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A 6K-Gate GaAs Gate Array with a New
Large-Noise-Margin SLCF Circuit

TOSHIYUKI TERADA, YASUO IKAWA, MEMBER, IEEE, ATSUSHI KAMEYAMA,

KATSUE KAWAKYU, TADAHIRO SASAKI, YOSHIAKI KITAURA, KENJI ISHIDA,

KAZUYA NISHIHORI, AND NOBUYUKI TOYODA

Abstract —A 6K-gate GaAs gate array has been successfully designed

and fabricated using a new huge-noise-margin Schottky-diode Level-shifter

Capacitor-coupled FET logic (SLCF) circuitry and a WNX-gate self-afigned

LDD structure GaAs MESFET process. Chip size was 8.OX 8.0 md. A

basic cell can be programmed as an SLCF inverter, a two-inpnt NO& or a

two-inpnt NANDgate. The mdoaded propagation delay time was 76 ps/gate

at a 1.2-mW/gate power dissipation. The increases in delay time due to

various loading capacitances were 10 ps/fan-in, 45 ps\fan-out, and 0.64

ps/fF. A MM seriaf-to-pataflel-to-seriaf (S/P/S) data-conversion circuit

was constructed on the gate array as an application example. A maximum

operation freqnency of 852 MHz was achieved at a 952-mW power

dissipation, including 1/0 buffers.

I. INTRODUCTION

A LARGE-SCALE gate array approach is one solution

used to reduce interchip signal delay and to mini-

mize the develo~ment time for new LSI’S. GRAS is a

candidate for use in a very high-speed gate array because

of its small gate delay and low power dissipation. Several

GaAs gate arrays have been fabricated, using different

kinds of circuitry. Some of them were realized by nor-

mally-on logics, BFL [1], [2], and SDFL [3], and others by

normally-off logics, DCFL [4], [5], and SBFL [6].

Normally-on logic circuits have a large load driving

capability. However, they consume a relatively large

amount of power, 2–5 mW/gate, which makes it impossi-

ble to realize large-scale (5-1OK gate) integration in a chip

due to the total power consumption and the resulting

cooling requirements.

In contrast, normally-off logic circuits have low-power

and high-speed characteristics, and have been thought to

be the most promising for LSI’S. The noise margin for

DCFL or SBFL is, however, too small for reliable oper-

ation of GaAs LSI. This is due to the threshold-voltage

scattering in a chip, as well as its deviation in a wafer,

which relates to material and process limitations.

In response to these circumstances, the authors devel-

oped a new circuit, SLCF, which stands for Schottky-diode
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Level-shifter Capacitor-coupled FET logic [7]. The SLCF

circuit has large noise margins and high speed with mod-

erate power dissipation, and has a potential for obtaining

higher performance and higher integration with reliable

operation than any other circuitry.

This paper describew the basic properties of the SLCF

circuit, its application to the design of a 6K gate-array

master chip, the fabrication process, and the performance

of a basic gate. Application to a 16-bit serial-to-parallel-

to-serial data-conversion circuit and its high-speed oper-

ation will also be described.

II. SLCF CIRCUIT

The circuit diagram for an inverter, realized by SLCF

circuitry, is shown in Fig. 1. It has a switching stage

consisting of a load FET and a driver FET, in front of

which a level-shift stage, consisting of a Schottky diode

and a pull-down FET, is connected. All FET’s are nor-

mally-on type, and the typical supply voltages are +1.5 V

for V~~ and – 1.0 V for ~,. The main feature of this

circuit is created by the Schottky diode in the level-shift

stage, which acts not only as a level-shift diode in a dc

mode, but also as a feedforward capacitor to accelerate the

signal propagation in an ac mode.

