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The Historical Development of GaAs FET
Digital IC Technology

PAUL GREILING, SENIOR MEMBER, 1IEEE

Abstract — Only ten years have passed since the first GaAs field-effect
transistor (FET) digital IC was reported showing the potential for gigabit
data rates for microwave systems. During this short time, GaAs FET digital
IC technology has matured to produce a 4K static RAM with 3-ns access
time. This rapid progress of the technology is due in part of the synergistic
research on FET’s for microwave device applications, progress in materials
growth, lithography, and processing techniques necessary to made uniform
and reproducible devices and the support and leadership of the military
services. The events that lead to the present, state of the art for GaAs
digital IC technology are discussed in chronological order starting with
Shockley’s theory for the field effect transistor and concluding with
performance projections for the technology. Discussions with individuals
involved in the technology and review of the published literature have been
taken into account in an attempt to outline the contributions that have been
made to the technology.

I. INTRODUCTION

T FIRST GLANCE, the “marriage” of digital in-
tegrated circuits and microwave systems appears to be
an “odd couple”; however, digital techniques are becoming
increasingly more common in many microwave communi-
cation and radar systems. The improvements in signal-
to-noise ratio, susceptibility to interference and real-time
signal processing contribute to the conversion to
digital microwave systems. Applications of this technology
which are particularly attractive to the digital microwave
system engineer are frequency synthesis, multiplexing and
demultiplexing, counters, variable modulus dividers, shift
registers, multipliers and memories. All of these circuits
operate at clock frequencies well into the microwave range.
The emergence of solid-state devices fabricated in IIT-V
compounds using micrometer or submicrometer lithogra-
phy and having a maximum frequency of oscillation of tens
of gigahertz, has produced integrated circuits for digital
microwaves systems with gigabit data rates. The impact of
this “blazing” speed on future digital systems has been the
subject of many papers and talks, all of which promise
significant performance improvements in high speed signal
processing, high-speed computing, communications and
measurement systems [1]-[13].

It is the purpose of this paper, as part of the IEEE
MTT-S Centennial Issue, to highlight the events leading to
the present state of the art in gigabit logic circuits. Such a
review cannot possibly discuss every step leading to the
present status of the technology, thus an apology is offered
in advance to those whose contributions were not included.
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I have corresponded with many of the workers in the field
who helped comprise the list of contributions that paved
the way. This paper begins with the early work on the
field-effect transistor (FET) and its evolution to a micro-
wave device. At this point the technology divides into low
noise devices and amplifiers, power devices and amplifiers,
and digital IC’s. The paper traces the major. contributions
to the GaAs digital IC technology. Competing technologies
that offer potentially improved system performance are
discussed for comparison. State-of-the-art performance for
digital IC’s operating at microwave frequencies is pre-
sented and projections of the technology are given.

II. Tl MicrowavE FET

During the last decade, digital integrated circuits operat-
ing at microwave frequencies have utilized GaAs FET’s.
Only in the last few years have advanced Si nMOS and
bipolar transistors attained the gain—bandwidth products
necessary for gigahertz clock rate digital IC’s. Therefore,
this paper will focus on the evolution of GaAs FET’s and
IC’s and will cite other competing technologies only for
clarification or comparison.

The theory for the field effect transistor was developed
by Shockley in 1952 [14]. The ifiitial experimental work on
FET’s produced a much smaller field effect or current
modulation than predicted and thus Bardeen proposed [14]
that the surface states of the semiconductor trapped the
added induced charge. Shockley proposed and analyzed in
his 1952 classic paper, a p-n junction for the gate electrode,
to eliminate the adverse effects of surface states. Shockley
also noted the improved high-frequency performance of
FET’s compared with bipolar transistors due to the higher
drift velocity of the majority carriers in the channel of the
FET than of the minority carriers in the base of the bipolar
transistor.

During the 1950°s and into the 1960’s, Si was the semi-
conductor universally used for FET’s despite the lower
mobility (speed) of the charged carriers. Other semiconduc-
tors, such as GaAs, were recognized as potentially having
higher frequency of operation but because of the large
density of surface states that pinned the Fermi level near
the middle of the forbidden gap at the surface of the
semiconductor and greatly reduced the field-effect modula-
tion, they were not initially pursued. Only in Si could near
ideal field-effect modulation be obtained due to chemical
reactions of the surface which altered the surface state
density.
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Fig. 1. Photograph of two of the original six GaAs FET’s delivered on
December 23, 1969, by Fairchild on Air Force Contract [18).

