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• . FOREWORD
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S Institute has been carrying out research devoted toward studying the

effect of neutron irradiation on the metal-semiconductor interface S

and the resultant performance of Schottky barrier diodes (including

with transient ionizing radiation). This report presents the results

obtained during the first twelve months of research.
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ii
INTERFACE STATES IN SCHOTTKY BARRIER DIODES

1.0 INTRODUC TION

S 

- 

1.1 Technical Background

Schottky barrier diodes are used as rectifying junctions in a wide 3
variety of devices, such as field effect transistors, impact avalanche

• transit time diodes (IMPATT diodes), RF detectors, and clamping diodes.

Although the advantages of using Schottky barriers in these applications

are well documented , the Schottky junction has always been less under-

stood than the pn junction. However, recent work by Levine indicated

that an interface state model could ~uantitative1y describe the forward

and reverse characteristics measured on a variety of different Schottky

barriers, such as Cr/Si, Au/G~~ s , Ag/ZnS , Au/TrTI O3, and

This interface state model was used to explain many oI the : ‘ cho tt ky

barrier characteristics previously considered an~~.aT • n~~.

Various transient radiation effects and dI~ ni~iceme nt ra~Iin t~ nn

effects have been measured in Schottky barrier diodes. Wu and 3now~~

investigated the behavior of silicon Tchottky bnrri~ rr under low enerrp-

(15 to 20 KeV) electron irradiation and fast neutron ~ reater than 0.1 fle~~

irradiation. Planar configurations with a diffused p-n guard ring and

I . a gate controlled structure were used. The principal effects of the

neutron radiation were an increase in series re:istance due to carrier

I removal and an increase in both reverse saturation current and i orward

current due to the decrease in bulk lifetime (for large barrier heights). -•

The principal effect of the ionizing radiation was a decrease in

• breakdown voltage due to positive space charge in the oxide.

I i
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Aukerman~
14
~ studied the effect of low ener~~ (0.2 to O.~ Me.)

• protons on silicon surface barrier detectors. In particular the dain af-e

created in the h~ gh field depletion region of the Schottky ~barri r wan

compared to that created in cunn urable bith~ mater~~M . The main empha~:in

was on the determination of trap levels, and not on the e?ectricai behavicr

of the device.

• iem~en and Grannemann~~~ investigated the effect  of fast neutrons

on GaAsP Schottky barrier diodes. In r art icular , ~rImaip,r eFf ~c-cts such

as decrease in carrier concentration , dec rease in carr ier mobilit2~. and

decrease in minority lifetime were evaluated. F:i-layers of daAs? ;i~th

17 -3concent rations from 5.7 x 10 to 3.5 x 10 CcI were grown on ~aAs

nubstraten , with chromi um metallination used exclusively. Fnnealino

experiments were F erforr(ed at t emperatures up to ~fO °C.
(6) .Chaffin has reported that commercial silicon Schottky barrier

diodes did not exhibit an increased leakare current at fluences to

1 2 . . . . . .  -10 n/cm . However, there is difficulty in reconci1a~n~ these rcsu~ts

with previously reported information (see pages i6)4 and 165 in reference

6).  Considerations such as semiconductor material and metallization

type were not explored.

• Besides this uncertainty in Schottky junction beha v~or , de vices

using • chottkv ,iunct~onn have exhibited anomalous behavior under irradia-

tion . Schottky barrier IMPA~~ (impact avalanche transit time) diodes

exhibit unexpected aftereffects in iE r tra’ .;i~ nt electron exposure,~~~

while diffused junction devices exhibit charneteristics in aTc~ment with

• (P .)
theory.’ ‘ Furthermore , :chottky ~nte field effect ‘rannistors exhibit

deterioration under neutron irradiatIon at fluences an ordcr of

S~~~~
_ 
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(i~~1m )magni t ude below tha t of comparable junction gate devices. In

- additi -n , the saturation current of Ag surface barrier TaLc varactors

actually desreas~~J by an order of magnitude after exposure to 1015

• :ast  neutrons/cm2 , while similar diffused GaAs varactors showed an

(12 )
• expected increase (at tr ibuted to usual bulk effects). hene

• 
anomalous radiations effects in devices with ~chottky junctions cannot

be canT mined from the .~chott~:y junction radiation result s  creviously

relor ted.  -

1.: The ro -ram

S 

The nurnose of this program was to exalore the cf : ’oct of fast

nec tron irradiation on the m e t ’  -s :.i conuuctor interface and the
S 

resultan T • r ?or s,ancn of • ‘chottky barrier  diodes ~c T i d l n  - the ff€  ~t if

transient ionizing radiat ion) .  g a J I l u m  arsenide was selected since i t  is tb

ceminom unc tor nf greatest interest in a variety of high sEr f s r m: ance

microwave devices (Tlk A ’f’ s , FET’ s and mixer diodes) .  Gold was selected

as a metallinat ion s in ce  there was a variety of results re~ or ted in

1 the literature fur  comparison : urposes (although in the next phase of

this nr o~ ram al umi num will be used~~. The device structure dcscr ibe d

• in ~ection 2.1) was selected to eliminate surface l eakage and permi t

I 
ele ct r i c i mea u r e s n e t s  giving a clear indication of changes introduces

I at the rset iT -semiconductor  interface during neutron irradiation. The

x e r ~ rne ntal r enu it s  are i~Y erprc ’ted using the interface state model and ,

where neces r ark , an enhanced field emiccicn model . ‘;c 11-k n~wn

rajat . om o f l f l r e h s , such as compens’s ‘ , are included when interpreting

• m ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~ • :~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
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the data with these models. The implications of our findings on the use

of Schottky junction devices in radiation hardened systems are also

considered .

In Chapter 2 the device structure and fabrication are described

(Section 2.1) as well as the instrumentation used in the electrical

measurements (2.2). In Chapter 3, the facilities and test apparatus

used in neutron and transient ionizing irradiations are described. In

Chapter 14, the neutron radi ation and discussion are presented, while the

transient ionizing results and discussion are presented in Chapter 5.

Ifl Chapter 6, the implications of these findings on the design of Schotticy

junction devices for radiation hardened systems are presented. In

Chapter 1, we summarize the conclusions from this work.

1)

- 

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ - - -
‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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2.0 DEVICE FABRICATION AND TEST INSTRUMENTATION

2.1 Device Fabrication

The device structure designed for this program consists of four

S Schottky barrier diodes on a 0.100” x 0.100” chip. Three of the diodes

have a guard ring and consist of a gold center dot 15 mu in diameter

• and a gold outer guard ring three mils in width and one mil away from

• the gold center dot. A sketch of the guarded device is shown in Fig. 2.1.

The fourth diode consists of a gold center dot without the outer guard

ring. The purpose of the guard ring is to eliminate surface leakage

currents flowing out of the center dot during the I-V measurements. On

the back surface, 8 mil diameter dots centered with respect to the l5mi l

gold center dots on the top surface, are opened on the evaporated metal

layer. The purpose of the back-surface openings is to insure reprodu-

cible photoelectric measurements.

A fabrication process was developed for obtaining Au-n-GaAs Schotticy

barrier diodes which conform to the device test structure designed. The

starting material is either n type bulk GaAs wafers or nn~ epi taxial

-. 
GaAs wafers , with carrier concentrations from 1.2 x lO15/cm3 to

1.0 x 1017/cm3. The ohmic back contact to the diodes is made by evapora-

ting 6000 A of indium on the back surface of the wafer and subsequent

alloying in a forming gas atmosphere at 300°C for two minutes. The nature

of this contact was evaluated using bulk material with a doping concen-

tration of 5 x l015/cm3 and it was found to be ohmic in both directions

( therefore , the same process is used for both bulk and epitaxial wafers).

Li 
_ _ _ _ _ _ _  _ _  _ _

___________________________ — 

~ —~:rL~~
1 

~~~~~~~~~~~~~ ~~~~~~~~~ ¶ ~~~~.— ~~ ~~~~~~~~~~~~~~~~~~~ 
V T’- —-- .. ~~~~~~~~~~~ ~~~~~~~ 
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S 
F~ ior to the alloying operation , 8 mu diameter dots are opened on the

evaporated indium layer using photolithographic techniques. These 8 rail

holes serve as an optical window for the photoelectric measurements and

result in more reproducible photoelectric repsonse measurement since the

illumination is always on the same area and edge illumination is

• prevented.

• The Schottky barrier is formed by evaporating 1000 A of Au over the

front (epitaxial) side of the wafer. Just before evaporation the wafer

is cleaned with concentrated HC1 for a few minutes, rinsed thoroughly

with methanol and blown dry with filtered air. The evaporation is

carried out in a vacuum system with the wafer heated at 100°C. Ic

device test structure is defined on the gold film with a th i n  layer of

photoresist. The gold thickness of the device test structure is next

increased to approximately one or two microns by electroplatir-.~ gold ,

using the photoresist as a mask. An IR microscope is used to align the

front surface Schottky junction with the back surface optical window

described in the previous paragraph. The photoresist is removed by

either chemically cleaning or in a plasma oxidation unit. Text, the

device test structure is obtained by removing the evaporated gold film 
S

from the unwanted areas with an etch consisting of RI and 12 dissolved

in water , using the electroplated gold as a mask. With this etch a

mesa etch is not needed to avoid edge breakdown (as is required if aqua

regia is used as the gold etch).  The front surface of a chip after

dicing is shown in Fig. 2.2, in which the bonding wires are apparent.

After wafer testing and dicing, the chips obtained are mounted in

an eight-lead TO-5 header using a silver epoxy, with the curing

~A ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •
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Fig. 2.2 Photograph of Front Surface of Chip (Scale :
approximately 30:1)
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• temperature kept below 100°C. Gold wire is used for connecting the

device terminals to the header posts with a bonding machine. The TO-S

header has a 0.085” diameter hole drilled in the bottom which allows

S illumination of the I-i. junctions of the chip structure during photo-

electric measurements. With these procedures , Au-nGaAs Schottky diodes

• were fabricated with forward and reverse current-voltage characteristics
- 

comparable to those reported in the literature. That is , the n factor

• was typically 1.03 (slightly dependent upon forward bias) and the reverse

current was approximately 1O~~ amps. Such good devices .rere obtained

on bulk GaAs with carrier concentrations between 5 x io’5 and

1 x 1017 cm 3 and epitaxial material having carrier concentrations

between 3 x io15 and 9 x iol6 cm 3 , as shown in Table 2.1.

2.2 Te st Instrumentation

Test facilities were developed for the measurement of DC current-

1 voltage (I-v) and 1 MHz capacitance-voltage (c-v) characteristics from

77 K to ~-4.OO K and for photoelectric measurements at room temperature.

Both the I-V and C-V measurements were automated, using special purpose

~~~~~~ 
ramp generators to obtain a linearly increasing voltage and an XY

recorder for a permanent record . A block diagram is shown in Fig. 2.3.

~ ro ramp generators were designed - a low voltage, medium curre nt unit

for forwar d bias measurements and a high voltage , low current unit for

reverse bias tests. Besides the voltage range, the slope of the ramp

(i.e., dv/dt) could also be controlled with the ramp generators developed.

The I-V and C-V measurements were recorded on 38 cm x 25 era graph paper

L •~~~~~~~ .. . . .. . . • .~~~~~ . . . • .. • ... • . . . . .. ... • • .
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which allowed good resolution in reducing the lata .

yith the use of a Jo ar~ thm~c picoammeter (~~~it 1±Iey ‘ i d 1  ~oUo)
1 1

a plot of ln I vs. V is obtained with a c i ~r ’  rio t of H - - 
t i  10

amps (or a current density ran -c- u i ’ 1O~~ to 1 ~~~~ r n  Wi th ~ , ii

described in ~ection 1.1 
‘ . .1’ cweej . aa: ion  em ‘m 1. t h at  the

di splacement current ‘h-as 7-ess than 10 i o m-tr.; . ~‘u s  ~rn~ - • . . ar:-

point-by-point measurr’ne: :. stable mea. - • m - . ’ : ’  it  I 1~~~~~~ to

10 amps when nece:sarg .

Standard point-by—point hot c- ‘ ‘v i e  .. ‘ L.  0 ‘ . ta .1ev. ta~~e : ,  •~~._. .;

a rnonochrometer (.~arr eJ Ash ~ode~ 82~ 1,,5). a tun t ’ I i  ‘ sot r ~

lock-in amplification . A block 1 i a ’r ~~:. is d e m i e t e ~ in ~‘ig . I..

Although barrier height changes wi th  bia. ’ vo .i nagc- ’ ,:~ 1 neu~ ron I rradia-

tion were obtained , the -V and C-V ‘t i res .’ S oer a m ’ r  sensitive

indicator of changes in the metai-ser-ii . o ,Juc tor interface.

0’

• I

4
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3.0 RADIATION ~BST CONSIDERATIONS

Both fast neutron irradiations and transient ionizing irradiations

were performed during this program. In this chapter various test

considerations involved in this testing are briefly described.

3.1 Neutron Irradiations (Biomedical Research Reactor (BMHR)
at Brookhaven

Neutron irradiations were performed on the water-moderated Rio-

medical Research Reactor (BMRR) at the Brookhaven yational Laboratory

(BN L) .  The mounted chips were irradiated in an aluminum fixture designed

to support up to 12 TO-5 cans in the allowable space. At full power

of 3 megawatts, the fast neutron flux is 1.7’ x 1013 neutrons/cm2/sec

at the core edge with a spectrum similar to a fission spectrum. The

thermal neutron flux is somewhat h~~ h , namely 14.5 x 10 neutrons/cm /sec ,

at full power. However, the low energy of these neutrons (less that 
S

0. ~1 eV or more than an order of magnitude below the displacement

threshold in GaAs(1~~) results in minimal permanent effects and the

radioisotropes produced in the devices were at a tolerable concentration.

At the 100 kilowatts operating power used in these irradiations,

¶ the fast neutron flux is 0.6 x 1012 neutrons/cm2/sec . For a 10 minute

V irradiation, the neutron fluence is 3.6 x l0~~ neutrons/cm2 , while for

!reliminary neutron irradiations were performed using the linear accelerator
at Rensselaer Polytechnic Institute. Although these irradiations were
discontinued because the absolute neutron fluence was not as well cali-
brated as the BMRR at Brookhaven, cadmium shields to eliminate the
thermal neutron flux were more easily incorporated in the test fixture.
By corn ar ing the results of irradiations at the two facilities, it is
concluded that the thermal n9ut~ on fluence had no effect on the results
reported , i . e . ,  subthreshold~ -1-3) radiation effects did not appear significant.
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a 60 minute irradiation the fluence is 2.t x 1015 neutrons/cm2. This

core edge position at the BMRI’l was most suitable for these two fast

neutron fluences desired.

In order to minimize heating during the neutron irradiations, the

support alumi num fixture was designed for minimum weight (25 gr ams

including 12 TO-5 packages). A thermocouple was used during the

initial irradiation to verify that the temperature rise was less than

5°C. During all the neutron irradiation the temperature of the devices

was maintained below 30°C, so that no annealing occurred. Although not

required on this program, fast neutron fluences as high as lOlTn/cm
2

could be obtained usino these facilities with the device temperature kept

below 125°C.

The effect of neutron irradiation on the pin-to-pin package leakage

of the TO-5 cans was checked to insure that this parallel current was

sufficiently small. In . -cneralt , the leakage was less than 1 picoamp

before and after the neutron irrad,iations. In some cases, the T0-5 cans

with holes drilled for photoelectric measurements (see Section 2.1)

-10showed excess leakage currents as high as 10 amps (at high voltage)

between sa.jac pins before neutron irradiation. This leakage was attributed

to stresses introduced in the glass during the drilling. However, by

carefti drilling and TO-5 can pretesting, packages with preirradiation

leakage greater than a few picoamps were eliminated.

