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New Technology Towards GaAs LSI /VLSI
for Computer Applications
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Abstract —For future large-scale computer applications, new device tech-
nologies towards GaAs LSI/VLSI have been developed: self-aligned fully
implanted planar GaAs MESFET technology and high electron mobility
transistor (HEMT) technology by molecular beam epitaxy (MBE). The
self-aligned GaAs MESFET logic with 1.5-pm gate length exhibits a
minimum switching time of 50 ps and the lowest power-delay product of
14.5 fJ at room temperature. The enhancement/depletion (E/D) type
direct coupled HEMT logic has achieved a switching time of 17.1 ps with
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1.7-pm gate length at liquid nitrogen temperature and more recently a
switching time of 12.8 ps with 1.1-pm gate HEMT logic, which exceeds
the top speed of Josephson Junction logic and shows the highest speed of
any device logic ever reported. Optimized system performances are also
projected to system delay of 200 ps at 10-kilogate integration with GaAs
MESFET VLSI, and 100 ps at 100-kilogate with HEMT VLSIL These
values of system delay correspond to the computer performance of over
100 million instructions per second (MIPS).

1. INTRODUCTION

UJITSU’S latest large-scale general purpose computer,
using Si-based technology, has already achieved speeds
as high as 30 Million Instructions Per Second (MIPS). In
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1990, the performance of 100 MIPS with the system delay
per gate of 200 ps will be required [1], [2]. It may be
difficult for Si-based technology to achieve these values.
GaAs LSI/VLSI, however, seems the most promising de-
vice candidate to satisfy CPU and cache memory require-
ments for the mainframes of future computers.

For GaAs integrated circuits, three types of basic logic
gates have already been developed: the Schottky diode
FET logic (SDFL) gate [3], the buffered FET logic (BFL)
gate [4], and the direct coupled logic (DCL) gate [5]. It has
been demonstrated that LSI complexity can be achieved
with the SDFL and the BFL gates with depletion- (D-)
mode MESFET’s. The largest scale of integration of SDFL
circuits, an 8X8-bit binary multiplier with multiplication
time of 5.3 ns, contains 1008 gates [6]. The largest of BFL
circuits, 4-bit arithmetic logic unit (ALU) with high-speed
digital processing time of 2 ns, in spite of 2-um design rule
technology, contains 99 gates [7]. To realize high-speed
LSI/VLSI logic and memory for future computer
mainframes, however, development of the DCL circuit
with the enhancement- (E-) mode device would be desira-
ble because of their circuit simplicity and low power
dissipation. '

This paper presents two advanced device technologies
towards GaAs LSI/VLSI for computer applications: 1)
self-aligned, fully implanted planar GaAs MESFET tech-
nology; and 2) high electron mobility transistor (HEMT)
technology by molecular beam epitaxy (MBE). System
delays of future computers, resulting from the device and
wiring delays, are also projected and discussed.

I SELF-ALIGNED GaAs MESFET TECHNOLOGY

To realize the high-speed LSI /VLSI, the development of
an E/D type DCL circuit with the fully implanted planar
'GaAs MESFET is very desirable. At present, the main
problem is how to obtain reproducible characteristics of
enhancement mode MESFET’s. Both the instability of the
Cr-doped semi-insulating GaAs substrate and the effect of
surface depletion in the source-gate and gate—drain gaps
resulting from surface states have to be solved. For the
surface depletion problem, a very important breakthrough,
i.e.,, self-alignment device technology, has been developed
[8]. This technology was achieved, for the first time, by
using the high-temperature stable TiW Schottky-gate metal
system combined with ion implantation technology.

TiW films on GaAs stay unalloyed up to at least 860°C,
and exhibit stable Schottky-diode characteristics even above
740°C. The self-aligned planar device utilizes this high-
temperature stable metal for gate electrodes. Starting from
wafers in which the MESFET N-channel implants have
already been put in by selective implantation, four major
stages in the self-aligned fabrication process are shown in
Fig. 1. 1) The TiW Schottky gate is formed on a-type
GaAs. 2) A high dosage Si* implantation is made with the

gate acting as an implantation mask. 3) Annealing is’

carried out at 800°C for 10 min with SiO, encapsulation to
activate dopants and to form the self-aligned n™ regions.
Gate electrical characteristics are not changed during the

993

Ti/ W gate l t 1 [ lsa*
n n
GaAs sub.
@ ®)
ﬁ Si02 Source Drain
in n
n* /4 n* n* n*
(©) @

Fig. 1. Fabrication process of the self-aligned GaAs MESFET. (a) Gate
metallization. (b) n* implant. (¢) SiO, deposition and annealing. (d)
Ohmic metallization.

annealing process. 4) Fabrication is completed by ohmic
metallization with AuGe/Au.