Professor C. A. Mead of California Institute of Technol-
ogy (Cal Tech) pointed out that the Schottky-barrier deple-
tion layer thickness was depéndent on bias and indepen-
dent of surface state density thereby making it ideal for the
gate of FET’s in those materials where MOS techniques
were not possible [15]. Another high-frequency advantage
of the Schottky barrier noted by Mead was that no charge
storage effects exist as they do in p-n junctions. Professor
Mead spent his Thanksgiving break from classes at Cal
Tech. fabricating the first GaAs Schottky barrier FET in
1965 [16]. Though it was not designed for high-frequency

performancg, it did have a field-effect modulation as pre-
dicted by a surface state free theory. This was the first
dcmonstratlon of the MESFET. In July 1967, Hooper and
Lehrer of Fairchild reported the first microwave GaAs
FET with an f, of '3 GHz [17]. The device had a
transconductance nearly 5 times that of a.comparable Si
device and a noise figure-of 4 dB at 1 GHz. At this time,
the Air Force initiated the development of the microwave
GaAs MESFET w1th Fairchild. Two of the original six
devices [18] that were delivered as part of the contract are
shown in Fig. 1.

Several other research groups were also aware of the.
potential of GaAs FET’s for microwave applications dur-
ing this time. Zuleeg of McDonnell Douglas was pursuing
the junction FET as originally proposed by Shockley under
contract for the Air Force [19]. The gate of his junction

- JFET’s.
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Fig. 2. Photomicrograph of VIBM GaAs FET with I-um gate length {27].

FET was a zinc diffused p region in-the n channel of the Si
The p-n junction gate circumvented the surface
state problems Zuleeg reported the first JFET in 1968 with
a cutoff frequency of 2 GHz [20]. Workers at Siemens and
Esaki and Dewitt of IBM were also interested in the
potential of GaAs FET’s [21]. However, the major IBM
effort was headed by K. Drangeid at their Zurich labora-
tory. This work which was also sponsored by the “Air
Force, lead to the demonstration of the superior perfor-
mance of GaAs MESFET’s and gave the impetus for other
research groups to start their own programs in this area.
Initially Drangeid’s: group worked on Si MESFET’s as a
potentially higher frequency device than Si bipolar traxsis-
tors [21], [22]. In the latter part of 1968, they reported a Si
MESFET with an f,,, of 12 GHz exceeding all of the
b1polar results by 33 percent [23]. These results were subse-
quently extended to 15 GHz by early 1970 [21]. As noted
by Wolf [24] and by Statz and-Munch {25}, the IBM group
was aware of the improved performance offered by GaAs
compared with Si. Their analyses predicted a factor of two
improvement in f,, for GaAs MESFET’s due to the

higher drift velocity and mobility of electrons. However,
the fabrication of the MESFET was nontrivial and several
critical issues has to be addressed before its potential could
be fully realized. Silicon was initially used because its
properties. and technology were much- better established,
though the extension to other, faster semiconductors was of
prime interest [21]. On February 16, 1970, Wolf measured
the power gain of a GaAs MESFET as a function of
frequency up to 17 GHz [21]. The gain curve when ex-
trapolated to 0-dB' gain predicted an f, of 30 GHz for
Drangeid’s GaAs MESFET, (Fig. 2), twice the frequency
performance of their Si MESFET’s. It was so much faster
that, as Drangeid, Sommerhalder, and Walter observed in
their paper reporting the accomphshment “Devices have
now been realized which are even too fast for presently
available measuring equipment in this laboratory” [26]. For
those of us associated with this. technology, this measure-
ment problem always s€ems to exist. We are in a “catch
22” situation in which we are developing circuit for instru-
ments that are needed to measure the circuits we are
developing. Continued analysis and optimization of the
GaAs MESFET by Drangeid’s group pushed the f,,, of
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SEM micrograph of the center section the HP low-noise micro-
wave GaAs MESFET (1971) [29].

