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ANNUAL TECHNICAL REPORT
FOR
GaAs FET LOGIC AT LOW TEMPERATURES
CONTRACT NO. N00014-79-C-0789
1 SEPTEMBER 1979 - 31 AUGUST 1980

SECTION I
INTRODUCTION

This report covers the progress made during the first year of a
continuing research program, Contract No. N00014-79-C-0789, to investigate the
potential speed advantages associated with the operation of GaAs inteqgrated
logic circuits at low temperatures (77 K). Research has been carried out in
conjunction with an internally-funded program to develop a viable, room-
temperature, high-speed GaAs logic technology. The material and processing
technologies are being systematically developed for reproducibility, unifor-
mity, and high yield appropriate for MSI circuit complexity. More recently,
Texas Instruments has been awarded two Air Force programs (F33615-80-C-1171
and F33615-80-C-~1047). The principal objective of the first program parallels
that of Tl's internally funded program. The principal objective of the second
program is to develop the technologqy required for the design and fabrication
of high density, high performance, low power GaAs integrated memory circuits.
Progress made on these programs has contributed significantly to the present
program and is expected to continue to do so. Therefore, in this report we
will also cover related topics of importance to the present program.
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SECTION II
MATERIAL DEVELOPMENT

A large number of GaAs epitaxial structures have been grown by vapor
phase epitaxy on Cr-doped semi-insulating substrates during the past year.
The doping concentration of the active layer encompassed the low 1015 cm-3 to
the high 1016 ¢m-3 range. The active layers were grown on buffer layers
having a typical thickness of approximately 3 um. The surface morphology of
the epitaxial layers has been very good. Van der Pauw mobility measurements
on some of the slices have been made at 300 K and 77 K (see Figure 1). In
general, the measured mobilities are comparable to those reported in the
literature, Mobility ratios [R, = u(77 K)/ u(300 K)] between 3 and 4.5 are
obtained for mid-1015 ¢m-3 doped active layers. This ratio decreases as the
doping of the active layer increases. Mobility measurements using a fat-FET
structure have been correlated to van der Pauw mobilities at both 300 K and 77
K. The two methods of measuring mobility agree to within +15%,

The active layers were purposely grown thicker than required. Without
anodic thinning, material uniformity is not adequate for circuit processing.
Consequently, anodic thinning is employed to improve uniformity to an
acceptable level (see Table 1). This procedure has also been applied to
~ 1016 ¢m-3 vPE layers with success. Using preliminary CV material character-
ization data, the slice is then uniformily etched to a thickness slightly
greater than that appropriate for a pinch-off of -2.5 V, The desired
pinch-off is subsequently achieved by a gate recess etch step.

Because it is plentiful, we have typically used anodically thinned VPE
layers doped to ~ 1017 em-3 for process and circuit development. More
recently, the use of ion-implanted material 1in process development has
increased because its reproducibility and uniformity have been favorable.
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Table |
Long Range and Medium Range Uniformity Data

o

Lot No.

-t S e

75 25.0

N
"
; ID max IDSS
: {mA) (mA)
4 Center 28 18.5
K NE Corner 28 20
? NW Corner 27 17
% SW Corner 32 22
'g SE Corner 38 30

Test FETs (W = 100 um)

i ID max IDSS
Field o) ()
. 505 27.5  17.5
- 510 29.5 19
- 515 2.5 15
705 27.0  18.5
710 28.5 19

17

11

Vp

W)
2.1
2.2
2.0
2,25

2,25
2,2

505 test FETs (w =100 ym) : 4 x 5 master fields

9, ¢
(ms) (10'? cn?)
13.6 1.10
121 1.25
14.3 1.03
14.3 1,22
1.4 1.73

Vs

W)
0.8
0.9
0.9
0.85
0.9
0.9

: Same master field near center of slice.

<1 SO e

v e A

10.5




SECTION III
PROCESS DEVELOPMENT

: The major part of our effort has concentrated on developing a standard,
high-yield, reproducible fabrication process. The process, at present, is
adequate for MSI (~ 80 gate) circuit complexity. This present standard

t

process consists of device isolation, nitride patterning for e-beam alignment

marks, ohmic contact formation, metallization for material characterization,
» gate delineation, first level metal, dielectric stand-off patterning, second
i level metal, and final encapsulation. Each step involves an average of about
f 20 separate operations. The steps are under adequate control for yields of
: ~ 70% for 12-stage inverter chains having 1.0 um gates. Slice yields are
, *f ~ 50% with slice breakage being the dominant factor in yield 1loss. A
i' é hrief discussion of the process steps follows.
»
| ? A. Device Isolation
N Anodically thinned VPE material was used during the initial stages of

process development. The relatively thick active 1layer is conveniently

isolated by mesa etching. This step is highly reproducible and is capable of
| accurately delineating 4 um features. However, it has a minor drawback. The
nonuniformity of the e-beam resist thickness at the mesa edge results in a
tighter exposure window for 0.5 um gate Tlength circuits.