In a dc mode, the input signal is level shifted by 0.7 V in

the level-shift stage. This avoids the clamping effect in the

gate electrode at the next stage, and the potential of the

output node at the logic stage varies between O V and V~~,

resulting in a large logic swing, which is twice as large as

that for DCFL, and thus a large noise margin. Fig. 2

shows the simulated result for the noise-margin depen-

dence of the SLCF on the threshold-voltages for load and

driver FET’s, obtained by using a SPICE simulator. The

noise-margin map for DCFL circuitry is also shown in the

figure for comparison. The gate widths of 10 pm for both

the load and driver FET’s in SLCF, and 10 and 20 pm for

the load and driver FET’s, respectively, in DCFL were

considered. The gate length for all FET’s was assumed to

be 1.5 ~m. As is clearly seen in the figure, SLCF has a
larger noise margin than DCFL. A 0.2-V noise margin can

be provided for a much larger threshold-voltage area than

DCFL, and even a 0.4-V noise margin area exists for

SLCF, which cannot be obtained in a DCFL circuit.

0018-9200/87/1000-0755 $01.00 01987 IEEE
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Schematic drawing of a 6K-gate GaAs gate-array chip,

– 0.4 V for load and driver FET’s, respectively. The power

dissipation was 1.2 mW/gate. The delay time decreased

with increasing CD/C, ratio, becoming saturated near the

C~/C, = 20 point to reach 70 ps/gate, which is almost the

same as for DCFL. This demonstrates that the feedfor-

ward capacitor coupling effect of a diode capacitor is

effective in maintaining high-speed performance without

increasing power consumption.

From these data, it can be concluded that the SLCF

circuit ensures reliable operation in LSI level integration

because of its large noise margin, while providing high

speed and low power dissipation, due to the use of the

feedforward coupling effect.

capticitor. The input signal potential at the gate electrode

for the driver F13T, Vin,, is given by III. GATE-ARRAY DESIGN

CD
Vin =

CD+ c,
Vin (1)

where CD is the capacitance of the Schottky diode, C, is

the gate-to-source capacitance of the driver FET, and Vi.

is the input signal potential at the IN terminal as shown in

Fig. 3. When CD is large enough to neglect C~(C~ >> C,),

Vi~ becomes nearly equal to Vti, meaning that the quick

signal transmission is obtained. Fig. 3 shows the measured

propagation delay time, obtained from 15-stage ring oscil-

lators using 1.2-pm gate-length FET’s, as a function of the

ratio of CD to C,. Gate widths were 10 pm for both load

and driver FET’s, and threshold voltages were – 0.6 and

A. Basic Cell

Fig. 4(a) and (b) shows the pattern layout and the

equivalent circuit of a basic cell, respectively. It consists of

one load FET, two driver FET’s, two pull-down FET’s,

and two Schottky diodes. The gate width/length are 10

pm/1.O pm for both load and driver FET’s. The pull-down

FETs were so designed that the current drive should be

one-tenth of the load FET, which results in a gate

width/length of 2 pm\2.O pm. The junction area of the

Schottky diode is 6 x 16 pm2, which is about ten times as

large as the gate junction area of the driver FET. In

addition, the diode capacitance per unit area is designed to
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be three times as large as the driver FET gate-to-source

capacitance. Therefore, the ratio of diode capacitance CD Source

to driver FET gate-to-source capacitance C, is set at 30,

which is large enotigh to obtain a feedforward effect. The

power supply lines in the cell are made of first intercon-
%ml-hsulotmg

nection metallization, where the 7-pm VD~ and ground
GaAs Substrate

lines run at the center of each cell, and the 4-~m V.. lines
Fig. 6. Cross-sectionaf illustration of an LDD structure GaAs MESFET.

for the level-shift stage are placed in the pe;phera~ area.

The size of one basic cell is 128 X 24 pm2. A basic cell can

be personalized to be one of three circuits, an SLCF
01

~

inverter, a two-input NOR, or a two-input mm gate, using

.n

‘“’:::~ZOQ~

three masks, i.e.,

/

/
first/second interconnections and a

m Conventional

g -Oi

throughhole. Personalization for an inverter is illustrated ~

in Fig. 4.
~ -ok ●

/

B. Chip Design

Fig. 5 shows a schematic drawing of a 6K-gate gate-array

chip. Chip size is 8.0X 8.0 mm2. There are 26 columns and

each column has 232 basic cells, totaling 6032 cells on a

chip.

