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PREFACE

This final report describes the results achieved in a program directed
toward the improvement of the total-dose radiation hardness of CMOS integrated
circuits. The period of performance covered by this report was October 1973
through September 1977. The work was performed by RCA Corporation at the
Solid State Technology Center, Somerville, New Jersey, under Contract No.
N00014-74-C-0079.

The contract was funded by the Defense Nuclear Agency through the Office
of Naval Research. We gratefully acknowledge the technical assistance and
support of the Navy scientific officer for the program, Mr. Harold L. Hughes
at the Naval Research Laboratory, Washington, DC.

The project leader was S. Cohen. H. Borkan, Manager of Custom Monolithics,
was the project supervisor. Many other people also contributed to the achieve-
ments documented in this report. The author wishes particularly to acknowledge
the contributions to this program of J., J. Fabula, D, S. Woo, S. Policastro,
and C. D. Mulford for the development of the radiation-hardening process and
for wafer fabrication; S. T. Hsu, A, Ipri, G. Hughes, and A. Feller for many
helpful technical discussions; H. Hyman and N, Ciampa for assistance with the
SEM radiation-test procedures; D, Clifton for assembly and electrical testing;
D. Woronka and D. Brown for the radiation and reliability testing; and
J. Corboy and J. Mack for the doped polysilicon.

P |
MR o W et /
()] W d
"t e ]
[ TIT Rl N

| gy PREN0F e,
SITTRUEGT 08 /AVAILAR'LITY CROES

i AR 6w PERAL

A=l

111/1v

1
;
b
3
5




Section

TABLE CF CONTENTS

I . INTRODUCTION *® % 0 & & o o o e e 0 o o o o o o

II. ALUMINUM ION IMPLANT STUDIES o« ¢ ¢ « o o o o o o o o o o o

ITI. CHANNEL-OXIDATION STUDIES « & « o o o o o o o o o o o o o

IV. HARDNESS MONITORING WITH THE SCANNING-ELECTRON MICROSCOPE

V. METALLIZATION TECHNIQUES & ¢ o ¢ o o o o ¢ o o o o o &

VI. RADIATION-HARDENED PROCESS DEFINITION OF Al-GATE

CMOS ARRAYS . L] L] L] . L] . L] . L] L] L] L] . L] . L L] L] . L] L] L] L]
Ao WGll-Doping Considerations e & o o o o o o o o o o o o o
B. Source-Drain Spacing (Channel Length) . « ¢« « o o o o &
C: Channel ‘OxX1de o el o s cilieiol oihe oliiel o ol lreish et iaiial &y ls
D. Hardened-Array Process Demonstration . « « « o « o o o o
VII. RADIATION-HARDENED SILICON-GATE CMOS/SOS PROCESS DEVELOPMENT
A. Introduction L] L] L] L] . . L] L] L] L] L] . L) L] L] L] Ll L] . . L] L]
B. Initial Radiation-Hardening Efforts . « ¢« o ¢ ¢ ¢ o o o
C. Hardened Si-Gate CMOS/SOS Arrays (Triple Implants) . . .
D. Back"’chanﬂel Leakage L] L] L] . L L] L] (] L] L] . L] L] L] L] . L]
E. In Situ-DOPed Polysilicon ® @ o o o o o o o o s o o o o
F. Implant Procedures for Hardened LSI Arrays « « « « o o o
G. Hardened CMOS/SOS LSI Circuit Fabrication . « ¢« ¢ o o &
1. Introduction L] . L] . L] . L] . . . L] L] L] L] . L] L] L] L] L]
20Processingo.-0.0..0...00...0000
3. Electrical Evaluation of TCS059 . ¢ ¢ ¢« ¢ ¢ o o o o
4, Transient Upset Testing of TCS059 .« « o o o ¢ o o &
5. Arithmetic Logic Array (TCS069) ¢ ¢ ¢ o « o o o o &
VIII. RADIATION-HARD PROCESS DEVELOPMENT FOR CLOSED CMOS
LOGIC (CZL) L] L] L] L] L] . . L] L] L] . L] L] L] . L] L] L] L] . . L] . .
A, Introduction o« « o ¢ o o o o o ¢ o o o ¢ o o o o s o o o
B. Radiation-Hardened C2L Processing .« « o« o o o o o o o o
Cs TeBt REBULED ¢ s ¢ ¢ v o s ¢ o o & & % 5 & & & ¢ & & &
Ix. CONCLUSIONS L] L] L] . L] L] . L] L] . . . L] L] . L] L] L] L] . L] . . .
A. Channel-Oxidation and Anneal Studies « « ¢« ¢ ¢ ¢ ¢ o o &
B. Aluminum Evaporation o o o6 ¢ o 6 & o o o 8 o o o o o o o
C. Bulk CMOS (Aluminum-Gate) Radiation-Hard Processing . .
D. Bulk CMOS (Silicon-Gate) Radiation-Hard Processing . . .
E. Silicon-Gate CMOS/SOS Processing « « « o« o o o o o o o o

REFERENCES

e ®© ©o o o o o o ® o o o

Page

13

15

17

17
18
18
18

44

44
44
45

e e AR e~ i i

~imd

'\«”.‘;"""“‘W"" b W= o i

e ————




LIST OF ILLUSTRATIONS

Figure
1. Radiation-hardness summary for bulk-silicon MOS capacitors . .
2. Radiation effects correlation study (Vryy vs dosage) . . . . .
3. Wafer hardness-uniformity test. [CD4007A; dosage = 106 rads
-0 i v B et et e e R R W R e A
4. Total-dose hardness; E-gun vs filament . « « « o o« o o ¢ o o &
5. Radiation test data for CD4007A . ., ¢ v « ¢ ¢ o o o o o o o o
6. Radiation test data for CD4024A . ., . . ¢ ¢ o o o o o o o o &
7. Cross-sectional view, RCA/SSTC double-epitaxial process . . .
8. Triple-implant ProcesSs . « « o « o o« o o o o o o o o o o o o o
9. Microphotograph of inverter array TCSO71 . ¢« « « o ¢ o o o« o &
10. Radiation hardness data for 1ot S280 . . « « « o« « o « o o o o
11. Subthreshold leakage vs radiation (dry oxide) . « ¢« « « o o &
12, Subthreshold leakage vs radiation (pyrogenic oxide) . . . . .
13. Radiation test data, POS capacitor . . « ¢« ¢ ¢ o o o o o ¢ o &
14. CVBT test data, POS capacitor .« ¢ o« o o ¢ o o ¢ o o o o o o o
15. Polysilicon damage caused by high-current implant . . . . « «
16. Masking solution for N+ and P+ LV oo G NS s e Y B
17. Photomicrograph of TCS059 test chip employed for standard-cell
Evaluations . . ¢« s ¢ 65 s @ ® 6 e 8 6 wee w W B s e W e
18. Photomicrograph of radiation-hard TCS069 ALU chip . « « « « &
19. TCS069 radiation test dat@ « « ¢ o o o ¢ o ¢ o o o ¢ o o o o o

Page

12
13

14
16
19
20
22
24
27

29
31

32

35
36
38

39
40
43

—— e p—




Table
1.
2.
3.
4.
5.
6.

LIST OF TABLES

Contract Objectives o o« o« ¢ o ¢ ¢ o ¢ ¢ ¢ ¢ o o o o o o o
Ion-Implant Data Obtained with a Sputtered-Aluminum Source
Channel-Oxidation Investigations « « ¢« « ¢ o ¢ o o o o o &
Rad-Hard Process Parameters .« o o o o ¢ ¢ ¢ o o ¢ o o o o
Triple-Implant Process Parameters (Lot S280) « ¢ « o o o o«

C2L Radiation-Hardened Process Summary « « ¢ o o o o o o o

vii

Page

17
28
45

— S —




=

SECTION I

INTRODUCTION

The purpose of this contract was to conduct research directed toward
improving the total-dose radiation hardness of CMOS integrated circuits.
Whereas initial investigations involved hardness improvement of aluminum-
gate CMOS arrays, later phases concentrated on hardening silicon-gate
CMOS arrays on both sapphire and bulk-silicon substrates.

The research investigations performed under this contract were funda-
mental to the development and productién by RCA of LSI CMOS arrays for
satellite and nuclear radiation environments.

The contract effort was divided into four phases covering the period
from October 1973 through September 1977. The objectives for each phase
and their respective periods of performance are shown in Table 1.

During Phase I RCA studied techniques for ion-implanting aluminum into
channel oxides for radiation-hardness enhancement. Channel-oxidation harden-
ing studies were performed on experimental MOS capacitors processed with wet
and dry oxides and varying concentrations of HCl. A technique was developed
for using the scanning electron microscope (SEM) to determine the total-dose
radiation hardness of CMOS arrays at the wafer level. This technique was
suggested by Naval Research Laboratory and was used by RCA's Solid State
Division for prescreening wafer lots for radiation-hardened satellite applica-
tions. The technolegy was published and disseminated for industrial and
government use. The effects of different wafer metallization techniques on
radiation hardness were also investigated.

The results of the various studies conducted in Phase I were used to
define a radiation-hardened process for aluminum-gate, bulk-silicon, CMOS
arrays. This process was demonstrated by fabricating megarad-hard CD4007-
type arrays.

Phase II of the contract included a reliability and reproducibility demon-
stration of the radiation-hardened aluminum-gate CMOS process. As E-beam metal-
lization was found to degrade hardness, an induction-melting system was adopted.
A total of 300 arrays were delivered to NRL that were megarad hard and screened

to MIL-STD-883, Class B, requirements. The major cemphasis during Phase II was

- B~




TABLE 1. CONTRACT OBJECTIVES

Phase Period of Performance Areas of Investigation

I October 1973 = July 1974 1. Aluminum ion implantation.

2. Use of the scanning-electron-
microscope for hardness evaluation.

3. Channel oxidation studies.
4, Hardening of CD4007A arrays.
II July 1974 - July 1975 1. Hardened-process demonstration
(CD4024).
2. Metallization studies, IN-source.
3. Rad-hard CMOS/SOS process
development.
ITI July 1975 - April 1976 1. Continuation of CMOS/SOS rad-hard
process development.,

2. Demonstration of the rad-hard process
by processing of an 8-bit arithmetic
logic unit (TCS069) and fabrication
of 30 rad-hard arrays.

v April 1976 - Sept 1977 1. Hardening of the bulk-silicon
closed CMOS logic (C2L) technology.

2. Investigation of the dependence of
CMOS/S0S performance and radiation
hardness on process parameters.

3. Process controls for hardness
assurance,

placed on the translation of the radiation-hardening techniques to CMOS-on-
sapphire technology. Initially the techniques for hardening developed in

Phase I were applied to both silicon-gate and aluminum-gate CMOS-on-sapphire
technologies. The Al-gate CMOS/SOS structures were comparatively simple to
harden, since all high-temperature diffusions were completed prior to growing
the hardened channel oxide. Because the aluminum-gate CMOS/SOS arrays exhibited
threshold voltage instabilities, this technology was abandoned in favor of

the self-aligned silicon-gate CMOS/SOS process, which offered the additional
advantages of higher speed and greater packing density. Ion-implantation pro-

cedures were developed to eliminate the high-temperature diffusions that degrade

-




hardness. The effects of postchannel-oxidation thermal processing on total-
dose radiation hardness were investigated.

In Phase III the silicon-gate, CMOS/SOS radiation-hardened technology
evolved into a triple-implant process, in which separate boron implants were
used for the P+ source/drain and the polysilicon-gate regions, and a phos-
phorus implant for the N+ source/drain regions. Megarad total-dose capability
was demonstrated on a small-scale integrated circuit; 105-rad total-dose hard-
ness, on a complex LSI array, an 8-bit arithmetic adder.

In Phase IV, attention was directed toward improving the producibility
of the hardened silicon-gate CMOS/SOS technology. Alternate procedures for
achieving more uniform polysilicon doping and thickness were investigated.
A technique developed for the in situ doping of the polysilicon gates with
boron improved producibility, radiation hardness, and stability. LSI arrays
(TCS069, 8-bit arithmetic logic unit) were successfully fabricated and tested
to total-dose radiation-hardness levels exceeding 1 Mrad.

An additional task of Phase IV was the modification of the bulk-silicon ;
C2L (Closed CMOS Logic) technology to increase its radiation hardness. The
results of the previous (Phases II and III) investigations of the effects
of high-temperature diffusions and anneals on radiation hardness were used
to modify the standard RCA bulk-silicon, silicon-gate wafer process. A
total-dose hardness capability of 500 krad, an improvement of two orders of
magnitude over the commercial process, was demonstrated by fabricating and

successfully testing RCA's microprocessor array (type CDP1802).