A second procedure for device jsolation is B* isolation. This procedure
is appropriate for the relatively thin (~ 0.3 um) ion-implanted active layers.
This procedure also is highly reproducible and is compatible with subsequent
processing. When applicabhle, it is the preferred technique.

B. Nitride Pads For e-Beam Alignment Marks

' This step involves delineation of 1large geometries. Occasionally,
deqgradation of the e-beam alignment marks has been observed after alloying.
We helieve this is due to the nitride quality. A production-worthy plasma
nitride deposition machine is presently being installed and is expected to
improve nitride reproducibility.

4n--u-h--n-u------n-------h-------llllllllil---l'i




C. unmic Contacts

The requirements for ohmic contacts are replication of small, rlosely
spaced features; low contact resistance; contact uniformity [tc the edges);
reproducibility; high quality alignment marks; edge acuity; and adeauate
surface morphology. Although initially we experienced considerable difficulty
with this process step, the current standard process adequately satisfies all
these requirements. Figqure 2 shows an  ohmic contact test patfern and *'rne
subsequent gate level alignment to it. Such  results are typical of re
process which employs a Ni/AuGe/Ni metallization and a subsequent ~ 43(FC
alloying temperature cycle. No contact failure has occurred since the process
has been standarized. It is worth mentioning that low contact resistance to
mid -1015 ¢m-3 doped layer has also been obtained reproducibly.

After completion of this step, data are taken to characterize the
contacts, the isolation, and the metallization resistance. In addition, data
are taken to characterize the long-range, medium-range, and short-ranue
material uniformity. Material with serious deficiencies 15 screened at th:s
point.

D. Metallization for Material Characterization

Metallization for material characterization involves delineation of large
geometries (» 5 um). CV and fat-ff7" structures arn fabricated. This step
helps determine more precisely the amount of gate recess etching required to
obtain the desired pinch-off voltage (and thereby improves s..ce yield).

Data taken at the completion of this step include a pinch-off voltage map
and a CV profile map.

E. Gate Delineation

The Ti/Pt/Au gates are defined with e-beam lithogqraphy and lift-off. A
dramatic improvement in yield over optical lithoaraphy was obtained for aqate
lengths of 2 ym or less. As noted earlier, care is required to delineate 0.5
um gate lengths due to e-beam resist thickness variation at the mesa edge.
Nevertheless, dual-qate FETs with 0.5 um gates {100 ym wide) on a 1.5 unm
center-to-center spacina can be formed with a visual yield of ~ 85% and an

electrical yield of ~ 60% (see Fiqure 3).
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Figure 3

SEM Photograph of bual Gate Test “:' «iugic Slice 7982-136) .
The gate lengths are 0.5 um, and the ~orce-drain spacing
is 4 wrs. Ohmic contacts are 0.15 u th.ck; the gate metal
is ~ 0.5 um. Beam angle 60 . Llenath of bright line in

lower right-hand corner is 1
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The e-beam machine used, EBM-VI, is a fully automated production worthy
instrument. Circuit qeometries, obtained by automated techniques, serve as
source input to a computer program which generates a pattern generator input
tape for EBM-VI, The input tape is used to generate all GaAs logic optical
mask levels and used for direct slice writing. Circuit modifications are
rapidly implemented by altering the source file.

F. First Level Metal

A nitride assisted lift-off is employed for first level metal. The
nitride also serves to passivate the GaAs surface of the active channels. Bar
patterns of 2 yum lines and spaces are reproducibly delineated. Figure 4 shows
representative structures that can be replicated with high yield even for a
metallization thickness of ~ 5000 A, The "rabbit-ear" problem, often observed
with 1ift-off processes, has been significantly reduced by the processing

procedure employed.

G. DNielectric Stand-Off

A~ 1um thick polyimide layer 1is employed in this step. Test patterns
consisting of 50 serially connected vias ranging froml to 5 um by 8 um are
delineated.  The underlying nitride layer is used to help determine when the
vias are cleared, The yield of 50 serially connected 3 x 8 um vias is
typically ~ 50% while the yield of 4 and 5 um vias is 90% and 100%
respectively, Figure 5 shows SEM photoqraphs of a portion of the via test
pattern; the magnified view of one of the vias details the sidewall profile.
The yield of 0,1 mm2 overlay capacitors (another test pattern) is > 95%,

suagesting a pinhole density < 50 cm-2,

H. Second Level Metal

The Ti/Au metallization is patterned by 1ift-off. Bar patterns of 2 um
lines and spaces are reproducibly delineated (see Fiqure 6). Since the yield
of stitch bonds to second leve) pads located atop the polyimide was not very
high, these were relocated atop the nitride.
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Figure 6 Second Level Metall zation Bar Pattern Atop Polyimide




I. Final Encapsulation

Bonding pad openings in a second ! um thick polyimide are made for final
encapsulation.

