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~tudies of electron trapping in unannealed
” alum~ tum—implanted silicon—dioxide

urn s show large concentrations of electron traps not present in control samples
substantial fraction of the traps appear to be associated with displacement

amage created by the implantation. A study of electron—beam—induced conduction
n thermally grown silicon dioxide indicates that substantial concentrations of
lectron traps are generated through the oxide by bombardment with a nonpene—
:rating electron beam. This conclusion has been confirmed by investigation of
:he electron—trapping properties of oxides that had previously been subjected
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1. INTRODUCTION

This reporL presents the resul ts of th ree  sets of s t u d i e s  concern ing

the radiation hardness of metal—insulator—semiconductor (MIS) structures .

Section 2 describes an investigation of the electron—trapping properties

of aluminum—implanted and neon—implanted silicon—dioxide films on silicon.

Section 3 gives the results of a study of the effects of low—energy

electron irradiation on thermally grown silicon dioxide and shows that

such irradiation generates substantial concentrations of electron traps

in the oxide well ahead of the range of the primary electrons themselves .

Sec tion 4 desc r ibe s the resul ts of a study of methods for dis tinguishing

between lateral nonuniformities and interface states in MIS structures

and for characterizing nonuniformities when they are found to exist.

Three new methods are proposed for detecting la teral nonuniformi ties ,
and a new and simple nui thod is proposed for determining the distribution

of flatband voltiges in a nonuniform MIS structure .

• 2. ELECTRON TRAPPING IN ION—IMPLANTED SILICON DIOXIDE

2.1. Introduction

The implantation of impurity ions into the SiO
2 

layer of an MOS device
has been shown to reduce the sensitivity of the device to ionizing radiation

under positive gate bias .~~
5 

The radiation sensitivity of thermally grown

Si0
2 

films on silicon was proposed by Zaininger
6 

to be the result of strong

hole trapping and weak electron trapping following generation of electron—

hole paits by ionizing radiation . Williams
7 
demonstrated that thermally

14 —3grown SiO
2 

films are relatively free of electron traps (‘U 10 cm ) and

Goodman8 found that the electron mobility is relatively high (‘U 30 cm
2
/V sec).

The ex perime n ts o f Powell and Derbenwick9 indica te tha t holes can dr if t thro ugh

the oxide but are strongly trapped near the Si—S10
2 

inter face. The following

model of the radiation effect thus emerges. When an MOS device is exposed to ionizing

_ _ _ _ _ _ _  — —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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radiation , electron—hole pairs are generated in the oxide . For positive gate

bias the electrons drift through the oxide to the gate , with some recoinbination

probably occurring en route . Holes are transported to the vicinity of the

Si—SiiJ
2 

interface where a significant fraction of them are trapped , thereby

giving rise to a negative shift in the flatband voltage of an MOS capacitor, or

equivalently to a negative shift in the turn—on voltage of an MOS field—effect
10,11transistor . This model suggests that the reduction in sensitivity caused

by ion implantation may be the result of electron traps and/or recoirbination

centers which are generated in the Si0
2 
by the implantation and which act to

reduce the buildup of a net charge during irradiation.

Here we present the results of a study in which photoelectric and MOS

capacitance techniques were used to investigate deep electron trapping in

aluminum— and neon—implanted thermally grown silicon dioxide.

2.2. Experimental Procedure

• Our samples were fabricated on 1—5 ohm—cm n—type silicon wafers with

(100) orientation . The oxide films were grown in dry oxygen at 1000°C. Some

of the samples were implanted with aluminum ions, others with neon ions.

Unimplanted control sections were provided in all cases. Semitransparent

field plates of gold or aluminum were vacuum—evaporated on the exposed oxide

surface.

The experimental procedure that we used to study the electron traps in

the oxide was as follows. The metallic field plate of the sample was biased

positively with respect to the silicon substrate, and the structure was

illuminated from the front with photons having an energy smaller than the oxide

band gap but greater than the electronic barrier between the silicon substrate

and the oxide. For this purpose we used photons with an energy of 4.8 eV. A

substantial fraction of the incident photons penetrated the semitransparent field

plate and passed through the oxide to the Si—Si0
2 
interface where they stimulated

an internal photoemission of electrons from the silicon into the conduction

band of the oxide . These electrons were then drifted by the electric field

toward the positively biased field plate and were subject to capture by

electron traps in the oxide. The storage of negative charge resulting from

electron capture produced a shift in flatband voltage which could be determined

—• -- ~~~~~~~ • -~~~~~—- —~~~ —— ——~~ •- - ~~~ - - 
- p
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f rom the h i g h — f r e q u e n c y  MOS capaci tance—voltage (C—V) cha r a c t & ~- r is t ic .

Subsequent discharge of the traps could be accomplished by photodepopulat ion

or by t h e r m a l  anneal ing w i t h  the contacts  shor t  c i r c u i t e d .

2 . 3 .  E lec t ron  Trapp i~~~ in Aluminum— Implanted Silicon Dioxide

This s tudy  was pe r fo rmed  on dry—grown 1400A Sb 2 f i lms . The oxide of one

section of the wafe r  was implanted wi th  aluminum ions at 20 keV to a f luence

of iol4 cm 2 . The other section was not implanted and serve d as a control

sample . Semit ransparent  electrodes of gold were vacuum evaporated on the

f r o n t  su r face .

The unannealed aluminum—imp lanted samples in i t ia l ly  displaced f latband

voltages of approximate ly  —15 V , indicat ing an init ial  storage of posi t ive

charge . In contras t , the control samples showe d only small in i t ia l  f l a tband

voltages , typ ically — 1 V . The positive space charge in the implanted

samples was neu t ra l ized  almost comple te ly ,  and the f l a tband  voltage was

brought  essentially to zero , by i r rad ia t ing  the sample with 4 .8  eV photon s

wi th  the contacts short circuited.  Alternat ively,  the ini t ial positive charge

could be removed by thermal annealing at 450° C for  30 mm w i th  the contacts

short circuited.

Afte r  the initial posit ive charge had been neutralized, the e lectron

trapp ing properties of the oxide were investigated b y biasing the f ie ld  plate

positively and illuminating the sample to produce an internal photoemission of

electrons from the substrate . The sample current was monitored and , at

intervals, the hi gh—frequency (1 MHz) C—V characteristic of the sample was

measured to determine the charge storage .