SECTION II

ALUMINUM ION IMPLANT STUDIES

The initial study was directed toward the development of procedures for
the ion implantation of aluminum in the channel oxide. The purpose of the

+
Al ion implant was to prevent a buildup of space charge at the A1-SiO, inter-

face under positive gate-lUias irradiation. This is the bias conditionzthat
causes CMOS circuit failure due to excessive n-channel device threshold voltage
shift under gamma irradiation.

The A1+ implants were performed on two different ion accelerators: an
Accelerators, Inc. model at the Solid State Technology Center in Somerville,
and the experimental accelerator in the David Sarnoff Research Center (DSRC)
in Princeton. Two sources of aluminum ions were tried, with varying success.

A commercial (Al) hot-cathode source was found to be less efficient than a
sputtered-aluminum source developed at DSRC. A procedure for angle implanting
through the mass spectrometer at energy levels of 30-60 keV resulted in rela-
tively stable implants. These were performed at effective energies ranging

from 5 to 15 keV. Due to the low aluminum-ion currents, the implant time to
achieve aluminum dosages of 1015 N/cm2 averaged 8 h., RCA did not then have
accelerators designed to provide the high-ion current at low accelerating voltages
required to perform the efficient implanting of aluminum,

MOS capacitors were fabricated, on 1- to 2-Q-cm, n-type silicon substrates
with 850—3, dry, 1000°C oxides. The oxides were implanted at various energy
levels and doses. All implants were followed by a 600°C nitrogen anneal for
1 h. Capacitance-voltage-bias-temperature (CVBT) data for these runs are shown
in Table 2.

The large, negative flatband voltage shifts for the 10,5-keV implants in-
dicate penetration of the Si—8102 interface by the A1+. A

The conclusions from these experiments and the results of Al implant ex-
periments of CMOS arrays indicated that the Al+ implant techniques, to be viable,
would require the development of accelerators capable of implanting at low
accelerating voltages (5-10 keV) with high-efficiency aluminum-ion sources.
This method for hardening CMOS arrays was abandoned when improved hardened

channel-oxidation techniques were developed.




TABLE 2, ION-IMPLANT DATA OBTAINED WITH A SPUTTERED-ALUMINUM SOURCE

Effective CVBT Data*
Implant Energy Dose 2;"—‘__z;—'
Run (keV) (ions/cm?2) Time (minutes) fb fb
K 6.5 1014 20 +0.8  +1.0

M 8.5 10t 45 +1.2 2.6

N 8.5 101° 135 2.4 =4.9%*
P 10.5 1014 15 .8 0

Q 10.5 10%° 135 +3.4  =6.3"*

Control

- (No implant) - - +0.2 +0.6

**Data taken for 1 min at 300°C.

*t = 5,0 min; T = 300°C; V (voltage) = 10 V.
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SECTION III
CHANNEL-OXIDATION STUDIES

Starting with the standard RCA channel-oxidation and anneal processes,
an extensive investigation was conducted on the effects of channel-oxidation
environments and postoxidation heat treatment on the radiation susceptibility
of bulk-silicon MOS capacitors,® Optimum radiation hardness was achieved with
a clean, dry, undoped oxygen ambient for the channel-oxide growth, followed
by a rapid quench to room ambient. Radiation hardness was found to vary in-
versely with oxide thickness. The use of dry 02 at 1000°C for 2 h was estab-
lished as the standard process for optimized radiation harcuess and reliability.
This growth time, at standard barometric pressure, results in 850-8 (typical)
oxide thickness. Radiation hardness can be increased by growing thinner gate
oxides, but at the cost of reducing both production yields and reliability,

Tiie thinner gate oxides (<700 R), in particular, are considerably more suscep-
tible to damage from electrical transients,

Table 3 summarizes the results of the experimental investigations per-
formed with MOS capacitor structures to determine the optimum channel-oxidation
process for radiation hardness. The initial experiments with growing hard
oxides concentrated on the effects of HCl used during the growth cycle. The
hardness decreased with increasing HCl concentrations. The next experiments
dealt with the effects of various anneal treatments on radiation susceptibility.

The results can be summarized very briefly, as follows:

1. If the oxide had been quenched rapidly, radiation hardness was not
enhanced by any of the anneal cycles investigated.

2, The st can be reduced by an appropriate anneal, but great care must
be exercised in the choice of the anneal cycle so as not to degrade radiation
hardness excessively.

3. Postoxidation processing at temperature above 900°C substantially de-

grades radiation hardness.

Analysis of the radiation behavior of the MOS capacitors shows some general
trends. Figure 1 plots the flatband shift versus dosage of MOS capacitors
irradiated with a positive voltage (stress: +106 V/cm) applied to the aluminum
electrode. All oxides were between 850 and 950 R, and metal was deposited by

E-beam techniques.
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Figure 1. Radiation-hardness summary for
bulk-silicon MOS capacitors.

Typical plots are shown for an 875°C wet HCl and a 1000°C dry 02 oxide,
both of which were annealed in forming gas (H /N ) at 1100°C. The difference

in hardness, for V_ = 2 volts (3.8 x 10 for the HC1 oxide versus 6.0 x 104 for

the dry oxide), isf:ormally seen and is probably attributable to the incorpora-
tion of Cl2 in the 875°C oxide. Note that the 1100°C anneal destroys the hard-
ness of the dry oxide, but still leaves it harder than the HCl oxide. The next
group shows the range of many 1000°C dry oxides that were annealed in forming
gas at 1000°C in an attempt to lower the flatband voltage. Typical hardness,
still dominated by the effect of the anneal, is 2.0 x 105.

The last two groups represent the results of testing of "hard" oxides.
The hardest oxides are the dry-02, 1000°C oxides grown without anneal. They
range in hardness from 1.5 x 106 to 3.5 x 106 rads (Si) and can be reproducibly
grown with flatband voltages from -=0.,3 to -0.6 V. The 1000°C dry undoped
oxide, with no anneal, was adopted as the standard gate insulator for the

hardened, aluminum-gate CMOS arrays developed on this contract.
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SECTION IV )

HARDNESS MONITORING WITH THE SCANNING-ELECTRON MICROSCOPE

A technique for sampling wafer runs for radiation hardness was success-
fully developed and used for all hardness testing on the contract until a
cobalt-60 gamma source was acquired. A paper based on this effort, entitled
"SEM Irradiation for Hardness Assurance Screening and Process Definition," was
presented at the 1974 IEEE Nuclear and Space Radiation Effects Conference
[1]. Dosimetry for the SEM irradiation of MOS capacitors (bulk Si); CMOS/SO0S,
bulk CMOS processed wafers; and packaged arrays was established and correlated
with cobalt-60 and 1-MeV electron radiation sources. Typical electron-beam l
voltages used are 32 keV for metal-gate MOS capacitors, 37 keV for bulk-silicon,
and 47 keV for SOS. The beam current density was 5.3 x 109 A/cm2 for a dose

rate of 5000 rads/s. Figure 2 illustrates the degree of correlation achieved.
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Figure 2, Radiation effects correlation ! ‘
study (VTHN vs dosage).
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A dose rate of 5000 rads/s is normally used for SEM irradiation. The vari- |
ance in total-dose radiation hardness over a single wafer was investigated for
a hardened CMOS CD4007 array. These data are shown in Fig. 3. The wafer map
data for the 19 pellets tested indicated that the variances for both the N- and
P-transistors were within 2 sigma limits for 95% of the devices. The hardness
sampling techniques developed during this study were employed successfully on
other programs by RCA's Solid State Division, and disseminated to other com-

panies for their use.
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SECTION V

METALLIZATION TECHNIQUES

The techniques for depositing aluminum on hardened MOS arrays were under
continuous investigation over the period of the contract. During the first
phase, when the bulk of the hardening effort was concentrated on the processing
of metal-oxide-silicon (MOS) capacitors, aluminum was evaporated with an electron-
beam (E-beam) system. When hardened aluminum-gate CMOS arrays were fabricated, it
became apparent that the electron-beam evaporation of aluminum degraded the
hardness of the PMOS transistors under positive gate-bias conditions.

The effects of the oxide damage caused by the high-energy (10 keV) elec-
trons in the E-gun were evaluated by splitting two lots of arrays processed
with hardened channel oxides, metallizing half the lot by electron-beam evapora-
tion and the remainder with filament-evaporated aluminum., The metal-alloy
cycle was identical (450°C, Ny,
technique were packaged and tested to total-dose radiation levels up to 10

15 min)., Samples from each metallization

6

rads (Si). The threshold voltage shifts were plotted for both N- and P-type
transistors and are shown in Fig. 4. The effects of the oxide damage caused

by the E-beam are clearly evident at total-dose radiation levels beyond 105 rads
(Si). Below 10S rads, where the effects of positive oxide charge predominate,
the N- and P-transistor voltage shifts for both E-gun- and filament-processed
wafers are essentially the same. Above 105 rads the effects of the additional
interface states in the oxide caused by the E-beam damage are clearly evident.
Since the interface charge compensates for the positive-charge buildup at the
Si-SiO2
voltage shift, as evident in the "flattening" of the AV curve (Fig. 4). ©n

the other hand, with increasing radiation dose, the P-transistor curve for E-gun

interface, the effect on the N-transistor is to reduce the threshold

metal shows a monotonic shift toward more negative values. The net effect is that
the P-transistor-threshold voltage is increased on E-beam metallized samples.

The experiment was repeated on one lot (#291) of another CMOS array type,
CD4024, a 7-stage binary counter, with identical results. Filament evaporation
of metal was adopted as an interim procedure for all hardened arrays. While

this metallization technique eliminated the E-beam damage problem, the filament
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Figure 4, Total-dose hardness; E-gun vs filament.

evaporation system was incapable of reproducibly providing low sodium levels
iu the evaporated aluminum films., The source of the sodium is th2 tungsten
filament that is used to melt the aluminum., In Phase II of the contract an
rf-heated crucible source was purchased for the program, and procedures for
aluminum evaporation were developed. The system was used also for the single-
source evaporation of silicon-aluminum films in Phase IV of the contract, for
metallization of the silicon-gate CMOS arrays processed on bulk-silicon sub-
strates. The discussion of the development and application of the rf source
(Model IN-1500, Applied Materials Corporation) is included in later sections

of this report.
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SECTION VI

RADIATION-HARDENED PROCESS DEFINITION
OF Al1-GATE CMOS ARRAYS

The results of the oxidation, anneal, and metallization studies were used
to define a process for achieving megarad-hard total-dose capability for alu-
minum-gate CMOS arrays. The radiation-hardened process parameters centered on
the values listed in Table 4. All other processing conformed to standard RCA

procedures.

TABLE 4. RAD-HARD PROCESS PARAMETERS

Procedure Value
Well Doping 6.0 x 1016 cm_3
Channel Oxide 750 &
90-min, dry 02;
t = 1000°C
Postoxidation Anneal No anneal-quench
Source-drain Spacing 7.5-8.75 um (0.30-0.35
mil)
Metallization Filament or rf melting
Alloy 450°C, NZ’ 15 min

A. WELL-DOPING CONSIDERATIONS

To prevent depletion-mode n-channel device operation after irradiation, the
N-transistor threshold voltage needed to be raised to 2.0 V. The higher QSS of
the unannealed, dry channel oxide and the thinner (than standard HCl-steam
grown) channel oxide required for radiation hardness effectively reduce the
N-transistor threshold by approximately 0.5 V, as compared to the threshold
voltage of RCA's standard commercial process. The 2.0-V threshold was accom-
plished by increasing the boron concentration in the p-well of the n-type
silicon substrate. The P-transistor threshold voltage is determined by the
resistivity of the n-type silicon substrate.

17
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B. SOURCE-DRAIN SPACING (CHANNEL LENGTH)

The "as-defined" channel length of the aluminum-gate CMOS process is de-
creased by the additional lateral diffusion of the dopant species (boron or
phosphorus) that occurs during the growth of the hardened gate insulator
(1000°C, 90-minute, dry oxide). This lateral diffusion for the rad-hard
process is greater than that for the standard oxidation (875°C, 45 min), which
is followed by an 1100°C short-time anneal. The effect of the greater lateral
diffusion is to decrease the source/drain punch-through voltage of both the
N- and the P-transistors. To compensate for the increased lateral diffusion,
the specification for the channel length as defined by the gate photomask was
modified to 7.5-8.75 um (0.30-0.35 mil) instead of the 6.25-8.75 um (0.25-
0.35 mil) normally used.

