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PRE FACE

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 Techn3logy Center, Somerville, New Jersey , under Contract No.
N000l4—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 off icer  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 proj ect 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. Ciamp a 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.
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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 production 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 HC1. 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 technology 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 ar rays .
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 emphasis during Phase II was

1
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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
(CD4O24).

2. Metallization studies, IN—source.

3. Rad—hard CMOS/SOS process
development.

III 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 (TCSO69) and fabrication
of 30 rad—hard arrays.

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

2. Investigation of the dependence of
CMOS/SOS 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

2
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hardness. The effects of postchannel—oxldation 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
f 
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; 10
5
—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

(TCSO69 , 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

C
2L (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

successfufly testing RCA’s microprocessor array (type 

CDP18O2).3
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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 Al—Si02 inter-

face under positive gate—~ias irradiation. This is the bias condition that

causes CMOS circuit failure due to excessive n—channel device threshold voltage

shift under gamma irradiation.

The Al+ 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 sourcc~ 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 key resulted in rela-

tively stable implants. These were performed at effe’tive energies ranging

from 5 to 15 keV. Due to the low aluminum—ion currents, the implant time to
15 2achieve aluminum dosages of 10 N/cm 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—1~—cm, n—type silicon substrates

with 85O—~ , 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—key implants in-
dicate penetration of the Si—SiO2 

interface by the Al+.

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 key) with high—efficiency aluminum—ion sources.

This method for hardening CMOS arrays was abandoned when improved hardened

channel—oxidation techniques were developed.4
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TABLE 2. tON—IMPLANT DATA OBTAINED WITH A SPUTTERED—ALUM INUM SOURCE

Effective CVBT Data
Implant Energy Dose
Run (keV) (ions/cm 2) Time (minutes) fb fb

K 6.5 io14 20 +0.8 +1.0

M 8.5 1014 45 +1.2 _2.6**
N 8.5 iolS 135 +2.4 _4•9**
P 10.5 io’4 15 +1.8 +1.0

Q 10.5 1015 135 +3.4 _6.3**
Control

— (No implant) — — +0.2 +0.6

— 5.0 m m ;  T — 300°C; V (voltage) = 10 V.
**Data taken for 1 mm at 300°C.

a 5

—-
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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.~ pptimum 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 har~~ess and reliability.

This growth time, at standard barometric pressure, results in 85O—~ (typical)

oxide thickness. Radiation hardness can be increased by growing thinner gate

oxides, but at the cost of reducing both production yields and reliability.

The thinner gate oxides (<700 ~), 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 op’..mum channel—oxidation

process for radiation hardness. The initial experiments with growing hard

oxides concentrated on the effects of HC1 used during the growth cycle. The

hardness decreased with increasing HC1 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 Q 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: +10
6 V/cm) applied to the aluminum

electrode. All oxides were between 850 and 950 ~~~, and metal was deposited by

E—beam techniques.

6
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RAD8(S~ )
Figure 1. RadLation—hardness sumina zy for

bulk—silicon MOS capacitors.

Typical plots are shown for an 875°c wet HC1 and a 1000°C dry °2 oxide,
both of which were annealed in forming gas (H,/N ,) at 1100°C. The difference

