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Ri5sum6 - Un e l l i p s o m s t r e  pouvant fonc t ionne r  avec  des temps de r6ponse d e  
l ' o r d r e  de 40 p s  a 6 t 6  r 6 a l i s 6 .  Son u t i l i s a t i o n  e s t  i l l u s t r 6 e  dans l e  c a s  
de l a  c ro i s sance  r ap ide  de  f i l m s  anodiques s u r  GaAs. 

Abst ract  - A high-speed e l l i p s o m e t e r  has been cons t ruc ted  which can o p e r a t e  
i n  microsecond o rde r s .  An example o f  t h e  a p p l i c a t i o n  t o  r a p i d  growth o f  
anodic f i lms  on GaAs i s  given. 

1. In t roduc t ion  

The e l l i p s o m e t e r  wi th  s p e c i a l  advantages f o r  high speed w i l l  be u s e f u l  f o r  s tudy ing  
r a p i d  f i l m  growth and f a s t  s u r f a c e  dynamics. We have t r i e d  t o  c o n s t r u c t  a high- 
speed e l l i p s o m e t e r  having microsecond r e s o l u t i o n .  The use  o f  an  ADP f o u r - c r y s t a l  
e l e c t r o o p t i c  modulator (EOM) f o r  r e t a r d a t i o n  modulation and a high-speed d i g i t i z e r  
f o r  d a t a  a c q u i s i t i o n  has  made t h e  high-speed ope ra t ion  p o s s i b l e / l , 2 / .  Th i s  paper  
d e s c r i b e s  t h e  e l l i p s o m e t e r  system, t h e  measurement method and t h e  a p p l i c a t i o n  t o  
anodic f i l m  growth on GaAs. 

2. E l l ip somete r  system 

Two o p t i c a l  arrangements can b e  s e t  up; ~(~olarizer)-Q(~~~)-S(sample)-A(ana1yzer) 
and P S U .  Here, P ,  Q , a n d  A a l s o  r e p r e s e n t  t h e  azimuth ang les  o f  t h e  o p t i c a l  com- 
ponents .  The o p t i c a l  system i s  i l l u s t r a t e d  i n  Fig .1  f o r  i n  s i t u  measurements o f  
anodic f i l m  growth. Since  t h e  PSQA has  been r epor t ed  e lsewhere  /2 ,3 /  and t h e  PQSA 
has  t h e  advantage t h a t  t h e  light beam propagates  i n  t h e  same o p t i c a l  pa th  i n  t h e  
EOM independent ly  of r e f l e c t i o n  from t h e  sample s u r f a c e ,  t h e  PQSA i s  desc r ibed  i n  
t h i s  paper.  

The o p t i c a l  components used i n  Fig .1  a r e  a s .  fo l lows:  a l i g h t  sou rce  (L) of  1 mW He- 
Ne l a s e r ,  p inho les  ( I r ) ,  a quarter-wave p l a t e  (Qu) g e t t i n g  a c i r c u l a r l y  p o l a r i z e d  
l i g h t ,  a p o l a r i z e r  ( P ) ,  t h e  EOM having a bandwidth from dc t o  25 MIIz and t h e  h a l f -  
wavelength v o l t a g e  of 115 V at 6328 1, an ana lyze r  (A) and a photomul t ip l ier (PM) 
wi th  high-speed response and wide range l i n e a r i t y .  