Between columns, a channel with 21 first-level intercon-

nection lines with a 2-pm design rule for both line and

space is provided. Three second-level interconnection lines,

with a 3-pm design rule, can run across each basic cell.

The minimum throughhole size is 2 X 2 pm2.

Surrounding the array region are VDD and ground GND

main lines, 184 1/0 buffers, and 204 pads. Power supply

lines for 1/0 buffers are provided independently from the

cell array. An 1/0 cell is able to be personalized as either

an input or an output buffer for a Si-ECL and GaAs-SLCF

interface.

IV. FABRICATION PROCESS

A. LDD Structure FET

The gate array was fabricated by using a refractory

tungsten nitride (WNX) gate self-aligned MESFET process

[8]. In order to realize a high-performance FET, shrinking

the gate length is essential to obtain large transconduc-

tance and small gate capacitance. In the conventional

self-aligned structure FET, however, so-called “short-

channel effects” appeared at around 1.5-pm gate length,

making further shrinking of the gate length impossible.

The short-channel effects were analyzed by using a two-

dimensional device simulator, and it was determined that

the short-channel effects are mainly caused by the, poten-

tial lowering in the semi-insulating GaAs substrate be-

neath the FET channel layer, and are strongly affected by

the depth and the spacing of the source/drain n+ layers.

In order to avoid the potential lowering for suppressing

the short-channel effects, a lightly doped drain (LDD)

structure was introduced. Fig. 6 shows a cross-sectional

illustration of the LDD structure MESFET. The deep and

heavily doped n+ layers, whose junction depth was 0.4

pm, were separated from the gate metal by 0.3-pm-long

Gate Length (pm)

Fig. 7. Threshold-voltage dependence on gate length for LDD and
conventional structure FET’s.

sidewalls. The moderately doped n layers, whose junction

depth was as shallow as 0.12 pm, were placed between the

channel n- layer and deep n+ layers in order to reduce

the series resistance. Fig. 7 shows the short-channel effect

in the LDD MESFET, compared with the conventional

structure FET. The horizontal axis shows the gate length,

and the vertical axis shows the threshold-voltage shift from

that of a 4-pm gate-length FET. In the conventional FET,

the threshold-voltage shift started at around 1.5-pm gate

length, and reached 400 mV at 0.8 pm. The threshold-

voltage shift in the LDD FET, on the other hand, was less

than 100 mV even at 0.8-pm gate length. Thus itcan be

concluded that the short-channel effect is remarkably sup-

pressed by using the LDD structure. Consequently, the

l.O-pm gate-length FET was introduced for the gate-array

fabrication.

B. Process Conditions

The fabrication process conditions for the gate array

were as follows. Channel n – layers were formed by 28Si+

selective implantation into undoped semi-insulating 3-in-

diameter LEC GaAs wafers. The acceleration energy was

50 keV, and the dosages wqe 2.2x 1012 and 2.8x 1012

cm – 2 for driver and load/pull-down FET’s, respectively.

The active layer of the Schottky diode was formed by

double implantation under these conditions to obtain large

junction capacitance. Post-implantation annealing was per-

formed at 850”C for 15 tin in an Ar+AsH3 mixed

atmosphere without any encapsulating film. The WNX film

was deposited by reactive RF magnetron sputtering in

Ar + N2 mixed gas. Source/drain n and n’ layers were

formed by 28Si + implantation at 80 keV with a dose of

7 X 10IZ cm-2 for then layer and at 180 kev with a dose of
3 x 1013 cm – 2 for the n+ layer. Post n+ implantation

anneal was performed at 800”C for 30 min with the PSG

film as an encapsulant. The ohmic metal was AuGe/Au.
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Fig. 8. Photomicrograph of a 6K-gate GaAs gate-array chip on which
several test circuits are constructed.

