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(ii) 

S W R Y  

The instrumentat ion t o  determine t h e  e l l i p t i c i t y  parameter of t he  

r e f l e c t e d  l i g h t  from a surface has been completed and i s  described i n  

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

any polar imet r ic  determination enables us t o  determine A t o  an accuracy 

of k0.01" when 

subjec t ive  e r r o r  involved i n  visual determinat ions.  

The instrumentat ion which can a l s o  be used f o r  

i s  known, within a mat ter  of seconds, and e l imina tes  the  

Using t h i s  instrumentat ion measurements of t he  e l l i p t i c i t y  parameters 

have been measured on seve ra l  specimens of s i l i c o n  covered with an oxide 

l aye r .  I n  add i t ion  t o  measurements i n  a i r  t he  values of A and were a l s o  

determined when the  samples were immersed i n  a l i q u i d  l i k e  toluene or 

benzene. From these  measurements i n  a i r  and i n  l i q u i d  it i s  poss ib le  

simultaneously t o  determine the  r e f r a c t i v e  index and t h e  thickness  of 

t he  oxide f i l m  by a s e l f  consistency method described i n  t h i s  r epor t .  

The oxide f i l m s  of thickness  varying from 80fl t o  30d a r e  found t o  have 

a value of the  refrac>ive index 1.484 k 0.004 for X546d. 
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1. Int roduct ion  

This r e p o r t  summarizes the  work done during the  per iod December 1, 1966 

The r e p o r t  i s  divided i n t o  two p a r t s .  The f i rs t  p a r t  t o  May 31, 1967. 

d e a l s  wi th  a d e t a i l e d  desc r ip t ion  of t he  instrumentat ion f o r  automatic  rap id  

determinat ion of t h e  e l l ipsometer  readings.  The instrumentat ion was completed 

during t h i s  period and has been success fu l ly  used t o  make t h e  measurements 

i n  t h e  second p a r t  of t h e  r e p o r t .  The second p a r t  of t he  r e p o r t  d e a l s  wi th  

the  simultaneous and independent determinat ion of t he  r e f r a c t i v e  index and 

th ickness  of t h i n  oxide f i l m s  (<  250 1) on s i l i c o n .  

were mde by measuring the  e l l i p t i c i t y  parameter of t h e  l i g h t  r e f l e c t e d  

from t h e  sample immersed i n  a i r  and: in  a s u i t a b l e  l i q u i d .  These r e s u l t s  

i n d i c a t e  t h a t  t h e  r e f r a c t i v e  index of the  oxide f i l m  i s  1.48 which i s  de- 

f i n i t e l y  higher  than  t h e  value 1.46 which has been assumed by t h e  previous 

i n v e s t i g a t o r s .  The s ign i f i cance  of t h i s  higher  value of r e f r a c t i v e  index 

f o r  t h e  oxide f i l m  i s  a l s o  discussed.  

These determinat ions 

The two p a r t s  of t he  r e p o r t  have been w r i t t e n  i n  a form s u i t a b l e  f o r  

making a f i n a l  d r a f t  t o  be published a s  two papers .  So some r e p e t i t i o n  

could not  be avoided. 
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2 .  Par t  I 

Instrumentation t o  be used w i t h  an Ellipsometer f o r  t he  rap id  
Determination of t h e  E l l i p t i c i t y  Parameters 

Introduct ion 

It i s  we l l  known t h a t  t he  surfaces  of a f r e s h l y  cleaved sample of 

any ma te r i a l ,  say l i k e  s i l i c o n  s ingle  c r y s t a l  g e t  contaminated by oxygen 

and o ther  cons t i t uen t s  of t h e  atmospheric a i r  wi th in  a f r a c t i o n  of a 

second. Further  even i n  the  bes t  vacuum ava i l ab le  i n  the  labora tory  

not iceable  contamination of such a "clean" surface by t h e  oxygen can be 

de tec ted  i n  a matter of minutes. Hence i n  s tud ie s  such a s  t h e  oxidat ion 

k i n e t i c s  of "clean" surfaces  it is imperative that t h e  method of measure- 

ment must s a t i s f y  both the  following conditions:  (i) the  measuring 

technique i t s e l f  should not influence t h e  property being 

(ii) t h e  time taken t o  complete one measurement a t  any s tage  must be 

very small - a t  l e a s t  of t he  order of a seaond i f  not l e s s .  The e l l i p so -  

met r ic  technique can be conveniently used f o r  these  type of s tud ie s ,  pro- 

vided t h e  second condi t ion i s  s a t i s f i e d .  The following descr ibes  an 

experimental  arrangement by which t h i s  has been achieved a t  a r e l a t i v e l y  

moderate c o s t .  

t o  t h i s  has not been described i n  the  l i h e r a t u r e .  

s tudied and 

To our knowledge such a system o r  any arrangement s imi l a r  

Inc iden ta l ly  s ince  the experimental arrangement i s  almost i d e n t i c a l  

f o r  po lar imet r ic  measurements a s  we l l ,  t he  same procedure can be adapted 

t o  advantage t o  study the  time dependence of t h e  o p t i c a l  r o t a t o r y  power 

of mutarotatory mater ia l s  and such other  phenomena which a r e  s t rongly  

time dependent. 
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Ex per ime nta 1 Te c hni que 

The p r i n c i p l e  a s  w e l l  as tk bas i c  instrumentat ion of e l l ipsometry 

i s  we l l  known and has been-described i n  numerous publ ica t ions  ('-3). To 

r e c a p i t u l a t e  b r i e f l y  t h e  el l ipsometer  i s  a standard po la r i z ing  spectrometer 

with t h e  f a c i l i t y  t o  introduce a quarterwave p l a t e  i n  the  o p t i c a l  pa th  

e i t h e r  before  o r  a f t e r  r e f l e c t i o n  f r m  the  experimental  sur face .  Con- 

s i d e r  t h e  former case i . e .  t he  quarterwave p l a t e  t ransmi ts  t he  inc ident  

beam and t h a t  it i s  f ixed  i n  o r i e n t a t i o n  wi th  the  f a s t  a x i s  i nc l ined  a t  

45" t o  the  plane of incidence.  

analyzer  a r e  s u i t a b l y  or ien ted  s o  t h a t  the  beam r e f l e c t e d  from the  sur face  

i s  ext inguished,  then it can be shown(4) t h a t  

In  such a case when the  po la r i ze r  and 

A =  9" - 2P 

and $ = -A 

where A and 4 a r e  t h e  e l l i p t i c i t y  parameters which define the  r a t i o  of the  

F resne l  c o e f f i c i e n t s  f o r  the  p and s component,waves i . e . ,  

iA R 

R 
2 = t a n  4 e 

S 

and P and A a r e  the  o r i e n t a t i o n s  of the  p o l a r i z e r  and analyzer  a t  ex t inc t ion .  

