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SECTION I 

SUMMARY 

The o v e r a l l  o b j e c t i v e  of t h i s  program is t o  de termine  t h e  o p t i c a l  p r o p e r t i e s  
of i-Carbon (diamond-like) f i l m s  and determine i f  t h e s e  f i l m s  can b e  de- 

veloped i n t o  a n t i r e f l e c t i n g  (AR) c o a t i n g s  f o r  s i l i c o n  s o l a r  c e l l s .  The ' i - C  

f i l m s  have been produced on g i a s s ,  s i l i c o n ,  and KC1 by r a d i o  frequency ( R F )  

plasma decomposition of t h e  a lkane  gases .  Fi lms w e r e  a l s o  produced on s i l i -  

con s o l a r . c e l l s  by low-energy ion  beam techn iques .  These c o a t i n g s  d i d  no t  
perform a s  w e l l  a s  t h o s e  made from hydrocarbon gases .  

S i g n i f i c a n t  p rogress  has  been made i n  unders tanding t h e  d e p o s i t i o n  parameters  
t h a t  a f f e c t  t h e  o p t i c a l  p r o p e r t i e s  o f . t h e  f i l m s .  The o p t i c a l  c o n s t a n t s  n  and 
k have been determined over  a  l a r g e  range  of  p r o c e s s  parameters  and source  

gas.  The degree  of hydrogen i n c o r p o r a t i o n  i n  t h e s e  f i l m s ' h a s  been s t u d i e d  
by SIMS a n a l y s i s .  I t  was f o u n d ' t h a t  t h e  lower o p t i c a l l y  .absorbing f i l m s  

con ta in  more hydrogen. Th i s  hydrogen does  n o t ,  however, manifes t  i t s e l f  i n  

fundamental C-H absorp t ion  bands i n  t h e  i n f r a r e d .  

Very e f f i c i e n t  s i n g l e - l a y e r  quarter-wave i-C AR c o a t i n g s  have been produced 
on s i n g l e - c r y s t a l  and SOC S i  s o l a r  c e l l s . . A n  i n c r e a s e  i n  cel l  e f f i c i e n c y  of 
40% over  uncoated cel ls  has  been achieved.  



SECTION I1  

INTRODUCTION 

This program is an outgrowth of a program s t a r t e d  a t  t he  Honeywell Corporate 
Technology Center (CTC) t o  study the  preparat ion and p rope r t i e s  of diarnond- 
l i k e  carbon t h i n  f i l m s .  These f i l m s  can be made by seve ra l  techniques.  Two 

techniques  t h a t  we have employed a r e  radio-frequency ( r f )  plasma decomposi- 
t i o n  of a hydrocarbon gas ( i . e . ,  butane) ,  and low-energy carbon ioa  beam 
depos i t ion .  W e  have deposited both types  of f i lms  on var ious  metals ,  s e m i -  

conductor,  and i n s u l a t o r  s u b s t r a t e s .  The goal of t h e  present  program is t o  

develop these  diamond-like carbon f i lms  a s  an AR and, possibly .  encapsulating 
coa t ing  f o r  low-cost s i l i c o n  photovol ta ic  modules. 

Previous s t u d i e s  have shown t h a t  ac id  r a i n  comon i n  an i n d u s t r i a l  environ- 
ment r e s u l t s  i n  t h e  most r ap id  degradation t o  photovol ta ic  modules. This  
degradation could be reduced by coa t ing  with a diamond-like coa t ing  due t o  
t h e  i n s o l u b i l i t y  of diamond (carbon) i n  a l l  a c id s  and bases.  The diamond- 

l i k e  coa t ings  a r e  mechanically hard (knoop hardness 1850) and adhere w e l l  
t o  s i l i c o n ,  t hus  r e s i s t i n g  mechanical abras ion.  Abrasion r e s i s t a n c e  is 

important f o r  p ro t ec t i on  aga ins t  e ros ion  due t o  t h e  washing processes re- 
qu i red  f o r  per iod ic  maintenance of s o l a r  cells.  Encapsulation must p r o t s c t  

a l l  exposed metal a s  w e l l  a s  t h e  s i l i c o n .  

Under a previous program, it w a s  noted t h a t  t h e  carbon f i lms  absorb v i s i b l e  

l i g h t .  Sec t ions  I V  and V descr ibe  t h e  experiments preformed t o  s tudy t h i s  
absorpt ion and a l s o  t o  quant i fy  t h e  o p t i c a l  p r o p e r t i e s  of t h e  f i lms .  There 

e x i s t s  a considerable  v a r i a t i o n  i n  these p rope r t i e s .  Although much da t a  have 
been obtained on the  o p t i c a l  p rope r t i e s  of t h e  f i lms ,  t he  na ture  of t he  

o p t i c a l  absorpt ion has  no t  been c l e a r l y  discerned.  Some poss ib le  mechanisms 
a r e  discussed i n  Sect ion V I I .  The two d i f f e r e n t  methods used t o  prepare  t he  

carbon f i lms  a r e  f i r s t  described.  Then, t h e  r e s u l t s  of t h e  o p t i c a l  proper- 

.. . ties - .  study and secondary ion mass-spectrometry (SIMS) anixlysis a r e  discussed.  
Data a r e  a l s o  presented on the  response of AR-coated s o l a r  c e l l s .  Weiss- 
mantel1 recommends t h a t  t h e  diamond-like carbon f i lms  be r e f e r r ed  t o  a s  i -C 

carbon (i-C) f i lms .  