- : The injection of electrons into the unitnp lanted control samples

resulted in essentially no change in f la tband voltage , indicating negligible

electron trapping. In contrast, the aluminum-implanted samples showed strong

electron trapping. Typical results obtained on an Al- implanted sample are

shown in Fi gs. 1 and 2 .  Here the field—plate voltage was held at + 10 V

during photoinjection. As is shown in Fig. 1, the C—V curves shifted to the

right as the photoinjection proceeded , indicating a buildup of negative charge

F in the oxide . An impc r tant  feature in Fi g. 1 is that the s t e ady—sta t e  value

L - - _ _ _ _ _ _ _ _ _  - 
_ _ _ _
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of the flat—band voltage is virtually equal. to the voltage applied to the

field plate during the photoinjection, indicating that the negative space

charge of the trapped electrons was great enough to bring the electric field at

the Si—Si0
2 

interface approximately to zero . Corresponding to this, the

photocurrent fell to a small value which could be attributed to stray photo—

emission from other surfaces in the sample chamber (Fig. 2) . An analysis,

the details of which are given in References 12 and 13, indicated that (1)

essentially all injected electrons had been trapped in the implanted oxide, (2)

that the centroid of the negative charge distribution was located approximately

670 A from the field plate , and (3) that the observed decay in current could

be explained by the electric—field dependence of the photoinjection as

determined by Bergiund and Poweli)4 The negative space charge in the implanted

samples could be annealed either optically by photons of energy exceeding 4 eV

or thermally at 350°C. The traps themselves remained, however, and could

be recharged by a further photoinjection of electrons.

Figure 3 shows the effect of annealing the aluminum—implanted sample

at 600°C for 30 mm in dry nitrogen . Curve A is the high—frequency C—V

relationship as measured immediately after the anneal. Curve B shows the

effect on the C—V curve of an internal photoinjection of electrons for 25 mm

with a sample voltage of 10 V. This is a saturated curve; an additional

photoinjection of electrons produced no appreciable further effect. The

rightward shift of Curve B is smaller than that observed in Fig. 1, indicating

that electron trapping has been reduced below the amount which would bring the

electric field at the injecting interface to zero. Correspondingly, it was

observed that a steady—state photocurrent continued to flow. The posttrapping

C—V curve is stretched out in a manner such as would be caused by a laterally

nonuniform storage of charge.15 Further experiments along these lines were

discontinued when difficulties were experienced with adhesion of the gold

field plates to the surface of the samples. However, we can draw the following

conclusions:

The 1400-A Al—implanted sample trapped essentially all injected electrons,

and the resulting space charge brought the injected current approximately to

zero, indicating that- the electric field at the Si—Si02 
interface had been

reduced approximately to zero . Similar results were obtained up to the highest

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -~~
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Fig. 3. Effect of an anneal at 600°C for 30 m m .  (A) Immediately
after anneal. (B) After photoinjection of electrons for
25 mm with sample voltage of 10 V.
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f i e l d — p late voltages (35 V on these samples) - With  the centroid of the

trapped charge approximately at the center of the oxide layer, i.e., near the

front of the implantation profile , it seems clear that the total number of

electron traps must have been much greater than the observed number of trapped

electrons . At a field—plate voltage of 35 V , the concentration of trapped

electrons required to bring the interface field to zero is approximately
12 —2 14 —25 x 10 cm , which is well below the implantation dose of 10 cm

In contrast with the almost complete electron trapping observed in the

unannealed Al—implanted sample , the t rapp ing in the 600°C annealed sample

was incomplete , as shown by the results of Fig. 3. This indicates that tm e

annealing resulted in a considerable reduction in the number of electron

trapping centers , and we conclude , therefore , that a substantial f rac t ion  of

the electron traps found in the unannealed Al—implanted oxides were due to the

disp lacement damage caused by the imp lantation .

2 . 4 .  Cou~ ar ison of Aluminum—Implanted and Neon—Impianted Silicon Dioxide

Further evidence regarding the electronic e f fec t s  produced by displace—

ment damage as opposed to those caused by the implanted impuri t ies  themselves

can be obtained by studying samples which have beer~ implanted with inert

atoms such as neon . For the purposes of comparison we used two sets of

samples which were identical except that one was imp lanted with neon and the

other with aluminum. The Sj O
2 films had been grown in dry oxygen to a thick-

ness of 1000 A on 3 ohm—cm (100) n—Si substrates (sample designation HLH— Ol) .

The aluminum was implanted at 20 key to a fluence of 1015 cm 2 . The neon was

implanted at 20 keV to the somewhat greater fluence of 1.5 x io
lS 

cm
2 

to

compensate, to first order, for its smaller atomic mass. Semi—transparent

aluminum field plates were used.

Figure 4 shows the effect of electron photoinjection into an unannealed

aluminum-implanted oxide , using various gate voltages as indicated in the

figure . At each gate voltage, electrons were photo—injected for 15—20 mm

to charge the traps and the high—frequency (1 MHz) C—V curve was then taken.