Fig. 3.

the device even higher, 50-60 GHz in January 1972 and
80-100 GHz in May 1973 for a 0.5-um gate length GaAs
MESFET [27], [28].

While Fairchild and IBM were making great strides in
proving the potential of the GaAs MESFET as a micro-
wave device, workers at HP were also developing their
GaAs MESFET technology. At the 1972 ISSCC, Liechti et
al. [29] reported a low-noise microwave GaAs MESFET
(Fig. 3) with 3.5-dB noise figure at 10 GHz, unilateral
power gain of 12 dB at 10 GHz and f,, of 40 GHz. These
low noise results demonstrated the potential of the GaAs
MESFET as a microwave device. By 1972 the impressive
results reported by Fairchild, IBM, and now
HP, demonstrating the superior performance of GaAs
MESFET’s, had convinced the microwave community, in-
dustry and government, to launch research programs in
this area, .

III. GAAS MATERIALS GROWTH AND PROCESSING

The fabrication of GaAs MESFET’s with microwave
performance and incorporation in digital IC’s required the
solution to three critical technology problems: 1) high
resistivity substrates for reduced parasitic capacitance and
device isolation, 2) very thin and controlled doping density
channels, and 3) extremely short gate lengths to insure high
frequency performance. By no means were these the only
issucs, but represented three of the most important. The
technology for growing semi-insulating substrates with re-
sistivities greater than 10 ©-cm was developed by Cronin
and Haisty of TI with Air Force Support [30]. They were
the first to demonstrate that semi-insulating GaAs crystals
with room temperature resistivities of 10® ©-cm could be
pulled consistently by doping the melt with chromium.

Two of the most important methods in use today for
producing semi-insulating GaAs are 1) Cr doped horizon-
tal Bridgman (HB) and 2) liquid-encapsulated Czochralski
(LEC) methods. The shortcomings of the HB method are
that the crystals obtained are in the form of flattened
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cylinders with (111} axial orientation. The resulting (100)
oriented slices are D-shaped. Also the chromium which
must be added to ensure adequate compensation to pro-
duce high-resistivity GaAs, is thermally unstable which
adversely affects device electrical uniformity [31]. Because
of these problems, a great deal of effort has been expended
to develop the direct synthesis LEC method, which
eliminates the use of Cr as a dopant. Initially the LEC
method was developed by Metz et al. for PdTe crystals and
was applied to GaAs crystals by Mullin ef al. [32], [33]. The
first undoped, GaAs single crystals for use in ICs were
produced by AuCoin of the Army Electronics Technology
and Device Laboratory and by Swiggard et al. of the Naval

~ Research Laboratory [34], [35]. The growth of high resistiv-

ity, semi-insulating GaAs for microwave device and circuit
applications has been pioneered by Westinghouse Research
Laboratories. Today, the LEC method appears to satisfy
the requirements for high resistivity, thermally stable GaAs
substrates.

The second critical technology issue, the very thin, con-
trolled doping density active channel, was initially ad-
dressed by Hunsperger and Hirsch of Hughes [36]-[38].
They used ion implantation to form the active channel thus
circumventing the variations in active layer thickness and
doping density normally encountered for epitaxially grown
layers. They reported standard deviations of the transcon-
ductance and pinchoff voltage of devices over a 1.5-cm
diameter wafer of less than § and 9 percent, respectively.
Successful demonstration and implementation of ion im-
plantation for the fabrication of planar, GaAs IC’s was due
in a large part to Welch of Rockwell with DARPA support
[39], [40]. The work of Welch provided a processing tech-
nology for 3-in wafers that produced the required channel,
and thus device uniformity, necessary for LSI complexity
circuits. Today, ion implantation is the standard procedure
for forming the active channels of devices for IC’s. Re-
cently, Molecular Beam Epitaxy (MBE) has been intro-
duced as a means to improve uniformity and reproducibil-
ity of the active layer. This growth technique for making
very uniform semiconductor layers has been developed by
Cho of Bell Laboratories among many others [41].