Fur ther  it i s  usua l ly  found t h a t  only one of t hese  two e l l i p t i c i t y  

parameters vary  s i g n i f i c a n t l y  while t he  second remains e s s e n t i a l l y  constant  

during t h e  course of an  experiment of s h o r t  dura t ion .  For example i n  t h e  

case  of the  formation of SiOe over S i  i n  a i r ,  dur ing the  time A var ied  by 

2", the  v a r i a t i o n  i n  was only 0.01". Thus i n  t h i s  case one kan follow 

t h e  formation of t h e  contaminating oxide l aye r  on t h e  sur face  of s i l i c o n  

by fol lowing t h e  changes i n n  keeping constant ;  i n  o ther  words i n  t h i s  

experiment it i s  only necessary t o  follow t h e  pos i t i on  of po la r i ze r  P keeping 
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t h e  analyzer A f i x e d ,  t o  obta in  good e x t i n c t i o n .  

th ickness  v a r i a t i o n s  of the contaminating l aye r  a r e  considered, it w i l l  

be necessary t o  vary  both A and *, However i n  such cases t h e  time i n t e r v a l  

i s  u s u a l l y  much l a r g e r  and thus  it i s  not necessary t o  employ t h e  following 

r ap id  determinat ion technique. 

O f  course when l a r g e  

Instrumentation 

I n  the  experimental s e t  up developed shown schemat ica l ly  i n  F ig .  1 

t h e  l i g h t  source i s  a high i n t e n s i t y  PEK #I10 mercury a r c  lamp wi th  a 

liminous i n t e n s i t y  of approxima.tely 140,000 candles/cm . A PEK Model 

401 dc power supply provides t h e  necessary opera t ing  parameters f o r  t h e  

lamp. 

f a c t u r e r ,  i s  l e s s  than  3% a t  t h e  r a t e d  load; while a more regula ted  power 

supply would be advantageous i n  reducing a . c .  no i se .  

w i t h  t h e  lamp i s  t h e  i n t e n s i t y  d r i f t .  The lamp was ad jus ted  f o r  cons tan t  

cu r ren t  every 1/2 hour. 

i n  e l imina t ing  t h i s  d r i f t ,  bu t  such has not  been employed i n  our setup.  

The lamp i t s e l f  i s  mounted i n  a PEK Model 901 lamp housing which provides 

a var iab le- focus  (12"-30") pro jec t ion  l e n s  system. 

2 

The output r i p p l e  of t h e  401 power supply, according t o  t h e  manu- 

The major problem 

An ope ra t iona l  feed  back c o n t r o l  may prove u s e f u l  

The l i g h t  output passes through a Fabry-Perot t ransmission type 

i n t e r f e r e n c e  f i l t e r  f o r  h546fi corresponding t o  t h e  Hg s p e c t r a l  green l i n e .  

Since t h e  l i g h t  source i s  a high pressure  mercury a r c  type,  t h e r e  i s  notice- 

a b l e  continuous background down t o  t h e  u l t r a v i o l e t .  

nea r  u l t r a v i o l e t  i s  t ransmi t ted  by t h e  in t e r f e rence  f i l t e r ,  i t  was 

necessary  t o  remove it by using a broad band yellow f i l t e r  t o  ob ta in  accu ra t e  

v a l u e s  of t h e  e l l i p t i c i t y  parameters. 

Since t h i s  backgroundin t h e  
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I .  

The l i g h t  i s  then  chopped by a mechanical chopper. Se l ec t ion  of t h e  

chopping frequency involves t h e  considerat ion of t he  amplifying device.  

Amplif iers  have a noise  power spectrum t h a t  v a r i e s  a s  t h e  r e c i p r o c a l  of t h e  

frequency near  zero frequency due t o  the  so-cal led f l i c k e r  e f f e c t  ( l / f  n o i s e ) .  

To avoid t h e  l/f noise the  s i g n a l  should be m d e  t o  appear a t  some frequency 

above lOHZ f o r  tube-type ampl i f ie rs  and above 5OOHZ f o r  t r a n s i s t o r  systems. 

The chopper employed i n  t h e  set-up shown i s  a Pr inceton Applied Research 

Model BZ-1 providing an in t e r rup t ing  frequency of 600HZ. 

v ides  an  e l e c t r i c a l l y  iSola ted  square-wave s i g n a l  (1 v o l t  p-p) which i s  

sychronous wi th  t h e  chopping frequency and t h i s  s i g n a l  i s  used a s  t h e  

re ference  f o r  t he  Lock-in Amplif ier .  

- 

The chopper pro- 

The l i g h t  beam i s  then  coll imated by t h e  entrance l ens  arrangement of a 

Gaertner  e l l ipsometer  and i s  l i n e a r l y  polar ized  by a Glan-Thompson prhsm. 

The s tandard e l l ipsometer  u n i t  was modified a long  the  fol lowing l i n e s  i n  

o rde r  t h a t  t h e  minimum s e t t i n g  of t h e  p o l a r i z e r  can be determined t o  wi th in  

f0.01' and i n  a s h o r t  t i m e  of the order  of  1 sec .  

t o  a 360 t o o t h  worm gear  which i s  dr iven  by a sychronous motor. 

t i o n  of t h e  worm r o t a t e s  t h e  po la r i ze r  through e x a c t l y  1'. 

which the  worm i s  mounted has a blank gear  d i s c  wi th  a small hole  through 

it t o  pass a small beam of l i g h t  once every revolu t ion .  The beam of l i g h t  

h i t s  a pho toce l l  which accuates  a r e l a y  counting network, (F ig .  2 ) .  The 

count ing network provides t h e  sweeping c o n t r o l  by r o t a t i n g  the  po la r i ze r  

a s e t  number of degrees ,  revers ing d i r e c t i o n ,  d r iv ing  back the same number 

o f  degrees and cont inuing t h i s  revers ing process u n t i l  stopped. 

The po la r i ze r  i s  a t t ached  

One revolun 

The s h a f t  on 
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Since t h e  i n i t i a l  formation o f  t h e  contaminating occurs very f a s t  

it i s  des i r ab le  t o  take  as many readings as poss ib le  i n  a s h o r t  t ime. The 

speed of t h e  motor was se l ec t ed  t o  d r i v e  the  po la r i ze r  a t  a r a t e  of l 0 / s e c ,  

(60 RPM) . 
e f f e c t i v e  bandwidth noise  f i l t e r i n g  ( t ime constant)  of  t h e  Lock-in Ampli- 

f i e r  must be reduced, hence increas ing  t h e  noise .  Also connected t o  the  

d r ive  s h a f t  i s  a 10-turn prec is ion  potent iometer .  This potentiometer with 

a vo l tage  d iv ide r  c i r c u i t  (X-axis con t ro l )  i s  used t o  provide the  angles  

of r o t a t i o n .  One r evo lu t ion  of  the s h a f t  produces a vo l tage  change of 

100 mv a t  t he  output  of t h e  X-axis c o n t r o l  and t h i s  output  d r ives  t h e  

X-axis of t he  cha r t  recorder .  Corre la t ion  of t he  p o l a r i z e r  p o s i t i o n  t o  

the  c a l i b r a t i o n s  on t h e  cha r t  paper i s  made by al lowing 100 mv = 1' = 1" 

of movement a long the  X-axis. 

t i o n  i n  reading accuracy; + O . 0 l o ,  bu t  l i m i t s  t h e  sweep t o  7" because the  

c h a r t  paper i s  only 15" long.  

