconductors. The macro cell array which uses MSI technology, 
has 41 NAND gates, I NOR gates, 18 inverters, I master/slave D flip flops and 
several other functions. and is claimed to be twice as fast as other GaAs arrays 
presently available on the market. The array is aimed at both the satellite 
communications market and military applications, where high operating speeds, low 
cost and rapid delivery are important. R1JCkwell International are also developing a 
group of mask programmable GaAs circuit elements, for use in high speed, high 
performance communication systems. The Rockwell system will be bat:::d on 
buffered FET logic, which was chosen after an ana:ysis of the speed/power/size 
trade-orr of the different GaAs logic technologies. 

Higher operational speeds can be obtained from GaAs digital circuits by operating 
them at low temperatures. Texas Instruments have demonstrated that a speed 
improvement of SOCW. can be achieved by operating the ICs at 77K rather than at 
300K.. The improved speed of operation leads to •n increase in power dissipation of 
around SOCW.. Research has shown that GaAs devices with highly doped active layers 
a:-e more suitable for low temperature operation. 

NASA in conjunction with the University of Virginia have been investigating the 
feasibility of digital transmission systems based on monolithic GaA.s technology. 
They aim to develop satellite channel modems with a two billion bit-per-second 
data rate using a 20 GHz carrier. The system must have a low weight, high 
efficiency, high r.f. power and low cost specification. 

Te1tla1, Packa1la1 aad RellabllltJ 

Methods or testing and packaging very high speed/high frequency circuits arc 
major concerns in order to ensure optimum reliability and performance of the IC. 
Low frequency parametric testing of integrated circuits which have process-monitor 
test circuits included on them is routinely used as a primary test for GaAs ICs. In 
contrast, high specd/hiah frequency testing is considerably harder to implement. 
Gigabit automated testers are not commercially available and considerable cff ort is 
currently bein1 devoted to developing both analo~ •Jc and digital automated test 
racHities. An invited review describing the 'Tcstina of GaAs Diaital ICs' was 
recently presented by T. Gheewala of Sperry Semiconductor Operations, at the 198S 
IEEE GaAs IC Symposium in Monterey (30). Plesscy have addressed the problem of 
automatic testing of analogue GaAs ICs, and in a paper by Buck and Eddison they 
describe an ATE system for on-wafer testing of GaAs MMICs (31). This system is 
claimed to measure chips at the rate of one chip every two minutes for a two inch 
waf cr process, when optimised. 

Packagin1 for GaAs ICs represents another area of concern. Difficulties encountered 
with de ,:adation in circuit performance due to packa1in1 parasitics (package 
capacitances and lead inductances) has led to the development of new packa1in1 
technolo1ie1. In particular eff ortl are beina made to minimise die bondin1 
capacitances and allow widebal'fi operation. Giaabit loaic have developed 36 pin 
packaacs for GaAs ICs [32). They have used \.lVO main approaches - a desian based 
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on four-layer ceramic technology which has been used with clock frequencies upto 
2.S GH1-. and a new silicon subcarrier concept which utilizes co-planar transmission 
lines and includes bypass capaciton 11nd terminating resiston for GaAs ICs. This 
latter approach allows c1ock rates of up to 4GHz to be used. Harris Semiconductors 
have developed a high packing density •waferline• package, in which chips are 
mounted in hollows in the packaae. Maanavox have introduced a lnw cost package 
which is claimed to be suitable at SGHz. Smhh et al of TriQuint Semiconductor Inc. 
recently presented a paper on 'New Approaches to Packaging for High Speed GaAs 
Integrated Circuit Applicatton• which outlined the company's latest methods of 
packaging (33). 

