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SECTION 1

INTROD UCTION AND SUMMARY

The primary goals of this program are to improve our understanding

of the basic processes that control the electrical and physical proper-

ties of ion—implanted layers in GaAs and to exploit this understanding

to develop a transferable technology base for reliable ion—Implantation

doping of GaAs . During the present one—year contract , the primary effort

is to study , th rough duplicate processing and evaluat ion p roj ect s  at

Hughes Resea r ch Labo rato r ies (HRL) and the Nava l Rese ;ir r I I  I.;ih~~r.it orv

(NR L) , the  fac tors  tha t a f f e c t  the I r an s l cr ab  [ l i L y  and r t~pr od~it I I i t  v

o.~ implanting Si into GaAs, using “silicon nitride” as an an n t ’a i i n g

encapsulant.

The primary encap:Iulant deposition process being used for this

program is plasma—enhanced deposition (PED) to react silane with nitrogen

in the presence of argon. Both laboratories are using essentially iden—

tical commercial plasma reactors (LFE Corporation Model PND—301). The

films deposited in these reactors are not pure S1
3
N4 but generally are

silicon oxynitrides containing several atomic percent oxygen plus other

contaminants such as hydrogen and traces of argon . Hence, the term

“silicon nitride,” which denotes S13
N4, is not appropriate. The term

“plaSma nitride” will be used to denote the films actually prepared by

PED.

Early in this report period , a substantial effort was made to

establish gas flow conditions that would yield plasma nitride films with

good encapsulation properties. Section 2 briefly describes the methods

• used and the results obtained . These preliminary studies yielded

promising results, but reproducibility of the encapsulant properties

was lacking. The reproducibility problem has not yet been eliminated .

When both laboratories had developed their plasma nitride technolcgy

to the point that a duplicate processing experiment was warranted , a

standard Si implant was performed into several samples at each laboratory .

These samples were then independently encapsulated and annealed . Elet.—

trical evaluation of all the samples was performed at each l a b o r a to ry .

1 
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The results of this test of implant transferability are discussed in

Section 3.

Recent Hall—effect measurements of the depth distribution of the

electrical activity of Be/ion implants into GaAs performed by Code 5212,

NRL , have indicated that channeling effects may cause significant depar—

7 tures of supposedly “random equivalent” implants from the LSS range dis-

tribution. A set of well—channeled <110> implants into well—characterized

<100> GaAs was requested by Code 5212, NRL, for use as reference samples.

The techniques used to prepare these samples are briefly described in

Section 4.

The primary electrical evaluation technique used on this contract

has been room—temperature Hall—effect analysis. This technique generall y

has been adequate to determine the success with which electrical activa-

t ion of impurities has been achieved . As the plasma nitride c n cap s t i l an t s

used Improve, additional techni ques will be required to assess electrical

and atomic profiles , the degree of damage reduction achieved during

annealing, and the generation—recombination mechanisms active within the

implanted region. Section 5 describes improvements in analytic capa-

bility being instituted at HRL and suggests additional diagnostic tasks

that will be useful for improving our understanding of ion implantation

in GaAs in the r~ear future.

During the period covered by this report . Mr. C.L. - Ramiller left the

Hughes Aircraft Company to assume a position with Intel Magnetics , Santa

Clara, California. Mr. Ramiller had been responsible for the  develop—

ment of pyrolytic encapsulants for the annealing of implanted GaAs. A

replacement for Mr. Ramiller is being sought.

ii.



SECTION 2

ENCAPSULANT DEVELOPMENT

During this reporting period , considerable effort was expended In

the development of useful pyrolytic and PED “nitride” films for the

encapsulation of ion—implanted GaAs. The principal thrust of our work

on pyrolytic nitrides was to develop films with superior mechanical

properties to the 600°C films described in our previous report) Our

earlier films were excellent barriers to Ga diffusion , but they caused

the GaAs surface to crack. They were, therefore , useless for annealing

implanted layers. The cracking problem is believed to result from a

combination of three fac tors :  (1) inherent stress in the n i t r i de  f i lms ;

(2) therma l expansion mismatch between GaAs and SI3
N
4
; and (3) the lack

of plasticity in dense, stoichlometrtc S1
3
N4 

films . ‘rile t en s i l e  s t r e s s

In the films is reduced by lowering the  g rowth  r a t e .  Titus , our p r e v i o u s

exper iments  were done at slow growth  r a t c~ (“. 200 X/ miii ) . t i n f o r t  u n a t  c i v ,

these I I  ims are ext reme ly r i g id  and produce c r a c k  I ng In  ( aAs d t i r  I ug

800 °c anneals .

i nv est igators at  MET ’s L inco ln  Labor ato r ies  have had cons ider ab

success using pyrolytic Si
3
N4 grown at ~‘. 700 °C at very high growth r a t e s