High speeds were t r i e d  but  t h e  major f a c t o r  here  i s  t h a t  t h e  

A 100 mv = 1" = 2'' provides higher  resolu-  

If a n  X-Y recorder  i s  not  ava i l ab le  a s tandard r o l l - c h a r t  recorder  

can be employed by providing a marker-pulse c o r r e l a t i o n ,  1 p u l s e / l " .  

A c h a r t  speed of l " / sec  w i l l  provide a r e s o l u t i o n  of lo/lllm 

Detec t ion  of t he  l i g h t  output from the  e l l ipsometer  i s  done by a photo- 

m u l t i p l i e r  tube;  t h e  output  of which i s  f ed  i n t o  t h e  s i g n a l  input  of t he  

lock-in a m p l i f i e r .  S t r a y  modulated A oC ' -  l i g h t ,  e s p e c i a l l y  a t  t he  re ference  

frequency of ~ O O H Z ,  should be e f f e c t i v e l y  blocked from en te r ing  t h e  photc- 

m u l t i p l i e r  s ince  t h i s  w i l l  introduce f a l s e  s i g n a l s  t h a t  w i l l  be de tec ted  

by t h e  lock-in a m p l i f i e r .  

t h e  s i g n a l ,  w i l l  increase  t h e  noise due t o  t h e  shot  e f f e c t :  

Other l i g h t ,  while no t  d i r e c t l y  concerned with 
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i 2 
S/N = ; where i n = Mean shot  no ise  cu r ren t ;  and, 

.1;=4; 
i = average pho toe lec t r i c  s igna l  cu r ren t .  

Genera 1 cons idera t ions  f o r  improving t h e  S/N r a t i o  of Photomult ipl ier  

de t ec to r s  a r e  (i) The photomult ipl ier  used should have a photocathode which 

shows peak s e n s i t i v i t y  a t  t h e  wavelength being used. I n  the  set-up shown, 

using a wavelength of h 5 4 6 2 ,  a n  S-4, S-5, S-11, or S-20 s p e c t r a l  response 

would be a s a t i s f a c t o r y  choice.  (ii) cooling the  photomult ipl ier  w i l l  re-  

duce thermionic emission (dark cur ren t )  m 

l i g h t  i n t e n s i t y  i s  extremely low, It was found not necessary when using 

a PEK #llO mercury lamp. (iii) Using a s  low a vol tage on the  photomult ipl ier  

tube as poss ib le  a s  i s  cons is ten t  wi th  the required ga in .  An RCA IP-21 

PM tube with a supply vol tage of 500-800 V and a 10 s t age  vol tage d iv ide r  

of lO-25OK r e s i s t o r s  provides a s a t i s f a c t o r y  arrangement. If t h e  s i g n a l  

i s  very low, cool ing the  PM tube should be t r i e d  f i r s t  r a t h e r  than  in- 

c reas ing  t h e  supply vol tage s 

This would be necessary i f  the  

The lock-in ampl i f i e r  employed i n  the  set-lap shown i n  F ig .  1, i s  a 

Pr ince ton  Applied Research Model JB-4. 

system capable of opera t ing  with an extremely narrow equivalent  noise  

bandwidth. The s i g n a l  input  i s  appl ied t o  a frequency s e l e c t i v e  ampl i f i e r  

w i t h  a Q = 25 t o  l i m i t  t he  input  bandwidth. The output of t h e  s i g n a l  

a m p l i f i e r  i s  appl ied  t o  the  input of a phase s e n s i t i v e  de t ec to r  which mixes 

t h e  input  s i g n a l  and the  reference s i g n a l  so as t o  produce the  corresponding 

sum and d i f fe rence  frequencies .  A low-pass f i l t e r  s tops  the  upper por t ion  

of t he  band, but  t he  lower s ide  (DC) i s  passed by t h e  low pass f i l t e r ;  the  

A lock-in ampl i f i e r  i s  a de t ec t ion  
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bandwidth of which determines t h e  e f f e c t i v e  bandwtdth of t h e  ampl i f i e r .  

Lock-in ampl i f i e r s  usua.1ly a r e  ca l led  phase-sensi t ive de t ec to r s  because 

the  DC output produced by a s igna l  a t  t he  re ference  frequency i s  pro- 

p m t i o n a l  t o  the  cosine of the  r e l a t i v e  phase of t he  s i g n a l  the  the  

re ference .  

The e f f e c t i v e  in t eg ra t ed  

If the  wave PN. = 1/2 RC H2. 

i n t e g r a t i n g  time T i  = - 
which a s i g n i f i c a n t  change i n  

1 
1 

Bni 

noise bandwidth PN. of the  ampl i f i e r  is: 

shape of t he  s i g n a l  i s  t o  be preserved the  

1 

must be l e s s  than t h e  s h o r t e s t  time i n  

s igna l  i n t e n s t t y  ca.n occur 

The DC output from the  lock-in ampl i f ie r  i s  fed  i n t o  the  Y-axis of 

an X-Y cha r t  recorder .  The output s i g n a l  from the  X-axis con t ro l  i s  fed  

i n t o  X-axis of the  recorder .  The cha r t  recorder  used i s  a Hewlett-Packard 

Model 2D-2, providing an  input s e n s i t i v i t y  on both a x i s  a s  high a s  0.5mv/ltt.  

One poss ib le  disadvantage with an X-Y recorder  i s  t h a t  the  area of the  

c h a r t  i s  only 11" x 15", thereby l imi t ing  t h e  number of degrees t h a t  can 

becreccrded t o  15" f o r  l"/l" resolu t ion  o r  7" f o r  a 1°/2" r e so lu t ion .  

However, i n  the  experiments on the oxidat ion k i n e t i c s  of s i l i c o n ,  wi th  a i r  

a s  t h e  f i r s t  medium sweeps g rea t e r  than  6" a r e  not requi red .  

2 
The output graph on t h e  chart  w i l l  resemble a s  Cos 0 curve a s  can 

be shown by elementary considerat jons of the  ana lys i s  of l i n e a r l y  polar ized 

l i g h t .  To determine t h e  minimum poin t  of such a curve,  the  usua l  procedure 

i s  t o  s e l e c t  two poin ts  on e i t h e r  s ide  of t h e  minimum a t  which t h e  inten- 

s i t i e s  a r e  the  same, and take the mean of these  two s e t t i n g s  of t h e  n i c o l .  