4 L-

~~~~~~~ 4in hardness, for V fb 2 volts (3.8 x 10 for the HC1 oxide versus 6.0 x 10 for

the dry oxide), is normally 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 HC1 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 10

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 ~ 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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SECT ION IV

HARDNESS MONITORING WITH THE SCANNING—ELECTRON !IICROSCOPE

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/SOS,

bulk CMOS processed wafers; and packaged arrays was established and correlated

with cobalt—60 and 1—MeV electron radiation sources. Typical electron—beam

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 10~ A/cm
2 for a dose

rate of 5000 rads/s. Figure 2 illustrates the degree of correlation achieved.

5 I - I
DEVICE TYPE CD4OIUBULX Si )

‘
z ~~ SEM

~~ 3 - — — COSALT -60 -

— —-—— VAN DE GRAA FF

95% CONFIDENCE -- L I M I TS (Co—60 )
I I

IO~~ I O ~~ I O~~

ACCUMULATED RADIATiON DOSE
[RADS ( S i  ) )  

•

Figure 2. Radiation effects  correlation
study (Vm N vs dosage).
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A dose rate of 5000 rads/s is normally used for SEM irradiation. The van —

ance in total—dose radiation hardness over a single wafer  was investigated for
a hardened CMOS CD4007 array . These dat a are shown in Fi g. 3. The wafe r map
data fo r 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  corn—
panies for their use.

— — — — — — — — — — — — —
/
L — — — — — — — - A4 — — — — — — — -/ 5 .1 1.0! 0 / 2 1 .49 36 04

t 5 i T s 1~~~~~~
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\ 0 0 . 4  ~‘. .04 IS 06
— — 

I—t-— — — — — — V. — — — ~1— — — — —

— — — — I — — “~ — 

f 
_ -1—.... — —

~~ ~~~~~~~~~ ) —
~~ v1~~~ ~ 

(L~V TH~I’.J 
)
~ E~V 1-~~~

WHERE : I 6 VO LTS WHERE :)(  = 54  VO LTS
c r : 0 0 9 0’. 13

Figure 3. Wafer hardness—uniformity test.
[CD4007A; dosage — 106 rads
(Si), SEMI.

14



• —
‘-
- w --w-

_ _ - — - V .  — V

SECTION V

METALLIZAT ION 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—

don and the remainder with filament—evaporated aluminum. The metal—alloy

cycle was identical (450°C, N2, 15 mm ). Samples from each metallization

technique were packaged and tested to total—dose radiation levels up to io6

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—beain are clearly evident at total—dose radiation levels beyond 1O5 rads
(Si). Below 1O5 rads, where the effec ts 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 10~ 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—Si02 interface, the effect on the N—transistor is to reduce the threshold
voltage shift, as evident in the “flattening” of the 

~
VT~~ 

curve (Fig. 4). C-n

the other hand , with increasing rad iation dose, the P—transistor cur~c for E—gun
metal shows a monotonic shift toward more negative values. The net effect is that

the P—transistor—threshold voltage is increased on E—bearn 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 f ilament

15
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-30 

LOT 252

DOSAGE [rods (S I ) ]

Figure 4. Total—dose hardness; E—gun vs filament,

evaporation system was incapable of reproducibly providing low sodium levels
ii. the evaporated aluminum films. The source of the sodium is th~ 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.

4.
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SECTION VI

RADIATION—HARDENED PROCESS DEFINITION
OF Al—GATE CMOS ARRAYS

The results of the oxidation , anneal , and metallization st udies wer e 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 cni3

Channel Oxide 750 ~
90—mm , dry 02;t — 1000°C

Postoxidation Anneal No anneal—quench

Source—drain Spacing 7.5—8.75 urn (0.30—0.35
mil)

Metallization Filament or rf melting

Alloy 450° C , N2, 15 mm

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 Q
55 

of

the unannealed, dry channel oxide and the thinner (than standard Nd —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 coninercial 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 F

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 mm ), which

is followed by an 1100°C short—time anneal. The effect of the greater lateral

dif fusion 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 urn (0.30—0.35 mil) instead of the 6.25—8.75 urn (0.25—

0.35 mil) normally used .

C. CHANNEL OXIDE

The channel—oxide thickness was specified at 750 ~~~, with a tolerance of

±50 ~~. 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 HC1

can be used for soldium gettering in the extended (90 m m )  dry—oxidation cycle.

The furnaces were equipped with HC1 generators and were cleaned overnight with

HC1 steam (at 1000°C), then purged for 1 h with dry nitrogen to ensure removal

of all moisture and HC1, 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—comp lementary pair plus inverter),

and CD4024A (7—stage binary counter) to demonstrate a total—dose hardness

capability of io6 rads (Si). Two—hundred CD4007A and one—hundred CD4024A

18
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arr ays wer e packaged and screened in accordance with MIL—STD—883, Method 5004

requirements for Class B inicroelectron circuits . Typical SEM radiation—hardness

curves are shown in Fig. 5 for the CD4007A array and in Fig. 6 for the CD4O24A.

These ha rdness curves were taken fo r “wors t—case ” test conditions since the

post radiation electrical tests were performed within seconds af ter  the electron
beam was tu rned  o f f . Subsequent radia t ion testing of packaged CD4007A and

CD4O 24A arrays by government laboratories conf i rmed that  the arrays met func-

tional requirements after exposure to a total dose of io
6 rads (Si) of gamm a

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 .

3 - RUN No. (-136
VTN DOSE RATE .5000 rods/s

2 -  -

4 . VIN V00 +IO~ -

E o .  . F

IO~ I0 3X I0 10~
ACCUMULATE D RADIATION DOSE [ rods (S I ) ]

Figure 5. Radiation test data for CD4007A.
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0 IO~~ 106

ACCUMULATED RADIATION DOSE [ rods (SI)]

Figure 6. Radiation test data for CD4024A.
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SECTION VII

RADIATION—HARDENED SILICON—GATE CMOS/SOS
PROCESS DEVELOPMENT

A. INTRODUCTION

The .najor portion of the contractual effort centered on the development of

processes for improving the total—dose hardness of CMOS arrays on sapphire .

CMOS/SOS 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 (F336l5— 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 NNOS and

V. 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—ji m-thick epitaxial islands of p—type and n—type single crys talline
silicon films deposited on a sapphire wafer.
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B. INITIAL RADIATION—HARDENING EFFORTS

The initial approach to hardening the silicon—gate C?~ S/SOS process was
to use the 1000°C “dry” undoped oxide instead of the 940°C HC1 steam normally

employed for the gate dielectric. While the MOS bulk—silicon capacitor con—

tr.1s processed with the 1000°C, 750—i 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 (l0~ 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 proceas 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 TCSO59 test chip

and the TCSO69 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—nm-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+5O—~—thick silicon dioxide layer
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Figure 8. Triple-implant process. 
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Figure 8. (Continued).
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grown at 1000° C with dry O2~ 
The polysilicon gate was then deposited , undoped ,

by the pyrolysis of silane (SiH
4
) 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. F

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 ~~. 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 optimi2ed. 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 0
2
) 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 TCSO71 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 i06 rads (Si).
The lot process parameters are given in Table 5. The hardness test data for

this lot, processed with dry , undoped Si0
2 
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 dep letion—mode operation

due to the low (0.7 V) preradiation threshold voltage. At 2 x io6 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)

• p—Epi ........... ............... 2x 10
16 

cm 3 (boron)

• n—Epi . . . . . . . . . . . . . . . . .. . . . . . . . .  1—2 x 1015 cm (phosphorus)

• Channel Oxidation .............. 1000° C, 2 h , dry 02 , t x — 750 ~

• Polysilicon—Gate Implant Dose .. 1 x iol6 cm 2 boron , E 70 keV

• Source—Drain (S—D) Implant :
15 —2N dose ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4 x 10 cm (phosphorus),

E — 220 keV
P dose ...........,........ lx 1015 cm 2 

(boron), E 7O keV

• Implant Drive, Anneal, S—D ..... 800°C, helium

D. BACK—CHANNEL LEAKAGE

When MOS devices are fabricated in SOS , the interfacial charge densities

at both the Si—Si02 
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 canno t 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

a f f ec ted by the thermal processing of the sapphire prior to the ep itaxial

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. If there are sufficient trapp ing

sites at or near the Si—sapphire interface , these holes are captured and g ive

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 TCSO71 (CD4007A

type) inverters processed with the trip le—implant , double—epitaxial , radiation—
hardened process described in Section VII.C. One wafer lot (S539) was processed
as a spli t lot , wi th bo th 1000°C, dry oxid e 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 I -

current for both the dry—oxide and steam—oxide processes was approximately

10~~~ A per mil of channel length. The dry ox ide samp le (F ig. 11) shows an in-

crea se of three orders of magni tude in sub threshold leakage at 5 x l0~ rads (Si),
increasing to approximately ~~~ A per nil at a total of io 6 

rads (Si). After

irradia t ion , the transistors with the pyrogenic—ox ide channel dielectric exhi-
bited a much lower increase in subthreshold leakage current (see Fig. 12). At

l06—rads (SI) total dose, ~he leakage level increased to ~~~ 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 (~90
m m )  oxidation time at 1000°C required to grow the 750—R—gate dielectric by

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 75O—~ gate dielectric. In all subsequent radiation—hardened

processing the pyrogenic oxidation was employed for the gate dielectric.
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E. IN 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. i yp ical sheet resis-

tance is 40—60 ~/E after a 90—mm , 850°C, drive cycle.

POS (polysilicon—oxide—silicon) capacitors were fabricated by deposition

of this in situ—doped polysilicon on 750—k 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 imp lanted 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.
Pd

F. IMP LANT PROCEDURE S 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

(Extrion 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

step. Figure 15 illustrates the type of damage caused by the high—current im—

p1antc~r.

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 
~~

) 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. Th~ solution that was finally adopted

consisted of modified masking to define an aluminum layer. This layer (~ lQ ,OOO_g

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 N00014—75—C—0709) RCA’s Advanced Technology
Laboratories designed and evaluated a multiport silicon—gate, CMOS/SOS s tandard—
cell family designed for maximum transient upset and total—dose hardness. To

evaluate the cell family a test chip (TCSO59) and arithmetic logic unit (ALU)

(TCSO69) 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 TCSO59 test chip is shown

in Fig. 17. Pigure 18 shows the TCSO69 ALU chip .

2. Processing

The TCSO59 and TCSO69 arrays were fabricated by the 1000° C dry and

pyrogenic channel—oxidation procedures with ion implanting of sources, drains, 
V

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 VmN 
‘I 1.5—2.0 V

and VT~ , “~ 1.0—1.5 V. An rf—heated source was used for metal deposition.

3. Electrical Evaluation of TCSO59

Electrical evaluation indicated functional performance of all cells with

noise innnunity ranging from 3.5 to 5.0 V. Dynamic evaluation indicated cell
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Figure 17. Photomicrograph of TCSO59 test chip employed
for standard—cell evaluations.
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Figure 18. Photomicrograph of radiation—hard TCSO69 ALU chip.

4’-)

-~~~~~ -- ~~_ V 