Except at the highest gate voltages, the flat—band voltage was approximately

equal to the gate voltage applied during the photoinjection. The time

dependence of the photocurrents is shown in Fig. 5-. For gate voltages greater

~~~~~~~~~~~~~~~ --
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than 6 V a substantial photocurrent continued to flow, showing tha t a conduction

mechanism is important here that was not important in the more lightly implanted

sample of Figs. 1 and 2. Essentially the same results were obtained at

reduced temperature (128°C), indicating that the conduction mechanism which

makes itself evident at the higher implantation fluences may be quantum—

mechanical hopping between traps rather than thermionic (Poole—Frenkel)

emission from traps.

Of central interest here , however , is the fact that essentially the same

results as the above were obtained with the neon—implanted sample , as is shown

by comparison of Figs. 6 and 7 with Figs. 4 and 5. The smaller currents seen

in Fig. 7 as compared with Fig. 5 are not necessarily meaningful, for the

alignment of the LW beam was not necessarily the same in the two cases. Also ,

the curve for V
g 

= 24 V is not useful because the sample broke down during the

progress of this run . Our conclusion is that the neon—implanted sample , which

presumably had only displacement damage to cause electronic activity, showed

essentially the same features as the aluminum—implanted sample , and therefore

that displacement damage contributed substantially to the electron trapping

observed in the aluminum-implanted oxide .

As a further comparison between the effects of neon implantation and

aluminum implantation , we examined the radiation sensitivity of both sets

of unannealed samples. Figure 8 shows the results obtained with the aluminum—

implanted sample . Curve 1 is the original C—V relationship . Irradiation with

2.5 x l0~ rads (silicon) with a field plate voltage of + 10 V resulted in

essentially no change. Curve 2 shows the effect of irradiation with 2.5 rads

(silicon) at a field—plate voltage of —10 V. Further irradiation with an

additional 1.5 x l0~ rads at —10 V produced essentially no change in the curve .

The sample was then biased with a field—plate voltage of +10 volts and exposed

to 2.5 x 10~ rads (silicon), resulting in Curve 3 Additional irradiation of

1.5 x l0~ rads (silicon) at a field—plate voltage of +10 V produced Curve 4 .

The curves are somewhat stretched out after irradiation, presumably bL-cause

of the generation of interface states, but the radiation hardness under

positive field—plate voltage is evident .

Figure 9 shows the results obtained with a neon—implanted sample. Curve

1 is the original C—V characteristic . Curve 2 was obtained after X—irradiation

of 2.5 x l0~ rads (silicon) with the field plate at +10 V, and Curve 3 shows

iI IIII__.. ~~~~~~~~~~~~~~~~~~~~~~~ __ .— ——-—-- ~ —- - —--- — ------.~- - -—-—-—-- —~—- -- ‘— S----— .~-_.- _~ __~_ _ ~_~ —.---- .- ... - - - - - - ~~~---~~~
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the effect of an additional 1.5 x 1O5 rads (silicon) with the field plate at

— 10 V. The radiation effects shown in Figs. 8 and 9 are very similar , in-

dicating that displacement dan~ ge had an i~portaat effect.

2.5. Sumeary

The electron—trapping properties of aluminum—implanted , neon—implanted,

and control samples of thermally grown films of silicon dioxide were investi-

gated. The traps could be charged by electrons which were internally photo—

injected into the oxide and could be discharged either optically by photons of

energy exceeding 4 eV or thermally at 350°C. The voltage shift of the high—

frequency (1 MHz) capacitance—voltage curves provided a measure of the trapped

charge.

The control samples of dry—grown Si0
2 
shoved negligible electron trapping.

Dry—grown 1400 A samples of Si02 , implanted with 10
14 aluminum ions/cm2 at

20 keV, shoved electron trapping great enough to trap essentially all of the
— photoinjected electrons during transit. A 600°C anneal for 30 mm considerably

reduced the concentration of electron traps. From this, and also from an

observed similarity between the trapping effects in unannealed aluminum— and

neon—implanted samples, it is concluded that a substantial fraction of the

traps were associated with displacement damape created by the ion implantation .

3. EFFECTS OF LOW—ENERGY ELECTRON RADIATION ON MOS CAPACITORS

3.1. Introduction

The objectives of this study were first, to develop effective methods

for measuring the transport and trapping parameters of thermally grown Si0
2

films which have been exposed to radiation environments, and second, to study

changes in the defect structures in the oxide following exposure to electron

irradiation . It is well known that if a suitable injecting contact can be

provided to an insulator, the structure of the resulting one—carrier current—

voltage characteristic can serve as a powerful probe of the trap structure .
16

The major difficulty in employing this technique with Si02 
films is the wide

band gap of this material ~~ 9 eV) and the consequent unavailability of any

hi -~~~ —- - — - -
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conventional ohmic contact. This problem can be at least partially circum-

vented by using a low—energy electron beam to inject electrons just under the

surface of the insulator, thus providing a quasi—ohmic contact. The silicon

substrate , biased positively, serves as the anode. Curves of the relative

rates of electron—beam energy deposition in SiO
2
, based on the work of

Everhart and Hoff ,17 are given in Fig. 10 for various electron beam energies.

Two distance scales are shown, corresponding to aluminum field plates of two
0 0

different thicknesses: 100 A and 500 A . It can be seen that with an
0

aluminum field plate of 500 A thickness, a 3 kV electron beam will dissipate
0

alim st all of it8 energy in the first 1000 A of oxide. if an oxide of 5~OO A

thickness is used in the experiment , the remaining 4000 A of oxide will serve

as the drift region for study of the transport and trapping properties of the

insulator. Section 3.2 describes typical results obtained by use of this

technique; Sec . 3.3 describes a study of the electron traps which are found

to be generated in the Sf0
2 
by the electron—beam irradiation . Further details

regarding these studies can be found in Reference 18.

3.2. Study of Electron—Beam—Induced Conduction in Si0
2

A typical set of results  obtained in this study is shown in Fig. 11. The

sample had a 4000 A layer of SiO
2 
which was grown at 1000°C in dry oxygen.

The substrate was n—type silicon, (100) orientation, 1—5 ohm—cm resistivity .

The field plate was~ of aluminum, 400 A in thickness. The sample was bombarded

through an aperture with a 2.8 kV electron beam which had normal incidence on

the field plate. The field plate was grounded, and a positive voltage was

applied to the substrate . The graphs of Fig. 11 show the steady—state J—V

relationships obtained at room temperature with two different beam currents

(open circles and solid circles) and at elevated temperature (100°C, triangles) -

The following features can be seen in these re8ults:

(1) The J—V characteristic has two distinct regions: an ohmic region and

a square—law region.

(2) The current at a given voltage is linearly proportional to the beam

current.

(3) The current is essentially independent of the temperature .

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T~~~~~~~~~~~ 1T. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~
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Fig. 11. Current—voltage character-
