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DESCRIPTION OF PROJECT 

This study addresses the goal of fabricating low-cost, 

10% efficient solar cells through the use of vacuum deposited, 

thin film, polycrystalline silicon. Work areas include methods 

of growing large grains, exploration and optimization of suitable - .  1 

substrate/bottom electrode material, improvement in photovoltaic 

efficiency, formation of n-layer by. vacuum deposition rather than 

by diffusion, and analysis of film and junction properties.., 

Emphasis is placed at each stage of the program on underst,anding 

and elucidating the pertinent physical and electrical phenomena 

through the judicious use of analytical tools such as secondary- 

ion mass spectrometry for impurity and compositional analysis 

and x-raydiffractornetry and scanning electron microscopy for 

structure analysis. . . 



ABSTRACT 

A c a r e f u l  s tudy of a  s p e c i a l l y  formed t h i n  s i l i c o n  l aye r  

on TiBz-coated sapphire  r evea l s  t h a t  the  i n t e r a c t i o n  l a y e r  of 

TiSi2  i s  composed of l a r g e r  g ra ins .  Processing s t e p s  were 

developed which lead  c l o s e r  t o  t h e  goal  of f a b r i c a t i n g  poly- 

c r y s t a l l i n e  s i l i c o n  photovol ta ic  devices completely by vacuum 

deposi t ion .  Both n-type and p-type s i l i c o n  a r e  now being 

deposi ted.  New deposi t ion  masks were made f o r  deposi t ing  the  

n-regions upon t h e  p-layers. New e l e c t r o d e  deposi t ion  masks 

were a l s o  made f o r  a  d i r e c t  e l ec t rod ing  process t o  r ep lace  the  

photol i thographic  process used previously.  The TiB2 bottom 

e l e c t r o d e  f a b r i c a t i o n  has been achieved i n  a  s i n g l e  vacuum 

chamber. Reaction cbnstancs allJ a c t i v a t i o n  cnorgy f o r  TI Rn 

l a y e r  formation w e r e  determined t o  be 'less than those  reporred 

by o t h e r  authors  f o r  bulk ma te r i a l .  S tudies  of c r y s t a l l i t e  

growth and i n t e r f a c i a l  i n t e r a c t i o n s  have continued. Major 

sources of undes i rable  impur i t i e s  have been i d e n t i f i e d  and 

removed from the  vacuum chambers. The changes made t h l s  

q u a r t e r  have no t  been incorporated i n t o  a  completed photo- 

v o l t a i c  device.  
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1. INTRODUCTION 

This is t h e  Second Quarterly Technical Progress Report 

descr ib ing i n v e s t i g a t i o n s  on th in-f i lm p o l y 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  performed under the  So la r  Energy Research I n s t i t u t e  

(SERI) Sub-contract XS-9-8278-1. The work is  a cont inuat ion  of 

research performed under Interagency Agreement ET-78-A-03-2208 

with t h e  Department of Energy. 

The study addresses t h e  DOE goal  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 the  use of vacuum deposi ted ,  

thin-f i lm p o l y c r y s 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 process would be c a r r i e d  out  auto- 

ma t i ca l ly  i n  a mass production. Inves t iga t ions  being c a r r i e d  out  

a t  p resen 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  the  

formation of all-vacuum deposi ted s o l a r  c e l l s .  The c e l l s  a r e  

formed by success ive  deposi t ions  onto s u b s t r a t e s  of bottom elec-  

t rodes ,  s i l i c o n  l a y e r s ,  and top e lec t rodes .  Since the  behavior 

of each success ive  l a y e r  depends upon what l ies  below, the  e n t i r e  

f i l m  system i s  being examined concurrently.  

Du~&ng t h i s  q u a r t e r ,  s t e p s  w e r e  c a r r i e d  out  which f u r t h e r  

lead  toward t h e  goal  of completely f a b r i c a t i n g  t h e  photovol ta ic  

devices by vacuum deposi t ion ,  The oil-diffusion-pumped vacuum 

system, formerly used t o  produce the  p-type l a y e r s ,  was converted 

t o  f a b r i c a t e  the  n-type l a y e r ;  t h e  ion-pumped system, formerly 

used f o r  c r y s t a l l i t e  s t u d i e s ,  was converted t o  p-type deposi t ion .  

Work was begun on t h e  formation of n-type s i l i c o n  f i lms  through 

the  deposi t ion  of s i l i c o n  i n  a con t ro l l ed  phosphine atmosphere. 

P o l y c r y s t a l l i n e  n-doped f i lms  were formed and a r e  being evaluated 

(Section 2.3). Evaporation masks were used i n  the  formation of 

top metal  e l ec t rodes  t o  r ep lace  t h e  photol i thographic  process 

described i n  p r i o r  r epor t s .  Unfortunately,  t h e  o r i g i n a l  s e t  of 

masks f o r  the  e l ec t rodes  proved unsa t i s fac to ry  and a new set of 

masks,had t o  be f a b r i c a t e d  (Section 4.1). 
1 



The TiB2 bottom e l e c t r o d e  f a b r i c a t i o n  took p l a c e  i n  a s i n g l e  

vacuum chamber i n s t e a d  of d e p o s i t i n g  t h e  T i  and B i n  s e p a r a t e  

chambers (Sec t ion  3.1).  A 12 - subs t r a t e  h o l d e r  t o  i n c r e a s e  product ion 

. c a p a b i l i t y  w a s  used i n  t h e  formation of t h e  bottom e l e c t r o d e s .  Th i s  

w i l l  a i d  i n  supply ing  e l e c t r o d e d  s u b s t r a t e s  f o r  both t h e  n-type and 

t h e  p-type s i l i c o n  depos i t i ons .  S tud ie s  on t h e  r e a c t i o n  between T i  

and B i n  t h e  formation of TiB2 l a y e r s  w e r e  conducted i n  o r d e r  t o  

determine t h e  p roces s  r e a c t i o n  r a t e s .  

S t u d i e s  of t h e  depos i t io r l  ul: p - t y p e  silicon wera cont inued.  

A run  was made i n  which t h e  i s l a n d  o r  i n i t i a l  c l u s t e r  formation 

could be  observed throughout t h e  e n t i r e  sample. I n  prev ious  s t u d i e s  

t he  c l u s t e r  format ion  was observed only  on t h e  edges of wedge-shaped 

samples and a ques t ion  remained whether t h e  same behavior  occured 

dur ing  t h e  normal d e p o s i t i o n  procedure ( s e c t i o n  2.2).  E f f o r t s  were 

made t o  improve t h e  p u r i t y  of t h e  s i l i c o n  f i l m s  i n  t h e  ion-pumped 

system. The Mo, C r ,  T i  and A 1  impur i ty  l e v e l s  were reduced by about  

order of magnl~utle(3cctisn 2.1).# 

Because of changes i n  ope ra t ing  techniques  as a p re lude  t o  

an a l l  vacuum-produced c e l l  and b.ecause of t h e  requirements  f o r  new 

. masks, on ly  t h r e e  .photovol ta ic  devices  were complered t h i s  q u a r t e r  

(Sec t ion  . 4 ) .  . 



2. SILICON FILM FORMATION 

2 .1  p-Type S i l i con  Films 

Both n-type and p-type s i l i c o n  layers were formed during 

t h i s  reporting period. The n-type films were formed i n  the o i l -  

diffusion-pumped system and are described i n  Section 2 .3 .  

The p-type s i l i c o n  f i lms formed t h i s  quarter are l i s t e d  

i n  Table I .  
TABLE I 

SILICON FILM PARAMETERS 

t The "G" sample i s  l o c a t e d  ou ts ide  t h e  heated area t o  enable th i ckness  
measurements on a non'-grainy l a y e r .  

3 

t 

Sample 

Si*240A 
B 
C 
D 
E 
F 
G t 

Si*241A 
B 
C 
D 
E 
F 
G t 

Si*242A 
B 
C ' 

D 
E 
F 
G t 

Si*243A 
B 

C 
D 
E 
F 
G t 

Si*244A 
B 
C 
D 
E 

' F .  
G t 

Subs t ra te  

Alumina 
Sapphire/TiB2276E 
Alumina/TiB2Z76A 
A1 umi na 
A1 umina/Ti'R2276B 
Alumina 
Sapphire 

A1 umi na 
Alumina/TiB2280B 
Sapphire/TiE2291C 
~l umi na 
l a p p h i  re/TiB2287A 
Alumina 
Sapphire 

Alumina 
Alumina/TiE2290B 
Alumina 
Sapphire/TiB2287B 
A1 umi na/TiB2281 C 
Sapphire 

' Sapphire. 