~~~~~~~~~~~~~~~~~~~~~~~ 
-: - — V — V V -



• —
‘

V. 
~~~~~~~~~~~~~~~~~

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

moasurements indicated an effective channel length near 0.3 m u .  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/ mu and 1.0 mA/mil saturation

currents. 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 TCSO59

The test chip was irradiated at Naval Research Laboratory by use of the

40--MeV LINAC with 60—ns to 1—us electron pulses. The electron—pulse shape was

monitored by means of a PIN diode, while the total dose for each pulse was

maasured 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 loll rads (Si) per second. The upset level for the flip—flop

and counter were similar (within 30% of i011 rads/s) as was the upset level from

either the “zero ” or the “one” state. No signif icant  decrease in the upset level

was noted from transient annealing, total—dose effects at the l—~zs pulse widths

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

(Si) per pulse.

5. Arithmetic Logic Array (TCSO69)

The ALU chip size is 5.7 nun x 5.7 nun (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.

41 
V



V ~~~~~~~ -p~ ~~~~~~~ 

V

Transient—upset measurements agreed with TCSO59 test—chip results, in-

dicating flip—flop upset for short pulses between 1 and 2 x lOll rads (Si)
per second. At these irradiation rates the total chip—current pulse is about

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 l0~ 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 isA after irradiation. Subsequent

lots of this device had leakage levels of 200 i-iA , but were not radiation tested.

Cobalt—60 irradiation test data for the test inverter on the TCSO69 wafer are

shoun 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.
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SECTION VI II

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

A. INTRODUCTION

The C2L 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—ininunity . 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 C2L technology. The

array chosen to demonstrate the process capability was the RCA—designed CDP18O2

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 C
2L PROCESSING

The use of self—aligned silicon gates made the processing sequence for
C
2L very similar to that employed for CMOS/SOS. The radiation—hard CMOS/SOS

process was therefore used wherever possible. Because of the critical effect V

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 ~/D was achieved with a 26—mm diffusion from a

phosphorus oxychloride (Pod
3
) source. The N

+ source—drain region was doped

with the same diffusion. The p+ source—drain region was doped with a 70—key

boron (B+) dose (3 x 1015 cm 2). The channel—oxide thickness, grown with

dry oxide and quenched , was 700 L Metallization was 1% silicon—aluminum ,

t 
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deposited by induction—heating. Proper control of the ~i—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. C 2L RADIATION—HARDENED PROCESS SUMMARY

• Well Impla nt .  . Boron , 100 key ; dose ,
4 x 1013 cur2

• Channel Oxidation   . Dry 02, 700 ~~ , no anneal, quenched

• Polysilicon . Deposited intrinsic, 5000 ~
• P~ Source-Drain Implan t . .  .  . Boron, 70 keV; B

+ dose,
3 x 1015 cur2

• N+ Source—Drain plus Gate Doping  . 950°C, POC13, 26 mm

• Field Oxide Densification .  .  . 875°C, 30 mm

• Metalljzatjon . . . . . . .  .  . 12,000 ~ (1% Si—doped Al)

• Alloy . . . . . . . . . . .  .  . 450°C, 30 mm , N2

Several runs of the CDP18O2 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 coba lt—6 0 radiation test chamber. Chip—leakage current was

continuously monitored while the device was being Irradiated . The current in—

creased from about 20 uA (preradiation) to 150 5-iA at l0
6—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~ rads, the arrays would not pass the 5—V functional teat, but did

pass 7—V functional teats. Operational speed also decreased because of the

increasingly negative P—trans istor—thresho ld voltage. Packaged CDP18O2 arrays

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

CONCLUSIONS

This section sununarizes the results of the studies conducted under this

contract.

A. CHANNEL—OXIDATION AND ANNEAL STUDIES

Dry 0
2 

grown , 1000° C, undoped oxides, without anneal but quenched , resul ted

in the maximum total—dose radiation hardness for the aluminum—gate technology .

This oxidation technique does cause increased back—channel leakage current on

cMOS/SOS arrays.

Lower—temperature steam oxides (850—925°C) ,  with or without HC1, 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 V

for this process is 700—800 R. The longer oxidation time required for the dry 
V -

‘

(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 CDP18O2 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 t r ip le— imp lant process was developed for fabricating radiation—hardened
cMOS/SOS LSI arrays. A technique for implanting the source drains and poly—

silicon gates using high—c urren t implant equipment was developed. Additional

study is required to develop more reproducible techniques for doping the po1y—

silicon gate.
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ATTN DM STC .Fa
A 8CROEE P: P R O V I N G  GROUND , MD 2100S