(
~ 4500 A/mis).2 Our hypothesis is that films deposited at such high

growth rates are less vitreous than our earlier films and therefore

deform p las t i ca l ly  during annealing. Accordingly , we dup licated Lincoln

Laboratories growth cycle , growi ng f i lms of S13N 4 roughly 700 K t h i c k  in

10 sec . Before beg i n n i n g  t h e  s i l i c o n  I m p l a n t a t i o n  t r a n s f er  t e s t  de scr i b e d

t~ Sect I on 3 , we had begun to st ’e some prom is!  ng resu it ~ I runt t It i s

app roach .  Elec t  r f e a t  r esu l t s From two semi — In st i l  at log subst  ‘~~t t  (‘S

i mp l a n t e d  wit ft S x 10
16 cm 2 1 01) keV S and ann ea led :it 8()0°( I or

30 m i i i  1( 1 ~~U r i f led .1 rgon :i rt’ siimm:i r I ?.e(I i i i  Tab I ~ I

Our 1mg this period , e’xtens lye eva ! uat ion ot p1 .isma til t r I tic I ii IiIS

has been performed . These studies were car r ied  out u s i n g  a m o e l i f  led

LFE Corporation Model PNO—301 p lasma reactor. T hi s  type of u n i t  is used

b~ t h UKL and NR L .  Tue un it as r€ ref ved was far f rem leak—i I glit . Our

I i r s t  st e p  was to render the system . is l e a k — t  i g h t  as p f l s s l b l c .  C u m p l t t e
‘I,
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Table 1. Electr ical  Properties of Two Dice
Annealed under 700 °C Py r o ly t i c  S1 3N 4

Sheet Hall Electron Sheet Electron
Sample Resistivity, Mobility , Concentration .

c..:2/Vsec

9701 126 2720 1.82 x 10 1 8

9703 144 2640 1.b4 x io l3

leak tightness under helium leak testing has never been achieved in ou r

sy.~~in. Although no “fast leaks” (~ 30 sec response t ime) can be detected ,

a majo r  slow leak (~~5 mis response time ) is always present because ot h it’

permeability of the silicone rubber bell jar seals on the sys tem . This

leak may not be significant for gases heavier than helium.

The PED systems at HRL and NRL were both modified along similar

lines. The needle valve flow controllers for silane and nitrogen were

replaced with Tylan Corporation mass flow controllers. An MKS Instru-

ments Model 222 “Baratron” capacitance manometer was installed in the

foreline of the unit at HRL to monitor the system pressure.

The principal technique used for analyzing plasma nitride encap-

sulation properties has been SEM imaging of the encapsulant and sample
14 —2 15 —2 +

surfaces. Samples imp lanted  w i t h  10 cm and t O - cm 250 keV Sc

were encapsulated with p lasma nitride films a t a v a r i e ty  of s l i a n e  f l ow

r at e s .  No s i g n i f i c a n t  d i f f e r e n c e  in r e su l t s  was observed be t ween f l i n t s

deposited on samp les t h a t  received one fluence and those t h a t  received

the other. The samples were then annealed at 800°C for 30 mEn in argon

o: forming gas. SEM examination was then performed . The samp le was

first examined with the encapsulant in place. These investigations

showed tha t  f i l m s  grow n at silane f l o w  rates above those consistent w ith

best mechanical  adherence tended to “b l i s t e r. ” That is , the encapsul;tnl

fi lled mech anically , leaving numerous roughly circular holes. F i l m s

growit at very h i gh f low r a t e s  tended to b uck l e .  l ay e r s  grown at si lane

f I ow rates he low the optimum t ended to crack or c r i / c .  Wit ii tia r row

r,iagc ot si  Line I low rit e s , I lie f t  Ins  exitib it t ’tI I ew i o~~~ t i e t  ~~~~~~ ~ •

f t - 
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The encapsulant films were then removed in concentrated HF. SEN

evaluation of the sample surfaces showed t h a t  samples annea le d  wi t h

“silicon—rich” encapsulant s were generally bad ly pitted . Samples anne’a l ed

under “silicon—defi cient ” films showed rid ges (presumably of (a .,03
)

co rrespond ing to the cracks in the encapsulant . Samples annealed with

the “optimum” encapsulant films generally showed only a few Insoluble

particles (again probably Ca2
0
3
) and some surface texturing visibl e at

1000 X magnification.

All other measurable conditions were held constant in most of our

tests. The measurable variables and their respective values are: ni t rogen

f low rate of 4.00 SCCN , rf power of 100 W , spacing between sample

carrier/hot plate and quartz—~ ilane dispersal jet of 0.75 in.  ( 1 . 9  cm) ,

spacing between rf coils and sample carrier/hot plate of 3.5 in. (8.9 cm),

~mnd sample temperature of 350°C. The foreitne pressure with only nh tr o—

gem flowing was typically 90 tim Hg (12  P a) .  Before silane was intro-

duced , the system was operated for 5 mm with only nitrogen f l o w i n g  and

an rf power of 100 W . After this 5—mm “pre-burn ,” the plasma was

e’s t I ngu Ished . The s I lane flow was then star ted and stab ill zed . One

minu te after the “pro—burn ,” the plasma was again Igni ted . The “de~tosi—

t ion time” (time with silane in the system with plasma ignited ) was

either 10 or 30 m m .