The n layers for the GaAs MESFET channels are made
by selective Si* implantation into a Cr-doped semi-insulat-
ing GaAs substrate with a SiO, implantation mask at 59
keV with dosages of 1.08X10'2/cm? for the E-MESFET’s
and 2.16X10'2/cm? for the D-MESFET’s, and then by
annealing at 850°C for 15 min. The TiW mixture (10:90
wt. %) is deposited by dc sputtering to a thickness of 5000
A and etching is performed with CF, + O, gas plasma. The
Si* implant for the n* regions is made at 175 keV with a
dosage of 1.7X10"/cm?. In this structure, the Schottky-
gate reverse breakdown voltage depends mainly on the
donor density profile of the n* regions, since the n*
regions are in direct contact with the gate electrode at their
boundaries. The ion-implantation energy -and the Si*
dosage are chosen so as to maintain a reverse breakdown
voltage of at least 6 V and a peak carrier density of
1X10"8/cm®. To realize more stable Schottky-diode char-
acteristics, TiW silicide gate technology has been developed
for and successfully applied to gate metallization of self-
aligned fully implanted E/D-mode GaAs MESFET in
1024-bit GaAs fixed address static memory cell array [9].

For the self-aligned E-MESFET with a gate length of 1.5
pm, a gate width of 1 mm, and a threshold voltage of
+0.05 V, a source series resistance 7, of 0.75 £ is obtained,
with a transconductance g,, of 87 mS/mm at a gate voltage
of +0.6 V. Compared with the performances of 7, of 3.8 Q
and g,, of 30 mS/mm in the conventional E-MESFET, 7, is
20 percent smaller and g,, is about three times larger. The
self-aligned MESFET is also superior in packing density,
because it has a completely planar structure which does not
require accurate gate alignment.

Fig. 2 compares the speed-power performance of self-
aligned GaAs E-MESFET logic with that of current GaAs
MESFET logics, including 1978 data for GaAs D-MESFET
logics [3]. The heaviest line shows the performance of the
1.5-um gate self-aligned E-MESFET logic. The minimum
switching time is 50 ps, and the lowest power-delay prod-
uct is 14.5 fJ. This switching time is the same as that of
recent data for 1.0-um gate D-MESFET logic (7, ~ 52 ps at
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Fig. 2. Speed and power performance of the self-aligned GaAs MESFET
logic compared with current GaAs MESFET logic, HEMT logic, and
Josephson Junction logic.

a 1 mW /gate power dissipation), and the power-delay
product is several times smaller for a switching time of 100
ps, and these values compare favorably to those of 0.8-pm
gate E-MESFET logic {10]. Projected performance of self-
aligned 1-pm gate E-MESFET logic is also shown in this
figure. A switching time of 40 ps with a power dissipation
of 1 mW will be achieved at room temperature operation.
As described above, the self-aligned GaAs MESFET tech-
nology is a very promising means of achieving high-speed
logic and static RAM if the E-MESFET characteristics can
be controlled precisely.

III. HEMT TECHNOLOGY

HEMT technology has new possibilities towards
LSI/VLSI with high speed and low-power dissipation. We
have already developed E /D-mode HEMT’s [11], [12], and
successfully integrated E/D-type DCL circuits [13]. Fig. 3
shows the cross sectional view of the D-HEMT, with a
selectively doped GaAs/AlGaAs heterojunction structure.
A nondoped GaAs layer and Si-doped n-type AlGaAs
layer are successively grown on a semi-insulating GaAs
substrate by MBE. Because of the higher electron affinity
of GaAs, free electrons in the AlGaAs layer are transferred
to the nondoped GaAs layer, where they form a two-di-
mensional high-mobility electron gas within 100 A of the
interface.

Fig. 4 shows the energy-band diagram of the D- and
E-HEMT’s in the thermal equilibrium (without bias). The
n-type AlGaAs layer of the D-HEMT is completely de-
pleted in two depletion mechanisms: 1) the surface deple-
tion results from the trapping of free electrons by surface
states; and 2) the interface depletion results from the
transfer of electrons into the nondoped GaAs. The Fermi
level of the gate metal is matched to the pinning point,
which is 1.2-eV below the conduction band. With the
reduced AlGaAs layer thickness, the electrons supplied by
donors in the AlGaAs layer is insufficient to pin the
surface Fermi level. Therefore, the space charge region
extends into the nondoped GaAs layer and, as a resul,
band bending results in the upward direction, and the
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Fig. 3. Cross-sectional view of the depletion mode HEMT.
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Fig. 5. Transfer characteristics of the square root of the drain saturation
current versus gate voltage of the D- and E-HEMT’s,

two-dimensional electron gas disappears, as understood in
this figure. When a positive voltage V¢ higher than the
threshold voltage is applied to the gate, electrons accu-
mulate at the interface and form a two-dimensional elec-
tron gas, as shown by the broken lines. Thus, we can have
the E-HEMT.