1 Weissmantel , C.H.R., Bewilogua, K. and Schurer , C .  , "Character izat ion of 
Hard Carbon Films by Electron Energy Loss Spectrometry," Thin Sol id  
Films 61, 21 (1979). -- 



SECTION. I11 

DEP03ITION OF I -C FILMS 

PLASJlA CVD FROM' HYDROCARBON FILMS 

This  technique  is similar t o  t h a t '  d e s c r i b e d .  by Holland and Ojha. 2-4 A hydro- 

carbon gas  is decomposed by t h e  a c t i o n  of an RF plasma wi th  t h e  formation of 

a f i lm.  S u b s t r a t e s  t o  be coated  a r e  p laced  on a n e g a t i v e l y  b i a s e d  RF e l e c -  

t r o d e .  Under t h e  proper  power and p r e s s u r e  c o n d i t i o n s ,  2-4 t h e  RF 

decomposed t h e  hydrocarbon ( e . g . ,  bu tane)  gas  s u f f i c i e n t l y  t o  r e s u l t  i n  a 

mostly carbon f i l m .  Th i s  p rocess  is s i m i l a r  t o  plasma-induced chemical vapor 

depos i t ion  (CVD) except  t h a t  t h e  s u b s t r a t e  is t y p i c a l l y  on a water-cooled 

e lec t rode . '  

Our exper imenta l  arrangement is as fo l lows .  The f i l m s  w e r e  depos i t ed  i n  a 

convent ional  RF s p u t t e r i n g  system pumped by an o i l  d i f f u s i o n  pump. The 

s u b s t r a t e s  t o  b e  coa ted  w e r e  p laced on a 5-inch-diameter water-cooled elec- ' 

t r o d e  t h a t  comprised t h e  cathode o r  "hot" s i d e  of  an RF power supply ,  u s u a l l y  

r e f e r r e d  t o  a s  "RF e t c h  mode." A nega t ive  d-c b i a s  can a l s o  be a p p l i e d  con- 

c u r r e n t l y  t o  t h i s  e l e c t r o d e  (shown s c h e m a t i c a l l y  i n  F ig .  1 ) .  The gas  t o  be  

decomposed by t h e  RF plasma is i n l e t  above t h e  samples. T y p i c a l l y ,  f lows 

a r e  1 t o  2 s t a n d a r d  cub ic  c e n t i m e t e r s  p e r  minute f o r  t h e  gases  examined. 

Much of t h e  work i n  t h i s  program was s p e n t  i n  s tudy ing  t h e  f i l m s  produced 

from butane ,  C4H10. L a t e r  on ,  t h r e e  o t h e r  a lkane  gases ,  e thane  (C2H6), pro- 

pane (C3H8), and methane (CH4), w e r e  b r i e f l y  s t u d i e d .  A s  d i scussed  below, 

t h e s e  gases  produced f i l m s  t h a t  had lower v i s i b l e  l i g h t  absorp t ion  and t h u s  

produced b e t t e r  results on s o l a r  cel ls  than those  from butane .  W e  have found 

no dependence upon t h e  e l e c t r o d e  composit ion,  bu t  bu i l t -up  d e p o s i t s  must be 

removed p e r i o d i c a l l y  t o  reduce plasma i n s t a b i l i t i e s .  The RF power ( i n  w a t t s )  

and chamber d e p o s i t i o n  p r e s s u r e  ( i n  t o r r )  were t h e  main v a r i a b l e s .  W e  

desigziate t h e s e  two a s  power/pressure o r  p /p  r a t i o .  I t  should  be  remembered 

t h a t  t h i s  is f o r  a 5-inch-diameter e l e c t r o d e .  The p r e s s u r e  was measured 'with 

a Schulz-Phe1.p~ i o n i z a t i o n  gauge tube  c o r r e c t e d  f o r  hydrocarbon gases .  Very 

uniform c o a t i n g s  w e r e  ob ta ined  over  t h e  e n t i r e  5-inch e l e c t r o d e  a r e a .  

2 Holland, L. and Ojha, S.M., Thin S o l i d  Films 3 8  L17 (1976).  

3 Ojha, S.bl. and Holland, L . ,  Thin S o l i d  Films 40 L31 (1977). - 
1 Ho,lland, L. and Ojha., S . M . ,  Thin S o l i d  Films 48 L21 (1978). - 
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Figure  1. Schematic of R F  plasma r e a c t o r  f o r  producing i - C  f i l m s  
from a hydrocarbon gas .  

B l i g h t '  argon plasma e t c h  was performed f o r  5 t o  10 minutes on each sample 

b e f o r e  d e p o s i t i o n .  Th i s  improved t h e  adhesion of t h e  1-c f i l m .  

A few exper iments  w e r e  run wi th  a g r a p h i t e  e l e c t r o d e  f o r  t h e  upper e l e c -  

t r o d e ,  s p l i t t i n g  t h e  R F  power between upper and lower e l e c t r o d e ,  and mixing 

' a r g o n  wi th  t h e  hydrocarbon gas .  Th i s  should  r e s u l t  i n  t h e  argon s p u t t e r i n g  

u11 carbon from t h e  g r a p h i t e  e l e c t r o d e  and i n c o r p o r a t i n g  more carbon i n  t h e  

r c s u l e i n g  f i l m .  (This should  be compared wi th  o r d i n a r y  s p u t t e r i n g  of g r a p h i t e  

which r e s u l t s  i n  a  b l a c k ,  amorphous carbon depos i t . . )  i - C  f i l m s  were ob ta ined  

t h i s  way, which showed s i m i l a r  c h a r a c t e r i s t i c s  t o  t h o s e . o b t a i n e d  wi th  on ly  

t h e  hydrocarbon gas .  



IOS BEAI DEPOSITION 

Low-energy ion-beam-deposited f i l m s  up t o  0.5um t h i c k  have been d e p o s i t e d  on 

m e t a l s ,  semiconductors  and i n s u l a t o r s  by t h e  arrangement  shotvn i n  F i g .  2 ,  
5 

tvhlch is s i m i l a r  t o  t h a t  described by Joy  e t  a l .  S p u t t e r i n g  g a s  ( G ) ,  e . g . ,  

a rgon ,  was i n l e t  th rough a  carbon d i s c  e l e c t r o d e  i n t o  a  d i s c h a r g e  chamber 

rnalntained by a  h igh-vol tage  a r c  and magnet ic  f i e l d  ( H ) .  Carbon i o n s  s p u t -  

t e r e d  o f f  t h e  e l e c t r o d e  were e x t r a c t e d  by g r i d s  2 ,  3 ,  and 4 ,  and impinged 

on s u b s t r a t e  5 .  Typ ica l  v o l t a g e s  ( i n  v o l t s )  w i t h  r e s p e c t  t o  ground were 

( I ) . - 2 0 0 0 ,  ( 2 )  - IE ,  ( 3 )  -1500, ( 4 )  0 ,  ( 5 )  -10, where IE is  t h e  d e s i r e d  ion  

energy a t  t h e  s u b s t r a t e ,  t y p i c a l l y  50 t o  100V. 