Using such a procedure an  accuracy of + O . 0 l o  has been achieved wi th  a i r  

as t h e  f i r s t  medium. 
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The advantage of t h i s  instrumentat ion and recording arrangement, i s  

(i) once an approximate value of A and 4 a r e  known t h i s  method provides 

f o r  a r ap id  scanning and a p rec i se  f i x i n g  of the  ex t inc t ion  pos i t i on ,  

(ii) it provides a permanent record which can be analyzed l a t e r  a t  l e i s u r e .  

These advantages enable one t o  follow the  i n i t i a  1 contamination of f r e s h l y  

cleaved sur faces  which proceeds, a s  we know , a t  a very rap id  r a t e .  
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3. P a r t  I1 

Independent Determina.tion of  t h e  Refrac t ive  Index and t h e  Thickness 
of Thin Films by El l ipsometry 

In t roduct ion  

The e l l i p somet r i c  technique of studying the  su r face  f i l m s  has come t o  

the  f o r e  i n  the  l a s t  few years  due t o  the  use of computers i n  so lv ing  the  

equat ions f o r  t he  parameters of the e l l i p t i c a l l y  polar ized  l i g h t  r e f l e c t e d  

by the  sur face  f i l m  on a n  absorbing s u b s t r a t e .  The usua.1 experimental  

arrangement cons i s t s  of polar ized l i g h t  inc ident  from a medium of r e f r a c t i v e  

index n on t o  a nonabsorbing surface f i l m  of r e f r a c t i v e  index nl a s  i n  F i g .  3.. 
0 

The f i l m  r e s t s  on a n  absorbing subs t r a t e  o f  complex r e f r a , c t ive  index n2 = 

n2-i$=n2 '(1-ik).  

been a i r  (no = 1) 

I n  most of t h e  measurements thus f a r  t h e  f i r s t  medium has 

Such measurements ha.ve been success fu l ly  employed t o  s tudy t h e  oxidat ion 

k i n e t i c s  of many meta.1s and semiconductors. However f o r  small f i l m  thick-  

nesses  ( e . g . ,  Si02 f i l m s  <25OA) it has not  been poss ib l e  t o  ob ta in  unique 

va lues  of t h e  r e f r a c t i v e  ind ices  of t h e  f i l m  a.s w e l l  a .s  i t s  th ickness  from 

these  measurements. Hence it has been the  usua l  p r a c t i c e  t o  assume a value 

f o r  t h e  r e f r a c t i v e  index of t h e  f i l m  a.nd deduce the  f i l m  thickness  from the  

observa t ions .  I n  the  case of s i l i c o n  the  r e f r a c t i v e  index of t h e  oxide f i l m  

i s  usua l ly  taken  t o  be 1.460 f o r  X546G. This corresponds t o  the  r e f m c t i v e  

index of v i t r e o u s  s i l i c a .  There i s  no evidence t o  ind ica t e  t h a t  t h e  oxide 

f i l m  i s  i n  such disordered s ta . te  f o r  small f i l n  th icknesses .  As ordered 

forms of s i l i c o n  dioxide s t a b l e  a t  room temperature ( e . g . ,  a q u a . r t z ,  

b a l i t e  e t c  . )  have s l i g h t l y  higher r e f r a c t i v e  ind ices  than v i t r e o u s  s i l i c a ,  

a d i r e c t  determinat ion of t h e  r e f r a c t i v e  index of t he  fi lm w i l l  provide some 

c r i s t o -  

P 



information about t he  degree of order a t  such smal l  f i l m  th ickness .  Fur ther  

i f  the  value of t h e  r e f r a c t i v e  index f o r  d i f f e r e n t  f i l m  th icknesses  can be 

determined then  it w i l l  be of i n t e r e s t  t o  see  how it  v a r i e s  with f i l m  thick- 

nes s .  

One poss ib le  way of determining t h e  r e f r a c t i v e  index and t h e  th ickness  

of t h e  f i l m  independently i s  t o  employ two d i f f e r e n t  f l u i d s  a s  t h e  f i r s t  

medium ( f o r  example, a i r  and a n  i n e r t  l i q u i d  l i k e  benzene, to luene ,  carbon 

t e t r a c h l o r i d e  e t c . )  and solve f o r  t h e  two v a r i a b l e s  r e f r a c t i v e  index and 

f i l m  th ickness .  Such measurements have been c a r r i e d  out on oxide f i l m s  

on s i l i c o n ;  and t h e  r e s u l t s  a r e  given below. 

Theore t ica l  Cons idera  t ions  

I n  s tudying oxide f i l m s  on s i l i c o n  wi th  l i q u i d s  l i k e  C H or C H *CH 6 6  6 5 3’ 

0’ 
one meets wi th  the  case when t h e  r e f r a c t i v e  index of the  f i r s t  medium, n 

i s  g r e a t e r  than  t h a t  of  t he  f i l m  nl. 

poss ib le :  

angle  dc (= sino1 n /n ) and Case (ii) @ - d c 0  For koth these  cases  de- 

t a i l e d  ca l cu la t ions  have been ca r r i ed  out  and the  r e s u l t s  a r e  discussed 

below. 

In such a case two s i t u a t i o n s  a r e  

i s  l e s s  than the  c r i t i c a l  Case (i} the  angle  of incidence d 
0 

1 0  0 

Here it may be mentioned t h a t  Reddy and Bokins have used a l i q u i d  

( a n  e l e c t r o l y t e )  as  the  first, medium i n  t h e i r  i nves t iga t ions  on e l ec t ro -  

chemical s t u d i e s ;  bu t  i n  thLs ease t h e  r e f r a e t l v e  index of the f i r s t  

medium i s  l e s s  than  t h a t  of the  f i l m  and hence they could employ the  well- 

known equat ions of Archer ,  

The case where t h e  f i r s t  medium has a higher  r e f r a c t i v e  index than  

t h e  f i l m  has a l s o  been considered by Passagl ia  e t  a l ,  but  i n  t h e i r  s tud ie s  

t h e  s u b s t r a t e  was nonabsorbing. 

-- 



I -  

- 



Case (i) . do < I n  t h i s  case the  well-known Drude ' s  exact  

equations f o r  t h e  e l l i p t i c i t y  parameters of t h e  r e f l e c t e d  l i g h t  a r e  v a l i d .  