First- and second-interconnection metallizations were

Ti/Pt/Au. The Au film thickness differed between the

first (0.4 pm) and the second (1.0 pm) levels, resulting in

sheet resistivities of p, = 0.07 Q/u for the first level and

p, = 0.03 fl/u for the second level. The interlayer in-

sulating film was 0.6-p m-thick Si02.

V. BASIC GATE PERFOMNCE

In order to evaluate the performance of the gate array,

several test circuits were constructured on the chip. Propa-

gation delay time dependence on the kinds of loads was

calculated by using the measured data from six different

15-stage ring oscillators. The toggle frequency was mea-

sured by using a 1/4 divider implemented by edge-

triggered flip-flops. The chip photomicrograph with the

test circuits is shown in Fig. 8.

Threshold voltages for the load and driver FET’s were

– 0.7 and – 0.45 V, respectively. The K value for the

driver FET was measured to be 1.3 mA/V2 (Wg = 10 pm),

and the typical transconductance value for the driver FET

was 220 mS/mm. The noise margin for a simple SLCF

inverter was measured to be 0.3 V, which is large enough

to ease constraints as to threshold-voltage deviation.

The results obtained for propagation delay time depen-

dence on loads are as follows. The unloaded (fan-in= fan-

out =1) delay time was 76 ps/gate and the delay time

increased at a rate of 10 ps/fan-in, 45 ps/fan-out, and

0.64 ps/fF at a power dissipation of 1.2 mW/gate. If the

parasitic capacitance for the l-mm interconnection line

length is assumed to be 70 fF/mm based on the previously

reported analytical result [4], which agrees very well with

the numerically calculated value reported elsewhere [9], it

can be said that the interconnection line load causes a

45-ps/mm additional delay.

The loaded propagation delay time is important rather

than the unloaded delay time when actual IC’S are fabri-
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TABLE I

6K-GATE GaAs GATE-ARRAY PERFORMANCE

Chip size

Circuitry

Basic cell size

Number of basic cells

Number of 1/0s

Number of pads

Power supply

Device size

Design rule for

interconnection

1st level

2nd level

Through hole

FE? performance

(measured)

Vt h

X-value

Propagat ion delay time

Unloaded ( fan-out =1 )

Dependence ~n load

Power dissipation

8.OmD X 8.Omm

sLCF

128)uq X 24jun

6032 (232 row x 26 column)

184 (max. )

204 ( including 1/0 )

+1.5 v, –1.0 v

1oJlm/ 1. O,um load & driver FETs

2pm/ 2. Oym pul l-down FE?

6ym x 10,um Schottky diode

2,um (width & space)

3ym (width & space)

2,um x 2pm

-0..45 V (driver FET)

–0, ?0 V (load FET)

1.3 mA/V2 (Wg=l O~m)

76 ps/gate

10 ps/Fan–in

45 ps/Fan-out

45 ps/mm

1.2 mW/gate

cated on a gate array. The loaded propagation delay time

is empirically given by

tpd= tpdo + (1–l) ,AtpdF1

+ (F–1) .AtP~~o + LAtpd~ (2)

where

‘pdO

A tpdF1

A tpdFo

A tpdL

I, F

L

unloaded ( FI = FO =1) propagation delay

time,

increase in delay time per fan-in,

increase in delay time per fan-out,

increase in delay time per unit interconnection

line length,

number of fan-ins and fan-outs, and

interconnection line length.

If the average loading condition is postulated to be fan-

in =1, fan-out = 3, and interconnection line length =

2 mm (140 fF), which is similar to the loading conditions

used for Si ECL and Si CMOS gate arrays, the loaded

delay time becomes 256 ps/gate.

The 1/4 divider, which was constructed from two edge-

triggered flip-flops using 19 cells, operated at 870-MHz

typical toggle frequency. The power consumption was

25 mW.