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A square—law J—V relationship is expected for single—carrier space—charge—

limited conduction .
16 

When trapping is negligible, the expected relationship is

given by the !-ktt—Gurney formula:19

= 2. ~ (3.1)

where c is the dielectric pertnittivity of the insulator, u is the charge—
carrier im bilicy, V is the voltage across the drift region, and L is the

length of the drift region . If some of the carriers are trapped , the trapped

space charge contributes to the voltage but not to the current , and the

current is correspondingly reduced:16

9 v~J = ~- 6 ~~ (3.2)

where 6 is the ratio of free carriers to the sum of free and trapped carriers .

In the steady state , the trapping and emission rates are equal, and If the

emission from traps is thermally stimulated~ the value of 0 is given by

0thermal 
= -f- exp[-(E - Et ) /kT) (3.3)

where N is the effective density of states in the conduction band , N
~ 

is

the density of trapping centers , g is the degeneracy factor of the traps ,

E — is the depth of the traps below the edge of the conduction band , k

is the Boltzmann constant, and T is the absolute temperature.

The square—law regions in Fig. 11 fit Eq. (3.2) with a value of 0 much

smaller than unity . Computation shows that the required density of trapped

elect~ ,ns is of the order of 10
17 cm 2

, which is much greater than the den-

sity normally expected for electron traps in thermally grown Sf0

(‘
~
. 10 cm ). Also, the electron traps must be in the bulk of the oxide,

not entirely at either interface . An interpretation of the foregoing result. is

that the shallow electron bombardment resulted in the generation of electron

t rapping centers in the bulk of the oxide , ahead of the range of the prima ry

electrons themselves .

-- ---__-4
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Substan tiating evidence was as follows . Observation (2), namely that the

cur ren t was l inearly propo rtional to the electron—beam current , can be

explained on the basis of photon—induced detrapp ing o f trapped carr iers, the
photons being produced by the primary electrons in stopp ing . The f lux  of

such photons , and the resul t ing rate of de t r app ing ,  would be proport ional  to

the beam current . An alternative explanation , namely that the current was

c o n t a c t — l i m i t e d , is inconsistent wi th  the square—law character is t ic, for

J V2 is typical of space—charge l imitat ion ra ther  than contact l i m i t a t i o n .

Finally, Observation (3), namely tha t the current  was independent of

temperature , indicates that emission from the traps was not thermally induced.

This is consistent with the interpretation in terms of photon—induced emission .

The existence of an ohmic region preceding the ~quare—law region , as seen in
Fi g. 11, is also consistent with the foregoing in terpre tat ion , for  pho tons

wi th energies considerably greater than the oxide band gap can penetra te

through the oxide and generate hole—electron pairs in proportion to the beam

current . The space—charge—limited square law is seen at higher vol tage s

where the injection of carriers f r o m  the electron reservoir dominates ove r

the pair production in the bulk .

In order to obtain independent evidence regarding the generation of

electron traps by the electron irradiation , a further study of electron

trapping was conducted , as described in the next section .

3.3. Study of Electron Traps Generated in Sb
2 
by Electron—Beam Irradiation

In this study of electron trapping in electron—irradiated Si02, the

traps in the oxide were charged by an internal photoinjection of electrons

and were discharged thermally . The storage of trapped charge was de termined

from C—V curves measured at 1 MHz. The internal photoinjection was accomplished

by biasing the field plate either positively or negatively depending on whether

electron injection was desired from the substrate or from the field plate , and

the structure was illuminated through the semi—transparent field plate with

4—eV photons .

Control samples sFow~ d negl igible electron trapp ing (consistent with a

concentration of electron traps on the order of 1014 cm 3
).

- -
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Figure 12 shows typical results obtained on a dry—grown oxide of 4700 A

thickness . The s’ibstrate was n—type silicon , (100) oriented), 1—5 ohm—cm

resistivity. The field plate was aluminum , 150 A in thickness. Curve 1 is

the C—V curve of the sample before irradiation with electrons . Curve 2 shows

the effect of irradiation with a 4.5 keV electron beam which deposited n~ st

of its energy within the first 2000 A of the oxide . The dose of electrons

was 7 x 1015 per cm2. The s t re tch—out  of the curve indicates the presence of

interface states . Curve 3 shows the result of a one—hour anneal at 300°C which

remeved rivst of the interface states . The effect of negative charge storage ,

presumably in electron traps , is now shown clearly by the positive shift of

flat—band voltage compared with Curve 1. Some electrons might , of course , have

been remeved from the traps by the anneal. Curve 4 shows the result obtained

after photoinjecting electrons from the substrate into the Si0
2
. Some of these

electrons were trapped in the oxide , increasing the positive flat—band voltage

shift. Curve 5 was obtained after an additional photoinjection of electrons,

this time for the metal field plate . A small additional storage of negative

charge is seen here . Computation shows that the negative trapped charge , if

uniform, amaunted to 4 x 10
16 electrons/cm3, which is at least two orders

of magnitude greater than the negative trapped charge observed in the control

samples under similar conditions .

As is shown by Curve 6 of Fig. 12, an anneal for 2 hrs at 350°C discharged

the traps aluvst completely . The traps themselves remained after this treat-

ment , however, for a further Injection of electrons restored a positive flat—

band shift similar to that shown by Curve 5 of Fig. 12. Alternate charging and

discharging could be carried out repeatedly without causing any apparent

reduction in the concentration of traps . The traps were deep, attempts at

photodepopulation at photon energies up to 4 eV producing no appreciable

effect . The stored charge was stable at room temperature over a period of

days.

The original interpretation of the J—V curves, given in Sec . 3.2,

required the traps to be distributed through the bulk of the oxide . To check

this, the voltage dependence of photoemission was measured for samples which

had been irradiated with electrons, then discharged by a thermal anneal , and

finally recharged to saturation by electron photoinjection . When the bulk

contains a negative space charge, a photoinjectiori of electrons will not occur

—- ~~~~~ -———s ~~~~~~ - ~~~~~~~~~ .
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until the voltage has been raised higher than the threshold value above which

the electric field at the negative contact is in the direction which drifts

electrons from the contact into the insulator. The value of this threshold

voltage depends on the amount of charge stored in the insulator and on the

relative position of the centroid of the charge distribution with respect

to the negative contact . The measured I—V curves for the negatively charged

oxide showed approximately equal threshold voltages for the two polarities

of bias, indicating that the centroid of the negative charge distribution was

roughly at the center of the oxide layer.

A preliminary study was made of the effect of electron—beam energy on

charge storage , using HC1—steam grown oxides. The tixst complete results were