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W

CO M M A N D E R  C O M M A N O TN O OFFICER OFF ICER IN CHARGE
N A V A L  [L CCT#0 NI C SYSTEMS COMM BNO N A V A L  RESEARCH LA B O R A T O R Y  WHI TE OAK LASOR AT OR Y
ATTN  COlI C 50551 ATTN CODE 5210 j DAVEY ATTN CODE ,30
1ASHT N GI ON. DC 20340 WA SHIN QIDN, DC 20375 N A V A L  SURF A CE WEAPONS CENTER

SILVER SPRING, MD 209*0

CO M M A N O F A  COMMAN DE R O,’IC(R IN CHAR GE
N A V A L  E LECT RONI C SYSTEMS CO MMAND N A V A L  SEA SYSTEWS COM M A N D  WHITE OAK LA B O RATO R Y
ATTN PM 1 11’ 21 ATTN SEA ~~O .531 ATTN CODE rsI
W A S H I N G T O N .  DC 20360 WASHING tON, DC 20382 N A V A L  SURFA CE WEAPONS CENTER

SILVER SPRING. MD 209*0

CO M M A N D IN G  OF FICE R C O M M A N U E R  CO M M A N D E R
N A V A L  I P T E L L IG E N C E  SUPPORT CTR N A V A L  SHIP ENGINEERIN G CENTER AERO N A U T I C A L  SYSTEMS DIv!SI’IM. AY$C
ATT N N I 5 C L I B R A R Y  A TTN CODE 617402 ATTN ASp~’EN155 P MARTH
4301 $LI T TLA N D ROA D . RL OG • WASHINGtON. DC 20362 W R I G W T RATT ER SON A FR . ON 65333
wAS M I N U T ~1N, DC 20390

CO M M A N D E R  C O M M A N D E R  COMM AND E R
N A V A L  O CEA N SYSTEM S CENTER N A V A L  SURFACE W EAPONS CENTER A E R O N A U T I C A L  $YS YCM S DIVISION. i n c
ATTN C U r E  ~i7j (TECH L IR)  A TTN CODE G 1 5  N MOLT ATTN EN A C C  I FISH
SA N D IEGO. fA 92152 DAHLG IEN, VA 22468 WI IG H T RAT TFI SON AFI . OH 45333

SU PERI N TENOE NT C O M M A N D IN G  O FFICE R C O M M A N D E R
NA V A L  POSTGRADUATE SCHOOL N A V A L  W EAPONS E V A L U A T I O N  FACILI TY A E R O N A U T I C A L  SYSTEMS 0!~~lStON ’ A F$C
ATTN CODE 0142 L I B R A R Y  A TTN COlI C A Y 6  ATTN A $D•YH— (X j SUNKES
MO N TER E Y . CA 93960 K IR TL AN O AIR FORCE •*st WR IG HT PATTER SON A PI . OH 45333

ALBU QUERQU E , NM S7it~

C O M M A N D I NG O FFICE R COM MAN Q !NG OFFIC ER A IR  FOR CE AER O PROPUL $ION LA B ORATORY
N A V A L  N ES EA R CH L A B O R A T O R Y  NUCLEA R WEAPONS YNS CENTER PACI F IC ATTN POE 2 J W Z $E
ATTN CODE 6601 E W O L Y C K !  ATTN CODE 32 W RIG B T PATTER SON AFB . OH 45433
WASHIN GT ON . DC 20375 DEPART MENT OF THE N A V Y

N A V A L  A y R  6YA TIOW, NORT H ISLAN D
SAN D IESO . CA 92*35

AIR FOR CE A V I O N I C S  LABORA TORY
ATTN DH LTC M CKENZ IE
W R I O M T PATTER SON AYB . OH 6543)

CO M M A N U IN G  OFFICER DIRECTOR
N A V A L  KES EAR E H L A B O R A T O R Y  STRATEG IC $YSTEN $ PROJECT OFF ICE
ATT N CODE 5216 A TTN NSP— 2?O1 J PITSENIERBER
WA SMTN G 7ON , DC 20375 DE PAR TMENT OF INC NA V Y

WASH IN G TON , DC 20376 AI R  FOR CE A V I O N IC S  LA B O RATORY
- 

ATTN 0ME 2
W R IGHT PATTFRSON A PR. OH 15431

CO M M A N U IN G  O FFICER DIRECTO R ‘

N A V A L  RESEARCH LA B O RAT O RY STRATEG IC SYSTEMS PROJECT CUlt !
ATTN COnE 2427 ATTN N SR 230 0 BOLD
WASHIN G TON. DC 20375 DEPARTMENT OF THE N A V Y  A I R  FON CE GFO PHY SIC S LAB ORATORY

WASHIN G TON, DC 20316 ATTN SULL S 2 9
I4ANSCO M iFS. MA 01731

COMW A NU IMG OFFICER D IRE CT OR *IR FOR~ t MATER IAL S LA B OR A TORY
N A V A L  RE SEAR CH LABORA TORY S T RATE G YC SYSTEMS PROJECT OFFICE ATTN LT F
ATTN CODE 6824 J BITTER ATTN NSP 2,334 B HAHN W R IGHT PATTE ISON A P I .  OH 6 5 43 3
WASHIN GTON, DC 20375 DEPA R T M E N T  (IF THE N A V Y

WAS H IN GT ON, DC 20376
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HEADQUARTERS C O M M A N D E R  C O M M A N D A N T
AIR FOM CE SYSTEMS COMMAND R OME AIR OF V EL O PMFN T CEN TFR, (T%Lfl ) 341 6TH TECHNICA L TRAINING SQUADRON (ATE )
ATTN DL.. ATT N  RWP P C L A N E  A T T N  TT V
ANOR EWS A PR G A I F F I S S  LFP. N Y 134 41 A I R  T R A IN I N G  COMMAND
WAS H INGTON. DC 2033 4 F ,EPA R TMF N T OF THE AIR FORCE

K I R T L A N D  A PR, NM 87117

AIR FOR CE TECHNI CAL APP L ICATION S CENTER COM M A N D E R  DEPART M ENT OF ENERGY
A TTN TF5 N SCHNEIDER R OM E A I R  D E V F L O P M E N T  CEN TER. (TSLD) ATTN DO C CO P FOR wSSB /O SO R SMA Y
PAT R IC K A PI, FL 32925 ATTN R W P A C  I K R U L A C  AL BU QU E R QUE O PERATION S OFF ICE

r,P IEF IS S A F P . MY *344% P 0 60K 5400
ALBU QUERQU E , NM 67115

C O M M A N D E R
AIR FO1CE WE APO N S LABORATORY ROME AIR DEVELOPMENT CEWTFR. SPIc OFFIC E OF MI L I T A R Y  APPLICATI ON
ATTN I MA I!R A TTN (SE A K A H A N  ATTN OU C CO N FOR CLASSIFIED LIBR ARY
Ru TLA N D A PR . NM 61117 H A N S C O M  A FR. NA 0173% DEPART M E NT OF ENERGY

- WA S HINGT O N . DC 20343

5PAC E I M ISS ILE SYSTEM S ORGANI ZATI ON/ N M
AIR FOR CE WE APONS LABO RATORY ATTN M N N M CENTRAL INTELLIGENCE AGENC Y
ATTN J MUL L IS A IR FORCE SYSTEMS COMMAND ATTN RD/ST RM SGAS MO BLDG
KI R TLA N D A PI . M N 67117 NORTON A PR, CA 92409 ATTN. R~ /S7 . RN SGIP. HO PLOG

WASH INGTON. DC 20505

A I R  E r h ~r E  .VAPONS L A&O RA TCRY SPAC E I M l5~~ILE SYSTEMS OR GAN IZA ?IDN /N $
A TT ’ ELK TRE E SECTION ATTN M N N G  D E PA R T M E N T  ~F TRANS PORT ATI O N
K I R T L A Nr S Al’ . NM 67 117 A I R  FOR CE SYSTEMS COMMAND A T T N  AR fl 35O

NORTON V FB. CA 92409 FE D ERAL A V I A T I O N  A D M I N I S T R A T I O N
H E ADQU ART ERS SEC DIV. A 5E— 300
600 IND E PENDENCE AV ENUE , 5WV 

- 
W A SH ING TON, DC 20591

A I R  EO hp- .~ w rAPON S L A B O R A T O R Y SPAC E & M I S S IL E SYSTEMS ORGANIZA T ION/IS 
-

ATTN EL C P A I J M  ATTN R SM G E COLLIE R AERO JE T ELEC TRO SYSTEMS CO.