PLASMA ARC '1 - l 0 - 2 T O R R  

TO 'PUMP 

Figure1 2.  Schematic  o f  carbon i o n  beam s o u r c e .  G :  s p u t t e r  
g a s  i n l e t ,  If: magnet ic  f i e l d ,  SU: secondary  
d i s c h a r g e  r e g i o n ;  e lectr ical  c o n n e c t i o n s  1: c a t h o d e ,  ' 2:  anode g r i d ,  3: a c c e l e r a t i o n  g r i d ,  4 :  s c r e e n  

I g r i d ,  5 :  sample connec t ion .  

I 
The b i g g e s t  kroblem i n  per forming  ion-beam d e p o s i t i o n  was t o  make a  t iepos i t  

uniform over ,  a  5-cm2 s o l a r  c e l l .  The p a t t e r n  o f  t h e  d e p o s i t i o n  from a  s i n g l e  

a p e r t u r e  i n  ?he g r i d  r e sembles  a  b u l l ' s  eye .  w i t h  t h e  c e n t e r  b e i n g  t h e  

t h i c k e s t .  1n/ o r d e r  t o  i n c r e a s e  d e p o s i t i o n  u n i f o r m i t y ,  mu l t i -ho led  g r i d s  were 

. f a b r i c a t e d .  h i s  r e s u l t e d  i n  f i l m s  composed of many i n d i v i d u a l  b u l l ' s  eye  r 
I 

5 J o r ,  D.C.I.  Svenc 
. ~ i s t h  Eur 
publishedl.  

,. - e r ,  E .G. ,  Schmidt ,  F..H and Sanssa lone ,  F . J . ,  P roc .  of 
(opean Congress  on E l e c t r o n  ~ f i c r o s c o p y ,  -. Je rusa l em,  1976 un- 



p a z t e r n s .  I n c r e a s i n g  t h e  g r i d - t o - s u b s t r a t e  d i s t a n c e  r e s u l t e d  i n  tile depos i -  

t i o n  becoming more un i fo rm,  bu t  t h e  d e p o s i t i o n  r a t e  d e c r e a s e d  enormously 
0 

("* s e v e r a l  days  f o r  J O O A  f i l m ) .  

I t  was d e c i d e d  t o  r o t a t e  t h e , s u b s t r a t e  unde r  a  set o f  g r i d s  t h a t  c o n t a i n e d  

t h r e e  l a r g e  h o l e s .  T h i s  seemed t o  be  t h e  b e s t  compromise between r a t e  and 

u n i f o r m i t y .  However, w e  w e r e  s t i l l  n o t  a b l e  t o  o b t a i n  a  =5% uni form c o a t i n g  

o v e r  an  e n t i r e  5-cm2 s i l i c o n  s o l a r  c e l l .  I n  o r d e r  t o  m a i n t a i n  a ha rd  c o a t i n g ,  

a  b i a s  of 1 0  t o  30  v o l t s  is r e q u i r e d  on t h e  s u b s t r a t e .  T h i s  b i a s  p a r t i a l l y  

r e f o c u s s e s  t h e  low-energy ion  beam (.energy = 100eV) and c o n t r i b u t e s  t o  

nonun i fo rmi ty .  Thus ,  t h e  c e l l s  c o a t e d  t o  d a t e  were n o t  v e r y  un i form and 

e s h i b i t e d  poor  enhancement from AR c o a t i n g  ( s e e  be low) .  T h i s  problem mag be 

s o l v a b l e  but  t h e r e  was n o t  t i m e  i n  t h e  p r e s e g t  program t o  a t t e m p t  more 

s o l u t i o n s .  



SECTION IV 

OPTICAL PROPERTIES 

The o p t i c a l  p r o p e r t i e s  were s t u d i e d  t o  l e a r n  some th ing . abou t  t h e  o p t i c a l  

response  of  t h e  i -C f i l m s .  The i -C  f i l m s  were d e p o s i t e d  o n t o  one s i d e  o f  

microscope (1- inch by 3- inch)  g l a s s  s l i d e s  and a l s o  1- inch-diameter  p o l i s h e d  

KC1 d i s c s .  The r e f l e c t i v i t y  and t r a n s m i s s i o n  from 0 .4  t o  0.8um w a s  measured 

on t h e  coa t ed  g l a s s  s l i d e s  by a CARY-14 Spec t rophotometer .  The t r a n s m i s s i o n  

of t h e  c o a t e d  KC1 w a s  measured from 2 .5  t o  25um by a  D i g i l a b  F o u r i e r  Trans- 

miss ion  Spec t rometer  (FTS-14). The t h i c k n e s s  of  t h e  f i l m s  w a s  measured by a  

diamond s t y l u s  s t ep -he igh t  measur ing  i n s t r u m e n t  ( T a l y s t e p ) .  The t h i c k n e s s  

may a l s o  be e s t i m a t e d  by i n t e r f e r e n c e  c o l o r  on s i l i c o n . 6  The o p t i c a l  con- 

s t a n t s  n  and k of t h e  f i l m s  were c a l c u l a t e d  from t h e  measured r e f l e c t i v i t y ,  

t r a n s m i s s i o n ,  and t h i c k n e s s  by t h e  method o f  N i l s son .  Due t o  t h e  uncer-  

t a i n t y  i n  t h e  measured v a l u e s ,  t h e  accuracy  o f  t h e  c a l c u l a t e d  n and k by 

t h i s  method is  no b e t t e r  t h a n  5%. 