obtained with oxides grown on n—type substrates . In correspondence with the

results described above for dry—grown oxides, negative charge storage was

observed at the lower beam energies where the electron team penetrated only

partially through the oxide . However, at larger beam energies , where the

electron beam penetrated to the interface , positive charge storage dominated.

Furthermo re, when the energy of the beam was reduced into the nonpenetrating

range , net negative charge was restored , indicating that electron fluence

was not the important factor in determining the sign of the net stored

charge . It would appear that two charge—storage effects are present : negative

charge storage in electron traps generated by the beam in the bulk of the

oxide , and positive charge storage , presumably near the silicon—oxide inter-

face , caused by the penetrating electron beam.

3.4. Summary

The J—V curves of thermally grown Si02 
films on silicon were investigated

by using a nonpenetrating beam of electrons to provide a reservoir of free

electrons immediately under a field plate and drifting the electrons toward

the positively biased silicon substrate. A square—law dependence of current

on voltage was interpreted in terms of single—carrier space—charge—limited

conduction with trapping of the carriers . Linear dependence of the sample

current on the electron—beam current and lack of temperature dependence were

interpreted in terms of deep electron trapping with photon—stimulated detrapp ing,

the photons being produced by the primary electron beam itself. Further study 

- - ___ *_~*.~..st —-.
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of the electron traps showed that they could be discharged by an anneal at

350°C for 2 hrs, and that they could subsequently be recharged by internally

photoinjecting electrons from either electrode . The absence of similar

electron trapping in control samples indicated that the electron—beam

irradiation was responsible for generation of the electron traps .

Measurement of the positive and negative threshold voltages required

to produce photocurrents through negatively charged oxides indicated that

the centroid of the negative charge distribution was roughly at the center

of the oxide layer , confirming an assumption made in the interpretation of

the J—V curves . This indicates that the traps are generated through the

bulk of the oxide , well ahead of the range of the primary electrons themselves.

*4. STUDY OF LATERAL NONIJNIFORNITIES AND INTERFACE STATES IN MIS STRUCTURES
4.1. Introduction

For the past several years the semiconductor—insulator interface has

been the subject of intensive study , first because it pliys an important

role in the characteristics of metal—insulator semiconductor (MIS) devices

and secondly because it is the least understood part of the MIS s t r u c t u r e .

Capacitance—voltage (C—V) curves are an important diagnostic tool in the

study of MIS structures . As is well known, the flatband voltage of an MIS

capacitor , as deduced from a C—V curve, provides a convenient measure of

the charge stored in the insulating layer. Commonly observed , however,

is an abnormal stretch—out of the C—V curve along the voltage axis . Two

entirely different mechanisms cause very similar stretch—outs: interface

states, and lateral nonuniformities.
15 Interface states are those

electronic states which exist at the semiconductor—insulator interface and

can exchange charge with the semiconductor. Lateral nonuniformities include

nonuniform insulator thickness, laterally nonuniform substrate doping, and ,

most commonly , nonuniform charge storage in the insulator. C—V stretch—

out was originally attributed entirely to interface states,but it now seems

likely that some of the problems were due instead to lateral nonuniformities,

* This study was performed by C. C. Chang2° and was supported in part by the
Bell Telephone Laboratories, Incorporated.
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since the effects of the two on the C—V curves resemble each other. It is

therefore important to identif y the cause of C—V s t re tch—out  correctly

and to characterize the effect properly .

When an MIS structure is laterally uniform, and any C—V stretch—out
is therefore caused only by interface states, the density of interface

states as a function of energy can be obtained by any one of a number of
22—2 7well known and effective methods . The situation regarding the identi-

fication and characterization of lateral nonuniformities is much less

satisfactory . The study of the a—c conductance of MOS capacitors made by

Nicollian and Goetzberger27 indicated that a conductance measurement can be

used to distinguish the effects of late ral nonuniformities from those

of interface states. They related the area under the G/w vs. w curve

to the density of interface states and interpreted the broadening of the

conductance peak in terms of lateral nonuniformities . Castagne and Vapaille26

used several C—V methods in an effort to determine the density of interface

states of MOS capacitors after drifting ions to the Si—Si0
2 
interface. They

found that the different methods ~~ i~nt~d different densities of interface

states, and concluded tha t this discrenancy showed that the C—V stretch—

out which they observed was due not to interface states but to lateral

nonuniformities . Brews and Lopez28 have suggested two methods , based on

this principle, for testing for the presence of lateral nonuniformities .

In this work we have developed three new methods for distinguishing

the effects of lateral nonuniformities from those of interface states . Two

of the methods are based on the frequency dependence and temperature

dependence , respectively, of the response of interface states . The third

method is based on the principle (proved in Ref. 20) that if the C—V

stretch—out is caused by lateral nonuniformities, the quasi—static and high—

f requency C—V curves cannot both be f i t t ed  simultaneously by any distribution
of interface states . The converse of this statement is also true . The

convenient application of this principle makes use of a new and simple

method that we have developed for the determination of the distribution of

flatband voltages in an MIS structure that has a nonuniform charge storage .

As our model of a laterally nonuniform MOS capacitor we have taken

a parallel combination of noninteracting small capacitors, each of which
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can be considered to be uniform over a small characteristic area. As

Brews29 has pointed out , this model will not provide an accurate representa—

tion for lateral nonuniformities of small dimensions (e.g., individual ions)

that are laterally well separated. In addition , Gordon has shown that

in the inversion regime the individual elementary capacitors interact at

their edges through the minority carriers of the inversion layer. Despite

these faults , the parallel—capacitor model is a reasonable first-order

representation and has the advantage of being more readily amenable to

analysis than the more complex representations .

4.2. Fre~~iency Method

As is discussed in some detail in Ref . 20, the C—V relationship of an

MIS capacitor without interface states is frequency—independent from

approximately 100 Hz up to the majority—carrier ohmic relaxation frequency

of perhaps 10
12 

Hz. In contrast with this, interface states near the

center of the silicon bandgap have response times on the order of a millisecond ,

and in the depletion regime the interface—state capacitance will show a
frequency dependence over a range from perhaps 100 Hz to 1 MHz , i.e.,