C. CHANNEL OXIDE

The channel-oxide thickness was specified at 750 X, with a tolerance of
+50 R. Since the growth rate of dry, undoped oxide is a function of moisture
content of the oxygen source as well as atmospheric pressure, the gas supplies
to the furnaces were filtered, and condensables removed by passing the gas
through liquid-nitrogen cold traps. Special care was taken to ensure the
cleanliness of the dry-oxidation furnace. This is necessary because no HCl
can be used for soldium gettering in the extended (90 min) dry-oxidation cycle.
The furnaces were equipped with HCl generators and were cleaned overnight with
HC1l steam (at 1000°C), then purged for 1 h with dry nitrogen to ensure removal
of all moisture and HCl, prior to the growth of the channel oxide. Subsequent
studies [2] of the reproducibility of hardened, dry channel oxides processed
without recleaning and purging of the furnace after each run were performed.
They showed no degradation of radiation hardness for at least six consecutive

oxidation runs, equivalent to more than one single-shift operation.

D. HARDENED-ARRAY PROCESS DEMONSTRATION

The radiation-hardened process defined in Table 4 was used to process two
CMOS array types, RCA types CD4007A (dual-complementary pair plus inverter),
and CD4024A (7-stage binary counter) to demonstrate a total-dose hardness
capability of 106 rads (Si). Two-hundred CD4007A and one-hundred CD4024A

18




arrays were packaged and screened in accordance with MIL-STD-883, Method 5004
requirements for Class B microelectron circuits., Typical SEM radiation-hardness
curves are shown in Fig. 5 for the CD4007A array and in Fig. 6 for the CD4024A,
These hardness curves were taken for 'worst-case' test corditions since the
postradiation electrical tests were performed within seconds after the electron
beam was turned off. Subsequent radiation testing of packaged CD4007A and
CD4024A arrays by government laboratories confirmed that the arrays met func-
tional requirements after exposure to a total dose of 106 rads (Si) of gamma
irradiation. The yield to the MIL-STD-883 screening procedures (Method 5004,
Class B) for these radiation-hardened arrays was equivalent to yields for

standard-processed CMOS arrays.

L
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Figure 5. Radiation test data for CD4007A.

19




s

—

~d

V)

VOLTAGE, V., (

LOT 29IC

VrH
z."\ﬂ WAFER No. |
% Viy=+iov

1) \ Vpo= +10 V
(o] LY, ~e
-
VrHp

-2f @ . .
-3

e 1 [

0 103 108

ACCUMULATED RADIATION DOSE [rads (Si)]

Figure 6., Radiation test data for CD4024A.

20

AT o S




SECTION VII

RADIATION-HARDENED SILICON-GATE CMOS/SOS
PROCESS DEVELOPMENT

A. INTRODUCTION

p The major portion of the contractual effort centered on the development of
processes for improving the total-dose hardness of CMOS arrays on sapphire.
CM0OS/S0S offers a number of enhanced characteristics over bulk-silicon CMOS.
The sapphire serves as an inert substrate and provides a suitable crystal lat-
tice upon which the silicon is grown epitaxially. Since dielectric isolation
is provided by the sapphire, and the diffusions terminate the sapphire wafers,
unwanted circuit capacitance is minimized. This significantly increases the
speed, reduces dynamic power consumption, and enhances transient radiation
hardness. In addition, since isolation regions are inherent, the packing
density of SOS becomes greater than that for conventional bulk-silicon CMOS,
which requires guard bands or oxide isolation. Even greater packing density
and higher speed are achieved by use of self-aligned silicon-gate technology,

which eliminates the overlap capacitance inherent in the metal-gate process.,

In this process the polysilicon gate is deposited immediately after the
gate oxide is grown. The polysilicon protects the gate oxide during all sub-
sequent processing, resulting in enhanced device stability. The advantages of
greater packing density, higher speed, and enhanced stability afforded by the
self-aligned silicon-gate technology mandated its use for radiation-hardened
process development. :

The silicon-gate CMOS/SOS process developed at RCA Laboratories was trans-
ferred to the Solid State Technology Center (SSTC) and optimized for LSI array
fabrication under an Air Force Manufacturing Methods Program (F33615-73-C-5043).
Both the double-epitaxial and single-epitaxial ion-implanted process, each
utilizing diffused P+ polysilicon gates, were defined by RCA under this contract.
The double-epitaxial process, providing independent control of the NMOS and

. PMOS transistor thresholds, was selected for the fabrication of radiation-
hardened CMOS/SOS arrays. A cross-sectional view of the double-epitaxial process
is shown in Fig. 7. The enhancement-mode NMOS and PMOS transistors were fabri-
cated on 0,6-um-thick epitaxial islands of p-type and n-type single crystalline

silicon films deposited on a sapphire wafer.
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22




B. INITIAL RADIATION-HARDENING EFFORTS

The initial approach to hardening the silicon-gate CMOS/SOS process was
to use the 1000°C "dry" undoped oxide instead of the 940°C HCl steam normally
employed for the gate dielectric., While the MOS bulk-silicon capacitor con-
trols processed with the 1000°C, 750-% oxide exhibited flatband shifts of less
than 2.0 V after a 106—rad total dose, the devices processed with this gate
insulator exhibited only slightly improved (104 rads) radiation tolerance. Ad-
ditional runs were processed with dry oxide and reduced diffusion temperatures
and times. The normal 1050°C diffusion temperature for doping the polysilicon
gate and source/drain regions was reduced to 950°C. This increased polysilicon
resistivity and decreased junction depths, but did not enhance radiation hardness.
The next approach was to eliminate the high-temperature diffusions by the use of
ion-implantation techniques with reduced drive-in and anneal temperatures. RCA
Laboratories had developed a silicon-gate CMOS/SOS process based on ion-
implantation techniques. This technology, modified by incorporation of the
hardened channel dielectric, resulted in the first megarad-hard CMOS/SOS process
demonstration.

A cross-sectional view of the triple-implant procedure is shown in Fig. 8.
The sequence of the radiation-hardened process development, starting with the

triple-implant technology, is outlined below.

The Triple-Implant Process,

Investigation of Back-Channel Leakage ("Wet" vs '"Dry" Channel Oxides).
In situ-Doped Polysilicon.

Implant Procedures for LSI Circuits.

Hardened LSI Process Demonstration with the TCS059 test chip

and the TCS069 8-bit arithmetic arrays.

C. HARDENED Si-GATE CMOS/SOS ARRAYS (TRIPLE IMPLANT PROCESS)

In this process, enhancement-mode devices were fabricated on 0.6-um-thick
epitaxial-silicon islands of p- and n-type single-crystal silicon films on a
sapphire wafer. The epi~islands are provided by a two-step hetero-epitaxial
process [see Technical Report AFML-1R-516-3 (3)]. The gate oxide for the
initial runs consisted of an undoped, 750:50—R-thick silicon dioxide layer
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grown at 1000°C with dry 02. The polysilicon gate was then deposited, undoped,
by the pyrolysis of silane (SiHA) at 650°C in a hydrogen atmosphere, and after-
wards doped by implanting a heavy boron concentration. The polysilicon is de-
fined by either wet chemical or dry (plasma) techniques. Initially all runs
were processed with wet chemical techniques until the effects of plasma etching
on radiation hardness were evaluated.

The n-channel source/drain regions were prepared by implanting a heavy
phosphorus concentration after shielding the p-channel area. The shielding
film initially was photoresist, but this material became highly polymerized by
the high-energy phosphorus ions and was extremely difficult to remove. Alumi-
num, non-E-beam-deposited, was subsequently used as the implant barrier instead
of the photoresist, It added one additional metallization step to the process,
but was cleaner and easily removed after implanting. Boron was then implanted
after shielding (again with aluminum) the n-channel area.

Then field oxide was deposited by pyrolysis of silane at 450°C to a thick-
ness of 6000+500 R. The phosphorus and boron implants were activated, and the

field oxide densified, by an 850°C nitrogen anneal for 90 minutes. The contacts

were opened in the normal manner and wafers metallized with aluminum. The
metal evaporation was accomplished by the use of either filament-heated or
induction-heated aluminum. The maximum processing temperature after the gate
dielectric is grown is the 850°C anneal and activation step.

Numerous wafer runs were processed with variants of the triple-implant
process described. Implant energies and doses were optimized. Two-step
phosphorus implants were included to ensure adequate source-drain junction
depth as well as a high surface concentration for good ohmic contacts. Other
(than dry 02) channel oxidation techniques were also investigated. The cross-
sectional view of the process is shown in Fig. 8.

Other wafer runs were processed with the triple-implant procedure. The
CD4007 inverter circuit served as the test vehicle. A mask set identified
as TC1092 was used to process the first experimental runs. This mask set was
later redesigned to eliminate the terminal leakage problems caused by the use
of stacked Zener diodes for input protection. The new array design, TCSO71,
included gated diodes for input protection and optimized channel width/length
ratios for the N- and P-transistors. A microphotograph of the TCS071 is shown

in Fig. 9.
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Lot S280, processed with implanted polysilicon gates and source-drain
regions, was the first run with total-dose hardness exceeding 106 rads (S5i).
The lot process parameters are given in Table 5. The hardness test data for
this lot, processed with dry, undoped 5102 for the channel dielectric, is
shown in Fig. 10. Figure 10 is a plot of total-dose hardness for inverters
with inputs biased "on" during irradiation. This exhibited exceptionally good
total-dose hardness, with a maximum N-transistor threshold voltage shift of
0.9 V at 106 rads. The N-transistor was slightly into depletion-mode operation
due to the low (0.7 V) preradiation threshold voltage. At 2 x 106 rads the
N-threshold voltage was again positive. This wafer lot demonstrated the fea-

sibility of the hardened CMOS/SOS technology for small-scale integrated circuits.

TABLE 5. TRIPLE-IMPLANT PROCESS PARAMETERS (Lot S280)

6 crn-3 (boron)

[ ] n-Epi seacsssssssssessssssessses 1=2 X 1015 Cm.3 (phosphorus)

[ ] p-Epi eeosscssssscsscossscssesss 2 X 101

e Channel Oxidation sseessssssssss 1000°C, 2 h, dry 0, t__ = 750 4

e Polysilicon-Gate Implant Dose .. 1 x 1016 cm—2 boron, E = 70 keV

e Source-Drain (S-D) Implant:

N dose seecessccoovossososs 4 x 1015 cm-z (phosphorus),
E = 220 keV

P dose 00 0000000000000 0000 1l x 1015 Cm-z (bol’on), E = 70 keV

e Implant Drive, Anneal, S=D eses. 800°C, helium

D. BACK~CHANNEL LEAKAGE

When MOS devices are fabricated in SOS, the interfacial charge densities
at both the Si-8102 and the Si-sapphire interfaces must be carefully controlled.
An excess of positive charge at the Si-sapphire interface will result in an
n-channel device that cannot be turned off completely by the application of a
negative voltage to the gate electrode; i.e., the result will be a "leaky"

n-channel device. This phenomenon has been termed "back-channel" leakage.
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The amount of this interfacial charge at the Si-sapphire interface can be
affected by the thermal processing of the sapphire prior to the epitaxial
silicon deposition as well as the subsequent high-temperature oxidation dif-
fusions and annealing steps. When subjected to ionizing radiation, hole-
electron pairs are generated in the sapphire, 1f there are sufficient trapping
sites at or near the Si-sapphire interface, these holes are captured and give
rise to an additional positive charge, resulting in additional, non-gate-
controllable, back-channel leakage currents.

The back~channel leakage current was measured on several TCS071 (CD4007A
type) inverters processed with the triple-implant, double-epitaxial, radiation-
hardened process described in Section VII.C. One wafer lot (S539) was processed
as a split lot, with both 1000°C, dry oxide and (925°C) pyrogenic (steam) oxides
used for the channel dielectric. The subthreshold leakage currents were mea-
sured for n- and p-channel devices as a function of gate voltage for various
levels of gamma irradiation to a maximum level of 106 rads (Si). A log-
picoammeter was used and the leakage currents were normalized for channel length.
Figures 11 and 12 show the test results. The preradiation subthreshold leakage
current for both the dry-oxide and steam-oxide processes was approximately
10_11 A per mil of channel length. The dry oxide sample (Fig. 11) shows an in-
crease of three orders of magnitude in subthreshold leakage at 5 x lO4 rads (Si),
increasing to approximately 10“7 A per mil at a total of 106 rads (Si). After
irradiation, the transistors with the pyrogenic-oxide channel dielectric exhi-
bited a much lower increase in subthreshold leakage current (see Fig. 12)., At
106—rads (S1) total dose, the leakage level increased to 10_9 A per mil of
channel length, a level of leakage acceptable for VLSI circuits for megarad
environments,

From the results of this investigation we concluded that the long (kQO
min) oxidation time at 1000°C required to grow the 750—R—gate dielectric by

T

the use of dry oxide created a higher density of fixed trapping sites at or

near the Si-sapphire interface than did the pyrogenic steam oxidation cycle.