F i g u r e  3 shows r e s u l t s  o b t a i n e d  f o r  f i l m s  g e n e r a t e d  from bu tane ,  t h e  g a s  

s t u d i e d  t h e  most i n  t h i s  program, f o r  two d i f f e r e n t  power /p re s su re  ( p / p )  

v a l u e s .  I n  bo th  c a s e s ,  t h e  a b s o r p t i o n  i n c r e a s e s  (k  v a l u e )  i n  a  smooth man- 

n e r  from l o n g  t o  s h o r t  wavelengths  w h i l e  t h e  r e f r a c t i v e  index  remains  

roughly  c o n s t a n t ,  w i t h i n  expe r imen ta l  e r r o r ,  between n = 2.16 and n = 2 .28  

( ave rage  n = 2 . 2 2 ) .  The k c u r v e s  show no s h a r p  f e a t u r e s  i n d i c a t i v e  of  an 

a b s o r p t i o n  edge o r  i m p u r i t i e s .  Thus, it is  d i f f i c u l t  t o  a s s i g n  a  mechanism 

r e s p o n s i b l e  f o r  t h e  a b s o r p t i o n  i n  t h i s  r e g i o n .  However, t h e  k v a l u e s  a r e  

c o n s i d e r a b l y  less f o r  t h e  lower  p / p  c o n d i t i o n s .  S i n c e  t h e  a b s o r p t i o n  c o e f f i -  

c i e n t ,  a ,  is given  by 

3 where X is t h e  wavelength o f  l i g h t ,  t h e  f i l m s  made a t  p / p  = 1 x 1 0  Yiltorr 

have lower  o v e r a l l  a b s o r p t i o n .  We have de termined  t h a t  a t  even lower p /p  

6 Lloravec, T . J . ,  "Color Cha r t  f o r  Diamond-like Carbon Fi lms  on S i l i c o n , "  
Thin S o l i d  F i lms  '70, L9 (1980) .  

7  N i l s son ,  P.O., "Determinat ion o f  O p t i c a l  C o n s t a n t s  from I n t e n s i t y  :leas- 
urements  at Normal I n c i d e n c e , "  Appl. Opt .  2, 435 (1968) .  



v a l u e s  t h e ,  a b s o r p t i o n  a t  X = 0;  65um does  no t  ' go below k '  = 0 .05  f o r  e i t h e r  

e t h a n e  o r  bu tane  u n t i l  t h e  t r a n s i t i o n  r e g i o n  (from ha rd  t o  s o f t  f i l m )  is 

r eached  ( s e e  F i g .  6 1. 

Wavelength (rum) 

F i g u r e  3.  n and k v e r s u s  wavelength f o r  bu tane-genera ted  
i-C f i l m s .  n  f o r  b o t h  f i l m s  f a l l s  w i t h i n  t h e  
v a l u e s  n  = 2 .15  and n  = 2.28 .  

F i g u r e  4  shows t h e  v a r i a t i o n  o f  n  a t  X = 0.65pm o v e r  t h r e e  o r d e r s  of  magni- 
1 t u d e  of p l p .  From p / p  % 1 x lo4 t o  8  x  1.0 N / t o r r ,  n  d e c r e a s e s  ve ry  s lowly .  

2 2 But from p / p  = 4 x  1 0  t o  2  x  1 0  W/ to r r ,  n  d e c r e a s e s  p r e c i p i t o u s l y .  I t  is 

i n  t h i s  r e g i o n  t h a t  t h e  lowes t  v i s i b l e  l i g h t  a b s o r p t i o n  i-C, f i l m s  have been 

made. No c o r r e l a t i o n  h a s  been n o t e d  between r e f r a c t i v e  index  o r  a b s o r p t i o n  

and  d-c b i a s  on t h e  s u b s t r a t e  e l e c t r o d e ;  however, more C-H bonding a p p e a r s  

t o  be  p r e s e n t  i n  f i l m s  made wi thou t  t h i s  b i a s . 8  The o t h e r  a l k a n e  g a s e s ,  

propane (C3H8), e t h a n e  (C2H6), and methane (CH4), were examined t o  a  l i m i t e d  

e x t e n t .  I t  w a s  found t h a t  t h e  f i l m s  p r e p a r e d  from t h e s e  g a s e s  e x h i b i t e d  

o p t l c a l  behav io r  s imilar  t o  bu tane .  They posses sed  r e f r a c t i v e  index c u r v e s  

similar t o  F i g .  4 .  The a b s o r p t i o n  was h igh  a t  h igh  r a t i o s  of  power p r e s s u r e  

8. . Jloravec, T. J .  and Orent  , T.W. , "E lec t ron  Spec t roscopy of  Ion Beam and 
Hydrocarbon Plasma-generated Diamond-like Carbon Films.," J. Vac. S c i .  
Tech. 2, 226 ( 1 9 8 1 ) .  



and co r re spond ing ly  l o w ' f o ?  low r a r i o s .  ~ o ~ v e v e r ,  we were a b l e  r o  make more . 
. 

c o n s i s t e n t l y  lower a b s o r b i n g  f i l m s .  and. t h u s  b e t t e r  d R  c o a t i n g s  .on s o l a r  c e l l s  

wi th  propane and methane than  wi th  butane  and ,e thane ( s e e .  Table 2.). 

650 nm Wavelength 

F i g u r e  4 .  V a r i a t i o n  of  n  v e r s u s  power /pressure  a t  0.650pm 
. . wavelength.  Power /p re s su re  s c a l e  is  l o g a r i t h m i c .  

A s  mentioned i n  S e c t i o n  111,  s e v e r a l  expe r imen t s  were t r i e d  c o - s p u t t e r i n g  a 

g r a p h i t e  t a r g e t  w i t h  argon o n t o  t h e  e l e c t r o d e  where t h e  i-C f i l m  w a s  forming .  

I t  was thought  t h a t  t h i s  might lower  t h e  . op t , i ca l  a b s o r p t i o n  i f  t h e  carbon 

was i n c o r p o r a t e d  i n  a  s t r u c t u r e  o t h e r  t h a n  g r a p h i t e .  I n  g e n e r a l ,  t h e  o p t i c a l  

c o n s t a n t s  o b t a i n e d  t h i s  way w i t h  C2H6 were s i m i l a r  t o  t h o s e  o b t a i n e d  w i t h  

t h i s  way w i t h  CZH6 w e r e  s i m i l a r  t o  t h o s e  o b t a i n e d  wi th  j u s t  C2Hs f l owing .  