Although a considerable amount of progress in process development has

been made during the past year, refinements in the standard circuit fabri-
cation process are expected to continue during the next year.

We have performed some preliminary n*t ohmic contact studies. Room-
temperature, low-enerqy, co-implants of Si + S, Si + Se, and Si + P, as well
as Si alone were investigated. Several different implant doses were used for
each case. Although definitive conclusions are not yet possible, the best
results have been obtained with Si only implants. AuGe/Ni contacts were used,
followed by sintering at 350°C. Results from these experiments have not been
incorporated into the standard process because reproducibility has not yet
been demonstrated.
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SECTION IV
CIRCUIT DEVELOPMENT

Two mask sets, B and C, with the three inverter confiqurations shown in
Fiqure 7 have heen employed. The gate width of the switch FET (Wg) is 20 um,
Circuit (h) is a scaled-down version of the inverter confiquration we had used
earlier. Circuits (a) and (c) are confiqurations which have been analvzed in
detail by Barna and Liechti.!

The first mask set (Mask B) uses the three circuits of Figure 7. Each
1.5 x 1.5 mm subfield contains one of each of the circuits. The master field
consists of a 2 x 3 array of the subfields such that source-drain spacing of 5
and 7 um and gate lengths of 0.5, 1.0 and 1.5 ym are ohtained simultaneously.
The gate 1level pattern 1is arranged to be compatible with minimum e-beam
exposure time. Included in the master field are various test striuctures for
material characterization and process development.

For further process development aimed at a high yield MSI capahility, a
second mask set (Mask set C) incorporating rina oscillators and advanced test
structure was implemented. Fiqure 8 shows a mosaic photoqraph of the 6 x 6 mm
master field of Mask set C, which is composed of a 3 x 3 array of subfields.
The circuits contained in this master field are summarized in Table 2, and the
Tocation of the test patterns is indicated. The three inverter confiqurations
of Fiqure 7 are arranged in 5-and ll-stage rinqg oscillators (ROs). Photo-
graphs showing the details of circuit layout are presented in Fiqure 9, The
alphabetic character in the lower left-hand corner of each subfield corre-
sponds to the inverter confiquration defined by that fiqure. Going from
bottom to top in each subfield, the gate lengths are 1,5, 1.0, 0.5, and 2.0
um. From left to right, the fan-out loading is 1, 2, 4, and 8 [consisting of

1n, Barna and C. A. Liechti, "0ptimization of GaAs MESFET Loaic Gates with
Subnanosecond Propagation NDelays," J. Solid-State Circuits, SC-14, 708 (1979),
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Figure 7 Inverter Configurations Employed in ''Cold Logic B'' Mask Set
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Table 2

Circuits and Test Patterns Contained on Mask Set C

Mask Set C
o 5-stage and ll-stage ring oscillators
o 3 circuit configurations
o 0.5, 1.0, 1.5 and 2.0 um gate length circuits
o Fan out of 1, 2, 4, and 8
o Test Patterns

- 10, 20, 40, 80, and 100 um test FETs: top center - all

subfields
- Diode strings: NE - column 3
- Single inverters: Periphery of all subfields

- Van der Pauw: SE - C3

- CV and fat-FET structure: WSW - all subfields
- Contact resistance pattern: SW - A3

- Isolation pattern {(ohmic & Schottky): SW =~ A3
- Meander lines (each level): lower center - A3

S - B3 & C3
- Metallization mimic: E - column 3
- Gate alignment to ohmic contact pattern: S - B3 & C3
- Bar patterns (each metallization level): S - B3 & C3
- Crossovers (5 varieties): NW = column 3
- Via test pattern: SW - B3 & C3
- Via clear pattern: S - B3
- Overlay capacitors: SE - A3
- Interdigitated capacitor: SE - B3
- Bar pattern for e-beam (each level): S - A3

, Note: Column number is identified by the number of dots under the
alphabetic character.

T U PR O

- 2, 4, 6, 8, and 10 um metallization interconnect pattern:
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(b)

Figure 9 Detailed Views of Mask Set C Circuits
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source-gate capacitances; see Figure 9(d)]. The ll-stage ROs in column 3 are
used to confirm the propagation delays obtained from the five-stage ROs and
for acquisition of yield and power dissipation data. Pads are provided to
permit fabrication of ROs and/or inverter chains; these can be altered at will
when the gate level pattern is delineated.