In Fig. 5, transfer characteristics of the square root of
the drain saturation current versus gate voltage, yIpg
versus Vg, are plotted for both the E- and D-HEMTs.
Both devices exhibit the square law I,;= K(V;5—Vy)?
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Fig. 7. Magnified microphotograph of a- HEMT inverter.

characteristics. The K-value is given by eu,W; /2aL; in the
low-field region. Here, ¢ is the dielectric constant of the
Al Ga,_xAs layer, p,, is the field-effect mobility, and a is
the thickness of the AlyGa,_xAs layer (¢~ 0.07 pm in
Fig. 5). By lowering the temperature to 77 K, a dramatic
increase in K-value by a factor of 3 is observed. This
increase in K-value.is due to the increase in electron
mobility at low temperatures. The low-field electron mobil-
ity was found from Hall measurements to be around 6000
cm?/V-s at 300 K and around 20 000 cm?/V-s at 77 K,
though the experimental K-values of Fig. 5, with the for-
mula above, yields effective channel mobilities in. the
HEMTS of about half of these values. It is important to
note here that the degree of improvement (3 times) in
K-value at 77 K is about the same as that of the low-field
electron mobility at 77 K, although the K-value is mea-
sured in the high-field region (the average field within the
channel: ~ 4 kV /cm) where the velocity saturation effects
become very significant. Low-field mobilities of 117 000
cm?/V-s at 77 K, and 244 000 cm’/V -s at 5 K with a sheet
electron concentration of about 4.9X10'/cm? have al-
ready been achieved [14]. More recently, a mobility of one
million cm?/V-s has been achieved at 5 K under photo

excitation. At V=15V and V;;=0.7 V, the EEHEMT
exhibits g, of 193 mS/mm at 300 K and g, increases to
409 mS/mm at 77 K. This value of g, at 77 K is the
highest ever reported for any field-effect devices.

Fig. 6 shows a microphotograph of a 27-stage ring
oscillator fabricated with E-mode switching and D-mode
load HEMT’s, with a fan-in and fan-out of one. The gate
length of the switching HEMT is 1.7 pm. Fig. 7 shows a
magnified microphotograph of the HEMT inverter. Rela-
tively wide switching devices (33 pm) are used to minimize
the effect of wiring capacitance. The gate width of the
D-mode load devices was adjusted to 7 pm for room
temperature operation. Since the K-value of the switching
device increases by more than a factor of 2 at liquid
nitrogen temperature, the gate width of the load devices
was increased to 13 pm for devices designed for low
temperature operation to give the desired higher current.

The power dissipation of a room temperature device
with a gate length of 1.7 pm is 0.46 mW, significantly less
than that of currently achievable GaAs MESFET logics
with a comparable gate length at the same switching time
(56.5 ps). This superiority in speed—power performance of
the room temperature device over GaAs MESFET logic
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results partly from the higher electron mobility (6000
cm’/V-s) of the HEMT as compared to the MESFET
(4500 cm?/V-s). At liquid nitrogen temperature, the
switching time of 17.1 ps, with the power dissipation of
0.96 mW, has been achieved. The power dissipation of 0.96
mW at liquid nitrogen temperature is two times higher
than at 300 K due to the increased current from the wider
gate of the D-mode load devices designed for 77 K opera-
tion. The switching time of 17.1 ps is the lowest in Si and
GaAs logic technologies ever reported and is comparable
with that of Josephson Junction logic (13 ps) [15]. More
recently, switching times of 16.7 ps per stage at room
temperature and 12.8 ps per stage at liquid nitrogen tem-
perature have been achieved in the 27-stage ring oscillator
with E-HEMT of 1.1-um gate length. The speed—power
performances of HEMT logic are included in Fig. 2. Tak-
ing into account the results of 1.7-pm gate HEMT technol-
ogy, 1-um gate HEMT logic with an improved mobility of
about 60 000 cm?/V-s can be expected to achieve a
switching delay of 10 ps with about 100-uW power dissipa-
tion per stage at liquid nitrogen temperature.

IV. PROJECTED SYSTEM PERFORMANCES

System performances for the mainframe of a future
computer are projected and discussed, based on the results
on self-aligned MESFET and HEMT logics described in
Sections II and III.