A1 umi na 
S i l i c o n  P 
; 001-,005 ~ j c m  

Alumina/TiB22YOD 
Sapphi re/TiB2290C. 
Alumina/TiB2291F 
Sapphi r e  
Sapphi r e  

Alumina 
sapphi r e ' / ~ i ~ , 2 9 7 ~  
Sapphi re/TiB2297F 
A1 umina 
A1 umi na/TiB2297E 
Sapphire 
Sapphire 

Sub. 
Tetp. 

( c )  

1220 

1265 

1270 

11 75 

1240 

* 

Thickness 
(llm ) 

12 

5 

11.5 

10 

14,8 

Depos i t  
Rate 

$/mi n 

400 

420 

760 

60 ~ f n *  400 
. then  
87 nli n == 900 

. . 

60 min & 400 
then. 

150 mf'naz 900 

Remarks 
, 

(G) Boron 
2 x I O ~ ~ / , ~ '  

Th fn  non- 
cont inuous 
on (8).  (C). 
a (E). 

(F) Boro:, 
5.2 X 10 / 

cm' 

(B) Grew 
e p i t a x i a l l y  

(F) Boron 
7,.5 X l o l o /  

un ' 

(F) Boron 
3.4 X l o1= /  

cm 
- 



The samples were deposi ted by e l e c t r o n  beam deposi t ion  a t  a  beginning 

pressure  i n  t h e  mid Torr range, and a f i n a l  pressure  i n  the  mid 

lo-' Torr  range. This p ressu re  is two orders  of magnitude lower than 

was obtained i n  t h e  oil-pumped system. Base pressure  i n  the  system, 

i n  t h e  absence of  hea t  o r  deposi t ion ,  is i n  the  lo-'' Torr range. 

The water  vapor p ressu re  i n  the  system is s t i l l  h igher  than des i red  

and a cryogenic pump is on order  t o  f u r t h e r  reduce t h i s  pressure .  

Samples Si*243 and Si*244 were deposi ted using the  normal 

e l e c t r o n  beam power of 1.5 kw f o r  approximately one hour, then the  

power was increased t o  approximately 2.1 kw i n  order  t o  achieve a 

f a s t e r  r a t e  f o r  t h e  remainder of the  deposi t ion .  These beam powers 

correspond t o  roughly est imated deposi t ion  r a t e s  of 400 g / s e c  and 

900 g / s e c ,  r e spec t ive ly .  The r a t e &  a r e  not  known prec i se ly  because 

previous c a l i b r a t i o n  runs of e l e c t r o n  beam power vs  r a t e  were 

c a r r i e d  out  i n  a  d i f f e r e n t  system (oil-pumped) using a d i f f e r e n t  

high vo l t age  power supply. The o b j e c t  of t h e  dual  r a t e s  was t o  

allow l a r g e  seed growth a t  the  slower rate while achieving higher 

f i l m  p u r i t y  a t  t h e  f a s t e r  r a t e .  The r e s u l t s  of these  runs a r e  

inconclus ive  a t  present  because changes i n  t h e  vacuum system, 

described below, were a l s o  made. 

A s  discussed i n  t h e  F i r s t  Quarterly ~ e p o r t $ ' ) i t  i s  bel ieved 

t h a t  impur i t i e s  may b e  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  photovol ta ic  

devices.  E f f o r t s  were c a r r i e d  out  t o  reduce p a r t i c u l a r l y  the  

molybdenum and t i tanium content  of t h e  f i lms.  The r e s u l t s  of the  

e f f o r t s  a r e  shown i n  Table 11. Si*236E represen t s  the  t y p i c a l  

impuri ty l e v e l s  r ecen t ly  observed i n  t h e  samples deposi ted i n  the  

ion-pumped chamber. These impuri ty l e v e l s  were higher  than those 

observed i n  samples deposi ted i n  the  oil-pumped system. Si*242F 

shows the  impuri ty l e v e l s  a f t e r  the  Ti-Mo a l l o y  f i laments  i n  t h e  

t i tanium g e t t e r  pump were changed t o  T i  wound tungsten f i laments .  

As can be  seen,  n e i t h e r  t h e  T i  nor t h e  Mo l e v e l s  were reduced. I n  

Si*243F and Si*244F f u r t h e r  sources of molybdenumwere removed. 



The Mo w i r e s  t o  t h e  electron-beam gun and h e a t  lamps were rep laced  

wi th  Ta wires .  F u r t h e r ,  t h e  Mo e l e c t r o d e s  of t h e  q u a r t z  h e a t  lamps 

were sh i e lded  w i t h  Ta s h e e t s .  As  can be  seen  i n  Table 11, t h e s e  

changes y i e lded  a s i g n i f i c a n t  r educ t ion  i n  t h e  B ,  Mo, C r ,  T i  and A 1  

l e v e l s .  It i s  be l i eved  t h a t  t h e  r e a c t i o n  of Mo wi th  water  vapor 

produces a v o l a t i l e  s p e c i e s  which enhanced t h e  Mo contaminat ion.  

It is  p o s s i b l e  t h a t  t h e  e f f e c t  of removing t h e  Ti-Mo subl imat fon  

f i l amen t s  d i d  no t  show up u n t i l  t h e  2nd o r  3rd depos i t .  Samples 

Si*243 and Si*244 were a l s o  depos i ted  a t  t h e  normal r a t e  followed 

by a f a s t e r  r a t e ,  which may account f o r  t h e  f u r t h e r  impur i ty  

reduct ion .  

TABLE I1  

IMPURITIES IN SILICON FILMS 
3 [Concentration, ( X  1 0 ' ~ )  atoms/an t] 

t A defocused beam wi th oxygen enhancement was used 
for analysls .except for values followed by "f" 
referring t o  focused beam without oxygen. 

ND = Not detected 

2.2 S i l i c o n  C r y s t a l l i t e  Study 

2.2.1 I s l a n d  Formation of Si*241C 

I n  t h e  l a s t  q u a r t e r l y  r e p o r t  a s tudy  w a s  desc r ibed  i n  which 

wedge-shaped samples were formed i n  o rde r  t o  observe t h e  i s l a n d  o r  

c l u s t e r  formation which occurs  i n  t h e  i n i t i a l  s t a g e s  of s i l i c o n  

depos i t i on .  It was poin ted  o u t  i n  t h a t  r e p o r t  t h a t  t h e  t h i n  wedges 

S1*243F 

0.75 

NO 

0.03 

c.0.04 

S1*244F 

0.034, 0.024f 

3.9f 

16.7f 

fl., 066f 

0.0013,0.047f 

< 0.02, O.05f 

a 

Si*242F 

0.52f 

1.7f 

8.8f 

2.3f 

,0.057,0.13f 

0.016, 0.88f 

2.4, 1.9f 
- .  

C 

Specf es 

B 

C 

0 

A1 

11 

C r  

HO 
> 

S1*236E 

0.88 

0.24 

0.058 

0.14 

0.18 



may n o t  r e p r e s e n t  t h e  t r u e  cond i t i ons  of d e p o s i t i o n  because t h e  

d e p o s i t i o n  r a t e  i n  t h e  shadowed r eg ion  i s  very  slow compared t o  

t h e  normal d e p o s i t i o n  r a t e .  Therefore ,  a sample (Si*241C) on a 

~ i ~ z l s a p p h i r e  s u b s t r a t e  was formed j u s t  t h i c k  enough t o  observe 

t h e  i s l a n d  format ion  b u t  u s ing  the  rate and temperature of a more 

o r  l e s s  normal depos i t i on .  (See Table I . )  

The sample (Si*241C) w a s  c a r e f u l l y  examined by SIMS, SEM 
I 

and x-ray i n  an  e f f o r t  t o  understand t h e  g r a i n  growth which occurs  

i n  t h e  l a y e r s .  A phex~umenon wao observed which w a s  somewhat 

d i f f e r e n t  t han  expec ted ,  knowledge of which may h e l p  i n  t h e  f u t u r e  

formation of s i l i c o n  f i lms .  The obse rva t ion  is  t h a t  t h e  l a r g e  

s i l i c o n  g r a i n  growth does n o t  beg in  wi th  pure s i l i c o n  growth o u t  

of s m a l l  g r a ined  TiB2-TiSi2 as p rev ious ly  b e l i e v e d ,  b u t  r a t h e r  

ou t  of  seemingly l a r g e  c r y s t a l s .  These l a r g e  c r y s t a l  a r e a s  appear  

t o  b e  most ly T i S i 2 ,  b u t  an  unknown phase of Ti-Si-B composition 

may a l s o  b e  p re sen t .  Observat ions l e a d i n g  t o  t h i s  t e n t a t i v e  

c6nclus lun  arc prcoenfod here. 