For t h e  sake of completeness these  equat ions a r e  given below. 

where $ and A are the  e l l i p t i c i t y  pammeters ,  rlp4 2p9 r i s >  and '2s r 

a r e  t h e  F resne l  r e f l e c t i o n  c o e f f i c i e n t  f o r  the  para . l le1  (p )  a.nd perpen- 

d i c u l a r  ( s )  components a t  t h e  in te r fa ,ces  1 and 2 "  

F resne l  c o e f f i c i e n t s  a r e  given below: 

The expression f o r  t hese  

r = (no cos pll - n cos plo)/(no cos dl + nl cos do) 

= (nl cos pl - n cos pll)/(no cos pl + nl cos pl,) 

= (nl cos p12 - n 

= (nl cos pll - :2 cos g2)/(nl cos pll + :2 cos g2) 

1P 1 

r 1s 0 1 0 

- - - 
$1) r cos dl) / (nl  cos p12 + ii2 cos 2P 2 

r 2s  

d1 i s  the  angle  of r e f r a c t i o n  i n  t h e  f i l m  and a2 is given by 

- 2 2 2  1/2 
% cos p12 = (- - n s i n  d1) "2 1 ( 3 )  

6 i s  r e l a t e d  t o  t h e  th ickness  d o f  t h e  f i l m  by the  fol lowing equation 

1/2 
- n s in2  ) ( "1 0 0 

27rd 2 6 = -  x (4) 

where h i s  t h e  wavelength of l i g h t .  

Using these  equat ions de t a i l ed  computations of A amd !I! have been 

ma.de wi th  I B M  7074 computer f o r  t he  value of t he  r e f r a c t i v e  index of t h e  

l i q u i d ,  no, varying from 1.38 t o  1.60. For each value of t he  r e f r a c t i v e  
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index of t he  l i q u i d  the  computations were made f o r  d i f f e r e n t  film thick- 

nesses and d i f f e r e n t  r e f r a c t i v e  indices  of the  f i lm .  The angle  of in- 

cidence do was taken t o  be 70'. 

Figure 4 shows t h e  v a r i a t i o n  of A and f o r  6 varying from O'to 180" 

f o r  t he  case of l i g h t  inc ident  from the  l i q u i d  Toluene (nl = 1.496 f o r  

5461 4) on t o  sur face  f i l m s  of r e f r a c t i v e  ind ices  1.487, 1.460 and 1.406; 

on the  s u b s t r a t e  s i l i c o n .  The angle of incidence i n  a l l  these  cases i s  

taken t o  be 70'. The f i r s t  two values chosen f o r  the  r e f r a c t i v e  index of 

the  f i l m  correspond t o  the  index of C r i s t o b a l i t e  and v i t r eous  s i l i c s  re- 

spec t ive ly .  

t o  a c r i t i c a l  angle  s l i g h t l y  la rger  than the  angle  of indidence of 70' 

used i n  t h e  ca l cu la t ions .  Representative values  of 6 a r e  marked on the 

curves.  

The value 1.406 f o r  the r e f r a c t i v e  index of t he  f i l m  corresponds 

The most s t r i k i n g  r e s u l t  which i s  Ppparent on a study of the  f i g u r e  i s  

the  very l a rge  change i n  A and a n  apprec iab le  change i n  f o r  sma.11 changes 

i n  6 a s  t h e  angle  of incidence approaches the  c r i t i c a l  angle .  

ample f o r  the  h ighes t  r e f r a c t i v e  index of the  f i l m  used i n  the  ca l cu la t ion  

1.487, A changes from 7.65" a t  On the  o ther  

hand f o r  the  smallest  r e f r a c t i v e  index of t he  f i lm ,  1.406 ( i . e .  when the  

c r i t i c a l  angle  i s  only s l i g h t l y  l a rge r  than t h e  angle  of incidence) A changes 

from 7.65" a t  6 = 0 t o  -56.12' a t  

For ex- 

€I= 0 t o  -20.27' a t  6 = 32 ' .  

6 = 0.50". 

It i s  seen from the  f igu re  t h a t  t h i s  increase  i n  s e n s i t i v i t y  with 

r e s p e c t  t o  6 a s  one approaches the c r i t i c a l  angle  i s  accompanied by a 

r e l a t i v e l y  i n s e n s i t i v e  behavior over a l a rge  reg ion  of 6 (6" -174' i n  

curve f o r  nl) .  
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Figure 4 
Varia.t ion of A and $ with 6 f o r  l i g h t  inc ident  from Toluene. 
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Figure 5 exh ib i t s  the  v a r i a t i o n  of A and $ a s  a func t ion  of 5 f o r  

t h ree  d i f f e r e n t  values  of t h e  r e f r a c t i v e  ind ices  of t he  l i q u i d .  The angle 

of incidence i s  aga in  assumed t o  be 70" and the  r e f r a c t i v e  index of the  

f i l m  on a s u b s t r a t e  of s i l i c o n  i s  assumed t c  be 1.460. The r e f r a c t i v e  

ind ices  1.467 and 1.496 f o r  t h e  l i qu id  correspond t o  t h a t  of carbon t e t r a -  

ch lor ide  and toluene respec t ive ly .  

index of the  l i qu id  corresponds t o  a c r i t i c a l  angle  s l i g h t l y  l a r g e r  than 

70".  

parapyaph. 

The value 1.5536 f o r  t he  r e f r a c t i v e  

The curves again show the  same fea tu res  a s  described i n  the  previous 

Figure 6 shows the  v a r i a t i o n  of A and a s  a func t ion  of 6 when l i g h t  

i s  inc ident  from a i r  on t o  f i l m s  of r e f r a c t i v e  ind ices  1.406, 1.460 and 

1.487. 

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

and Saxena(8) , and has been reproduced here f o r  comparison. Since the  

r e f r a c t i v e  index of a i r  i s  l e s s  than t h a t  of t he  f i l m ,  t h e r e  i s  a phase 

change of 180" i n  one of t h e  components of t he  r e f l e c t e d  1Sght. 

t he  reason f o r  p l o t t i n g  A around 180" i n  t h i s  case i n  con t r a s t  t o  F igs .  4 

and 5 . 

The angle  of incidence i s  again assumed t o  be 70" and the  sub- 

This case has been discussed i n  d e t a i l  by Archer (7)  

This i s  

The highly increased s e n s i t i v i t y  r e l a t i v e  t o  6 when using a l i q u i d  

of s u i t a b l e  r e f r a c t i v e  index instead of a i r  a s  the  f i r s t  medium, i s  however 

ve ry  decept ive.  This can be seen from Table I, where the  f i l m  thickness  

and the  changes i n  A corresponding t o  value of 6 = 0.10 a r e  given f o r  var ious 

l i q u i d s .  A s  one approaches t h e  c r i t i c a l  angle ,  (nl - n 

ze ro  and hence a small value of 6 corresponds t o  a l a rge  value of d .  

t h e  s e n s i t i v i t y  with respec t  t o  the  film thickness  i s  about t he  same what- 

ever  be the  f i r s t  medium. 