3.2 Transient Ionizing Testing (linear Accelerator at AFCRL) S

The transient ionizing radiation testing was performed at the

linear accelerator (LINAC) facility at AFCRL. The accelerator was

—-—
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used to generate a 10 MeV electron beam of 100 nanosecond duration.

Dose rates between 108 and 8 x ~~~ rad ii/sec were achieved with only

a small change in beam energy by varying the injector current. The chips

were mounted in an evacuation test fixture with the dose rate m onitored

using TLD dosimetry . The evacuated fixture insured that air ionization

effects did not affect the device evaluation during irradiation.

During the irradiation, the photocurrent and photovoltage of the

diode under test were measured as a function of bias voltage (below

breakdown) or bias current (above breakdown) using the bias circuits

shown in Fig. 3.1. Since the Au-n GaAs Schottky diodes in the T0-5

packages are not well heat sunk, pulse biasing was used to obtain the

higher bias currents. Typical bias conditions were one-third of the

breakdown voltage, breakdown voltage (defined at 0.1 mA and denoted by

VB), 140 mA , 100 mA , 
and 11-00 mA. Devices were tested using both the

1~70 ohm and 147 ohm impedance bias circuits.

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~
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1. •g :;EUTko:I’ hAI J A’r IoN RESTJLTS A1~D i _______

S The dl .- ‘tri al shara eter ust ic~ g fIve ci. .: . 1’ rs . - m .  iaA c d i . 5i1

we~’e measured h :‘ ,‘
~ and after ii- utm’ m i l n ’ a o I ’ t .  . A ,‘l n mmts/ :’ t -’i,

S material carrier c5 n ’entraticn ami i tn- radiation - ‘c l~ v 1 used IS -

given i m~ ablt .- - .1. k-si ‘~~ series 228 and 2kl w~ r faL~’i ‘at .-d frcm

vPE(ioo) epitax ial wa -f - ’ . witk ty :i- ’ak ~arr:,r 05 ci ‘ .. nt r at i ..ns  of

1.2 x io’5 and 3 x 1016 ~~~ i o ,one .‘tively . Devi l: •eri s ~lC , 31~ a -md

300 were fabolsated from (100 ) wafers  cut from boat -rown ‘rkstal s wi

typi 2al -sar~’i~-r oonoentratL ns 5Sf 6 x ~~~~~ 8.5 x 1016 
and 1 x l017 ‘n 3

rescectively. The neut!’oni f1uei~yes used were 3.. a Jg1
4 
and

15 / A . ,  -2.2 x 10 n .ami . The liWr. r I ~~‘o E ’ f l O ~~ was used -r determining mo~:

~~~~~~~~~~~~ of th - 1—V ‘ - ‘ ir a- :tei-I s t ir s  to neutron ci~~n a ”  as the

carrier remova l at th i s  dose was small , particularly for the more ~.sa’:i l::

do~ed mat n a - i . L’d ,’lSICO ?abri :ated fr rn moat~ vial with • ‘arr icr ‘ o m n o

• i6 17 -3t,:on in  ~~ 10 t 10 cm range had a carrier rem-:-val rate between

12 to 19 om~~. This is comparable t0 the oarricr removal rate reported

- 

S 

in  the iiteratu re~~ ~ for kaA with similar ‘a-crier concentration .

Devj”e~ fabricated from matsrial with carrier concentration in the iO~~

i6 -3 .to 10 cm range were partially compensated after irrndiatiomis to- the

lower n eut ron  dose and totally compensated after the }ki ’~ }~E’ m’ f lu - n~ €’ .

‘itr ”ertlieless , St n L i . n ata  -n of the i-V and C-V characteristics of these

devices helped t interpret the results obtained in devices wi th higher

dnnr ing . In what rrljt -ws we present and discuss in detail the results

obtained with d ’vi’es of the 2El6 series sin e ib : i SIr i t a X a l  material

used in their fabri ‘atirS ri is similar to the one usol in GaAs solid state

-— - . 
‘:

._  --
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microwave devices. Although similar results were obtained in the other

series of devices , complete results are not included for the sake of

brevity .

L.l 1-V Characteristics

Figure h,1-.1 shows photographs of the forward and reverse i-V charac-

teristics before and after irradiation taken with a curve tracer. The

I’orward characteristics show an increase in the series resistance after

irradiation. The reverse characteristics show a breakdown voltage of

30 vults at 0.5 mA in agreement with values reported in the literature

for GaAs pn .i unctions . 
(15) After irradiation the bre~~dc’wn characteristics

are softer than before irradiat ion. Detailed I-V characteristics before

irradiation are shown in Fig . 5.2. The ideality factor “n” of the

forward characteristics changes from 1.01 at low forward voltages to 1.03

at 300 m/. These values are also in agreement with values previously

L reported. 
(16)

The saturation or leakage current was obtained by extrapolating

the I-V forward ch~~ acteristics ~for voltages higher than ~ kT/q) to

the zero voltage axis. A plot of ir i (15 ”Y )vc . l/T is shown in ‘1g. Li..3.

Since the leakage current in the case of thermionic emission is given by:

I5/A = A 
~~ 

exp [- ØB (0)/kT] ( 14.1)

where A is the cross sectional area of the device , A the Richardson

constant , T the absolute temperature and 
~B
(0) the metal-semiconductor

‘ 
barrier height at zero volt bias , the data of Fig. 14 . 3 gives a barrier

height of • ‘ cv. it should be pointed out that the barrier height
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determined from an activation energy analysis is expected to be accurate

within io% due to the finite number of data points used . Barrier heights

reported for Au-n GaAs range from 0.9 to 0.95 e~ .
(17)

S 
The value of the 2- .ichardson constant A was obtained fr om the data

shown in Fig. 14 . 3 and was found to have a value of 70 A/cm2- K~ wh~ c hI

- I is almost an order of magnitude larger than the theoretical value of

8 A/cm - K2 assuming a reduced effective mass of 0.13:7. The di scr em--

ancy can be due to the fact that the metal-semiconductor barrier height

at zero bias r ai~ change with temperature. I f  that is the case, then the

intercept of the line of Fig. 5 .3  with the T a : is  gives not the

Richardson constant A , but the u .ian tltl’ : (19)

A
* 

01:1 - fl/I (d~~ /dT)~ (~~.2)

where dØB/dT 
represents the change in barrier height with tes m c’rature.

Using Eq. (14.2) and the theoretical value of A we obtain

dØB/dT 
-‘ -0.17 meV/°K

which is of the sa ne order of ma-~mii tu d e as the change of the energy  ak

with temperature (-0.5 meV/°K) determined in ~aAs .
(20)

The low value of the ideality factor “mm ” of the forward I-V charac-

teristics , 1.01 to 1.03 at room temperature . as well as the low value
S

_ S ,
~ 

I ’

of the saturation current densit:1’, 7 x 10 A/cm~ at room t e mp e r a tur e

determi ned from the I - i  characteristics , indicate that our fabricatior

procedure yielded diodes with characteristics similar to the best r ec ent l y

I ( u k )
i -  reported. ’

I

~~~~~~w~i: ~~~~~~~~~~~~~~~~ 
-
~~~~~~~
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~~~~~~ - -: -
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The 7 - V  characteristics for the same device after neutron irradia-

• tion are shown in Fl . 14. 14 . A slight change was found in the forward

characteristics. The ideality -factor increased to 1.07 at low forward

bias volta . -e and to 1.1 at 300 me~ . An activation energy plot of I~ /~~ vs.

1/T for the irradiated device is shown in Ti. 14.5 .  The values of the

barrier heights determined from the data of Figs .  14.3 and 5 .5, 0 .9 and 0.91

e ’J rcsnectively , are each ‘,-ri thin the limits -of experimental error and

it cam. be concluded that the barrier t’mei ’ht did not change with neutron

irradi ‘&tion .

,In n m r : t r ’~.st with the :‘or’ntrd -V characteristics, Ills. 5.2 and 14. 14

show that , at re- mm . temperature and 6 volt reverse bias , the leakage

Crrre:.t char - e Lm b~ more than an m r S,her of :‘ma. - m J t ude after  ir r ad iat i on .

At hisher tem:’eraturcs the inc rease is  less h u t  appreciable . in silicon

i’ s-ions , it has heem , I~’uH that the i ‘ c r e am - - in reverse sirrrent of a

neutron :rradiated pn junct ion is  due to an increase  in the sene ra tion

r at e in the ‘Icr] et i sm 1a~’c’r ranso m bs- n eu t r o n  Lmlsnl aceme m mt dw-~a - e .  5_ i

In m ’r ’ie r  to d e t e ro i - r  l~’ that is t i m e  case in the devices tested ,

• ca-rrin out the :t l iowin - ar -dy: ’]  s.

The reverse c ’m r r e ,t  due to -e: era”,.ior: in the  dep letion l ayer is

(22 )give n by

r-s 51 ki ln . ‘
~~~~~

where W is the vidth ‘f tim e depletion I I ’  i’ . a. the ir~tr i  ‘s ic L ’arr:er

concentration and ‘
~~~
‘ the -~rneration ru Le due to a W - c:  ‘ ‘ ‘oH . lace

the reverse bias depletion layer cap acit -ua ’c C is give n bo:
R

C R = •A /~ :- ‘ 
. 4)

L L .~~~~~_. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- —
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where e is the electric perm,ittivity of the semiconductor material, it

follows that

‘R0R 
= q A2nn ./~ ( 14.5)

that is, the product of the reverse current (due to ceneration in the

n e r lS, -t : i s - m : ! i t7 : - o r )  t imes  the reverse capacitance is independent of the

reverse bias r’oltase . The independence of the T~ C 1~ :roducr upon the

reverse voltage can be used to determine if the reverse :m:mrreat is due

to - -cacration in the depletion layer. :urc 1 4 6  shows the measured

1n05 t’rsd’sot for an imirradiated commercial silicon diode and for one

of the Irr a :iated ~aAs Schottky diodes. The data for the silicon diode

“,h :i r~ao the -~rell- :nowr’ m exrc-rimental fact that at room temperature, the

revers current silicon pn junctions is due to -enerarion in the depletion

la ,’er. In - :‘e- ,trast , the ‘R0R 
product for the ixra5iiated devices chances

by two :mr icrs of marigitude from-: 1 to 6 volt reverse bias. The only

S possibility l ef t  for explaining the observed ch’u ’act eristics ‘ a s i m m g

E q .  ( 1 4 . 5)  is to assume an electric field dependent e::er-ation rate - ‘‘1’

-
~~~~ ibIs possibili ty is explored in hec t ion  1 4 h •

- .2 C-V Characteristics

The 1 I-liz u aei t -u m c e  as a fur etion of volta -c for forward and 
S

reverse bias is shown im ~ Figs . ~~ and 1 4 8  before and after irradiation

respectively. Because nh the low neutron fJ.uence used , t in-  change in

cam rmritance is small and of the orde r  of L - Using the above data, the

q u a n tit y  i/cc 
was plotted as a ftrnction ‘f reverse bias veltu’e and the

results are shown in Fig. . .  I.n lrder to analyse the data of F l ’ . .9.

~~~~~~~ _-: ~~~~~~~~~~~~~~~~~~ 
-

~

----- 

~~~~~~~~~~~~~~~~~~~~~~ :~~~~‘ir ~
-- 

- - - ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~



“~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 
... 2 E 16-4-3 (AFTER O 36X ‘o IS n/cm2 )

6 ~ X ~ BA 110 SILICON P-N DIODE

(VOLTAGE SCALE X 25)

L
I I I I I

(0 
2 3 4 5 6

REVERSE VOLTAGE CV )

F ig .  14 .b (tm rre r ’- ‘ apa ] 4  ar ’e Pr ,’ d m n t  vs .  B ’ m v m ’ ~ s’ yoU a n ’

— _iii_~ 1~ 
-
~~~

-- 
~~~~~~~~~~~ ~~~~~~~~ , ~~ j~~Si~~~~~~~~~ ~~



r~-~-~ T~~ T T ~~I:~ ~~~
-

- 80 2E16-4-3

~~~~~~~
1

ADIA

~~~~~~~~~~~~~~~~~~

1WD

2 0-  REV
• 25°C

10 -

I I I I I I 
—

0 5o 100 150 200 250 300

FOR WARD VOLTAGE Cmv)

I 2 3 4 5 6

REVERSE VOLTAGE (V )

l’]~~~. 14.7 “~ ~~ 1 ~~i I- , “ i~~’~~ ‘ err SLi m s at’ 2Eh~ H- 1’ ”e T r r ad i e~-ion

r~~: ~~~~~~Z’ ~~~~~~~~~ ~~~ T~~’T



r’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-~~~~~ 8 0 -
2E16-4 -3
AFTER O~36X IO

15 
n/cm

2

REV 0
25 C

tO-
1

I I I I I I
0 50 100 150 200 250 300

FORWARD VOLTAGE (mV) 
S

I 2 3 4 5 6

REVERSE VOLTAGE (V )
F’i~ . S.d e m~ e l  C-V ‘iha ” a ’ er i s t i c s  of 2kb- A h+ er I fe ~on

- ‘~ - -== :_-r ”~ ~~~~~~~~~~~~~~~~~~~ - T.L~~~!~~~~~l ~~~~~~~~~~~ :~ ~~~~~~~~~~~~~~~~