Mask set ( includes four mask levels for experimental purposes. One
level is for nt* ohmic contact studies. Another is for a deep implant to
reduce the series resistance of the Schottky diodes. The remaining two mask
levels are for investigating different alignment schemes so that subsequent
levels can be aligned to the n** implant.

20
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SECTION v
ELECTRICAL CHARACTEXIZATION

A. STice Characterization

Electrical data is taken after certain steps in the fabrication sequence
are completed, Table 3 summarizes data for a particular slice which was sheet
implanted with Se at a dose of 5.0 x 1012 and 1.5 x 1012 c¢m~2 at 360 and
150 keV respectively. For device isolation, the B*Y -implant procedure was
used. The slice was processed with a 500 A qgate recess etch and a gate metal
thickness of 2250 A. The gate level was patterned by EBM-VI.

The resistances and current density handling capability of the various
metallizations shown in (A) of Tahle 3 are typical. A1l are considered to
have adequate current carrying capability. (B) shows the yield of 8 serially
connected gateless FETs, {C) shows the yield of the gate stripe shared by
five closely spaced test FETs. Pads at each end of the gate stripe are used
to test for electrical continuity. The gate re<istence i< 1in a reasonable
agreement with the data shown in (A). The q:.0 stripe yis'd is typical of
that observed on other stices. (D) shows contact resistance results. The
specific contact resistance, r., 1is larger than the 10-6 p-cm? typically
observed on VPE or Si-implanted slices, but does not appear to significantly
affect circuit performance (see Table 6). The activation efficiency as
deduced from the contact resistance pattern is not in agqreement with that
ohtained from the C-V profile. The difference is believed to be caused by the
existence of interface states at the nitride/GaAs interface, which partially
depletes the underlying active layer. The interface state density appears to
be independent of processing procedures and/or whether a "free" GaAs surface
or a nitride covered surface is used.

Isolation results, shown by {E), are acceptable and typical of B* -im-
plant isolation. (F) shows diode string yield and electrical characteristics.
(G) shows the barrier height ohtained from ° data taken on the CV structure
used for profiling the doping concentration. The barrier height is in the
normal range. (H) shows the average rahility d4s determined from fat-FET
measurements. The averaage mobility for this ion implanted slice
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Table 3
Slice Data
Lot C-5, Slice 80C1-40(60)

Cr doped (100) Bridgman (Ingot No. M=5-45)
imptant: 5.0 at 360 and 1.5 x IO]2 cm-2 at 150 Kev

+ .

B implant

Metallization Resistance

ohm/sq. Imax’ mA/ um

Ohmic metal: 2.70 10
Gate metal: 0.20 30
First-level metal: 0.10 50
Second-level metal: 0.09 20
Metallization Mimic: 20 of 20 good
Gate Stripe Yield

0.5 x 320 1: 18 of 31 good R 2155 @, | = 50 mA

1.0 x 320 ym: 27 of 27 good R= 85 q, I, = 80 ma

Contact Resistance: RC = 0.82 q-mm, Rg = 650 /o, LT = 2.5 um

r. = 10.3 x 10-6 Q-cm2
Activation efficiency: ~ 43% (from contact resistance pattern)
~ 72% (from CV profile)

lsolation Across 6 um
Gap at 10 V: 2 and 10 yA/mm without and with lights
{ohmic contacts)

Three-diode String: 15 of 15 good
(20 um wide) (series) = 600 Q

n¥1.3

v(interCept) = 2.0V

Reverse leakage = 1 pA at 18 v
Barrier Height: ¢ B> 0.78 eV, n = 1.2
Average Mobility: u = 2925 cm2 V-‘s-'
Via Test Pattern Yield: 10 of 16 good for 5 x 10 um vias;
(50 serial vias) Jmax ~ 30 mA/um
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J. Interconnect Yield:
(50 serial first-level
metal to gate-level
interconnects)

K. Overlay Capacitor Yield:

L. Crossover Yield:

1.

2.