Thus,  t h i s  method d i d  n o t  i n c r e a s e  o r  d e c r e a s e  t h e  o p t i c a l  a b s o r p t i o n .  



SECTION V 

STUDY O F  HYDROGEN AND ELEJIEXTAL ANALYSIS 

I t  is  r$atiral  t o  l ook  f o r  hydrocarbon a b s o r p t i o n  i n  t h e  i -C  f i l m s ,  ' s i n c e  

t h e y  a<e made from hydrocarbon g a s e s .  I t  is w e l l  known t h a t  s o f t ,  hpdro- 

carbon k i l m s  can  b e  made by plasma p o l y m e r i z a t i o n  t e c h n i q u e s  i n  t h e  r e g i o n  
i 

o f  p / p  < 100 \ ~ / t o r r . ~  A 1 1  hydrocarbon f i l m s  have a fundamental  a b s o r p t i o n .  

i n  t h e  i n f r a r e d  i n  a band a t  3000 t o  2840 cm-I (photon f requency  o r  wave- 

number e q u i v a l e n t  t o  3 .33  t o  3.52pm wavelength)  due t o  C-H bond s t r e t c h i n g  

and  weaker a b s o r p t i o n s  a t  1450 cm-' and 1357 cm'l. These a r e  always promi- 

n e n t  and e a s i l y  i d e n t i f i e d  a s  shown i n  F i g .  5 .  T h i s  shows t h e  t r a n s m i s s i o n  
-1 . . 

s p e c t r a  from 4000 cm (2.5um) t o  400 cm-I (25um) of a l p m  t h i c k  plasma 

polymer ized  e t h a n e  c o a t i n g  made by t h e  method o f  r e f .  9 on bo th  s i d e s  of a  

KC1 f o r g e d  p o l y c r y s t a l l i n e  d i s c .  

F i g u r e  5. Transmiss ion  of  a KC1 p o l y c r y s t a l l i n e  d i s c  
coated nn b n t h  s i d e s  w i t h  a lpm-thick plasma 
polymer ized  e t h a n e  hydrocarbon f i l m .  The 3% 
a b s o r p t i o n / s & f a c e  is a t  10.6pm. 

9 .  H i r a t s u h a ,  H . ,  Ahoval i ,  G . ,  Shen, LI. and B e l l ,  A . J . ,  "Plasma Po l lmer i -  
z a t i o n  of some Simple S a t u r a t e d  Hydrocarbons,"  J .  Appl. S c i .  2 2 ,  917 
(1978) .  

- 



. . , . 

The s t r o n g  fundamental a b s o r p t i o n  is l a b e l e d  CH + CH2 and t h e  weaker 3  
a b s o r p t i o n s  a r e  l a b e l e d  CH2 and C H 3  Also e v i d e n t  a r e  weak 0-B a b s o r p r i o n s  

due t o  absorbed  wa te r  on the.  K C 1 .  F ig .  6 shows t h e  t r a n s m i s s i o n  of  uncoated 

KC1 ( cu rve  1) and t h a t . o f  t h r e e  i - C : f i l m s  made from e t h a n e  by t h e  p r o c e s s  

d e s c r i b e d  i n  S e c t i o n  11. Curve 3 . i s  of  a  . f i l m  0.45um t h i c k  gnd d i s p l a y s  an 

i n t e r f e r e n c e  minimum n e a r  2300' cm'l . Curves 2 and 4 a r e  f o r  a  f i l m  0.23m 

t h i c k  and e x h i b i t  a  smooth dec rease  i n  t r ansmis s ion  t o  s h o r t e r  wavelengths 

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

KC1 due t o  s t r e s s e s .  Curve 4  h a s  been o f f s e t  by 15% f o r  c l a r i t y .  Xote t h a t  

t h e r e  is  almost  no C-H a b s o r p t i o n  at 300'0 t o  2840 cm-l. Only cu rve  4  ex- 

h i b i t s  some a b s o r p t i o n  h e r e .  T h i s  f i l m  was produced d i f f e r e n t l y  by pu ' ls ing 

t h e  R F  plasma a t  1' k ~ z  and t h i s  may have cause.d some C-H s p e c i e s  t o  d e p x i t  

i n  t h e  f i l m .  A l l  i-C f i l m s  made by e t h a n e  o r  bu tane  e x h i b i t e d  s p e c t r a . s i m i l a r  

t o  curve  2 .  The f i l m  shown i n  curve  2  w a s  made w i t h  p /p  = 200 W/tor r .  Thus,  

most hydrogen i n  t h e  i - C  f i l m s  is n o t  i n f r a r e d  a c t i v e .  

F igu re  6 .  I n f y a r e d  . t r a n s m i s s i o n  o f  ( 1) 'uncoated KCR, 
( 2 )  0.2um-thick i-C, ( 3 )  0.45pm-thick i-C, 
( 4 )  0.2pm-thick i-C made by p u l s i n g  R F  a t  
1-kHz ( s c a l e  f o r  cu rve  is o f f s e t  by 155 f o r  
c l a r i t y ) .  



SINS was performed on b o t h  b u r a n e  and e t h a n e  i - C  f i l m s  d e p o s i t e d  on ' ~ i  

v a f e r s .  The d a t a  were t a k e n  a t  Perkin-Elmer P h y s i c a l  ~ l e c t r o n i c s  I n d u s t r i e s  

 den P r a i r i e ,  113) on a SINS-I1 i n s t r u m e n t .  

F i g u r e  7 i l l u s t r a t e s  a t y p i c a l  SIXS su rvey  f o r  a f i l m  made by RF plasma 

decomposi t ion  o f  CZH6. (SIJIS s u r v e y s  o f  f i l m s  made w i t h  CqHIO look  s i m i l a r . )  

The p re sence  o f  o n l y  t h r e e  e l emen t s  - ca rbon ,  hydrogen and oxygen - is 

s e e n  i n  t h i s  spec t rum.  Oxygen and OH a r e  p r e s e n t  main ly  i n  t h e  s u r f a c e  .and 

a r e  a l s o  g e n e r a t e d  from t h e  oxygen d i r e c t e d  a t  t h e  s u r f a c e  t o  i n c r e a s e  

seconda ry  ion  y i e l d .  Some of  t h e  hydroggn is due t o  thi  background of t h e  

vacuum system. No i m p u r i t i e s  greaLer than s e v e r a l  parts p e r  m i l l i o n  were 

d e t e c t e d  i n  t h e  SIllS survey. 

