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DESCRIPTION OF PROJECT 

This  s t u d y  a d d r e s s e s  t h e  g o a l  of f a b r i c a t i n g  low-cost ,  

10% e f f i c i e n t  s o l a r  c e l l s  through t h e  use  of vacuum d e p o s i t e d ,  

t h i n  f i l m ,  p o l y c r y s t a l l i n e  s i l i c o n .  Work a r e a s  i n c l u d e  

methods of growing l a r g e  g r a i n s ,  e x p l o r a t i o n  and o p t i m i z a t i o n  

of s u i t a b l e  s u b s t r a t e / b o t t o m  e l e c t r o d e  m a t e r i a l ,  improvement 

i n  p h o t o v o l t a i c  e f f i c i e n c y ,  fo rmat ion  of n - layer  by vacuum 

d e p o s i t i o n  r a t h e r  t h a n  by d i f f u s i o n ,  and a n a l y s i s  of f i l m  and 

j u n c t i o n  p r o p e r t i e s .  Emphasis i s  p laced  a t  each s t a g e  of t h e  

program on unders tand ing  and e l u c i d a t i n g  t h e  p e r t i n e n t  p h y s i c a l  

and e l e c t r i c a l  phenomena through t h e  j u d i c i o u s  use  of a n a l y t i c a l  

t o o l s  such as secondary-ion m a s s  spec t romet ry  f o r  impur i ty  and 

compos i t iona l  a n a l y s i s , a n d  x-ray d i f f r a c t o m e t r y  and scann ing  

e l e c t r o n  microscopy f o r  s t r u c t u r e  a n a l y s i s .  
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P o l y c r y s t a l l i n e  p-type s i l i c o n  f i l m s  were vacuum 

d e p o s i t e d  o n t o  TiB2 coa ted  a lumina and s a p p h i r e  s u b s t r a t e s .  

E p i t a x i a l  l a y e r s  were a l s o  formed on s i n g l e  c r y s t a l  s i l i c o n  

s u b s t r a t e s .  J u n c t i o n s  i n  t h e  l a y e r s  were c r e a t e d  by bo th  

gaseous d i f f u s i o n  i n  a  t u b e  f u r n a c e  acd by  vacuum depos i -  

t i o n .  The TiB2 vacnum d e p o s i t e d  bottom e l e c t r o d e s  have 

r e s i s t i v i t i e s  between 30 and 40 UP- L cm. 

All-vacuum-deposited s o l a r  c e l l s  were f a b r i c a t e d  f o r  

t h e  f i r s t  t ime.  E f f i c i e n c i e s  approaching t h o s e  i n  t h e  

d i f f u s e d  j u n c t i o n  d e v i c e s  were ach ieved .  The n - l ayers  were 

d e p o s i t e d  on t h e  p r e v i o u s l y  d e p o s i t e d  p- layer /TiBz/ceramic  

sandwiches by vacuum d e p o s i t i o n  of  s i l i c o n  i n  a  phosphine 

(pH3) atmosphere.  P h o t o v o l t a i c  d a t a  i n  d i f f u s e d  j u n c t i o n  

samples ,  i n c l u d i n g  e f f i c i e n c y  and s p e c t r a l  r e sponse  

measurements, i n d i c a t e  t h a t  c r y s t a l l i t e  s i z e  may no l o n g e r  

be  t h e  l i m i t i n g  f a c t o r  i n  a c h i e v i n g  h i g h  e f f i c i e n c y ;  r a t h s r ,  

performance is now be ing  l i m i t e d  by t h e  p resence  of 

i m p u r i t i e s  i n  t h e  vacuum d e p o s i t i o n  s i l i c o n  b a s e  r e g i o n .  
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1. INTRODUCTION 

This  i s  t h e  Th i rd  q u a r t e r l y  Techn ica l  P r o g r e s s  Report  

d e s c r i b i n g  i n v e s t i g a t i o n s  on vacuum d e p o s i t e d  t h i n - f i l m  poly- 

c r y s t a l l i n e  s i l i c o n  s o l a r  c e l l s .  The work w a s  performed under 

S o l a r  Energy Research I n s t i t u t e  Subcont rac t  XS-9-8278-1. 

The s t u d y  a d d r e s s e s  t h e  DOE g o a l  of f a b r i c a t i n g  low-cost 

10% e f f i c i e n t  s o l a r  c e l l s  through t h e  use  of t h i n - f i l m  polycrys-  

t a l l i n e  s i l i c o n .  It i s  v i s u a l i z e d  t h a t  each s t e p  of t h e  s o l a r  

c e l l  f a b r i c a t i o n  would be performed i n  a  vacuum chamber and 

t h a t  t h e  complete p rocess  could  be  c a r r i e d  o u t  i n  a  . l a r g e  s c a l e  

mass p roduc t ion  f a c i l i t y .  I n v e s t i g a t i o n s  be ing  conducted a t  

p r e s e n t  correspond t o  t h e  s e p a r a t e  f a b r i c a t i o n  s t e p s  i n  t h e  

fo rmat ion  p r o c e s s .  

P r i o r  s t u d i e s " )  under c o n t r a c t  hzve l e d  t o  t h e  t h i n -  

f i l m  s t r u c t u r e  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  F ig .  l a .  The h i g h  

s u b s t r a t e  temperatures  l e a d  t o  i n t e r a c t i o n s  between t h e  

l a y e r s , r e s u l t i n g  i n  t h e  s t r u c t u r e  i l l u s t r a t e d  i n  F i g .  l b .  The 

fo rmat ion  of t h e  t i t a n i u m  d i b o r i d e  bottom e l e c t r o d e  has  proceeded 

according t o  schedu le  s o  t h a t  c o n s i s t e n t l y  low r e s i s t i v i t y ,  

s t a b l e  e l e c t r o d e s  a r e  now be ing  formed on a  more o r  l e s s  r o u t i n e  

b a s i s .  The t i t a n i u m  s i l i c i d e  phase between t h e  TiBz and t h e  

p-type s i l i c o n  l a y e r  a s  shown i n  F ig .  l b .  a i d s  i n  t h e  c r y s t a l l i t e  

growth p rocess .  D i f f u s i o n  of T i  from T i S i 2 ,  and of A 1  from t h e  

s u b s t r a t e ,  however, appear  t o  be  o c c u r r i n g  and w i l l  be  d i s c u s s e d  

i n  S e c t i o n  2.2.2.  

No changes were made t h i s  q u a r t e r  i n  t h e  p-type d e p o s i t i o n  

procedure .  During t h e  l a t t e r  p a r t  of t h e  q u a r t e r ,  a  1 2 - p o s i t i o n  

tanta lum s u b s t r a t e  h o l d e r  was s u b s t i t u t e d  f o r  t h e  6 - p o s i t i o n  

h o l d e r .  A d e s c r i p t i o n  o f  t h e  p-type l a y e r s  formed is  g iven  i n  

? S e c t i o n  2.1. 
". 

'Ill! 
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LAYERS 

Ag-Ti 

I Substrate I 

RESULTING 
COMPOSITE 
STRUCTURE 

Fig. 1 Schematic laycr diagram of voouum deposited polyorystalline silicon 
thin film solar cell. 
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The n-type l a y e r s  a r e  be ing  p laced  on t h e  p-type l a y e r s  

t o  form t h e  necessa ry  j u n c t i o n  by e i t h e r  d i f f u s i o n  o r  d i r e c t  

d e p o s i t i o n .  V a r i a t i o n s  i n  t h e  d i f f u s i o n  p rocess  were c a r r i e d  

o u t  t o  e x p l o r e  p o s s i b l e  d i f f e r e n c e s  between sha l low and deep 

j u n c t i o n s . '  This w i l l  be  d e s c r i b e d  i n  S e c t i o n  4 .  Research 

on vacuum d e p o s i t i o n  of t h e  n-type l a y e r s ,  a s  d e s c r i b e d  i n  

' S e c t i o n  2.3,  h a s  l e d  f o r  t h e  f i r s t  t ime t o  an all-vacuum 

d e p o s i t e d  c e l l  w i t h  e f f i c i e n c i e s  approaching those  achieved 

i n  t h e  d i f f u s e d  d e v i c e s .  The top  e l e c t r o d e s  i n  t h e  c e l l  a r e  

now r o u t i n e l y  be ing  formed by e v a p o r a t i o n  of t i t a n i u m  and 

s i l v e r  through t h e  d e p o s i t i o n  masks. 

A s  mentioned i n  p rev ious  q u a r t e r l y  r e p o r t s ,  p h o t o v o l t a i c  

dev ice  e f f i c i e n c y  appears  t o  be  l i m i t e d  by i m p u r i t i e s  w i t h i n  

t h e  p-type l a y e r  r a t h e r  t h a n  by g r a i n  s i z e .  I n  o r d e r  t o  deter- 

mine t h e  sources  of t h e  i m p u r i t i e s ,  s t u d i e s  were conducted on 

t h o s e  i m p u r i t i e s  which may a r i s e  from (1)  t h e  bottom e l e c t r o d e  and 
& 

s u b s t r a t e ;  (2) t h e  vapor  phase d u r i n g  d e p o s i t i o n ;  and (3) t h e  

s u r f a c e  of t h e  d e p o s i t e d  l a y e r  due t o  c l e a n i n g  (Sec t ion  2 .2 ) .  
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2. SILICON FILM FORPIATION 

p-Type S i l i c o n  Films 

S t u d i e s  on b o t h  t h e  p-type and t h e  n-type vacuum 

d e p o s i t e d  s i l i c o n  l a y e r s  con t inued  t h i s  q u a r t e r .  The n-type 

l a y e r s  w i l l  b e  d e s c r i b e d  i n  S e c t i o n  2 .3 .  The p-type s i l i c o n  

l a y e r s  a r e  l i s t e d  i n  Table  I. A s  can be  s e e n  from t h e  t a b l e ,  

s i l i c o n  d e p o s i t i o n s  on s i l i c o n  s u b s t r a t e s ,  a t  t h e  s u b s t r a t e  

t empera tu res  used ,  always r e s u l t  i n  e p i t a x i a l  l a y e r s .  S i l i c o n  

on s a p p h i r e  s u b s t r a t e s  f r e q u e n t l y ,  b u t  n o t  a lways ,  r e s u l t  i n  

e p i t a x i a l  l a y e r s .  Th i s  a p p e a r s  t o  depend on t h e  p a r t i c u l a r  

d e p o s i t i o n  c o n d i t i o n s .  The samples deposi . ted  on s u b s t r a t e s  

coa ted  w i t h  TiB2 e l e c t r o d e s  and t h o s e  d e p o s i t e d  on s i l i c o n  

c r y s t a l  s l i c e s  were s u i t a b l e  f o r  forming i n t o  ccmplete  d e v i c e s .  