At 925°C the pyrogenic steam oxidation time was approximately 45 minutes for

growing the same 750-% gate dielectric. 1In all subsequent radiation-hardened !
processing the pyrogenic oxidation was employed for the gate dielectric.
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E. 1IN SITU-DOPED POLYSILICON

The doping of the polysilicon gate by implantation requires a heavy boron
dose to get as low a sheet resistivity in the gate conductor as possible. The
dopant species must also be implanted as close to the Si—SiO2 interface as
possible, without penetrating into the gate insulator. This requires extreme—
ly tight control of both the implant schedule and the polysilicon thickness.

In practice we found that the polysilicon-gate thickness varies as much as
+10% from the nominal value over a 3-in.,-diam wafer. For this reason, and also
to improve the economic viability of the process, an investigation of other
techniques for doping the polysilicon was undertaken,

A technique for depositing boron-doped polysilicon at low temperature was
developed at RCA's David Sarnoff Research Center. The polysilicon layer is
deposited at 620°C by the pyrolysis of silane in a hydrogen atmosphere. The
dopant gas, diborane, is introduced into an AMV-1200 reactor simultaneously
with the silane mixture. The reactor capacity is eight 3-in.-diam wafers and
the cycle time is approximately one hour. The flow rate of the diborane gas
was chosen by experiment to achieve doped polysilicon of sufficiently low sheet
resistance while retaining good etching characteristics. Typical sheet resis-
tance is 40-60 2/0 after a 90-min, 850°C, drive cycle.

POS (polysilicon-oxide-silicon) capacitors were fabricated by deposition
of this in situ-doped polysilicon on 750~ pyrogenic steam oxides. These capac-
itors were radiation tested and subjected to 300°C CVBT tests for stability.
The radiation-test data (see Fig. 13) show less than a 2.0~V shift at a 106-rad
(Si) total dose, indicating this structure to be equivalent to implanted poly-
silicon-gate structures. The CVBT test data, Fig. 14, demonstrated no inherent
stability problems. This method for depositing the polysilicon then was chosen

to replace the boron-implanted-gate process for hardened LSI circuit fabrication.

F. IMPLANT PROCEDURES FOR HARDENED LSI ARRAYS

Ion implantation of the source/drain regions had a minimal effect on
fabrication yield for the small-area TCSO71 arrays processed for this contract.
Yield at circuit probe was typically 50%. When a high-current ion implanter
(Egtrion Model 200-1000) was used for the P+ and N+ source-drain implant steps

on large-area LSI array types, the process yields were extremely low. There
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was wafer breakage in the ion implanter, Investigation revealed that the high

ion-beam current built up excessive charge on the insulating sapphire surface.

The charge resulted in a potential buildup on the wafer high enough (>18,0000 V)

to cause arc-over; this caused the sapphire to shatter. Wafers that did not
break exhibited either extremely low functional yield at circuit probe, or
high-leakage currents. Failure analysis indicated the polysilicon gates had
been blown by the high potential buildup on the sapphire during the implant
steps Figure 15 illustrates the type of damage caused by the'high—current im-

planter,

Figure 15. Polysilicon damage caused by
high=-current implant.

Two solutions to the implant damage problem were investigated. One was to
deposit a thin (200 X) aluminum film over the entire wafer prior to the implant

processing steps. This conductive film eliminated the implant-damage problem,

but the aluminum thickness was difficult to control with either the filament- or

induction-heated metallization systems. The solution that was finally adopted

consisted of modified masking to define an aluminum layer. This layer (%10,000-2

thick) served as the implant barrier for the implant as well as the conductive
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layer for bleeding off excessive charge from the wafer surface during the im-
plant step. The designs for the N+ and P+ implant masks were complementary,
so that only one additional mask had to be generated for both implant steps.
The solution to masking problems is illustrated in Fig. 16(b).

G. HARDENED CMOS/SOS LSI CIRCUIT FABRICATION

1. Introduction

Under a separate contract (NRL NO0O1l4-75-C-0709) RCA's Advanced Technology

Laboratories designed and evaluated a multiport silicon-gate, CMOS/SOS standard-

cell family designed for maximum transient upset and total-dose hardness. To
evaluate the cell family a test chip (TCS059) and arithmetic logic unit (ALU)
(TCS069) integrated circuits were designed and fabricated. The radiation-hard
cells were designed to compensate for both total-dose and transient-radiation
effects. For total-dose effects the following were considered: (1) changes
in threshold voltage and mobility, (2) the irradiation bias dependence of n-
and p-channel transistors, and (3) increased subthreshold leakage of n-channel
transistors. Improved transient upset performance from both junction and
sapphire photocurrents was obtained by (1) minimization of channel length and
gate-oxide thickness, (2) high noise margins, (3) utilization of optimum n-
and p-channel width ratios, (4) limitation on fan-in, and (5) redesign of
certain logic functions. A microphotograph of the TCS059 test chip is shown
in Fig. 17. Figure 18 shows the TCS069 ALU chip.

2, Processing

The TCS059 and TCS069 arrays were fabricated by the 1000°C dry and

pyrogenic channel-oxidation procedures with ion implanting of sources, drains,

and silicon gates, followed by an 850°C implant activation and anneal step. The

channel-oxide thickness ranged from 700 to 850 %. Carrier concentrations in the

n- and p-epitaxial layers were specified to provide initial VTHN v 1,5-2.0V
and VTHp ~ 1,0~1.5 V. An rf-heated source was used for metal deposition.

3., Electrical Evaluation of TCS059

Electrical evaluation indicated functional performance of all cells with

noise immunity ranging from 3.5 to 5.0 V. Dynamic evaluation indicated cell
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Figure 17. Photomicrograph of TCS059 test chip employed
for standard-cell evaluations.
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Figure 18, Photomicrograph of radiation-hard TCS069 ALU chip.
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speeds about a factor of 2 slower than predicted. Analysis indicated that re-
duced speed resulted from (1) lower mobility obtained by use of the triple-
implant (312) process, (2) larger channel length due to mask tolerances and
minimal lateral diffusion of the implanted sources and drains, and (3) a
slight underetching of the polysilicon gates during processing. Optical
measurements indicated an effective channel length near 0.3 mil. Saturation
currents for the n- and p-channel transistors were 1 mA/mil and 0.6 mA/mil,
respectively, compared with the expected 2 mA/mil and 1,0 mA/mil saturation
currente., As a result of the added capacitance of the substrate connection,
the radiation-hard cells, compared with conventional cells, exhibited a speed

reduction of approximately 20%.

4, Transient Upset Testing of TCS059

The test chip was irradiated at Naval Research Laboratory by use of the
40-MeV LINAC with 60-ns to l-us electron pulses, The electron-pulse shape was
monitored by means of a PIN diode, while the total dose for each pulse was
measured with an array of four 1/8-in., TLD dosimeters attached to the IC case.
The outputs from a divide-by-eight counter and a static flip-flop were monitored
on two dual-beam Tektronix 556 oscilloscopes. In additional tests, in which
lead shields and dummy devices were used to evaluate possible spurious signals,
five samples from two wafers were exposed to radiation.

- The transient upset level for the sequential logic elements was found to

be greater than 1011 rads (Si) per second. The upset level for the flip-flop
and counter were similar (within 30% of 10ll rads/s) as was the upset level from
either the "zero" or the "one'" state, No significant decrease in the upset level
was noted from transient annealing, total-dose effects at the l-us pulse widths

(maximum obtainable with NRL LINAC), or effects at dose levels of 50-80 krads

(Si) per pulse.

5. Arithmetic Logic Array (TCS069)

The ALU chip size is 5.7 mm x 5.7 mm (223 mils x 223 mils) and contains
1818 transistors. Electrical evaluation of radiation-hard processed arrays
indicated an 8-bit add time of 100 ns and a 32-bit add time of 200 ns.
These measurements indicate an average cell delay of 6.5 ns. The measured

worst-case delay path was 9.5 ns.
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Transient-upset measurements agreed with TCS059 test-chip results, in- )
11
rads (Si)

per second. At these irradiation rates the total chip-current pulse is about

dicating flip-flop upset for short pulses between 1 and 2 x 10

1 A (peak). The current response essentially follows the irradiation pulse.
Hybrid-oxide units with high initial leakage (1-10 mA) were produced.
Leakage was caused by low-breakdown devices, ALUs from this group were
irradiated, and complete functional performance was verified to greater than .
3 x 105 rads (Si). A speed loss of less than 5% was noted at this dose level.,
The chip current increased from preirradiation values of 0.5-4 mA (leakage
depends on input state) to a range of 1-6 mA after irradiation. Subsequent
lots of this device had leakage levels of 200 pA, but were not radiation tested.
Cobalt-60 irradiation test data for the test inverter on the TCS069 wafer are
shown in Fig. 19.
A paper [4] summarizing the aluminum-gate and silicon-gate radiation-
hardened process development was presented at the 1976 IEEE Nuclear and Radia-

tion Effects Conference. ;

g
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SECTION VIII

RADIATION-HARD PROCESS DEVELOPMENT FOR CLOSED
CMOS LOGIC (C2L)

A. INTRCDUCTION

The CZL technology was introduced by RCA to provide higher-density CMOS
arrays with increased speed capability while preserving the inherent CMOS ad-
vantages of low power consumption and high noise-immunity. In this technology,
self-aligned polysilicon-gate structures and completely enclosed drain areas
are used. A source plane eliminates the individual source connections required
for each transistor. The fully enclosed source/drain geometry totally elimi-
nates the need to guardband, since no uncontrolled current path between the
source and drain can occur. The C2L structure, combining self-aligned
silicon gates with low parasitic drain capacitance, has transistors having a
considerably higher speed, higher mutual transconductance, and higher packing
density than aluminum-gate CMOS arrays.

The Naval Research Laboratory, as part of Phase IV of this contract, added
the task of investigating the feasibility of hardening the CZL technology. The
array chosen to demonstrate the process capability was the RCA-designed CDP1802
COSMAC microprocessor. This array is an LSI CMOS 8-bit register-oriented
central-processing unit (CPU) designed for use as a general~purpose computing
or control element.

B. RADIATION-HARDENED C2L PROCESSING

The use of self-aligned silicon gates made the processing sequence for
C2L very similar to that employed for CMOS/SOS. The radiation-hard CMOS/SOS
process was therefore used wherever possible. Because of the critical effect
of the polysilicon sheet resistivity on the microprocessor speed, the decision
was made to use a 950°C phosphorus diffusion for the gate doping. A typical
sheet resistivity of 15 /U was achieved with a 26-min diffusion from a
phosphorus oxychloride (P0C13) source, The N+ source-drain region was doped
with the same diffusion. The P+ source-drain region was doped with a 70-keV
boron (B+) dose (3 x 1015 cm.z). The channel-oxide thickness, grown with

dry oxide and quenched, was 700 R. Metallization was 1% silicon-aluminum,
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deposited by induction-heating. Proper control of the Si-Al composition was
essential to prevent alloying of the aluminum into the shallow junction source/
drain regions. Excessive silicon percentage resulted in poor wire-bonding.

The principal features of the process are summarized in Table 6.

TABLE 6. C2L RADIATION-HARDENED PROCESS SUMMARY

@ Well Implant . « s « ¢« « o ¢« ¢« « « &« Boron, EOO keV; dose,
4 x 1013 cemr2

e Channel Oxidation . « ¢« ¢« ¢« ¢« « « » Dry O 700 X, no anneal, quenched

2!
Polysilicon .+ ¢« « ¢« « « ¢« « » « « o« Deposited intrinsic, 5000 R

P+ Source-Drain Implant . . . . . « Boron, 70 keV; B+ dose,
3 x 1015 cm=2

Nt Source-Drain plus Gate Doping . . 950°C, P0C13,
Field Oxide Densification . . . « « 875°C, 30 min
Metallization .+ « o o o o o o o o o 12,000 & (1% Si-doped Al)
AXIOY & o s o s 5 o8 a0 5+ 2 s 450°C, 30 win, ¥

26 min

2

Several runs of the CDP1802 microprocessor were fabricated by the process
described. The well-implant schedule increased the nominal N-transistor thresh-
old voltage to 1.7 V for zero drain current. This initial threshold voltage
level was sufficiently high to prevent depletion-mode operation to beyond 106

rads (Si) total dose.

C. TEST RESULTS

In preliminary radiation testing performed at RCA, the RCA Microkit
was used to exercise the microprocessor. An external clock, a 300-kHz square
wave, was used because of the long cable harness required for inserting the
array into the cobalt-60 radiation test chamber. Chip-leakage current was o
continuously monitored while the device was being irradiated. The current in-
creased from about 20 uA (preradiation) to 150 uA at 106-rads (SI) total dose.
The failure mode was a soft failure, caused by a continuous increase in negative
shift of the p-channel transistor-threshold voltage with increasing dose.
At 5 x 10°

pass 7-V functional tests. Operational speed also decreased because of the

rads, the arrays would not pass the 5~V functional test, but did

increasingly negative P-transistor-threshold voltage. Packaged CDP1802 arrays

were shipped to Naval Research Laboratory for more extensive radiation tests [5].
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SECTION IX

CONCLUSIONS

This section summarizes the results of the studies conducted under this

contract.