~ t o m i c  Mass Units 
. Figure 7. SIMS d a t a  ' for a,n i - C  f t1 .m prepa red  by RF 

plasma decomposi t ion  of C2He. 

In a l l  t h e  f i l m s  examined,  l a r g e  f r agmen t s  of  C and H were a l s o  d e t e c t e d ,  

i . e . ,  Cp, C2H2, C3, C3H3, and v e r y  small amounts of  C4, C4H4. In  F i g .  8 ,  

t h e  r a t i o  of C3 t o  C3H3 molecules '  d e t e c t e d  from t h e  f i l m s  as t h e y  a r e  

s p u t t e r e d  away a r e  p l o t t e d  v e r s u s  p /p .  There. a p p e a r s  t o  be a lmost  a l i n e a r  



F i g u r e  8 .  SIAiS d a t a  of t h e  r a t i o  C /C3H3 v e r s u s  power /p re s su re .  
Power /pressure  s c a l e  is Qogarrhmic'. 

r e l a t i o n s h i p  between t h i s  r a t i o  and p / p .  The. e r r o r  b a r s  arise from d a t a  

c o l l e c t e d  a t  d i f f e r e n t  l o c a t i o n s  on t h e  s u b s t r a t e .  We found a s t r o n g  t r a n s i -  

t i o n  between a f i l m  on g l a s s  e a s i l y  s c r a t c h e d  by a r a z o r  b l a d e  and one  t h a t  

s t r o n g l y  r e s i s t e d  such  a b r a s i o n  n e a r  100  W/tor r .  T h i s  t r a n s i t ' i o n  was found  

f o r  a l l  o f  t h e  a l k a n e s .  ' ~ h e . & o f t  f i l m  is v e r y  similar i n  appearance  and 

low r e f r a c t i v e  index  (n = 1.5  a t  0.6pm) t o  t y p i c a l  hydrocarbon S i l m s .  The 

l a r g e r  t h e  C /C H r a t i o ,  t h e  less hydrogen i n  t h e  f i l m .  R e f e r r i n g  t o  F i g .  3 3 3  
8 ,  n o t e  t h a t  t h e  lower a b s o r b i n g  f i l m s .  have more hydrogen c o n t a i n i n g  s p e c i e s  

and v i c e - v e r s a ,  y e t  t h e  f i l m s  remain mechan ica l ly  h a r d  i n  t h i s  r e g i o n .  The 

f a c t  t h a t  t h i s  hydrogen does  n o t  form C-H"bonds t h a t  e x h i b i t  i n f r a r e d  

a b s o r p t i o n  is  p u z z l i n g .  Thus, t h i s  i n c o r p o r a t i o n  of  hydrogen i n  i - C  f i l m s  

may be s i m i l a r  t o  i t s  r o l e  i n  a-Si (amorphous s i l i c o n ) .  S ince  t h e s e  f i l m s  

were seen  t o  c o n t a i n  a s i g n i f i c a n t  *aunt .of hydrogen,  i t  d i d  n o t  appea r  

n e c e s s a r y  t o  conf i rm t h i s  by h e a t i n g  t h e s e  f i l m s  i n  u l t r a - h i g h  vacuum and 

mon i to r ing  t h e  hydrogen by a r e s i d u a l  g a s  a n a l y z e r .  



SECTION VI 

SOLAR CELL AR COATINGS 

Low-absorption f i l m s  produced t o  d a t e  have been wi th  p/p  <I000 W/torr f o r  

t i e  g a s e s  s t u d i e d .  From F i g .  4 ,  t h i s  cond i t ion  r e ~ u l t s  i n  n % 1 . 9  t o  2 .0 .  
li 

%:is is an i d e a l  v a l u e  f o r  n f o r  a s i n g l e - l a g e r  quarter-wave AR c o a t i n g  on 

s; l icon,  s i n c e  it e q u a l s  t h e c  f o r  S i .  In F ig .  9 ,  t h e  r e f l e c t i v i t y  of a 
0 

SOOX-thick i - C  f i l m  ( p / p  = 200 W/torr,. -C2H6) on a po l i shed  S i  wafer is  com- 

pared  wi th  t h a t  r e p o r t e d  by Kern and ~ r o y l o  (RCX) f o r  sprayed-on Ti02 s i n g l e -  

l a g e r .  We b e l i e v e  Its low re f  1 e c . t i v i t y  below 0.5um. is due more t o  absorp t ion  

i n  t h e  i-C f i l m  than AR c h a r a c t e r i s t i c s .  

F igure  1 0  shows t h i s  s p e c t r a  again  wi th  a s c a l e  expansion a t  t h e  AR minimum. 

The ext remely  low r e f l e c t i v i t y  a t t a i n e d  a t  0.55um ( c i o s e  t o  0.1%) Is note- 

worthy and i m p l i e s  t h a t  i - C  f i l m s  made under t h e s e  c o n d i t i o n s  a r e  very  

e f f i c i e n t  quarter-wave AR c o a t i n g s  f o r  S i .  

F igure  11 compares t h e  s p e c t r a l  quantum e f f i c i e n c y  o f  t h r e e  AH-coated single- 
c r y s t a l  c e l l s ,  two wi th  i -C f i l m s ,  and one wi th  SiO. The improvement i n  
e f f i c i e n c y  f o r  low p/p  is apparent:However, n e i t h e r  f i l m  is as g.ood a s  SiO 
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Figure  9.  R e f l e c t i v i t y  v e r s u s  wavelength f o r  i -C on Si,RCA 
sprayed-on AR on S i ,  and uncoated S i  f o r  a i - C  
f i l m  wi th  p / p . =  200 W/torr from C2H6. 