Some of t h e s e  were used t o  forin d i f f u s e d  j u n c t i o n  d e v i c e s  w h i l e  

o t h e r s  were used i n  t h e  s t u d y  of t h e  vacuum d e p o s i t e d  j u n c t i o n  

d e v i c e s .  The samples used i n  d e v i c e  fo rmat ion  a r e  i n d i c a t e d  

i n  t h e  "Remarks" column of T a b l e  I. The l a s t  d e p o s i t i o n  (Si*250) 

l i s t e d  i n  Tab le  I employed a  new tan ta lum s u b s t r a t e  h o l d e r  which 

c o n t a i n s  twelve s u b s t r a t e s  p l u s  an  "N" s u b s t r a t e  which i s  sup- 

p o r t e d  o u t s i d e  t h e  h e a t i n g  zone f o r  t h i c k n e s s  measurements. 

U n f o r t u n a t e l y ,  d u r i n g  t h i s  run (Si*250) t h e  water-cooled c r u c i b l e  

developed a  l e a k  and caused a  the rmal  runway, b r i e f l y  i n c r e a s i n g  

t h e  r a t e  of d e p o s i t i o n  by an unknown amount b e f o r e  c u t  o f f .  

During each d e p o s i t i o n  two thermoco.uples were. used i n s t e a d  of 

t h e  u s u a l  s i n g l e  one. One thermocouple i s  i n s e r t e d  through t h e  

r a d i a t i o n  s h i e l d s  i n  t h e  t o p  of  t h e  h e a t e r  and t h e  o t h e r  i s  

i n s e r t e d  i n  t h e  s i d e  of t h e  h e a t e r .  Both thermocouples r e s t  

on t h e  back of  t h e  s u b s t r a t e s .  The r e a d i n g s  of  bo th  thermocouples 

a r e  i n d i c a t e d  i n  Tab le  I. V a r i a t i o n s  i n  t h e  s u b s t r a t e  tempera- 

t u r e  and d e p o s i t i o n  r a t e s  a r e  a l s o  i n d i c a t e d  i n  t h e  t a b l e .  These 

v a r i a t i o n s  were c a r r i e d  o u t  t o  improve t h e  p u r i t y  i n  t h e  f i l m s .  

Higher d e p o s i t i o n  r a t e s  shou ld  s e r v e  t o  r educe  t h e  c o n c e n t r a t i o n  

of  i m p u r i t i e s  a r r i v i n g  i n  t h e  f i l m  from t h e  vapor  phase ,  w h i l e  

r e d u c t i o n  i n  t h e  s u b s t r a t e  t empera tu re  d u r i n g  d e p o s i t i o n  shou ld  
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TABLE I 

SILICON FILM DEPOSITION PMIETERS 

(1) Substracc located ot~tsiCe hot zone for thickness measurements. 

(2) Thermocouple inserted from side of hearer rather than through top. 

(3) Approximate rates estimated froz beam pcver. 

Remarks 

Diffused Junct. 
Diffused Junct. 
Etch Test 

 pi. Diff. Junct. 
Deposit Juncc. 
Deposit. Junct . 
Diffmed Junct. 

E p i t w  
Peeled 
Deposit Junct. 

Epitaxy 
Diffused JuI~cL* 

Epitaxy 

(Crucible Leak) 

Epitax~ 

Deposit Junct. 

Epic- 

Deposic 
Rate 
X/l.fin 

615,lst h 4 )  
705,4 hrs 

683.5 h r ~ ,  

446,5 hrs. 

615,lst hr 
1600.4 hrpj3) 

627 

700,lst hr.1 
(?I, 1 hr. 
20 min(-)) 

Thickness 
(urn) 

19 

21 

13 

42 

19 

12 

Sub. 
Temp. 
(OC) 

1290(~) 

1250 

1300(~) 

1270 

1220(~) 

1207 (2) 

.b- 7 i .43 

1250,lst hr 
1050,4 hrs . (5) 

1244 ,lst hr./ 
1050,4 hrs . 
1257,lst hr./ 
1047 ,l hr , 2 0 m ( ~ )  

1276,lst hr./ 
1050. lhr. 2Om 

Sample 

Si*245A 
B 
C 
D 
E 
F 
~(l) 

Si*246A 
B 
C 
D 
E 
F 
G'.~' 

Si*247A 
B 
C 
D 
E 

( )  

Si*248A 
R 
C 
P 
E 
F 
G 

Si*249A 
B 
C 
D 
E 
F 
~ ( l )  

Si*ZSOA 
B 
C 
D 
E 
P 
G 
B 
J 
K 
L 
M 
N(l) 

Substrate 

Alumina 
Sapphire/TiB2279C 
Sapphirc/TiR2297D 
Alumina 
Aluc:ina/TiB2297B 
Sapphire 
Sapphire 

Si X-tal 
Alumina/TiB2303B 
Al~ihina/TiD 303P 
~a~phire/~ii 303% 
Alunina/TiB $ 0 2 ~  
~ a . p p b i r + - / ~ f A ~ ~ ~ ~ ~  
Sapphire 

Sapphire/~i~ 302L 
~ l u n i n a / ~ i ~ ~ ~ 0 4 ~  
Si S-tal 
Alu~na/TiE,301B 
sapphire/TiE2304E 
Sapphire 
Szpphire 

SapphirelTiB2305K 
Sapphire/TiB 305A 2 ~lumina/TiB~~05D 
Si X-tal 
~ur.ina/TiB2?0 
sapphire 
Sapphire 

AluninaITiB 304A 
~ a ~ ~ i r e l ~ i ~ ~ 3 0 3 ~  
Si X-tal 
Si X-tal 
Sapphire/TiB2305B 
Sapphire 
Sepphj re 

Alumina' 
Alumina/TiB2305G 
S i  X- fa l  
Alumina/TiB2305J 
Alumina/TiFl 306E 
s . = I ~ ~ ~ ~ ~ F ? I T ~ ~ ~ ~ o ~ H  
Alumina 
Sapphiro/TiEZ307L 
Sapphire/TiB2301J 
Si X-tal 
Sapphire 
Sapphire/TiE2301K 
Sapphire 
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a i d  i n  reducing t h e  d i f f u s i o n  of i m p u r i t i e s  from t h e  T iS i2 /T iB2  

l a y e r s .  The t empera tu re  v a r i a t i o n s  a r e  c a r r i e d  o u t  s o  t h a t  

t h e  t i t a n i u m  s i l i c i d e  i s  formed i n  t h e  t i r s t  t h r e e  t o  

f i v e  microns ,  t h e  t empera tu re  i s  then  reduced t o  p reven t  

f u r t h e r  fo rmat icn  of t h e  s i l i c i d e  w h i l e  m a i n t a i n i n g  t h e  l a r g e  

c r y s t a l  growth a l r e a d y  formed due t o  t h e  p resence  of t h e  

t i t a n i u m  s i l i c i d e .  

2.2 SIMS I m p u r i t i e s  Ana lys i s  of p-Type Samples 

It was po in ted  o u t  i n  t h e  l a s t  q u a r t e r l y  r e p o r t ,  and 

re-emphasized i n  S e c t i o n  4 of t h i s  r e p o r t ,  t h a t  t h e  i m p u r i t i e s  

r a t h e r  than  g r a i n  s i z e  seems t o  be l i m i t i n g  t h e  e f f i c i e n c y  of t h e  

t h i n - f i l m  d e v i c e s .  E f f o r t s  t o  ach ieve  l a r g e  g r a i n s  have r e q u i r e d  

t h e  d e p o s i t i o n  of s i l i c o n  on to  TiB2 a t  a  r e l a t i v e l y  h i g h  t empera tu re  

(1250°C). T h i s  is  a  h i g h e r  t empera tu re  than  was used i n  t h e  

beg inn ing  of t h e  s t u d y ,  and as a consequence t h e r e  must be a  

c a r e f u l r e e v a l u a t i o n  and subsequent  e l i m i n z t i o n  of t h e  s o u r c e s  

of i m p u r i t i e s .  The r e s u l t s  of impur i ty  a n a l y s e s  of s e v e r a l  f i l m s  

were p resen ted  i n  Table  I1 of t h e  l a s t  q u a r t e r l y  r e p o r t .  The 

i m p u r i t i e s  of i n t e r e s t  l i s t e d  i n  t h a t  t a b l e  were carbon,  aluminum, 

t i t a n i u m ,  chromium, and molybdenum. Each one of t h e s e  i m p u r i t i e s ,  

w i t h  t h e  e x c e p t i o n  of carbon,  has  r e c e n t l y  been shown t o  be 

d e t r i m e n t a l  t o  t h e  e f f i c i e n c y  of s i l i c o n  p h o t o v o l t a i c  dev ices  a t  

t h e  l e v e l s  observed i n  t h e  samples.  T i  and Mo a r e  p a r t i c u l a r l y  

bad,  even a t  low c o n c e n t r a t i o n s .  The most d e t r i m e n t a l  r e p o r t e d  

was tanta lum;  however, t h e  amount of Ta i n  t h e  f i l m  i s  n o t  known 

s i n c e  t an ta lum i s  u s e d  e x t e n s i v e l y  i n  t h e  SIMS equipment and 
+ 

t h e r e  i s ,  t h e r e f o r e ,  always a  Ta background i n  t h e  i o n  s p e c t r a .  