A. CHANNEL-OXIDATION AND ANNEAL STUDIES

Dry O, grown, 1000°C, undoped oxides, without anneal but quenched, resulted

in the maximum total-dose radiation hardness for the aluminum-gate technology.
This oxidation technique does cause increased back-channel leakage current on
CMOS/S0S arrays.

Lower-temperature steam oxides (850-925°C), with or without HCl, are
suitable for Mrad-hard LSI array fabrication, provided the postoxidation process-

ing temperatures do not exceed the channel-oxidation temperature.

B. ALUMINUM EVAPORATION

The electron-beam melting technique for the deposition of aluminum causes
increased P-transistor-threshold-voltage shifts with radiation. Filament heat-
ing or rf heating of aluminum should be used for radiation-hardened circuit

fabrication.

C. BULK CMOS (ALUMINUM-GATE) RADIATION-HARD PROCESSING

A reproducible, radiation-hardened process was defined by the use of
1000°C, dry, undoped, quenched channel oxidation and induction-heated metalliza-
tion., Preradiation N-transistor-threshold voltage was adjusted by the well-
implant schedule for a range of 1.5 to 2.0 V. The optimum channel-oxide thickness
for this process is 700-800 R. The longer oxidation time required for the dry
(rather than steam) oxidation increases lateral diffusion. Source/drain
spacing must be increased to provide adequate source/drain breakdown voltage,

when 1000°C oxidation is performed.

D. BULK CMOS (SILICON-GATE) RADIATION-HARD PROCESSING

RCA's commercial C2L process was modified for increased total-dose radia-
tion hardness. The feasibility of producing Mrad-hard CDP1802 microprocessors

was demonstrated. The principal process modifications were: Use of 950°C
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diffusion for the polysilicon gates and the N+ source drains, ion implantation
of the P+ source drains, and 850°C drive-in and anneal temperature. The pre-

ferred channel-oxidation technique was pyrogenic oxide.

E. SILICON-GATE CMOS/SOS PROCESSING

A triple-implant process was developed for fabricating radiation-hardened
CMOS/SOS LSI arrays. A technique for implanting the source drains and poly-
silicon gates using high-current implant equipment was developed. Additional
study is required to develop more reproducible techniques for doping the poly-
silicon gate.
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PEFENSE INTFLLIGENCF AGENCY
ATTN DT=1R

WwASHINGTAN, NE 20301

DIRECTOm

NEFENSE INTFLLIGENCE AGENCY
ATTN DB=4c

WASHINGTON, NC 20301

DIRECTOR

NEFENSE MUCLEAR AGENCY
ATIN STpa

WASHINGTON, NC 20305

DIRECTOR

NEFENSE Myur FAR AGENCY
ATTN DDST

WASHINGTON, DC 20308

DISTRIBUTION LIST

DIRECTUR

DEFENSE NurLEAR AGENCY
ATTN TIyL

WASHINGTNN, NC 20308

DIRECTOR

NEFENSE NucLEAR AGENCY
ATTN RAfyY

WASHINGTON, NC 20305

COMMANDER

FIELD CoMmanD

ATTN FCPR

DEFENSE NUCLEAR AGENCY
KIRTLANN AFRs NM B7115

CHIEF

FIELD CoMmann

ATTN FCPRL

NEFENSE NUGLEAR AGENCY
LIVERMORE rTvVISION

P 0 ROX 808 L=317
LIVERMURE» cA 94550

JOINT CHIEFS UF STAFF
ATTN "3 wwMeCS EVALUATION OFFIGE
WASHINGTON, DC 20301

NATIONAL CNMMUNICATIONS SYSTEM
ATTN NCs=Ts n BODSON

OFFICE OF THE MANAGER
DEPARTMENT 0F DEFENSE
WASHINGTON, DC 20308

DIRECTOR

NATIONA| SECURITY AGENCY

ATTN R®S2 n VAN GUNTEN
NEPARTMENT NF DEFENSE

FORT GEORGF G MEADE, MD 20755

UNDER SFcY nF DEF FOR RSCH & ENGRG
ATTN STRATFGIC ¢ SPACE SYSTEMS ¢0S)
PDEPARTMENT NF DEFFENSE
WASHINGTON, DC 20301

DIRECTOp

BMD ADVANCEDN TECHMNOLNGY CENTER
ATTIN ATc=0 F HOKE

HUNTSyILLE nrFrIcE

DEPARTMENT NF THE ARMy

P 0 BOX 150N

WUNTSVILLE, AL 35807
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NIRECTUR

BMD ADVANCFR TECHNDLNGY CENTER
ATTN ATe=7T

WUNTSVI{LE nFFIcE

NEPARTMENT NF THE ApMy

P 0 BOX 1500

HUNTSVILLE, AL 35807

COMMANDER

BMD SYSTEMS COMMAND
ATTN BMDSCoHw
NEPARTMENT NFr THE ARMy
P 0 ROX 150N
HUNTSVILLE, AL 3SB07

COMMANDER

FORT HUACHIICA

ATTN TEcH RFF DIV
DEPARTMENT NF THE ApMy
FORT HUACHIICA» A2 BS613

COMMANDER

HARRY DTAMNNN LABORATORIES
ATTN U THOMPKINS
DEPARTMENT NF THE ApMy
2800 POWDER MILL ROAND
ADELPHI, un 20783

COMMANDER

HARRY DIAMNNN LARORATORIES
ATTN DELHD=N=yP

DEPARTMENT Np THE ApMy
2800 PULNER MILL ROAD
ADELPHI,» un 20783

COMMANDER

WARRY DTAMOMN LABNRATORIES
ATTN DELHN=N=EMA , WILFTTA
DEPARTMENT NF THE ApMy
2800 POWDER MILL ROAD
ADELPHI, mp 20783

COMMANDER

WARRY DTAMNND LABORATORIES
ATTN DELHD=N=RBA , ROSApPD
DEPARTMENT NF THE ARMy
2800 POWDEP MILL ROAD
ADELPHI, mn 20783

COMMANDER

HARRY DTAMNNN LABORATORIES
ATTN DELHD="N"KBH J MCGARRITY
DEPARTMENT NPF THE ARMY

20600 POWDER MILL ROAD
ADELPHI, mn 20783

COMMANDER

WARRY DIAMNND LABORATORIES
ATTN DELHD=NM"RAG
DEPARTHENT NF THE ARMY
2800 POWDERP MILL ROAN
ADELPHI, wMn 20783

o st



COMMANDER

U S ARMy ARMAMENT RESEARCH
ATTN DHpAR=LCN=F

DOVER» NJ 0780}

¢t DEVELOPMENY ¢O

U_S ARMy CNMMUNICATIONS RgD COMMAND

ATTN DRSEL=ML=RO R BROWN
FORT MONMOUTHe NJ 07703

U S ARMy CNMMUNICATIONS RAD COMMAND

ATTN DRSEL=yL=MD MR G,ULE
FORT MONMOUTH* Ny 07703

U S ARMy COMMUNICATTIONS RgD COMMAND

ATTN DRSEL=rT=HpK A COMEN
FORT MONMOyTHs NJ 07703

U S ARMy CNMMUNICATIONS RgeD CBMMAND

ATTN DELET=TR E LyNTER
FORT MONMOUTH® NJ 07703

COMMANDER
HMARRY DTAMNNN LABORATORIES

ATTN DELHD=M"EM CWIEF LAB 1000

DEPARTMENT NF THE ARMy
2800 POWDEP MILL ROAD
ADELPHI, Mp 20783

COMMANDER

REDSTONE ScIENTIFIC INFORMATION ¢TR

ATTN DRpMI=TRD
U S ARMy RRN COMMAND
REDStONE APSEwALs AL 35809

COMMANDER

U S ARMy ARMAMENT RFSEARCH
ATTn DRDAR=T3S g, %9
NOVERs NJ 17801

COMMANUVER

U S ARMy ARMAMENT RFSEARCH
ATTN DRpAR=LCA~pPD

NOyERs NJ 7801

COMMANDER

U S ARMy ARMAMENT RFSEARCH
ATTN ORDAR=1S1=g , GRINOCH
NOVERs NJ N780%

t DEELOPMFNT -

t DEVELOPMENT ¢f

¢ "EVELDPMENTY cf

HIEF

c
U S ARMy CNMMUNICATIONS SyS AGENCY
(ATTN CCu=RD=T

FORT MONMOUTHe NJ 07703

COMMANDER
U S ARMy INTELLIGENCE & SEC CMD
ATTN IARDA=nS R BURKHARD T
ARLINGTON HALL STATION

4000 AR(INGTON BLYD

ARLINGTONs yA 22212

COMMANDER

U S ARMy MATERIAL & MECHANICS RSCH CTR

ATTYN DRYMReHH J DGyaM
WATERTOWNs ™A 02172

COMMANDFR

U S ARMy MTSSILE mMATERIAL READINESS cnumAwnp
ATTN WAk PROJECT OFFICER DRCPM=HAER

REDSTONE ARSENALs A 35809

COMMANUFR

U S ARMy MTSSILE Rgn COMMAND
ATTN DRCPM=pPE=EA W WAGNER
RENSTONF ARSENAL» AL 35809

COMMANDER

1) S ARMy 4nNPILITY EquIP RaD CMD
ATTN DRpOME=F ) BONp yR

FORT gE|VniPs VA 22060

COMMANDER

U S ARMY NIGHT yISTION LABFRATORY
ATTN DRSEL=MV=SD j CARTFR

FORT BELVOIRs VA 22060

COMMANDER

U S ARMY NIGHT VISINN LABNRATORY
ATTN DRSEL=NV=SD A PARKFR

FORT BELVOTRs VA 22060

COMMANDER

U S ARMy NICLEAR o CHEMICAL AGENCY

ATTN LIBRARY
7500 BACKLICK ROAD
RUILDING 2073

SPRINGFTIELNs VA 22150

COMMANDER

1y § ARMy TEST AND EyALUATION COwD
ATTN DRSTE=FA

ABERNEEN PRNVING GRNUNDs MD 21008
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DIRECTOR

U S ARMY TRADOC SYSTEMS AMALYSIS ACTIyITY

ATTN ATAA=TFC O MILLER
wHITE SANpS MISSILE RANGE, NM

COMMANDFR

U S ARMy TRATNING ANN DNCYRINE ¢NMD

ATTIN ATpRI=rP=SH
FORT MUNROE. VA 23651

PROJFCT MANAGER

'xM=1 TANK SYSTEM

ATTN DKCPMeGCM=SW
NEPARTMENT OF THE ARMY
28150 DEOQUINDRE
WARREN» M] 48092

CUMMANDER
NAVAL ATR SYSTEMS CNMMAND
ATTN Alr S324K

WASHINGTON, DC 21360

COMMANDER
NAVAL A1? SYSTEMS CNMMAND
ATIN aAle 38nF

WASHINGTNN, NC 21349

COMMANDER
NAVAL ATR SYSTEMS CnMMAND
ATTN Alr 310

WASHINGYON, NDC 21349

COMMANDING NFFICER

NAVAL AyIONTICS FACILITY
ATTN BRANCH 942 D REPASS
21ST ANp ARLINGTON AVENUE
INDIANARNLTS, IN 06218

»