1 0  Kern, W. and Tracy,  E., "Titanium Dioxide A n t i r e f l e c t i o n  Coating f o r  
S i l i c o n  S o l a r  C e . 1 1 ~  by Spray Depos i t ion , "  RCA Review 42,  133 (1980) .  
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Wavelength (micrometers) 

Figure  10.  R e f l e c t i v i t y  ve r sus  wavelength f o r  t h e  same 
i -C  f i l m  a s  shown i n  F ig .  9.  

i n  t h e  region 0.4 t o  0.55um, which i s  c o n s i s t e n t  wi th  t h e  k v a l u e s  shown i n  

Fig .  3 .  

Table 1 p r e s e n t s  t h e  c o n d i t i o n s . t o  o b t a i n  t h e  b e s t  i n c r e a s e  i n  c e l l  e f f i c i e n c y .  

We b e l i e v e  t h a t  t h e  d iscouraging performance of t h e  ion-beam-deposited f i l m  

is due mostly t o  t h e  n o n u n i f o m i t y  of t h e  c o a t i n g  ,and, t o  a  lesser e x t e n t ,  

t h e  h igher  absorp t ion  (k v a l u e )  a s  compared wi th  t h e  o t h e r s .  The b e t t e r  

coca~ings weye made with propane and methane. I t  i s  h o t  c l e a r  whv t h e s e  two 

gases  should produce b e t t e r  AR c o a t i n g s  on s i l i c o n  than t h e  o t h e r s .  However, 

t h e s e  i n c r e a s e s  compare ve ry  favorab ly  wi th  t h o s e  o b t a i n e d  wi th  Ti02/Si02 

and SiO AR c o a t i n g s  ( t y p i c a l l y  35 t o  40% i n c r e a s e ) .  

Table 2 is a compi la t ion  of t h e  AR performaalce of the c e l l s  coa ted  under t h i s  

program .by t h e  gases  used.  More c o n s i s t e n t  improvement i n  e f f i c i e n c y  m a s  
obra iued wi th  C,H, than  any o t h e r  gas .  However, CHI was s t u d i e d  ve ry  l i t t l e .  

Figures  12 through 14 show cur ren t -vo l t age  responses  f o r  s o l a r  c e l l s  wi th  

b e t t e r  A R  c o a t i n g s  made from C H C3H8, and CH4, r e s p e c t i v e l y .  In g e n e r a l ,  2 6 '  
rhe  response is good, but  t h e  AR c o a t i n g  sometimes reduc.es t h e  f i l l  f a c r u r .  
This  map be c o r r e c t e d  bk f u r t h e r  op t  irnizat ion of t h e  d e p o s i t  ion  p rocess .  



Table  1. Condi r ions  t o  o b t a i n  b e s t  i n c r e a s e  i n  
c e l l  e f f i c i e n c y .  

Propane ,  C3H8 1 100 1 1 .72  ( 0.04 1 . 38 

I n c r e a s e  
( 5 )  , .  

Butane ,  C4H10 

E thane ,  C2H6 I 2 0 0  1 1 . 9 8  1 0 . 0 4  1 31 
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G r a p h i t e  t a r g e t  1 r , 1 , 1.90  / 0 04 . 1 31  

, 1 aud C2R6 

n Gas - .  - 
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PIP 

T a b l e  2.  Compilat ion o f  i n c r e a s e  i n  e f f i c i e n c y  
( a s  d e f i n e d  as JSc)  of  s o l a r  c e l l s  
AR-coated w i t h  i - C  f i l m s .  
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F i  girl-c 11. Spcc:tral quantum efficiency 
versus wnvelength for t ~ o  
i - C  and an SiO hit-coated 
sialgl c-cl-ystal c e l l .  
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Figure 13.  Current-voltage relationship 
of 2 single-c-ystal s i l i con  
c e l l  before and after AR cuat- 
jng by i - C  C3iIg demonstrating 
a 35% increas-2 w i t h  AR coa2ing 
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SECTION V'II 

CONCLUSIONS AND RECOIl'E&DATIONS 

We have produced many i - C  f i l m s  from bu tane ,  propane,  e t h a n e ,  and methane by 

plasma decomposi t ion and s t u d i e d  t h e  o p t i c a l  p r o p e r t i e s  v e r s u s  p r o c e s s  param- 

e t e r s .  I t  is p o s s i b l e  tb v a r y  t h e  a b s o r p t i o n  k . i n  t h e  f i l m s  o v e r  a broad  
range of p / p  r a t i o s  and r e f r a c t i v e  index  n ove r  a  narrow range .  The lower 

absorb ing  f i l m s  have more hydrogen i n  them a s  ev idenced  by t 'he SIaIS d a t a ,  

bu t  t h i s  hydrogen is n o t  bonded t o  t h e  carbon atoms s o  as t o  e x h i b i t  i n f r a r e d  

fundamental a b s o r p t i o n .  The r e f r a c t i v e  index at p /p  < 1000 W/torr  is of t h e  

c o r r e c t  va lue  t o  o b t a i n  an e f f i c i e n t  l a y e r  c o a t i n g  on S i .  S o l a r  c e l l s  have 

been coa ted  t h a t  have shown an i n c r e a s e  of up t o  40% i n  e f f i c i e n c y  ove r  

uncoated c e l l s .  

. . .  