Our initial experiments were performed using 5% silane In UHP a r gon .

Using this silane source, the best films were obtained at dilute s i l an e

flow rates of roughtly 18 SCCM (silane flow rate 0.9 SCCM). However ,

since severe problems with mass flow controller clogg ing were encountered

with this mixture , we soon elected to use l.5~. sllane In (JHP argon .

Several dozen samples were prepared with the more dilut e silane

mixture at dilute si l ane  flow rates in the range from 25 to ~() SCCN .

W i t h  the HRL PED system and the si lane  source at IIR I , p l a sma  nitride

films with optimum mechanical properties (principall y determined t rom

films roughly 2500 A th ic k using depos i t ion t imes of 30 m m )  art’ obtained

for dilute silane flow rates of 34 to 36 SCCM (silane flow rate 0.51 to

0.S4 SCCM). The silane flow rate with this gas mixture Is nom i n all y

about one—half tha t obtained with t he  5% x l  L in t  m i x t u r e . l i i  .td~l Ii i’.n ,

/
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it Is roughly one—ha if t fiat used I or opt in ium I I in proper t (cx I’v t o t l t  ‘ .‘ I

NRL. NR I found that their best I tins art ’ obtain ed at d i  l u t e  x i  l . i i i t ’ I low

r at e s  of 70 t o  80 SCCM (1 .05 to 1.20 SCCM s i l a n o  I low) u s i n g  nomina l l v

• S’~ xi lane in UHP argon and r o u g h ly  eq u i va l e n t  system cond it ions. We

probably obtained a h o t t  i t ’ of dilute silane that is more c o nce n t rat e d

han t he nomina l 1 . 5Z reques ted .

Both Auger ana l vs is and Rut her  f o rd  b ackscu t  t er ing have been used to

i nii v .~e the t omposit ion ct the  plasma nitride films . in all cases , the

ma t e ’r ia l  prepared is a c t u a l ly  a s i l i c o n  oxv n~ tride t ypi ca l lv containing

I to IS it . Z oxy g en .  ‘Flit’ compos it Ion of the mat erial var i~~s from run

to  run .

To determine if there was a svstcma t Ic v ar l a t  ion In f i l m  propert tes

wi th successive runs , several simp le experiments were perlornied . in one

test , several 3 0—m m runs were performed at 1. 5~ s i l an e mix tu re f l o w

r i  t es o t ~ S SCCM. These runs were a I t  e rna t  ed wit h runs at 30 SCCM and

t) S~ M di lute xi lane t low . A u ger ana lvx  is of the 85 St CM showed no

c o r r ela t i o n  of t’xvgen content in the films with the xi l a n e  f l o w  r a t e

tiseil in  t l i t ’ pr ey  i otis run. 1’he’re v i  x very lit t Ic consist encv of oxygen

~o,it’ent r a t  ion in the IS St~~M I i ins .

In ,i second t e x t  , t o u r  i den t  I c.t 1 80—ni t n deposit I OflS W ere  p e r t  ormed

in sue cess ion  during i s i n g  I t ’ ~l i v  I o i l  owing  e [cant ng of t lie hell j a r

w i t  ti CF ‘0 c lean I ng gas and subsequent  opera I I on o I the xv s  t em in t lit ’

nitrid e dt’pos it ion mode for it) m m with no sample present • The nex t  d i v

I hi’ t ’it t 1r ’ p i oc i dt i  re w i s  r e p e at e d . The samp les from hot Ii days were

.ititi e,i 1 d  ‘ 1 t , I t i t ’t ’us lv  ~it  800 °C I or II) in in.  SF.M observat ion of t he

cii, ., p ~ tt  1 .ini stir I ice  showed t hat some samp les e x h i b i t e d  cracking in

rough Lv rec t ingu l.ir p i t  I e m s  and o t h e r s  exit lb It ed cracks following areas

o~ re l i t  iv e Iv const tnt ra~1 ~ is . No cor r e l a t  ton of the crack patterns

w i t h  t hi’ pox i t  Ion of the samp It ’ in the dopes i t  ion sequence could  be

d i sc er n e d .

Re cent  exp e r imt ’nt x w I th x i i  Icon oxvn i t  r i des  d e p o s i t  i’d in t lie PEI)

x v  St  em i t s  l ug  s I I  aiti~ and nit rous ox I tie ( N ,OI as r ea c t  a l i t  s l iav i ’ h u t  i c.t I

l i i i t hi ’ ci cli r.i t e o I t hi’ m a t e r  I a  I in  d ilu t t ’ II F vii r I es over t lit’ su r I a t ,

o .1 I i i  ge sam p It ’ . lI t i s var i i t  h ott in t ’ I cli r~i I e is presu med to  rest,  J~

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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f rom nonuni form composition of the d i e l e c t r i c  f i l m .  The cause of t h i s

n o n u n i f o r m i t y  Is not known . One p o s si b i l i t y  Is t h a t  the  silane  d l x —

pe rsal j e t  in the reactor  f a i l s  to d i s t r i b u t e  the si lane uniformly.