TT ~~~~~~~~~~~

-

1 5 —
2 E 1 6 4 3  NEUTRON

FLUENCE

o-~ x id5 /
‘2 10 — 

n/cm ~~~~~~ ~,,,z’.
NONE

H 
5/

0 I 2 ‘ H
REVERSE VOLTAGE CV )

Fig. S~ 5— k  vs. Vol f a c e  for 2kb i e a r  ,, ° m ’ D  Bias

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~--



_ _ _ _ _ _

- -
~~~~~-‘- - - —~~~~—~~~~~ - - ‘ -S— -~~~~~~~~~~~~--’..~~~~~~~~~~~~~ ---~~ -~

-33-

it is necessary to consider the charge distribution in the depletion

layer. Figure 14.10 shows the er e rfy  band diagram in a reverse biased

Schottky diode .(23) E~, represents the quasi-Fermi level for electrons,

E
D 

the energy level of shallow donor assumed to be completely ionized ,

E
t 
a tra~ level, F the width of the depletion layer and l~

’ the distance

at which the trap level crosses the electron luasi-icr :rmi level.

~f the capacitance is measured at high enough frequency such that

- -oly the free char , e at W follows the small si- -nal voltace variations,

then the small signal capacitance is given b- ’ 
(214)

C : — cA/ b  ( 14 .

Assun:ing that the trap level is an accem”tur then the relationship between
p 214)W and the arm - mu ch vo,ita ’c -V is given by: ’

2eV U
+ (VD - V - Vt

N
t/N

D
) ( .7)

where is the donor density , C~ the tra - density , VD the contact poten-

-- ‘;i ai and ~ is the erier ‘y liffc’rer cc between the tram - level and the 7- er mi

‘ level I - the is iF ‘ . that i s :

v~ - -~~~~~-—~~

I ’ the  t rap level is a donor instead of an acc~-ator , it is easily shown

S that :

:~~, 
2 f  ( J j - V _ V  S 5

T
t 

+

- -
~ 

h~ S
) v ~~~~ + Nt

)

(S m )

__________ - ,~~~~~~~~ 
— - r~~~~~~~~~~~~~~
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Equations (14.7) and (14.9) show that, as long as I’i,~ is of the same order

of magnitude as 12,, W2, i.e., i/c2 , is a non-linear function of the bias
voltage. The data of Fig. 14.9 shows that i/c2 is linear with voltage in
the race-c of 0.2 to -1.0 volts for both the unirradiated and the

irradiated device. This means that either N
~
<
~ 

N
D 
or that

in the above voltage range the charge state of the trap level does not

change within the depletion region . tm’his last condition implies that

= 0 in Fin . 14.10 and that V,~ has to be larger than the diffusion or

contact potential V
D 

but less than the band gap. From Fig. 14. ~ the

contact potential for the unirradiated device is 0.8

The above analysis has shown that between +0.2 and -1.0 volts,

Eas. (14.7) and (14.9) simpli~~ to:

= ~~ ( v - v ’
~ (14 10qN ‘ D  /

D

that is:

2 2(V - v) S
i/c = (14.11)

qeA ND

Using the above equation, the data of 1 1g. 14.9 gives ND = 2.2 x 1016 cm 3

before irradiation and ND = 1.9 x 10
16 cm 3 after a neutron fluence of

3.6 x 10114 n/cm2. That is, after irradiation, the net positive charge

concentration in the depletion layer has decreased. This implies that

neutron irradiation has transformed some of the original shallow donors

into non-ionized deep donors or that very shallow acceptors have been

introduced . This is the only way in which the difference in slopes of

~ TO. -‘ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~ - - -
- 
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i/c2 vs. v shown in Fig. 14.9 before and after irradiation can be explainedc25)

Results similar to the ones shown in Fig. 14.9 were consistently observed

in all the devices tested. Although it is not possible to decide which

S 
of the two alternatives is the real one, deep donors or shallow acceptors ,

S there is no doubt that neutron damage in the depletion layer of Schottky

diodes consists of levels occupied by electrons and which because of their

ener~~ level being in close proximity to the valence band must be in

equilibrium with it.

The data in Fig. 14.9 shows that 1/c2 starts to deviate from a

straight line for reverse voltages larger than 1 volt. Figure 14.11 shows

i/c2 vs. 1 for a larger voltage range. For voltages m r-er than 2.5 volts

the data falls on a straight line . The carrier concentrations determined
16 -3 16 - —

from the slope of the above curves are 2.9 x 10 cm and 2.5 x 10 cm-n -

for the unirradiated and irradiated devices resinecti’.rely . The l endinc

of the data of i ’i f .  14.11 that takes place between 1 and 2.5 volts can

be due to either a non-uniform doping concentration or to the uncoveri n-

1 
of a trapping level. This last condition seems to be more reasonable

since the slope of the i/c2 plot remains constant for voltages Jar~er
than 2.) volts. 1±’ the doping were nonuniform one should expect a

changing slope at hi ther voltages as well.

if the tram d,erisity in the depletion layer is comim letely ionized

at large reverse bias , then its de sity is the difference between the

concentration at I -arm -c reverse bias and the concentration at low reverse

bias. This difference is between 6 x 10~~ and 7 x io~’~ cm 3 for both

the irradiated and unirradiated devices.

I t
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Figure 14.12 shows the reverse bias capacitance of an irradiated

device at room temperature and close to liquid nitrogen temperatures.

The difference in capacitance at zero bias can be explained by the change

of diffusion potential with temperature. At room temperature, the

diffusion potential is 0.35 volts and at liquid nitrogen it is 0.95 volts.

That voltage difference is enough to explain the difference in capaci-

tance. At large reverse bias the two capacitances become equal since

the contact potential has less of an effect on the capacitance. The

data also indicates that the traps do not respond to the 1 MHz measuring

frequency either at room temm - eratwe or at liquid nitrogen temperature.

• A summ ary of room teumperature C-V data reduced for three series of

devices (2Ei6, 316 and 228) is shown in Table e.2. For 2E16 and 316 the

tr’~r concentrations are similar before and aft er  irradiation. For 228,

with a lower concentration of trans before irradiation , the trap concen-

t r a t icn  introduced by 0.3E x io15 n/cm2 is  somewhat above 1015/cm3.

14.’i Interface Ftate Density

ri  th i s  s~ctb-~i we extract information about the ener~~r distribu-

tion of the interface states at the metal-semiconductor boundary b~c

analyzing the  - V  and ;-V characterist ics of -lections 14.1 and 1 1 .2 in the

manner  suggested r -cor m t l p  by ievino~~ ’~~ The analysis is based upon the

assuxnpt~ori f a f in i t e  den si ty  of interface states whose distribution in

ere-rey i s fi x ed within the band ‘a~ with r cpect  to the conduc t ion  band .

it is al so assumed that the positive charge in the depletion layer is

e-mu ai to the negat ive  charge stored in the interface states in order to

L ~..
~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~ —  ~~~~~~~~~~~~~~ — —
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guarantee charge neutrality. It follows from the above two assumptions

that the metal-semiconductor barrier height is controlled by the energy

distribution of the interface states and by the external applied bias.

The energy band diagrams for an n-type Schottky barrier using the

above model are shown in Fig. 14.13 for three cases: (a) zero bias , (b )

reverse bias and (c) forward bias. The barrier height is 0B’ the applied

voltage is V and the difference between the conduction ban d edge and the

m ermi level is ). The quantity 0 represents the barrier height under

fiat band conditions , i.e., zero charge in the interface states. The

quantity of nenative charge for each bias is shown as the blacl: areas

and depend s upon the difference 0 - 
Ø~~~

. It follows from the assur~mc-

tions of the model that the barrier height increases for forward bias

and decreases for reverse bias . ihe way in which interface state density

- n  can be obtained from the I-V and C-V character istics is

mhosn by the following analysis .

ho riFi ationship between the nE- - -ative char -c density - stored inCs
th ~ ia t e r fa :- e states and the density of interface states is :-iven

S by :  
~~~~~~~

= mi f ~~~(ç’) i~ /) m13 (14 .~~)

- -‘lm ’~-i f ( -/ ) i s  the rr cmbahility that a surface state of energy 0 is
-ccu; led . it is assur ed that the electrons in the interface states are

ir. P m ’miIib rium with the metal and the function f m ~~) is the i-ermni-Dirac

d i s t r ibu t ion  gi ve n by:

C )  = + exp(c~ - Of )/kT] 1 ( 14.13)
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where is the metal Fermi level. In the zero temperature approxima-

tior f(Ø) is unity for 0 <Ø f and zero for 0 > ~~ 
Then

dQSs/dØf = qN
55(Øf) (14.i4)

i- —-r a temperature T >0, it is shown that(25)

dQ 2 2 d2N
= qN~ + ~ (kT) 

dØ
2 Jo + (14.15) 

-

As long as the curvature of the N
55 

vs. 0 relationship, evaluated at
0 = is small coins-ar ch  to N /(kT)

2 the zero temperature approximation

is valid. We will assume the zero temperature approximation which , as

will be shown later, turns out to be valid in our case . Since +

is a constant, it follows that the left-hand side of Eqs. (14.14) and

(14.15) can be written as:

dQ /d5~f 
- - (dQss/dOB ) (4. 16)

Equations 14.14) or (14.15) and (14.16) indicate that in order to determine

‘ N it is necessary to know 0 as a function of rhe charge density

in the interface states ~ can be determined from the C-V characteris-Cs 
S

t ics and the barrier height 0B’ or barrier heirht change, from either

the I — V characteristics or fran mae a s m r emnnsm t  of the barrier height by 
S

photoelectric measurements. We used the I-V characteristics for deter-

menirig the barrier hei-Ji t change because of the oreater accuracy and

rapidity wi th w h i s h  we can carry out- ‘-hos e measurements in our lncara~~sr :- .

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ -~~ --~- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~
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The charge density 
~~ 

is related to the electric field by the

equation :

= € E (14.17)

where £ ~~ S the static electric permittivity and E is the electric field

C at the metal-semiconductor interface. The relationshi n between this

e~estric field and the high frequemicy casacitance is considered next,

taking ir~ta account the presence of deep honor traps. In reference to

Fig .  - .10 an increase 
~~ r in reverse bias uncovers a charge cJJ ~ A2~ 

at

ar±h char~ e CJND ~~W at W. The increase in electric field ~~ E and

the increase in volt-age 
~~

Vr are given by:

A E  = ~~~~~ + (4.18)

A t m  + (i —2— ~~~ (14.19)

i rce

f
w - 

~t = 

~ 
-
~~
- .---~~ (4.20)

and the h i - h i  frequency capacitance C is ive n by

C = ( 14.2 1)  . 
S

it o l  i - ui: from has. (14.18), (14.19), (4.5 m  - )  and (5 .21) tha t :

E(V ) - E (0) = 1/cA
1 

cdv ln~~~~~ ( 14.22 )

—‘-

~ 

.
~ -~ ‘. ~ 
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where ~: (V ) is the en  - ‘ !‘ ~~~~ ‘ m ’I~ 1i at a reverse bias voltage V . Thes r r

e~ec-tric field at zero b ias is  ca 1cu ~ated fr o m:  the contact potential V0

and the doping •lecsi t :r  Crc--: . t r ie  ~:- mua t ion :

E (0 )  = ~~
2ih

D
V
D 

~~.23)

2-m e second term:: on the r ight -hand side of Ec . ~. m .22 ) represents tfm e

contribution to the electric field by char -c :-kmi o }i is uncovered wi thin

the depletion layer. Ac coi ’dinn to the data —resented in - :ection. 5 .2 ,

the t ra m — s stars to be uscovc-1-cc at reverse voltages larger than 1 volt

and up to that volta--c the increase in electric field is oiven by the

in t e - -ra~ term:: in Es. (14.22). Per reverse voltages larger than 1 volt ,

the last term has to ‘be taken into account exceat that c ( v  = 1) shoald- r

be tm ss ed instead of c( o ) in the lo.-arithm term because the t r an s  start to

be uncovered at that -~~1tase . Using the values of N
~ 

= 7 x 1015 cm 3 ,
l(

= 2.2 x lO~~ cm and V
t~~ 

1 ~f obtained :rom: the data presented in

Section b .H , t: - e mraiue of the constant in  front of the logarithm tern , is

2.~ x lO~ V/cm. In carrying out the calculations for E(V ) it was found

tact the contribution to the electric fie!d due to tm :  a was lower than

1(Y~ of the tot aJ  electric field in device series 2E16 anmd 3 1.
S 

The ~arrier height is  determined from the I-V characteristics. 
-

-

•:c -- um r i n -  that the current in the :n chott:-::. - barrier is inc to thermionic

emission , the relationship between the current I and the voltage V is S

given by: (27

i/A = A C  e x p _ - . F ~~
(em

~
:p

~~~r~~~
l) ( 14.214)

~~,— -~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~ ~~~ —-‘~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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If image force lowering of the barrier is taken into account, the above

equation changes to:

I/A = A~~~ ~xp - (exp ~~ - 1) ( 14 - 5)

where ~ is the image force lowering constant given by:
(27)

= ( q/ 14x€~~ 1/2 ( 0 . 1 - )

and where 
~d is the high fre-suescy electric permittivity .

~or for-car l bias volta ges V .> 14kT/ci, ~q. (14.25) can be ap proxi mated

by:

~ ~~~~~~~ qVf
i
f/A  = A T ~~exp ---- - --~~- IT exp~ -~ -- ( . s)

where it has been shown expilcitly that and E are functions of the

voltage V~,. The above equation Si. OWS that the leakage current 1~ t t ained

by extrapolation of the curve of in i~ vs . Vf to = 0 is given by:

~ ~~(o) —~~~ ~~~(o )
15/A 

= A ~f exp - 

kT 
( 14 .23 )

S There fore- , the ~.eakam -~e current 1 at a tem~:ratnre r can be ‘h ained

f rom the extrapolation of the forward characteristics m e a sr r r ° s  at tha t

‘ temperature . ihe change in barrier height at a voltage V cam be obtat n o - :

from P--m s. (4.~ 5) and (14.28) and it is ~iven by:

= ~~~~~~~~ — kT in
~ i5

(exp ~~
- , - 1) 5

’

where

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~
_:.

- -
~~~~~~~
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~~~ 
= - 0B~°~ 

( 14 . 30)

A {E 5 = ‘j ii ( v)  - V~~(°) (14 .31)

With the help of E-ls. (14.17), (2.22) and (14.29), it is possible to

determine as a function of A from the I-V and C-V characteris-

— tics of the Schottky diode . Once that is known as a function of

~~ 
ØB’ ~~ is determined from Eqs. (4.i4) or (14.15).

Ano ther way to obtain dQ
~ss

/dOB without the necessity of finding i~

is as follows. Since Q and are functions of the bias voltage 1-’ at

a given temperature, it follows that:

dQ /dØB (~Q
ss/~v) /(~3OB/~rv) ( 14 .32)

neglect ing the term due to traps in E~ . ( 14 .22 )  it follows that :

~ (C/A) ; ( 5  / :
~
f,T
r

) = c/A (2 .33)

The change in barrier height with voltage can be obtained by taking the

derivative of the left-hand side of Eq .  (4. i~~) with respect to vo1ta~e:

‘ i kT ~ in l5
~ 1

/ ~~~ 
+ 

1- e x p \-qv f/kT~ 
( 14.35 )

~~lnII B _ kT r Y” 5 1 1 4 6q 
~r 

- q r 
+ 

~~ ~TV” + exp (q Vr /kT) _  1

In t roduc ing  the ideality fact ’r n defined by the equation :

-
~ ln

1/n = (kT/q) ~-----~-~ 1 , 1’ ( 14 . 37 )
1’ , r 

~~~~
. 
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lqs . ( 14.35) and (14.36) reduce to:

- (i/n ) + + qV~ 
: 1 .38)

1-  exp -~~ --

,
~~ 

_ _ _ _ _

= - (1/n ) + ± 1 ( 14~~ -~ )
qVexp r - 1
kT

n u b st i t u t i om i  of Las. ( 14 .33),  (2 .38) and 2.39) in 1 .32 ) sive s

ci.. 7d~~ . In the zero temnerature an:roximsati on, the ex :ression for the

den sity o1~ states ~~ (Eq. 14.i14) reduces to a v r y  simple e:-: ression in

terms of the capacitance C and ideality factor - .. i- ar bin .: voltages

I
~amger than 4 kT/ : , N 5 is 

given by:

N = - ----—--~~~~------—-----~~~~~ - - (14.140)

-
. - ss -

for forward bias voltages and by:

= 

qA(~ - : 5 )  

(4.14i )

for reverse bias volta-os.

a, mur ’-  detailed 1 r’ivation of t1i~ s- m n - Ca  ‘ I - -state model see “ I rmt ’ : r -
f ar e  - t ’- ho r m s i  ty in  A u — n  a,-n,: S- ’hottky C s j s  s ’ . by J. N . B- -s m - I -go ,
B. J. Gutmann and S. Ashok in Solid ‘-ta t -  all - -t m ’ n i - s  (1 170) .

_ _  _  _   
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Using the equations developed in the m rec eeding analysis we have

extracted !m t€ -mr f ’ico state information from the :- V  and C- ’! character :-

tics pre:ent ~~
Sd in n ections ~ .1 and 14.2. F j ’~~ e 0 . 114 shows a sernilog

rIot of the surface elec tric field E as a function of barrier height- 5 - -

cha nge - 
~~ 

in the rever se - s ir e c tn s n n : , without takins in to  account

image force ba rrier heigh t lowerir : - . ihe data is for a device of series

2E16 at two different ‘ ornn~.eratures, 214
°C and - °C , before and after

neutron irradiation. - cr low barrier height chat-es , the data shows

that  in F is linear with 
~~~~

0B• This indicates that -5~ is an

exponential funct ion of the barrier height -S . , that is:

= exp - ( 14.142)

where 
~c 

and 0~ 
are constants of the di:trii’ 5 51- . .