Finally, the third issue was that the small feature sizes
required for high-frequency performance limited the gate
lengths of GaAs MESFET’s to no longer than 1 pm or
even less. The initial results of IBM and HP were for 1 um
gate length devices. By reducing the gate length to 0.5 pm,
IBM was able to achieve an f,,, of 80-100 GHz. Silicon
technologies are just now, a decade later, reducing their
dimensions to micrometer and smaller values. In the early
stages of the GaAs MESFET technology, contact photo-
lithography was used to define 1 um gates for discrete
devices. The limit of optical lithography is approximately
one micrometer and only very skilled operators could
perform the alignments. Today optical projection lithogra-
phy is used for IC’s where yield is critical [40]. Electron-
beam lithography was used by IBM to fabricate their
0.5-um gate length GaAs MESFET’s [28]. Later this lith-
ography has been applied to digital IC’s by Hughes [42].
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TABLEI
EVOLUTION OF THE MICROWAVE FET
Date Author Ref. Device Device Results
11/52 Shockley 14 Theory for
{IBM) Junction FET
7/64 Cronin and 30 High resistiv- Cr doping > 108 a-cm
Haisty ity GaAs sub-
(TI) strate growth
11/65 Mead 15 GaAs MESFET Channel:2.5 um Low fregency
{Cal Tech) 0 =0,45 J-cm I-V as pre-
Lg= 10 um dicted by
theory
7/67 HKooper and 17 Microwave GaAs Channel: 2 um fmax = 3 GHz
Lehrer MESFET Ny=2x101% en”3
(Fairch,) W/Lg = 280
5/68 Zuleeg zov Microwave Channel:2.5 um fmax = 2 GHz
(McDonnell Gahs JFET Ny=2x1015 cm3
Douglas) Lq = 5 im
1968 Drangied 21 ° Microwave Si Emax = 12 GHz
et al. MESFET
(IBM)
2/70 Drangied 21 Microwave Si fmax = 15 GHz
et al. MESFET
{IBM)
2/70 Drangied 26 Microwave GaAs Channel: 0,27 um fmax = 30 GHz
et al. MESFET Ny=1016 cm3
(IBM) 7 Ly= 1 im
1/72 Baechtold 27 Microwave .GaAs Channel:0.15um fmax = 50-60
et al, MESFET Np=1017 on”3  cHz
(I3M) » Lg =1 um
2/72 Liechti 29 Microwave GaAs Channel: 0.3um fmax = 40 GHz
" et al. MESFET Ny=7x10%6 en™3 W.F. 2 3.5 @B
(HP) Lg = 0.9 um € 10 GHz
5/73 Baechtold 28 Microwave GaAs

Channel:0.15wm £ .. = 80-100

(IBM) MESFET Np=1017 en™3 GHz

L =
g 0.5 um

Microwave 8i, . Channel:0.15um fmax = 22 GHz

MESFET 17 3

Np=10 cm”

Lg = 0.5 um
12/13 Hunsperger 36

Ion Implanted Channel:0.25um fmax =20 GHz
and Hirsch Microwave ND=1017 cm™3 09, = 8% |
(Hugh'es) GaAs MESFET Lg = 2 um cvp =9%

9/73 Van Tuyl 44 GaAs BFL gate Channel:0.3um fmax = 15 GHz
17 o
(184) Np=1017en™® T = 60 ps
Lg = 1 gm F.0. = 0
Py * 90 mW

Today, optical projection lithography is used in LSI com-
plexity circuits with 1.0-pm gate lengths and e-beam lith-
ography to make submicrometer (i.e., 0.5 pm down to 0.2
um) gate length devices. Other techniques such as X-ray,
deep UV and focused ion beam lithography have achieved
similar minimum feature sizes.
The important contributions to the early development of
" the FET up to the time of the first GaAs digital IC are
summarized in Table I.
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Fig. 5. Photomicrograph of the HP 4-GHz master-slave flip ﬂop
frequéney divider [50].

IV. - GAAs D1GITAL IC’s

During the early 1970’s, the GaAs MESFET was being
developed as a microwave device for low noise or power
applications. The development of these technologies is
discussed in a paper by McQuiddy et al. in this issue [43].
In 1972, the Air Force expanded their GaAs exploratory
device program to include digital GaAs IC technology to
meet the projected high data rate signal processing needs of
the military [18]. The initial digital IC effort was with HP.