The gate-array performance is summarized in Table I.
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Fig. 9. Logic diagram for a 16-bit S/P/S circuit.

Fig. 10. Photomicrograph of a 6K-gate GaAs gate-array chip, applied
to S/P/S circuits.
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Fig. 12. Distribution of the maximum clock frequency ~~= for 16-bit
S/P/S circuits.

latches, 15 two-input multiplexer, 110 NOR gates, and 22

1/0 buffers. It operates as a 16-bit serial shift register, a

16-bit serial-to-parallel data-conversion circuit, and a 16-bit

S/P/S data-conversion circuit at the same time. Fig. 10

shows a photomicrograph of the fabricated gate-array chip,

on which two 16-bit S/P/S circuits, one 32-bit S/P/S

circuit, and a test element group (TEG) were constructed.

One 16-bit S/P/S circuit used 579 basic cells and oc-

cupied approximately 20 percent of the gate-array area.

For a 32-bit S/P/S circuit, 1011 basic cells were used and

approximately 40 percent of the area was occupied.

High-speed testing was performed directly on a wafer

using a 50-Q measurement system. Fig. 11 shows an exam-

ple of test results for a 16-bit S/P\S circuit at a 754-MHz

clock frequency. The input data pattern was 10100101, and

the waveforms for the input clock, the output data of the

counter circuit (1/16 clock), the output data of the serial-

input shift register, and the output data of the serial-

output shift register are shown in Fig. 11. Power dissipa-

tion was 689 mW for the S/P/S data-conversion function

block and 186 mW for 1/0 buffers. Fig. 12 shows the

distribution of the maximum operation frequency f~m in

the measured chips. This circuit operated typically up to

700 MHz and the maximum clock frequency found among

the measured chips was 852 MHz, where power consump-

tion were 745 mW for the internal circuits and 207 mW

for the 1/0 buffers. This speed indicated that the gate

delay time for the critical path inside the circuit was 220

Fig. 11. Input waveform for input clock and output waveforms for
counter circuit (1/16 clock output), input serial shift register (shift-
register output), and S/P/S converted data (data output). The input
pattern is 10100101. The clock frequency is 754 MHz and to@J power
dissipation is 875 mW.

VI. APPLICATION

In order to demonstrate the high-speed performance of

the gate array, a 16-bit serial-to-parallel-to-serial (S/P/S)
data-conversion circuit was designed and fabricated on the

gate array as an application example. Fig. 9 shows the

logic diagram consisting of a 16-bit serial input register, a

16-bit parallel latch, a 16-bit serial output register with

multiplexer, a counter circuit, and a clock driver. This

circuit is constructed from 38 edge-triggered flip-flops, 16

ps/gate, which approximately agreed with the simulated

result by using the measurement data obtained from the

ring oscillators as mentioned previously.

VII. CONCLUSION

A 6K-gate GaAs gate array was developed by using the

newly developed SLCF circuitry, which ensures reliable

operation in LSI level integration because of its large noise

margin, while using the feedforward coupling effect to
provide high speed and low power dissipation. A basic cell

can be programmed as an SLCF inverter, a two-input NOR,

or a two-input NAND gate. A l.O-pm WNX-gate self-aligned

LDD structure MESFET process was adopted to fabricate

this gate array, in order to obtain a high-performance FET

by shrinking the gate length while suppressing the short-
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channel effects. The basic performances for this gate array

were evaluated by several test circuits. The unloaded delay

time was 76 ps/gate at a 1.2-mW/gate power dissipation,

and the increases in delay time due to loading capacitances

were 10 ps/fan-in, 45 ps/fan-out, and 0.64 ps/fF, result-

ing in a loaded propagation delay time of 256 ps/gate

under the condition of three fan-outs and 2-mm intercon-

nection line length. A 16-bit S/P/S data-conversion cir-

cuit was constructed on the gate array as an application

example, and the maximum operation frequency of 852

MHz was achieved at a 952-mW power consumption,

including 1/0 buffers.
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