COMMANDER

NAVAL ELECTRONIC SYSTEMS COMMAND
ATTN NAVELEY 51024 ¢ WATKINS
WASHINGTON, DC 20340

COMMANDER

WS ARMy TEST AND EVALUATIAN COMD
ATTN DRSTE=FL

ABERNEEN PRNVING GRAUND. »D 23005

e Smp—

A8002



cOMMANDER

naVAL E(ECTRONIC SYSTEMS COMMAND
ATTN COpE SnaS1

WASHINGTON, DC 20340

COMMANDFR

NAVAL ELECTRONIC SYSTEMS COMMANA
ATTN PME 117=21

WASHINGTNN, DC 20360

COMMANDING nFFICER

NAVAL INTELLIGENCE SUPPORY CTR
ATTN NISC LIBRARY

4301 SUITLANMD ROADe ALDG =
WwASHINGTON, DC 20390

cOMMANDER

NAVAL OCEAN SYSTEMS CENTEP
ATTN CUPE a@71 (TECHW LIR)
SAN DIEGOs €A 92152

SUPERINTENNENT

NAVAL PNSTGPADUATE SCHOOL
ATTN CUpE 0142 LIBRARY
MUNTFREY., CA 93940

COMMAND ING NFFICER

MAVAL KESEARCH LABORATORY
ATTN CONE 6601 E wOLICKY
WASHINGTON, DC 2037S

COMMANU ING NFFICER

NAVAL KESEARCH LABORATORY
ATTN COpE 5216
WASHINGTON, DC 20375

COMMANUING NFFICER

NAVAL RESEARCH LARORATORY
ATIN COpE 2827
wASHINGTON, DC 2037S

COMMANV ING NDFFICER

NAVAL RESEARCH LABORATORY
ATTN CODE 6624 J RITTER
WASHINGTON, DC 20378

COMMANDING NFFICER

NAVAL RESEARCH LABORATORY
ATTYN COpE 5210 , DAVEY
WASHINGYON, DC 20378

COMMANDER

NAVAL SEA SYSTEMS CNMMAND
ATTN SEa=0a%31
WASHINGTON, DC 20362

COMMANUER

NAVAL SHIP FNGINEERING CENTER
ATTN COpE 6174D2

WASHINGTON, DC 20362

COMMANDER

NAVAL SURFACE WEAPONS CENTER
ATTN CODE G=35 W WOLT
DAHLGREN, vA 22448

COMMANDING OFFICER

NAVAL WEAPONS EVALUATION FACILITY
ATTN COpE aT=¢

KIRTLAND AIR FORCE pASE
ALBUOUERQUF. NM 871917

COMMANDING OFFICER

NUCLEAR WEAPONS TNG CENTER PACIpIC
ATYN COpDE 32

NEPARTMENT OF THE NAvVY

NAVAL ATR STATION: NORTW ISLAND
SAN DIEGO, rA 92138

DIRECTOR

STRATEGIC SYSTEMS PROJECTY OFFICE
ATTIN NSp=2701 J PITSENBERGER
DEPARTMENT OF THE Navy
WASHINGTON, DC 20376

NIRECTOR

STRATEGEIC SYSTEMS PROJECY Crrice
ATTN NSP=230 D GOLD

NEPARTMENT NF TME NAVY
WASHINGYON, DC 20376

DIRECTOR

STRATEGIC SYSTENS PROJECT OFFICE
ATTN NSP=27334 § MANN

NEPARTMENT OF THE NAVY
WASHINGTON, DC 20376
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OFFICER IN FWARGE

WHITE OAK (ABORATORY

ATTN COpE fr230

NAVAL SURFACE WEAPONS CENTER
SILVER SPRING, MD 20910

OFFICER IN CHARGE

WHITE OaK _ABORATORY

ATTN COpE 31

NAVAL SURFACE WEAPONS CENTER
SILVER SPRING» MD 20910

COMMANDER

AERONAUTICAL SYSTEMS DIVISINNG AFSC
ATTN ASP/ENESS P MARTH
WRIGHT"PATTERSON AFR, Ow 45333

COMMANDER

AERONAUTICAL SYSTEMS DIVISION: AFSC
ATTN ENACC m FISH

WRIGHT"PATTERSON AFm, Ou 435333

COMMANDER

AERONAUTICAL SYSTEMS DIVISION, AFSC
ATTN ASp=yn=EX J SUNKES
WRIGHT=PATTERSON AFR, OW 45333

AIR FORCE AERO®PROPULSION LARORATORY

ATTN POg=2 U WISE
WRIGRT®PATTERSON AFme OW 45433

AIR FORCE AVIONICS LABORAYORY
ATTN DH LTC MCKENZIE
WRIGHT=PATTERSON AFpe ON 45833

AIR FORCE AVIONICS LABORATORY
ATTN DHg=2
WRIGHT=PATTFRSON AFme On 45433

AIR FOKCE GFNPHYSICS LABORATORY
ATTN SULL $=29
HANSCOM AFRe MA 01731

AIR FORCE MATERIALS LABORATORY
ATTN LTg
WRIGHT*PATTERSON AFms ON 45433




WEADQUARTERS

AIR FOKRCE SYSTEMS COMMAND
ATTN DLW

ANDREWS AFR

WASNINGTON, DC 2033a

AIR FORCE TECHNICAL AppLICATIONS CENTER
ATTN TFs M SCHNEIDER
PATRICK AFg, FL 32925

AIR FORCE WwFAPONS LABORATORY
ATTN R MAIER
KIRTLAND AFRs NN 87117

AIR FORCE wrAPONS LABORATORY

ATTN U mULLTS
KIRTLAND AFB» NM 87117

AIR FOKCE WwFAPONS LABQORATPRY
ATTH ELP TRFE SECTINN
KIRTLANN AFR, NM 87117

AIR FOKCE WFAPONS LARORATORY
ATTN EL € paAUM
KIRTLANN AFRs NM A7117

AIR FOKCE wrAPONS LABORATORY
ATTN Sui
KIRYLAND AFRs NM 87117

AIR FOKrFF WFAPONS LABORATPRY
ATTN SUL
WIRTLAND AFRs NM A7117

HEANQUARTERS
FLECTRUNIC SYSTEMS nlIvISION,
ATIN ESp/Iune

WANSCOM AFR, MA

AFsC
0173y

COMMANDER
FORETGN TECHMNOLNGY NIVISINN,
ATTN TUTH g RALLARD

PRIGHT=PATTFRSON AFR, NM

AFSC
45433

COMMANDER

ROME AlP NFVELOPMENT CENTFR, (TSLD)
ATTN RBRP ¢ LANE

GRIFFISS AFRs NY 13441

cuMMANDER

ROME Ale NFUFLOPMENT CENTFR, (TSLD)
ATTN RBRAC 1 KRULAC

GRIFFISS AFRs NY 13841

COMMaANDLER
ROME AIR OFVELOPMENT CENTER, KrgcC
ATTN ESE A KAWAN

HANSCOM AFR, MA 01731

SPACE & MIgSILE SYSTEMS ORGANIZATION/MN
ATTN MNnNH

AIR FORCE SYSTEMS COMMAND

NORTON AFB, CA 92409

SPACE & MIgSILE SYSTEMS OpGANIZATINN/MN
ATTN MNNG

AIR FORCE SYSTEMS COMMAND

NORTON AFB, CA 92409

SPACE & MIgqI E SYSTEMS OpGANIZATION/msS
ATIN RSMG F COLLIER

AIR FORCE SYSTEMS COMMAND

POST OFFICE BOX 92960

WORLDWAY POSTAL CENTER

LOS ANGELES» CA 90009

SPACE & MIGSILE SYSTEMS ORGANIZATION/gx
ATTN SKF P STADLER

AIR FORCE SYSTEMS COMMAND

POST OFFICE ROX 92960

WORLOWAY POSTAL CENTER

LOS ANGELESe CA 90009

SPACF & MISSILE SYSTEMS ORGANIZATION/yA
ATTN YAS

AIR FORCE SYSTEMS COMMAND

POST OFFICF ROX 92960

WORLOWAY POSTAL CENTER

LOS ANGELESs CA 90009

STRATEGIC ATR COMMAND/XPFS
ATTN XPFS M CARRA
DEPARTMENT nF THE ATR FORCE
OFFUTT AFB, NB 68113

STRATEGIC aTm COMMAND/XPFS
ATTN NRI®STINFO LIBRARY
PEPARTMENT nF TWE ATR FORCE
NFFUTT AFR, NB 68113
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COMMANDANT

3416TH TECHNTCAL TRAINING SOUADRON (ATC)
ATIN TTy

AIR TRAINING COMMAND

NEPARTHFMT NF THE AIR FORCE

KIRTLAND AFR, NM 87117

DEPARTMENT OF ENERGY

ATTN DOC coM FOR wSSB/0SD R SWAY
ALBUOQUERQUE NPERATINNS nFFICE

P 0 ROX Saon

ALBUQUERQUEF, NM 87118

NFFICE nF MILITARY APPLICATINN

ATTN DUC CAM FOR CLASSIFIFD LIBRARY
NEPARTMENT OF ENERGY

WASHINGTON, DC 20545

CENTRAL INTFLLIGENCE AGENCY
ATTN RD/SI PM 5G48 HO RLDG
ATIN' Rp/Sys RM SGARs WO RLNG
WASHINGTON, DC 2050%

NEPARTMENT nF TRANSPORTATION
ATTN ARp=3%0

FEDERAL AVIATION ADMINISTRATION
HEADQUARTERS SEC DIV, ASE=300
800 YNDEPENNENCE AVENUE, SW
WASHINGTON, NC 20591

AEROUET ELECTRO=SYSTEMS CO,

ATTN SV/8711/70

NIV OF AEROJET=GENERAL CORP,

P 0O ROX 294, 1100 W HOLLYVALE DRIVE
AZUSA» CA 91702

AEROSPACE CORP,

ATTN y JOSEPHSON

P 0 BOX 92087

LOS ANGELESs CA 90009

AEROSPACE CNRP,
ATTN R cROLTIUS
P 0 BOX 92987

LOS ANGELESs, CA 9000°

AEROSPACE cNRP,
ATTN 1 GARFUNKEL
P 0 ROX 92957

LOS ANGELES: CA 90009

AEROSPACE cnep,
ATTN S BOWER
P O ROX 929%7

LOS ANGFLES, CA 90009

T o
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AEROSPACE cORP,

ATTN W WILLTS

P 0 BOX 92987

LOS ANGELES. CA 90009

AEROSPACE cneP,

ATTN J REINMFIMER

P 0 ROX 92087

LOS ANGFLESs CA 90009

AVCO RESEARCH & SYSTEMS GpOUP
ATTN W BRONING

201 LOWFLL STREEY

WILMINGYON, MA 01887

AATTELLE MEMORIAL INSTITYUTE
ATTN D WAMMAN

8505 KING AVENUE

cOLUMBUS, oM 43201

BATTELLE MEMORIAL INSTITUTE
ATTN R BLAZFK,

805 KING AvFNUE

cOLUMBUS, 0H 43201

ROM COKP,

ATTN D ALEXANDER

P 0 BOX 9274

ALBUQUERQUFE INTERNATIONAL
ALBUQUERQUE, NM 87119

ADM CORp,

ATTN MARKETING

P 0O ROX 972724

ALBUOGUERQUE INTERNATIONAL
ALBUOUERNAUE, NM AT119

BENNDIX cNRP,

ATTN DOQUMFNMT CONTRNL
COMMUNIFATINN DIVISINN
F JOPPA RNan
RALTIMURE, MD 212048

RENNTY ¢NPD,

ATTN ™ FRAYW

PESEARCH LARNRATNRIFS NTUTSING
RENNTYC CEnTFR

SUUTHFIFLL, M1 aB07s

ROETNG 0,

ATTN ARLIA

PO RANX ITHY
SEATTLE, r» 958124

ROETNG €N,

ATIN F rALNWFLL

P 0 RDX 3727
SEATTLE, w~n 98124

RLEING £N,

ATTN H O WIC<LFIN
PN RNA 3717
SEATTLE, «wr 9n124

RONZ=ALLEN AND HAMILTONS INE,
ATTN K CHRTSNER

776 SHREWSRURY AVENUF

TINTON FALLSe Ny 07724

RURRNUGHS eNrap,

ATTN PRANDUCY EVALUATIAN LARNRATQRY
FEDERAL ANN SPECTAL SYSTFMS GROUIP

CENTRAL AvF AMD ROUTE 252
P 0 POX S17
PAOLIs PA 10301

CALIFORNIA INSTITYUTE OF TECHNOLDGY
ATTN A STANLEY

JET PROPULSTION LAB

4800 OAx GROVE DRIVE

PASADENA, ca 91103

CALIFORNIA INSTITYUTE oF TECHNOLOGY
ATTN J BRYDEN

JET PROPULSTON LA

4800 DAk GRNVE DRIVF

PASADENA: ¢a 91103

CHARLES STARK DRAPER LABs INC.
ATIN R WALTMALER

853 TECHNOLNGY SQUARE
CAMBRIDGE, mA 02139

CHARLES STARX DRAPER _ABs» INC,
ATIN P WELLY

855 TECWHNOLOGY SQUARE
CAMBRIDGE, ™A 02139

COMPUTER SCTENCES CorP,
ATTIN A SCHIFF

1400 SAN MATED BLVD, SE
ALBUOUERQUF . NM 87108

CUTLER MAMMER, [NC.,
ATIN A ANTHNNY

AL DIVISINN

COMAC RpAD

DEER PARK, NY 11729
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0IKEWOOn INNUSTRIES, INe.
ATTN L nAveS

1009 BRaDBURY DRIVE, SE
ALBUQUERQUF. NM 87106

F=SYSTEMS, INC,

ATTN R FRENCH

€CI DIVISINN

P 0 BOX 12248

ST PETERSBURG, FL 33733

E=SYSTEMS, INC,

ATTN DIVISINN L1IBRARY
GREENVILLE NIVISION

P 0O ROX 1084
GREENVILLE, Tx 754014

FFFECTS TECHNOLOGY» INC,
ATIN € STEFIE

5383 HOLLISTER AVENUE
SANTA BARAARA, CA 93111

FX=CAL® INF,

ATIN R plCwHAUT

FIRSY NATINNAL RLNG, €
SUITE 1816
ALBUQUERQUF. NM 87108

FAIRCHILD rAMERA ANp INSTRIMENT CORP,

ATTN SE¢ CnM FOR p WMYERS
464 ELLTS STREET
MOUNTAIN VIEWs CA 94040

FAIRCHILD ynNUSTRIFSs INC,
ATTN B PATYAN

SHERMAN FATRPCHILD TFCHMNNLNGY CENTER

20301 CenNTyRPY BLVD
GERMANTNNN, MD 20767

FLORIDA, UNTVERSITY OF
ATTN W SISLFR

ATTNG SECURTITY OFFICER
P 0 80X 284
GAINESVILLF. FL 32401

FORD AERNSPACE & COMMUNICATINNS CORP.