The concept for the basic buffered FET (BFL) logic gate

“and flip flop using GaAs MESFET’s was conceived in July

1972 at HP [44). (However, a similar logic gate design for a
FET had been described by Csanky and Warner of
Motorola in June 1963 [45].) The first year of the project
was spent working on device problems which Van Tuyl
called “Lag Effect,” developing device computer models
and fabricating and testing discrete devices. In August
1973, Van Tuyl measured the dc characteristics of the first
GaAs BFL gate and on September 24, 1973, he obtained a
60-ps gate delay for a logic gate with a 1-um gate length
FET [32]. Based on thesc extremely promising results,
Liechti directed the HP effort from a two prong approach
of both low-noise FET’s and digital IC’s to primarily focus
on the digital technology. At the 1974 ISSCC, Van Tuyl
and Liechti reported their first of many GaAs logic circuits
[46]. For the next few years, Liechti and Van Tuyl lead the
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Fig. 6. Photomicrograph of the HP 5-Gbit/s data rate word generator [51].

development of the GaAs digital IC technology as other
companies “jumped on the band wagon.” Van Tuyl and
Liechti gave numerous papers and talks based on their
work [47]-[54]. C. Liechti, as the MTT-S National Lecturer
in 1978-1979, drew standing room only audiences as more
and more microwave system designers realized the signifi-
cance of this technology. (As part of the arrangements for
his lecture, Liechti always requested two complete projec-
tion setups, i.e., two projectors, two screens, two extension
cords, etc. At the U.C.L.A. lecture, Tony Immorlica noted
the backup equipment and questioned Charles if that is
why HP used dual gate FET’s in their logic circuits, the
second gate acting as a backup.)

Several of the most significant contributions to the tech-
nology produced by the HP team were: ‘

1) the first GaAs logic gate in 1974 (Fig. 4) [46],

2) the 4-GHz master-slave flip flop in 1976, (Fig. 5) [50],

3) the MSI, 5 Gb/s work generator in 1981 (Fig. 6) [51],

4) the universal laboratory test package with 14-GHz
bandwidth (Fig. 7) [53].

By the mid-1970’s several more companies were starting
to develop GaAs digital IC technology for their particular
system needs. HP’s effort was directed towards high-
frequency instrumentation and not necessarily applicable
to other sys_teni needs. Yoder of ONR in his keynote
address at the 1979 MTT-S Symposium in Orlando, FL,
told system houses that they must develop their own GaAs
digital IC technology if they hoped to take full advantage
of its potential [55]. - '

‘In the latter part of the 1970’s, Rockwell Science Center
supported by DARPA, had a GaAs IC program in which
an LSI complexity ( > 1000 gates) circuit was to be demon-
strated. In order to stay within the power constraints ( <2

Fig. 7. Universal laboratory test package with 14-GHz bandwidth [53].

W /chip) and still maintain high speed (100-200 ps/gate),
Eden developed the Schottky diode FET logic (SDFL) gate
which dissipated only one-fifth the power of the BFL gate
used by HP while only doubling the gate delay [56], [57].
By the 1980 GaAs IC Symposium, Rockwell had success-
fully fabricated an 8X8 multiplier (Fig. 8) with 1008
SDFL gates [58]. This one circuit, designed by Eden er al.
and fabricated by Welch et al. is a major milestone in the
development of GaAs digital IC technology. Eden’s flair -
for presenting interesting, informative and exciting techni-
cal talks and papers, interspersed with several “Gee Whiz”
examples, helped convince microwave system engineers of
the potential offered for improved performance by GaAs
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Fig. 8. Photomicrograph of the Rockwell 88 mﬁltiplier with 1008
gates.

digital IC’s [59]-[64]. Welch’s intuitive ability for process-
ing, i.e., the early work on developing ion implantation and
a planar GaAs IC process to the vertically integrated, 3-in
wafer processing for high yield, LSI circuits, set the stan-
dard for the GaAs IC technology.