K I R T L A NO A PR. NM 67*17 V AIR FORCE SYSTEMS COMMAND ATTN SV,8711/70- 

POST OFFIC E BOX 92960 DI V OF A ER O JET—GENC RAL CORP .
W ORL O W A Y POSTAL CENTER P 0 AO l 294. 1100 N P4OL L YV AL E DRIVE
LOS ANG ELES , CA 90009 A ZUSA, CA 91702

A I R  E~~N C C ~rA R O N S  L A B O R A T O R y  SPA CE & M ISSILE SYSTEMS OR GAN1Z A TIO N I $R
A TT N 5U1 ATT N SKF P STAbL ER AEROSP A CE CORP .KIRT LA N O AFP ’ NM 67 *17 AIR FORCE SYSTEMS COMM A N D  ATTN V JOSEPHSON

POST OFFIC E BOX 92960 P 0 BOX 92951
W OR LO W A Y POS TAL CENTER LOS ANGEL E S , CA 90009
LOS AN GE LES , CA 90009

AI R  F ONCE wEAPO NS LABORATORY SPA CE I MI SSIL E SYST EMS ORG A M I ZA T I O N# Y A
ATTN S1~L ATTN YA 5 A EROSPACE CORP.
K IR T LA N ~ A l p .  NM R 7 11? AIR FOR CE SYSTEMS COMMAND ATTN R CR O LI US

POST OFFICE BOX 92980 P 0 RO l 92951
W O RLD W A Y POS TAL CENTER LOS ANG ELES. CA 90009P LOS AN GELES , CA 90009

ME ASQ U AR V E R S STRATEGIC AIR COMM A NO /XPE S AEROSPAC E CORP.
FLECTR IIPI C SYS TEM S DIVISI O N , AFIC ATTN XPFS N CA R lA ATTN I G ARF U N KE LA TTN ESO /ZN OC DE PARTM ENT OF THE A yA FORCE P 0 601 9295?
W A N S C O N A PR, M A 01t3 1 (IFFUTT A PI , NO 68113 LOS AN GELES , CA 90009

COMM ,UD PP STRATEGIC A IR COMMA NO /KPFS AERO SPACE CORP .
FOREIG N TE CW NOLA GY DI V I S I O N ,  AF 5C A TTN NR T STINP0 LIBRARY ATTN S BOW ER
AT T N TVT- , B R A L L A R D  DEPARTMENT OF THE AIR FORC E P 0 BOA 92~ ’1 

S
PRIGM’ RATT E RSON A P R .  OH 55s33 DEFU ,T A ER , NB 6B113 - LOS £N QFLES. CA 9000,

- 
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A E R O S P A C E  C OR P . P U E T H ’ .  C ’ . 0I K E W O O D INDUSTRI ES. INr.
A T T N  W W I L L I S  A T T N  P rGL ~~- F LL  A T T N  L D A V I S
P 0 BO X 92,57
L OS AN G E L E S .  CA ~ O0O9 

P 0 PO X  37~~7 $009 BR I D 6 U R Y  D R I V E .  SC

S L A T T L I . ~v 9 4 1 2 4  A L B U Q U E R Q U E .  NM 67108

A E R O S P A C E  C O R P . F S Y S T E M S ,  I N C .
A T T N  J R F I N H E I M E R  

~ (-EI P ~ - f V ~ ATTN P F R E N C H
P II P 01  92937 A T T ’ ,  H - I C-i r i ,  C C I  D I V I S I O N
L O S  A N G E L E S ,  CA 90009 P ~ P1 -4 ~~ -, P 0 lO X 122 4 4

S E A T T L E . ~~‘ Q M % ~~ 4 ST P E T E R S B U RG.  EL 3V3 3

AVCO RE SEARC H & SYSTEMS IpOUP
ATTN W BR ODING f SYS TLMS, INC.

201 LO W ELL STREET RO O2 .AL L E~ A N D  HA MI L EO’4. T 1 r . ATTN D I V I S I O N  LIBRARY
WILMINGTON, M A 01887 A T I M  P’ f W R T ~~ N (R GREENVILLE O I V I S I O N

776 SWR E M SF I ’RY A V E N I P E  
P 0 BOX 103 4
GREE N V I L L E .  TV 73401

T IN TO P’ E A L I V C~ N J  07724

R ATTELL E M E M ORIAL INSTITUTE
ATT N 0 HA M M A N  FEFECT S TE CWN O L OGY . INC.
505 KIN G AVE NUE ATTN I 5TEçP E
COLU M B U S ,  O W 03201  R U R P O I J G H S  f C~~P. 3383 HO LLI S TER AVEN u E

A T T N  PI1 n rp~~~ T E V A L L A T T D N  L A P O R A T O R Y  S A N T A  V A R R V A ,  C A 9 3 1 1 1

F E D E R AL A P,r’ S P E C I A L  S Y S T E M S  r.Hfl uu P
CE N T R A L  A V E  A N D  R O U T E  252
P (1 P O X  3 1 7

B A T T C L L E  M E M O R I A L  I N S T I T U T E  R A D I I ,  PA 10301

ATTN I RLA 7P K P X C A L ’  INf.

509 KIN G A ’iFNUE ATTN P (TIC KN AU P

COLU MBU S , OH 03201 FIRST N A T I O N A L  BLDG. P

CA L I F O R N I A  IN STITU TE OF TECHNOLO SY SUITE 1316

A T T N  A S T A N L E Y  A L B U O L I E R I I U E ,  NM B7 1 11 8

JET P R O P U L S I O N  L A B
6500 OA i  G R O V E  D R I V E
P A S A D E N A .  CA 9 1 103

mO M C O M P ,
A T T N  0 A L E X A N D E R  F A I R C H I L D r A W E R A  A N D  I N S T R U M E N T  C O R P .
P 0 BOX 9274 A T T N SE C C O P’ F O R  0 MYERS
A L B U Q U E R Q UE I N T E R N A T I O N A L  464 E L L I S  S T R E E T
A L B U Q U E R Q U E ,  NM 8 7 1 19  C A L I F O R N I A  I N S T I T UTE OF T E C HNOL O SY NOU N T A I R  V I E W ,  CA 9 6 0 4 0

A T T N  .1 O R Y D EN
jE T P R O P U L S ? O M  L A B
4600 OAK GROVE DRIVE
PA SAD EN A . CV 91103

1DM COM P. F A I R C H I L D TPI0USTRT F5 . INC .

ATTN MA R K E T I NG  ATTN I PAT T ON

P 0 POX 9~~~4 
SHERMAN FAIR c HiLD TFCHNEuI. VIG Y CENTER

A L B U Q U E R Q U E  I N T E R N A T I O N A L  C H A R L E S  S T A R K  D R A P E R  L A B ,  I N C .  203 01 C E N T U R Y  B L V D

A L B U O L I C R O I J R . N M 6 7 1 19  A T T N  B H A L T M A I L R  GE R M A N T O W N , MD 207 67

399 T E C H N O L O G Y  S Q U A R E
CAM B RIDGE , W A 02139

FLORID A . UN IV E R S I T Y  (IF

B E N D IX  ~~~~~~ 
A TTN H SISLE R

A T T N  DOC I) ’FPT CONTROL ATTN . SECU RI TY OFFI CER

C O M M U N I C A T I O PI D I V I S I O N  CHAR L ES STARK DRAPER L11’ INC . 
P 0 60K 26 i

r jOPPA Rn~~D A TTN P KE LL Y 
$AIN F ~~~ILLF , FL 32601 V

P A L T IM L IRE , MD 21204 555 ~EC HNOLO OY SQUARE
CAMBRIDGE. M A 02139

FORD AEROS PACE I COMMUNICA T IONS CORP.

ATTN ( PO NCILET JR

RIND !? C AP ’. FORD & JAM R OREE ROADS

A !TN N EOA ~~V COMPUTER SCIENCES CORP . 
NEWPOR T REAC H. CA 9266)

R E SE A R E W  L A B O R A T O R I E S  OT V .T S I O I .  ATTN A SCHIF F
RE N O I R  C F ’ . T F 0  1400 SAN N A T E O  B L V D .  SE
S U U T H F I F L ~ ,.  M I  •$ n 7 ~ A L B U O U ( R Q U F .  NM 67*06

F O uO A E R O S P A C E  I C O M N U N I C A T I f I N S  CouP .
A T T N  K ATT INGC R
FORD I J A M B O R E E  R O A D S

P O F I R , ‘~~ C U T L E R M A M M E e .  I N C .  N E W P O R T  I E A C M .  C A  9~~663

A t T w  M 4 3 ~ ATTN A ANTH ONY