There is still very little information available on the reliability of GaAs ICs. The 
diversity of GaAs and GaAs/ AlGaAs technologies presently being considered for IC 
fabrication has meant that reliablility research effort has been relatively unco­
ordin:aed. The electromigration properties or interconnecting tracks OD GaAs 
surf aces ha:s received some detailed consideration. Kretschmer and Hartnagel 
recently presented a paper relating the surf ace quality of GaAs to material 
migration, using an XPS analysis technique [34). They investigated five surface 
conditions based on various etching and cleaning processes commonly us:d in IC 
fabrication. They concluded that it is necessary to provide as far as possible 
native-oxide Cree surfaces between closely-spaced neighbouring conductors, and 
that it it is desirable to use a suitable surf ace treatment to achieve a high 
reliability. The reliability of HEMTs (MODFETs) and ICs which incorporate HEMTs 
has been investigated by Christou et al, who have conducted accelerated stress tests 
for circuits operated in the range ISO to 210 degrees centigrade [3S]. They identified 
the failure mode to be diCCu•ion controlled degradation of the two-dimensional 
electron gas layer. This manifested itself 11 a degradation in the transconductance. 
It was also found that a high incidence or alpha radiation induced burnout in the 
HEMTs, which may be due to parasitic conductance in the AIGaAs layer and in the 
inverted heterojunction inteface. 

Materials, Desl1• aad Fabrlcatlo• of GaAs l•te1rated Circuits 

GaAs integrated circuit technoloay has matured to the point at which companies in 
the United States, Japan and Europe achieve consistent yields on small production 
runs of MSI G11A1 ICs. This reflects advances in the quality or material, 
improvements in fabrication technoloay and the development of sound design 
principles. The recent upsurge in GaAs IC •roundaries' and the rapid drive towards 
CaAs LSI and VLSI technoloaies demonstrates the si1nificant advances being m1ade 
in these areas. 

-· 
The quality or semiconductor material is fundamentally related to the performance 
or the final JC. For example, the uniformity or threshold volcaae for enhancement 
mode devices is direcely related to the number and distribution or dislocations and 
other defects in the substrate. A review by O.T.Brown or RSRE, at the 9th 
European Specialist Workshop on Active Microwave Semiconductor Devices, 
considered the effect or GaAs substrate quality on IC applications [36]. The paper 
reviewed the current understandin1 on the distribution or dislocations in semi-

.,. 
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insulating substrates and how they modify the distribution of point defects. Efforts 
to reduce or homogenise dislocation densities and the accompanying effects were 
also discussed. Crystal and wafer supplien Sul4itomo have addressed the problem 
of reducin1 the effects of dislocations. A GaAs-lnAs mixed crystal process has 
been developed to produce dislocation-free crystals for IC substrates (37]. Lee et al 
of the Hughes Research Laboratories have similarly found that a small fraction of 
indium alloyed with the GaAs suppresses dislocations, resulting in greater 
uniformity of threshold voltage [38). The presence of "Non-Uniformity in In­
doped/alloyed. semi-insulating GaAs" has been researched by F.Hyuga ct al of the 
NTT Corporation (39). 

High quality semi-insulating GaAs substrates are essential for GaAs IC production 
where direc:t ion implantation is used to produce the required doping structure. Ion 
im~lantation is usually used in IC fabrication as it has tbe advantages of good 
reproducibility. high uniformity. high yield and low cost. The yield and subsequent 
success of the fabrication process depends on obtaining hiah quality substrates with 
few defects. As the quality of semi-insulating substrates steadily improves. greater 
attention is being paid to optimising ion-implantation processes. The subject of 
ar:imcrcr Control in Ion-Implanted GaAs Integrated Circuits• was discussed by 
K.R.Elliott (Rockwell International Corporation) at the l 98S GaAs IC Symposium 
[40]. 

The Massachusetts Institute of Science and Technology have been investigating the 
dependence of device performance on crystal growth and material parameters. MIT 
have been considering the Bridgman and liquid phase electro-epitaxy methods of 
crystal growth. They have found that stoichiometay is a fundamental factor 
affecting the structural and electronic properties of melt grown GaAs. This work 
has shown that deviations from stoichiometry govern dislocation density. 
concentration of point defects. related deep levels and the amphoteric behaviour of 
impurities. Sato et al of the Optoelectronict Joint Research Laboratory in Japan 
have investigated the effects of melt compoi(•ic.n on the electrical uniformity of 
silicon implanted, undoped semi-insulating GaAs crystals [41]. This work considers 
the eCCect of melt composition on the carrier profiles produced by implantiuion. The 
results indicate that for a slightly arsenic-rich composition, it is possible to obtain 
very high uniformity in the peak value of the profile and smaller deviation in the 
range of the implant. It appears that it is also possible to make the impurity 
profiles sharper. 