Other companies during the late 1970°s were also devel-
oping their own technology to meet both company and
government system needs. Hughes pursued two high-speed
digital IC applications; 1) very high speed SSI to MSI
circuits utilizing submicrometer gate length devices, and 2)
very low power circuits utilizing enhancement-mode FET’s.
The high speed circuits sponsored by the Air Force used
e-beam lithography to define the submicrometer gates. In
1978, 33-ps gate delay was obtained for ring oscillators and
subsequently a 4 GHz and a 5.77 GHz (Fig. 9) divider
circuits were reported [65]-[67].. The low-power Ccir-
cuits required developmént of enhancement-mode FET’s
(EFET). With Army support, Lundgren and Pierson devel-
oped the first U.S. EFET integrated circuits with deeply
recessed gates [68], [69]. Because of the nonreproducibility
of etching the channel under the gate as was required for
the EFET, a planar self-aligned gate technology was devel-
oped at Hughes in which the EFET channel parameters are
defined by ion implantation. The work was sponsored
initially by the Air Force and subsequently by the Army
and Navy. Gate delays as low as 25 ps with 3.1 mW /gate
power dissipation were reported [70]. These results were
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Fig. 9. SEM micrography of Hughes GaAs flip flop frequency divider
with 0.5-pm gate length FET’s [67].

improved to 15 ps, representing the fastest, all GaAs, room
temperature logic gate [71].

Zuleeg at McDonnell Douglas has been developing JFET
technology for a low-power, reproducible, and radiation
hard device to be used in the design of high-speed logic’
and memories [72]-[75]. Zuleeg reported the first enhance-
ment-mode JFET in 1975 [76]. By 1977, he had designed
his first memory cell [19] and today on his DARPA spon-
sored program, he has fabricated a 256-bit static RAM
with 5-ns access time and 100 nW /memory cell. (Fig, 10)
[19]. The latest SRAM circuit is designed with the first
GaAs complementary logic, i.e., both n and p channel
JFET’s [77]. Zuleeg has performed extensive radiation test-
ing of GaAs JFET IC’s [75], [78], [79] and has shown that
they are more radiation tolerant than any Si IC’s, one
potentially very important performarnce advantage of GaAs
1Cs. . - ‘ :

TI has a GaAs digital IC effort to develop logic memory
circuits. Also TRW is developing GaAs logic circuits and
A /D converters sponsored by the Air Force. Honeywell
and Tektronix started their GaAs digital technology pro-
grams later than many others but they have made
tremendous advancements in-a very short time. Tektronix
has reported ‘a 1200 cell gate array circuit that incorpor-
ates EFET’s with reasonable yields and an 8-bit multi-
plexer /demultiplexer [80], [81]. Honeywell has reporied a
432-cell gate array [82].
~ Companies outside the U.S. have been developing their
own GaAs digital IC technology. Nuzillat [83], [84] at
Thomson CSF in France has developed the low-power
FET logic (LPFL) gate, which is a realistic tradeoff be-
tween processing technology and circuit characteristics, i.e.,
speed—power performance, noise margin, etc. Fig. 11 shows
their microsequencer chip that is a portion of their 4-bit
slice microprocessor with 250-MHz clock frequency which
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Fig. 10. Photomicrograph of McDonnell-Douglas 256-bit static RAM
with complementary GaAs ENFET logic [77].

Fig. 11. Photomicrograph of Thomson-CSF microsequencer chip which
is part of their 4-bit slice microprocessor with 250-MHz clock frequency.

is now under development. Rocchi {85], [86] of LEP in
France incorporated dynamic logic gates (Fig. 12) to achieve
the fastest divider circuit reported, a 10-GHz divide-by-two
circuit.

Certainly since the Rockwell 8 X 8 multiplier results, in
1980, several Japanese companies have mounted substan-
tial GaAs IC development efforts at least partially in
response to the fifth generation Computer Project. Compa-

Fig. 12. Photomicrograph of LEP 10-GHz dynamic flip flop.

nies such as Fujitsu, NTT, and NEC now play a leading
role in the technology, One of the primary goals of the
Japanese GaAs digital IC technology effort is a high-speed
computer. To meet this goal, they have been developing the
technology for memory circuits. They were the first to
report ’

1) enhancement-mode MESFET circuits [87], [88],
2) self-aligned gate FET (SAGFET) [89],

3) sub 30 ps gate delays [90},

4) 1K SRAM (Fig. 13) [91],

5) 16 X16 parallel multiplier (Fig. 14) [92],

6) 4K SRAM with 3-ns access time [93].

H. Ishikawa, M. Fukuta, K. Suyama, and N. Yokoyama
of Fujitsu have emerged as leading practitioners of the
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-Fig. 13. Photomicrograph of (a) Fujitsu, and (b) Nippon Telegraph and
Telephone 1K static RAM.