2 
sin2$,) tends t o  

Hence 

0 



TABLE I 

nl-no 
(in degrees) 

0.42 

0.21 

0.80 

27.61 

n = 1.460 1 

d 

in ii 
1. % 

3.16 

3.85 

89.5 

n 
0 

a i r  

CC14 

C H CH 6 5  3 

1 .ooo 

1.4671 

1.4960 

1.5536 

QI = 70" 6 = 0.10 
0 
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Figure 5 
V a r i a t i o n  of A and $ with  6 for l i g h t  i nc iden t  on a v i t r eous  s i l i c a  f i l m  on s i l i c o n .  
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Case (ii) a(, > dc: When the  amgle of incieence a( i s  g r e a t e r  tha.n 
0 

t he  c r i t i c a l  angle  dC, t o t a l  r e f l e c t i o n  t akes  p h c e  a t  t he  l iqu id- f i lm 

i n t e r f a c e .  However a. dis turbance i s  propa,gated in s ide  the  f i l m  and t h i s  

decays exponent ia l ly .  For very small f i l m  th icknesses  one would expect 

t h i s  dis turbance t o  be r e f l e c t e d  from t h e  i n t e r f a c e  between t h e  f i l m  and 

t h e  substra . te  and a f f e c t  t he  values of A and q. 

Vasicek") has considered t h i s  problem f o r  t h e  case when t h e  sub- 

s t r a t e  i s  a nonabsorbing d i e l e c t r i c  medium l i k e  g l a s s .  But f o r  a n  a.b- 

sorbing s u b s t r a t e  l i k e  s i l i c o n ,  the r e s u l t s  w i l l  be d i f f e r e n t .  Sui ta .ble  

expressions f o r  A and have been derived f o r  such a case as  shown below: 

L e t  us consider  l i g h t  inc ident  from a medium o f  r e f r a c t i v e  index n 
0 

on a f i l m  of r e f m c t i v e  index n and l e t  t h i s  f i l m  l i e  on a s u b s t r a t e  of 

complex r e f r a c t i v e  index n2. If no n and t h e  angle  of incidence d 
g r e a t e r  than  t h e  c r i t i c a l  angle  gC, then  t h e  r e f l e c t i o n  c o e f f i c i e n t s  a t  

t h e  f i r s t  boundary are 

1 

1' 0 

is r '  = e  p 
P 

i6  ' r t s  = e s 

where €j=' and 6 ' a r e  given by 
P S 

1/2 
t a n  1/sts = <n2 0 s in2  0 1  - n2 /no cos do 

2 and  

(5)  
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where 

We have t o  use the  F r e s n e l ' s  formulae 

I + 1 1  ,-ix 
is P P r e  p =  

P + l r  I I ,-ix 
P P  

- i x  r ' + r  e 

1 + r s '  rS" e 

is S S r e  s =  
S - i x  

To c a l c u l a t e  r " and r: " l e t  us take  the  l i m i t i n g  case,  x = 0 .  P S 

I n  t h i s  case the  medium of r e f r a c t i v e  index n i s  i n  d i r e c t  contac t  
0 

with medium of complex re f r ' ac t ive  index no and the  r e f l e c t i o n  c o e f f i c i e n t s  
c 

0 

'eiss a r e  given by r and rs 

o n cos a0 - no cos 

oe is 
- P - 

2 1 - - P =  oe is r 
n2 cos + no cos a1 

- n2 cos @ 

P 
0 

- 
igso  - no cos . . -1 

3 
1 cos a0 + ii2 cos 

- 
n 

rs e 
0 

- - - 2  - n2 s i n 2  9 = E % 0 0 2  COS 1 - in2k2 n2 cos 6; = 1 

Hence 

Hence 
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I' Simi la r ly  f o r  rs 

Now f o r  an  a r b i t r a r y  thickness  d of f i l m ,  

or 

Since 
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one can evaluate  4 and A from equations 20, 2 1  and 22. 

have been performed with the  he lp  o f  IBM 7074 computer and the  r e s u l t s  

obtained a r e  discussed below. 

Such computations 

Figure 7 shows the  v a r i a t i o n  of A a s  a func t ion  of 5 '  f o r  var ious  

angles  of incidence beyond the  c r i t i c a l  angle ,  f o r  l i g h t  inc ident  from 

toluene with a r e f r a c t i v e  index 1.496 on t o  a f i l m  of r e f r a c t i v e  index 

1.460 on s i l i c o n .  

of 6 ' f o r  an angle  of incidence 89", t h e  l i q u i d  medium being toluene.  

t h i s  case t h e  f i lms  on the  s i l i c o n  sur face  have d i f f e r e n t  r e f r a c t i v e  in- 

d i ces  varying from 1.100 t o  1.460. 

from 0 t o  40" i s  shown on an enlarged sca l e .  The main conclusions t o  be 

drawn from a study of these  f igu res  a r e :  ( i) the  o v e r a l l  s e n s i t i v i t y  i n  

t h i s  technique i s  very poor compared t o  t h a t  when t h e  angle of incidence 

do i s  l e s s  than t h e  c r i t i c a l  angle 6 . 
place f o r  6 ' l e s s  than 80P. 

l a r g e r  thickness  of t h e  f i lms ,  there  i s  almost no change i n  A .  This i s  

a s  it should be,  because i n  t h e  phenomenon of t o t a l  i n t e r n a l  r e f l e c t i o n  

t h e  dis turbance which penet ra tes  t he  f i l m  decays exponent ia l ly  and hence 

increas ing  the  f i l m  thickness  beyond a c e r t a i n  value w i l l  have no e f f e c t .  

(iii) A s tudy of F igs .  8 r evea l s  a decrease i n  s e n s i t i v i t y  with in- 

c reas ing  c r i t i c a l  ang le .  ( i v )  A s  t h e  angle  of incidence i s  increased 

from the  c r i t i c a l  angle  t h e  s e n s i t i v i t y  increases  i n i t i a l l y ,  and then 

s t a r t s  t o  decrease.  This i s  seen i n  F ig .  7. 

F i n a l l y  Fig.  8 shows the  v a r i a t i o n  of A a s  a func t ion  

I n  

I n  F igs .  7 and 8 the  region of 5 '  

(ii) All t he  change i n  A takes  
C 

For l a r g e r  values of 6 I ,  i n  o ther  words f o r  

The f i n a l  conclusion from these s tud ie s  i s  t h a t  it i s  not  advantageous 

t o  work wi th  angles  of incidence g r e a t e r  than the  c r i t i c a l  angle .  
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Simultaneous Determination of Ref rac t ive  Index a.nd the  
thickness  of the  oxide f i l m  on S i l i c o n  

A s  mentioned i n  the  in t roduct ion  our i n t e r e s t  i s  t o  explore the  possi- 

b i l i t y  of a simultaneous determination of the  r e f r a c t i v e  index and the  

th ickness  of t h e  film using two f l u i d s  a s  t h e  f i r s t  medium. F r m  our r e s u l t s  

f o r  case (i) it i s  seen t h a t  t he  s e n s i t i v i t y  r e l a t i v e  t o  f i l m  thickness  

i s  about the  same a s  i n  a i r  when we use a l i q u i d  l i k e  toluene a s  t h e  f i r s t  

medium. Hence with a s l i g h t  modification of t he  e x i s t i n g  experimental  

technique it i s  poss ib le  t o  determine A and with the  sample i n  a i r  and 

i n  a l i q u i d ,  t o  about t he  same degree of accuracy. 

d i ces  of t he  two f l u i d s  used a s  the f i r s t  medium a r e  nol and no2 and the  

experiments a r e  performed on the  same specimen with the  same f i l m  thickness  

then we can wr i t e  

If the  r e f r a c t i v e  in- 

Here 6, and 62 a r e  evaluated from the  measured values of A and $ . 
t hese  two equations nl and d can be determined independently.  