Rockwell International have recently reported improvements in the liquid 
enscaptulated Czochralski crystal 1rowth technique, which has led to si1nificant 
improvements in the quality and quantity of semi-insulatin1 GaAs substraccs 
produced usin1 ·,his technique. In particular, they claim to have achieved better 
control of wafer ~iameter and reduction in the incidence of twinnin1 (which leads 
to . chan1cs in crystallo11·aphic orientation away from the required <100> 

orientation). Rockwell claim that waters produced usin1 this technique are suitable 
for LSI fabrication. 
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Heterostructure devices (HEMTs and HBTs) require molecular beam epitaxy (MBE) 
techniques to produce the very thin layen assocaited with these devices. D.Millcr 
of Rockwell presented an invited paper at the 1914 GaAs IC Symposium on the 
subject of "MBE mater>ts considerations for HEMT Circuits• (42). This p:iper 
descri~d the optimization of the epitaxial structure to achieve high performance 
devices. It also stressed the importance of wafer uniformity and discussed the 
problems of wafer to wafer reproducibility. At present. the lack of production MBE 
equipment limits the development of pre-production prototypes. but the 
introduction of multi-chamber MBE systems will overcome this problem. HEMT 
technology also has several other production problems associated with it. 
Enhancement HEMT technology. like E-MESFETs. requires a very high degree of 
wafer uniformity because of problems of hi,h channel resistance. threshold voltage 
uniformity and layer thickness control. The high degree of layer thickness control 
afforded by MBE minimises some of these problems. but sensitivity of the channel 
thickness to other process steps such as high temperature annealling and plasma 
etching can cause threshold voltage variations. Shibatomi ct al of Fujitsu recently 
reported on improvements in MBE and associated HEMT technologies and predict 
high performance. high yield HEMT LSI circuits [43). They expect to be able to 
achieve sub-nanosecond access times for 4kb static RAMs with one micron gate 
technology and two micron design rules. Heterjunction bipolar transistors (HBTs). 
fabricated from thin layers of GaAs and AIGaAs, have the threshold immunity 
characteristic of all bipolar technologies and hill.Ve demonstrated switching times of 
less than IOps, and may provide an alternative to HEMTs for ultra-high speed logic 
applications. However, at the present time HBT IC circuits have only been 
extended to relatively small groups of gates. The fabrication technology of HBTs is 
more complex than for HEMTs. and requires both ion implantation and MBE 
technology. 

The drive towards very small device geometrics for very high speed, high density 
integrated circuits has meant that electron beam lithography (EBL) techniques arc 
increasingly used in place of established photolithographic methods. Production 
requirements and the increasing size of chips has led to the development of EBL 
machines with increasing write-areas. EBL techniques arc essential for future 
sub-micron gate length technology - FETs with gate lengths of 0.2 microns have 
already been fabricated. The viability of creating 0.1 micron aatc lengths will 
shortly have to be addressed if further speed improvements are required in the 
future. 

Design rules for GaAs ICs are becoming established and many companies now offer 
foundry facilities. Advanced computer aided design techniques (CAD) are being 
developed, which are capable of accounting for the special characteristics of GaAs, 
which make the design rules differ from silicon. This work is particularly important 
for small-scale devices. 

In the area of dcsian and characterisation there has been sianiCicanc collaboration 
between industry and research institutions such as universities. Examples of ccnucs 
offering these services to the OaAs IC industry are to be found at Leeds University 
(Microwave Solid State Group), Sheffield University, Glasgow University, 

• 

,, 
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Nottiugham University. Cambridge and UWIST in t!ic United Kingdom. In the 
United s'tatcs. Universities at Illinois. Cornell. North Carolina State and 
Massachusetts Institute of Technology have extensive research programs aimed at 

improving the technology and developing accurate computer models for 
characterising small geometry GaAs devices. Japan has a number of universities 
which arc invcsti1ating high speed GaAs devices. In particular. the Universities of 
Tohoku and Hokkaido have recently reported results on optimised design 
considerations for MESFETs [44) and high speed devices [4S). Cornell University 
have rcc.::ntly described a research project on the optimum design of MBE low noise 
monolithic amplifiers. carried out in collaboration with COMSAT Laboratories [46)­
Sophisticated computer modellina techniques have been developed at Leeds 
University [47) and North Carolina State University. supported by UK. and US 
electronics industry. Isoth groups have used two-dimensional finite-difference 
numerical models to examine the operational (de and large-signal ac) characteristics 
of short gate length (sub-micron) GaAs MESFETs for MMIC and GaAs VLSI 
applications. The numerical models have being used to develc,p improved analytical 
models suitable for use in IC computer aided design applications. The two­
dimensional simulations arc also being used to study the effects of variations in 
device geometry and material parameters. 