2.2i2 SIMS Analys is  of Sample Si*241C 

Si*241C showed.uniformly d i s t r i b u t e d  i s l a n d s  of c r y s t a l l i t e s  

which were i d e n t i f i e d  a s . S i  by SEN.(Section 2.1.3).  A SXNS a n a l y s i s  

was conducted w i t h  a defocused.beam of 10 keV ~ r + ,  us ing  bo th  atomic 

and polyatomic s p e c t r a  i n  o r d e r  t o  s tudy  t h e  phase d i s t r i b u t i o n  i n  

t he  samples.  F igu res  1 and 2 show the i n t e n o i t y  fraction vs time 

p l o t s  of  s e l e c t e d  atomic and polyatomic ions .  The phases t h a t  are 

observed t o  b e  'p resent  a r e  S i  (e lementa l ) ,  T iSi2 ,  TiB2, and by 

m a t e r i a l  conse rva t ion ,  SIB . Polyatomic s p e c t r a  of t h e  pure 
X 

phases were used t o  provide  a set of r e l a t i v e  i o n  y i e l d  f a c t o r s  

(Table 111) which h e l p s  determine t o  some e x t e n t  t h e  degree  t o  

which phase decoupling is  p o s s i b l e .  I n  a d d i t i o n ,  s e l e c t e d  poly- 
+ ' +  

atomic i o n  r a t i o s  (such as TiB / ~ i  , s ~ B + / s ~ + ,  e i c . )  were used. 

The d e l i n e a t i o n  of  T iS iz  and TiB2 i s  f a i r l y  s t r a i g h t f o r w a r d ,  b u t  



Sputtering time (min) . 

Fig. 1 Intensity-time profiles of ion species from 
several phases; sample Si*241C. 



the detection of SIB is hampered by three factors: 
X 

equation 

1) Small amounts are predicted to be present from the 

+ 
2) Relatively low ion yields exist for both ~ i +  and B 

+ 
(as well as polyatomic ions such as SiB ) ;  and 

+ + 
3) Interference at SiB (39) from K (39) and at ~i~'(38) 
+ 

from A1B (38) for bulk SiB6 lead to poor calibration values. 

A qualitative analysis of the intensity profiles leads to 

the following observations : 

a. The predominant phase on or near the surface (0.38 pm) 

is silicon with a smaller amount of TiSi2 and a much smaller 

amount of boron. A semi-quantitative estimate based on the values 

in Table I11 and a knowledge of the spectra of the pure phases 

gives: 0.89 Si, 0.096 TiSi2, 0.014 SIB6, and 0.0082 TiB2. This 

composition, expressed as a phase fraction, is consistent with 

SEM estimates. . . 

b. A relatively abrupt change in the .boron bearing peaks 

occurs after % 60 min of sputtering corresponding to the removal 

of about 0.9 pm of material. This is :interpreted as having 

sputtered off regions containing a relatively thixl coat of Si. 

c. Removal of % 2 pm (% 125 min) gives a projection 

containing TiSi2 (and, by inference, SIB ) and increasing amounts 
X 

of TiB2. Silicon is steadily diminishing. At this point a 

semiquantitative estimate for the composition is: 0.34 Si, 0.36 TiSi2; 

0.19 TiB2, and 0.12 SIB6. 

d. After the removal of 4 pm (260 min), the Si peaks are 

reduced substantially and the boron bearing peaks have almost 

plateau values. The estimated composition is: 0.34 TiSi2, 0.55 TiB2, 

and 0.11 SIB6. 



Sputtering time ( m i d  

Fig. 2 Intensity-time profiles of ion species from 
sputtering sample Si*241C. 



TABLE 111 

RELATIVE ION YIELDS I N  A POLYPHASE SYSTEM* 

* Major isotope; energy window o f  250 + 25 eV. 

Species 

T i  (TiB2) 

T i  (T iS i2 )  

0 (TIE2) 

(siB6) 

S i  (TiSii) 

sl (SIB6). 

S i  ( e l  

2.2.3, Scannf ng Elec t ron Microscope ~ x a m i n a t i o n  of Si*241C 

An e l e c t r o n  microscope image of the  su r face  of sample Si*241C 

i s  shown i n  Figure  3. The l a r g e  s i l i c o n  c r y s t a l l i t e s  a r e  i n  the  

form of i s l a n d s  d i s t r i b u t e d  throughout t h e  s u r f a c e  of t h e  sample, 

Three d i r f e f e n e  sfze c x y s t a l l i t c o  ore observable: 1) l a r g e  s i l i c o n  

c r y s t a l s ;  2) smal ler  c r y s t a l l i t e s  i d e n t i f i e d  as TiSlp; and 3) vcry 

smal l  c r y s t a l l i t e s  i d e n t i f i e d  a s  TiB2 t h a t  a r e  observed i n  l imi ted  

regions ('hoies) i n  the Ti9 i2  a t r u c t u r e .  I d c n t i  f i c a t i o n  of these  

th ree  regions  was c a r r i e d  out  using t h e  x-ray emission microprobe 

c a p a b i l i t y  of t h e  SEM (boron cannot be  i d e n t i f i e d  by t h i s  technique). 

F i g u r e . 4  shnws the x-ray eiaission s p e c ~ ~ u m  of rcgbsns A 6 R ,  as 

labeled  i n  Figure 3. I d e n t i f i c a t i o n  was aided by both SIMS and 

x-ray microprobe. 

Y (YTi, TiB = 1)  

1 .O 

2.0 

0.074 

0.061 

0.28 

0.033 

0.41 ' 

Following the  SIMS a n a l y s i s ,  t h e  bottom of the  c r a t e r  formed 

by s p u t t e r i n g  was examined by SEM. Figures 5a and 5b present  t h e  

photomicrographs of t h e  bottom o f . t h e  c r a t e r  and of an adjacent  

region on the  sample su r face ;  both images a r e  a t  t h e  same magnifica- 

t ion .  The regions i n  Figure 5b were again examined by microprobe; 



t h e  only pure s i l i c o n  remaining was i n  a reas  having t h e  appearance 

of region B and showed up a s  small  peaks growing from t h e  l a r g e r  

f l a t  regions labeled  A. These l a r g e r ,  f l a t ,  apparently s ingle-  

c r y s t a l  regions were i d e n t i f i e d  by t h e  microprobe as containing 

T i  and Si.  SIMS a n a l y s i s  indica ted  t h a t  boron i s  a l s o  present .  The 

l a r g e  c r y s t a l l i t e s  thus appear t o  be a composition of TiSi2 

p lus  a phase containing boron. 

Fig. 3 SEM photomicrograph of 5 urn s i l i c o n  f i l m  i l l u s t r a t i n g  
cluster-formed regions. Region A - TiB2, Region B - TiSi2 ,  
Region C & D - s i l i c o n .  



Fig. 4 SEM microprobe x-ray spectrum of regions i n  Sample Si*241C 

a. Region A b. Region B 



(a) outside 

kg- 

Fig. 5 SEM photomicrograph of Si*241C (440X) of region inside zncl outside   puttered crater. 

A - T i S i 2  

B - s i l icon 

C - titanium, s iLcon,  sluafnum and boron 



2.2.4 X-ray Analysis of S i l ~ i ~ ~ l S a p p h i r e  

An x-ray d i f f r ac t i on  analysis  of sample Si*241C/TiB2287A 

on a sapphire subs t ra te  was car r ied  out using the  Se i f e r t  180-1000 

x-ray generator,  Cu ta rge t  x-ray source, and Read th in  f i lm  camera, 

a l l  of which were described i n  e a r l i e r  Quarterly Progress Reports. 

Fig.  6 X-ray d i f f r ac t i on  pa t te rn  from Read th in  f i lm camera; 
sample Si*241C. 

A photograph of t he  x-ray d i f f r ac t i on  pa t te rn  is shown i n  

Figure 6. The intense spots  a r e  due t o  the  sapphire subs t ra te ;  

the  continuous a rc s  ( l ines )  a r i s e  from the  various polycrysta l l ine  

phases present i n  the  layers  of the  deposited f i l m .  The d-values 

( l a t t i c e  spacings i n  un i t s  of lo-'' m) associated with each of the  

arcs  was obtained from a v i sua l  reading of the  l i n e  posi t ions  using 

a manual, micrometric, cross-wire i l luminator.  Table I V  l ists a l l  

of t he  observed l i n e s ,  t h e i r  v i sua l  cha rac t e r i s t i c s  and the  Powder 

Diffract ion F i l e  (PDF) l i n e  posi t ions  f o r  S i ,  TiB2, TiSi2 and SiB6. 