Some sources  of Mo were d i scovered  and e l i m i n a t e d  d u r i n g  t h e  

l a s t  q u a r t e r .  It i s  p o s s i b l e  t h a t  one s o u r c e  of chrcmium is  t h e  

same f l a k e d  Cr-plated s c r e w d r i v e r  b l a d e  d i s c u s s e d  i n  S e c t i o n  3 .  

During t h i s  q u a r t e r  e f f o r t s  were made t o  d i s t i n g u i s h  between 

i m p u r i t i e s  which a r i s e  from t h e  s u b s t r a t e  and/or  TiB2 and those  . 

which a r i s e  from t h e  vapor phase dur ing  d e p o s i t i o n .  These 

s t u d i e s  w i l l  be  d e s c r i b e d  below. 
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2 . 2 . 1  Q u a l i t a t i v e  SIMS Analys i s  of a  Si/TiB2 I n t e r f a c e  from a  
Pee led  sample (Si*247D/TiB2301B/Ceramic) 

On a  r a r e  o c c a s i o n ,  t h e  s i l i c o n  l a y e r  p e e l s  o r  p a r t s  

from t h e  TiB2/AI2o3 s u b s t r a t e ;  advantage i s  t a k e n  of t h e s e  

s i t u a t i o n s  i n  o r d e r  t o  c a r r y  o u t  a n a l y s i s  a t  i n t e r f a c e s .  It is 

b e l i e v e d  t h a t  t h e  r e a s o n  f o r  t h e  l a c k  of adherence and p a r t i n g  

of t h e  s i l i c o n  is t h e  p resence  of e x c e s s  boron on t h e  s u r f a c e  

of t h e  TiB2 t h a t  was n o t  removed by t h e  u s u a l  vacuum h e a t i n g .  

Thia mighf have o c c u r r e d ,  f o r  cxamplc, when t h e  l a y e r  of elrceso 

boron was t o o  t h i c k  t o  b e  removed i n  t h e  t i m e  r e q u i r e d  o r  when 

t h e  w a t e r  vapor  background was perhaps  n o t  s u f f i c i e n t .  I n  

t h i s  p a r t i c u l a r  sample e x c e s s  boron w a s  v e r i f i e d  by b o t h  t h e  

polyatomic and e l e m e n t a l  s p e c t r a .  Observed i n  t h e  s p e c t r a  
+ + + + 

were A 1  , S i  a long  w i t h  A1B and SiB . I n  a d d i t i o n ,  t h e  

a l k a l i  m e t a l  i o n s ,  C r  and Mn were p r e s e n t .  The s o u r c e s  of 

chromium and manganese on t h e  TiB2 may b e  r e l a t e d  w i t h  some 

c e r t a i n t y  t o  t h e  h e a t i n g  arrangement used d u r i n g  t h e  TiB2 

fo rmat ion  p r o c e s s .  T h i s  w i l l  b e  d i s c u s s e d  i n  S e c t i o n  3 .  The 

aluminum observed i n  t h e  s p e c t r a  may arise from t h e  

s u b s t r a t e  and is  n o t  d e s i r a b l e  s i n c e  i t  i s  c l e a r l y  a v a i l a b l e  

a t  t h i s  i n t e r f a c e  f o r  d i f f u s i o n  i n t o  t h e  s i l i c o n .  A f t e r  s p u t t e r  

removal of approximately  3,000 A t h e  spectrum r e v e a l e d  s t o i c h i o -  

m e t r i c  TiB2. 

2.2.2 Impur i ty  P r o f i l e s  i n  S i l i c o n  Fi lms 

- A comparPsen of t he  p r o f i l e s  of  d e t e c t a b l e  i m p u r i t i e s  

were made between a sample d e p o s i t e d  on s a p p h i r e  a l o n e  (Si*250A) 

and a sample d e p o s i t e d  on TiB2-coated s a p p h i r e  (Si*250J).  

S ince  t h e  Si*250 samples were d e p o s i t e d  under d i f f e r e n t  c o n d i t i o n s  

than u s u a l  due t o  a  the rmal  runaway of t h e  s o u r c e ,  t h e  impur i ty  

c o n c e n t r a t i o n s  o f  a n o t h e r  sample (Si*248A) which w a s  d e p o s i t e d  

wi thou t  changing t empera tu re  o r  d e p o s i t i o n  r a t e  were a l s o  

examined. A defocused beam of 10 keV argon w a s  used t o  s p u t t e r  

t h e  samples .  T h i s  was done i n  an atmosphere of oxygen i n  o r d e r  

t o  ex tend  t h e  d e t e c t i o n  l i m i t s .  A c o r r e c t i o n  f a c t o r  from t h e  
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background c o n t r i b u t i o n  and from t h e  added oxygen was determined 

from Wacker s i n g l e  c r y s t a l  s i l i c o n  and a p p l i e d  t o  t h e  carbon 

peak i n t e n s L t y .  I n  a d d i t i o n ,  t h e  i o n  y i e l d  of carbon us ing  t h e  

focused beam w i t h o u t  oxygen was used.  While t h e  l e v e l s  i n d i c a t e d  

i n  t h e  p r o f i l e s  may n o t  be e x a c t l y  c o r r e c t ,  t h e  t r e n d s  w i t h  dep th  

and comparison between samples a r e  expected t o  be v a l i d .  

The p r o f i l e s  f o r  carbon,  aluminum, t i t a n i u m , . a n d  chromium 

a s  f u n c t i o n s  of dep th  from t h e  s u r f a c e  a r e  shown i n  F i g s .  2 t o  4 .  

An examinat ion of t h e  aluminum p r o f i l e  i n  F ig .  2 i n d i c a t e s  t h a t  

t h e  s i l i c o n  d e p o s i t e d  on a  b a r e  s u b s t r a t e  h a s  no d e t e c t a b l e  

aluminum beyond 1 . 5  um from t h e  s u r f a c e ,  w h i l e  s i l i c o n  d e p o s i t e d  

on t h e  TiB2 s u b s t r a t e  h a s  an  a l u m i n m  s i g n a l  going f a r  beyond 

t h i s  p o i n t .  Th i s  t ends  t o  i n d i c a t e  t h a t  aluminum is  coming 

from t h e  TiB2IAl.203 comp1.e~ and is  c o n s i s t e n t  w i t h  t h e  s t u d y  

d e s c r i b e d  i n  t h e  p rev ious  paragraph on t h e  pee led  sample where 

aluminum was observed a t  t h e  Ti52 s u r f a c e .  Ev iden t ly  an  

A1203-TiB2 i n t e r a c t i o n  occurs  d u r i n g  t h e  TiB2 fo rmat ion  s t e p .  

A s t u d y  of t h e  chromium p r o f i l e  i n  F i g .  2 shows t h a t  

t h e  p r o f i l e s  i n  samples wi th  and w i t h o u t  TiB2 a r e  e s s e n t i a l l y  

t h e  same i n d i c a t i n g , t h a t ,  a t  t h i s  dep th  a t  l e a s t ,  most of t h e  

chromium i s  coming from t h e  vapor phase d u r i n g  t h e  d e p o s i t i o n .  

F ig .  4 shows t h e  carbon p r o f i l e  i n  t h e  t h r e e  sarcples 

under s t u d y .  These p r o f i l e s  seem t o  i n d i c a t e  t h a t  t h e  s o u r c e  

o f '  carbon i s  n e i t h e r  r e l a t e d  t o  t h e  TiB2 nor  t o  t h e  s u b s t r a t e ,  

b u t  must be r e l a t e d  t o  t h e  vapor phase .  

An examinat ion of t h e  t i t a n i u m  p r o f i l e  i n  F i g .  3 shows 

t h a t  most of t h e  t i t a n i u m  a r i s e s  from t h e  back TiB2 e l e c t r o d e ;  

however, t h e  rise of t i t a n i u m  a t  t h e  s u r f a c e  i n d i c a t e s  t h a t  

t h e r e  i s  a c o n t r i b u t i o n  from a vapor source .  . This i s  suppor ted  

by t h e  r e s u l t s  of l a s t  q u a r t e r ' s  work,as i n d i c a t e d  i n  Tab le  II 

of t h a t  r e p o r t .  (1) 
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Fig. 2 Concentration-depth profiles for Al and Cr from the sputtering of 
samples with and without a TiB2 layer. 
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1 2 3 
Depth fromsurface ( pm) 

Fig. 3 Concentration-depth profiles for Ti from the sputtering of several samples. 
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Fig. 4 Concentration-depth profiles for carbon from the sputtering of several 
samples. 
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An a t t e m p t  was made t o  e s t i m a t e  t h e  amount of t i t a n i u m  

observed i n  t h e  f i l m  due t o  d i f f u s i o n  from TiB2. The d i f f u s i o n  

c o e f f i c i e n t  of T i  i n  S i  @ 1200°C was e s t i m a t e d  from t h e  p r e v i o u s l y  

determined v a l u e  of 

D ~ i  ,/ 975'C = 7.6 X l o - 1 3  cm2/sec.  

~ s s i i n g  t h a t  t h e  t empera tu re  dependency i s  approximately  

p a r a l l e l  t o  t h a t  f o r  A l ,  t h e  r e s u l t i n g  v a l u e  i s  

Using t h i s  D12000C v a l u e  f o r  t i t a n i u m ,  a  v a l u e  of C o ( f o r  Gaussian 

dependency) was c a l c u l a t e d  which would g i v e  t h e  SIMS measured 

v a l u e  of T i  c o n c e n t r a t i o n  3.5 pm below t h e  s u r f a c e  f o r  Si*250J; 

t h i s  w a s  
Co = 3 X 10l6/crn3.  