From 

However the  evalua.tion OF 8 from the  measured e l l i p t i c i t y  parameters 

A and 'c1, requi res  a knowledge of the  r e f r a c t i v e  index of t h e  f i l m .  Thus 

t h e  above method of determining the  r e f r a c t i v e  index of t h e  f i l m  from 

measurements i n  two d i f f e r e n t  f l u i d s ,  appea.rs t o  involve a c i r c u l a r  argument. 

However it i s  poss ib le  t o  employ a s e l f  consis tency approa,ch t o  reso lve  

t h i s  d i f f i c u l t y .  F i r s t  we assume some reasonable value f a r .  t he  r e f r a c t i v e  

index of t h e  f i l m  and evaluate  6 and E 2  from the  mea,sured A and with the  1 

t w o  f l u i d s .  From these  6 and 6 2  we ca lcu la t e  t h e  r e f r a c t i v e  id ex of the  
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f i l m  n1 wi th  t h e  he lp  of Eq. ( 2 3 ) .  

index i s  no t  c o r r e c t ,  t he  ca lcu la ted  value of t he  r e f r a . c t ive  index w i l l  

If t h e  a,ssumed value of t he  r e f r a c t i v e  

come out  d i f f e r e n t  from the  assumed va lue .  This procedure i s  repeated f o r  

var ious  c l o s e l y  spaced values  of the assumed refract ive index, till one 

g e t s  a good a.greement between t h e  ca lcu la ted  and the  assumed values  of the  

r e f r a c t i v e  index. I n  p r a c t i c e  the  measured va lues  of A and 4 w i l l  auto- 

ma t i ca l ly  r e s t r i c t  t h e  range of values of t h e  r e f r a c t i v e  index over which 

t h i s  s e l f  consis tency procedure i s  t o  be c a r r i e d  ou t .  I n  add i t ion  a knowledge 

of  t h e  na ture  of t he  f i l m  w i l l  permit us t o  work only with such va lues  of 

r e f r a c t i v e  index which a r e  phys ica l ly  reasonable .  For example i n  the  case 

of t h e  oxide f i l m  on s i l i c o n  we can reasona.bly a.ssume t h a t  t h e  r e f r a c t i v e  

index w i l l  be i n  t h e  ra.nge 1.44 t o  1 .55 .  The.accuracy i n  t h e  determinat ion 

of t he  r e f r a c t i v e  index of t he  f i l m  by t h e  se l f -cons is tency  procedure i s  

q u i t e  high, as  w i l l  be seen f r o m t h e  d iscuss ion  below. 

Experimenta 1 Procedure 

The experimental  technique involved i n  e l l ipsometry  i s  w e l l  known and 

w i l l  not  be descr ibed here .  

technique i s  t h e  provis ion  f o r  a sample holder  t o  hold the  specimen i n  t h e  

The only modif icat ion involved i n  t h e  l i q u i d  

l i q u i d  contained i n  a s u i t a b l e  c e l l .  This c e l l  was so designed t h a t  l i g h t  

e n t e r s  and leaves  the  c e l l  normal t o  the  c e l l  windows. The two c e l l  windows 

were inc l ined  a t  40" t o  each other  so t h a t  t he  inc ident  and r e f l e c t e d  l i g h t  

rays make a n  angle  of 140" with each o the r .  

meter ic  head s u i t a b l y  mounted i n  t h e  l i q u i d  c e l l .  

The sample holder  was a gonic- 

With t h i s  arrangement 

t h e  r e f l e c t i n g  surface of t he  sample could be  e a s i l y  centered and ad jus ted  

t o  coincide wi th  t h e  v e r t i c a l  ax is  of ro ta . t ion  pa,ssing through t h e  cen te r  

of t he  t a b l e  of  t h e  e l l ipsometer .  A l l  t hese  adjustments could be done 



without d i s tu rb ing  t h e  c e l l  and a su i t ab le  por t ion  of t h e  sample was used 

f o r  l i g h t  inc ident  a t  an  angle  of incidence of 70" with  the  above arrange- 

ment. 

It must be mentioned here t h a t  the  proper o r i e n t a t i o n  and center ing  

of t he  sample i s  abso lu te ly  necessary i n  t h i s  technique a s  otherwise a 

l a rge  e r r o r  i s  introduced i n  t h e  measured values  of the  angles  of Po la r i ze r  

and Analyzer. 

Experimental measurements were made by using the  arrangement Po-360 

Q45 S Ao-360 ( fas t  a x i s  of the  quar te r  wave p l a t e  i s  kept a t  45" and the  

P o l a r i z e r  and Analyzer a r e  moved simultaneously f o r  t h e  minimum i n t e n s i t y  

pos i t i on )  I n  t h i s  arrangement t h e  h/4 p l a t e  cancels 

t he  e l l i p t i c i t y  due t o  the  r e f l e c t i o n  f r o m t h e  sample and t h e  l i g h t  a f t e r  

r e f l e c t i o n  i s  plane polar ized .  

as shown i n  F ig .  3. 

Then A = 90" - 2P (24) 

and 4 = -A (25) 

where P and A a r e  t h e  p o l a r i z e r  and analyzer  angles  a t  t h e  pos i t i on  of 

minimum imtensi ty .  

The r e s u l t s  reported hre  a r e  on s i l i c o n  samples cleaved p a r a l l e l  t o  

(10) t h e  (111) plane using the  w e l l  known technique of Gobeliand Al len  . 
The samples were heated i n  a clean furnace and due care  was taken t h a t  

no a d d i t i o n a l  d i s l o c a t i o n  sources or contamination were formed on t h e  

sur face .  This was achieved by pro tec t ing  the  surface of t h e  sample by 

no t  l e b t i n g  the  sur face  touch or be touched by any o the r  ob jec t  a f t e r  

c leavage.  The samples were kept on a platinum f o i l  while being heated.  

The heated samples were aged i n  a i r  f o r  a day or two s o  t h a t  t h e  thickness  

of t h e  Si02 f i l m  on S i  s tab l ized  t o  a constant value,  and would not  change 

dur ing  the  time involved i n  measurements. 