The e l e c t r o n i c  system is  about  t h e  same as p rev ious ly  r e p o r t e d  /2 / .  I t  c o n s i s t s  o f  
a func t ion  gene ra to r  t o  gene ra t e  modulation vo l t ages  o f  t r i a n g u l a r  waveform and 
t iming  t r i g g e r s ,  a power a m p l i f i e r  t o  d r i v e  t h e  EOM, t h e  two channel  d i g i t i z e r  w i th  
high-speed A-D conver t e r s ,  a sampl ing c o n t r o l l e r  t o  c o n t r o l  t h e  t iming  o f  d a t a  acqui- 
s i t i o n  and a minicomputer. The sampling c o n t r o l l e r  determines t h e  da ta -acqu i s i t i on  
t ime  i n  which N d a t a  p o i n t s  o f  both  t h e  t r a n s m i t t e d  l i g h t  i n t e n s i t y  I and t h e  m c d -  
u l a t i o n  v o l t a g e  V a r e  acqu i red  with t h e  d i g i t i z e r  t o  ob ta in  a d a t a  po in t  (Y, A )  o f  
t h e  sample. Next s e r i e s  o f  d a t a  a c q u i s i t i o n  of N d a t a  p o i n t s  is  repea ted  a f t e r  
i n t e r v a l s  Ti. The memory capac i ty  of  t h e  d i g i t i z e r  i s  2 kwords/channel s o  t h a t  
2000/N d a t a  p o i n t s  (V, A )  can be  ob ta ined  i n  an  exper imenta l  run. The i n t e r v a l s  T i  
is  programable such t h a t  one value  o f  T i  i s  swi tched t o  t h e  o t h e r  i n  an  exper imenta l  
run according t o  t h e  r e a c t i o n  speed o f  s u r f a r e  phenomena. 
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Fig.1  - The o p t i c a l  system and t h e  e l e c t r o l y t i c  c e l l  used i n  t h e  i n  s i t u  e l l i p s o -  
me t r i c  measurements of  anodic f i l m  growth. L ,  He-Ne l a s e r ;  I r ,  p inho le ;  Qu, quar t -  
er-wave p l a t e ;  P ,  p o l a r i z e r ;  Q, EOM; S ,  sample; P t ,  p la t inum cathode;  A ,  ana lyze r ;  
PM, pho tomul t ip l i e r ;  CCS,  cons t an t  c u r r e n t  sou rce ;  SW, Hg-relay. Q r e p l a c e s  Q'  
when t h e  PS&A arrangement i s  s e t  up. 

I t  has  been shown t h a t  t h e  h i g h e s t  speed o f  T = 4 us i s  achieved wi th  p r e c i s i o n  of  
0.05O i n  Y and 0.15O i n  A (root-mean square  v a l u e s )  when a  BaKl o p t i c a l  g l a s s  is 
used a s  a  sample, and Ti can b e  s e l c c t e d  from 4 us t o  160 m s  / 2 / .  

3.  Measurement method 

The l i g h t  i n t e n s i t y  I a t  t h e  p h o t o m u l t i p l i e r  i n  t h e  PQSA arrangement wi th  P  = 0' and 
& = 45' is expressed by 

i n  which 

6 = EV + C, 

a l  = -(cos2Y - cos2A - 2xlrsin2YcosAsin2A + xbsin2YsinAsin2A) /ao, 

a2 = t s i n 2 Y s i n ~ s i n 2 ~  + 2xljsin2YcosAsin2A - x,(cos2Y - cos2A)}/ao,  

a,  = 2x2sin2't'cosAsin2Acos6,,/a0, 

a, = 2x,sin2YcosAsin2Asin6,/a0, 

a, = 1 - cos2Ycos2A - 2 ~ ~ ~ s i n 2 Y c o s A s i n 2 A ,  

t o  f i r s t  o r d e r  i n  x .  I, i s  t h e  average l i g h t  i n t e n s i t y .  E i s  t h e  p r o p o r t i n a l i t y  
cons tan t  i n  t h e  e l e c t r o o p t i c m o d u l a t i o n  and i s  determined by a  b e s t - f i t t i n g  procedure 
t o  an I - V  cu rve  measured wi th  A = 0'. C is  a  phase f a c t o r  which v a r i e s  s lowly wi th  
temperature .  The imperfect ion parameters x ' s  a s s o c i a t e d  wi th  t h e  EOM a r i s e  from 
t h e  window b i r e f r i n g e n c e  an2 a x i a l  misalignment o f  t h e  ADP c r y s t a l s  i n  t h e  EOM / 3 / -  
6 ,  i s  a  phase f a c t o r  r e s u l t i n g  from t h e  c r y s t a l  b i r e f r i n g e n c e  and i s  s e n s i t i v e  t o  
change i n  ambient temperature .  