The C and D12000C were t h e n  used t o  c a l c u l a t e  t h e  T i  l e v e l  
0 

expected i n  Si*248A. For 1 . 5  pm below t h e  s u r f a c e  t h i s  was 

- , 1 .2  X 10", a  v a l u e  less than  found by SIMS, v i z .  8  X 10". 
-. 

This  p rov ides  f u r t h e r  evidence t h a t  t h e r e  is  a  c o n t r i b u t i o n  from 

a  vapor source .  Si*250A was d e p o s i t e d  d i r e c t l y  on s a p p h i r e  and 

t h e  T i  c o n c e n t r a t i o n  observed i n  t h a t  p r o f i l e  may be  c h a r a c t e r -  

i s t i c  of t h e  amounts a t t r i b u t a b l e  t o . t h e  vapor s o u r c e  d u r i n g  

d e p o s i t i o n .  T h i s  is  approximately  t h e  s t a t e d  s o l u b i l i t y  l i m i t  

of T i  i n  S i ,  v i z .  10" atom/cm3. 

I n  a l l  of  t h e  p r o f i l e s  shown i n  F i g s .  2  t o  4 t h e r e  

appears  t o  be  a pi le-up of i m p u r i t i e s  on t h e  s u r f a c e  of t h e  

f i l m s .  Th is  may be  due,  i n  p a r t ,  t o  a  r e j e c t i o n  of i m p u r i t i e s  

a s  t h e  s i l i c o n  c r y s t a l l i t e s  a r e  growing. 

2.2.3 E v a l u a t i o n  of S i l i c o n  Sur face  Cleaning Procedures  

The procedures  f o r  c l e a n i n g  s u r f a c e s  p r i o r  t o  d i f f u s i o n  

a r e  i n d i c a t e d  i n  s t e p s  1 through 5  ( S e c t i o n  4 ,  Tab le  VII). 

During t h i s  procedure  i t  was f e l t  t h a t  some r e s i d u e  may remain 

on t h e  s u r f a c e  by becoming embedded a t  t h e  g r a i n  boundar ies .  
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In order to check this possibility a SIMS analysis was made on 

the surface of a sample before and after cleaning. The procedure 

used for this test omitted photolithography (Step U3, Table V, 

Section 4). The ratio for impurity intensities before and after 

the cleaning process are given in Table 11. Ratios greater than 

unity can be interpreted as contaminants introduced by the 

treatment and less than unity as being removed by the treatment. 

From this limited sampling, it appears that the surface concen- 

trations of C, Na, and K were increased by the treatment, and Al, 

Or, and Miwcro r~d~~fiid by tho treatment. Because of the possihl~ 

introduction of alkali metals, this surface cleaning procedure 

may be open to question. 

TABLE I1 

Comparison of Surface Spectra Before and After Etching 

Procedure, Sample Si*245D 

Sputtering of the sample before and after the treatment 

. was conelriiied in the presence of oxygen LU uLLaln tile "bulk" 

impurity levels shown in Table 111. The conclusion is that 

bulk concentrations remained the same within limitations of 

sampling statistics and experimental error. 
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TABLE I11 

Compariscn of "Eulk" Ixpuri t i es  in Si*245D (s 0 . 9 ~  from Surface) 

ND - not detected d - Jefocused; O2 enhancement 
NS - not sought f - focused; no 0 

2 

t 
C, atome/cm3 

Before etch After etch 

2 . 3  n-Type S i l i c o n  Depos i t ion  

' B 

c 
Al 

Ti 

~r 
Na 

It w a s  r e p o r t e d  l a s t  q u a r t e r  t h a t  n+ s i l i c o n  f i l m s  

had been formed by e v a p o r a t i n g  s i l i c o n  i n  a  phosphine (PH3) 
+ 

atmosphere.  T h i s  q u a r t e r  n  -p j u n c t i o n s  and s o l a r  c e l l s  

were s u c c e s s f u l l y  produced by t h i s  t echn ique .  

Tab le  I V  l i s t  t h e  d e p o s i t i o n  r u n s  made t o  d a t e  i n  

t h i s  i n v e s t i g a t i o n .  A s  i n  t h e  c a s e  of t h e  p-type d e p o s i t i o n s ,  

each r u n  was made on seven 1" X 113" s u b s t r a t e s .  The v a r i o u s  

s u b s t r a t e s  inc luded  b lank  s a p p h i r e  and a lumina,  s i n g l e  c r y s t a l  

s i l i c o n  w a f e r s ,  and p rev ious ly -depos i t ed  p o l y c r y s t a l l i n e  

p-type s i l i c o n  f i l m s  w i t h  and w i t h o u t  TiB2 bottom e l e c t r o d e s .  

I n  runs  n S i 6 ,  8 and 9  a  t h i c k  s i l i c o n  f i l m  was d e p o s i t e d  

w i t h o u t  i n t r o d u c t i o n  of PHs and t h e n  ( i n  8 and 9)  a  t h i n  f i l m  

was d e p o s i t e d  w i t h  t h e  pH3 atmosphere.  

1 . 6 ~ 1 0 ~ ~  d 

3.9 x lo1' f 

1 . 2 ~ ~ 0 ~ ~  d 

2 x 1615 d 

1.6 x 1016 d 

:XI 

The v a r i o u s  d e p o s i t i o n  parameters  which were used i n  

each run  - s u b s t r a t e  t empera tu re ,  d e p o s i t i o n  r a t e ,  phosphine 

p r e s s u r e ,  and t o t a l  t h i c k n e s s  of t h e  d e p o s i t  - a r e  a l s o  l i s t e d  

i n  t h e  t a b l e .  The r e s i s t i v i t i e s  , a s  measured on po lycrys  t a l l i n e  

f i l m s  d e p o s i t e d  on s a p p h i r e , a r e  a l s o  l i s t e d .  It i s  b e l i e v e d  

t h a t  t h e  r e s i s t i v i t i e s  a r e  h igh  s i n c e  (1) they a r e  measured 

p e r p e n d i c u l a r  t o  t h e  colwnas  c r y s t a l  g r a i n s ,  and ( 2 )  some 

3.3X1016 

NS 

ND 

1.4 x 1015 
4 x loL5 

Present 
(QJ '4 X 1016) 
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TABLE I V  

n-TYPE SILICON DEPOSITION P.IRAMETERS 

phosphine may m i g r a t e  t o  g r a i n  boundar ies  reduc ing  t h e  number 

of a c t i v e  domains. Measurements on e p i t a x i a l  f i l m s  grown on 

h igh  r e s i s t i v i t y  (15 R-cm) s i l i c o n  s u b s t r a t e s  gave r e s i s t i v i -  

t i e s  c o n s i s t e n t  w i t h  t h e  impur i ty  c o n c e n t r a t i o n s  measured by 

SIMS (Q 3 3 lo1' atoms/cm3). These v a l u e s  a r e  l i s t e d  under p 

(epitaxy) when a v a i l a b l e .  

Sample 

nSi 1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

I n  t h e  f i r s t  f i v e  r u n s  t h e  vacuum chamber w a s  ou tgassed  

by u s i n g  t h e  s u b s t r a t e  h e a t i n g  lamps t o  h e a t  t h e  whole chamber 

t o  approximately  200°C f o r  s e v e r a l  days .  I t  w a s  d i s c o v e r e d ,  

however, t h a t  t h e  r e s u l t i n g  h i g h  t empera tu re  o f  t h e  s u b s t r a t e  

(llOO°C) l e d  t o  t h e  fo rmat ion  o f  c a r b i d e s  and o x i d e s  on t h e  

s u r f a c e  due t o  r e a c t i o n s  w i t h  t h e  r e s i d u a l  g a s e s .  An a n a l y s i s  

o f  che interface between n and p  t y p e  d e p o s i t s  i s  presen ted  i n  

S e c t i o n  2.4.  I n  t h e  remaining runs  t h e  chamber w a s  h e a t e d  

w i t h  e x t e r n a l  t a p e s ,  and t h e  s u b s t r a t e s  were n o t  h e a t e d  above 

200°C u n t i l  j u s t  b e f o r e  t h e  d e p o s i t i o n .  A SIMS a n a l y s i s  of 

t h e s e  samples h a s  n o t  y e t  been c a r r i e d  o u t .  

Subs t ra te  
Ten? ('C) 

966 

1163 

953 

940 

933 

941 

925 

932 

936 

825 

830 

Deposi- 
t i on  
Rate 

(A/rnin) 

160 

110 

70 

275 

600 

880 

300 

250 

4 10 

450 

380 

PH3 
Pressure 
(X lo-6 

Torr)  

2.0 

2.0 

2.0 

30 

2.0 

- 
2 4 

2.2 

2.2 

2.0 

2.8 

'I 

P 
( ~ p i t a ; c y )  
(,Q-crn) 

0 .1  

.003 

.008 

.009 

- 
Thick- 

ness  
(u?f) 

1.0 

2.0 

0.4 

3.3 

0.9 

p 15.9 

0.3 

p 5.7/n 0.5 

plU.U/n 0.5 

5.0 

1.7 

p (poly) 
(0-cm) 

;06 

8 

0 .1  

.02 

.06 

7 3 

0.8 

6 

.04 

.06 
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- I n  a l l  runs  t h e  s u b s t r a t e s  were f i r s t  h e a t e d  t o  about  1150°C 

and 50-100 A of s i l i c o n  were d e p o s i t e d  t o  remove t h e  room tempera- 

t u r e  ox ide .  (The e f f i c i e n c y  of t h i s  p r o c e s s  needs t o  be  examined 

i n  view of t h e  r e s u l t s . d e s c r i b e d  i n  S e c t i o n  2 . 4 . )  The s u b s t r a t e s  

were then  lowered t o  t h e  d e s i r e d  d e p c s i t i o n  t empera tu re  b e f o r e  t h e  
+ 

pH3 was i n t r o d u c e d  f o r  t h e  n  d e p o s i t ,  s i n c e  a t  t h e  h i g h e r  tempera- 

t u r e s  t h e  phosphine d i f f u s e s  i n t o  a l l  exposed s i l i c o n  s u r f a c e s .  