Another  p o s s i b i l i t y  is t h a t  the  three  r a d i a l  arms th at transmit t h e

d i l u t e  silane to the to ro ida l  d ispersa l  jet a l t e r  t h e  p lasma c o n d i t i o u i s

near the sample surface under the arms , t h e r e f or e  causing changt’s in  the

f i l m  composition . Color patterns that resemble the p lacement of the

mad i a t  arms can be seen eas i I y i it films dt’pos it ed on large Si waft’ rx .

E x p e r i m e n t s  w i t h  a mod I f  led d i spersa l  I t’t geom etry m t  t’ndt’d t o  ci  [ni l nate

hi ’ shadowIng of f ee t  w i l l  beg i ii short Iv.

By I f i t  I h in t  I hat t i l t  S i  I r . u i i s l  i t  I ext tk’xcr I bed In t li t i t i x i  ~~t t  I I out

was begun , somi’ prom is lug resti Its l, .td been .icli h t’vetl its i m ig  t In p l a s m a

ni t ride eneapsu 1 ant . Imp lan ted 1 avers prepared us lug p rocess ing  i dent  i —

cal to that used to prepare the samples reported in Table  1 , w i t h  the

except ion  of the encapsulants, were coa ted  w i t h  rough ly  800 A of plasma
n i t ride du r ing  a 10—mm deposi t ion . For these dice , a d i l u t e  si l a n e

f l o w  ra te  of 35 SCCM was used , and then they were coated on bo t h sid es

with silicon oxynitride (composition approximately SION) prepared using

4.00 SCCM N..,0 in p lace of 4.00 SCCM N ,~ (a 11 other cond i t ion s were

hdent i c i  I ) . F l e et  r h a l  ev i l  n it ion u t  I l i t se sanip I t’s v I t  I tIed tI ,~ resui I t  s

in Fable 2.

‘rah le 2. El .~c t rica 1  P rope r t i e s  of Four Dice
Annealed under Plasma Nitride

Sheet Hal  I Electron Sheet Elect ron
Sample Resistivit y , Mobilit y , Concentration ,Number 2 —~~cm /Vsec cm -

Test Samples

9714 205 1953 l . St~ x

9715 387 1187 1. It~ x lO ’~

C n t r o l  Samp1e ~

‘,M M I. fu Ii) / u I. 1 x

45~) 2 . 5 x l0~ 8 1.2 x 10
10

9
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SECTION 3

SILICON TRANSFER ‘l EST Si I

Four tests of the transferab ility and reprodu cibilit y itt (tilt

implan tation processes using GaAs substrates have been pert ormt’d b~ Hl~I.

and NRL . The f i r s t  tes . . “Be 1 ,” involved encapsulant—f roe annea l lug of

B.~-- i m p 1 an t e d  GaAs at 550 °C. I t  d e m o n s t r a t e d  both excellent t ransfera—

b i l i t v  and an absence of i n g o t — t o — i n g o t  v a r i a t i o n s  using f o u r  ingots of

Cr—doped s e m i — i n s u l a t i n g  GaAs. 3 Tes t s  of t he  t r a n s f e r a b i l i ty  of sulfur

i m p l a n t a t i o n  and se len ium imp l a n t a t i o n  (“ S 1” and “Se 1,” r e s p e c t i v e l y ) .

each u s i n g  encapsulant  f i l m s  f r o m  a s ing le  source , were p e r f o r m e d  d u r i n g

1977. 1 The s u l f u r  t es t  used plasma n i t r i d e  f i l m s  prepared by the  LEF
Corporation. In  the  s u l f u r  test , HRL and NRL achieved roughl y e q u i v a l e n t

results from samples implanted at room temperatures and annealed at  800°C ,

samp les imp lan ted  at  250 °C and annealed at 800° C , and samples imp l an ted

at room t empera tu re  and annealed at 900 °C. The HRL r e s u l t s  fo r  samp les

ii tp lanted at 250 °C and annealed at 900 °C d i f f e r e d  s u b s t a n t i a l ly f r o m  the

NRL results. The selenium test , in which 600°C pyrolytic S13N4 
films

prepared ~it  HRL were used , was te rminated  when the samples imp lan ted  at

URL showed c rack ing  and e r r a t i c  e l ec t r i ca l  p r o p e r t ies .