From the data of Fig. 14.14 , the value of -
~~~~ at 25°C is 0.0145 eV

before irradi ation and 0.0714 eV after irradiation. The value of

5~Q45 e/ agree: with the value of 0.0140 e
5,tm obtained by LevineW for

‘ the Au-m n Saks diode reported by i aciovani.
(28) 

imor lower temperatures

and for higher reverse voltages (larger - AOB ) the data of ii: . 4.114

shows that i - n . (14.42) does not hold. This is better shown in ~: .  14.15

S which ia a log-log plot of the reverse current am .n a funct ion of

- 

÷ VD . Levine(2) has shown that the reverse current ha s a dependence

upon the total ,junction voltage given by:

+ -~~, 
~~~~/h (4 143) j

_________________________________________________  
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if Eq. (14.142) is satisfied. The data of Fig. 14.15 shows that Eq. (14.143), and
- 

J also Eq. (14.142),are not valid for low temperatures and for high reverse

voltages. We conclude then, that exponential distribution of with

found by ine(2) is either valid only in a limited temperature and

voltage range or that an additional excess current is present at low

temperatures and high voltages. Furthermore, the distribution of

with 0B found by Levine does not take into account the effect of image

force upon barrier height lowering.

Using Eqs. (4.22) and (4.29), we have obtained the electric field

at the interface E5, i.e., ~~~~~~~ 
as a function of barrier height change

- 
~~
0B 

taking into account image force effects. The results are shown

in Figs. 14.16 and 14.17. In the low temperature approximation , the slope

of the curves of Figs. 14.16 and 4.17 is proportional to N
~ 5 . The data

of Fig. 14.16 shows then, that before irradiation N55 
peaks at a value

close to AOB~~
s0 (i.e., at the Fermi-level at zero bias) and that after

irradiation N
~5 

is approximately constant and of lower value.

As mentioned in the analysis, another way to determine C5 is by

means of Eqs. (14.40)and (14.41). Figure4.l8 shows N for the same device

using the above two equations. The value of N5 
determined from the

slope of the curves of Fig. 4.17 for large values of - AØ B are shown on

the right of Fig. 14.18 and agree very well with the values determined

from Eq. ~~~~~~ The data of F i g .  14.18 shows that N peak s at the i-em’mi-

level at zero bias and that N is less peaked and its value reduced by

a factor of approximately 14 after irradiation. Before irradiation an. at

85°C, the N
55 

has an pr -xim ::ato 7 p an exponential dependence upon barrier

- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 
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S height, F-n- . (4 .42 ) ,  for 
~~

0B 
>0 with a value of 0 ~~o.o14o eV similar

to the one found by Levine . For 
~ 

0B ~ 0 , N
55 

decreases ~Terr - fast

with $.  and shows a behavior similar to the one found by Crowd and

Loberts in Au-S-i Schottkl barrier diodes. 
(26)

A -muesti on that arises ic~ determining N from either Eqs.  (n .22 )

and - . 29 )  or from Eqs . (4. 140 ) and (14.14i) is how valid is the assumption,

esc ecially at reverse bias , that the current in the Schottky diode is due

to thermionic emis:io: , i.e., given by Eq. (14.25). Figure 4.19 shows

IR/l~ 
vs. l/T for several reverse bias voltages before and after irra-

diation. It shows that the current flow has the characteristics of

thermionic emission current up to 1 volt reverse bias at room temperature

and up to 5 volts reverse bias at 85°C for the unirradiated devices.

The corresponding limits for the irradiated devices are 1 and 2 volts.

This means that the N
35 

plots of i- i :-. 14.1$ are valid up to -

at room temperature and up to - 0.000 eV at 85°C. For hiaher

-
S 

reverse bias voltages, i.e., higher - 
~~
0B’ 

there is an additional

reverse current which does not conform to thermionic emission characteris-

tics. This will be further discussed in Section 14.4.

Using Eq. (4.141) we dete~~ ined N for devices of series 316 and

its plot is shown in Fig. 14.oci. We estimate the curves to be valid up

S to _
~~~~OB~~~

0.120 eV for the reasons discussed previously. The 2 ,

distribution shows similar changes after irradiation as the ones shown

in Fig .  14.18.

In order to de t :en-ine if the changes in N with irradiation were
- ss 

-

‘

due to possible neutron damage in the meta,’L close to the metai-sen1ic Cn-

ductor interface , a wafer of device n - c r i e s  316 was u -radiated before the

~ 
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Schottky diodes were fabricated. The ohm,ic contacts on that wafer had

been fabricated before irradiation in order to avoid hi gh temperatures

during the fabrication of the Schottky diodes after ir r adi ’: ’ i a n . The

I-i charac scI -ist ics of those devices and of devices irradiated after

fabrication on similar material are shown in Fig. ~4.2l. Thero —-gas

almost no difference in the 1~V characteristics of the two t:sSes of

devices. This indicates that any change in the ch~ n’acteristics before

and af ter irradiation is due to neutron damage in the Gals .  That is. the

change in -l --ri th neutron irradiation: or the excess au,r r en t at ar- -c-ss
reverse bias is caused by damage in the :aa:J conductor material.

- .14 Excess Reverse Current

The results presented in the preceedis- section n-ho-a that for

F forward bias and f r  small reverse bias voltages the current in A u - n ,

GaAs diodes is caused by tfiernn-io;;ic emrission and ti -at chain -es in the

I-V characteristics can be accounted for by a change in the den sity of

interface stales. At moderate and high reverse bias voltages, the

reverse :nnnx -re n ’n is in excess of the one which can be accounted for by

thermionic er:n ission processes. In this section , we determine the possible
/ , -

nature of that excess current.

* - Figure 14.22 shows the reverse current of a s’-r~es 2116 irradiated

diode as a function of reverse bias at several d i f O c r c n n. tc:-.;-eratures in

0 0the range between 300 K and 100 K. The cata slic - i -  t ha t  the r~ ver :-c

current is strongly dependent upon the voltage (the current changes by

3 orders of magnitude when the voltage chan 1 es by a f a c t -r  of I - )  and

~t is relatively temperature j U: d e: e; L nt  (a ch ange  of two orders  of

- 
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magnitude in cur rent  for a change i n  n: -m ’ se rat :nr - - by a i ’e’tJr of 3).

These characteristics :: ron dO: suggest that the reverse c urrent must be

caused by a high field n- p r e e n - a s .  For the purpose of this 0 i .an - ’ : -:-

sion we will classify the possible rate-limiting in-cehani n - i n , as harriar

lirn;ited or bulk limited. By barrier limited we mean mechanisms such as

temperature assisted direct tunneling of electrons from the metal into

the semiconductor conduction band in: a single step or in two steps with

a trap as an ±nnter:nnediate state. We consider ‘bulk processes a: those

t-f C cesses which involve the liberation of charge trapped by imnurity

levels in the depletion layer by the Poole-n- rennkei- effect or by enhanced

“b id emission. In these cases , the tra d s are refilled by elect-roan:

from the metal c- n-tact or from the valence band.

The I-V characteristics of a Schottky barrier diode in - the thermio:ic-

field emission r~noime is given by:(29)

- : = I exp ~ 
/ 1 ( - - .142 )r 5 r 0

where I is a saturation c :rre;!s slowly varying with applied bias and

-; 

- V a constant which depends upon the donor concentration and temperatur - .

In the case a? two sten tunne-lini with a t.rag as an int ern ~~diatc step,

it can be shown , following a similar argument as the one given by crIer

a n d  C - a- ) , (30 )  that the I -V cLcr~n-c-ter i st ics  are :: z i n n - i  1 ar to the one

expressed by Eq.  (4.42) except iFs a facn~or ol’ 2 in the C - nT-sent:

a exm ; V . 2 ’ o . 1 4 i )

1-cu a t ion s  ( )-I. . I L ) and (4.L~3) indicate that in 
~r 

is ] r C m n o r l n - o n a l  to the

r n - - n - m a -  bias voltage V .  The data of L’j g 0.11 does not follow n - - i ther

- ~~~~~~~~~~~~~ ~~~o’~~ -~~ ~~::- ~~~~~~~~.~
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of the above two equations and it is cor n -minc e s that the excess reverse

current is not due to direct one-step or two-step tunneling.

In a depletion region in which the emission process dominates over

the ca:-tur e process , the current due to the liberation of charge from a

level is glven. by:

I = G f e (0 .144)
- t t n

where is the total number of levels in the depletion layer , 
~~ 

the-

probability of those levels being occupied by electrons and e the elec-

tron emission rate. The fraction can be expressed in terms of the

emission rates e and e of holes and electrons:
p n

= e / (e~ + e )  (4 .45 )

Therefore , the expression for the current becomes:

I = q Nt (epen)/(ep + e~ )

If one of the eminsion processes dominates over the other, the current

is determined b~- the slowest emission rate. In that case, we will ;-rrite

(4. h() as: 

= ~ 
(4 .47 )

where 1 /~ç in: the smallest of e and e .

In the case of the -a ]r~Fren 1~ l effect, i.e., lowering of the

ener -~y barrier by an electric field, the expression for ‘r~ is:~~~~

_________ - .  
- 
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a exp -
~0~ 

- 

~~ 1~~)/kT (14.48) 
S

where ~ is the constant used in the Schottky effect and is the energy

required for emission of a free carrier from the trap. E-muations (14.47)

and (4.48) indicate that in the case of the Poole-Frenkel effect, the

in I is given by:

in I = - ~~~~~~/kT + -n o r a t a r t ( 14.149)

We attempted to fit the data of Fig .  14.22 to Eq. (14.149) without success.

The last mechanism considered is field emission from a trap.

Frar~~
32) has derived an expression for the emission by tunneling of

carriers trapped in a spherical well and gives:

1/V = 
2 (m *

~t ) lT2 exp - 4/3 
— 

qt E 
(0.50)