S u c c e s s f u l  j u n c t i o n s  were formed on bp th  p o l y c r y s t a l l i n e  

and s i n g l e  c r y s t a l  s i l i c o n  'us ing t h e  above p rocedures  a t  a 

s u b s t r a t e  t empera tu re  of  9 4 0 ' ~ .  The j u n c t i o n s  e x h i b i t  l a r g e  

r e v e r s e  c u r r e n t  d e n s i t i e s ,  however, and open c i r c u i t  v o l t a g e s  were 

on ly  0.13V. It  i s  l i k e l y  t h a t  c u r r e n t  i s  be ing  l o s t  e i t h e r  through 

s u r f a c e  l eakage  o r  i s  due t o  recombinat ion i n  t h e  j u n c t i o n  caused by 

i m p u r i t i e s  a t  t h e  p-n+ i n t e r f a c e .  The l a s t  two runs  of  t h e  q u a r t e r  

were,  t h e r e f o r e ,  made a t  on ly  830°C, t o  r educe  doping of t h e  

s u r f a c e s  by t h e  pho'sphine. It was found t h a t  e p i t a x i a l  growth 

could  s t i l l  b e  o b t a i n e d  a t  t h a t  t empera tu re .  When t e s t e d ,  however, 

t h e s e  j u n c t i o n s  were p r a c t i c a l l y  ohmic and had no photovol tage!  

The samples were t h e n  h e a t e d  i n  a n  open tube  f u r n a c e  t o  975°C f o r  

one hour .  

When t e s t e d  a g a i n  they proved t o  be  much b e t t e r  t h a n  any 

produced i n  t h e  p r e v i o u s  r u n s ,  w i t h  much lower r e v e r s e  c u r r e n t  

d e n s i t i e s .  When probed,  t h e  p o l y c r y s t a l l i n e  samples showed r e g i o n s  

w i t h  open c i r c u i t  v o l t a g e s  o f  up t o  0.22V and t h e  s i n g l e  c r y s t a l  

d e v i c e s  showed a r e a s  w i t h  V = 0.50V. l a e n  e l e c t r o d e d ,  t h e  
0 C 

p o l y c r y s t a l l i n e  samples gave V = 0.18V (J = 14  mAlcm2) and 
0 C S C 

t h e  s i n g l e  c r y s t a l  gave V = 0.38V (JSc = 12 m~lcrn') .  A s  t h i s  
O C  

t echn ique  h a s  j u s t  r e c e n t l y  been developed,  t h e s e  f i g u r e s  shou ld  

iiitpru.ve as t h e  optimum d e p o s i t i o n  and h e a t i n g  pa ramete r s  a r e  

evolved.  P h o t o v o l t a i c  p r o p e r t i e s  of  n S i l l A  a r e  g iven  i n  

S e c t i o n  4.2.  
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T e n t a t i v e  conc lus ions  a r e  t h a t  even w i t h  on ly  a  b r i e f  

h e a t i n g  b e f o r e  d e p o s i t i o n ,  t o o  many i m p u r i t i e s  a r e  formed on 

t h e  s u r f a c e  of t h e  p-type s u b s t r a t e s .  When t h e  n-type r e g i o n  

is  t h e n  d e p o s i t e d  a t  t h e  lower t e m p e r a t u r e s ,  t h o s e  i m p u r i t i e s  

a t  t h e  i n t e r f a c e  occur  d i r e c t l y  i n  t h e  j u n c t i o n  d e p l e t i o n  

reg ion .  D e p o s i t i o n  a t  h i g h e r  t empera tu res  o r  p o s t - d e p o s i t i o n  

h e a t i n g  d i f f u s e s  t h e  phosphorus down i n t o  t h e  s u b s t r a t e  f a r  

enough t o  form t h e  j u n c t i o n  beluw t h e  impure i n t e r f a c e .  The 
+ 

i m p u r i t i e s  a.re l e f t  i n  the 4 r e g i o n ,  where they a r e  much 

l e s s  c r i t i c a l .  

An a l t e r n a t e  Method of avo id ing  the impur i ty  problem 

on t h e  s u r f a c e  of t h e  p-type p o l y c r y s t a l l i n e  s u b s t r a t e  is t o  

perform t h e  p d e p o s i t i o n  and t h e  n  d e p o s i t i o n  i n  t h e  same 

chamber, w i t h o u t  b r e a k i n g  t h e  vacuum between d e p o s i t i o n s .  

This  p r o c e s s  was t e s t e d  i n  runs  n S i 6 ,  8 and 9 ,  b u t  w i t h o u t  

s u c c e s s .  The r e s i d u a l  phosphorus i n  t h e  chamber g e n e r a l l y  

compensated t h e  boron doping of t h e  s i l i c o n ,  which was 

ob ta ined  from t h e  boron con ta ined  i n  ~ h r  s u u r c e .  

2.4 SIMS Ana lys i s  of n ~ i 4 ~ 1 ~ i 2 1 2 ~  

A SIPIS a n a l y s i s  of t h e  i n t e r f a c e  between a  vacuum 

d e p o s i t e d  n-type f i l m  (nSi4F) and a  t h i c k e r  vacuum d e p o s i t e d  

p-type f i l m  (Si212F) w a s  c a r r i e d  o u t .  The two d e p o s i t i o n s  

were performed i n  s e p a r a t e  vacuum chambers. The d e p o s i t i o n  

paramete rs  f o r  t h e  n-type l a y e r  a r e  g iven  i n  this r e p u r l .  

Parameters  f o r  t h e  16 pm-thick p-type f i l m  a r e  g iven  i n  

an e a r l i e r  q t i n r t ~ r l y  r e p o r t .  

The phosphorous l e v e l  i n  rhe d e p u s l ~ e d  l a y e r  was 

determined t o  range between 3.6 X 1019 atoms/cm3 and 

2.6 X 1019 atoms/cm3 from 0.2 pm below t h e  s u r f a c e  t o  t h ~  

p - ~ y p e  l a y e r .  A s  t h e  i n t e r f a c e  between the two s i l i c o n  

l a y e r s  was approached,  s e v e r a l  i m p u r i t y  s p e c i e s  were 
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observed.  These i n c l u d e  3 ,  C ,  0 ,  A 1 ,  X i ,  and Mo. All showed 

a  maximum a t  t h e  i n t e r f a c e  s u g g e s t i n g  a n  o r i g i n  p r i o r  t o  t h e  

d e p o s i t i o n  of  n - s i l i c o n .  Assuming t h a t  0 and C a r e  t i e d  t o  

S i02  and S i c ,  i n t e n s i t i e s  were conver ted  t o  c o n c e n t r a t i o n .  

Times t o  dep ths  were a l s o  o b t a i n e d  by u s i n g  t h e  n e u t r a l  

s p u t t e r i n g  r a t e  f o r  S i ,  v i z .  150 R/min. The r e s u l t  i s  shown 

i n  F i g .  5 .  The l a c k  of co inc idence  of  t h e  maxima f o r  S i c  

and SiOz s u g g e s t s  t h a t  t h e  fo rmat ion  of  S i 0 2  was t h e  dominant 

r e a c t i o n  i n  t h e  e a r l i e r  s t a g e s  of  o u t g a s s i n g  fo l lowed  by t h e  

a c c u m u l a t i o n  of c a r b i d e  a s  o u t g a s s i n g  proceeded.  G r a p h i c a l  

i n t e g r a t i o n  gave t h e  fo l lowing  e s t i m a t e s  f o r  t h e  r e s p e c t i v e  

t h i c k n e s s e s  : 0.49 pm SiO2 and 0.12 urn S i c .  The observed 

p i l e -up  conf i rms p rev ious  exper iments  and i n d i c a t e s  t h a t  s u r f a c e  

c leanup p r i o r  t o  d e p o s i t i o n  is necessa ry  t o  o b t a i n  pure  i n t e r -  

f a c e s ,  o r  t h a t  d e p o s i t i o n  shou ld  t a k e  p l a c e  o n l y  on s u b s t r a t e s  

t h a t  have n o t  had e x t e n s i v e  exposure  a t  e l e v a t e d  t empera tu res .  
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Fig. 5 Concentration-depth profiles near the nlp interface from the sputtering 
of sample nSi4F/Si212F. 
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THE BOTTOPI ELECTRODE (TiB2) 

S t u d i e s  on TiB2 conduc t ive  l a y e r s  a s  bottom e l e c t r o d e s  

have l e d  t o  a  s u f f i c i e n t  unders tand ing  o f  t h e  p rocess  s o  t h a t  

low r e s i s t a n c e  c o a t i n g s  a r e  now produced more o r  l e s s  r o u t i n e l y .  

The k i n e t i c s  of t h e  f o r n a t i o n  of t i t a n i u m  d i b o r i d e  fram t i t a n i u m /  

boron coup les  and t h e  l o s s  o f . b o r o n  due t o  r e a c t i o n  w i t h  a  

p a r t i a l  p r e s s u r e  of  w a t e r  vapor  i n  t h e  vacuum were d i s c u s s e d  i n  

p rev ious  q u a r t e r l y  r e p o r t s .  