Today’s computer systems are constructed by stacking
printed circuit boards. Fig. 8 shows chip layout on the
board, logic layout on the chip, wiring on the chip, and
external wiring between chips. System delay mainly results
from two sources: chip delay and external wiring delay.
The chip delay time 7 can be estimated from the simplified
model, i.e., 7= k(C,+mC,)/p,, where k is constant, C, is
the line capacitance, C,, is the gate—source capacitance,
and m is the number of fan-out.

Using the experimental data and the conditions of C, =0
and m =1, for self-aligned MESFET and HEMT of Fig. 2,
the k values are determined as 0.14 for HEMT and 0.56 for
self-aligned MESFET, respectively. As a result, the chip
delay can be calculated by assuming C, = 60 fF and m = 2.5,
as a function of power p,, as shown in Fig. 9. The power p,
of internal gate is limited by the total chip power P, and
the number of gates per chip, i.e., P,=n_p,+n,p, = Qa’.
Here, p, is the power of external gate to excite the external
}oad including stray capacitance of transmission line ( p, is
assumed to be 10 mW), »n, is the number of terminals
required to connect external wiring, s, is the number of
internal gates, Q is the heat flux and assumed 20 W /cm?
for liquid cooling, and a is the chip size. For a 10-kilogate
integration, p, of 1.2 mW is obtained under a of 8 mm and
n, of 100. As a result, chip delays per gate of 100 ps and 30
ps can be derived from the curves of Fig. 9 for the GaAs
MESFET and HEMT, respectively.

Fig. 10 shows the chip delay per gate as a function of the
number of gates per chip. External wiring delay is de-
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termined by the length of the external wiring network,
depending on the pitch between chips and packing technol-
ogy, and is assumed in the broken line shown in Fig. 10.
Fig. 11 shows the system delay per gate which is the sum of
the chip delay and the external wiring delay shown in Fig.
10. For small-scale integration, the most delay results from
the external wiring. For large-scale integration, on the
other hand, the chip delay is predominant. Optimum sys-
tem performances are system delays of 200 ps at 10
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ki’logatesfor GaAs MESFET VLSI, and 100 ps at 100
kilogates for HEMT VLSI.

V. CONCLUSION

For future ylarge-scale computer applications, the perfor-
mance of 100 MIPS with a system delay per gate of below

200 ps is required. To satisfy this high-speed requirement,

new device technologies aimed at GaAs VLSI have been
developed. The self-aligned fully implanted planar GaAs
MESFET logic with 1.5-um gate length exhibits a switch-
ing time of 50 ps at room temperature. The E/D type
direct coupled HEMT logic with 1.7-um gate length has
achieved a switching time of 17.1 ps at liquid nitrogen
temperature, the highest speed of any semiconductor de-
vice logic ever reported. Projected switching performance
of HEMT logic with 1-pm design rule technology shows it
to be superior 4o that of Josephson Junction logic. More
recently, 1.1-um gate HEMT logic has achieved a switching
time of 12.8 ps, which demonstrates higher speed than the
top speed of Josephson Junction logic. With the experi-
mental data on the self-aligned MESFET and the HEMT
logics, optimized system performances are projected to
system delays of 200 ps at 10-kilogate integration with
GaAs MESFET VLSI, and 100 ps at 100-kilogate integra-
-tion with HEMT VLSL
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Abstract —This paper describes a monolithic MSI GaAs word generator
that operates at data rates from a few bits /s up to 5 Gbits/s. This circuit,
with 600 active devices, consists of an 8:1 parallel-to-serial converter, a
timing generator, control logic, and ECL-interface networks. The circuit
generates multiple 8-bit words with dynamic word-length control. The
paper discusses the fabrication technology, the design of the word genera-
tor and its building blocks, and the performance of the complete chip.

1. INTRODUCTION

UTURE high-speed digital electronic systems, such as
fiber-optic communication networks or radar signal
“processors, will require test instruments that generate, re-
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ceive, and analyze data at rates greater than 1 Gbits /s.
These needs can be met with GaAs monolithic-integrated
circuits that operate at clock frequencies beyond the reach
of present silicon IC’s. The principal requirements for these
GaAs circuits in test instrumentation are as follows:

1) short gate delays and fast rise and fall times (<100
ps) for full logic swings;

2) minimum switching time jitter (e.g., minimum phase
noise in digital frequency dividers [1]);

3) compatibility with ECL families; .

4) stable and reliable operation with adequate noise
margins;

5) sufficient level of complexity to allow useful test
circuits to be realized (100 to 1000 devices per chip);

6) reasonable power dissipation per chip (<2 W); and

7) high fabrication yield in order to be cost-effective.

Among the most useful circuits for test instrumentation
having the above applications and requirements are pro-

0018-9480 /82 /0700-0998%00.75 ©1982 IEEE