M. 100 um Test FETs (W = 100 um):

SW corner
NW corner
NE corner
SE corner
Center

Gate over active regions:

Second-level metal over
first-level metal:

Second-level metal over
gate metal:

Second-level metal over
polyimide islands:

ID
max
at VG= +0.7 V

(mA)

33
38
38
38
35

N. 100 um Test FET (W = 100 um):

Subfield

A3
B3
c3
A2
B2
C2
Al
B1
C1

|
D
max

gmA)

3h
35
34
35
35
34
36
37
36

2 um lines - 21 of 23 good; Jm w 60 r

9 of 9 good (area =

10 of 10 good

10 of 10 good

9 of 9 good

16 of 16 good

ax

0.1 mmz)

RD ’ Q/D
0.14%

0.08
0.08

0.09

A/

18 x 18 mm field ( 3 x 3 master fields)

‘DSS
(mA)

25
30
30
30
27

Same master

P
W) ms)

10
12
12
12
12

N NN
T
Vivi oo

ON

field near center of slice

Ipss Vo 9, Rown
{mA) v) (ms) ()
25 2.5 12 60
27 2.5 12 60
26 2.6 R 60
27 2.5 12 60
26 2.5 12 60
26 2.5 12 60
28 2.5 1 60
29 2.5 1 60
29 2.5 10 60
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0. Current Proportionality Test: | values at 2.5 V in mA

DSS
Slope
I Width in um r (mA/1:m)
] lo 8 k20 1o
3; SW corner 25.0 20.0 9.8 5.4 3.0 0.9997 0.245
ke NW corner 30.0 22.5 12.0 6.5 3.5 0.9983 0.287
L NE corner 30.0 24.0 12.0 6.6 3.5 0.9999 0.294
< SE corner 30.0 23.0 12.5 6.8 3.8 0.9991 0.285
% Center 27.5 21.5 11.6 6.0 3.3 0.9996 0.265
%
.
<
f
:
4
&
!

[
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is less than that typically obtained on VP! material (- 4500 o sl
The yield for the via test pattern {see ) on this slv e was nferior . rr.
typically obtained. Typically, the yield of 4 and § ny < = v1as 1% PR

~ 50%, respectively, on most slices, The current density handling capahilt-ty

of the vias is considered adequate. The 1nterconnect yield, shown by [0, s
well as the current density handling capability is deemed adequate. [K) shows
the yield of the overlay capacitor, Typical yields for such structures are

> 95% suqgesting a pinhole density < 50 cm=Z,

On another slice, the capacitance was mapped. The mean capacitance was
1.83pf with a standard deviation to mean ratio of 3% which suggests acceptahle
polyimide thickness variation. The relative dielectric constant for the
polyimide was determined to be 3.70, in _lose agreement with the manufac-
turer's specification, confirming that it is thoroughly cured. The tempera-
ture coefficient of the polvimide was measured to bhe -N.8%/°C which makes 1t¢

use for filter capacitor applications unlikely.

The crossover yield pattern (see L) consists of a 2.% x 1250 um meanaer
line with 110 crossing. The crossover yields have always been good even when

the mesa isolation technique is employed.

The results of measurements on test FETs are shown in (M) through (1),
The long-range uniformity results are shown in (M), The associated profiles
of these same subfields are shown in Fiqure 10. The correlation between the
profiles and FET characteristics is qgood. The uniforrnty of device character-
istics is adequate for digital circuit applications, as sugqested by the yiel!
data that follow. (N) shows the medium-range uniformity results, which are
quite good. (0) shows the local unifornity. Here, the scaling of device
current with device width is reasonably linear, as evidenced by the correla-

tion coefficient, r. The slope data agree with the data of (M).

B. Yield

To permit a detailed yield analysis of the circuits on Mask set C, the
ring oscillators on both slice 80-C1-40(60) and slice BU-C1-58(29) were not
closed, but rather brought out to two closely spaced pads. Slice 80-C1-58(29)

was scribed, and chips were mounted in 28-pin packaqges for evaluation. The
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Lot

P
Slice BOr1-LG/o0:
.
<. |0l7 -
- -
=
b
-
, i
I
¥ -
¢
|
. 't L
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! -
E -
-
=3

Center

T

Free Electron Concentration

* 'L
-
P <
10'“ , | 9 ] 1 1 L1 1 1 1 ] 1
0 ] 2 3 L 5 6 7

Depth from Surface (k&)

Figure 10 profiles of Subfields Associated with the Test
FETs Shown in Table 3 (M)
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overall yield was ~ 75% for the six-stage inverter chains. The criterion used

to define a “good" circuit is its transfer characteristic, which should be of
the type shown by Fiqure 11. Note the oscillations at the transition points.
They are believed to be the result of capacitive feedback across the two
closely spaced pads.

For a more detailed yield assessment, slice 80-C1-40(60) was evaluated in
slice form, A1l 12-stage inverter chains on the slice were probed. The
results, summarized in Table 4, clearly indicate the need for improved yield
of 0.5 um circuits. The data also suggest that yield loss due to all factors
other than the qate level step is ~ 25%.