An improvement i n  t h e  h e a t i n g  arrangement made t h i s  

q u a r t e r  h a s  r e s u l t e d  i n  more uniform and c o n s i s t e n t  r e s i s t i v -  

i t i e s  than  were achieved i n  t h e  p a s t .  The new h e a t i n g  procedure  

c o n s i s t s  o f  removing t h e  samples from t h e i r  s u b s t r a t e  h o l d e r  and 

p l a c i n g  them on a  h e a w  tan ta lum p l a t e .  The p l a t e  i s  then  covered 

by t u n g s t e n  f i l a m e n t  lamps and t a n t a l u n  r e f l e c t o r s  i n  such a  way 

t h a t  a l l  samples can b e  h e a t e d  uniformly i n  t n e  vacuum.. I n  t h e  

p rev ious  h e a t i n g  t e c h n i q u e , s a m p l e s  were k e p t  i n  t h e  d e p o s i t i o n  

s u b s t r a t e  h o l d e r  which w a s  open i n  t h e  f r o n t .  Breaking t h e  

vacuum p r i o r  t o  r e a c t i n g  t h e  coup les  does n o t  appear  t o  i n f l u e n c e  

t h e i r  r e s i s t i v i t i e s .  The e f f e c t  of  oxygen i m p u r i t y  on r e s i s t i v i t y  

h a s ,  however, n o t  been f u l l y  exp lo red .  

The r e s u l t  of  a  t y p i c a l  run  (TiB2305) is  p r e s e n t e d  i n  

Tab le  V. I n  t h i s  r u n ,  s u b s t r a t e s  were main ta ined  a t  approximate ly  

500°C. The t i t a n i u m  was d e p o s i t e d  a t  1170 d/mln from a j o u l e -  

h e a t e d  t u n g s t e n  b o a t ,  and t h e  boron was d e p o s i t e d  a t  760 Almin by 

e l e c t r o n  beam h e a t i n g .  T o t a l  d e p o s i t i o n  t ime was 23 minutes .  

The samples were h e a t e d  f o r  approximate ly  3  hours  a t  950°C i n  a  

vacuum t o  r e a c t  t h e  l a y e r s .  T h i s  vacuum h e a t i n g  s t e p  may 

p o s s i b l y  b e  e l i m i n a t e d  by forming a  more i n t i m a t e  m i x t u r e  of 

T i  and B by s imul taneous  d e p c s i t i o n  of t h e  two m a t e r i a l s .  An 

e x p l o r a t i o n  of t h i s  t echn ique ,  however, would b e  t o o  t ime 

consuming t o  b e  c a r r i e d  o u t  under t h e  p r e s e n t  c o n t r a c t .  
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TABLE v 

TiB2 PARANETERS IW A SIKCLE RUE1 

fl'hicknesses measured on papphire substrates  only .  
+ 

The l e t t e r  I i s  omitted as i t , n a y  be confused with 
the  numeral 1. 

The u s e  o f  t h e  new h e a t i n g  arrangement had t h e  secondary 

effect of e l i m i n a t i n g  a mys te r ious  s o u r c e  of chromium, and perhaps  

a l s o  i r o n ,  which had beeu observed on the s u ~ f n c c  of come of t h e  

r e a c t e d  f i l m s ,  b u t  n o t  on t h e  unreac ted  ones.  The new h e a t i n g  

arrangement d i d  n o t  r e q u i r e  t h e  u s e  of t an ta lum screws (which 

were subsequen t ly  removed), and t h e  s o u r c e  o f  chromium and i r o n  

w a s  t r a c e d  t o  a chipped chromium p l a t e d  s c r e w d r i v e r .  Chromium 

and i r o n  may have  become embedded i n  t h e  s l o t s  of t h e  screws.  

The vapor p r e s s u r e  of chromium a t  950°C, (approximately  5 X lo-' 
T o r r j ,  is sufficient t o  d e p u s l ~  a11'1~1lpurity on t h e  s u r f d c c  of 

t h e  f i l m s .  I n  a d d i t i o n ,  suboxides  o f  C r  may a l s o  have high 

vapor p r e s s u r e .  An a n a l y s i s  of t h e  i m p u r i t i e s  i n  t h e  i n t e r i o r  

(1500 A from s u r f a c e )  of a T i B 2  f i l m  madh w h i l e  us ing  t h e  

t an ta lum screws i s  g iven  i n  Tab le  V I .  Removal of t h e  screws 
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TABLE VI 

Impurities in Titanium Diboride. Film 

(TiB2305L) 1500: from Sux.face 

ND - Bot detected 
NS - Not sought 
I - Interference 
* - Cr higher on the surface 

' 

Species 

H 

Li 

C 

N 

P 

Na 

Hk 
Al 

Si 

C1 

K 

v+(T~H+) 

Cr* 

Kn 

Fe 

reduced the  C r  and Fe t o  12 ppma and 130 ppma, r e s p e c t i v e l y .  

Impurities 
(?pna) 

KS 

m 
600 

500 

30 

I 

N3 

4 30 

5 30 

9 0 

h 3  

3 10 

100 

ID 

(1 70 

Tracking down t h e  source of t h e  excess  chromium on the  su r f aces  

of t h e  samples may a l s o  l ead  t o  improvements of p u r i t y  i n  t h e  

s i l i c o n  f i lms  themselves. New screwdr ivers  of hardened s t a i n -  

l e s s  s t e e l  wi th  aluminum handles  have been f a b r i c a t e d .  The 

use of aluminum handles  r a t h e r  than p l a s t i c  p e m i t s  c lean ing  

by so lven t s .  
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k .  PHOTOVOLTAIC DEVICES 

4 . 1  P k o t o v o l t a i c  Device Formation 
4 

The p-type p o l y c r y s t a l l i n e  l a y e r s  on TiB2 coa ted  

s u b s t r a t e s ,  t h e  e p i t a x i a l  l a y e r s  on s i l i c o n  s u b s t r a t e s ,  and 

t h e  s i n g l e  c r y s t a l  moni to r s  were p rocessed  i n t o  complete 

d e v i c e s  us ing  t h e  procedures  d e s c r i b e d  i n  p r i o r  r e p o r t s .  The 

p r o c e s s i n g  s c h e d u l e s  used d u r i n g  t h i s  q u a r t e r  a r e  l i s t e d  i n  

Table  V I I .  V a r i a t i o n s  i n  t h e  u s u a l  s c h e d u l e  were c a r r i e d  o u t  

i n  o r d e r  t o  y i e l d  d i f f e r e n t  j u n c t i o n  d e p t h s .  Thus,  Sample 

S i  245B, and i ts  c r y s t a l  moni to r  were d i f f u s e d  f o r  7 hours  i n  

p l a c e  of t h e  u s u a l  1 h o u r ,  w h i l e  S i  244C and i t s  s i n g l e  c r y s t a l  

moni tor  were  d i f f u s e d  f o r  on ly  4 .5  minutes .  The t h r e e  v a r i a -  

t i o n s  i n  d i f f u s i o n  d r i v e - i n ,  S t e p  /I8 of Tab le  V I I ,  y i e l d  

j u n c t i o n s  approximate ly  0.5 pm, 1 pm and 2  pm deep.  These 

de? ths  were determined by c a l c u l a t i o n  from t h e  d i f f u s i o n  coef-  

f  i c i e n t .  

The n-type l a y e r s  r e q u i r e d  on ly  t h e  l a s t  s t e p  (S tep  { I l l ,  

Tab le  VI I )  i n  t h e  p rocess :  d e p o s i t i o n  of e l e c t r o d e s  through a  

mask. The n-type d e p o s i t i o n s  were c a r r i e d  o u t  through tanta lun;  

masks a s  d e s c r i b e d  i n  t h e  l a s t  Q u a r t e r l y  P r o g r e s s  Repor t .  The 

on ly  d i f f i c u l t  procedure  encoun te red  i n  p r o c e s s i n g  t h e  n-type 

d e p o s i t e d  l a y e r s  was i n  t h e  a l ignment  of t h e  e l e c t r o d e  masks 

LU iuaLc11 the 11-type areas. The n-type d c p o s i t  i s  b a r e l y  ( o r  

sometimes n o t  a t  a l l )  v i s i b l e  on t h e  p-type l a y e r s .  T h i s  

d i f f i c u i t y  i n  a l ignment  is  avoided w i t h  samples whose j u n c t i o n s  

a r e  formed by d i f f u s i o n ,  because  t h e ' c o l o r e d  o x i d e  l a y e r  c l e a r l y  

d e f i n e s  t h e  n-type r e g i o n s .  To avo id  t h i s  problem i n  t h e  f u t u r e ,  

a p p r o p r i a t e  o x i d e  p a t t e r n s  w i l l  be  p l a c e d  on some samples p r i o r  

t o  t h e  n-type d e p o s i t i o n .  

.4 



TABLE VII 

TRIY FIUI SILI(:*GN PHOTOVOL.TATC CEVICE PROCXSSINT- STEPS 

BOE 10 min + 30 min H20 

3. OxIdation 4 hrs .  IF! 975°C 

4. Photol:Lthug.raphy L e v e  1: mask 

5 .  Pre.-diffusion erch 2.52 H F ,  10 sec  + 20 min H20 

,6. Diffusion - n-type 6 .5  n i c .  @ 975'C 

3300 ml/min 

16.5 ml/min 

7 .  Post-dtffusion etch 2 . 5  IIF 45 s e c  + 20 min H20 

8. OxidatLon, drive in 1 hr.  (.' 975°C 7 hcs @ 975*C 4 . 5  min @ 975°C 

9.  PhotolLthography Levc.1 2 mask 

10. Pre-elzctrode etch 2.5X lIr 10 tlec + 20 min 1120 
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The e l e c t r o d e  masks used f o r  t h e  t i t a n i u m / s i l v e r  

d e p o s i t i o n  a r e  i d e n t i c a l  i n  b o t h  t h e  d i f f u s e d  j u n c t i o n  samples.  