Dur ing  th is repor ting per iod , the fourth transfer test , “Si 1 ,” was

p e r f o r m e d .  Th i s  t es t  represen ts  the f i r s t  t r a n s f e r  tes t  per formed  u s i n g

encapsulant films prepared independentl y at each facility. Both HRL and

NRL used p lasma n i t r i d e  as t h e i r  p r i nc ipa l  eneapsu lan t .  Seven samples

were prepared at NRL. T h i r t y  samp les , I n c l u d i n g  10 unimplanted  con t ro l

samples, were prepared at HRL. In addition , 12 samples , i n c l u d i n g  4

c o n t r o l  samples , were prepared at HRL using each of th ree  a l t e r n a t i v e

encapsulants: pyrolytic Si02 
prepared by the “silox” process (silane

plus oxygen) at 400 °C , pyro ly t i c  ~ i
3
N
4 

prepared at 700 °C , and pyrol yti c

Si02 
prepared by the “Sperry—Rand” process (silane plus nitrous oxide)

at 600°.

ihe  s u b s t r a t e  m a t e r i a l  was Cr—doped , semi—insulating GaAs from

Crystal Specialties (ingot 2988). The samples were in the form of

parallelpiped dice roughly 7 mm x 7 mm x 0 .5  mm . A l l  samples won ’

10
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provided with’ implanted corner contacts u s i n g  u 5 x lO l 
cm

2 
100 keV

s i l i c o n  implan t . A l l  samp les  excep t  the controls were  given an overall

Imp lan t  of l0’3/cm~ 150 keV 
29Si~ using 5 f F 4 f u e l .  The imp l a n t a t i o n s

were performed at rooi’~ t e m p e r a t u r e  and “ random ” inc idence .  The m a s s_ 2 t 4

i s ot  ope of S i  was used to  p reven t  poss ib le  c o n t a min at  ion of the ion be tm

w i t h  
M

N .  (A mass—29 n i t r o g e n  mo lecu l e  
14N ’5 N ex i s t s  but is only o.~ z

at the  t o t a l  nitrogen cancentrat ion and , t h er e f o r e , i s  not  expected t o

c on t a m i n a t e  the  Si beam s i g n i f i c a n t  I ’ . ) All samples were annealed it

850 °C f o r  30 mm in lowing f o r m i n g  gas .  Tb is anneal cvc Ic is consider—

a b ly  more severe than  the  800 °C anneal  t h a t  gave good tesu lts in s u i t  ur

test  S 1. I t  is . however , more in keeping w I t h  c u r r e n t  ~aAx d e v i c e  tech—

noIoi~v . Ann ealing in the 850 to 860°C range generall y v i t ids b e t t e r

elect r i i i  act ivitv and doping  p r o f i l e  t h a n  800 °C annea l ing if the

e n c a psu l a nt  f i l m  is r e l i a b l e .

0n t h e  N RI.  samples have been measured at  both facilities. The

e l e c t r ic a l  t’ s u l t s  f o r  these samples are presented in Table  3. One

samp le , number 4h2 , y ielded measurements inconsistent with the others

~nd was not d e l i v e r e d  to HRL . E lec t r i ca l  measurements  per formed on the

r e m a i n i n g  s i x  samp les at the two facilities are in good agreement. These

r e s u l t s  appear to  i n d i c a t e  that  very  good e lec t r i ca l  proper t ies  have

been achieved at NRL: 81% electrical activity , good values of mobility ,

and standard deviations of mobilit y and sheet resistivity of only 8% of F ,
the  mean va lue .

The HRL samples w i t h  plasma n i t r i d e  encapsulat ion were prepared in

two batches of 15. Nominal l y Ident ical  deposi t ion  parameters  were used

for each batch. The results for the first batch are presented in Table 4.

Elec t r i ca l  resu l t s  f o r  9 of the  10 test  samples (eliminating one sample

that apparentl y had not been implanted or had been Implanted on the

wrong side) differ significantl y from those of the NRL samples. These

samples exhibit 57% apparent electrical activity and higher sheet

resistivity than the  NRL samples. The mobility values of the HRL “first

batch ” samples are statisticall y indistinguishable from those of the  NRL

samp les.  The control  samp les from the  f i r s t  ba tch  remai ned semi—

i n s u la t i n g .

U
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Table 3. Si Transfer Test Si 1

(NRL Samples, Plasma Nitride Cap,
NRL and URL Measurements)

Sheet Resistivity, Hall Electron Mobility,
Sample 12/0 cm2/Vsec Resistance
Number Ratio

NRL HRL NRL HRL

455 271 267 3060 3100 2.1

462 310 — 2310 — —
466 250 265 3110 2970 1.4

468 229 237 - 3400 3300 3.2

715 243 245 3600 3620 1.0

743 219 221 3230 3220 3 0

747 229 223 2930 3070 1.7

Mean and
Standard
Deviation

7 samples 250 t 31 3090 ± 410

6 samples 240 ± 19 243 ± 20 3220 ± 250 3210 ± 230

81% electrical activity.