P 0 PuPA 37 - ?  Al L D I V I S I O N
S E A T T L E .  ,- ‘ 9 5 *2 4  CO M A e ROAO V

DEER PAuK. NY 1 ( 7 2 9
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FORD AEROSPACE I COM M UN ICATIONS CORP. GENE RAL ELEC TRI C CO . GEN ERA L ELEC TR IC CO. TCMP O
A T T N  T E C H N I C A L  I N F O R M A T I O N  S E R V I C E S  A T T N  j PE O FP ’  A T T N  D A S I A C
FORD I J A M R O R C E  ROADS SP A C E  D I V I S I O N  C E N T E R  FOR A D V A N C E D  STUDIES
N E W P O R T  B E A C H .  CA ~2669 V A L L E Y  F O R G E  S P A C E  C E N T E R  816  S T A T E  S T R E E T  ( P  0 D R A W E R  G O .

P 0 BO X 8553 S A N T A  B A R B A R A ,  CA 9 31 02
P H I L A D E L P H I A .  PA 19 1 0 1

FOR D A(~~f l5 P A C (  I C O M M U N I C A T I O N S  C OR P . GE N E R A L  E L E C T R I C  CO . GENERAL ELECTRIC CO .—TEMP I’
A T T N  0 H C M O R P O W  A T T N  1. CH AS FN ATTN 6 RUTu4ID FORD
393 9 F A R I A , ,  W A Y  SPA CE D I V I S I O N  CENTER FOR A D V A N C E D  STUD IE S
PALO ALTO, CA 9 130T V A L L E Y  F O R O F  S P A C E  C E N T E R  816 S T A T E  S T R E E T  (P 0 D R A W E R  O Q u

P 0 B O X B5~~’ SANTA O A R R A QA. CA 93 102
PHILAD E LPHI A. PA IqiOl

FORD AE R OS PACE I COM MUN ICA TIONS CORP . GENERAL ELECTRIC CD . GENERAL ELFc TR IC CO .TEM PO
ATTN TEC H N I C A L  L I O R A R Y  A TTN J PAL C H 1FSK ~ JR ATTN N ESPIG
393 9 FA R I A N  W A Y  RE—ENTRY I ENVI R O N M E N T A L  SYSTEM S D IV CENTER FOR A D V A N C E D  STUDIES
PALO AL TO, CA 94303 P 0  RO~ 7722 6*6 STATE STREE T ~P 0  DRAW ER oo,

3198 CHESTNUT STREET SANTA B A R B A R A , CA 99*02
PHILADE L PH IA , PA 19101

FORD AE ROS PACE I CO M M U N I C A T I O N S  CORP . GENERAL ELECTRIC CO. GENERAL EL FC TR IC CO , TE WP O
ATTN E HAHN ATTN A PAT TERSON ATTN N N C N A M A R A
9939 FA ~~~~ , wAY R E—ENTRY I E N V IR O N N F N TA L  SYSTEMS DI V CENTER FOP A D V A N C E D  STUDIE S
PALO ALTO, CA 94303 P 0 BOX ~~~~~ 616 STATE STREET (P 0 D R A W E R  00 )

3196 CHE STN UT STREET SANTA B A RB A RA. CA 9~ iO2
PHI LAO E LPH T A . PA 19101

FRA N K L I N I NS TITUTE GE NERAL EL EC TRIC CD : GENERAL ELFCT R IC CO .TEN PO —

ATTN R T HOMPSON ATTN I REN EFIIC T ATTN OA SI A C
20T H STREET AND P A R K W A Y  RE—ENTRY I ENVIRONMENTA L SYSTEMS D IV ALEXAN D RI A OFF ICE
PHI LADE L P H IA . PA 19103 P 0 B OX 777 1 HUNT INGTON AUILOI M G . SU1TE 300

3*96 CHESTNUT STREET 2580 HU NTINGTON A V ENUE
PHILAD E LP H IA. PA 19*01 

• ALE X A N D R I A ,  V A 22303

GARRET T CORP. GENERA L ELE CTRIC CD, SENERAL RESEARCH CORP .
ATTN P W E IP A TTN TE CHN ICAL L IBRA R Y ATTN TE CHNICAL IN FORMATIO N flF FICE
2329 W I9OTW STREET - RE— E NT RY I ENVIRONMENTAL SYSTEMS DIV SANTA B A R B A R A  DIVISION
TORRANC E . CA 90909 P 0 BOX 7?22 P 0 BOX 6?7C

91 98 CHESTNUT STREET SANTA BARBARA , CA 93111
P H I L A O E L P H I A .  PA 19101

GENE RAL ELECTRIC CO . •ENER AL ELE CTRIC co. GEORGiA ZNSY!TUTE Or TECHNOLOGY

ATTN .1 AN D R E WS ATTN J REI OI ATTN RE~ I SEC COORO FOR *4 DENNY (UNCLA SS n
SPACE D IVIS ION OR DNANCE SYSTEMS OFFICE ~E CONTRACT ADMIN I STRATI ON
VALLEY FORGE SPACE CEN TER *00 PLA STI CS AVEN UE AT YNI RSCH SECUR ITY COORDINATOR I

P 0 60* 855’ p ITTSFI ELD, MA 01201 AT LA NTA , GA 30332
PM ILAD L L PM I A . PA 1~ 101

GENERAL ELECTRIC c0 GENER AL ELEC TRIC CO. GOOD YEA R AEROSPACE CORP.
A T T N  L SI V O  A T T N  P HELLEN A TTN SE CUR ITY CONTROL STATION

SP A C E  D I V I S I ON A I R C R A F T  ENGI NE BUSINESS GROUP ARIZON A D IVISION

V A L L E Y  F O R G E  SPACE CENTER EVE N IIAL E PLANT. INT HWY 73 5 L I T C H F I E L O  P A R K .  A Z  633 60
P P 0 B O X •~~3~ C I N C I N N A T I .  OH 452 15

P N I L A D C L P H I A ,  PA 1 ,101

• GENE RAL EL EC TR IC CO. GENERAL ELF E TRI C CO. GTE SY L VAN IA. iNC .
ATTN 0 ~A SC A A TTN C H E W I R O N  ATTN I. 5LA ISDCLI .
SPACE D IV I S I O N  AEROSPA CE FLEC TRONIC S SYSTEMS ELECTRONICS SYSTEMS SIP—EASTERN Dl v

VALL E Y FORGE SPACE CENTER FRENCH 611*0 77 A STREET
P 0 BOX 6555 U TICA, NY 113 03 M (EOHA N , MA 02194
PH ILAD E L PHIA . PA 19101
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sTE SYLV A N i A .  INC . HUGHES AI R C R A F T  CO . lIT CORP.
ATTN C TMO RW H ILL ATTN K W A L K F R  ATTN I ME l T ?
ELEC TRONI CS SYSTEMS GRP .EASTER N DIV CENT IN I LA AND TEA L E P 0 BOX 810$?
7? A STREET CULVER CITY , CA 90230 SAN DIEGO , CA 92196
NEE DM AM . MA 02(94

GTE S Y L V A N I A , INC. HUGHES A I R C R A F T  CO . I R T  C O R P .
ATTN P FREDRIC KSON ATTN J S IN DuE TARY ATTN MDC

$69 B S T R E E T  C E N T I N E L A  A N D  TE A LE P 0 BOX 810*7

NEED HA N HEIGHTS , MA 02194 CULVE R CI TY. CA 90290 SAN DIEGO, CA 92136

STE S Y L V A N I A .  INC . HUG HES A I R C R A F T  Co . IRT CORP.

ATT N J W A L O R O N  A T T N  0 P INnE R A TTN SYSTEMS EFFECTS DIVISION
j8 9 P ST R EET C E N T I N E LA AN D TEALF P 0 BOX 8106?
NEE D HA N HEIGHTS , MA 02194  C U L V E R  C I T Y ,  CA 9 0 2 3 0  SAN DIEGO , CA 92 1 3 B

HARRIS CORP . HUGHES AIR CRAFT CO. JAYC OR

ATTN N AB AR E A TTN E SM ITH A TTN R SULLIVAN
ELEC TRO NICS SYSTEMS DIVIS ION EL SEGUNDO SITE 205 5 W HITI NG STREET. SUI TE 300

P 0 lOX 37 P 0 BOX 929*9 ALEXANDRIA. W A 22304

$(LIOU~ NE . FL 3290* LOS ANGELE S , CA 90009

HARRIS COR P. IBM COR P. JOHNS HOPK I NS UNIVERSI TY

ATT N C DA VIS ATTN ELECTROMAGNETIC COMPATARIL I T Y ATTN P PART R IDGE