The over-etched 1 m i i  masks, a s  r e p o r t e d  i n  t h e  p rev ious  

q u a r t e r ,  were made more p r e c i s e ,  and t h e  vacuum-deposited 

e l e c t r o d e s  match t h e  des igned a r e a s  t o  approximately  10% 

o r  l e s s .  S ince  t h e  e l e c t r o d e s  form a  s m a l l  p o r t i o n  of t h e  

t o t a l  d e v i c e  a r e a ,  t h e  e r r o r  in t roduced  by d e p o s i t i n g  

through masks as compared t o  t h e  p r e c i s e  pho to l i thography  

process  is s m a l l  (% 2%).  

4 . 2  P h o t o v o l t a i c  Device P r o p e r t i e s  

Table  V I I I  l ists r e p r e s e n t a t i v e  p h o t o v o l t a i c  para- 

mete r s  t o g e t h e r  w i t h  s u r f a c e  g r a i n  d iamete r s  d f o r  a s e l e c t i o n  

of samples w i t h  d i f f e r e n t  g r a i n  s i z e s .  The - t a b l e  a l s o  i n c l u d e s  

r e s u l t s  f o r  two samples w i t h  d e p o s i t e d  n - l a y e r s ,  two e p i t a x i a l  

l a y e r  dev ices  and a  s i n g l e  c r y s t a l  moni tor .  

R e l a t i v e  s p e c t r a l  quantum e f f i c i e n c y  curves  f o r  s e v e r a l  

d e v i c e s  a r e  shown i n  Figs .  6 and 7 .  None of t h e  dev ices  have a n t i -  

r e f l e c t i o n  c o a t i n g s .  The v a l u e s  o f  LD (minor i ty  c a r r i e r  

d i f f u s i o n  l e n g t h )  g iven i n  Tab le  V I I I  were ob ta ined  from t h e  

s p e c t r a l  quantum e f f i c i e n c y  curves  a s  exp la ined  i n  t h e  F i r s t  

Q u a r t e r l y  Repor t . '  I n  t h i s  r e p o r t  ( u n l i k e  e a r l i e r  r e p o r t s )  t h e  

v a l u e s  of L  were ob ta ined  by assuming t h a t  a l l  samples have D 
o p t i c a l  a b s o r p t i o n  , c o e f f i c i e n t s  a c l o s e  t o  r,he. s i n g l e  c r y s t a l  

v a l u e s .  T h i s  assumption i s  c e r t a i n l y  v a l i d  f o r  t h e  e p i t a x i a l  

samples and t h e  s i n g l e  c r y s t a l  moni tor .  P o l y c r y s t a l l i n e  

s i l i c o n  absorbs  more s t r o n g l y  i n  t h e  v i s i b l e  than  s i n g l e  c r y s t a l  

due t o  s c a t t e r i n g  a t  t h e  c r y s t a l l i t e  boundar ies .  O p t i c a l  

a b s o r p t i o n  d a t a  a r e  a v a i l a b l e  on ly  f o r . f i n e  g r a i n e d  p o l y c r y s t a l -  

l i n e  and s i n g l e  c r y s t a l  s i l i c o n .  The samples w i t h  2 >> A a r e  

b e l i e v e d  t o  have a b s o r p t i o n  p r o p e r t i e s  c l o s e r  t o  s i n g l e  c r y s t a l  

than  t o  t h e  f i n e  g ra ined  p o l y c r y s t a l l i n e  m a t e r i a l .  The 

measurements of L  f o r  t h e  - p o l y c r y s t a l l i n e  f i l m s  may b e ,  the re -  D 
f o r e ,  l a r g e r  than  t h e  t r u e  v a l u e s  by an  amount depending on 



"&-L& VIII 

PHOTOVOLTAIC PARUIETcRS OF SELECTEI) DEVICES 

. 
Remarks 

Shallow junct ion 

Deep junct ion 

Normal junct ion 

A l l  vacum d e p .  

A l l  vacuum dep. 

.4 - e f r  
(ma) 

2.6 X lo-: 

5 . 2 x l o - '  

5.3X1!1-.~ 

5.2 X 13-' 

2 X 13" 

5 X 13-' 

5 X LOe9 

0. L6 

2 3 10- 

2 > 1 ' 0 ~  

2 x lo7 

0.16 

5 1: lo-' 

r 

Saln(:.le 
(Device) 

S i  i09E 
(C3) 

si 237r. 
CC2) 

S i  238E. 
0 2 )  

S i  238E 
(El)  

Si*244C 
( D l  

Si*?45B 
(02) 

Si*745C 
(D2) 

Si*?46E 
(3) 

Si*243'3 
135) 

Six2464 
(31) 

XSir246b 
:Dl) 

11Si3D/51*2[4E 
3 1 

nSIlUiSI*2:.0E 
(D2) 

b 

S u r f a x  
C r ~ i n  Size 

d (PI) 

5.2 

5 

3.4 

40 

.L1 

14 

P4 

7 .  

e p i t a x .  

elilta'x. 

eLngle 
r t a l  

11 

8 

M.C. DiCf. 
Length 

Ld (I'D) 

4.3 

3.0 

rl 
( f )  

2.1 

2.2 

Js c 
(oiA/cm2) 

12.8 

10.1 

"OC 

(mV) 

284 

346 

f f  

-58 

.63 

12.6 

10.6 

10.1 

9.8 

13.3 

15.1 

18.8 

15.3 

18.7 

8.0 

14.8 

295 

9 0 

286 

2 86 

290 

227 

361 

338 

545 

1.05 

172 

5.4 1 . 2  

4 .1  < 1 

4.0 1.6 

7.8 1 .6  

4.5 2.2 

4 .o 1. 3 

7.5 3.6 

8.5 2.7 

35 6.6 

2 2 0,24 

.59 

- 

.56 

.56 

.57 

.38 

.53 

.52 

.65 

.29 

.47 14 1.2 
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g r a i n  s i z e :  t h e  l a r g e r  t h e  g r a i n  s i z e ,  t h e  more a c c u r a t e  t h e  

v a l u e s  of L For t h e  e i g h t  p o l y c r y s t a l l i n e  f i l m s  i n  t h e  t a b l e ,  
D ' 

with  s u r f a c e  g r a i n  d iamete r s  from 5.2  t o  40 u m ,  t h e r e  i s  

observed no s i g n i f i c a n t  i n c r e a s e  i n  L  w i t h  i n c r e a s i n g  g r a i n  
D 

s i z e .  The g r e a t e s t  L  was observed i n  Si*245B ( 7 . 8  pm) 
D 

' w h i c h  was f a b r i c a t e d  s o  a s  t o  have a  deep j u n c t i o n  ( s e e  Tab le  VII). 

The s p e c t r a l  quantum e f f i c i e n c y  peak ( s e e  F i g .  6 )  of t h i s  sample 

is  s h i f t e d  towards t h e  l o n g e r  wavelengths (% 600 nm) compared 

w i t h  t h e  "normal depth" j u n c t i o n s  (peak % 500 nm). Th is  causes  

t h e  e n t i r e  s p e c t r a l  response curve  t o  s h i f t  t o  t h e  r i g h t  

( i n c r e a s i n g  A) and probably  l e a d s  t o  a  l a r g e r  v a l u e  of L than  D 
would be ob ta ined  by o t h e r  t echn iques  (e .g .  l i f e t i m e  measure- 

ments) .  The model on which t h e  d e t e r m i n a t i o n ' o f  LD is based 

assumes t h a t  an a b r u p t  j u n c t i o n  is  e s s e n t i a l l y  a t  ( o r  ve ry  

n e a r )  t h e  p h y s i c a l  top  s u r f a c e .  

The e p i t a x i a l  l a y e r s  (Si*243B and 246A) have s p e c t r a l  

r esponse  curves  which peak around 600 nn and have a  f a l l  o f f  

which i n d i c a t e s  t h a t  L i s  approximately  8  urn (F ig .  7 ) .  Th i s  i s  
D 

s i g n i f i c a n t l y  l o n g e r  t h a n  L ( p o l y ) ,  b u t  nuch s m a l l e r  t h a n  L  
D D 

( s . c . ) .  Th i s  i s  probably  due t o  recombinat ion and t r a p p i n g  a t  

impur i ty  s i t e s  o r  d e f e c t s  i n  t h e  e p i t a x i a l  l a y e r . ,  

The evapora ted  n  on p  samples (nSi*3D and nSi*llA) e x h i b i t  

anomalously long  " t a i l s "  i n  t h e i r  s p e c t r a l  quantum e f f i c i e n c y  

curves  (F ig .  7 ) .  Thl.s r e s u l t s  i n  u n r e a l i s t i c a l l y  l a r g e  v a l u e s  f o r  

LD, s i n c e  t h e  p-type b a s e  r e g i o n s  f o r  nSi3D/Si*244E and Si*244C 

were d e p o s i t e d  t o g e t h e r  and t h e  d e v i c e s  made on them.should have 

s i m i l a r  m i n o r i t y  c a r r i e r  d i f f u s i o n  l e n g t h s .  . T h e  peaks i n  t h e  

s p e c t r a l  quantum e f f i c i e n c y  curves  f o r  t h e s e  a l l  d e p o s i t e d  

dev ices  l i e  i n  t h e  600 t o  650 nm r e g i o n ,  i n d i c a t i v e  of maximum 

c o l l e c t i o n  e f f i c i e n c y  from a  dep th  between 4  pm ( s i n g l e  c r y s t a l  

m a t e r i a l )  and 2.5 prn (ve ry  f i n e  g r a i n e d  p o l y c r y s t a l l i n e  m a t e r i a l ) .  