The second batch of samples prepared at HRL using plasma nitride

f i lms gave quite different results. Of the 10 test samples, 2 exhibited

resistance assymmetries far from those expected because of geometric

assymmetries of the dice , and 1 exhibited excessive drift during the

measurements. Electrical measurements on the remaining 7 samples ,

shown in Table 5, gave results comparable to those of the IRL samples:

79% apparent electrical activity and statistically equivalent values of

sheet resistivity and mobility. In this case, however , the control

samples failed to remain semi—insulating . Thus, it is likely that the

high electrical activity and low sheet resistivity of the second batch

of samples p robably resulted from car r ie rs  not produced by act  (v a t  ion

of the Implanted Si ions. Since no control samples were run at NRL, there

12 
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Table 4. Si Transfer Test Si 1
(HRL Samples (First Batch) , Plasma

N itr ide Cap, HRL Measurements)

Sheet Res i s t iv i ty ,  Hall Electron Mobil i ty ,
Sample il/u cm2/Vsec Resistance
Number Ratio

Test Samples 5

552 326 2960 1.6

553 347 3460 1.0

554 342 3350 2.0

555 282 3760 1.2
= F ‘ 556 428 2640 1.2

558 317 3480 1.1

559 311 3360 1.7

560 398 3020 1.3

561 301 3330 1.5

Mean and
Standard
Deviation 339 ± 47 3260 ± 330 F -

Control Samples

603 1.3 x ~~ 460 2.6

604 1.3 x los 480 2.6

605b 4.6 x l0~ 240 1.3

1.]. x ~~ 8 1 1

607b 3.8 x 10~ 360 3.5

557% electrical activity .

bc~~~~~ source saturated .

CMuh d r i f t .

1 ~ 
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Table 5. Si T r an s f e r  Test Si 1

(HRL Samples (Second Ba tch) , Plasma
N i t r ide Cap HRL Measurements)

Sample Sheet Resistivity, Hall Electron Mobility, Resistance
Number 11/O cm 2/Vsec Ratio

rest  Samples~’

564 224 3320 1.0

565 207 3630 1.0

~67 249 3510 1.4

570 252 3190 1.0

571 230 3190 1.1
r) 7.)

t) 209 349() 4 . 4

3 2 7 3  3560 1.6

Mean and
S tan d ar d
I)ev iat  ion 235 ‘ 24 3410 ~ 180

Control Samples

611 346 3920 1.1

612 388 3650 1 .1

hI 3 483 4340 1.6

6 14 349 3770 3 . 3

Mean and
S ta n d a r d
[)cv I a t  i on 392 I 64 3920 300

E l e c t r i c a l  act l v i  t y .

h s amp l e  not  square  ( b r o k e n ) .

I/i
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is no way to  know whe t her the NRL r e s u  I t  i r e  p a r t  Ia 11 v I n i l  u c u t e d  by

subs t rate conversion during annealing.

0~ the three hat c his of samp l e s  i’ r e pa reel at  HRL us lug t lie a It e r c i i  —

i vt die [ectr Ic mat erials , only the sampleS pro~ Ided wit ii 600 °C S i c )

t’ncapsu 1 ant film s gave interpr e t abE t c l  c t l  r I cal re su 1 t s . Samp I e s  coat ed

wit h both 400°C si lo x and 700 °C 51 .3 N 4 gave e r r a t i c  r e s u l t s .  I l i l s  I s  t lie’

f i r s t  t line in at  l e a s t  a year t h a t  the I lox encapsu lant has I ailed .

Fall nrc of the 700°C ni t r ide was not sulpr 1st ng since’ we have h a d  o n l y

I i  in it ed exp er I eu ce w i t  li t lie 700 °C depos I t  I on proc ess

The r e s u l t s  f rom the samples gIven 600°C 510., caps are pre ’set i t eel  In

f i b  1 e’ 6. A It  hough t h e  m o b i l  It y va I e i s  of t best sanip I e~s i r e ’ qit It e good

l ie shee~t r e s i s t  ann and apparent e~ lent t I n i l  an t  iv  I t v tcl lie samp I e ’N t i n

S i  n e t  our  e a r l  icr work showed t hi t  600° C S 10. Is q u i t  c i good

hart icr to gallium outdiffuston , we doubt t hat s u r f  ace de compos it Ion I

r e sp on s  i b l e  fo r  t h e  poor electrical re sult~ achieved . A more I Ik e Iv

e xp  [anat Ion Is tha t  the mechanical prope rt I es of the elce apsu lant I nit lb It

the complete  annea l ing  of inplant— induc ed lattice damage’. A I t e~rnat I ye ’ l v

t h i s  encapsulant m:-y introduce a degree of damageS into t h e’ c ry s t a l  e h u i r —

i ug a n n ea l i n g .  ihc 600 °C Si0 2 is dense r and apparent lv moreS ‘‘ V I t t eoeis ’’

( l e ss  p l as t  Ic) than  400° C sI lox S It)~ and may s t i f f  e r  some c cl  he’ nice ban i

n i l  problems encountered with our 600°C Sl .3N4 
I i l n i s .
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Table 6. Si Transfer Test St 1