Independent determination of A and $ were made by using the  method 

described above both i n  the  case of a i r  and l i q u i d .  I n  the  present  measure- 

ments the  l i q u i d s  used was e i t h e r  toluene o r  benzene. Both the  l i q u i d s  

whenever used were from a f r e s h l y  opened b o t t l e  of a n a l y t i c  reagent type  

l i q u i d .  The r e f r a c t i v e  ind ices  of toluene and benzene used were experi- 

mentally found using an Abbe Refractometer. 

a r e  1.4956 and 1.4992 respec t ive ly  a t  23.O"C. 

m d e  i n  an a i r  cnnditioned room where t h e  temperature was maintained a t  

the  above value.  

The valws found and used 

A l l  the  measurements were 

Using t h e  computed t a b l e s  6 was evaluated from the  measured values  

of A and $ . The s e l f  consistency procedure described above was appl ied .  

Figure 9 s h m s  how the  co r rec t  value of the  r e f r a c t i v e  index of t he  f i l m  

was obtained by t h i s  method. I n  t h i s  f i gu re  t h e  computed values o f  t h e  

r e f r a c t i v e  index of the  f i l m  a r e  p lo t t ed  a s  a func t ion  of t he  assumed 

values .  

the  a x i s  of t he  absc issa  gives  the a c t u a l  value of  t h e  r e f r a c t i v e  index 

of t he  f i l m .  If the  a s s u e d  value of the  r e f r a c t i v e  index i s  l e s s  than 

t h i s  co r rec t  value,  the  calculated value comes out  t o  be lower than the  

assumed value.  On t h e  other  hand i f  the  assumed value i s  more than t h e  

c o r r e c t  value,  the  ca lcu la ted  values comes out t o  be higher than t h e  

assumed value.  Very c lose  t o  the co r rec t  value of t he  r e f r a c t i v e  index 

t h e  ca lcu la ted  value v a r i e s  s teeply  with the  assumed value.  Hence the  

c o r r e c t  value of t he  r e f r a c t i v e  index can be f ixed  very p rec i se ly .  

The i n t e r s e c t i o n  of t h i s  curve with the  s t r a i g h t  l i n e  a t  45" t o  

An est imate  of  t h e  e r r o r  i n  t he  r e f r a c t i v e  index of the  f i l m  deter-  

mined by t h i s  procedure was made a s  fol lows.  The measured value of A was 

changed by +Po a d  the  s e l f  consistency procedure was appl ied i n  the  two 
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cases  t o  ca . lculate  t h e  corresponding va lues  of t h e  r e f r a c t i v e  index of 

t h e  f i l m .  It i s  found t h a t  t h i s  change of f2' i n  A causes an e r r o r  of 

40.004 i n  the  value of t he  r e f r a c t i v e  index. For f i l m  th ickness  l e s s  

than  60A, the  l i m i t  of e r r o r  i n  the r e f r a c t i v e  index is more. I n  t h e  

present  s e r i e s  of measurements t h e  value of A i n  t h e  l i q u i d  can be de- 

termined t o  kl' and i n  a i r  k0.02". 

Table I1 gives  the va.lues of t h e  r e f r a c t i v e  index and f i l m  th ickness  

determined by t h e  above method i n  seven samples of s i l i c o n  w i t h  varying 

oxide f i l m  th icknesses .  The samples 2a and 2b a s  w e l l  as 4a and 4b a r e  

matched pairs of cleaved sur faces  oxidized under similar condi t ions .  

The t a b l e  a l s o  g ives  the l i q u i d  i n  which t h e  measurements were c a r r i e d  o u t .  

The following conclusions can be rea.ched. A l l  t h e  seven d i f f e r e n t  

specimens g ive  c o n s i s t e n t  values f o r  the r e f r a c t i v e  index of t he  f i l m .  

The average value of t h e  r e f r a c t i v e  index thus found i s  1.484 4.004. 

Measurements on matched p a i r  of specimens wi th  two d i f f e r e n t  l i q u i d s  g ive  

t h e  same value f o r  t h e  f i l m  thickness wi th in  the  l i m i t s  of accuracy. 

I n  a l l  t h e  previous inves t iga t ions  on t h e  k i n e t i c s  of oxidation of 

s i l i c o n ,  t h e  r e f r a c t i v e  index of the oxide f i l m  was taken t o  be 1.460, t h a t  

of v i t r e o u s  s i l i c a .  

e t c .  have considerably h igher  value than  1.460. 

mination of t h e  r e f r a c t i v e  index of the oxide f i l m  g ives  a value 1.484 

The ordered forms of Si02 l i k e  c r i s t o b a l i t e ,  quar tz  

The present  d i r e c t  de te r -  

which d e f i n i t e l y  i n d i c a t e s  t h a t  the oxide f i l m  has a high degree of order 

a t  such small f i l m  thicknesses (< 300 a ) .  I n  f a c t  t h i s  value i s  close t o  

t h e  r e f r a c t i v e  index of c r i s t o b a l i t e .  We do not know whether we could 

conclude from these  measurements t h a t  t hese  oxide f i l m s  have the c r i s t o b a l i t e  



34 

a, 3 3 C U  In L n l n  M 
0 0 0  r 4  0 0  0 

.d +r, 0 I o  0 0  0 0 0  0 . .  . .  
0 0 0  0 0 0  0 
+I +I +I +I +I +I +I 

c - 0  0 F a  0 

3 3 3  f 3 3  f 
8 co c o  a3 c o c -  co . .  . .  
d r i d  d d d  rl 

I 

n 
5 a o  

n 
0 

Y 

n 
0 
v 

4 
. .  . .  

c- 2 2  L n  M L n  rl 
rl r i d  
rl r l d  s d d  2 



35 

s t r u c t u r e .  

evidence a.bout t he  s t r u c t u r e  of these oxide f i l m s  by, say t h e  Low Energy 

E lec t ron  D i f f r a c t i o n  technique. 

e l l i p s o m e t r i c  method of determining t h e  r e f r a c t i v e  index of t he  f i l m  f o r  

accu ra t e  determinat ion of t h e  r e f r a c t i v e  index of very  t h i n  f i l m s  i . e .  

< 50 A .  

It would be i n t e r e s t i n g  i f  one could obta,in a. more d i r e c t  

It i s  also necessary t o  push the  present  

Such work i s  i n  progress ,  
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5.  Conclusions 

It i s  now poss ib le  t o  c a r r y  out t h e  e l l i p s o m e t r i c  measurements 

a u t o m i t i c a l l y  wi th in  a r m t t e r  of seconds t o  a f a i r l y  high degree of accuracy. 

The r 'efract ive index and t h e  thickness of t h i n  f i l m s  i n ' , t h e  range 60; t o  

3001 of Si02 on S i  can now be uniquely determined by car ry ing  out measure- 

ments w i th  t h e  sample immersed i n  two f lu ids .  The r e f r a c t i v e  index of 

such t h i n  f i l m s  of Si02 i s  found t o  be 1.484 f 0.004 and not 1.460 as has  

been assumed by pervious workers. 

. 
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