ATTN E POANCELET JUR
FORD & JAMANREE RNANS
NEWPORT REACHMs CA 92663

rORD AEQNSPACE & COMMUNICATINNS ConP,

ATIN K ATTINGER
FORD & JAMANREE RNANS
NEWPORT BEACHs CA  9266)

-
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FORD AERNSPACE & COMMUNICATIONS cORP,
ATTN TECHNICAL INFORMATION SERVYCES
FORD & JAMRNREE ROADS

NEWPORT REACHs CA  9266)

FORD AEQNSPACE & COMMUNICATIONS CorP,
ATTN D MCMNRROW

3939 FARIAN WAY

PALO ALYN, cA 94303

FORD AEROSPACE & COMMUNICATIONS ComrP.
ATTN TEcHNTCAL LIBRARY

3939 FARIAN WAY

PALD ALYO, CA 9830)

FORD AEQOSPACE & COMMUNICATIONS CorP,
ATTN € WAHWNM

3939 FABIAN WAY

PALD ALTON, CA 94303

FRANKLIN INSTITUTE

ATIN R THOMPSON

20TH STREET AND PARKWAY
PHILADELPHTIAS PA 19103

GARRETT CORP.

ATTN R wEIPR

252% w 190TH STREET
TORRANCEs cA 90509

GENERAL ELECTRIC CN,

ATTN J ANDREWS

SPACE DpvisTON

VALLEY FORGE SPACE CENTER
P 0 BOX 85%%
PHILADELPHIA, PA 19101

GENERAL ELECTRIC O,

ATTN L SIvn

SPACE OrvisION

VALLEY FNRGE SPACE CENTER
P 0 BOX 8%5s%
PHILADE_LPHIAs PA 10101

GENERAL ELECTRIC cO,

ATTN D TASEA

SPACE DIvISTON

VALLEY FORGF SPACE CENTER
P O ROX 8558
PHILADELPHTAS PA 10101

GENERAL ELFCTRIC cO,

ATIN J PEDFM

SPACE DIVISTON

VALLEY FORGF SPACE CENTFR
P 0 ROX 85%S
PHILADELPHTA. PA 19101

GENERAL ELFCTRIC cO,

ATIN L CHASFN

SPACE DyvISION

VALLEY FORGF SPACF CENTER
P 0 BOX B5%%

PHILADE| PHYA, PA 19101

GENERAL ELFCTRIC ¢n,

ATTN ) PALCHEFSKY Jr

RE“ENTRY & FNVIRONMENTAL SYSTEMS DIV
P O ROX 7727

3198 CHESTNIT STREEY

PHILADELPHYIAS PA 19101

GENERAL ELFCTRIC ¢O,

ATIN w PATYERSON

RE“ENTRY & FNVIRONMFNTAL SYSTEMS DIV
P 0 BOX 7722

3198 CHESTNUT STREEY

PHILADELPHIA» PA 19101

GENERAL ELFCTRIC O,

ATTN R RENENICT

RE=ENTRY & FNVIRONMENTAL SYSTEMS DIV
P 0 ROX 777>

3198 CHESTNUT STREEY

PHILADELPHIAS PA 19101

GENERAL ELFCTRIC cO,

ATTIN TECHNICAL LIBRARY

RE“ENTRY & ENVIRONMFNTAL SYSTEMS DIV
P O BOX 7722

31968 CHESTNUT STREET

PHILADELPHTAs PA 19101

GENERAL ELECTRIC cO,
ATTN J REInL
NRDNANCE SYSTEMS

100 PLASTICS AVENUE
PITTSFIELD, “A 01201

GENERAL ELECTRIC cO,

ATIN R WELLEN

AIRCRAFT ENGINE BUSINESS GROUP
EVENDALE PLANTs INT HWY 75 8
CINCINNATI, 0H 435218

GENERAL ELFCTRIC ¢0,

ATTN C WEWTGNN

AEROSPACE FLECTRONICS SYSTEMS
FRENCH ROAD

uTICA, NY 13503
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GENERAL ELFCTRIC €O,"TEmMPN

ATTN DASIAC

CENTER FOR ADVANCED STUNIFS

816 STATE STREET (P 0 DRAWER Q@)
SANTA BARBARA, CA 93102

GENERAL ELFCTRIC CO,=TEwPP

ATIN R RUTKEPFORD

CENTER FOR ANVANCED STUNIFS

B16 STAYE STREEY (P N DRANFR 00)
SANTA BaRBARAL Ca 93102

GENERAL ELFCTRIC CO,=TEMPN

ATTN M ESPIG

CENTER FOR ADVANCED STUDIES

616 STAYE STREET (P O ORAWER GQ)
SANTA BARBARA, CA 93102

GENERAL ELFCTRIC €O,=TEMPP

ATTIN W MCNAMARA

CENTER FNR ANVANCED STUDIFS

816 STATE STREET (P 0 DRAWER 00)
SANTA BaRRARA, CA 93102

GENERAL ELFCTRIC €O,=TEmMPQ
ATTN DAgIAe

ALEXANDRIA NFFICE

HUNTINGTON RUILOING, SUITF 300
2560 HUNTINGTON AyENUE
ALEXANDRIA, vA 22303

GENERAL RESFARCH cOpP,

ATTIN TECHNTICAL INFORMATION NpflgE
SANTA BaRBARPA DIVISION

P 0 BOX 677¢

SANTA BARBARA, CA 93111

GEGRGIA INSTITUTE Of TECHNOLOGY

ATTN RES ¢ SEC COORD FOR M DENNY (UNCLASS n

OFFICE OF CONTRACT ADMINISTRATIQN
ATTNG ARSCH SECURITY COORDINATOR
ATLANTA, Ga 30332

GOODYEAR AFROSPACE cORP,

ATTN SECURITY CONTROL STATINN
ARIZONA DIVISION

LITCHFIELD PARK, AZ 85340

GTE sYLvaniae INC,

ATIN L BLAISDELL

ELECTRONICS SYSTEMS GRP=EASTERN DIy
P7T A STREEY

NEEDHAM, wp 02194




GTE SYLVANTIA» INC,

ATTN C THORNMILL

ELECTRONICS SYSTEMS GRP=EASTERN DIv
?7 A STREEY

NEEDHAM, Ma 02194

GTE SYLVANTAs INC,

ATTN P FREDRICKSON

189 P STREEY

NEEDMAM HETGHTS, MA 021904

GTE SYLvANTAs INC,

ATTN J WALDRON

189 R STREETY

NEEDHAM HETGHTS: MA 02194

HARRIS CORP,

ATIN W ABARfF

ELECTRONICS SYSTEMS DIVISION
P 0 BOX 37

MELBOURNE, FL 32901

WARRIS CORP,

ATTN C DAyIS

ELECTRONICS SYSTEMS DIVISION
P 0 BOX 37

MELBOURKE, fFL 32901

MARRIS cORp,

ATTN MGR LTINEAR ENGINEERING
WARRIS SEMTCONDUCTOR DIVISION
P 0 BOX BAy

MELBOURNE, rL 32901

HARRIS CDRp,

ATTN MNGR al POLAR DIGITAL ENG
MARRIS SEMICONDUCTOR DIVISION
P 0 ROX 883

MELBOURNE, FL 32901

MAZELTINE cnmpe,

ATTIN M WAITF

PULASKI ROaAN
GREENLAWN, MY 11740

HONEYWELL, TNC,

ATIN MS 725e§

AVIONICS DTVISION

13350 U S WTIGHWAY 104 N
ST PETERSAIRG, FL 3373)

HUGHES AIRFRAFT CO.
ATTN CTnC 6/E110
CENTINELA amn TEALE
CULVER CITy, CA 90230

HUGHES AIRCRAFT Cn,
ATTN K WALKFR
CENTINELA aND TEALE
CULVER CITv. CA 90230

HUGHES AIRCRAFT Cn.
ATTN J SINGIETARY
CENTINELA anD TEALE
CULVER CITY, CA 90230

MUGHES AIRCRAFT Co,
ATTN D RINNFR
CENTINELA anD TEALF
CULVER CITys CA 90230

HUGHES AIRCRAFT Cp.
ATTN E SMITH

EL SEGUNDO SITE

P 0 BOX 92919

LOS ANGELES: CA 90009

18m CORp,

ATTN ELECTROMAGNETIC COMPATARILYTY
ROUTE 170

OWEGOs NY 13827

18M CORP,

ATTN MONO MEMORY SYSTEMS
ROUTE 170

OWEGO» NY 13827

INSTITUYE Fnn DEFENSE ANALYSES
ATTN TEcH INFO SERVICES

400 ARMY=NAVY DRIVE 2
ARLINGTON, yA 22202 :

INTERNAYIONAL TEL & TELEGRAPH CneP,
AYTN DEPT 408

800 WASAINAYON AVENUE

NUTLEY® NJ 07110

10N PHYSICS CORP,
ATTN R EVANS

S BEDFORN STREET
BURLINGYON, ™A 01803

IRY CORp,

ATTN PHYSICS DIVISINN
P 0 BOX 810A7

sAN pDIEgOs ca 92138
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IRY CORe.,

ATTN R MERY?

P 0 BOX 810A7

SAN DIEGO, CA 92138

IRT CORp,

ATTN mDC

P 0 BOX 81087

SAN DIEGD., CA 92138

IRY CORp,

ATTN SYSTEMS EFFECTS DIvISINN
P O BOX 810A7

SAN DIEGD, CA 92138

JAYCOR

ATTN R SULLTVAN

205 S WNITING STREEY, SylTE S00
ALEXANDRIA, VA 22304

JOHNS HOPKINS UNIVERSITY
ATTN P PARTRIDGE

APPLIED PHYSICS LAB
JOHNS MOPKINS ROAD
LAUREL» ~Mp 20810

KAMAN ScIENCES CORP,

ATTN PRESIDENT

P 0O BOX 7443

COLORADD SPRINGS» Cn 80933

KAMAN SCIENCES CORP,

ATTN Ola SCIENCE ¢ TECHNOLOGY NIV
P 0 BOX 7463

COLORADN SPRINGS» €0 80933

KAMAN SCTIEWCES COaP’

AYTN W WARE

P O BOX 7agd

COLORADD SPRINGS, CO 80933

KAMAN SCIENCES CORP,

ATTN W RICH

P O BOX Tagld

COLORADD SPRINGS» Cn 80933

KAMAN SCIENCES CORP,

ATTN J LUBELL

P 0 BOX 7ag?

COLORADD SPRINGS» CO 80933

e
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LAWRENCE LYVERMQRE | LABORATNRY

ATTN DOc CnM FOR L=153 D MEEKER (CLASS | =a?