-4s p a r t  o f  a n o t h e r  program p a r t i a l l y  funded by Honeywell., t r a n s m i s s i o n  
e l e c t r o n  m i c r o s c o p y ~ w a s  used  t o  i n v e s t i g a t e  t h e ' m i c r o s t r u c t u r e  o f  t h e  i-C 

f i l m s .  T h i s  i n v e s t i g a t i o n  of  t h i n  diamond-like ca,rbon f i l m s  p repa red  by ion  

beam and RF plasma t e c h n i q u e s  i n d i c a t e s  t h a t  t h e s e  f i l m s  a r e  predominant ly  \ 
amorphous. The deg ree  of c r y s t a l l i n i t y  of  t h e  f i l m s ' o f  b o t h  t y p e s  w a s  ob- 

.- J 
s e r v e d  t o  v a r y  w i t h  t h e  d e p o s i t i o n  parameter  i n  a manner t h a t  is n o t  c l e a r l y  

unders tood  a t  p r e s e n t .  Although many o p t i c a l  and mechanical  p r o p e r t i e s  of  

t h e s e  f i l m s  are s i m i l a r  t o  t h o s e  of  diamond,8 no c o n c l u s i v e  ev idence  o f  

s i g n i f i c a n t  fo rma t ion  of  c u b i c  diamond i n  f i l m s  o f  e i t h e r  t y p e ,  o r  o f  f i l m s  

o f  one t y p e  b e i n g  more c r y s t a l l i n e  than  t h e  o t h e r ,  w a s  o b t a i n e d  i n  t h i s  
work. The r e s u l t s  o f . t h i s  work have been pub l i shed  i n  t h e  J o u r n a l  o f  Applied 

Phys i c s .  11 

In a n  e f f o r t  t o  i n o r c a o e  t h e  deg ree  of  c r y s t a l l i n i t y  of t h e s e  f i l m s ,  t h e y  

were annea led  i n  u l t r a - h i g h  vacuum a t  t empera tu re s  of up t o  600 '~ .  There 

appeared t o  be  some i n c r e a s e  i n  c r y s t a l l i n i t y  on a n n e a l i n g  t o  2 0 0 ~ ~ ;  however, 

t h e  f i l m s  remained predominant ly  amorphous o v e r  t h e  r ange  of  a n n e a l i n g  t e m -  
p e r a t u r e s  used .  E l e c t r o n  spec t roscopy  o f  t h e s e  f i l m s ,  employing Auger, ESCA, 

and e l e c t r o n  ene rgy  l o s s  t e c h n i q u e s ,  h a s  a l s o  revealed t h a t  f i l .ms  made by 

11 Vora, H. and Moravec, T . J . ,  " S t r u c t u r a l  I n v e s t i g a t i o n  of  Thin F i lms  of 
i - C  (Diamond-like) Carbon, " J .  Appl. Phys. - 52,  615 (1981) .  



b o t h  methods a r e  s t r i k i n g l y  s i m i l a r ,  and t h a t  t h e y  resemble amorphous carbon 

more than  t h e y  do g r a p h i t e  o r  diamond. 8 

Attempts  t o  a s s i g n  t h e  c r y s t a l l i n e  d i f f r a c t i o n  p a t t e r n s  of t h e  i-C f i l m s  t o  

commonly known forms of carbon were u n s u c c e s s f u l .  Except p o s s i b l y  f o r  one 
c a s e ,  a t t e m p t s  t o  a s s o c i a t e  t h e s e  d i f f r a c t i o n  p a t t e r n s  t o  p robab le  contami- 

n a n t s  o r i g i n a t i n g  from s u b s t r a t e s  and v a r i o u s  components o f  R F  plasma o r  
ion-beam d e p o s i t i o n  sys t ems  w e r e  a l s o  u n s u c c e s s f u l .  A 1 1  t h e  c r y s t a l l i n e  
d i f f r a c t i o n  p a t t e r n s  t h a t  were o b t a i n e d  from t h i n  i - C  f i l m s  mere a t t r i b u t a b l e  

t o  c u b i c  phases .  In  t h i s  c o n t e x t ,  it is  of  i n t e r e s t  t o  n o t e  t h a t  s i n g l e -  
c r y s t a l  hexagonal  g r a p h i t e  can be  c o n v e r t e d  i r r e v e r s i b l y  t o  a  c u b i c  phase of  

0 
l a t t i ce  parameter  5.45A by ekpos ing  it t o  h igh  p r e s s u r e  (150 t o  200 k b a r ) .  12 

T h i s  t r a n s f o r m a t i o n  is  b e l i e v e d  t o  r e s u l t  from cross-12nking  o f  g r a p h i t e  

p l a n e s .  

The re  is no c l e a r  i n d i c a t i o n  i n  t h e  p r e s e n t  work o r  i n  o t h e r  programs a s  t o  
t h e  c a u s e  o f  t h e  o p t i c a i  a b s o r p t i o n  i n  t h e  .i-C f i l m s ,  s i n c e  c l e a r  s i g n s  o f  

g r a p h i t e  a r e  l a c k i n g .  The f i l m s  seem t o  be composed of a  mix tu re  o f  d i f f e r e n t  

p h a s e s  o f  carbon (combined w i t h  hydrogen i n  some unknown f a s h i o n ) .  The v i s i -  
b l e  o p t i c a l  a b s o r p t i o n  c o u l d  be an i n h e r e n t  f e a t u r e  o f  t h e s e  new phases .  We 

are v e r y  encouraged  by t h e  good,enhancement o f  e f f i c i e n c y  by u s i n g  i - C  AR 

c o a t i n g s .  The a n t i c i p a t e d  advantage  i n  t h e  u s e  o f  i-C f i l m s  is t h e  env i ron -  

men ta l  d u r a b i l i t y  o f  t h e s e  f i lms . .  We recommend t h a t  a f u t u r e  program be 
i n i t i a t e d  t o  o p t i m i z e  t h e  d e p o s i t i o n  p r o c e s s  and  t o  s t u d y  t h e  d u r a b i l i t y  of  
i-C AR-coated s o l a r  modules w i thou t  f u r t h e r  p r o t e c t i o n .  I t  would be  i n t e r -  
e s t i n g  t o  know t h e  d e g r e e  t o  which t h e s e  c o a t i n g s  p r o v i d e  p r o t e c t i o n  a g a i n s t  

rain,  h a i l ,  i n t e n s e  UV, sand ,  and  o t h e r  env i ronmen ta l ly  s e v e r e  c o n d i t i o n s .  
P r e l i m i n a r y  q u a l i t a t i v e  tests show t h a t  t h e s e  c o a t i n g s  a r e  ex t r eme ly  d i f f i -  

c u l t  t o  remove from s i l i c o n .  

1 2  Aus t ,  R.B. and Drickamer,  H . G . ,  Sc i ence  140 , '  817 (1963) .  - 
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