lnteerated Opllcs 

GaAs technology offers the possibility of producing completely integrated opto­
electronic systems. Monolithic integration of light emitti,,g sources and detectors 
with associated GaAs driver and receiver electronics will allow low cost. compact. 
reliable sub-systems to be produced for use with fibre optic communication systems. 
Honeywell have been investigating integration schemes to overcome difficulties 
associated with combining the fabrication requirements for opto-clectronic 
components with electronic components. They have developed a technique for 
fabricatina the AIGaAs light emitting diodes (LEDs) and GaAs detector diodes in 
recessed well structures on semi-insulating substrates. The electronic interface 
circuit is then f abricatcd usina ion-implantated MESFETs on the surrounding 
semi-insulating surface. Fujitsu have developed a monolithic laser and driver 
circuit. capable of giaabit-ratc modulation, with a 400ps turn-on time (48). The 
circuit which consists of an AIGaAs/GaAs GRIN-SCH laser and a GaAs MESFET 
driver circuit on a semi-insulating GaAs substrate, exhibited excellent cw operating 
characteristics with a threshold current of I SmA and a quantum efficiency of 50% 

Future fibre-optic systems will utilise GaAs IC technoloay to achieve 2 Gbit per 
second non-return-to-zero data rates, which will far outpace present 45 
Mbit/second systelJls. It will be possible to improve the receiver performance of 
fiber-optic systems by using GaAs IC comparators to achieve better noise marains 
and sharper pulse edges. General Electric and the Harris Microwave Scmiconducror 
Inc. are ~lready ~eveloping high speed Manchester decoders are already GaAs IC 
technoloay [49). which can be used to simplify encoding and decoding of sianals 
with improved accuracy for optical systems. General Electric and TriQuinr 
Semiconductors Inc. have tlso been conducting research into the development of 

I I I I 

GaAS IC decoders (or aigabit rate communicat,ion, links [SO). 
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Integrated opto-electronics research in Europe bas been further stimulated by 
funding provided by the Research and Development in Advanced Communication­
Tcchnologies for Europe (RACE) progr2m. Projects are being supported in both 
industrial and university laboratories. 

The F•ture ror GaAs latearated Circuits 

Gallium arsenide IC technology is developing rapidly. with semiconductor companies 
investing increasingly in this area. However, GaAs digital technology may still 
have some way to go before it is widely .icccptcd by the electronics manufacturing 
industry. A recent presentation by R.W.Keycs of IBM, Yorktown Heights, USA, at 
the European Solid State Circuits Conference (ESSCIRC). indicated that whilst IBM 
arc investigating GaAs technology, they do not regard it as a substitute for silicon 
high speed logic at this time [SI]. At present no major breakthroughs arc being 
reported for silicon technology, and although designers contir.uc to make smaller 
and smaller geometrics and higher packin1 densities, dramatic speed improvements 
for silicon ICs arc unlikely. 

Current research confirms that GaAs logic gates with gate delays of the order of 
tens of picoseconds, tens of micro-watts power dissipation and very· wide operating 
temperatures arc a reality, and that improvements in performance of one or two 
orders of magnitude are possible for digital computers and communications systems. 
As the technological aspects of GaAs ICs arc resolved the implementation of GaAs 
IC technology will remain a market driven issue which will depend on the 
requirements for faster high performance systems. It is likely that GaAs IC sub­
systems will find applications where their speed, power, temperature and radiation 
hardness can be utilized in conjunction with existing silicon technology, rather than 
as a complete substitute for it. 

The projected rapid arowth in the GaAs IC communications market for satellite 
receivers, fiber optic links, mobile telephones and data aquisition/processing will 
put even greater cm.,hasis on the immediate need to resolve manufacturing 
difficulties. Improved packaging and testing techniques must be developed and the 
long term reliability of GaAs ICs assessed. 
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