Substitution of 1- -~~. (4.50) into Eq. (4.4~) gives:

~~~~~~~~~

in I -14/3 + con sn -~~r-t (14.51)
q~~~E

where we have neglected the in F term. Using the data of Fi 1~. 4.22, we

have plotted in I vs. the inverse of the peak electric field at the

barrier and the results are shown in i-~ig .  14.n~ . At high electric f ields

and low temperatures, the current follows Eq. (0-.51). At low electric

field s and high temperature the current is in excess of the one expected

from E l .  (4.51) and is due to thermionic emission through the metal-semi-

conductor barrier. 1”rom the slope of the straight lines of Pb - . 0.13.
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- we have determined Ø~ at each temperature and the results are shown in

~~i 0 4 .i~4 . The barrier heb hi is close to 1.14 eV at low temperatures

and decreases to 0.3 eV at room temperature.

Although Eq. (0 .51) explains the linear relationship shown in

F i :- . 14.3, it fails to explain the displacement of those lines along the

current a.xis and the variation of with temperature. Ihe nnisn-l acemn er t

of the straight line s of Fig. ~; .23 along the vertical a_-n -is could be due

to the variation of the occupancy of the trap s I’ with tc-r :iuerasure. That

is , Eq. (0 .0- 6)  should be used instead of F - n . (4.147). The -- ariation of

i~-~ with temperature rii . -ht be explained by either a thermal assisted

tum :nelin- - or by a variation of with the oc cum anne l : arobability

In order to make an exact f i t  of En . (4 .46 ) to the 5lala of Ii

i t  is necessary to have a model for the generation center so as to

be able to express the emission rates e and en in Uer:nn~ of appropriate

arameters of the - -enerati-mn center. We are carrying out further wor-

alona these lines taking into account the nature of the d ama~-e :rCduce d

¶ 
by fast neutrons in -:ailiumr. arsen ide and it w i l l  be n - -por ed ~a ’~o n r .

Fi n-ire .25 shol-n a the reverse cu r r en t  of an unirradiated diode .  it

was found that the reverse current  at low temperatures and hi gh electric

fields also obeys Eq. (0.51 ) but with a close to 0.5 eV at low temns era-

tu rerr . Ihc  var ia t ion , of ~ wi th temperature is shown in ~~~ 4.~~~. The

data of 1 ’ . 4 . 4 indicates that the startin- epitaxial material has a

- - enne ra t :omn center which is -:gif1’ -r~~nt than LIne  generation center intro-

duced by neutron - i a - a  . The J -r E-: ’en! ce of those centers in V F E material

have be~ found r ecen t i : :  from capacitance variation with i” n -r - n n - : r  :1:.

The trar ener i; rcno r lr - l for one of the °e n I t o r s  agree:— with the one of

0.5 eV that we found by a complete’!:: different tochni-nue .
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It should be pointed out that Eq. (14.46) implies emission of both

electrons and holes. The emission of electrons is from the trap center

to the nna’ : inn ctio nn band. The emission of holes is from the trap center

into either the semiconductor valence band or into the metal. These

tn--To possibilities are very important since it implies that the reverse

characteris t ics  of neutron irradiated diffused GaAs and 2chottky GaAs

l unct ion’ s can be similar or completely different depending upon the hole

emission orocess. If hole emission is from the valence band then both

types of -ic-n-ices should show similar behavior, but if the hole emission

is from the metal because the trap is physically close to the metal

semiconductor i nt er fa c e , then the two devices will have d i f f e ren t

reverse i_ mi charac te r i s t i c s .  We are carrying out further a rna lysi s  of

the dat-a in order to determine which of the two hole emission processes

is tam ing place.
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5.0 TRANSIE NT IONIZING RAPIAT IO- iIFIULTI AND DISCUSSION

Besides the direct effect of neutron irradiation on the characteristics

-f dch ottky  barrier junctions , the electrical characteristics- dur i ng

S 
the transient ionizing radiation were al :;. can -b red using the f ac i l i t i e s

described in Section 3.1. These results are described in Section 5.1.

Data was also taken with conanercial -1-ba - : Schottky Ill ?ATT diodes in

an a t t emr t  to uncover  the cause of the anomalous aftereffects in these

1:-n-ices. (34 ) This data and d iscuss ion are presented in Sect i cr ;  5 .2.

The purpose of this testing was to monitor any changes in charac-

teristics of dcho ttk y j u n c t i o n s  under t ran sient  Ioni : :ing  r ad i a t i o n  with

- . -~ (34 )neutron exposure an-s to explain the J I C 1 - ATT aftercibcc n- ; . The elec-

trical, S sar -n- 1n-ter~~~st2cs of Zener diodes under transient i on i z i n g  radia—

tior ; biased near ~-r in avalanche has been resorted revious2y,~~~ ’ and

the model described will be similar ly useful far lc h c t t ky  d i n - d e s .

5. 1 lu- GaAs Schottky Barri€- r-unctio ns

—If the diodes that had been neutron irradiated , series 316 and 300

were measured under transient ionizing radiation at dose rates between

3 X 10 anS.1 8 x 10 runs /sec. All chaps a-crc evaluated under vacuum

with either 1n7 ohs; or 1470 ohm bias circuit- imn e Ia :cos an ; d e sc r ib e d  in

lectionn- - .2. Ceasured results at 8 x 10 rads/sec are shown far - non es

316 in In-dol e 5.1.

At b ia s  c o nd i t i o n s  below and at breakdown , the i n n o r o a s e  in , n l n n c t l S C .

vo ltage  ( photovol ta ’e ) is given. At bias currents well i n to  avalanche.

the increase in current (ph~-tocurrent) flowing throne-h the extcr~al
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terminals of the diode is gi v e- n ; .  In  all test conditions the velta ’.e

and current decreased to the ;r e ir r a di a t i o n  condi t ion withi n 20 nano-

seconds after r en n - o vn - of the radiation pulse. ~~n-ical n:-hoto ni ’an-hs

i nn -d i ca t i : :  ‘ , the current increase during t in e radiat ion pulse are depicted

in 1-1’ . 5. 1, where the diode is pulse-biased into avalanche wish
4 9asn:roxim-ately 40 mA, and the increase in carro t -dun n the B n-n 10

rad s ‘sec radiation pulse is less than 5 - .

The data is in substantial agreement with the diode model for

aval anche diodes under transient ionizing radiation developed by ,1-hodd

( Q5) -
et aT~, 

° and shown in  i ’. 5 . .  The le r iec  316 junctions were fabri-

cated on bulk material and have a series resistance ( R )  of aPnro:-:i n; ate±l,’

50 ohms. From the ohotovolt -a le measurements at anne- th i rd  of the Irons-

down voltage , a photocurrent (i
n

) of 3 milliamps i s obtained , in substan-

tial a ’reennent with that calculated using the depletion layer dimensions.

As the bias is increased , the multiplication factor (l- -~) increases and

the incremental junction resistance (~~ ) decreases. As shown ‘by Shedd

et al, ~35~ the external photovolta5;e meals when B - B s an-proximate ly

e’lusi to the load r~-oistance . Although numerous data points were not

tat er  on each dev i - ’e , thi s- model is in qualitative agreement with our

da ta.

I t is concluded that the neutron irradiations had little ef~ eet on

tLe ~ra- - i n - n t  i on i z ing  radiation characterist ics.  -‘ni thou - -h the j u n c tio n s

i rradiated at 2 . .  a i0~ ~ neutrons 6m’:2 had twice the photocurrent response

at medium bias currents (see Table 5.1 and 1 .1 . 5 . ] )  cii l it  chan :es in

multiplIcation Wotor and dynamic -c ane char- c resistance s c al d  ne c -ain t 

U: 
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for the difference. Wore data would be needed to verify whether the

difference indicated is real, but the effort was not warranted for this

crc u’an::.

5.2 Evaluation of il—IPATT linde Aftereffects

dads 1-chottky IMPATT diodes , including 1B1O (Dl) that had previously

-sxhi ’bited a f te re f fec t s  during RE testing ,~~~~ were tested under similar

conditions to the Au- Pals ~Tchottky junctions. The results are giver in

Table 5. 2 . There were no indicat ions of aft er effec t s~~~
)or sham e

storace L6) in; these IIIIATT di odes in any of the test conditions . That

is , the diode voltane and c:s,rrent (which was increased during the rsdia-

tiom nuise) decreased to :n-reirraJiat io n condi tions immediately within

20 nanoseconds ) after the radiation pulse at all test conditions .

Typical photo~ranhs are depicted in i - i c .  5.3, where the increase in

current during the radiation nu~~ is shown: to be desce ndent upon the

bias in:np edance.

The- most sisnificant information in Table 5.2 is the lace step- 
- 

-

in current duri ng the radiation pulse when the diode is biased well into

‘breakdown , and the dependence of the m an -nn - i tude on the bias circuit

impedance. In particular, at a dose rate of 7.5 x 1O9 rads/sec and a

bias current of 100 mA . the magnitude of t ine current step was 0-0 mA and

150 ml with a bias circui t impedance of 1470 ohms and 47 ohms respectively.

in the RE test setup used previously , the test conditions where after-

effects commenced wore : dose rate ci’ 2 x 10 rads/sec , b i a s  current of

80 mA arid bi as circuit  impedance of 325 ohms. Interpolating these exoeni - S

mental results to the actual RE test conditions , an increase in current

i n n ;

— .~~~~~~~:—i~~-i- - 
- 
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nv icr Tran s l~~- - t, Jo n  L s - i n ’  :;nid at i oi : 

I
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Bias Circuit Impedance

c o - -se (rads/sec ) Bias d on d i t ic os  147 ohm s 0-70 ohms

1.: x 1O9 
. 

- VB 
.2 7 l.~ V

.6 ‘
~ 3.0 ‘1

14O mA - --  5 n ’ nA

100 nsA 5 ml 5 mA

200 mA 10 mA

3.7 x lO~ .8 V
B 1.5 V 7 V

VB - -~. o v  l3V

0-d m A  ---. 2O mA

100 mA 40 mA 20 nsA

200 mA 0-O niA

7.5 al - - 1 .3 V~ 7.5 V 16 V

is V 23

0-O mA ---  140 m1

100 mA 150 mA 140 mA

200 mA 150 mA

TABLE 5. Photoresponse of n c-hot tky 7-P ITT 3 l 0  D l)

(with RE aft,nrc5fl oLc n - - 0 - ))

_ _ _  - 
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during the radiation pulse of 15 mA is obtained. Although this cur ren t

change is significant, the magnitude is not large enough to cause the

observed SF aftereffects directly .

Besides the SF circuit considerations previously described , (3~)

we now believe that the bias circuit impedance to be a key factor in

controlling the aftereffects. Since the SF aftereffects were originally

observed with the -lads Schott~ r IMPATT T s, Bm acketd ~~~~ treated the

tuning-induced failure and bias circuit oscillation problem in II~PATT

diodes in some depth. In particular, Brackett showed that GaA s devices

are more sensitive to these problems than Si diodes, since the net low

frequency negative resistance is larger in GaAs due to inherent

material  parameters.

It should be emphasized that the bias impedance with frequency from

DC to 50 I-Ills is important in evaluating the bias circuit instability.

The 325 ohm bias circuit civen previously~~
4
~ must be modified as shown

in Fig. 5.14-A to include thelength of 93 ohm cable between the bias

circuit and diode and the 60 Pf bypass capacitance located at the diode .

- 
- In order to conveniently shield the bias circuit with the evacuated

cavity, four feet of cable was used dun n;- the radiation testin - . ~‘hi s

cable L € n i : t l 1  is over 0.1 wavelengths in length at 20 ~iz, and its

impedance-transforming properties may be a cause of bias circuit

instability.

lcfernin-~ to the dmith Chart in Fig. 5.0-I, the bias circuit impe-

dance (normalized to 50 ohms) is plotted with frequency for two cable

lengths -- the four foot length a c t u a l l y  used in the RE transient

- ‘
~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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B. Z9 WITH FREQUENCY AND CABLE LENGTH AS A

PARAMETER (Brockett GaAs IMPAT T su perim posed )

c~ 5 ‘1! Diode na~ -~~~ ]p 1 ~, i t I — p P IR T - ’-

C f’r-llowirng } - r R k~ 
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ionizing r a d i at ion ;  testing and a more modest 1 foot Th tP . fu en imccsed

is the negative of the low frequency impedance of a ty scical 5 i iHz Pal.s

II’I iATT diode, as -iven by yracpett.~~~~ The freauencs~ on the diode

impedance locus ccIn- -~ si-eli to the freguen~cy on the circn-:it imnceclance locus

at the point of intersection is inan—orta int . As shown by Irackett , the

bias circuit is stable if at the isoint of intersection , the fre~uency

on the diode impedance locus is l ower than the fresuen cy on the ‘bias

impedance locus; otherwise an instability exists. I- or she Erackest

- GaAs Il-ThAT? and the assumed bias circuit model, the bias circuit is

stable with a 1 foot cable Ie::- tn , but becomes unstable with a cable

greaten than 14 feet.

It should ‘be noted that ~ ‘ackett has not considered leakage current

as a ncana’seter in his 1-P -ATT model, so that a direct comparison of diode

impedance loc~ as a function of 1e~ cage current does not exist. il-sw-

ever, i’Iisawa~~~ has shown that the magnitude of the US induced nn e - -ative

-J resistance of a tead fl’IPATT does increase as the leakage current is

increased. She DC voltage -drip s as the l oaTh ~IC current  in:cr en -  ‘es because

less multi; i l c at i or i  is reri :drcd. ~i sawa ’s calculations further conf i rm

our hypothesis of the bias circuit instability as a cause ci the after-

effects since the diode impedance locus shown in Fig. 5.)~i is s h i ft e d  to

the nicht as the DC induced negative resistance is increased , and a bias

instability is more likely.

FOR THE EQUIVALENT C IRCUIT AS, - i~ -I l-lE ARD THE LOW FREQUENCY GaAs

IMIAPT TWIEDAIPI7 FROIS BRACKETT, TI-tE BIAS CIRCUIT IS i-0-IARLP UNSTABLE WITH

THE LOlIG CABLE l~akDED -THE/ -I SHIELDING THE BIAS CIRCUIT DURING THE

~ 

~~r--::,~ ----- 
~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~ -~~~~~TJ~~L
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RADIATION TESTING . THIS HAS NOT BEEN DFI4ONSTR,ATED EXPERIr~~N TALLY AND

IT WOULD BE PR~~IA TURE TO ASSUME THAT THE AFTEREFFECTS (3 14) HAVE BEEN

FULLY II:-: - IsA i NJEID.

In particular, SF testing with controlled bias circuit impedances

are necessary. Furthermore, with Brackett’s models, there is no

difference between diffused and Schottky contacts. I-ron the SF measure-

ments made previously, (3 14) there is a correlation between type of

avalanching junction and occurrence of aftereffects. The i2’ansverse

instability of Van lperen~
39
~ and other two dimensional effects are

different  for diffused and Schottky contacts and could be a contr ihut in€ -

source of the aftereffects.  However, from the considerations described

in this Section, the bias c~~’cuit instability appears to be a possible

principal contributor.

- 
n-ca- . ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ - -— Li
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6.s 11111 lCA’rI- - I S OF RESULTS ON RAD IATIO I - l 1U,IPI7~J7 1 1; SI G N

The em; hai ls  of this program was to ex;:€-riisentaiiy evaluate the

ef d ect  of neutron and t r a n si ent  i c n ; i s i n g  i r radia t ion on the electrical

characteristics -it OmAn Schottky junctions anic to understand the basic

mechanisms r~sponsib1e 1- -r these electrical characteristics. llthc-u 7.

more n-nor): is cc- ~inui ng to ve-ri~ J and extend the c-nn ce n - -ts described in

Sections 14 and 5, we have arojectec; the imnlica t ions  of our results on

the use of -lads microwave devices with Schottky junctions in radiation

hardened systems.

IT MIdST 31) Id-I IN- S EZED ‘NA T T/Id ’SE IM I -IJ CAPI ONS HA VE N~ ST BEEN

VERIFIED BY C IISSEOLLEID TESTII -Id ON ACTUAL LEVI CE S-. THEY ARE OBTA INED BY

US iNG OUR EXFEB1I’-JENTAL LA -TA AND OTIS iiITEII1ThiATIC-N OF THIS DATA TO-

PREDICT WHAT COUL D OCCUR 1f~/ HIGH ‘7FT- i--J-I ,AP CP IiaA s SCl-iSTT’)Il JUNCTI PS

DEVI CI-Id IN 1-I TCEOWAUF SYSTE MS EY~~ 5ED 10 F S A I D ] A T I I C P  R l - P J l F 1 N 1S~~~ I-/TSS . ALTHSI :U S1I

THESE TNPLICATISISJS HAVE “7T BEEN PROVEN. THEY POOl E/I T THAT -I( T,2 7 ’R }I IS - -

NECESSARY BEFPEF dads .ICHITTHY JUNCTION DEVICES ARE UTILIEEI- I N 11101-

TION ITARIDENED APPLICA-TI-VIS .

n .l Neutron Implications in- ; I / - I / I TT ’ s, NES FET ’s,
and Other Microwave Devices

Peutron radiation effects  in il-PITT diodes have been studied by

many authors , with t hese  results recently reviewes .(40~~~ ) However,

all devices tested were silicon , flat—profile , diffuse:i junction Il-P ITT ’s.

In ;  hi;-h ~-er fc-rman ce microwave systems , the Read or c ) u m t  -rofile . lads

chst :tky - , unction I - 1  ITT diodes will be uti l ized , as these recentl y

d eveloped devices have higher output  power wi th hi -her efficiencies.(0-
~ ’

143)
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These imiroved 11-P A IT’s have a ire confined avalanche region with

a resultant increase in peal-: electric field at the junction . Chive

et alJ~~~ have described the harmful effect of tunneling on these

devices , which is e-s -ecially critical in Read profile diodes. With

neutron irradiation we have shown that tunneling currents -:rield assisted

therniicnic emission similar to that described by Chive et al.) increase

i-a neutron irradiated Schottky junctions at fluences where carrier

removal effects  are small and trapping effects on the d r i f t i ng  char- -c

pulse is also expected to be small.~~~ 
,1 4 )  These two effects have

been shown to dominate the RE power reduction in Silicon flat-profile ,

diff used junct ion TMO -A TT diodes.  The field--assisted thermionic emission

is expected to be eve n more prevalent in neutron-irradiated high effi—

ciency diodes due to the enhanced electric field near the junction .

In addition to this effect on the charge carriers injected into the

Srift region, the enhanced leakage current of the Schottky junction can-;

reduce the output power directly. (147 ) Although the magnitude of the

stati c leakage current would not be expected to significantly de , -rade

the device operation , increases in dynamic leakage current froa  the

modified surface state density and/or from enhanced field emission

could be significant. It should be noted that the transient ionizing

results indicate the tra /-s~ response times are indeed short , although not

necessarily as short as would be necessary to effect the dynamic lea)-;agf-

curre nt . This cl~-n;ami c leake.ge current enhancement would P v c  to be

considered in detail further .

—

— ~~~~~~~~~~~~~~~ -
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At this time the direct eftec t of enhanced field emission on the

injected carrier pulse is con~s idered to be the princinal  new effect  ‘for

II-IIATT diodes in arplications with neutron exposure specifications. in

fac t , enhanced f i e l d  emission - -ni h Drona’bly dictate the feasib i lit ~
- cf

usia, the se hi -Th power hi -h efficiency diodes in microwave slr stems wish

neu t ron  hardening re nuirementn . Experimental work and fur ther  ana~ msi ; :

are needed to de t cnrn sine uant~~tative limits.

In IIESFET ’s -me-ta d-semiconductor  t ield ef f- ict  t rans is tors), or

Schottky-sate /- ‘E’~” s , an anomalous reductioni in transconductance has been

reported .~~~~ The reduction In tran;nconductance in SchottI~~-~ ate FET’s

occurred at an order of magnitude lower neutron fluence than “comnarable ”

june ti:n pate devices (with lO~~ ~cm 5 channel dc-ni n - i , a lO’~ reduction was

measured at 5 x iO~~ s
IcmO and 5 x 1015 n . ‘oN in NESI-ET’s and ~~ ET ’ s ,

resr;ectively). In addition , the junction nate devices decrad-o d, at a

fluence in agreement with calculations usinis carrier removal and mobility

information on - lads.

The transconductance dr iprad a t ion  in 1-DISFET’s could be a re sult of

enhanced field emission from the Ochotticy pate wi th the -late metal being

the source of € Je ch r cn s and electron emission from the defect being the

rate limiting trocecs (as described in Section 14 . 14) .  Due to the compli-

cated cc”rier 01st- (hot electrons , two dimensional effects, etc . ) in

NE-I- /n T’s, the correlation between the basic Schottky junction effects

with neutron irradiation reported in Section 14 and MESFET irr - -iiation

effects is not readily apparent. A thorough proprarn; is needed so that

this anomolous degradation is resolved before la-~s MFSFI--~ l ’s are utilized

in n - iicrowave systems with neutron exposure pacifications.

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~
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In addition , the enhanced reverse leakage of the Schottk ,’ gate will

tend to reduce the i snu t  impedance of the HESFET and the modif ied

:ar f-ace state density and/or enhanced field ensission could e f f e c t  the

device noise erforni ance.  The input impedance reduction is expected ti

be tolerable as long as the barrier height  reduction is cc-noarable n-ni th

other barrier rn;etilization as reported herein with gold. ( The continuing

r’- pr--c:; with Al/n GaAs - Ichottlp r junctions will provide useful data as

alusPnuin ,:ates are of ten used in i-TSFET techn;olo -v.) The possible effect

on device noi se is con iecture at this  time , but should be evaluated in

any :-r o :rm-i expl oring --IEISFET radi ation tolerance .

The noise denr a- / -at ion should also be c- ;-nJorod in other lads devices

asinp :l’oh’sttp’,- junctions such as mi:-:ers -and narametric devices. Alaho’s 5:

- . ~0---I~) -mscro:-nave :nns-:ers have been evaluated under neutron exn oswn e , - cc alcon:

S-chottky barriers were used . ‘[he effects observed in this propram wi th

;~u/n lads are excected to he different  in si l icon. This early data on s i l icon .

n - c hi le  useful  as a s-uide , should not be used as an indication of -la,.s

l lchotbi-ny j ;ac t ion  devices.

6 . : ~t’-ansient - - -n i zj n  - Radiation nsj Jicatio rn s in i-I AOl ’s

From the data and d i sc uss i o n  nres’ -ntea in Section 5.2. ‘it is a-, n’aren .t

that the anc ,m-lous af:~-r-s. ft’scts in -eh ot t l -n y j u n c t i o n  ImAs TI-TAT? diodes~~
14
~

is not entire].:,- caused by the Sc li t t k OT , i u n ; c t i o n i . Bias  circuit con sider’s—

t~ c-n~ ar— near to have been a r-rincinalL cause of the aftereffect-

in .tabilities , althcuph the rr con that the diffused junction GaAs

Ifl ITATT~ s did - c t  exhib i t  t ,hese in : -t ah i l i t i es  is unresolved . l~ ans ien t

__________________ - - ~~~~~~~~~~



—~ —-—-----—‘---~~~- - ---,-“------..-—-,-,,----- 
~~~~~~~~ 

- - - -

ionizing radiation testino with controlled bias circuit impedance is

necessary to verif y the hypothesis described in Section 5.2.  Paturailcd

-
‘ 

the lads Schc’ttky IMPATT s must be oscillating in a microwave circuit

during the radiation testing.