(HRL Samples , 600°C S107 Cap)

— Samp le Sheet Res i s t i v i t y ,  H~ 1l Elec t ron  Mobility, Res I sta nce
Number il/a cm2/Vsec R a t I o

Test Samp lesa

524 804 3550 1.7

525 815 3230 2.1

526 677 3790 1.4

527 1870 2700 1.3

528 1110 3470 1( )

529 896 -3550 I .2

530 1 130 244 1) 1.0

531 1190 3970 1 . 1

Mean and
Standard
Deviat ion 1060 ‘- 370 3340 530

Control Samples

590b - 1.1 x l0~ 4 622

1.3 x IO~ 16 10

592 b 1.2 x IO~ — 5 12

593
:) 3.6 io6 —28 10

a 19% Electrical activit y .

bM c h  dr ift.

16
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SECT1ON 4

CHANNELED He iMPLANTS

Hall/stripping measurements performed by Code 5212, NRL , on
Be—i mplanted GaAs samples have indicated tha t  channeling e f f e c t s  may be

• responsible for some of the  d e v i a t i o n s  of the  electrical profile of t h e’
samp les f rom tha t  predicted for “random—equivalent ” implants of Be into

GaAs. Accord ingly, Code 5212 , NRL , requested that we prepare a set of

GaAs samp les f rom a w e l l — c h a r a c t e r i z e d  Cr—doped ingot implanted  w i t h  the

beam i nc Iden t  parallel to a — 110 ’  axis of the c rys t a l .  (The <1l0 axis

is the optimum channeling axis for zincblende—type lattices.) The

experiment would have been qu i t e  s t r a i g h t f o r w a r d  if w e l l — c h a r a c t e r i z e d

(110) wafers had been avai lable .  Unf or tuna tel y,  our supp ly of r e l i a b l e

C r—doped subs t ra tes  consisted e n t i r e l y of ( 100) w a f e r s .

On a (100) GaAs wafer , the surface normal is nominall y a 1100 1 axis.

There are four (110) axes tha t project out from this surface at a 45°

angle to the surface normal: [110], [101], 1110], and [1011. There

a re also four —.110> axes that  are at 90° to the su r f ace  normal :  101 11,
[011] , 10111 , and [011] . The last f o u r  axes are t h e  s u r f a c e  norma Is  icc

the’ 101 I I e icavage p lanes that form the ed ge fac es  of a I Yl)lna I e ’ l e a v e d

d Ic used for imp taut stud it s In LI t is con t rant . I f  such a die we’ re Ice F—

feet l y square , the plane w h i c h  contains bui lt t h e 1 100] surface norma l icc

the wafer and any one of the <110> axes that project at 45° to the sur-

face normal would pass through two corners of the surface of the die .

To produce a channeled implant it is necessary to position the

samp le so t hat a single crystal axis is nollinear with t he  Impinging

ion beam . Thus , to pe r form a ‘.110> channeled implant into a (100) GaAs

wafer , the wafer  must be oriented at a 45° angle relat ive to the beam

and must be rotated so that  one of the four  <110> channeling axes is

collinear with the beam.

The ion channeling system at HRL Is equipped w i t h  a sample gonlom—

ete r th a t perm i ts  a l i gn ing sample axes to within 0.02° of the di rec t ion

of the ion beam. Unfo r tuna t e ly ,  t his goniometer can t i l t  the sample a

maximum of 35°. Thus, to perform a ‘.110’. Imp l ant in to a (100) wafer , an

17
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additional t i l t  must be supplied by mounting the sample on a wed ge.

Accordingly,  we prepared a wedge wi th  a 450 apex angle to t i l t  the sample

at 45° to the ion beam when no t i l t  was indicated on the goniomet er

controls.

To properly rotate the samples , the samples were provided wi th

cleaved edges. A well—cleaved sample has q u i t e  s t r a i ght  edges. Scribed

lines were provided on the mounting wedge to help in aligning the sample.

These lines formed a 90° angle that  was bisected by a l ine  running

di rec t ly  up the slope of the wedge . By posit ioning two edges of the

sample accurately along a pair of these guidelines , the sample was

properly rotated so t hat alignment of the crystal could be performed

using our standard alignment procedure.

The actual  implant was performed a f t e r  the sample had been aligned

to within 0.020 of a <110> axis using proton backscat ter ing.  In our

channeling system , the deflect ion plates that ras ter—scan the ion beam
- 

- are located roughly 3 m from the sample. Using this def lec t ion  system ,

a 1 cm x 1 cm area normal to the beam can be scanned while main ta in ing

beam alignment wi th in  ±0.12 ° of a channeling axis.  With  the sample

mounted on the 450 wedge , t he actual  imp lanted area Is 1 cm x 1.4 cm

and the ion fluence measured In cm~~ must be reduced by a factor of 1.4

to account for the oblique incidence of the beam .