UNIVERSITY NnF CALIFNANIA
P 0 ROX BOA

LIVERMORE, ra 94550

LAWRENCE LYVERMORE | ABORATNRY

ATTN DO¢ CNN FOR TECHNICAL INFORMATION
UNIVERSTTY NF CALIFNRNIA

P 0 RDX B0A

LIVERMORE:, rA 94550

LAWRENCE LIVFRMORE | ABORATNRY

ATTN D0c CnM FOR L*15A& R KALIBJTAN
UNIVERSITY NnF CALIFNRNTA

P 0 BOX Ang

LIvVERMURE., ra 94550

LITTON SYSTFMS, INC,

ATIN J RETZLER

GUIDANCE & CcONTROL SYSTEME NnTVIGION
9500 CANOGA AVENUE

WOODLAND HILLSs CA 91364

LITTON 8YSTFuSs INC,

ATIN V ASHAY

QUIDANCE & CONTROL SYSTEMS pTVISION
9500 CANNGa AVENUE

WOODLAND HTLLS» CA 91364

LOCKMEED MTSSILES & SPACE CN.s TNC.
ATTN D wOLFWARD

P 0 BOX S0a

SUNNYVALE, A 94086

LOCKHEED M1SSILES & SPACE Cn.» TNC,
ATTN L mOSST

P 0 BOX 50s

SUNNYVALE, ca 94086

LOCKMEED MISSILES & SPACE C0.» INC,
ATTN E SMITH

P 0 ROX S04

SUNNYVALE, rA 94086

LOCKHEED MrsSILES & SPACE Cn,» INC,
ATTN B xiImioa

P 0 ACX Sna

SUNNYVALE. ra 94086

LOCKMEEN MresILES AND SPACF 0., INC,
ATTN REpPORTS LIBRARY

3251 wANAyre STREET

PALD ALTO. cA 94304

MelaTe LINCOLN LAR
ATTN LIRRaAnY A=082
PO ANK 7Y
LEXINGTON, A 02173

MARTIN MARTETTA CNRp.
AYTN Yic/mMp=30
NRLANDO DIVISION

P 0 ROX 5837

ORLANDO, FL 32805

MARTIN MARTFTYA CORP.
ATTN RESEARCH LIBRARY
PENVER nIVISTON

P 0 BOX 179

DENVER® €O AN201

MARTIN MARIFTTA CORP,
ATTN P kASF

NENVER nIVISION

P 0 BOX 179

DENVER» CO R0201

MCDONNELL NNUGLAS CNRp,
ATIN T ENDER
P 0 BOX S16

$Y LOUlIs, uD 63166

MCDONNELL NAUGLAS CNRP,
ATIN LlIgRaRY
P N BOX S14

ST LOulssy vn 63166

MCDONNEL L NNUGLAS CNRP,
ATTN P ALRRECKHT

5301 BOLSa AVENUE
HUNTINGYON REACHs CA 92647

MISSION RESFARCH C0NaP,
ATTN M yAN RLARICUM

P 0 DRAWER 719

SANTA BARBAPA, Ca 93102

MISSION RESFARCH COeP,

ATIN D MERFWETHER

EM SYSTEM APPLICATINNS DIVISION
1400 SAN MATEC BLVDs SEs SUTTE a
ALBUQUERGUF, NN B7108

MISSTION PESFARCH CORP,=SANM DTEGH
ATIN Vv VAN LINT
P 0 ROX 1209

LA JOLLAs A 92038

MISSTON RESFARCH CORP,=SAN DIEGH
ATIN J RAYMNND
P 0 BOX 12n¢

LA JoLbas A 92038
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NATIONAL ACADEMY nF SCIENCES

ATTN R SHANF

NATIONAL MATERIALS ADYISORY RGARD
2101 CONSTTTUTION AVENUEs NW
WASHINGTON, DC 20418

NEW WEX1CO» UNIVERSITY OF
ATTIN W SOUTHWARD

ELECTRICAL FNGINEERING & COMPUTFR SCIFNC”

ALBUQUERAUF, NM 8713}

NORTHROP CORP,

ATYN J SROUR

NORTHROP RESEARCH § TECHNOLOQY cTR
1 RESEARCH PARK

PALOS VERDES PENINSULA» CA 9027a

NORYHROp cORP,

ATIN O CURTIS UR

NORTHROP RFSEARCH & TECHNOLOGY ¢TR
1 RESEARCH PARK

PALOS VERDES PENINSULA» CA 9087a

NORTHROp cCnPP,
ATIN D STROMEL
ELECTRONIC NIVISION
2901 w 120TH STREEY
HANTHORNE. CA 90250

OKLANOMA» UNIVERSITY OF
ATTN R W0ON

RESEARCH INSTITUTE

1008 NEWTON DRIVF
NORMAN®? Ok 73069

PALISADES INST pOR RSCH SFRVICES» INg,
ATTN SECRETARY

201 VARICK STREET

NEW YORKs NY 10014

PHYSICS INTFRNATIONAL Co.
ATTN DIVISTON 6000

2700 MERCED STREETY

SAN LEANDRN. CA 9a8T?7

PHYSICS INTFRANATIONAL CO.
ATTN J SHEA

2700 MERCEN STREET

SAN LEANDRO, CA 94877

R L D ASSOCIATES
ATTN § ROGERS
P O BOX 9698

MARINA NDEL REYs CA 90201




R & D ASSOCIATES
ATTN W KARZ2AS
P 0 BOX 969%

MARINA DEL REYs CA 90291
R & D ASSNCYTATES

ATIN C MACPANALD

P 0 BOX 969%

MARINA DEL REYe CA 90291

RAND CORgP,

ATTN C CRATIN

1700 MATN STREET

SANTA MONICAs» CA 90406

RAYTHEON Cn,

ATIN G JOSMY
MARTWELL RNAN
BEDFNRD, ™Ma 01730

~

RAYTHEON Cn,

ATTN W FLESCHER

528 BOSTON PNST ROAnD
SUDBURY, Ma 01776

RCA CORp,

ATTN G BRUCKER

GOVERNMENT SYSTEMS nIvISION
ASTRO ELECTRONICS

P O ROX 890s LOCUST CORNER
EAST wINDSNR TOWNSHIP
PRINCETAN, Ny 083540

RCA CORp,

ATTN OFFICE N103

NAVID SARNOFF RESEARCH CENTER
P 0 80X 432

PRINCETBN:, NJ 08540

RESEARCH TRTANGLE INSTITUTYE

ATTN M SIMNONS JUR

P 0 BOX 12194

RESEARCH TRTIANGLE PARKks NC 277090

ROCKWEL| INTERNATIONAL CORP,
ATIN J BELL

P 0 BOX 3115

ANAHEIM, ca 92803

ROCKWELL INTERNATIONAL CORP,
ATTN K WULL

P 0 BOX 31nS

ANAHEIM, ca 92803

ROCKWEL| INTERNATIONAL CORP,
ATTN N RUDTE

P 0 BOX 310%

ANAMEIM, Cca 92803

ROCKWELL INTERNATIONAL CORP,
ATIN Tlc D/a1=092 AyOY

SPACE OrVISTON

12214 SQUTW LAKEWOON BOULFVARD
DOWNEY? CA 90241

ROCKWELL INTERNATIONAL CORP,
ATTN D STEVENS

SPACE DrviIsION

12214 SQUTW LAKEWOON BOULFVARD
DOWNEY® CA 90243

ROCKWELL INTERNATIONAL CORP,
ATTN Tlc Ba0S

815 LAPHAM STREET

EL SEGUNDO, CA 902458

SCIENCE APPLICATIONS» INC,
ATTN N BYRN

HUNTSVILLE nIVISION

2109 W _CLINTNN AVENUE
SUITE 700

WUNTSVILLE, AL 33808

SCIENCE AppLICATINNS, INC.
ATTN w CHADSEY

8400 WESTPARK DRIVE
MCLEAN vA 22101

SINGER cO,

ATTN TECHNTCAL INFORNATION CENTER
DATA SYSTEMS

150 TOTawWA ROAD

WAYNE:» NJ 07470

SPERRY RAND CORP.

ATTN ENGINEFRING LARORATORY
SPERRY MICRNWAVE ELECTRONICS
P O BDX 4648

CLEARWATER, FL 33518

SPERRY RAND CORP,
ATTN P MARAFFINOD
SPERRY DIvISION
MARCUS AVENUE

GREAY NgCk, NY 11020

SPERRY RAND CORp,
ATIN C cRATG
SPERRY DIVISION
MARCUS AVENUE

GREAT NECK, NY 11020

ROCKWELL INTERNATIONAL CORP,
ATIN T YATFS

815 LAPHAM STREET

FL SEGUNDO, CA 90245

RCA CORp, SCIENCE APPLICATIONSs INC, ROCKWELL INTERNATIONAL CORP, =
ATTN L MINTCH ATTN L scoTT ATTN A LANGFNFELD »
DAVID SARNNFF RESEARCH CENTER P 0 BOX 2351 COLLINS DIVTSIONS i
P O ROX 432 LA JoLLas cA 92038 400 COLLINS RNAD NE )
PRINCETBN, Ny 08540 CEDAR RaPINS, IA 52406 ’
RENSSELAER ®NLYTECHNIC INSTITUTE SCIENCE APP  ICATIONS» INC, ROCKWEL, INTERNATIONAL cOPP,

! ATIN R GUTWMANN (UNCLAS ONLY) ATTN J BEYSTER ATTN Tlc 106-216
P 0 BOX 968 P 0 BOX 238 COLLINS DIVISIONS {
TROY, Ny 12181 LA JOLLAs ¢4 92038 400 COLLINS ROAD wE

i CEDAR RaPInS. 1A 52406
|
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SANDERS ASSOCIATES» INC.
ATTN m AITEL

95 CANAL STREET

NASHUA® NH 03060

SANDERS ASSOCIATESss INC,
ATTN L RRONEUR

95 CANAL STREET

NASHUA* NH 03060

SANDIA LARNRATORIES

ATTN DOC CNNM FOR F COPPAGF
P 0 BROX S800

ALBUOQUERQUE. NM 87115

SANDIA LABNRATORIES

ATTN DOC CON FOR R GREGORY
P 0 BOX 5800

ALBUQUERQUE., NM 87115

SANDIA LABORATORIES
ATTN DO¢ CON FOR J HOOD
P 0 BOX S80n
ALBUQUERQUF, NM 87115

SPERRY RANN CORP,
ATTN R vIOLA

SPERRY DIVISION
MARCUS AVENUE

GREAT NgCx, NY 11020

SPERRY RANN CORP,
ATIN D SCHNW

SPERRY FLIGHMY SYSTEMS
P O BOX 21111
PHOENIX, AZ 85036

SPIRE CoRp,

ATTN R (LITTLF

P 0 ROX D

REDFORD, ma 01730

SRI INTERNATIONAL
ATTN P DOLAN

333 RAVENSWNOD AVENUE
MENLD PaRx, CA 94028

SUNDSTRAND CORP,

ATTN RESEARCH DEPARTMENT
a734 HARRISON AVENUF
ROCKFORD, 1L 61101

TELEDYNE BpneN ENGINEERING
ATTN U MCSWAIN

CUMMINGS RFSEARCH PaRgk
MUNTSVILLE, AL 35807

TETRA TECH, INC,
ATTN T SIMPSON

1911 FORT MYER DRIVF
ARLINGTON, vA 22209

TEXAS INSTRUMENTS. INC.
ATTN D MANUS

P 0 BOX 225474

DALLAS® Tx 75265

TRW DEFENSE & SPACE SYS QROUP
ATTN R PLERUCH

ONE SPACE PARK

REDONDO BEACH» CA 90278

TRW DEFENSE & SPACE SYS GpOUP
ATTN H HOLLOWAY

ONE SPACE PARK

REDONDO BEACHs CA 90278

TRW DEFENSE & SPACE SYS GpOUP
ATTN TECHNICAL INFORMATION CENTER
ONE SPACE PARK

REDONDO BEACHs CA 90278

TRW DEFENSE & SPACE SYS GpOUP
ATTN A NAREVSKY

ONE SPACE PARK

REDONDO REACHs CA 90278

TRW DEFENSE & SPACE SYS GpOUP
ATTN O ADAMS

ONE SPACE PARK

REDONDO BEACHs CA 90278

TRw OEFENSE L SPACE SYS GROUP

ATTN VULNERABILITY g HARDNESS LABOR/
ONE SPACE PARK

REDONDO BEACHs CA 90278

TRW OEFENSE & SPACE SYS GpOuUP
ATTN R wEBS

ONE SPACE PARK

REDONDO BEACHs CA 90278
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TRW DEFENSE & SPACE SYS GpOUP
ATTIN F PAY

SAN BERNARDIND OPERATIONS

P O BOX 1310

SAN BERNARDINO» CA 92402

TRW DEFENSE & SPACE SYS erOUP
ATTN R KITTYER

SAN BRERNARDIND OPERATIONS

P 0 AOX 1330

SAN RERNARDINOs CA 92402

TRW SYSTEMS AND ENERGY
ATIN R MATHF WS

P 0 BOX 368
CLEARFIELD., UT B401S

VOUGHY coep,
ATTN R TOMMF

P 0 BOX 22%907
NALLAS® Tx 75265

VOUGHT ¢NRe,
ATTN LIgRARY

P 0 BOX 22%5907
NALLAS® TX 75265

WESTINGHOUSF ELECTRIC CORP,

ATTN MS 3330

NEFENSE AND FLECTRONIC SYSTEMS cTR
P 0 H0X 1693

AALTINMORE= L ASHINGTON INTL AIRPORT
MALTIMORE, wD 21203