T h i s  is  a  good p l a c e  t o  have t h e  peak i n  t h e  s p e c t r a l  r esponse ,  

s i n c e  t h e  t e r r e s t i a l  photon f l u x  peaks a t  about  t h e  s a n e  

wavelength.  



ii(l dun25 nCPKINS U ~ I V E R S I T ' ~  

APPUED PHYSICS LABORATORY 
LAUREL. .VARYLANO 

Photovoltage (mV) 

Fig. 6 Illuminated (AM1) I-V characteristics of epitaxial film (246A), vacuum 
deposited n on p (nSil lA),  and diffused junction (245C) photovoltaic 
devices. 
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Wavelength (nm) 

Fig. 7 Relative spectral quantum efficiency of shallow, deep, and normal depth 
diffused jilnction, thin film solar cells. 
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The deep,  sha l low,  and normal j u n c t i o n  depth  c e l l s  of 

s i m i l a r  g r a i n  s i z e  and t h i c k n e s s  (Si*245B, 244C, and 245C, 

r e s p e c t i v e l y )  show s u r p r i s i n g l y  s i m i l a r  p h o t o v o l t a i c  behav ior .  

The peak i n  t h e  s p e c t r a l  r esponse  curve  moves towards longer  

waveiengths  w i t h  i n c r e a s i n g  d i f f u s i o n  t ime ( j u n c t i o n  d e p t h ) ,  

as would b e  expec ted  (F ig .  6 ) .  The deep j u n c t i o n  (Si*245D) has  a  

long  t a i l  on t h e  s p e c t r a l  r esponse  curve ,  a s  mentioned e a r l i e r ,  

and t h i s  l e a d s  t o  an  anomalously l a r g e  v a l u e  of L S ince  
D ' 

t h e  p h o t o v o l t a i c  e f f i c i e , n c y  i s  t h e  same a s  i n  t h e  sha l low 

, j u n c t i o n  d e v i c c  (Si*245E), no importance shou ld  Le aLLaci~ed 

t o  t h e  a p p a r e n t  l a r g e r  v a l u e  of L i n  t h i s  c a s e .  The AM1 I-V 
D 

c h a r a c t c r i a t i c ~  f o r  a d i f f u s e d  p o l y c r y s t a l l i a e  ju11cLiu11 clevlce 

Si*245C-C2, an  e p i t a x i a l  l a y e r  Si*246A-Dl, and an a l l - evapora ted  

d e v i c e  nSillA-D2 a r e  shown i n  F ig .  8. 
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V 

400 500 600' 700 800 900 1000 1100 
Wavelength (nm) 

Fig. 8 Relative spectral quantum efficiency of evaporated n-layer, epitaxial thin 
film, and single crystal solar cells; the absolute maxima, qabs, are 0.51, 
0.59, and 0.63, respectively. 
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5 .  DISCUSSION AND PLANS FOR NEXT QUARTER 

This  q u a r t e r ,  s e v e r a l  p o l y c r y s t a l l i n e  s i l i c o n  p h o t o v o l t a i c  

dev ices  were formed f o r  t h e  f i r s t  t ime e n t i r e l y  by vacuum-deposl-  

t i o n  t echn iques .  While t h e  t echn iques  f o r  forming j u n c t i o n s  by 

vacuum d e p o s i t i o n  have n o t  been complete ly  developed,  i t  i s  

apparen t  t h a t ,  w i t h  a d d i t i o n a l  work, dev ices  w i t h  e f f i c i e n c i e s  

e q u a l  t o  t h o s e  ob ta ined  by d i f f u s i o n  i n  t h e  tube  f u r n a c e  could  be  

formed. From t h e  s t a n d p o i n t  of l a r g e  s c a l e  p r o c e s s i n g ,  t h e s e  

r e s u l t s  a r e  encouraging.  

I n v e s t i g a t i o n s  on t h e  p h o t o v o l t a i c  responses  of samples 

having d i f f e r e n t .  g r a i n  s i z e s ,  i n c l u d i n g  e p i t a x i a l  l a y e r s  on 

s i l i c o n ,  i n d i c a t e  t h a t  c r y s t a l  s i z e  may n o t  now be  t h e  l i m i t i n g  

f a c t o r  i n  ach iev ing  h i g h  e f f i c i e n c i e s .  A t  t h e  beginning of t h e s e  

s t u d i e s ,  i n c r e a s e s  i n  average g r a i n  d iamete r  l e d  t o  i n c r e a s e s  i n  

dev ice  e f f i c i e n c y .  Curves of e f f i c i e n c y  v s  g r a i n  s i z e  fol lowed 

t h e o r e t i c a l  e x p e c t a t i o n s  ( . Ag t h e  s u r f  a c e  g r a i n  d i a m e t e r s  

i n c r e a s e d  beyond about  5  pm, however, dev ice  e f f i c i e n c y  g e n e r a l l y  

s topped i n c r e a s i n g .  The d a t a ,  such a s  shown i n  Table  V I I I  of  t h i s  

r e p o r t ,  i n d i c a t e s  t h a t  d e v i c e s  w i t h  g r a i n  d iamete r s  of 5 pm and 

15 pm a s  w e l l  a s  e p i t a x i a l  l a y e r s  have e s s e n t i a l l y  t h e  same 

e f f i c i e n c y .  The s i n g l e  common element i n  a l l  of  t h e s e  d e p o s i t e d  

l a y e r s  t h a t  may e x p l a i n  t h i s  l a c k  o f  improvement i n  e f f i c i e n c y  

i s  t h e i r  h igh  impur i ty  c o n t e n t ,  It is even p o s s i b l e  tha t  che h igh  

t empera tu re  ' (1250 '~)  used t o  g a i n  an  improvement i n  g r a i n  s i z e  

r e s u l t e d  i n  t h e  f u r t h e r  i n t r o d u c t i o n  of i m p u r i t i e s .  The impuri-  

t i e s  observed i n  t h e  l a y e r s  by SLMS a n a l y s i s  a r e  i n  t h e  range 

r e p o r t e d  t o  cause  s e v e r e  d e g r a d a t i o n  of e f f i c i e n c i e s ( ' )  . It i s  

n o t  known, however; whether t h e  c o n c e n t r a t i o n s  f o r  degradat- ion 

obsesved i n  s i n g l e  crysta1.s wi.11 be  t h e  same a s  t h o s e  observed.  

i n  p o l y c r y s t a l l i n e  f i l m s .  Gra in  boundary impur i ty  s e g r e g a t i o n  ( 5 )  

and p a s s i v a t i o n  of i m p u r i t i e s  by oxygen and hydrogen e t c .  d u r i n g  

t h e  growth may a m e l i o r a t e  t h e  e f f e c t s  of i m p u r i t i e s  i n  p o l y c r y s t a l l i n e  

samples. The v a r i a t i o n s  i n  d i f f u s i o n  t imes  conducted t h i s  q u a r t e r  
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d i d  n o t  e s s e n t i a l l y  l e a d  t o  changes i n  d e v i c e  e f f i c i e n c y  i n d i c a t i n g  

t h a t  s u r f a c e  i m p u r i t i e s  a r e  n o t ,  a t  p r e s e n t ,  a  l i m i t i n g  f a c t o r .  

Work on t h e  bottom e l e c t r o d e  ( a s  f a r  a s  t h i s  c o n t r a c t  is 

concerned) is  about  complete.  D e t a i l s ,  such a s  t h e  e f f e c t  of 

oxygen on t h e  r e s i s t i v i t y  and t h e  e x a c t  r a t e  of l o s s  of boron i n  

t h e  vacuum sys tem,  s t i l l  need t o  be i n v e s t i g a t e d .  The F a b r i c a t i o n  

of t h e  bottom conduct ing e l e c t r o d e s  r e q u i r e d  f o r  t h i s  p r e s e n t  work 

is  now more o r  l e s s  r o u t i n e ,  and s u f f i c i e n t  q u a n t i t i e s  of low 

r e s l s c i v i r y  samples car1 be produced to gupply t h e  needs of both  

n- type and p-type s i l i c o n  s t u d i e s .  

The emphasis d u r i n g  t h e  n e x t  q u a r t e r  must be on finding 

means t o  d e c r e a s e  t h e  l e v e l  of i m p u r i t i e s  i n  t h e  sari-ples. Th is  

w i l l  be e x p l o r e d  by making v a r i a t i o n s  i n  the d e p o s i t i o n  and 

s u r f a c e  c l e a n i n g  p rocedures ,  as w e l l  a s  working i n  an improved 

vacuum environment.  U n f o r t u n a t e l y ,  a  f a u l t y  high-vacuum v a l v e  

and de layed  d e l i v e r y  on a  c ryogen ic  pump have h indered  r e s e a r c h  

i n  a c l e a n ,  high-vacuum. The high-vacuum v a l v e  h a s  been r e t u r n e d  

t o  t h e  f a c t o r y  once more f o r  r e p a i r .  The p r e s e n t  l a b o r a t o r y  

p rocedure  o f  changing vacuum systems between t h e  p-type and 

n-eypc d c p o c i t i o n  which l eads  t o  the i n t i n d ~ l ~ r i o n  of elen!e~!~ 

i m p u r i t i e s  a t  t h e  n-p i n t e r f a c e  shou ld  be ' a l t e r e d .  (A produc t ion  

t y p e  p r o c e s s  would n o t ,  of  c o u r s e ,  have t h i s  p rob len~ . )  The 

s u r f a c e  c l e a n i n g  procedures  used i n  b o t h  d i f f u s e d  and d e p o s i t e d  

t y p c  j u n c t i o n s  must be ~ e e v a l u a t e d .  The fo rmat icn  of t h e  n-type 

layers by d e p o s i t i n g  antimony, antimony o x i d e ,  o r  phosphorus 

ox ide  w i l l  b e  exp lored  t h i s  coming q u a r t e r .  The use of s o l i d  

doping s o u r c e s  r a t h e r  t h a n  a  phosphine atmosphere may s i n p l i f y  

p r o c e s s i n g  and a l low b e t t e r  a r e a  c o n t r o l  and h i g h e r  vacuum 

c o n d i t i o n s .  
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