Consequently,  t h e  e l l i p s o m e t r i c  parameters Y and A of t h e  sample a r e  de r ived  from 
t h e  c o e f f i c i e n t s  a l  and a 2  and C measured i n  c a l i b r a t i o n  wi th  A = O0 i f  r ' s  a r e  
predetermined. I n  o t h e r  words, two exper imenta l  runs a r e  necessary  whenever we 
want t o  g e t  t h e  e l l i p s o m e t r i c  parameters  f r e e  from temperature  f l u c t u a t i o n ;  one is  
t h e  c a l i b r a t i o n  wi th  A = 0' and t h e  o the r  is high-speed measurement wi th  appropr i a t e  
azimuth ang le  A immediately a f t e r  o r  be fo re  t h e  c a l i b r a t i o n .  

I t  i s  understood f r o n  t h e  s i m i l a r  c a l c u l a t i o n  t o  t h a t  i n  t h e  c a s e  o f  ro t a t ing -ana ly -  
z e r  e l l i p s o m e t e r s / 4 /  t h a t  t h e  h i g h e s t  p r e c i s i o n  i s  achieved a t  A = y. We should  
be c a r e f u l  i n  s e t t i n g  A s i n c e  Y of t h e  sample changes wi th  l a p s e  o f  r e a c t i o n  t ime  
and d e v i a t e s  from t h e  s e t  azimuth angle  i n  t h c  t r a n s i e n t  measurements. 



The c o e f f i c i e n t s  x ' s  can be determined i n  t h e  s t r a igh t - th rough  o p t i c a l  arrangement 
i n  which t h e  fo l lowing  equa t ions  

a r e  v a l i d  from Eq.(l). Figure  2 i l l u s t r a t e s  a n a l y z e r  azimuth dependence o f  t h e  
c o e f f i c i e n t s  a l  and a2 measured i n  t h i s  arrangement and t h e  b e s t -  f i t t i n g  curves  
c a l c u l a t e d  wi th  t h e  r e g r e s s i o n  technique u s i n g  Eq.(2) .  The b e s t - f i t t i n g  procedure 
y i e l d e d  xlr = -0.009, X , i  = 0.005, X ~ P  = 0.005 and x,, = -0.003. These va lues  a r e  
found smal l  a s  compared wi th  t h o s e  i n  t h e  previous  PSQA arrangement/3/.  x l p  and 
x , i  havc been included t o  c a l c u l a t e  (Y ,  A )  i n  t h e  p r e s e n t  c a s e .  

Fig.2 - Analyzer azimuth dependence of t h e  c o e f f i c i e n t s  a ]  and a2 measured i n  t h e  
s t r a igh t - th rough  o p t i c a l  arrangement and t h e  b e s t - f i t t i n g  cu rves  f o r  c a l i b r a t i o n  of  
t h e  in lperfect ion parameters  x ' s .  

As an example, t h e  high-speed e l l i p somet ry  was app l i ed  t o  anodic  f i l m  mowth  on Ges. 
I n  rnost c a s e s ,  anodizat ion of G d . s  has  been performed with cons tan t  c u r r e n t  densi -  
t i e s  below 1 m&i/cm2 t o  grow homogeneous f i lms .  With much h ighe r  c u r r e n t  dcnsj  t i e s  
t h e  e l l i p s o m e t e r s  h i . t hc r to  i n  use would n o t  be a b l e  t o  fo l low t h e  f a s t  s u r f a c e  rc-  
a c t i o n s .  