The l i n e  pos i t ions  a r e  given t o  t h r e e  s i g n i f i c a n t  f i g u r e s ,  even when 

more accura te  va lues  a r e  a v a i l a b l e  i n  the  PDF. The l i n e  c h a r a c t e r i s t i c s  

(column 2 of Table IV) represent  v i s u a l  judgments. The number a f t e r  

the  s l a s h  i n  column 3 i n d i c a t e s  the  approximate r e l a t i v e  l i n e  i n t e n s i t y  

(100.- s t ronges t  l i n e ) .  The camera and readout method permit approxi- 

mately t h r e e  s i g n i f i c a n t  f i g u r e  accuracy i n  the  d-values (e.g. ,  1.38 - + 
.01) ,  and l i n e s  wi th in  .02 u n i t s  of each o t h e r  a r e  genera l ly  not  resolv-  

ab le  ( t h e  r e so lu t ion  is a c t u a l l y  a  weak funct ion  of the  d-value). 

The grainy l i n e s  i n d i c a t e  t h e  presence of ( r e l a t i v e l y )  l a r g e  

c r y s t a l l i t e s .  These l i n e s  i n  Si*241C a r e  i d e n t i f i e d  exclus ively  with 

S i  and T iS i2 ,  ind ica t ing  t h a t  t h e s e  phases a r e  composed of l a r g e  

c r y s t a l l i t e s .  The c r y s t a l l i t e  s i z e  can be i n f e r r e d ,  i n  p r i n c i p l e ,  from 

the  g ra in iness  of t h e  d i f f r a c t i o n  l i n e s ;  however, we have not  done t h i s  

q u a n t i t a t i v e l y .  The smooth l i n e s  were i d e n t i f i e d  with the  f i n e  grained 

phase, TiB2. The r e l a t i v e l y  l a r g e  g r a i n  s i z e  of S i  and TiSi2 compared 

with TiB2 i s  v e r i f i e d  by t h e  SEM s t u d i e s  (Sect.  2.2.3). A l l  l i n e s  of S i ,  

TiB2, and TiSi2  a r e  accounted f o r ,  although some a r e  not  uniquely 

represented because of l imi ted  camera re so lu t ion .  

. In  order  t o  expla in  the  presence of expected boron from the  

reac t ion  of TiB2 wi th  s i l i c o n  (Eq. 1, S e c t .  2.2.2), o t h e r  poss ib le  phases 

containing S i ,  T i  and possibly A 1  (from t h e  s u b s t r a t e )  with B w e r e  
. . 

sought. The only phase l i s t e d  i n  t h e  PDF which comes c lose  t o  agreeing 

with the observed x-ray p a t t e r n  is  SIB6, t h e  d-values of which a r e  

l i s t e d  i n  the  l a s t  colume of Table I V .  For s e v e r a l  reasons,  however, 

t h e  conclusion is t h a t  SiB6 i s  probably not  a  s i g n i f i c a n t  cons t i tuen t  

of t h e  sample: (a)  t h e  s t rong  l i n e  a t  2.93 is ou t s ide  the  - + . O 1  experi- 

mental l i m i t  of e r r o r ,  (b) a l l  f i v e  of t h e  o t h e r  s t rong  l i n e s  overlap 

i d e n t i f i e d  l i n e s  of one o r  more of the  i d e n t i f i e d  phases, and nost 
s i g n i f i c a n t l y ,  (c)  s t rong  l i n e s  of SIB6 a t  2.40 and 0.81 a r e  not  seen 

a t  a l l .  Another poss ib le  cons t i tuen t  is SIBl,, which has i ts  s t ronges t  

l i n e s  f o r  d . 3  4.100. The p resen t  experimental arrangement does not  

permit observation of l i n e s  wi th  d 3 3 . 5 0 ,  s o  t h a t  confirmation o r  

r e j e c t i o n  of t h e  presence of SIBl4 cannot be c e r t a i n  a t  t h i s  time. 



TABLE I V  

X-RAY DIFFRACTION LINES FROI.1 Sit241C (UN SHPPH~ kE) 
7 

SiB6 

2.931100 

2.07/70 

1.85190 

1.38190 

1.31190 

0.85190 

T iS i2  

2.291100 

2.13170 

2.08/90 

1.82190 

1.54120 

1.49120 

1.39170 

1.36170 

1.31/90 

1.24170 

1.22160 

1.19190 - 
1.08160 

1.07160 

i n t e n s i t y  

. 
d 

3.22 

3.13 

2.96 

2: 91 

2.63 

2.30 

2.14 

2.09 

2.03 

1.99 

1.92 

1.89 

1.83 

1.78 

1.64 

1.62 

1.53 

1.52 

!, 38 

1.37 

1.36 

1.32 

1.25 

1.22 

1.20 

1.11 

1.05 

1.02 

0.998 

0.958 

0.950, 

0.918 

0.861 

0.846 

0.8'33 

0.829 

Char. 

W 

S G 

VVW 

VWG 

W 

SG 
MG 

MG 

S 

VVW 

SG 

VW 

MG 

VWG 

SG 

W 

VVWG 

VVWG 

. VVW 

M 
MG 

WG 

MG 

VW 

VVW 

MG 

MG 

vvw 
W 

VVWG ' 
W 
MG 

l iG  

W 

VW 

VVWG 

none 

4 

none none 

S i  

3.14/100 

1.92160 

1.64135 

1.3618 

1.2511 3 

1.11117 

1.0519 

0.96015 

0.918/11 

0.85919 

0.82815 

' . Missing l . ines 

2.40193 

0.81/90 

T i  B2 

3.22120 

2.62160 

2.0311 00 

1.61114 

1.51120 ' 

1.37/26 

1.3118 

1.22114 

1.10112 . 

1.02112 

0.99619 

0.948110 

0,84516 

0.83216 

> 10% r e l a t i v e  



There are five tentatively unidentified (out of 36) lines 

in the diffraction pattern, including the one at 2.91, possibly asso- 

ciated with SiB6 or,SiBlt,. All are classed as very, or very very 

weak. There are a number of reasons for the observation of weak 

unidentified lines: (a) presence of an unidentified phase, (b) lines 

of an identified phase not listed in PDF, (c) impurity phases in a 

small fraction of an identified phase. Other x-ray diffraction 

analyses of different samples usually also exhibit a few unidenti- 

fied lines, but (with one possible exception) the unidentified lines 

are frequently different from sample to sample. It has been, so far, 

impossible to identify with certainty any additional phases being 

formed in the samples which show up in the x-ray diffraction patterns. 

2.3 n-Type Silicon Formation 

The oil-diffusion-pumped vacuum system was adapted to form 

11-type silicon layers by deposition of silicon in a phosphine (PHs) 

atmosphere. This.system was selected for the n-type deposit because 

it has a mechanical backing pump which is vented to the outside, 

making it safe to use with poisonous gas. 

The system was fitted with a phosphine gas line which enters 

the deposition chamber through a leak valve, thus allowing the 

silicon deposition to take place in an accurately controlled partial 

pressure of phosphine. At elevated substrate temperatures some of 

the phosphine molecules striking the substrate dissociate. With.no 

silicon being deposited, most of the phosphorus and its hydrogen 

compounds re-evaporate from the substrate surface; but during 

deposition of the silicon a certain fraction of the phosphorus is 

trapped in the deposit. The segration coefficient for phosphorus 

in silicon is large, ensuring the doping of the silicon. In keeping 

with the usual system of sample designation, the n-type silicon 

samples will be listed sequentially as N-Si 



0 
A n  i n i t i a l  run,  a t  a s u b s t r a t e  temperature of 950 C ,  was 

made and n-type p o l y c r y s t a l l i n e  s i l i c o n  f i lms (n-Si 1 )  1pm t h i c k  

were success fu l ly  deposi ted onto sapphire ,  ceramic, and c r y s t a l  

s i l i c o n  s u b s t r a t e s ,  and a l s o  onto previously-deposited p-type 

s i l i c o n  t h i n  f i lms.  The conduct iv i ty  type was checked with a 

thermo-electr ic  probe. The concentra t ion  of phosphorus depends 

mainly on t h e  phosphine p a r t i a l  pressure  and t h e  s i l i c o n  deposi t ion  

r a t e .  For a p a r t i a l  pressure  of 2 X Torr  and a deposi t ion  

r a t e  of 160 Blmin, t h e  e l e c t r i c a l l y  a c t i v e  phosphorus concentrat ion 

Was determined t o  be 2 X lo1' atarns/rm3 from r e e i o t i v i t y  measure- 

ments (p = 0.06 R-cm); t h i s  corresponds t o  about one e l e c t r i c a l l y  

a c t i v e  phosphorus atom being trapped f o r  every 10' t h a t  a r e  inc iden t  

on t h e  s u b s t r a t e .  SLMS measurements g ive  about 3 X lo1' atoms/cm3 

f u r  t h e  t o t a l  phosphorus concentrat ion.  