within the range of easy measurement. An example of this is shown in Fig.

13 for an MOS capacitor in which interface states had been generated by

subjecting the oxide to a high electric field. The frequency dispersion

of the “high—frequency” C—V curves shows the presence of the interface

states. By contrast, Curve 1 of Fig. 14 was taken on a sample with

negligible interface states but having a la teral ly nonuniform cherge

storage caused by bombardin g the sample with  a low—energy nonpene t ra t ing

electron beam , after which the sample as annealed at 350°C for one hour.

The nonuniformity of charge storage was caused by spatial nonuniformity of

the bomba rding electron beam. Virtually identical C—V curve s were obta ine d

at measuring frequencies of 1 kHz , 10 kHz, 100 kHz , and 1 MHz. Calculated

ideal C—V curves are shown by dashed lines for comparison . The departure

of Curve 1 from the ideal, together with the lack of frequency dependence ,

shows the presence of lateral nonuniformities.

The frequency me’hod actually detects interface states rather than

lateral nonuniformities, and one can not be sure whether an observed

L - ___________________________________
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f requency—dependent s t re tch—out  is due to interface states only or due to
both. This problem can partially be solved by comparing the 100 Hz C—V
curve with the quasistatic C—V curve in accumulation and mild depletion;
these curves must coincide if the stretch—out is due to interface states

only. We say “partially solved” because this observation is unable to

detect tiny nonuniformities . The low—temperature method (Section 4.3) and

the C—V comparison method (Section 4.4) are of aid in solving this difficulty .

4.3. Low—Temperature Method

At liquid nitrogen temperature the emission times of major i ty  carriers

from interface states are very long except for those states near the

majority—carrier band edge. If the MIS structure is biased into accumula—

tion and the bias is then swept into depletion , the low—temperature high—

frequency C—V curve of a uniform structure will coincide with the ideal

(translated) C—V curve when the Fermi level has departed from the m.- ijori ty—

carrier band edge by a few tenths of a volt . The C—V curve of a nonuniform

capacitor will not show this coincidence but will remain stretched out .

This effect is illustrated in Figs. 15 and 16. The sample of Fig. 15 had

appreciable concentrations of interface states which had been generated by

high—voltage stressing. The lower solid curve was obtained at lOO °K by

biasing into accumulation and then sweeping into deep depletion at the

rate of 5 V/sec . The dashed curve is an essentially ideal characteristic

which was ob tained on the sample before stressing and which has been

translated into coincidence with the solid curve in the depletion region . This

coincidence indicates that the sample was essentially uniform. On the

othe r hand , Fig. 16 shows the result obtained from this test on a sample
which had an appreciab le contamination of positive ions (presumably sodium)

which had been drifted to the insulator—semiconductor interface at

elevated temperature . The dashed curve of Fig. 16 is a translated ,

essentially ideal, curve which was obtained from the sample before ion

dr i f t . The lack of coincidence indicates that the positive ion concentration

at the interface is nonuniform.

I 
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A f u r t h e r low—temperature test , ill ust rated by the uppe r cu rve in
Fig. 15, is useful when interface states are present. When the lower

curve has been completed, the sample is brought out of deep depletion by

temporary illumination . This process fills the interface states with

minority carriers . The gate voltage is then swept slowly toward accuxnula—

tion . ~4hen the density of majority carriers at the interface becomes

appreciable , the interface states begin to fill with these carriers,

causing a ledge in the characteristic .20 ’31 The average density of

interface states in (roughly) the lower half of the gap can be estimated

from t~V C /q, where ~V is the width of the ledge . From Fig. 15 thisg x  g 11 —2estimate yields the density 2 x 10 cm

4.4. C—V Co~ ,arison Method

The comparison method that we propose is based on the principle

(proved in Ref .  20) that when a C—V stretch—out is caused by lateral
nonuniformities , the resulting quasistatic and high—frequency C—V curves

cannot both be fitted by any distribution of interface states, and ,

conversely, if the stretch—out is caused by interface states, the resulting

quasistatic and high—frequency C—V curves cannot both be f i t t ed  by any

lateral distribution of flatband voltages . The convenient application of
this principle utilizes the method for determination of the distribution

of flatband voltages presented in Section 4 .5 .

A convenient method for utilizing the foregoing principle is to

perform a combination of two tests, as follows :

1. Test for lateral nonuniformities by assuming the opposite , i.e.,

assume that all the stretch—out is due to interface states. Then: (a)

obtain the surface potential ø(V
~
) by Berglund’s method ,

24 
(b) from this

result compute the corresponding high—frequency curve C (ø(V )), and

(c) compare the computed CHF
_V curve with the measured CHF

_V curve . A

mismatch between the two will indicate the presence of lateral nonuniform-

ities.
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2. Test for interface states by assuming the opposite , i.e., assume that

all the stretch—out is due to lateral nonuniformi t~es. Then : (a)

determine the distribution of flatband voltages from the measured quasi—

static and high—frequency C—V curves by the method described in Sec . 4.5

(this method is restricted to nonuniform charge storage , but this is the

most commen case), (b) using this hypothetical distribution of flatband

voltages , regenerate the two C—V curves by computer , and (c) compare the

two regenerated curves with the measured curves . A discrepancy indicates

the presence of interface states .

Two examples will now be presented , one for a sample with interface
states and the other for a sample with lateral nonuniformities.

The solid curves of Fig. 17 are the quasi—static and high—frequency

(1 MHz) C—V curves for a sample in which interface states had been

generated by high—field stress (same sample as in Fig. 13). We test for

interface states by assuming the opposite . By use of the method of Sec . 4.5

we compute the hypothetical distribution of flat—band voltages caused by

lateral nonuniformities . The resulting distribution , shown in Fig. 18,

is then used in a computer—regeneration of the C—V curves, yielding the

results shown by the dotted curves of Fig. 17. The considerable mismatch

between these and the measured C—V curves indicates the presence of

substantial concentrations of interface states.

Next , we apply the test for lateral nonuniformities by again assuming

the opposite condition . The dotted curve in Fig. 19 is the high—frequency

relationship calculated from the quasi—static curve under the assumption

that the stretch-out is entirely due to interface states. The close

agreement between the reasured and computed high—frequency C—V curves

indicates that later- i nonuniformities are negligible in this sample .

Figures 20 and 21 show the results obtained with a sample that had

been bombarded with a nonuniform electron beam to produce a nonuniform

storage of charge . First we assume the distortion to be due entirely to

lateral nonuniformities, and use the quasi—static and high—frequency curves