ELEC TRONI CS SYS TEMS DIV ISION ROUTE ITO APPLIE D PH YSICS LAB

P 0 BO X 3? O W EGO.  NY 1 3827 jOHNS HOPKINS ROAD
NC L B OU R I A E ,  EL 32901 LAUREL ’ M D 20610

HA RRIS CORP . 7BM COR P. KAMAN SC IEN CES CORP.

ATTN M GI LIN EAR ENGINEERING ATTN NO~ O ME MORY SYSTEMS ATT N PR ESIDENT

H A R R I S  SEMICO NDUCTOR D I V I S I O N  
ROUTE 170 P 0 lOX 7163

P 0 BO X 661 
ONEG 0 , NY 1382? COLORADO SPRINGS. CO 80933

MEL B OU RN E, FL 32901

HARRIS CORP . 
INST ITU TE FO R DEFEN SE ANALY SES KA N A N  SCIE N CES CORP .

ATTN M N GR R IPO LAR DIGITAL E W e .  ATTN TECH INFO SERVICES ATTN DIR SCIENCE 4 TECHNOLOGY DIV

HARRIS SEMICONDUC TOR DIVISION 400 AR M Y — N A V Y  DRIVE P 0 BOX 7463

• 0 lOX ~81 
A R L I N G T ON, V A 22202 COLORADO SPRINGS, CO 60933

MEL B O U R N E ,  F*. 32901

HAZ EL T INE CORP. 
INTERN A T IONAL TEL & TELEGRA PH C~ pP , KA NAN SCIENCES C0RP:

ATTN M W A I T E  
ATTN DEPT 606 ATTN W W A R E

PULASKI ROAD 300 WASRIN STO N A VEN U E P 0 BOX 7441

GR E ENL A WN , NY 11700 
NUT LE Y , N J 07110 COLORADO Sp RING S. CD 60933

• HONEY WELL , INC. 
ION PHY S I C S  COR P . KAM A M  SCIENCES CORP . -

~~

ATTN MS 773.5 A TTN R EVANS ATTN N RICH

AVI O NIC S D IV I SIO N 
S SEOFORD STREET P 0 BO X 7063

133 30 U S M T G M W A Y  
BURLIN GTO N , WA 01803 COLORADO SPRTNGS . CD 80933

ST PETL R SPI RG , FL 13731

HUGHES AIR C R A F T  CO. IRT COR P. KAMA N SCIENCES CORP .

ATTN CTDC 6/Ell a 
A TT N PHYS ICS DIVISION ATTN .1 L U B E L L

CENTIN C L A AN!) TEALE 
0 BOX 610$? P 0 BOX 71W 3

CULVER C ITY . CA 90290 SA N D IEGO , CA 92195 COLORADO SPRINGS , CO 60~ 39
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LA W R E N C E  L T ’ E R M O R E  L A B O R A T O R Y  M A R T I N  M A R I E T T A  CORp. N AT ION A L ACADEMY ~F SCIENCES
ATTN DO C Cf0I  F O R  L’153 0 ME EKER (CLASS 1 A 7  A TTN TIC/ MP 30 A TTN I SHAN E -

U NIVERS I T Y ‘F CAL IF ORN IA OR LAN D O D I V I S I O N  NATIONAL MATERIALS AD VIS ORY R SA RD
P 0 106 606 P 0 POX 561? 2101 CONSTI TUTI O N AV ENU E , NW
L I V E R M O R E .  fA 94550 OR LAN D O , EL 32603 W A SHINGTON. DC 20416

LA W RENCE L IV E R M O R E  LA B O R A T O R Y  M A R T I N  M A R I E T T A  CORP. NEW M EX ICO . UNIVERS ITY (IF
A T T N  DOC CON FOR TE CHNICAL I N F O R M A T I O N  ATTN RESEA RC H L I B R A R Y  A T T N  H ~OUT HWAR O
UN I V E R S I T Y  nr C A L I E O PN I A  DENVER o I v y S I 0 N  E L E C T R I C A L  EN GINEERING A COM PUTFR SCIFN
• 1) POX 806 P 0 BOX 170 ALBU Q U E R OUF , NM 67*31
LI VER MORE, CX 94550 DENVER’ CO 10201

LA WRENCE L I V E R M O R E  LA B O R A T O R Y  M A R T I N  M A R I E T T A  CORP. NORTHROP CORP .
ATT N 0°C Cr ’~ FOR L 156 R PA L I B J IA N  ATTN P KAS E ATTN J SRO UR
U N I V E R S I T Y  r lr C A L I F O R N I A  DENVER D I V I S I O N  NORTHR O P RESEARCH $ TECHNOLOGY CTR
• 0 BO A R OB P 0 BOX (79 1 RESEARCH PARK
L I V E R M O R E ,  A 94550 DE NVER ’ CO P0201 PALOS VERDES PENINSULA. CA 902?a

L ITTON 5Y SYF $5 , IN C. MCD ONNE LL D OU GLAS CORP, NORTHROP CORP .
ATTN J RET7 LER A TTN T ENOER A TTN 0 CUR TIS JR
GU I D A N C E  I CONTRO L SYSTEMS D I V I S I O N  P 0 BOX Sie NORTHROP RESEAR CH & TECHNOLOGY OTI
S500 CA V OGA AVENUE ST LOUIS. ull 63166 I RE SEA RCH PAR R
W O O D L A N D  H ILLS , CA 91364 PALOS VE RD ES PENINS ULA , CA 901?a

L ITTO N 5Y STF ~~5. I N C. M C D O N N E LL OO I J G LA S CORP . NORTHROP CORP .
ATTN V A S M B Y  ATTN L IB I W A R Y  A TTN 0 STROREL
GUIDANCE I CONTRO L SYSTE MS D I V I S I O N  P 0 OQA S IA ELECTRONIC DIVISION
3900 CA N flGA A V E N U E  ST L O U I S ,  ‘-11 63166 710$ N 120TH STREET
WOO D LA N D  HILLS , CA 9l3 6A HAW TMONN E , CA 90230

LO CK HEE D M ISSILES I SPA CE CO.’ INC. WCOON NE LL DOUGLAS COR P. OK LAHO MA, UNIVERSITY OF
A T TN 0 W O L E W A R D  ATTN P AL R R E C H T  A TTN P wOOD
• 0 BOX 904 930! BD LS* A V E N U E  RESEARCH INSTITUTE
SUNNYV A LE , CA 94086 HUNTINGTON REACH. CA 9264? 1505 NEWTON DRIVE

N IRNAN ’ OK 73069

LO CNM EE D W ISSI LE5 I SPACE Cu i .. INC . MI S SION RE SEARCH COR P . PAL !SAOES INST FO R RSCH SERVI CES , IN C.
ATTN L 10551 ATTN H vAN P LAR I C P JM ATTN SE CRETARY
• 0 BOX 50. P 0 OR A WE R 719 701 V A R I C K  STREET
SUNN YV A LE , C A 94066 SANTA W A R R A R A ,  CA 93102 NEW YORK. NY IOD IA

LOC KW E C O M ?Y S I L E S  $ SPACE CO .. INC . 
-

ATTN E SM ITN M I S S I O N  R E SFA R C H CORP . PHYSICS INTERNATIONAL CO.
P 0 lO X 304 ATTN 0 MER F WIT HE R A TTN D IVISIO N 6000
SUNN Y V A LE , CA 94086 EM SYSTEM A P P L I C A T I O N S  D I V I S I O N  7700 MERCED STREET

1000 SA N M A T E C  BLV D. SE. SUITE A 5AN LEA N DR D , CA 9437?
AL B U QU ERQU E . NM 67*06

LOC KN(EO K f S S I L E S  I SPACE Co .. INC .
A TTN S K I Nu-a * MISSIO N RES EARCH CORP ..SAP D IEGO PHYSICS INT E R N A T I O N A L  CO.
P 0 IC’ 30. ATTN V V A N  L I N T  A T T N  .1 SHEA
S U N N Y V A LE . fI 94066 P 0 BO A l2nQ 2700 MEltED STREET

LA JOL LA, CA 92036 SAN LEA GDRO , CA 90977

LOC KM EED N Y R S I L E 5  AN !) SPACE CO.. INC .
ATTN RE PORTS L I SR A R Y  M ISSIO N RESEARCH CORP . SAN DIEGO ~ I 0 A SSOCIATE Sff31 HA N OVER STREET ATTN J R A Y M ON O  

- A TTN 3 IOQERS
PALO A LTC, CA 94300 P 0 BOX 1200 

- P 0 lOX 95t5
LA JOLLA . C A 9203* MARI N A  DEL ICY. CA 90?~~I

M .I.T. I !NC*’LN L A I
ATTN L IR P a P~ A—O R?
• Q IOA 73
LE X IN G TO N , “A 021v3

F- — - 