I n  order  t o  form a junct ion  between a deposi ted n-layer 

and a p-type s u b s t r a t e ,  i t  is  necessary t o  remove t h e  o x i d e . l a y e r  

from t h e  p-type s i l i c o n .  This  can be done by deposi t ing  s i l i c o n  

a t  about l l O f l O ~ ,  a t  which tcmpcraturc LIE sllicon w i l l  r e a c t  wi th  

the  s i l i c u l ~  dioxide  t o  t o m  v o l a t i l e  s i l i c o n  monoxide. A f i l m  2 pm 

t h i ck  was deposi ted  a t  t h i s  temperature, again a t  2 X Torr  p a r t i a l  

p ressu re  of phosphine. The r e s i s t i v i t y  of t h e s e  f i lms  increased t o  

6 Q-cm, apparent ly  due t o  the  shortened dwell time (due t o  - t h e  hf gher 

temperature) of t h e  phosphorus atoms on the  s i l i c o n  surface .  I n  

add i t ion ,  s i l i c o n  su r faces  t h a t  were exposed t o  t h e  gas3  bu t  which 

received no d e p o s i t ,  became n-type due t o  d i f f u s i o n  of the  gas i n t o  

the  su r face .  

To e l imina te  these  problems, t h e  f i n a l  run i n  t h i s  r epor t ing  

period consis ted  of an i n i t i a l ,  s h o r t  depos i t  of s i l i c o n  (Q 20 2) a t  

1 1 0 0 ~ ~ ,  followed by a long run i n  a 2 X Torr  phosphine atmos- 

phere a t  9 . 5 0 ~ ~ .  The r e s u l t i n g  f i lm,  0.4 um t h i c k ,  again had a 

r e s i s t i v i t y  of about 0 .1  Q-cm, a s  ' i n  t h e  i n i t i a l  run. Fas te r  

evaporat ion r a t e s  t o  inc rease  t h e  phosphorus concentra t ion  through 
+ 

t rapping w i l l  be t r i e d  and n -p junct ions  w i l l  be formed and s tud ied  

i n  the  next  r epor t ing  .period. 



3. THE BOTTOM ELECTRODE 

3 .1  T i B 2  Formation 

Work continued t h i s  quar t e r  on the  'deposi t ion  of T i B 2  f i lms  

needed i n  both t h e  formation of photovol ta ic  devices a n d , i n  the  

study of t h e  k i n e t i c s  of TiB2 formation. These two aspects  of the  

research requi.red d i f f e r e n t  types of samples. The samples used 

f o r  t h e  formatibn of photovol ta ic  devices a r e  t h i c k ,  (genera l ly  about 
/ 

1 pm) and a r e  heated longer than requi red  f o r  the  complete TiB2 

react ion .  S u f f i c i e n t  time should be allowed f o r  t h e  removal of excess 

boron by a water  vapor o r  oxygen reac t ion  on t h e  su r face .  The samples 

used i n  exploring the  k i n e t i c s  of the  Ti-B r e a c t i o n  a r e  t h i n  samples. 

amenable t o  examination by SIMS without l o s s  of r e s o l u t i o n  and a r e  

reac ted  only p a r t i a l l y  s o  t h a t  the  k i n e t i c s  of t h e  r eac t ion  may be 

observed (Table V I ) .  The r e s u l t  of the  SIMS i n v e s t i g a t i o n ,  a s  

described i n  the  next s e c t i o n ,  i n d i c a t e s  t h a t  t h e  r eac t ion  constants  

of the  t h i n  f i l m  Ti/B couples produced he re  a r e  considerably l e s s  

than those reported f o r  the  bulk mate r i a l .  

The TiB2 sample parameters discussed i n  t h i s  r epor t  a r e  

l i s t e d  i n  Table V. The average r e s i s t i v i t i e s  f o r  each run a r e  l i s t e d  

i n  order  t o  avoid a lengthy t a b l e .  The r e s i s t i v i t i e s  on the  sapphire  

a r e  genera l ly  lower than on the  alumina s u b s t r a t e s .  It is  bel ieved 

t h a t  t h i s  is  due e i t h e r  t o  t h e  su r face  roughness of the  alumina 

s u b s t r a t e  o r  t o  a  l o s s  of T i  due t o  a  r e a c t i o n  between T i  and sapphire .  

Sample TiB2297 represen t s  t h e  f i r s t  run c a r r i e d  out  by deposi t ing  

t i tanium and boron i n  t h e  same vacuum chamber without breaking t h e  

vacuum. Previous t o  t h i s  run t h e  t i tanium depos i t  was made i n  a  

sepa ra te ,  small ,  10"-pyrex chamber and i ts th ickness  was measured 

p r i o r  t o  p lac ing i t  i n  the  12"-s ta in less-s tee l  chamber where the  boron 

deposi t ion  was c a r r i e d  ou t .  I n  order  t o  produce samples without 

breaking t h e  vacuum, a number of runs were made i n  order  t o  e s t a b l i s h  

the  deposi t ion  r a t e s  of the  t i tanium and boron deposi t ions .  The 

deposi t ions  were c a r r i e d  ou t  i n  t h e  12"-s ta in less-s tee l ,  commercial 

vacuum system with t h e  source-to-substrate d i s t ance  approximately 



19.5 centimeters. Titanium was deposited from a tungscen boai a L  

a rate of approximately 0.1 pm/min. The tungsten boat was changed 

after each deposition to avoid excess alloying of titanium and 

tungsten. Tungsten desolves in the titanium melt,. raising the 

melting point and making it difficult to control accurately the 

deposition rate after the first run. The boron was deposited by 

electron-beam heating of pure boron i'n the molybdenum-lined, 

water-cooled crucible. The deposition rate was approximately 0.08 pm/ 

min. At this stage in the process the chamber w a s  opened; each 

sample is measured and then replaced in the chamber for reaction. 

This measurement step is necessary in order fully to understand 

the formation process. While the average resistivities of samples 

deposited without breaking the vacuum may be somewhat lower than 

previous samples, further runs are required to confirm this. 

TABLE V 
TiB2 F i  lin Parameters 

Sample 

T i  
rhick- 
neSS 
pm 

B 
Thick- 
.neSs 

0.81 

0.30 
1.12 
0.50 

0.75 
I1  

1.18 
Il 

0.78 

0.94 

1.13 

1.12 

TiB2 
Cal cu- 

' la ted 
Ttii.ck- 

ness 
urn 

1.37 

0.42 

0.77 
0.42 

' 1.20 
II 

1.87 
I1 

1.18 

0.95 

1.88 
0.99 

Two chambers 

Average 
Resls- 
t i v i t y  
b~i-em 

ND 

% 300 
94 

78 
159 

128 

73 
103 

61 

61 

79 
85 

.Calcu- 
l a ted  
Excess 

pm 

.0 .41T i  
0.66 0 
0.12 B 
0.24B 
0.44 B 

I1  

0.77B 
I1  

0.08B 

0.39 B 

0.08B 

0.53B 

TiB2276 

T1B2280 

TiB2281 
TiB2287 

TiB2290B 

290 C i D  
TiB2291C 

291F 

3 
0.29 

0.53 

0.30 
0.83 

'I 

1.29 
I' 

Forma- 
t i o n  
Temp 
u C 

', 
950 
950 . 

950 

950 
950 

I1  

950 
11 

950 

950. 

950' 

,950 

. -- -. . 

Forma- 
t i o n  
Time 

h r 

3 
4 

16 
3 

5- 

8 

3.5 

5.5 

3 

3 

3 
3. ' 

One chamber 
TiB2297 

~ 1 ~ ~ 2 9 8  
TiB2299 

TiB2300 

0.81 
0.65 

1.29 

0 . 6 8 .  



The r e s i s t i v i t i e s ,  however, a r e  no t  a s  low a s  previously repor ted  

f o r  th inner  samples o r  f o r  bulk values and, a s  ind ica ted  i n  

the  next  s e c t i o n ,  some of the  t h i c k  samples were not heated 

s u f f i c i e n t l y .  During the  next  i t  i s  planned t o  r e a c t  

the  samples, without breaking the  vacuum, f o r  t i m e s  c o n s i s t e n t  

with the  newly determined r a t e  constant .  

I n  order  t o  produce s u f f i c i e n t  TiB2 samples requi red  t o  

supply both the  n and p-type s i l i c o n  f i l m  research ,  beginning . 

with TiB2300 a new s u b s t r a t e  holder  which conta ins  twelve samples 

i n  p lace  of the  usual  s i x  is being employed. The twelve-substrate 

holder  was i n i t i a l l y  made of s t a i n l e s s - s t e e l  but  is being replaced 

by tantalum i n  order  t o  avoid contamination of the  samples during 

the  high temperature f i r i n g  s t age .  