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DENSITY

-0  ,L4

FLAT-BAND VOLTAGE (VOLTs)

Fig . 18. Hypothetical distribution of flat—band voltages
de rived from the measured C—V curves of Fi g. 17
and us~~u as the basis for the computer—regenerated
(dotted) curves of that figure .
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Fig. 20. (a) Measured (solid lines) and calculated (dots) C—V
curves. (b) Lateral distribution of flat--band voltages
determined from the measured curves of (a) by the method
described in Sec. 4.5.
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[solid lines of Fig. 20(a)] to determine the corresponding distribution of

flatband voltages, thus yielding the results of Fig. 20(b). From this

distr ibution of f lat—band voltages we then compute the quas i—sta t ic  and

high—frequency curves, thus obtaining the points shown by dots in Fig

20(a). The correspondence indicates that interface states are not impor-

tant and that the observed distortion of the C—V curves is caused by a

laterally nonuniform storage of charge. As a check , we also compute the

high—frequency C—V curve from the measured quasi—static curve assuming

the stretch-out to be due entirely to interface states . The result is

shown in Fig. 21. The lack of correspondence shows the presence of lateral

nonuniformities .

4.5. Determination of Flatband Voltage Distribution

In this section we restrict our attention to MIS capacitors which

have a laterally nonuniform storage of charge in the insulator but are

otherwise uniform (insulator thickness, substrate doping), and which have

- - negligible interface states. The objective will be to devise a method

for determining the lateral distribution of flatband voltages from the

stretched-out quasi—static and high—frequency C—V curves, using the

pa rallel—array model . The problem is mathematically intractable unless
app roximations are made , and the approximation that we have chosen can be

understood with the aid of Fig. 22. The top zwo graphs of Fig. 22

represent typical quasi—static and high—frequency curves for a uniform MIS

capacitor with negligible interface states and a flatband voltage VFB15 —3(actually computed for a p—Si MOS capacitor with NA 
S x 10 cm and

x = 1000 A). Part (b) of Fig. 22 shows the distribution function of

flatband voltages, this being a delta function of unit area. Part (c)

of Fig. 22 shows the difference between the two capacitance functions :

CQS(VG) — CHF (V
G
). This difference is essentially zero for gate voltages

smaller than VFB ÷ VT, where VT is the turn—on voltage of an ideal MIS
capacitor having the same insulator thickness and substrate doping.

32
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Fig. 22. (a) Typical quasi—static and high—frequency C—V curves for a
uniform MOS capacitor with negligible interface states. (b)
Distribution function of flatband voltages. (c) CQS — CHF,
to be approximated by a step function in the analysis.
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For gate voltages larger than VFB + VT the difference in capacitances
rapidly approaches a constant value denoted by y. The approximation that

we shall make is that C
QS 

— CHF can be represented with sufficient accuracy

by a step function that is zero for V
G 

< VFB + V
T 

and has the value y

for VG 
> VFE + VT .

The application of the foregoing appro ximation to a nonuniform MIS

capacitor is shown in Fig. 23. The nonuniform capacitor is taken to be a

parallel array of small capacitors which have a distribution of flatband

voltages described by a distribution function f(VFB). With the gate

voltage of the nonuniform capacitor at the value V
~
, all of the small

capacitors having flatband voltages less than VG 
— V

T 
are turned on, and

those having flatband voltages greater than this value are turned off.

An increment of gate voltage dV
G 
increases the fraction of turned—on

capacitors by the amount f(VG 
- VT

)dV
G, 

thus causing an increment in the

capacitance—difference curve given by

d(CQ5 
— CHF) = Y f (V

G — VT)dVG (4.1)

From this we obtain for the p—substrate MIS capacitor:

f ( V
c 

— VT) 
L~f [cQs (VG) — C

HF
(V
G

) ]  (4 2)

The distribution function of flatband voltages, f (V FB ) ,  is obtained by

translating the function of V
G 
given by Eq. (4.2) in the ne~ative_V~

direction by the amount V
T.

In a similar manner it can be shown that the corresponding expression

for an n—substrate MIS capacitor is

f ( V
G 

— V
T
) — i _  [CQS (V

G
) — CHF (V

G
)] (4.3)

where V
T 
is now a negative voltage and f(V~~) is therefore obtained by

translating the result of Eq. (4.3) in the positive_VG 
direction by the

amount IVT •

L
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Fig. 23. Illustrating the connection betwen the distribution function
of flatband voltages, f (VFB) ,  and the resulting capacitance—
difference curve.
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The foregoing relationships were the ones used in the comparison

method of Sec . 4.4.

In order to obtain some idea of the amount of erro r introduced by

ttte step—function approximation , we conducted a computer study of two

examples . In each example we started with an assumed dis tr ibut ion of

flatband voltages , then computed the resulting quasi—static and high—

frequency C—V curves , aud finally used Eq. (4.2) to obtain an approx-

imation to f(VFB). An oxide thickness of 2500 A and a substrate doping

of 3.3 x io15 cm 3 were assumed in the calculations . The results are

shown in Fig. 24(a) for a rectangular distribution and in Fig. 24(b)

for a smooth distribution of flatband voltages. The agreement is only

fair for the sharp—edged distribution but is reasonably good for the smooth

distribution .

4.6. Sun na~y~

We have proposed three new capacitance—voltage methods for  distinguishing —

between the effects of interface states and those caused by lateral
nonuniformities. The first method makes use of the frequency dependence
of the response of interface states . One measures the C—V curves at two

different frequencies, as widely separated as possible, in the range

between 100 Hz and 1 GHz. Any discrepancy between the two curves in

- 
— the depletion regime must be attributed to interface states.

The second method utilizes the freeze—in of charge carriers in

interface states at liquid—nitrogen temperature. The low—temperature ,

high—frequency C—V curve is measured while sweeping the gate voltage from

accumulation into deep depletion at a reasonably fast rate, say 1 V/sec .

If the lower portion of this curve is not parallel to the ideal curve at

the same temperature, the sample has appreciable lateral nonuniformities .

If the lower portion of the curve is parallel to the ideal curve at the

same temperature , then all of the room—temperature C—V stretch—out is due

to interface states. -
The third method makes use of the fact that although the stretch—out

of either a quasi—static or a high—frequency C—V curve caused by interface
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Fig. 24. Error analysis of the proposed technique (Eqs. (4.2) and
(4.3)] for the determination of flat—band voltage distri-
bution.
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states can be duplicated by a particular distribution of nonun ifo rmities ,
the coithination of both quasi—static and high—frequency C—V curve s can not -

be so duplicated. The converse of this is also true . A method of
utilizing this principle is described in Sec. 4.4.

The comparison method described in Sec. 4 .4  requires a means of

determining the distribution of flatband voltages of a nonuniform MIS

capacitor. Section 4.5 describes a simple procedure which we have