It is possible that the Ga~As Idchottky IMPATT ’ s may be suitable for

t ra ns i e n t  ion iz ing  radiation environ-o:nents , although bias circuit

constraints will be more strin;nc-nst th a in a ‘ on- rad ia t ion  environment .

Parther work is needed to verify the hyrothesis  and -nuantize the bias

circuit cons t ra int s .
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7.0 3UIVTh~ARY AND CONCLUSIONS

The following sun~marizes the accomplishments of this program on

Au/nGaAs Schottky barrier diodes:

1. High quality guarded diodes were fabricated from bulk and

epitaxial material having n factors of 1.03 and saturation

current densities of i~
_8 

amps/cm
2
, comparable to the best

reported in the literature.

2. Automated I-V and 1MHz C-V facilities were developed to

accurately evaluate junction characteristics from 77°K to 360°K.

3. The reverse current was found to be a sensitive parameter to

neutron irradiation, increasing by one to two orders of magni-

tude at neutron fluences where carrier compensation was lO~ and

n factor increase was small (—‘0.05). This current increase

has been shown not to be thermal generation current with a

constant minority carrier lifetime.

~4. The experimental results before and after neutron irradiation

(1,2)indicated that the interface density model of Levine has

a small range of validity when carrier concentration, tempera-

ture, electric field and neutron fluence are varied.

5. The surface state density is reasonably approximated by a sharp

peal of between 3 x io13 and ~~~ cm 2 eV~~ near the zero bias

Fermi level and a lower constant level (about 1013 cm 2 
ev~~)

elsewhere in agreement with Crowel]. and Roberts. 
(26)

6. ~~1.ow room temperature and/or at higher electric field intensity,

enhanced field emiss ion currents rather than thermionic current
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dominate 1-V characteristics.

7. Neutron irradiation at the fluences employed does not affect

transient ionizing radiation characteristics of the Schottky

barrier diodes. The response is similar to that reported

previously for pn junction diodes.

8. Comparable transient ionizing radiation data on Schottky
(314)barrier GaAs IMPATT diodes indicate that aftereffects

observed in these devices are not exclusively a junction effect.

Analytical work indicates that device-circuit interactions are

a likely cause.

U
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t • TJ 3 VA!1M 1 V A I I L ? S T I r I  H E J I A R T i 1  LAP S REDSTON E S C T E N T T Y T C  IUFI ORT V-LA TT 0il CNN

ATTN 15:55- .. TIl L 5:; J :ii -N 3 -1A503 ATTN 11111 :-S - DOCUMENTS
A -~~5 I C C C M I ’  21005 U ARMY cM L~ O h M

REDSTON E ARSIYAL , AL 35809 
V

I TRETTOR
• 1.1 AR MY 1- A L L N I T I - 2  1 - ’

. ’ . A ’  11 T A l C  SECIV II V ITARI  OF THE ART-I :’
ATTN I - ’  i l - - I L  i- ,GPi -IST C- TAP . 1,101 - A 1”i ’N POUSA OR DANIEL WILLARD
ABERDEEN PROV1NN SROUN - 1.11: 21005 F J A C N T I C 1 ’ O f c . DC 20310