3.2 SIMS Study of Titanium ~ i b o r i d e  Film Formation 

The proper and e f f i c i e n t  formation of t h e  t i tanium d ibor ide  

bottom e lec t rode  (A1203 s u b s t r a t e )  r equ i res  a knowledge of the  r a t e  

cons tant  f o r  the  reac t ion:  

T i  ( s )  + 2B ( s )  + TiB2 ( s )  (p ,T) (2) 

This i n t e r a c t i o n  was s tud ied  by Thebault e t  a l .  (2)and was 

conducted using r e l a t i v e l y  t h i c k  f i b e r  and f l a t  samples. Thebault 's  

samples were heated f o r  up t o  hundreds of hours and r e s u l t e d  i n  

reac ted  zones i n  the  t ens  of um th ick .  It was of i n t e r e s t  t o  see 

i f  t h e  k i n e t i c s  a r e  the  same f o r  t h e  s u b s t a n t i a l l y  th inner  samples 

used i n  our work. To study t h i s ,  s e v e r a l  t h i n  Ti-B samples were 

deposi ted on sapphire  t o  provide optimum depth r e s o l u t i o n  condi t ions  

f o r  the  SIMS ana lys i s .  The thicknesses of the  two l a y e r s  were 

obtained f o r  each sample chosen f o r  s tudy using an o p t i c a l  i n t e r -  

ferometr ic  technique. Concentration v s  depth p r o f i l e s  of an 

unreacted couple w e r e  obtained and discussed i n  t h e  F i r s t  Quarterly 

Report. A companion sample which had been heated f o r  a r e l a t i v e l y  



long per iod  (30 min @ 950'~) i n  terms of Thebault 's  p t ed le ted  time 

f o r  f u l l  r e a c t i o n  was a l s o  analyzed. The cont inuat ion  of t h i s  work 

t h i s  q u a r t e r  cons is ted  of hea t ing  samples f o r  per iods  s h o r t  enough 

and a t  temperatures low enough t o  a s su re  incomplete reac t ion .  

Calculated concentra t ion  vs  depth p r o f i l e s  a r e  shown i n  

F igures .  7 a n d .  8 f o r  two f i lms  h e a t e d  a t  750 '~  f o r  7 min and 8 5 0 ~ ~  

f o r  7.'8 min, r e spec t ive ly .  These samples, a s  w e l l  a s  o the r s  

r e l a t e d  t o  t h i s  SIMS s tudy,  were reac ted  i n  a fused s i l i c o n  tube 

furn.are. fflnnded w i t , h  flowing pure He. f i e  samples were i n s e r t e d  and 

removed i n  a t i m e  considerably s h o r t e r  than t h e  r e a c t i o n  t i m e .  The 

d i f f u s i o n  l i m i t e d  r e a c t i o n  l eads  t o  a r a t e  cons tant  k given by: 

where x is  the '  th ickness  of  t h e  reac ted  TiB2 l a y e r  and t i s  the  

r e a c t i o n  t i m e .  Equation (3) was used t o  ob ta in  the  experimental 

' r a t e . c o n s t a n t  f o r  the  t h i n  f i lms.  The value  of x formed i n  t i m e  t 

was found by g raph ica l  i n t e g r a t i o n  under the TiBn p r o f i l e s ;  Thicker  

depos i t s  (samples TiB2299B and TiB2287D) were a l s o  analyzed f o r  

obta in ing h igher  temperature points .  The p r o f i l e s  f o r  TiB2299B 

a r e  shown i n  Figure  9. The sample parameters and ca lcu la ted  r a t e  

cons tants  (k) a r e  shown i n  Table VI. 

TABLE V I  

TlB2 SAMPLES USED I N  REACTION STUDIES 

* Graphica l  i n t e g r a t i o n  of TiB2 p r o f i l e  

Samp 1 e 

TiB2285D 

TiB3285C 

F i l m  
Thick-  

ness 
T i  
A 

1178 

1325 

t--- 
F i l m  

Thick-  
ness 

B 
A 

1914 

1767 

b 

11 100 

4123 

TtB2299B 12900 I TiB2287D 3828 

Act .  energy, E, 

k cal/mol 

Reac- 
tihon 
Tgmp. 

C 

750 

850' 

950 

1000 

-----. .-.---.---.- 

Reac- 
t i o n  
Time 

mi n 

7 

7.8 

kx10:: 
cm sec 

2.8 

5.0 

Reacted 
Thick-  

ness 
T I B ~  

A 

585 

1090 

180 

11.0 

~ e f  (2) 
~ X I O - ~  
cm set'% 

4.2 

13.5 

11.7 

14.2 

18  

k 

12200 

3640 

31.6 

46.4 

25 



Depth from surface (A) 
Fig. 7 Concentration-depth profiles from the sputtering 

of sample TiB2285D (~ITilsapghire heated in a He 
atmosphere for 7 min, at 750 C). 
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Depth from surface (A) 
Fig.8 Concentration-depth profiles from the sputtering of 

sample TiBi285~ (B/Ti/sapphire heated in a He atmosphere 
'for 7.8 mii. at 850'~) . 



Depth from surface (pm) 

Fig. 9 Concentration-depth profiles from the sputtering of 
sample TiB2299B (B/~i/alumina ceramic heated in a He 
atmosphere for 3 hours at 950°C). 



Also presented for comparison are the values from reference (2). 

The Arrhenius plot, (log k vs 1/~) from ~hebault's paper, along 

with the data obtained in this study is shown in Figure 10. The' 

data points obtained here fall consistently beiow the previously 

reported results of Thebault et al. A lower activation energy. 

was thus obtained from our work; viz.'18 - vs - 25 kcal/mol. No 

conclusive arguments as yet.have been advanced to explain the 

discrepancies between our results and those quoted.' The 

temperature measurements are accurate to within - + 5 ' ~ .  'She most 

serious errors probably arise in the assumptions made concerning 

the SIMS profile calculations. The thickness measurements have a 

rather large error band . (+ - 10%). Perhaps the agreement is good 

considering all the difficulties in'interpreting the SXMS results. 

There is also a question of the role of impurities in altering the 

diffusion characteristics. Thebault has thus observed a lowering 

of the diffusion constant for B C-coated boron fibers and an increase 4 
in the activation energy. The film sources in this work are, 

huwever, of hlgh p u r i t y ,  making the impurity argument unlikely. 

An additional observation which should be mentioned is the 

possibility of a competitive reaction between titanium and the 

substrate'. At lower temperatures and shorter reaction. times this 

is less of a potential problem and may be consistent with the closer 

agreement of ' the low temperature diffusion constant. At the higher 

temperature (and with thicker film couples),'a competitive reaction 

is more likely to occur. Support for this is further seen in 

examining the Ti - substrate region for film TiB2299B (Figure 9). 
At the substrate the Ti and 0 profiles run paraalel, suggesting 

that some of the Ti has reacted to form either TiOx or Ti Al 0 . 
Y Z  

This could then result in a smaller predicted TAB2 thickness (or 

a large= k). The same argument can rationalize the 850~6 result, 

except for the reaction time. 



Fig. 10 Arrhenius p.lot of TiB2 reaction rate constant vs inverse 
temperature. Data from this work and from Thebault et al. 
are shown. 

-5.0 

a-6.0 

s 
0 
4 

M 

4 -7.0- 

-8.0 

I I I 

- - 

- >-.. -- -- - - - -@- - ,  - --- -- 
a-.- - -- 3- 

- -- -3 
- 

- - 

- - From ref. (2) - 
*--4 This work 

1 1 I I 



The low v a l u e  of t h e  r e a c t i o n  cons t an t  i s  s u r p r i s i n g  s i n c e  i t  is 

g e n e r a l l y  assumed t h a t  f r e s h l y  depos i ted  p o l y c r y s t a l l i n e  f i l m s  

would b e  more r e a c t i v e  than t h e  bu lk  m a t e r i a l .  The h e a t i n g  t imes 

used i n  forming TiB2, a s  l i s t e d  i n  Table V ,  were determined assuming 

t h e  bulk  r e a c t i o n  r a t e s .  For samples' TiB2276, TiB2291, and TiB2299, 
0 

t h e  r e a c t i o n  t i m e s  a t  950 C were, however, no t  s u f f i c i e n t l y  long 

accord ing  t o  t h e  newly determined r a t e  cons t an t .  Thus, from Eq. (3 ) ;  

w i t h  k = 11.7  X 10-~cm/se;~, sample TiB2299B should have been hea ted  

. f o r  about 7 .3  hours  r a t h e r  than  f o r  3 hours .  The r e a c t i o n  of t h e  

under-heated samples would, o f  course ,  be  completed dur ing  t h e  

ou tgas s ing  s t a g e  of  t h e  s i l i c o n  depos i t i on .  