developed for this determination.
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1001 West Maude Avenue
Sunnyvale , California 914086

Attn : Sam Sternbach , Data Systems Division
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Litton Systems , Inc .
Electron Tube Division
1035 Westminster Drive
.Di11iamspor~ ; Pennsylvania 17701
Attn : Frank J. McCarthy

Lockheed Missiles and Space C ompany
3251 Hanover Street
Palo Alto , California 9143014

Att-n: Dr. Clarence F. Kooi, Dept. 52—11, Bldg. 2014
Attn : Dept . 52—11/203 , Mr. Edwin A. Smith

Lockheed Missiles and Space Company
Division of Lockheed Aircraft  Corporation
P.O. Box 50~
Sunnyvale , California 914086

Attn : H.  Schrieemann , Org . 81—62
Att-ri : Tech . Info . Ctr., Dr. W .A. Kozumplik, Bldg. 201

LTV Aerospace Corporation
Vought Missiles & Space Company
Michigan Division
P.O. Box 909
Warren , Michigan 148090

Attn : Mr. T. M. Rozelle

LTV Electrosystems , Inc.
Major Field
P .O .  Bo x 1056
Greenville , Texas 751401

Attn : Library

M . I . T .  Lincoln Laboratory
P .O .  Box63
21414 Wood Street
Lexington , Massachusetts 02173

Attn : Alan G. Stanley

Martin Marietta Corporation
Orlando Division
P.O. Box 5837
Orlando , Florida 32805

Attn : Mr. William W. Mras, ~~— 14l3

Massachusetts Institute of Technolo~~r
77 Massachusetts Avenue, Room 214—120
Cambridge , Massachusetts 02139

Attn: Mr. Kenneth Fertig, M.S. 87
— Attn : Mr. Richard G. Haltmaier
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1c0on:~ei1 Codgias Corporation
53u1 ~o1sa Avenue
Liuntingt on ~~ach , California 926 147

Attn: 0 . 1. Andrade, M.S. 17, BBDO Adv Elect/R&D

McDonnell Douglas Corporation
P.o. Box 516
Ct. Lou~o , Missouri 63166

A ttn: Dr. lom Ender , Dept .  313, Bldg . 33

:-~innec~ ta , Ur.izersity of
2 3 3 0  ‘inivers~ ty Avenue , S.E.
Minneapolis , Minnesota 5514114

Attn : Dr. A. -•-~ n der Ziel , Elec. Eng . Dept.

:-:iosion Re~earch Corporation
ol~ Anacapa Jtreet
:ar:a Barb ara, California 93101

Attn : 7. A. ic:ilueter

Mi t re Corporation , The
E-cote 6

2 and Middlese x Turn pike
P.O. dcx 208
oedfo rd , Massachusetts 01730

Attn : M . E .  Fi tzgerald
Attn : Library

Motorola , Inc .
Government Electronics Division
8201 2. McDowell Road
Scottsdale, Arizona 85252

A t t n :  Pnili p L. Clar

Motorola , Inc.
Semiconductor Products Division
5005 East McDowell Road
Phoenix , Arizona 85008

Attn : Sr.  Scientist , Mr. Clarence A. Lund , MD—A13O
Attn : Mgr , Mtrls . Tech., Mr. James H. Black, MD—B136

Jew Mexico , University of
Dept~ of Campus Security
Carlisle Gymnas ium
Albuquerque , New Mexico 8 106

Attn: Dr. W. W. Graririemann
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N orth American Rockwell Corporation
Autonetics , Electronics Group
3370 Miraloma Avenue
Anaheim , California 92803

Attn : 0. Messenger
Attn : J. Bell
At tn :  D . Bausch

North American Rockwell Corporation
Space Division
122114 Sout h Lakewood Boulevard
Downey , California 902141

Attn : Code FB 82 , David Champai gn

Col umbus Division
North American Rockwell Corporation
14300 East Fifth Avenue
Columbus , Ohio 143216
Attn : Engineering Data Servi ces (J.F. Roberts)

Northrop Corporation
Northrop Corporate Laboratories
31401 West Broadway
Hawthorne , California 90250

Attn : Mr. James P. R aymond
Attn : Dir., Solid St. Elec., Dr. Orlie L. Curtis , Jr.

Northrop Corporation
Electronic Division
2301 West 120th Street
Hawthorne , Califo rnia 90250

Attn : Vincent B. DeMartino
Attn : Boyce T. Ahlport

Palisades Instit ute for Research Services , Inc .
201 Vari ck Street
New York , New York 100114

Attn : Records Supervisor

Phi lco—Ford Corporation
Aerospace & De fense Systems Operations
Aeronutronic Division
Ford & Jamboree Roads
Newport Beach , California 92663

Attn : Peter H. Stad.ler
Attn : Dr.  L . H.  Linde r

Philro_Ford Corporation
Western Development Laboratories Division
3939 Fabian Way
Palo Alto , Ca1ifor~ia 914303

Attn: Library
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~~~~wt~r 1~ •ys~ cs Cor por at ion
r; i .o~ ria1 -ay Nest
.0 .  Box L - C 6

Eh~ or~to.rn , :e~~ Je rsey 0772 14 
•

~~t n :  .i yman Jevinan

F & 0 Assoc iat es
P .O .  ~ox 3580 

- -

C~ nt a  :-~ ntca , Cal i fornia 901403
, . ttn :  :-~r .  Richa rd P. . Schaefer
A t t n :  Mr. S. C. RDgers

0adiation Incorpo r a t ed
P . O .  ~3ox 37
:1eioourne , Florida 32901
Atm : Joan ~i .  Turner
Attn: Mr. Don Gibson

R aytheon Company
528 Boston Post Road
iudbu r y ,  Massac husetts 01776

Att n :  Harold L. Flescher
Attn : D. R.  Jones j

RCA Corporation
Government & Commercial Systems *

Ast ro Elect ron ics Di vi sion
P.O. Box 800
Princeton , New Jersey 085140

Attn:  G. Brucker

RCA Corporation
Davi d Sarnoff  Research Center
201 Washington Road
West Windsor Township
Princeton , New Jersey 085140

Attn : Dr. K. H. Zaininger , Solid State Device Tech.

RCA Corporation
P.O. Box 591
Somerville , New Jersey 08876

Attn : Daniel Hampel , Adv . Comm. Lab.
Attn : Mr. Frank J. Feyder , Zone 77

Research Triangle Institute
P.O. Box 121914
Research Triange Park, North Carolina 27709
Attn: Eng. & Envir. Sci. Div., DR. Mayran t Simon s , Jr.
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Simulation Physics , Inc.
10 Railroad Avenue
Bedford , Massachusetts 01730

Attn : Mr. Roger G. Little

Singer—General Precision , Inc.
Kear~ott Division

— 1150 McBride Avenue
Little Falls, New Jersey 0714214

Attn~ A. A. Witteles—RAD . Effects Supv. 3—5820

Sperry Rand Corporation
Sperry Rand Research Center
100 North Road
Sudbury , Massachusetts 01776

Attn: H.A.R. Wegener

Sperry Hand Corporation
Univac Division
Defense Systems Division
P .O. Box 3525 Mail Station 1931
St. Paul , Minnesota ~5l01

Attn : Mr. Dennis Aniundsori

Sperry Rand Corporation
Sperry Gyroscope Division
Great Neck , New York 11020
Attn : Dept . 14282 — Mr. P. Marraffino
Attri : Mr. C. Craig, lP39

Stanford Research Institute
222 Ravenswood Avenue

Menlo Park , California 914025
Attzi : Mr. Arthur Lee Whitsozi
Attn: Dr. Robert A. Armiatead
Attn : James A. Baer, Sr. Rca. Engineer, JlOl5
Attn : Mr. Philip Dulan

Stan ford Research Institute
14810 Bradford Blvd., N.W .
Huntsville, Alabama 35805

Attn: Harold Carey

Sylvania Electronic Systems Group
Cosmiunications Systems Division
189 B Street
Needh am , Massachusetts 021914

Attn : S/V Eng. Dept., J. A. We.ldron 
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‘ e m ~~~, icience and Software, Inc.
0. ~ox 1620
La Jolla , California 92037

At~ r .: Dr. Ral ph H.  Stahl

Cys~~~on— D onner Corporation
200 San ~-1i guel Road
Conc ord , Cal i fornia  914520

A~~n :  Harold  D . Morris

Te xas Ins t rumen t s , Inc .
P .O .  B-o x 5 1 47 1 4

D a las , Texas 75222
Attn : Walter Matzen
Attn: R&D Proj . Man., Dr. Donald J. Manus, M.S. 72
Attn : Radiation Effects Frog. Mgr. Mr. Gary F. Hanson

TRW Semiconductors
Division of TRW , Inc .
114520 Aviation Blvd .
Lawndale , Ca l i fornia 90260

Attn: Gerald A. Schafer — Missile & Space Sub—Div.
Attn: Mr. Ronald N. Clarke , Member Technical Staf f

TRW Systems Group
One Space Park
Redc ndo Beach , Cal i f o r n i a  90278

A t t n :  Mr.  A. An de rtnan Hi / 2036
A t t n :  Mr. H . Kingslan d
Attn:  L i l l i a n  Singletary Rl/2l51e
Attn : Mr. D . Jurtner

United Aircraft Corporation
N orden Division
Helen Street
Norwalk, Connecticut 06851

At tn :  Conrad Corda

Varian Associates
611 Hansen Way
Palo Alto , California 9143014

Attn: D. C. Lawrence - Radiation Safety

Wes t inghouse Electric Corporat ion
Astronuclear Laboratory
P .O .  Box 108614
Pit t sbur gh , Pennsy lvania 15236

Attn : P. W. Dickson

Wes tinghouse Electric Corporation
Research and Developmen t Center
1310 Beulah Road , Churchil Boro ugh
Pittsburgh, Pennsylvania 15235

Attn: William E. Newell
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