Using these techniques , 4 samples from Crystal  Specialties ingot

2988 were implanted with IO~~ cm 2 150 keV Be+ and were delivered to

Code 5212 , NRL , for  evaluation. The penetration of this implant will be

roughly equivalent to that of a 110 keV implant into a (110) wafer

because of the foreshortening that results from the oblique incidence of

tOe implant.

18
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SECTION S

DIAGNOSTI C IMPR OVEMENTS

Hall—efte’ct analysis is the primary technique being used for

electrical evaluation of the imp lanted samples for this program. For

this purpose , we use a computer—controlled Hall—effe ct system that con-

trols all the variables of the Hall e f f ec t  and sheet resistivit y measure’—

ments except for the absolute value of the magneti c field. All lead

• switching and magnetic field reversals are performed under computer

control. With th is  system , roughly 80 thdependent measurements are per-

• formed within 6 to 10 mm to establish the sheet resIstivity and h a i l

coefficient of a single sample. Very complete Information c o n c e r n i n g

the electrical asymmetry of the sample and the ’ d r i f t  of the  measured

values are provided on the computer output.

More complete diagnostics of the  p r o p e r t I e s  of the imp lan t ed l IV e ’FS

are clearly needed in view of the sI~ ni fIi ’nnt improvements In e l e c t r I c a l

ac t iva t ion  of implanted layers recent l y a c h i e v e d  ~ut HR 1 and NR I t i s ing

p lasma n it r ides .  (Section 5 descr ibes  t h e  l a t e ’s t  r e s u u l t s . )  In  p ar—

t I c e i l a r , e’lectr teal pr of  t i e  m e a s u r em en t  s w i l l  be’ ve ry import an t  in

d e t e r m i u t  lug  I I  red ist r Ih cu t Ion of I Ice Ini~cIaucte ’d spec i~~~ i s  o ’ e’u r r  t u g  (u,

[I the e’ Lec t  r lea I and at om I t  prof lIe ’s tilt i c r )  . Ha L I / s t  r I p p i n g  measure-

ments  are one me t hod u t  do ing  th i s , hut they are Very t im e—consuming

and require  great care if an accurate dep th  scale is to  be ma in t a Ined .

Capacit ance—voltage (C —V ) ana lys i s  is less t ime—consuming in t h e

measurement stage but genera l ly  requires lightly doped epitaxial material

on heavily doped substrates to be used If really critical profile analysis

is to be performed .

HRL has a commercial analog C—V p r o f i l i n g  sy s tem t ha t is used for

routine diagnostic work. Units of this type generally are not p . u r t l c u —

larly suitable for critical work on rapidly vary ing p r o t  l i es (such as

Gaussian implants) because the test voltages applied to determine (Ic/dV

may degrade the resolution . (Ref. 4 discusses the problem of determining

dc/dy In an analog system.) A digital data acquisit ion system has been

ordered for t he’ purpose ~cf determining impurit y profiles by

-J
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computer—control led  C—V mea surement s .  Using  t h i s  sys tem , low test levels

(10 mV rms ) w i l l  be applied at all times , and the comput er  w i l l  con t ro l
the bias vol tage steps applied to ensure t hat  op t imum d ep th  r e s o l u t i on

is main ta ined .

I n add i t  ion , we are present iv e s t a b l i s h i n g  the capabi  l i t  v t o  per-

form deep leve l t r ans ien t  spec t roscccpv (lt t .T S and Io w—t emperat or e ’ ph o to—
luminescence ( P L ) .  The combined use of OLTS and Pt , p rov ides  a very

powerful capability for identifying impurit y energy levels over a large

fract ion of the bandgap reg ion . ULTS can provide quant it at ive informa—

• t ion  on im p u r i t y  energy level , cap tu re c ross—s ect  ion , and concc’nt rat ion.

P t . provides quan t i t a t i ve  energy level I n f o r m a t i o n  and u s e f u l  concent ra—

t ion in f o r m a t i o n.  At tempts  t o  quant  liv h’L c’ouee’nt r at  Ion measurement s

a re be lug made ’ at several e s t a b l i s h m e n t s .  P h , t u t c n ~~1 t i e ’S provIde a v ery

use fu l  measure ed the degree ot t a t  t. ic -c cI isorde ’r I n  Im p l a n t e d  r~’g I outs

by pr~w Id ing a d ir e c t  In t l  teat Ion of t lit ’ Fe I at  ly e ’ r i d  l i t  I Ve I l l  et  m e ’

i c e  use’ of ~) I , I ’ S  and 19, ecu t h i s  program in t lie ’ near I iii l i f e ’ s l , ccui  l et p t ’cc v h I t ’
Vt ’ rv use lot  Informat Ion c oncerning t he ’ t i c ’ cc I levels I itt roduced t h u r  lu g

ion imp lantation and anneal ing  procedures. Th is  in f o r m a t i o n  w i l l  then

provide a basis for developing optimized t e ch n i ques t h a t  w i l l  pe rmi t

controlling the defect—generation processes.

20
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