Fig. 14. Photomicrograph of Fujitsu 16 X 16 parallel multiplier.

technology based on their mastering of the self-aligned gate
technology for digital IC’s; M. Ino et al. of NTT are
developing their own version of low-power enhancement-
mode technology.

The growth of the technology can be measured in many
ways. One convenient ways is to plot the complexity of
circuits fabricated as a function of time as shown in Fig. 15
[6]. One must remember that the circuits shown in this
figure represent initial laboratory test results which may or
may not ever reach commercial viability. However, these
circuits do show a rapidly maturing technology, due in part
to the experience gained in fabricating even more complex
Si ICs. A second, and probably more significant measure
of the maturity of the technology, is that companies are
now providing commercial circuits. DARPA has funded a
GaAs IC foundry with a Rockwell/Honeywell team.
Honeywell, Tektronix, and Harris are all advertising GaAs
IC’s and the only product of Gigabit Logic, founded by
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Fig. 15. Evolution of GaAs IC’s complexity from origin to present
(extension of original graph by Nuzillat er al.) [6].

several of the original Rockwell team, Blum, Eden, and
Welch, will be GaAs devices and IC’s.

Y. CoMPETING DIGITAL IC TECHNOLOGIES

GaAs digital 1C’s must perform better than other rival
technologies such as Si nMOS, Si bipolar, and newer and
more exotic devices, if it is to survive over the long term.
One of the important results of the high speed GaAs digital
IC technology effort has been the impetus that it has
provided to push Si IC’s to higher frequencies. Lepselter
et al. [94] at Bell Laboratories have fabricated nMOS
circuits with X-ray lithography and achieved less than 30
ps gate delays and a 4K SRAM with 5-ns access time {95].
Silicon technology has an advantage over GaAs technology
in that it is better understood and therefore more reliable
and reproducible. Based on these extremely impressive
results in Si nMOS, several strong exchanges in the press
have been made as to “who is going to blow whom out of
the water.”

Bipolar IC’s are another Si IC technology that is quietly
and steadily improving its high-frequency performance.
The Japanese have reported divider circuits that operate at
5.5 GHz with power levels comparable to GaAs IC’s [96].
Others are also rapidly improving their performance in this
aree [97).

For a short time in the mid-1970’s, a second GaAs
technology, transferred electron logic devices (TELD) was
a strong contender. This work was initially reported by
Mause et al. [98], Sugeta et al. and Hartnagel [98}-[100].
Upadhyayula of RCA and Claxton of TRW carried out
programs in this area for the Navy and Air Force
[101]-[103]. Claxton reported a 10-GHz divider [104], a
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1.4-Gbit /s data rate modulator and a 1.6-Gbit /s data rate
demodulator, all designed with TELD’s [102]. For his
contributions to this technology, Claxton received the Mi-
crowave Application Award in 1979 [105]. Due to the
dependence of the threshold of the device on material
parameters, the reproducibility of devices in this technol-
ogy was much more difficult than for FET’s. This was truly
a device before its time.

Another potential logic device is the permeable base
transistor (PBT) being developed by MIT Lincoln Labora-
tory in both Si and GaAs [106], [107]. Snyder and Kubena
of Hughes with support from Naval Ocean Systems Center
(NOSC) analyzed the potential of the PBT as a logic device
and concluded that the device had very poor drive capabil-
ity which would significantly degrade performance in any
IC of reasonable complexity [108]. Also, the difficulty of
the fabrication technology may exclude this device from
possible high-speed logic 1C’s of any reasonable complex-
ity.

Two very promising devices which have emerged as a
result of new epitaxial growth techniques, molecular beam
epitaxy (MBE) and metal-organic chemical vapor deposi-
tion (MOCVD) are 1) the high electron mobility transistor
(HEMT) [109], (so named by Fujitsu) (also known as the
two-dimensional electron gas FET (TEGFET) named by
Thomson CSF [110] or the selectively doped heterojunction
transistor (SDHT), named by Bell Laboratories [111]), and
2) the heterojunction bipolar transistor (HIJBT) [112], [113].
Fujitsu first announced HEMT device results in May 1980
and they predicted 3 to 10 times improvement in the
high-frequency performance over the GaAs MESFET at
77K [109]). Their device design was based on the original
work on mobility enhancement in heterojunction structures
by Dingle et al. in 1978 [114]. Since Fujitsu’s initial HEMT
results in 1980, they have reported:

1) devices with transconductance over 400 mS/mm
(115],

2) 16.8-ps gate delay at room temperature [115],

3) 12.7-ps gate delay at 77K [115]

4) 8.9-GHz divide-by-two circuit at 77K [116).