4. PHOTOVOLTAIC DEVICES 

Pho tovo l t a i c  Device Fab r i ca t ion  

Samples S i  238D, Si*240E, and Si*240B were processed i n t o  

complete devices .  The s i l i c o n  f i l m  parameters  f o r  t h e  S i  238 s e r i e s  

were given i n  t h e  l a s t  q u a r t e r l y  r e p o r t .  The parameters  f o r  t h e  

Si*240 s e r i e s  a r e  g iven  i n  Table I of t h i s  r e p o r t .  The junc t ions  i n  

a l l . t h r e e  samples were formed by t h e  n-d i f fus ion  process  descr ibed  

i n  p r i o r  r e p o r t s .  Sample Si*240E (a s  w e l l  a s  S i  238D) w a s  processed 

a t  9 7 5 O ~ ,  which i s  s i m i l a r  t o  t h a t  used i n  most prev ious  samples,  and 

Si*240B was processed a t  9 0 0 ~ ~ .  1t was f e l t  t h a t  t h e  lower tempera- 

t u r e  might improve t h e  device  c h a r a c t e r i s t i c s .  The schedule  f o r  

process ing  t h e  samples is  p re sen ted  i n  Table V I I .  

TABLE V I I  

THIN FILM SILICON PHOTOVOLTALC DEVICE 

PROCESSING STEPS. 

PROCESS/SAMPLE .- 
'1 CLEAN 

2 ETCH 

3 OXIDATION 

4 PHOTOLITHOGRAPHY 

5 PRE-DIFFUSION ETCH 

6 DIFFUSION - n-Type 

Flow .Rates: N2 

O2 

PH3 

7 POST-DIFFUSION ETCH 

8 OXIDATION 

9 PHOTOLITHOGRAPHY 

10 PRE-ELECTRODE ETCH 

11 ELECTRODE DEPOSITION 

- 

Si*240E 

B o i l  Acetone 

BOE 10 min + 30 min H20 

4 hrs. @ 975'~ 

Level 1 Mask 

2.5% HF, 10 sec + 20 min H20 

6.5 min. @ 975'~ 

3300 ml /min 

44 mllmin 

16.5 ml/min 

2.5% HF 45 sec -c 20 min H20 

1 hr.  @ 975 '~  

Level 2 Mask 

2 . 5 % H F 1 0 s e c + 2 0 m i n H 2 0  

~ h r o u g h  Mask 

* 

Si*240B 

B o i l  Acetone 

BOE 10 min + 30 min H20 

10 hrs @ 9 0 0 ~ ~  

Level 1 Mask , 

2.5% HF 10 sec + 20 min H20 

12 mln. @ 9 0 0 ~ ~  ' 

2870 ml/min 

44 ml/min 

165 ml/min 

2.5% HF 45 sec -c 20 min H20 

2 hrs @ 9 0 0 ~ ~  

Level 2 Mask 

2 . 5 % H F , 1 0 s e c + 2 0 m i n H 2 0  

Through Mask 



0 The processing schedule a t  900 C was s e l e c t e d  t o  'achieve the  same 

junct ion  depth a s  t h e  975O~ processing,  thus d i f f e r e n t  times f o r  

d i f f u s i o n  a s  w e l l  a s  d i f f e r e n t  flow r a t e s  were requi red  f o r  the  

dr ive- in  oxidat idn .  These times were est imated from the  d i f f u s i o n  

constants  determined previously.  Following t h e  oxidat ion  (Step 8 

i n  Table V I I )  windows a r e  opened up i n  the  oxide i n  prepara t ion  f o r  

e l e c t r o d e  deposi t ion .  

The e l e c t r o d e  deposi t ion  was c a r r i e d  out  t h i s  quar t e r  by 

means of deposi t ion  through masks r a t h e r  than by the  photol i tho- 

graphic  process used prcviously.  The vacuum e lec t rode  deposi t ion  

masks, as described i n  t h e  l a s t  q u a r t e r l y  r e p o r t ,  were formed from 

two-mil t h i c k  s t a i n l e s s - s t e e l  and were used f o r  t h e  e l ec t rod ing  of 

S i  2 3 8 ~ :  These masks were somewhat coarser  than necessary;  t h e  

designed openings were too b i g  and the  f i n g e r s  r a t h e r  f a r  a p a r t .  

Consequently, a new set of masks was fab r i ca ted  and used i n  the  

e l e c t r o d e  deposi t ion  of samples Si*240B and Si*240E. Sample S i  237D 

was a l s o  etched and re-electroded with the new pa t t e rn .  The mask 

p a t t e r n  designated F-1 is formed of 1 m i l  t h i c k  koear and shown i n  

Figure  11. The des ign dimensions of t h e  mask are given i n  Table VIII. 

TABLE V I I I  

DESIGN DIMENSIONS OF DEVICE PATTERNS (F-1) 

ACTIVE 
AREA 
(%)  

87.1 

85.3 

84.7 

80.6 

75.0 

88.9 

b 

DEVICE. 
PATTERN 

A 

B 

Dl, 05 

D2, D3 

C4, D4' 

C l S C 2 , C 3  

ELECTRODE 
AREA 
( m 2 )  

0.12935 

0.02694 

0.35484 x 1 0 ' ~  

1 . 1 2 9 0 3 ~ 1 0 - ~  

0.64516 x 1 0 ' ~  

0 . 1 6 1 2 9 ~ 1 0 ' ~  

n-DIFFUSION 
WINDOW AREA 
(cm2) 

1.00645 

0.18387 

2.32258 x lo'* 
5 . 8 0 6 4 4 x 1 0 - ~  

2.58064 x 1 0 ' ~  

1 . 4 5 1 6 1 ~ 1 0 ' ~  

Bottom I h/A- 1 4 . 8 3 8 7 0 ~  1 3 . 6 1 2 9 0 ~  I NIA 
I 

"EFFECTIVE" ' 

ACTIVE 
AREA (cm2) 

0.87710 

0.15693 

1.96774 x lo'* 
4 . 6 7 7 4 1 x 1 0 - ~  

1.93548 x 

' 1 . 2 9 0 3 2 ~ 1 0 ' ~  

(Oxide Window Ele.ctrode (Deposited Area) 
I 

& 

Area) 



Fig. 11 Electrode deposition mask, Pattern F-1 



The o r i g i n a l  i n t e n t  was t o  make heavy masks which could support  

the  s i x  s u b s t r a t e s  f a b r i c a t e d  i n  each run. Since s i x  samples 

were not  being processed a t  one time and s i n c e  alignment of the  

masks wi th  t h e  photol i thographica l ly  defined n-type regions was 

l i k e l y  t o  prove d i f f i c u l t ,  t h e  simple expediency of a l ign ing  

each i n d i v i d u a l  s u b s t r a t e  by hand proved t o  be more feasable .  

There appeared t o  be l i t t l e  l o s s  i n  d e f i n i t i o n  between t h e  mask 

and t h e  evaporated p a t t e r n  on t h e  s u b s t r a t e .  There was, however, 

a  s i g n i f i c a n t  d e f i n i t i o n  d e t e r i o r a t i o n  between t h e  photol i tho- 

g raph ica l ly  designed p a t t e r n  and the  a c t u a l  etched masks. These 

d i f f e r e n c e s  a r e  ind ica ted  i n  Table I X  f o r  devices using both F-1 

and F masks. 

,TABLE I X  

KASK DEPOSITED ELECTRODE AREAS 

The masks used.were c l e a r l y  overetched. More c a r e f u l  e tching 

procedures would have r e s u l t e d  i n  the  a reas  conforming more c lose ly  

t o  the  design.  A photograph of a por t ion  of the  e l ec t rode  depo- 

s i t i o n  masks and t h e  r e s u l t i n g  p a t t e r n  on S i  237B is  shown i n  

Figure 12. ( S i  237B was re-electroded i n  order  t o  t e s t  the  new 

masks.) No s i n t e r i n g  was c a r r i e d  o u t  fol lowing t h e  e l ec t rode  

deposi t ion .  