- t .ki.



P 1 0 A SSOCIATE S RESEAR CH TRIANGLE INSTITUTE SCIENCE APPLICATI ONS. INC .ATTN W K A R ZA S  ATTN H SIM OII S JR ATTN N R YRNP 0 BOX 9693 P 0 BOX 12194 HUNTSVI LLE D I V I S I O NM A R I N A  DEL KEy. CA 90291 RESEARC H TRIANG LE PARK . NC 27709 2109 N CLINTON AVENUE
SUITE ‘OO
HUNTSVI LLE , A L 35105

I & D ASSO C IATE S ROC K WEL L I N T E R N A T I O N A L  CORP . SCIENCE APP LICA TI ON S , INC.
ATTN C M A C D ONALD ATTN .1 RELL ATTN W CHADS E Y
P 0 BOX 9693 P 0 BOX 3103 6400 WE STPARK DRIVE
MAR I N A  DEL REY , CA 90291 AN A HEIM , CA 92803 MC LEA N ’  VA 22101

R A N D  CO R P. ROC KWELL I N T E R N A T I O N A L  COR P . 5INGER CO .
ATTN C CRAI N ATT N K HULL ATTN TE C HNICAL INFO RMATIO N CENTER1700 MA I N STREET P 0 BO X 3103 DATA SYSTE MSSANT A M O NI CA , CA 90406 AN A H E I M , C A 92803 150 TOT IWA ROAD

WAY NE . NJ 07470

RAYT HEON CO. ROC KWE LL I N T E R N A T I O N A L  COR P . SPERRY RA ND CORP.
ATTN F. JOS H? ATTN N RU D IF ATTN EN G INEER ING LARORATOPY
M A R T WE L L ROAD P 0 lOX 3103 SPERRY M I C R O W A V E  ELECTRONICS
BEDFOR D , MA 01730 AN A H E I M . CA 92803 P 0 BOX $646

CLEARW A TER, EL 39518

RAYTHEO N Cn . ROC KWEL L I N T E R N A T I O N A L  COR P . SPERR Y R A N D  CORP.
ATTN H FLESCHER ATTN T IC D ,81 092 AjO l ATTN P M A R A F E I N O  - f525 ROSTON POST ROAD SPACE DIVISION SPERRY DIVISIO N
SUDBU RY . MA 0 (776 *2 21 4 SOUTH LA K EWO OI) BOULEVAR D MARCUS AVENUE

D OMNE Y ’ CA 90281 GREAT NECK , NY 11070

RCA COR P . RO CKWEL L INTERNATIONAL COR P. SPE WR Y RAND CORP,
ATTN S BRUC KE R ATTN 0 STEVENS ATTN C CRA IGGOVERNM ENT SYSTE MS DI VISION SPACE D IVISION SPERRY D IVISIO N
A ITRO ELECTRONICS 12214 SOUTH LAKEW 000 R O U L E V A R O  MAR CUS AVENUE
P 0 lOX BOO , LOCUST CORNER DOWNE Y ’ CA 9024! GREAT NECK, NY 1(020fA IT WINDS OR TOWNSH IP
PRIN CE TON , NJ RS34~ -

RCA CORP . ROCKWELL INTERNATIONAL CORP . ROC K W E L L  I N T E R N A T I O N A L  CORP .
ATTN OF E ICE N IO l ATTN TIC 1A0 6 ATTN T YATES V

D A V I D  SARN O FF RESEARCH CENTER 813 LA P HA M STREET 115 LA P HAM STREET
P D  ROX 43? II. SEGUNOO . CA 902.5 iL 5EGU NOO , CA 902.5
PR INC ET IN . !IJ 055.0

RCA CORP. SCIENC E AP PL ICATI ONS. INC, ROC KWEL L I N T E R N A T I O N A L  COR P . aATTN I. M IN IC H  ATTN L SCOTT ATT N A LA N G FNF EL O
DA V I D  SAR NO FF RESEARCH CENTER P 0 BOA 2331 C O LL IN L D I v I S IONS
P 0 PO X 432 LA JOLLA , C A 92038 800 COL LI NS ROA D NE
P R I N C E T I N .  NJ 08580 CEDAR R API D S , IA 32.06

RENSSE LAER PDL T TECMN IC INSTITU TE SCIENCE A PIf ICATION 5. INC . ROC K WEL L I NTERNATIONA L CORP.
A TTN P GU TW INN (UNCLAS ONLY) ATTN J IEY STER ATTN TI~ 1D6 216
P 0 BOX 963 P 0 BOX 233* COLLI NS D I v I S I O NS
TROY , N y 12111 LA JOLLA . CA 92033 

CEDAR I~ J7f )5. IA 
Mt
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SAN DER S A S 3 O r I A T E~~. INC. TELED YN E BRO W N  ENGINEERING TRW DEF E NSE I SPACE SYS GROUP p
ATTN M A I T EI V. A TTN J M C S W A I N  ATTN F PAY
95 CANA L STREET C UMMINGS RESEAR C H PA RK SAN BERNARDINO OPERATIONS
NAS HUA . NH 03060 HUNTSV ILLE , A L 35107 P 0 lOX 1310

sAN BERNARDINO. CA 92902

SANDERS A SSOCIATE S . INC . TETRA TECH, INC . TR W DEFENS E & SPACE ITS GROUP
ATTN L RRO DI UR A TTN T SIMPSON ATT N I K ITTER
95 CA N A L STREET 19 *1 FORT M YER DRIV E 5AM RE NNA R O TNO OPERAT IONS
NASHUA’ N H 03060 ARLING TON , VA 22209 P 0 ROX 13 1 0

SAN BER NAR DINO , CA $2402

SANDIA L A R O P A T O R I E S  TEXAS INSTRUM ENTS. INC. TRW SYSTEMS AND ENERGY
A TTN DOE CON FOR F CO PPAGE ATTN 0 MAN U S  ATTN I M A T M F W 5
P 0 lO X 5600 P 0 BOX 223.74 P 0 IDA 161
ALBU QUER QUE. NM 871*5 DALLAS’ Tx 75265 CLEA RFI EL O , UT $4015

SANDIA L ABORATORIES TRW DEF E N SE I SPACE SYS GROUP VOUGHT COR P .
A TTN DOE CON FOR P GREGORY ATTN I PLEB IUCH ATTN B TOMMF
P 0 BOX 5800 ONE SPA CE PA RK P 0 IQA 223907
ALBUQUER QUE, NM 87115 REDONDO lEACH , CA 9027$ DAL LAS . TX 15265

SANDIA LA B O R A T O R I E S  TRW DEF ENSE * SPACE SYS SpOUP VOUGHT COR P.
ATTN DOC CON FOR j HOOD ATT N H HOLLOWAY ATTN LI B RARY
P 0 BOX 3800 ONE SPACE PA RK P 0 BOX 223901
ALBU QUE SQUE . NM 67123 REDONDO BEACH , CA 90275 DALLAS’ TX 13265

TRW DEF ENSE I SPACE SYS GIOUP WESTINGHOUSE ELECTR IC CORP.
SPERRY RAN D  CORP . A TTN TE CHNICAL INFORMATION CENTER A TTN MS 3330
A TTN P V I O L A  ONE SPA CE PARK DEFENSE AND ELEC TRONIC SY STEMS CTR
SPERRY D I V I S I O N  REDONDO lEACH , CA 9027$ P 0 BOX 1693
MAR C U S  A V E N U E  RAL TINO IE W A SH INGT ON INTL AIRPORT
GREAT NEC K , NY 11020 BALTI MORE, MD 21209

TRW DEF ENSE I SPACE SYS SPOUP
SPERRY RA ND CORP . ATTN A NA PE A SKY V

ATTN 0 SC M D W  ONE SPA CE PARK
SPERR Y FL IGHT SYSTEMS RCDONDO BEACH , CA 90218
P 0 10’ 21 1 1 1
PHOENI X . A ? 65036

TRW DEF ENSE & SPACE SYS GROUP
SPIRE CORP . ATTN 0 ADA MS
ATTN R L I T T L E  ONE SPACE PARK
P 0 10$ 0 RCDOND O BEACH. CA 9027$
REDFORD. NA 01730

TRW DEF ENSE & SPACE ITS GROUP - -
SRI I N I E R N A T T O N A L  ATTN VU LNERABILIT Y $ HARDNESS LA IO IS
A TT N P DO LA W ONE SPA CE PAR K - -~93 3 R*V(M SW000 AVEN u E REOONOO REACH’ CA 90278
MENLO P A R K, CA 94023

TRW DEF ENSE I SPACE SYS GROUP
SUNOSTH A ND CORP . ATTN R NE SS
A T T N  RE SEA RCH DE PARTMENT ONE SPACE PARK
•?~~ MARR ISON AV ENU E REOONOO REACH , CA 9027S
ROCN FORD , IL 61*01
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