They are presently fabricating and testing a 1K SRAM
[117]. Rockwell has recently achieved 12.2-ps gate delay at
77K with their HEMT circuits [118]. The rapid advance of
this technology has been due in part to its similarity to
GaAs digital IC technology. The key issue in HEMT
technology is the MBE growth of thin layers of AlGaAs
and GaAs. Because of its similarities to GaAs IC’s, and its
potential speed and power performance payoff, HEMT
technology is a strong contender with GaAs MESFETs.
The HJBT is being developed at both TI and Rockwell.
The advantage of the HIBT was first pointed out in 1957
by Kroemer [112]. During the early 1960’s there were
efforts to develop GaAs bipolar transistors as high speed,
high-temperature devices. These efforts met with disap-
pointing results because of material and process problems
and were terminated in the late 1960°s. After successful
applications of GaAs MESFET’s for microwave and digital
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Fig. 16.. Photoxmcrograph of TL1K I’L gate array vnth AlGaAs /GaAs
HIBT's [121].

applications, Yuan of TI reexamined the potential for
GaAs bipolar technology taking into account advances in
materials and processing technology. TI fabricated the first
ion implanted GaAs bipolar transistor in 1978 [119}. In
1980, TI fabricated the first inverted HIBT using MBE.
Logic circuits have now been developed using these inverted
transistors. This technology is now being applied to the
development of gate arrays at TI with DARPA support
using an I*L circuit configuration [120]. The development
of a 1K gate array will be reported at the 1984 ISSCC (Fig.
16) [121]. Asbeck et al. of Rockwell have been pursuing
HJIBT’s in ECL circuits [122]. At the 1983 GaAs IC Sym-
posium, Asbeck reported the first ECL. HIBT circuits with
2-pm design rules yielded 185-ps gate delays [123}. Projec-
tions of 15-ps gate delays were made for improved device
design. The HIBT technology is still very young and,
" therefore, it is difficult to make. any predictions of - its
SuCCess. ' '

VI.. SUMMARY

Digital IC technology operating at gigabit data rates will
have a significant impact on the performance of digital
microwave systems in the next decade. The technology that
will be used, Si nMOS, Si bipolar, Si CMOS, GaAs
MESFET, HEMT, HJBT, or some new device, will most
likely depend on the application. Each technology has
certain characteristics that make it the most appropriate
technology for a given application, i.e., radiation tolerance,
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) TABLE II
PROJECTED PERFORMANCE FOR DIGITAL IC TECHNOLOGY

) Gate loaded delay, < 50 ps
o Power dissipation < 50 - 200 uW/gate

o Complexity, MSI through VLSI

o Preprocessor speed >5 Gﬁz

o A/D converter with > 1 GS/s with 8-bit accuracy
o signal proeesso: > 1;GHz clock frequency

o Memories: 4K éRAM withvl ns access time

16K to 64K SRAM with 5 ns access time
o ﬁadiation tolerance of > 107 RADS, > 10]‘0 RAD/s and > L015

N/cm2

low temperature operation, ultra high speed, etc. Therefore,
it is likely that the majority of these technologies will be.

available for the digital microwave system designer for a

specific application. As the technology transfers from the
research laboratory into the development and. produc,tlon
environment, as is presently happening, the real test of the
technology will be its ability to provide a significant perfor-
mance advantage at a reasonable cost.

The initial impact of the technology will be in pre-
processors for signal processing in the front end of systems. ‘
As the technologies mature to LSI/VLSI complexuy cir-
cuits, complete systems will be implemented on on¢ or only
several chips. A summary of projected performance for the
digital IC technology is given in Table II. A factor of 2. to
10 times the system clock frequency over present systems is
projected in the near future for s1gnal processors and
computers. :
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