C. Power Dissipation

Table 5 shows the power dissipation of the different inverter config-
urations (see Fiqure 7)., The results were obtained from measurements on
functicnal 12-stage inverter chains and clearly show the dependence of the
mean of the power dissipation on pinch-off voltage. Reasonable aqreement
between the slices is obtained when the power dissipation is normalized either
to the square of the pinch-off voltage (including the barrier height) or to
the charge underlying the gate. Normalizing the power dissipation to circuit
(a), the power dissipation of circuits (b) and (c) are ~ 80% and ~ 55%,
respectively. The ratio of standard deviation to the mean of the power
dissipation suggests the need to continue to 1improve Jlong-range material
uniformity.

D. Low Temperature Characterization

Results described in this sub-section were obtained from single stage
inverters using Mask set B. The active layer concentration of ~ 5.5 x 1016
cm=3  was obtained by S-doping of the epitaxial layer atop an undoped buffer
layer of ~ 3 um (both grown sequentially by VPE on a Cr-doped, Bridgman
substrate). Average mobility of measurements for this slice ranged from 4400
to 5400 cm? V-1 s-1 at 300 K. Ry ranged from 1.03 to 1.07. This slice, as
well as many other slices, exhibit mobility peaks lying between 300 and 77 K.
[This temperature is estimated to be about 160 K.] The ratio of the peak
mobility to the mobility at 300 K of this slice ranged between
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1.20 and 1.23. No significant difference (~ 7%) in C-V profiles at 300 and 77
K were observed for the few slices so characterized. This observation 1is
further supported by the van der Pauw measurements at 300 and 77 K
(concentrations typically within = 15%), The long range and medium range
uniformity for this anodically thinned slice was acceptable as evidenced by
the data presented in Table 1.

1. Low Frequency Characterization

Chips were mounted in 28-pin packages for low frequency and low
temperature characterization. The test FETs, logic branches, and voltage
shifter branches were characterized at 300 K and 77 K. Figure 12 1is an
example of such characterization for the logic branch. The transition points
of these circuits conform to expectation (see Figure 7). Other features are
noteworthy. First, from test FET characteristics, Ipgg increases by 46% at 77
K compared to 300 K. This is reflected by the characteristics shown in Fiqure
12, where the logic branch current at zero gate voltage increases by ~ 35%.
Second, Ry, decreases by ~ 15%, while the transconductance increases by ~ 20%.
Third, the transition point of the logic branch is not significantly altered.
Fourth, the sum of the pinch-off voltage and built-in voltage increases bhy ~
16% at 77 K compared to that at 300 K,

The transfer characteristics and power dissipation of the inverters
were assessed next. A typical transfer characteristic is shown in Fiqure
13(a). An input trianqular waveform that ramps between 0.7 and -2.5 V at 1
kHz was used. The circuit bias supplies were adjusted to result in output
levels at 0.7 V and -2.5 V. Voltage gain for circuits (a) and (b) was
typically between 4 and 5, while that for circuit {c) was usually about 2.5.
The transfer characteristics are unchanged over the 1 Hz to 1 MHz frequency
range. At 77 K, without changing the bias supplies, the upper output level
decreased to~ OV, as shown by Fiqure 13 (b). The output Jlevels were
recovered by readjusting the bias supplies; Fiqure 13 (c). The increase in
power dissipation is typically about 80 to 90%.
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Circuit a

Circuit b

Circuit ¢

All traces: V - 0.5 mA/div " L iy
Step 0.5V Crre .

Figure 12 louic Branch Characteristice «: - _ tor car
Device J16~2
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2. High Frequency Characterization

Microstrip circuit arrangements shown in Figqure 14 were used for
testing at high frequencies. A 10 ko chip resistor was wused to avoid
excessive loading of the output, and the bias Tlines were shunted to qrou.d
through a 0.01 uF chip capacitor. The test equipment set-up employed is shown
schematically in Fiqure 15. The circuits were first tested in the low
“ccquency setup to ascertain the appropriate hias conditions hefore testing in
the high frequency setup. The response of an inverter to a 0.55 GHz sine wave
of 3.2 V peak-to-peak is shown in Fiqure 16 (a) through (c) for cate bias of
-0.65, -1.25, and -0.25 V, respectively, Here a circuit {b) from lot 1l was
emloyed, and hias conditions were identical to those at Tow frequency. Note
that the response waveform changed in the expected manner with gate hias.
Such means, amonq others, were always employed to verify proper circuit
action. Fiqure 16 (d) shows the response to a 2.4 GHz input signal.  Good
clipping action with rise and fall times of ~ 100 ps was still obtained. At
4.0 GHz [Fiqure 16 (e)] clipping action is no longer observed, suqgesting that
it is the upper frequency limit for this particular circuit. However, at 77 X
[Fiqure 16 (f)], clipping action is again observed, with rise and fall times
improved to ~ 50 ps. Fiqure 16 (g) shows the response to a 4.0 GHz signal hy
a circuit (b) from the same slice with 0.5 um gate lerqths. Unlike *he 1 um
aate length circuit [Fiqure 16 (e)], clipping action is evident, and rise and
fall times are imnroved hy a factor of about two. It ic significant that the
0.5 um circuits have been operated at frequencies up to 8.0 GHz. The response
becomes increasingly more ‘“sinewave-like" with a aqradually decrease in
amplitude as the frequency is increased. [t is not known at present if this
behavior is due to the bandwidth Tlimitation of the measuring system (14 GHz)
or due to the circuit itself, Finally, for circuits having the same qate
lenqgth and with no fan out, preliminary results indicate that the performance
of all the circuit confiqurations shown by Fiqure 7 s not siqnificantly
different (less than a factor of ~ 1.5).
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“igure 14 Microstrip Circuit Arrangemerts for High Frequency
Tests. The ceramic microstrip circuits are 7.5 mm
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(a) f = 0.55 GHz