P type  GaAs wi th  a c a r r i e r  concen t ra t ion  of 3  x 1 . 0 ' ~ / c m ~  was used a s  a  sample. 
The anod iza t ion  was carr i -ed  o u t  under cons tan t  c u r r e n t  cond i t ion  i n  mixed s o l u t i o n  
of propylene g l y c o l  and aqueous s o l u t i o n  o f  t a r t a r i c  a c i d  a t  pII 3/51. The i n  s i t u  
e l l i p so rne t r i c  measurement was madc wi th  u se  of  t h e  o p t i c a l  system a s  i l l u s t r a t e d  i n  
1 .  The c e l l  windows made of  an  annealed !'uzed qu.irtz have been found t o  have 
n e g l i g i b l e  b i r e f r i n g e n c e .  Figure  3 shows a  t y p i c a l  response of  ( Y ,  A )  wi th  l a p s e  
o f  a.nodization t ime :<he:-e t h e  c:-aAs (100)  s u r f a c e  w a s  anodized wi th  40.8 d / c m 2  ['or 
3.92 3 arid t h e  e l l i p s o m e t r i c  rneasurcment was made under Lhe cond i t ion  T = 40 U s ,  
Ti = 80 m s ,  iu' = 40, I$ ( i n c i d e n t  a n g l e )  = 60; a::d /I = 26O. The cu rves iA) ,  ( n ) ,  ( C )  
and ( D )  i n d i c a t e  t h e  f i l m  growth up t o  880 A c a l c u l a t e d  wi th  t h e  f i l m  r e f r a c t i v e  
i n d i c e s  il?. = 1.76, 1 .78,1 .60 and 1 .82,  r e s p e c t i v e l y .  Here, t h e  s u b s t r a t e  o p t i c a l  
cons tan t  and t h e  r e f r a c t i v e  .index of t h e  e l e c t r o l y t e  a r e  assaned t o  bc 3.98 - 0.29i 
and 1.4C, r e s p e c t i v e l y .  'She exper imenta l  d a t a  suggest  t h a t  n f  t ends  t o  i n c r e a s e  
t o  the vslue  o f  1 .6  found i n  t h e  l i t e r a t u r e / 6 /  according a s  t h e  thi:Lm grows. 
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Fig.3 - Response o f  ( Y ,  A )  w?:en t h e  G a s  :;urf'acc was anodized wi th  t r ~ e  c u r r e n t  
d e n s i t y  of' 40.6 rrl\/crn2 t'or. 3.92 s.  Tt~c  e l l i p s o m e t r i c  measurement was made with 
T =  140 p s ,  N =  40,  Ti = 8 0 n s ,  Q =  60° m d A =  26O. The s o l i d  curves (A),(H),(c) 
and (D) show the  computed c l l i p s o n c t r y  curves f o r  grown f i lms  up t o  880 1 t h i c k  
v i t h  t h e  r e f r a c t i v e  i n d i c e s  o f  1.76, 1.70, 1 . 8 0  and 1 .82 ,  r e s p e c t i v e l y .  

A high-spced r e t a r d a t i o n  !roduiation e l l ipsor .e l ;cr  f o r  s tudy ing  r ap id  f i l m  growth and 
s u r f a c c  a y r ~ m ~ i c s  has bcc!n desc r i t ) ed ;  [;he optic!aL and e l e c t r o n i c  systca, t h e  rneasure- 
r e n t  nc:t.hod an:I i.Re c a l i b r a t i o n  o f  t i le  imperfect ion parameters  of  t h e  EOM has  been 
shown i n  t h c  PQSA opti .ce1 arr tmgenent  with P = 0' and Q = L5". An exm..ple was 
given o f  the a p p l i c a t i o n  I;o anodic  f i  Lrr: growi;:~ on 5z1.As anodized wi th  h igh c u r r e n t  
densit.y oi. 40.0 nA/cm2 i'or 3.92 s i n  which i n c r e a s i n g  tendcncy ol. t h e  f i lm re- 
fl 'active index was ohscrvcd. 
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