D IRECTOR ‘O’ IIvlAi ,DER 
V

U S ARMY BALLI STIC RESEARCH EARl i’KAcMA r :n

ATTN 11:19 - -AM W R VA LAI ’iSIERF ATTN ATM- SAC FRANCI S N INANS - 
- 

I

ADN1IDFIF ~N PROVING GROUND , I~ 21005 I V JI I ’L ’ Fl SANDS 51351 15 RANGE , NM 88002

kII. ~~~~~~~~~ 
-
~~~~ 

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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I I R E  ‘TOE COMMANDER
U S ALl-Il RA IILISITIC RFISFI AR- ’E NA PS HARRY DIAMOND LABORATORIES
AT-Il: L R Y P D - V L  Jc-i-Gi P ETh I i i  ATTN IR”LlO-Il B JOSEPH R HULETTA
A P F I F V I  EEl. F R Q V 1 i V C  -55010,1 - MI 21005 2800 P~~DER I V TI LL ROAD

A l FILP1-1I , I-•TI 20783

~C -I1-lAD T i-D
lA RR Y I 151- 101:1 LANCRAT OTIES T O V I ’ IAIVP)J - :

ATTN NI’ 1 C-ST FE 111 DTR EAR i~i LIA I-lOiE LABORATORIE S
2300 PI~~V 1) 1  I- T IL L ROA D AT IL P N f l — i - :  -I COIPI E TIIOI-IPNTNS
ANI - IN 1) . 1- IL ScM - I : 5 1~~~~ V~~~~~V~ :1 TLL ROAD

ADELPHI I•IL SC-7-1-~

C. IV. 1. .~; OF~~ lET
- 

I I I  lOT T U T S I O N  LA I-CPAI ORY C0’-I-I A I V T ’FI R
ATTN -CAPT ALLA N S 5.451-N.E ILA}51 T i  A I iOi , l  LAII ORAT ORIE S
U S Y ~‘Th C C A ATTN C- S C A”
FORT BELVOIR . 1--A P .~ -5 2800 POT’S-ER I-I ’LL ROAD

A i D L P I I T  ‘41 2-C 7-~

PI-IATIDIIY ARSENAL
AlT:: CI-I JPA—i- i- - — C — i CARR Y 1-lA ST NA Y1-,AVFCF. T 1-NI

P. 0 1- A ” E  ~— A DM u
2800 POT-U :11- 51 LI ROAI
A 1-EL }C11 ML- 20751

‘01-I L AND I
P 1 15)111EV APSFCAL
ATM - 1 - - i - - - LCWTS Al- RAT -N -1101-TOA D 111-
5071-5 , N T  O73O~ 1-IMPS: LIATTODI 1A O1lA’FC I ES

AT M .  1:- I C,,R ’ ROBERT E ‘.1’ ‘051-M i
2?~OO DI~U I-F . I- DI LL 11-CAL

‘ - V . ’  C - L - A : . ~. :.R AS :-~~~~~ :~~~. - .. - V - -
T I I A T I U T I Y  AF C) TNA L
ATTN V3111 :PA _ 111
T O V YP . ::: 07801 ITPEIT TC :- ,

F I A l I O N A L  V ’E: T l l ’ S T Y  A1FM :1y
P l OU T- LAN DER ATTN TDL

4 P1-15715111 A1’, CFCV A L IT. SEeR-C E G. IDAS 55 20755
ATTN S - lIL A— —5
:071-: , NJ 0730-1

1- 50 i-UI TIAR A ’S FIR
AR TY TAYC ‘Al I AlA . I V S I I V U V I

V 
00 1-U/IN fER ATTN I l,. L I I V ~~~Fi 2— 21
PT 151- T ID Y AR SENAL U S ARTY FILE ‘TROIII -I S
ATTN SIIUFA-iN — f— L EiI’IAII L J ARBER F ORT V T ~~~V~~~ V 15IV : 

5 V  07715
) QVJ FI p NJ 07301

CR00 DOT I V TAR A SF1H 
V

TO -l-I -Ii.LSR Al-I-NI TACTICAL DATA SYSI’FII.-IS
RASP Y DIAl-leNT IABORAT C-P I V I  ATTN ‘VA T U F T  H HUE E
AT TN L ‘1-Il ’- ’ JOHN A :-sDCA’I U 13 ART -U ELECTRONICS ‘O’O’IAN I
2800 P~~C C  M I L L  SCAT FORT MO 1l- ,T01~ F~ NJ S7~’~A I E E D l l f . I - I f  ~5~ -l3

• C4-”-IA [ iI FIR
V ( V V I V I 5 I I  DER IC-ID 2’:ST IV C V T  COMI ’VAIT T ’

HA llEY DI A M O N D IAHOHALORT ES ATTN H -I-TS ’— IRT- IIISA I J P 11-1ST
ATTN 1 S T - C — I S I R A N C I D  N W I M E N J I ’ . -’ P.O POX 1500
2300 ~OA ’iLFIR -T I LL S O A I -  : ! ILI T IT -.- ’ l  LLE , AL - - s ~
AL T ’ . P5111 .  ML 2 175 1

‘1
L~~~. .
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COMMANDER DIRECTOR
T’ EANKFOP W ARSENAL DEFENSE NUCLEAR AGENCY
ATTN SARFA-FCD MARVIN ELNIC K ATTN RAEV
1-1-RIDGE AFT TACONY STREETS WASHIN T ON , DC 20305
Pi [ILADELP T-IIA , PA 19137

DIRECTOR
COMMANDER DEFENSE NUC LEA R AGENCY
HARRY DIAMOND LABORATORIES ATTN STVL
ATTN CREDO-SC ROBERT B OSWA LD JR I’IAST-ITMIGTOTN - DC 20305
2800 POWDER “TILL ROAD
ADELPHI MD 20783

COMMANDER
FIELD COMMAND

- 1 COMMANDER ATTN FCPR
HA RRY DIAMOND LABORATORIES DEFENSE NUCLEAR A G EN CY
ATTN SF1-IC-TB EDWARD E CONRA D ETI RTLA LD AlE , TO.! 37 155
2800 POWDER MILL ROAD
ADELPHI MD 20783

DIRE CTOR
INTERSERVICE NUCLEAR 1-TEAL OLE 35110:01,

5:IRECTOR ATTN DOCIJ1vIENT CONTROL
DEFENSE : CC ’ IJIj Ih I , ’AT TONS AGENT:’ KIF.TLAIID AD5 , NM 37115
ATM. CODE 930 MONTE I RUBGETI JR
WASEINGTCT- - DC 20305

V 
DIRECTOR
JOII-IT STRAT TGT PLAI :NIiNG STAFF JCS

I 1G- I’TNSF TOCVIOENTATION -VENTER ATTN ULD,’D-2
ATTN TO OFFUTT AFB
CAMERON STATION 01-1k-IA , N B 68113
A LFT .’ I A L D R I A .  VA 2231)4

OIlIER
LIRECTOR LIVERMORE DIVISION E LI’ COI—O1AIIL fl-IA
D EFEN SE INTELLIGENCE A GE -N-I C AT TN POCUT’WT-IT CONTROL FOR L-395
ATTN LC~ L~A2 LAWRENCE LIVERMORE LABORATORY
I;521:IN;TOD , DC 20301 P.O. BOX 808

LIVERMORE , CA 91.4550

LIRE-ClOT
DEFENSE 115111 -TAR AGET-1C~ CHIEF
ATTN RATN LIVERMORE DIVISION ELI TOTTIAMP DNA

V 
- :‘;AS IIDG T OI-l , DC 20305 ATTN FCPRL

LAWRENCE LIVERMORE LABORATOR Y
P.O. BOX 808

DIRECTOR LIVERMORE . CA 911550
DEF ENSE NU C LEAR A-G R IT- i l l
ATT II STTL TECH LIBRARY
WASHINGTON . DC 20305 DIRECTOR

NATIONAL SECURITY AGENCYr ATTN ORLAND 0 VAN G!JNTEN R-1125
DIRECTOR FT. GEORGE G. WA DE , Mi-  20755
F SF1111135 NUCLEAR AGENT C
AN ON P-ST
WASI! TN G TO JI , DC 20305 TRW SYSTEMS GROUP

ATTN PAUL M012’1TJD R i-i  l~
ONE SPACE PARK
REDONDO BEACH , CA 90278

A’

“4
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TRW SYSTEMS GROUP TRW SYSTEMS GPC)!JP
AT~~1 LILLIAN D SING LETAR R 1-LO 7O ATTN A M LIEBSCJIIJTZ R1-1162
ONE SPACE PARK ONE SPACE PARK

V REDOND O BEACH , CA 90278 REDONDO BEACH , CA 90278

TRW SYSTEMS GROUP TRW SYSTEMS GROUP
ATTN R D LOVE LAND R1-1L028 ATTN TECH INFO CENTER R/S-193O
ONE SPACE PARK ONE SPACE PARK

-: REDONDO BEACH , CA 90278 REDONDO BEACH , CA 90278

TRW SYS TEMS GROUP TRW SYSTEMS GROUP
ATTN RICHARD H KINGSLAND R1-21514 ATTN WILLIAM H ROBINET TE JR
ONE SPACE PARK ONE SPACE PARK
RE DONDO BEACH , CA 90278 REDONDO BEACH , CA 90278

TRW SYSTEMS GROUP TRW SYSTEMS GROUP
ATTN H S JENSEN ATTN JERRY T LUBELL
SAN BERNARDINO OPERATION S ONE SPACE PARK
P . O . BOX 1310 REDONDO BEACH , CA 90278
SAN BERNARDINO , CA 921102

DIRECTOR
TRW SYSTEMS GROUP NAVAL RESEARCH LABORATOR Y
ATTN JOHN S AON KE ATTN CODE 6631 JAMES C RITTER
SAN PERITARL-IRO OPERATIONS WASHING TON , DC 20375
P.O .  POX 1310-
SAIl SERI -I AR L TUO , CA )2 102

DIRECTOR
NAVAL RESEARCH LABORATORY

TRW SYSTEM S GROUP ATTN CODE 110011 EMA NUA L L BRANCATO
ATTN EARL W ALLEN WASHING TON , DC 20375
SAT. BERNARDINO OPERATIONS
P.O. BOX 1310
SAl: 1-1511.51’S TT : C - . CA p,+c2 DIRECTOR

NAVAL RESEARCH LABORATORY
ATTN CODE 7701 JACK D BROWN

11-11-lAS TESS UNIVERSITY WASHINGTON , DC 20375
• ATTN INI AVIS L SIPff GON

5 .0 .  BOX 52+01. NORTH COLLEGE STAT I ON
LUBBOCK , TX 7~ 1T 7  DIRECTOR

NAVAL RESEARCH LABORATORY
1’ - ATTN CODE 5216 HAROLD L HUGHES

TRW SYSTEMS GROUP WASHINGTON , DC 20375
ATTN A LLAN A NLER V I A N P I - J 132
ONE SPACE PARK
REDONDO BEAC H , CA -)0273 DIRECTOR

NA VA L RESEARCH LABORATORY
ATTN CODE ( ( 0 1  E WOLICEI

TRW SYSTEMS GROUP W A SI I ING ’I’OII , LC 20 ~7l-
ATTN A A WITTELES MS B1-1120
ONE SPACE PARK

V REDONDO BEACH , CA 90278 DIRECTOR
N A V A L  RESEAR CH LA BORATORY
ATTN CODE 5210 JOEN E DAVEY
WASHINGTON , DC 20375



DIRECTOR BOEING COMPANY , THE
NAVA L RESEAR CH LABORATORY ATTN DAVID L DYE M S 87-75
ATTN CODE 2627 DORIS B FOLEN P.O. BOX 3707
WASH ING TON , DC 20375 SEATTLE , WA 981211

• COMMANDER BOEING COMPANY , THE
NAVAL SEA SYSTEMS C OMMAND ATTN HOWARD W WICKLEIN MS 17-Il
ATTN SEIA-993 1 SAMUEL A BARHAM P.O. BOX 3707
NAVY DEPARTMEN T SEATTLE , WA 11-812 11
T’TASIIITIGTOTI DC 20362

BEOING COMPANY , THE
COMMANDER ATTN ROBERT S -CALLWELL 2R-OO
NAVA L SEA SYSTEMS COMMAND P .O. BOX 3707
ATTN SEA-993 1 RILEY B LANE SEATTLE , WA 98122+
NAVY DEPARTMENT
WASH ING TON DC 20362

BDOZ-ALLEN AND HAM I LTON , INC .
ATTN RA YMOND J. CERI SNER

COMMANDER 1011 APPLE STREET
V NAVA L SHIP ENGINEERING CENTER NFM SHRRWSBURY NJ 077211

ATTN CODE 61711D2 EDWARD F DUFFY
C ENTER BUT LDING
HYATTSVI LLE , MD 20782 CA LI FORNIA INSTITUT E OF TECHNOLOGY

ATTN A G STANLEY
JET PROPULSI ON LABORATORY

COMMANDER 11800 OAK PARK GROVE
NA ’S/IL SURFAC E WEAPONS CENTER PASADENA , CA 91103
ATTN CODE WA5O1 NAVY NUC PRGMS OFF
WHITE OAK , SILVER SPRING , MD 20910

CALIFORNIA INSTITUTE OF TECHNOLOGY
ATTN J BRYDEN

COMMANDER JET PROPULSION LABORATORY
NA VA L SURFACE WEAPONS CEN TER 11800 OAK PARK GROVE
ATTN CODE 1131 EDWIN B DEAN PASADENA , CA 91103
WHITE OAK , SILVER SPRING , MD 20910

AEROSPACE CORPORATION
V COMMANDER ATTN LIBRARY

N AVAL SUR FACE WEA PONS CENTER P .O. BOX 92957
1-’ A TTN CODE WA5O JOHN H MALLOY LOS ANGELES , CA 90009:1 -

~ WHITE 04’11. SILVER SPRING , MD 20910

ANALOG TECHNOLOGY CORPORATION
COI.O 1AN I- SP ATTN JOHN JOSEP H BAUM
NAVA L SURFACE WEAPONS CENT ER 31410 EAST FOOTHI LL BOULEVARD
ATTN CODE WX2 1 TECH LIB PASADENA , CA -JIT C7
WHITE OAK , SILVER SPRING , MD 20910

AVC O RESEARCH AND SYSTEMS GRO~~BOEING COMPANY , THE ATTN RESEARCH LIB A830 RN 7201
AT TN AEROSPACE LIBRARY 201 IØ~ELL STREET
P .O.  BOX 3707 WIIl~INGTON , MA 01887
SEATTLE , WA 981214

P. BDM CORPORATION , THE
— ATTN T H NEIGHBOR S

PU  BOX 92714
ALBUQUERQUE, NM 87119
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BENDIX CORPORATI ON , THE GENERAL ELECTRIC COMPANY
A TTN DOCUMENT CONTROL ATTN LARRY I Ci-LASEN
COMMUNICATION DIVISION SPACE DIVISION
EAST JOPPA ROAD - TCMSON VALLEY FORGE SPACE CENTER
BALTIMORE , MD 212014 GODDARD BLVD KING OF PRUSSIA

- V P . O .  BOX 8555 V

PHI LADELPHIA PA 19101
BENDIX CORPORATION , THE
ATTN MAX FRANK GENRA L ELECTRIC COMPANY
RESEARCH LABORATORIES DIVISION ATTN JAMES P SPRATT
BENDIX CENTER SPACE DIVISION
SOTVJTHFIELD , MI 118076 VALLEY FORG E SPACE CENTER

GODDARD BLVD KING OF PRUSSIA
P . O. BOX 8555

BEN DIX CORPORATIOT-1 . THE PHILADELPHIA PA 19101
ATTN MOE PRGM DEV DONA LD J NIEILA US
RESERCH LABORATORIES DIVISION
BENDIX CENTER GENERAL ELECTRIC COMPANY
SOUTIIFIELD, MI 118076 ATTN JOHN N PA LCHEFSKY

RE-ENTRY AND ENVIRONMENTAL SYSTEMS DIV
P .O.  BOX 7722

FLORIDA , UNIVERSITY OF 311-98 CHESTNUT STREET
ATT IT P P KENNEDY PHILADELPH IA , PA 19101
2M AEROSPACE BLDG
GAIN ES VILLE , FL 32611

GENERA L ELECTRIC COMPANY
ATTN ROBERT V BENEDICT

FRANKLIN INSTITUTE, THE RE-ENTRY AND ENVIRONMENTA L SYSTEMS DIV
ATM: RAMIE H THOMPSON P .O. BOX 7722
20TH STREET AND PAR}O-~AY 3198 CHESTNUT STREET
PHI LADELPHIA , PA 19103 PHILADELPHIA , PA 19101

GARRETT CORPORATION GENERAL ELECTRIC COMPANY
V ATTN ROBERT E WEIR DEPT 13-? ATTN JOSEPH REIDL

P.O BOX )22148 ORD I I AN - S E SYSTEMS
LOS ANGELES , CA 90009 100 ITLAS L ’S CS AVENUE

I~ 5 1151211- , ~- -~4 01201

GENERAL DYNAMI CS CORP .
- 

- 
ATTN D N COLEMAN G r-TN i-TRA L ELECTRIC 1T01155l1 C

- 
- ELECTRONICS DIV ORLANDO OPERATIONFI ATTI : LA SLAC

P.O. BOX 2566 TET,U.~_ 1lIlil TRR FOR 5f-VANCEI STUDIES
OR LAND O , FL 32302 -816 STATE STREET (P.o. DRAWER QQ)

SANTA BARBARA , CA 93102

GENERAL ELECTRIC COMPANY GENERA L ELEC TRIC COMPANY
-
. ATTN JOHN L ANDREWS ATTN ROYDEN B RUTHERFORD

SPACE DIVISION TEMPO=CENTER FOR ADVANCED STUDIES
VALLEY FORGE SPACE CENTER 316 STATE STREET 1 P.O. DRAWER QQ)
GODDARD BLVD 51150 OF PRUSSIA SANTA BARBARA , CA 93102
P.O. BOX 8555
PHILADELPHIA PA 1)101

GENERAL ELECTRIC COMPANY
ATTN M ESPIG

GRIll -N -A L ELECTRIC COMPANY TEMPO-CENTER FOR ADVANCED STUDIES
ATTN JOSEP H C PEN -Il l CCF83O1 8i6 STATE STREET (p.o. DRAWER QQ)

V 
- ST CE 11713105 SANTA BASBA RA , CA 93102

VALLEY FORG E SPACE CENTER
GODDARD BLVD SING OF PRUSSIA
P. 1 . BOX ~~~~ PIITLAD}112111A PA i9lOl
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GENERAL ELECTRIC C~~~ANY GENERAL RESEARCH CORPORATION
TTN CSP 0-7 L H DEF ATTN DAVID K OSIAS
P.O. BOX 1122 WASHINGTON OPERATIONS
SYRACUSE , NY 13201 WESTGATE RESEARCH PARK

7655 OLD SPRINGHOUSE ROAD, SUITE 700
MCCLEAN , VA 22101

GENERA L ELECTRIC COMPANY GRUMMAN AEROSPACE CORPORATION
ATTN JOHN A ELLERHORST E 2 ATTN JERRY RO GERS DEPT 533
AIRCRAFT ENGINE GROUP SOUT H OYST ER BAY ROA D
EVEN DALE PLANT BET}{PAGE , NY 117114
CINCINNATI OH 115215

GENERA L ELECTRIC C OMPANY GTE SYLVANIA INC.
ATTN W J PATTERSON DROP 233 ATTN LEONARD L BLAISDELL
AEROSPACE ELECTRONICS SYSTEMS ELECTRONICS SYSTEMS GRP-EASTERN DIV
FRENCH ROAD 77 A STREET
UTICA , NY 13503 NEEDIIAM, MA 021914

GENERA L ELECTRIC COMPANY GTE SYLVANIA , INC .
ATTN CHARLES U HE~ISON DROP 6211 ATTN CHARLES A THORNHI LL LIBRARIAN
AEROSPACE ELECTRONICS SYSTEMS ELECTRONICS SYSTEMS GRP-EASTERN DIV
FRENCH ROAD 77 A STREET
UTICA , NY 13503 NEEDI-tAM , MA 021911

GENERAL ELECTRIC COMPANY GTE SYLVANIA, INC .
ATTN DAVID W PEPIN DROP 160 ATTN JAMES A WALDON
P.O. BOX 5000 ELECTRONICS SYSTEMS GBP-EASTERN DIV
BINGHAMTON , NY 13902 77 A STREET

NEEDFtAN, MA 021914

GENERAL ELECTRIC COMPANY-TENPO GTE SYLVANIA , INC .
ATTN WILLIAM ALFONTE ATTN PAUL B FREDRICKSON
ATTN : DASTAC 189 B STREET

V 
C/o DEFENSE NUCLEAR AGENCY NEFIDRAM HEIGHTS , ISA 021 ~~
WASHINGTON , DC 20305

GENERA L RESEARCH CORPORATION GTE SYLVANIA , INC .
- 

- p 
• ATTN ROBERT D HILL ATTN H AND V GROUP MARIO A NURPFORA

1-’ . 0. POX 3587 189 B STREET
SANTA BARBARA , CA 93105 NEEDHAN HEIGHTS , MA 021914

‘V

GTE SYL VAN IA , INC. HONEYWELL INCORPORATED
ATTN HERBERT A T JLU V IAN ATTN RONALD B JOHNSON A 01 22
189 B STREET GOVERNMENT AND AERONAUTICAL
[IEEL’ I iAIS HEIGHTS , MA 021 Ill PRODUCTS DIVISION

2600 RIDGF1I~AY PARKWAY
MINN EAPOLIS , 1.25 551113

1 .
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GTE SYLVANIA , 15-1 . HONEYWELL INCORPORATED
ATTN CHARLES H RAM S 0TTOM ATTN R J KELL ‘.13 S2572
189 B STREET GOVERNMENT ANt AERONAUTICAL

NEEDHAN HEIGHTS , MA 021914 FEll s ‘- I F S  LIVISION
2600 R1L O }-IR A ’ PAST0-~A”
I - TINITI1A POL 1 I , MIT 1113

JULTOT I T N T  5315 lE VI , INC . N ONE’ V W R L L  IDI ORF OFTA IFS
ATM: E T T G LI - IAII . 1- 111 :1 I I ’ . ATTN HA RRI SON ii NOBLE ‘1 S 725 5 A
130- 141 CERISE AVIlD I - - A 119V0TPA CE 5171:51 011
l-IAWTI [CRT -T E , -IA ?025C 13350 U.S. l I T I S S A Y  I)

SF . PETERSBURG . FL 3 -733

I I A F VP I S  T O RPOF AT ICN T O I - EU1 1LL INCORPORAT ES
ATTN T L ILAVRK 1-I S ~OL0 ATTN M 5 725- STASEY ii GRAFE
HARR IS SFMII-IONDU ITCFV DIVISION AXRflSP A ‘H 517131(1-i.
P.C . BOX 883 13350 U. S. NIGifvTAY 1-)
\ IELII C RI15 . FL 32- - H i  ST . P11TRl-01T--W~ l , FL 1~733

LAFRTS IORPOBA’IT CN 10N1-TY,,’ELL T1.-IOFPORATFT11
A TTN CARF F DAVOS .S ;7-22--7 ATT:~~01~~C. DIAL LIBRARY
011 -515 31-1 1-IT ~03111 1(11 N I V I . I T C - I -1 FA I- AT I OD CENTER
P . 1 . POX ~l33 2 F ORB E S ROAN
1-~ 1I :- 3’ 1- 1.2 , FL ~2 CI LEXIN 1I 1011 - 

‘-TA 02171,

IARRIS CORPORATIOl. if 5523 A 15 -T-.A:-T TOl-IPAITI
ATTN WA ’JISE E A D A N : ‘(S ‘ -I l l  .AT l’5 FI L LY ‘AI~25?F1LL 1-1 S -2-110
HARRIS 3RI1i11 C- l . T~ 115 1111. 1 . C T . CENTTI -T R LA A l l  TEALE

- P OX 33 1 Ij L’J~-T5 l i lY , 1SA -~O2 3O
31-5 FL 32 -C 1

151 - ‘0101 O.RA 1103 11115:1513 5 1 1 ‘1015-5 - I01 ’IPAJlY
ATTN T1:-1l{ INFO ITI- 1.1 WAITE ATTN 1-Al. : 1 5 1  35 MS -0 1-57
I ILASFI I FOAL 3211111 .2LJ~ At-T I ‘i’EA LFI

F.RR T T TAXI . . NY 1172(1 C ULVE R ‘III . IA -~O2~ 0

[1JV3~~~1VVj 1 ~
- ~~~~~~~~ -5OI-25AIS Y SA TA N SCIE N CE S CORPORATION

AT1’tT 1-TEl~NETi{ R WALKER 1-1 3 0137 A lT  ALBERT P BRIDGES
1215T I N E L I A  Al-S. IFR A LF I I . 0. 301-1 751 ~

SULVER 11 - ‘A -O2~ O -COLORADO ST R I N G S , CO 30933

~J5 iF.3 A RI  T R 4 F I ~~SFA I1Y SAI ITAN SCIENCES CORPORAFION 
- 

-~~~

ATTN-EDWARD C SMITH MS A620 ATTN WALTER E WARE
. l ’ 3 51.511 DI .131 01 1.0. BOX 71463

P.C. POX 02919 COLORADO SPRINGS, CO 8O9~ 3
LOS V N-T ~- .1 , IA 90009

_ _ _ _ _ _  -V  
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HUGHES AIRCRAFT COMPANY LITTON SYSTEMS, INC.
ATTN WILLIAM W SCOTT MS 1080 ATTN JOHN P RETZLER
SPACE SYSTEMS DIVISION GUIDANCE AND CONTROL SYSTEMS DIVISION
P.O. BOX 92919 5500 CANOGA AVENUE
LOS ANGLES , CA 90009 WOODLAND HILLS , CA 9136 14

IBM CORPORATION LITTON SYSTEMS , INC .
ATTN FRANK FRANKG~4SKY ATTN VAL J ASHBY MS 67

- - ROUTE 170 5500 CANOGA AVENUE
~~EGO , NY 13827 WOODLAND HI LLS , CA 913614

IBM CORPORATION LOCKHEED MISSILES AND SPACE CO INC.
ATTN HARRY MATHERS DEPT M111 P .O .  BOX 5011
o WEGO , NY 13827 SUNNYVA LE , CA 914088

ION PHYSICS CORPORATION LOCKHEED MISSILES AND SPACE CO INC
ATTN ROBERT D EVANS A1I’I’N GEORGE F HEATH D/81-111
SOUTH BEDFORD STREET P . O .  BOX 5014
BURLINGTON , MA 01803 SUNNYVA LE, CA 914088