V. = =0,6
g 5V

-0
(b) f = 0.55 GHz
V. o= =1,2
g 5v
-0
(¢) f = 0,55 GHz
= =0,25 Vv
Vg 5
-0
(d) f = 2,4 GHz
v } v/idiv W 100 ps /div

Figure 16 Inverter Reepons. ta Sine Wave taputs. All are for
circuit (b) with «ource-d-ain «pacing of 5 um,
(a) through (1) are tor the same circuit with L = 1 um,
while (g) i~ tor an L 0.5 mcircuit. T = 300 K except

for (f). For ail cases, no fanout loads were employed.




o

’e

(e) f = 4.0 GHz

v - by H == 100 ps

(f) f = 4,0 GHz
T=77K

V=1 v/div h = 100 ps

(g) f = 4,0 GHz
L = 0.5 um

-

V- 1 v/div H 100 ps/div

Figure 16 (continued)
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By suitable arrangement of the input and output Tlines (semi-rigid

coaxial cables are used), the circuits were operated at 77 K simply by immer-
sion into LNp. As at low frequencies, the power dissipation at 77 K was 80 to
90% greater than at 300 K. The total arrangement withstands at least two
temperature cycles without any alteration in electrical performance.

3. Discussion
The observations that the mobility and concentration profiles are
approximately the same at 300 and 77 K while the Iga7 value is ~ 46% greater
at 77 K compared to that at 300 K suggest the saturation velocity at 77 K is
also approximately 46% greater at 77 K than at 300 K. This is supported by
comparing the first two lines of the power dissipation data shown in Fiqure 13
where the power dissipation increased by 58%.

The observation that the sum of the pinch-off voltage and the
barrier height, V& , increases by ~ 16% at 77 K compared to that at 300 K is
also reflected by the Tast two data lines of Figure 13. Vpp and Vgg were
increased by 13% and 5%, respectively, to recover the initial output logic
levels; Ipp and Igs also increased correspondingly. Since power dissipation
varies approximately proportionately to IsaT V'pz, the power dissipation would
be expected to increase (1.46)(1.16)2 = 1.96 which is in reasonable agreement

with the 92% increase actually observed.

The reason for the increase in Vp' is not completely clear. The CV
profile at 77 K is shifted to the right (away from the surface) of the 300 K
profile by ~ 7%. This could be interpreted to mean either the dielectric
constant has decreased by 7% or some electron traps present at 300 K are no
longer effective at 77 K. The first assumption implies a 7% increase in Vp'
while the second assumption implies a 14% increase in Vp'. This suggests the
second assumption is more likely to be the correct one.

39

S e e ® i s

PR

B i i e a1t




Based on gm = IDmax/Vp" the device results indicate a speed
advantage of ~ 26% can be expected at 77 K compared to that at 300 K, Though
qualitative, the measured results to date suggest a much greater speed
advantage. The accuracy of comparative speeds 1is expected to improve
substantially with the use of ring oscillators for test circuits.

E. Ring Oscillator High Frequency Results

The inverter chains of slice 80C1-40(60) were converted to ring oscil-
lators (ROs) by shorting the two closely spaced pads. The frequency of
oscillation of the ROs was detected with the use of a spectrum analyzer. Bias
supplies were adjusted to maximize the fundamental and third harmonic
components. Three of each type of circuit (a), one of each type of circuit
(b), and two of each type of circuit (c) were sampled. A1l ROs tested were
located in the same slice region. Although the data hase is limited, (the
slice was lost during additiona) bonding operations because of operator error)
and has not been confirmed by direct waveform observation, a number of useful
tentative conclusions can be drawn from the data. The measured propagation
delays, shown in Table 6, are averaged values; the data for circuit (b) were
not sufficient to be included. The values shown by Table 6 are typically the
average of two measurements. These values qenerally were 1in agreement to
within 20%. Propagation delays obtained from 1ll-stage ROs were typically
about 20% greater than those ohtained from the corresponding 5-stage ROs. The
yield of operating ROs was comparable to the yield obtained under low
frequency test conditions. Uniformity of dc operating voltages and resulting
currents was good.