FILMZAREA 
cn~ 
-.pm 

9.2 X 

5.8 x 

3 . 5 ~ 1 0 ' ~  

I n  add i t ion  t o  t h e  e l ec t rode  mask, s e t s  of "n-type" d i f f u s i o n  

masks f o r  photolithography and a  matching n-type deposi t ion  mask f o r  

use  i n  t h e  vacuum system were fab r i ca ted .  The deposi t ion  mask was 

MASK AREA 
cm2 

9.2 X lo-(  

5.7 x 10-3 

3 . 0 ~ 1 0 ' ~  

)L 

PATTERN 

F. (2 mi1 th ick )  
D2 

F-I. (1 .II th ick )  
D- 1 

C-1 

t 

DESIGN AREA 
cm2 

6.5 X 

3.5 x 10-3 

1 . 6 ~ 1 0 ' ~  



Pig. 12 a. Region of 1 m i l  overetched electrode mask. (% 31X) 

b. Correspondlng deposited ~ i / ~ g  f i lm through the mask. 



Fig. 13 Diffusion pattern for photolithography, Pattern P1. 



Fig.  14 Evaporation mask for n-region (s ix  samples), Pattern F-1 



formed of 5 m i l  tantalum and f i t s  i n t o  t h e  standard 6-position 

tantalum s u b s t r a t e  holder. Figure 1 3  i l l u s t r a t e s  t h e  photoli tho- 

graphic p a t t e r n  and Figure 14,  t h e  deposi t ion  masks. 

Photovol ta ic  Device Proper t i e s  

A s  s t a t e d  above, Si*240B and Si*240E w e r e  processed a t  

d i f f e r e n t  temperatures. A comparison of r epresen ta t ive  devices 

from each sample is  l i s t e d  i n  Table X and a t y p i c a l  current-voltage 

osci l loscope t r a c e  is shown i n  Figure 15. To ta l  cu r ren t s  a r e  

presented i n  Table X r a t h e r  than cur ren t  densi ty  because of the  

poorly defined e l e c t r o d e  pa t t e rns .  A s  can be  seen,  t h e r e  is 

l i t t l e  d i f fe rence  between t h e  two samples. Sample Si*240B may 

have a s l i g h t l y  h igher  s h o r t  c i rcu i t - cur ren t  than Si*240E; however, 

t h i s  sample w a s  on a sapphire  s u b s t r a t e  and may have s l i g h t l y  

d i f f e r e n t  g r a i n  s t r u c t u r e .  These r e s u l t s  tend t o  i n d i c a t e  t h a t  t h e  

d i f f u s i o n  temperature is  n o t  t h e  f e a t u r e  l i m i t i n g  t h e  e f f i c iency  

of the  c e l l s .  

TABLE X 

COMPARISON OF DEVICES PROCESSED AT 
DIFFERENT TEMPERATURES 

2 

SAMPLE .. 
SUBSTRATE 

PROCESSING A 
TEMPERATURE 

WICE 

Si*24OE 

A1 mi na 

90a0c 

Or010 

292 

0.035 

248 

0.046 

209 

C2 

D-2 

0-3 

Isc (4 
voc (my) 

Isc (4 
voc (mv) 

Is, (u) 

Voc (mvl 

S1*2408 

Sapphire 

950'~ 

0..01 4 

286 

0.046 

243 

0.060 

291 

d 



Fig. 14 Evaporation mask for n-region (six samples), Pattern F-1 
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Fig. 16 Photovoltaic response to AM-1 simulated insolation 
(100 mw/cm2), sample Si 238D (Device D2). 



Sample S i  238D was processed i n  a way s i m i l a r  t o  t h e  schedule  i n  

Table V I I  f o r  Si*240E. The pho tovo l t a i c  c h a r a c t e r i s t i c  is shown 

i n  F igure  16  f o r  AM-1 (100 mw/cm2) s imula ted  i n s o l a t i o n ,  Important  

parameters  a r e :  0 = 2.502, Voc = 296 mV, Jsc = 14.5 m&i/cm2, 

f f  = 0.58, Aeff = 4.6 X lo-' cm3. The quantum e f f i c i e n c y  i s  

p l o t t e d  i n  F igure  17. Th i s  is nea r ly  i d e n t i c a l  w i th  t h e  quantum 

e f f i c i e n c y  curves r epo r t ed  earlier. Using t h e  method descr ibed  i n  

t h e  F i r s t  Q u a r t e r l y  Report ,  t h e  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  

LD = 3.1pm. The average s u r f a c e  g r a i n  s i z e  f o r  t h i s  sample w a s  

approximately 12  pm. Thus, t h e  conclus ion  drawn l a s t  q u a r t e r  s t i l l  

holds:  t h a t  g r a i n  s i z e  may n o t  be  l i m i t i n g  t h e  d i f f u s i o n  l eng th .  



Wavelength, X (pm)  

F i g .  17 Spectra l  quantum e f f i c i e n c y ,  sample S i  238D (D2), 



DISCUSSION AND PLANS FOR NEXT QUARTER 

Progress has been made this quarter towards the goal of an 

llall-vacuum deposited" solar cell. Deposition of n-doped silicon 

was carried out in the oil-diffusion-pumped system and the top 

electrodes were deposited through a mask pattern rather than by 

the photolithographic process. The titanium and boron depositions 

were carried out in a single chamber without breaking the vacuum, 

thus simplifying the process of forming the bottom electrodes. 

The change in the procedures for forming the top electrode, 

from the wet etching process required for photolithography to the 

vacuum deposition process, has not altered the photo-response of 

the samples. There wad some concern that the etching process and 

subsequent rinsing could leave residual' metal ions in the grain 

boundaries which were not removed by the careful cleaning procedures 

and that these metal ions might have a detrimental effect on the 

photovoltaic response. 

The source of impurities, chiefly related to molybdenum, 

in the ion-pumped system was removed and the purity of the samples 

produced in that system is now equal to or better than those 

produeed in the u l l - d l  Pfusion-pwijed system. Pressure during 

deposition is about two orders of magnitude lower in the ion-pumped 

system than in the oil-pumped chamber. It is anticipated that 

photovoltaic devices made from these purer filma will be made and 

completed during the coming quarter. 

The reaction constants and the activation energy required 

to form the TiB2 layers was determined and found to be less than 

those reported by other authors for bulk material. According to 

the newly determined reaction constants some of the samples were 

not heated sufficiently to obtain complete reaction prior to the 

resistivity determinations. Reaction was, of' course, completed 

in the silicon deposition system. Some of the variation in 

measured resistivity may be due to this insufficient heating. This 



w i l l  be determined nex t  q u a r t e r .  I n  a d d i t i o n ,  t h e r e  is  a t i m e  

r equ i r ed  f o r  removal of t h e  excess  boron. P l ans  a r e  t o  s tudy  t h e  

boron l o s s  more thoroughly next  q u a r t e r .  The long  h e a t i n g  s t e p  

r equ i r ed  t o  a s s u r e  TiB2 stochiometry does n o t  e s s e n t i a l l y  i n t e r f e r e  

w i t h  the  o v e r a l l  p rocess  because t h e  complete h e a t i n g  cyc le  could 

be c a r r i e d  o u t  i n  t h e  s i l i c o n  system dur ing  t h e  outgass ing  s t a g e  

wi thout  any l o s s  of t ime. 

The exact cond i t i ons  f o r  achiev ing  t h e  b e s t  s l l i c o n  

c r y s t a l l i t e  growth on t h e  botfam'electrur le  have not'yct been 

determined. While t h e  cand i t i uus  f a r  e p i t a x i a l  growth ( e .  g.  , 
Si*243B) have been achieved on uncoated sapph i r e  and s i l icoxi ,  t h e  

requirement f o r  t h e  bottom e l e c t r o d e  coa t ing  n e c e s s i t a t e s  an under- 

s t and ing  of t h e  s i l i con-TiB2 r e a c t i o n .  It may be  t h a t  t h e  tempera- 

t u r e s  an& d e p o s i t i o n  r a t e s  necessary  f o r  t h e  formation of t h e  r eac t ed  

Si-Ti-B l a y e r  (T iS i2 )  is  d i f f e r e n t  from t h a t  r equ i r ed  f o r  the 

d e p o s i t i o n  of t h e  subsequent  pure s i l i c o n  l a y e r .  Work on t h i s  a spec t  

of t h e  problem i s  cont inuing .  

The p h o t o v o l t a i c  devices  formed t h i s  q u a r t e r  se rved  t o  t e s t  

t h e  u se  of t h e  d e p o s i t i o n  masks f o r  t h e  top  e l e c t r o d e .  No improve- 

men t ' i n  dev ice  e f f i c i e n c y  above t h e  2 t o  3% expected was obta ined  

dur ing  t h i s  per iod .  However, it i s  a n t i c i p a t e d  t h a t  t h e  changes 

o u t l i n e d  above and b e t t e r  p u r i t y . . w i l l  l e a d  t o  improved devices  

dur ing  t h e  coming q u a r t e r .  
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