IPV T CORPORATION LOCKHEED MISSILES AND SPACE CO INC 
V

ATTN MDC ATTN EL~ IN A SMITH DEPT R5—A5
P.O. BOX 81087 P.O. BOX 5011
SAN DIEGO , CA 92138 STJI’ThTYVALE, CA 914088

MARTIN MARIET TA AEROSPACE LOCKHEED MISSILES AND SPACE CO INC.
ATTN MONA C GRIFFITH LIE ~-tP-3O ATTN L ROSSI DEPT 81-611
OR LANDO DIVISION P.O. BOX 5014
P.O. BOX 5837 SUNNYVA LE, CA 94088
ORLANDO , FL 32805

MARTIN MARIETTA AEROSPACE LOCKHEED MISSILES AND SPACE CO INC
ATTN M ILL IA NI  W MEAS MP -1413 ATTN PHI LIP J HART DEPT 81-114
ORLANDO DIVISION P.O. BOX 50~-4
P.O BOX 5337 SUNNYVALE , CA 914088
ORLANDO , FL 32805

MA R TI N MARIETTA AEROSPACE LOCKHEED MIS SILES AND SPACE CO INC .
ATTN IA-TIE 14 ASHVFORD NP-S ~7 ATTN BEN ANIN T KIMURA DEPT 81-111
ORLANDO DIVISION P.O. BOX 5014
ORLANDO , FL 32805 SUNN YVALE , CA 91+088 I -

MARTIN lIA R . V.FA - ‘ORPORfi 11015 LOCKHEED MISSILES AND SPACE COMPANY
ATTN PAUL G ~~~1FT M AIL  3203 ATTN TECH INFO CTR D/COLL V 

-

1-1:5 (1-15 DIVI-lu 3251 HANDOVER STREET
P . O BOX 17 . PA LO ALT O , CA 9143014
DENVER , 10 ~ç3 I

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~
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V MARTIN MARIPTTA CORPORATION LTV AEROSPACE CORPORATION
ATTN RESEARCH ‘ lB 6617 JAY R MCKEE ATTN TECHNICAL DATA CENTER
DEN VER DIVISION - VOUGHT SYSTEMS P1713101:
P.O.BOX I7~’ P.O. BOX (2(7
1-51171-15, -10 8020: DALlA S , TX 75222

MARTIN I—T AR IFTTTA CORPORATION LTV A ER OSPACE CORP ORATION
ATTN BEN T GRAHA M MS p 0-1+ 5 11 ~5 ATTN TI- 1 -1I1TI J~IAL DATA (ITF-
1F15. ER DIVISION P.O. BOX 5307
P.O. POX 17 .- T A L L A S . TX 75222
1 : 131 .5 , CO 80201

1--TARTIN MARIETTA CORPORATION 1-1 .1. 1 . L INC OL N LABORATORY
ATTN J E 300135513 I- lAIN 01452 UNTIL  ONLY) ATCI- LEONA LC’JGIILIIT LIBRARIA N A- (132
DENVER DIVISION P .O .  p-c:-: 73
P.O. BOX 17-3 LE I - ITIXITOL . 1-TA 02173

~ I1T !ER , CO 80201

I-lITRE CORPORATION , THE 3-ICT’OITI IILL DOUGLAS CORPORATION
AT FI LIBRARY ATTN 15511-11.1-CAL Li BRA SS
P.O. BOX 208 POST OFFICE BOX 516
REDFORD , ISA 0171(1 ST. LOUIS , MISSOURI 63166

T :ATI0I:AL A TAll-I-IS OF Sc 11-111( 11-12 1-TILO 1INFILL L -OUGRAS CORPORATION
ATTN R S SNAI lS NAT MATERIALS ADVSY 51111 TO ENDER
ATT IN : N A T I O N A L  MATERIALS ADVISORY BOA POST OFFICE BOY 516
2101 CCIISTTMJTTON 5011-lISlE ST . LOUIS , MISSOURI 63166
153-i 115101. , 1-11 201+18

V 1 :12 1-15/130 , UNIVERSITY OF 1- SCI- OIIIIFL L DOUGLA S CORPORATION
ATTN W S IRAIJ T FII1 A NII  ( I JN C LA SS ONLY) ATTN 3T5 1LFY S 12CTEIPSR

- - 11-PT. OF ‘TA 1~T~ - i 3 L - I U R I T (  APR POLICE 5301 BOLSA AVENUE
L321 ROMA 3.1. HUNTINGTON 51 - VAT S , CA 1-2t< L 7

(1 1 ALBUQUERQUE , 15- I

NORT HROP CORPORATION 1-NI T D0NIILTL L DOUGLA S CORPORATION
ATTN BOYCE T AI-{LPORT ATTN TECENICAL LIBRARY , Cl-2~C, 36-311
ELECTRONIC DIV I SI ON 3855 LASEW OOD BOU LEVARI)
1 RESEARCH PARK LONG FJVIA~ ’ I I , CA 303110
PALOS VITB I i- I S P F 1 N I T . - -IULA . 15 . 0271

NORTHROP CORPORATION ‘-1 I SS ION RESEARCH CORP ORATION
ATT N JOHN N T-01 YLOLI :~ ATTN WILLIAM C HART
ELECTRONIC DIVISION 735 STATE STREET
1 RESEARCH PARK SANTA BARBARA , CA 93101
PALOS VERDF ,3 P51 : I IVSL JL A , - IA 902714

II

L L  
V
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NORTHROP CORPORATION MI SSION RESEARCH CORPORAT I CN - SAN 1~i EGO
ATTN VINCENT R DEMARTIN O ATTN V A ~ V iA l .  L TP -~T

V 
ELECTRONIC DIVISION 7(1110 CONVOY COURT
1 RESEARCH PARK SAN DIEGO , CA G2111
PALOS VERDES PENINSULA , CA 90271+

NORTHROP CORPORATION MITRE CORPORATION , THE
ATTN GEORGE H TDWNER ATTN IS F FITZGERALD
1- LECT RONIC DIVISION P .O. BOX 208
1 RESEARCH PARK 51-12(153-, MA 01730
PA LOS VERDES PEN INSULA , CA 902714

NORTHROP CORPORATION R AND D ASSOCIATES
ATTN ORLIE L CURTIS R ATTN S CLAY ROGERS
NORT HR OP RESEARCH AND TECENOLOGY CTR P .O . BOX 9695
~LOI WEST BROADWAY MARINA DEL REV CA 90291
NAI V IT HV O R I I E I , CA 90250

T;CRT:[RCP CORPORATION RAYTHEON COMPANY
ATM: 1-A l i l -  N POCUCK ATTN GAUAIIAII H JOSHI RADAR SYS LAB
IORT RDOP RsI SFIRCI -f .AI3T ) TECHUOLOCXY CTR I-PARTWELL ROAD

~11O1 WEST BROADWAY 5551:5051 , 1-iA 01730
HAWT HORN E , -IA 90250

I :ORTRDO P TI0RP ORA TIOII RAYTHEON COEVANY
Arli-: JOSEPH D RUSSO AT TN HAROLD L XLE SCII }VR
Si~~Th0NIC I.-FUSION 528 BOSTON POST ROA D
2301 WEST 120TH STREET SUDI1-URI, I-IA 01776
IAI-ITTIOR 1IE , 15 9O2~ D

PALISANES 121ST FOR RSCH SERVICES INC RCA C0~PORATION
ATTN RE C IOPI - S 5-CM- RVI SOR ATTN GEORGE .1 PPVU CS1-TR
201 T I A R I - I K  STREET OCV ’IRRICVI1- 11.T AND - O 1,C41 -IRIINA L CYSY’ITII -I3
TN -I S YORK. NY 10011+ ASTRO 1-TLET IIFI-IOTITCS DIVISION

‘
~ 1 P.O. FOX HOI. LOCUST CCRI :FIFT

PRINCIITOII , II 08540

FITYSIITIS INTERNATIONAL COMPANY RCA CORPORATION
ATTN DOC Coil FOR CHARLES 1-1 STALLINGS ATTN 2 1-1 LAINII:oER
27(121 HERCED STREET DAVID SARI-lOll- RSSRAR7 -i Ci - N T EB
SAil LEANDRO . CA 514577 w .  WINDSOR TWP

201 WASHINGTO N ROAD , I S O . BOX 432
PRINCETON , 153 085140

PHYSICS INTERNATIONAL COMPANY RCA CORPORATION
ATTN DOC CON FOR JOHN if HUNTINGTON ATTN E VAN KE’JREN 13-5-2
2700 MERCED STREET CAMD EN COMPLEX
SAN LEANDRO. CA 91~4577 FRONT AND COOPER ST 1iIIETS

CAMDEN , NJ 08012

t
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ii
P~ ’JER P1-1YSL.IS CORPORATION R1-RSi-1 -LA 1-TR P CLYTE -C1 - 1-INI C INSTITUT E
ATTN MITCHELL BAKER ATTN R CNAL L J GUTIVIAI SI

51+2 T IDU S TRIA L SAl WEST P .O.  BOX 115
P .O.  301-I ‘ 211 TROY , PlY 12181
EIATONT GiJN , III  07721.

R O CENEI LL INTERNATIONAL CORPORATION RESEAI1 -II1 -i 151-51 -3151 I l l -ST ITUT IT
ATTN DENNIS SUT SER LAIII ATTN ENG LI ’! MAYRANT SIMON S
FI LEC TRO INTI S OPERAT I O1 S P . C .  BOX 12191+
COLLIN S RADIO GROUP RE SIIA R TIII TRIANGLE PARK . I-i C 27709
5225 C 57:1-11125 NE
CEDAR RAP IDS , TA

50-120-TELL 11511-111-NAT T ONAL CORPORATION 50-1511-ELF INTERNATIONA L CORPORATION
ATTN M IL D R ED A 1 - L A I N  511111: GEORGE C MESSENGER F 861
ELE - C - CROP TIlS OPERAT I ON - S ifl I-I IRA LOMA AVENUE
COL LII T S P A T I O  GROUP 535111 -Ill- I , CA 92803
5225 C AVFT 1TIJE NE
CEDAR RAPI NG . IA 2 ’1- l~~

SANDERS ASSOCIATES , T N T .  ROCKWELL INTERNATIONAL CORPORATION
ATTT ME L ATTE L illS II— ATTN CA IN -I S E BELL ftA1C-

3 —-5 151-lAD STREET 1-3711) MIRA LOMA AVENUE
1:5511135 , NH 03060 A N A I [EII I - I . CA 92803

SCIENCE APPL I CAT I ON S , INC . ROCKW ELL INTERNATIONAL CORPORATION
ATM-I LARR Y SCOTT ATTN K F HULL
P .O . BOX 2351 3370 MIRA LOMA AVENU E

V LA - C L IN A , IA 32038 ANA HEiM , CA 92803

SCIENCE APP LICATIONS . Il-IC. ROCKWELL INTERNATIONAL CORPORATION
ATTN J ROBERT BEYSTER ATT1-i DONAL J STEVENS FA7O

s P. C . BOX 2351 31-70 MIRALOMA AVENU E
LA -JOLLA , ~1A 92038 SNAFrI-lIll , CA 92803

SCIENCE APPLICATIC1I - 1 . INC. ROCKWELL INTERNATIONAL CORPORATION
.4T~F1T NOEL R B YRN ATTN T B YATES

V HIJICF SI ’TLLE L— TVI ST OIN 5701 WEST I M P E R I A L  HIGHWAY
2 10 12. IL T IITOI T AVENUE LOS ANGE LES . CA 90009
SUITE 700
:VT JI :Ts ;TLLE , AL 35805

G’ T TV ~ICE APPL I IATI OIIS , INC . ROCKW ELL INTERNATIONA L CORPORATION
ATTN IITA I1-L (-IS 511-1 (11-f-IS ATTN ALAN A LANGENFELD
2680 HANOVER STREET ELECTRONICS OPERATIONS

V PALO 1-111( 1 . CA P4303 COLLINS RADIO GROUP
5225 C A V I 1.31 5 NE
CEDA R SAl 1 - S . IA -~~~

- - -~~
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31 -I- D ILA TION P 1 1 - 1 - S I T S. I N C .  ITA IIE CR I  R I - I S E A R T l i  TNSTIT UITEI
ATTN ROGER 5 11 11L1-1 ATT N 5051- RI A Ahi-lI 3TI--Il~
Li  “8” STH 1- 1: l 333 EAV -51 . . I TOOI  AVENU E
- N 1 - I L I T .  PI T T. , 145 01803 MENLO PARK , CA j1102 5

5111055 1011351-S 1-AlA 135GM-Il-IS), THE 5TAIIF CR]1 hEI SEPA CH INSTIVJTE
V ATTN 11 TH 12-120 l I T T E R  ATTi I PI1T LIP I loLA::

150 1 Olft1 A SOAP 7~ 3 RAV EII SW OCL A V r ,l I l V rV_

551(11 1-1 . NJ 1’- lIEII LO PAR S , CA ;S~o25

5:11-51:5 cOMPANY . T • V ~~
V STAI-:FORD R1031-l.A i1- 111- 1 111 Ir.V

AT TN 1511-TN 1)01511-1511 1-VN G IV IA NAG EI VN1 -MP 5111-I I-IA l’Pl-PERSOIT 1-105553
• 1150 NC BRT I - 1 - I A - V 2IIT’J1-1 - r ~ ~~V~~~51 DRIVE . i- : . i-I .

LITTLE FALLS . NJ 07L2 11 -ITJNTS -JILLE , A L 35805

SP ERRY FLTGT—iT CSST 1-II- 1S DIVISION SN11-JL--STRA11L- -IOP.P CRA T TC - I :
ATTN 13 Ai-1I2l-T/ SIT- ION ATTN CURTIS B TRITE NC - 1LA.12 l~
SPERRY RA NT TCI 1-PORAT 0i 11751 -IARPI SON 5’[1-TIICE
P.O. BOX 21111 ROCKFOFJI- , IL 6i1c~
PHOENIX . All 35056

SYSTRON -T CTIINT R -IORP CI1 -ATT ON
V SPERRY hAIR COEPOR ATI OPI ATTN HAROLD P MORRIS

ATTN CAN ES A 111115 I-IS 1151T25 1030 SA1-T 1101-TE L 50-51
U T I CA  DIVISION 10-11 1-TORT , CA -.1,518
IIEIFEIISSI 5 1-SIT-IS 21 VISION
P. O. BOX 7525 M A I L  SPATIal : 1931
ST PAU L , IT 55 1-Cl SY S TR OI - i - I O I I I IFR CORPORATIOLI

ATTN GORDON S T- EAII
SPERRY 55111) CORPORATIO N 1090 SAN MIGUEL ROAD
ATT 1T 11-IARLES L CRAIGE1 N 10111051 , -CA 91+5 18
SPERRY LII -IT SI ON
555FT V I : GYROSCOPE DIVISION
SPERRY 5551)51-IS ISA1 TAG ET-IE I I T I I V r I S 1-ON TEXA S IIISTRIJI- -IE 1.TS . 11121. V

V ‘ AP.23 J3 571-111125 ATTN 11-0 1-lAND J 51(21 ‘-1 S 72
1111-1-1ST 115511< . NY 11020 P.O. :05. 511711

- iALIAS TX 75222

SPERRY RAND CORPORATION
V . ATTN PAUL 1-1A R 5FF IIID

SPERRY DIVISION
SPERRY V J L ~~ OS ’OPK DIVISION

- * PYRR Y SISTIT-Is -IANA SI-I -I1 -III T DIVISION
MARCUS 53121 155
551451 111 -1 121. II Y 11020

- - - - rrnr - —s w—- — — - —~~~~~~- --- - - - -