The data of Table 6 are plotted, with some curve smoothing in Fiqure 17.
Preliminary conclusions are given below; however, it should be noted that they
are applicable only to the particular circuit layout used. (a) For FO < 4,
only a ~ 20% improvement in tp is obtained when L is reduced to 0.5 um from
1.0 um, This is true for both circuit configurations. (b) Circuits with L >
1.0 um suffer significant speed Tloss. This deqgradation increases with
increasing FO.  (c) The advantage of circuit (a) over circuit (c) in terms of
speed is ~ 25% for FO < 2. This advantage increases significantly for FO > 2.
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Table 6

Propagation Delay (Picoseconds) vs Gate Length fum) and Fan-Out

E
E Circuit: 5-Stage ROs Slice: 80C1-40(60)
3
é_ ; Circuit Type L =0.5 L =1.0 L=1.5 L =2.0
y a 82 98 12¢ 142
NN . FO = 1 c 91 107 147 233
o
1 a 9l 113 143 190
FO = 2 c 19 156 192 261
P a 105 123 -- 234
§ FO = 4 c 167 200 313 476
#
.g a 114 202 232 334
; FO = 8 ¢ 228 278 667 871
;
: Yield (%) 60 80 75 90

L




L Slice: 80c1-L40(60)
8
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———Circuit (C) /
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Figure 17 Dependence of Propadgation Delay on Gate Lenqth, Fan-Out,

and Circuit Type
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SECTION VI
MODEL ING ACTIVITIES

for a sinqgle FET, The best results have been ohtained

aqreement,

The inverter logic branch was then simulated hy a second program, which
models two devices in series. Aagain, acceptahle aqreement hetween calculated

and measured results was obtained (see Fiaure 19). Similar agreement

ohtained for circuits (b) and (c).

Plans for the future include modelina a complete inverter
inverter transfer

studving the effect of device parameter variation on the

characteristic and on power dissipation.

2R, Van Tuyl and C. A, Liechti, "Gallium Arsenide NDigital Integrated
Circuits," Air Force Avionics Laboratory, WPAFB, Technical Report

AFAL-TR-74-40, March 1974,

43

The modeling effort, started at the end of this perind, has heen directed

toward developing a dc mode! capable of simu’iting the characteristic curves

developed by Van Tuy] and Liechti.? A proaram for an HP9845R calculator was
written that solves the nonlinear equations usina a Newtnn-Raphson iteration

technique, As shown hy Figure 18, calculated and measured results are in qoond

stage and

naiazivifing
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Circuit (a) v =-3.0
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Offset = +0.5 Vv

igure 19 Simulated and Measured Results for Circuit (a) Having a

Pinch-0ff of -3.0 V. Slice 80C1-40(60).

hs

B TN WEORTWG 13 SPan e o A TN g e N T
gr




SECTION VI!

SUMMAR Y
'
. . . . £
Progress made during the first year of this research program is '
summarized below, ) 1
&
- 5.
, b
b ° High quality VUL layers have been  grown that exhibit 300 ang 7/ %
: - C oy s . . {
£ mobilities corparable ta those reported in the literature, When ¢
i ) ) ) . : ) . i
' anodically thinned, the uniformnity of the active liyers 1is adequate i
' for circuit processing. 5
. >
: f
1 * 1
- . . . . .
. ® A standard, high-yield, reproducible fabrication process has heen 3
; . . . i
| developed which is suitable for the present research program. 5
» !
h f e Procedures for translating circuit concepts into mask sets are
‘ adequate to ensure rapid turnaround,
° Material and device/circuit characterization techniques, as well as
record maintenance, have bheen standardized to ensure a continuina
' expansion of the data base.
. ° High frequency rmeasurenent technigques were well established.,  (n-
s slice, high frequency measurement techniques at room temperatiure
have been developed, Extension to near 77 K temperatures is i
1 planned, E
4 ™ Modeling activities have been initiated, With further developrert .

these activities are expected to contribute increa inaly  to thy

circutt design and layout activity,

The proaress made Ayrirag the past  vear leads us to helieve no seriogs
ahstacles tn the ., esoft i vep et atron ot fre rpgparch proagran e b bp

encountered,
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