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Resume - Une couche mince de metal e s t  deposee sur la face l a  plus longue 
d 'unprisme rectangulaire d ' indice no. Cette couche e s t  recouverte par u n  
film mince transparent de liquide du m$me indice nQ, puis e s t  prise en 
"sandwich" en plaqant par-dessus u n  autre prisme identique au premier. On 
determine ainsi  l e  rapport des amplitudes complexes transmises, en polari- 
sation p e t  s ,  par l e  film qui e s t  ainsi "suspendu" dans u n  milieu uniforme 
d'indice no, ce qui permet d'evaluer les  constantes optiques de ce film. 

Abstract - The metal film i s  deposited on the longer face of a 
rectangular prism of index no. The film i s  covered by a thin,  
transparent liquid film of index no, and i s  sandwiched by placing 
another, identical prism on top of i t .  The ra t io  in complex amplitude 
transmissivity for  the p- and s-polarized l igh t  of the film t h u s  
optically "suspended" in a uniform medium of index no i s  determined, 
from which the optical constants of the film are evaluated. 

91. Introduction 

The idea of the immersion-type transmission ellipsometry (ITE) described here 
was born when we were searching for  an ef f ic ient  method fo r  the study of the optic- 
al properties of vacuum-deposited metal films in the i r  ea r l i e s t  growth stages. The 
orthodox spectral aGsorption measurement i s  hardly feasible with such films that  are 
almost transparent: these "films1' consists of separate atom clusters a few tenths to  
a few nanometers in diameter scattered over the substrate surface. We had found 
that  reflection ellipsonetry (RE) was a useful means fo r  the study of such films 
/ l / , b~! t  the uncertainties -i'n iiiterpreting i t s  data drove us to  the search for  an in- 
dependent method tha t  compared with i t .  ITE was our f i r s t  choice. 

In ITE, the film i s  deposited on a transparent substrate of index no, the space 

above the films i s  f i l l e d  with a material of the same index, and the ra t io  in ampli- 
t u d s  transmissivity of the p- and s-polarized l ight  a t  an angle of incidence 4 ,  
Z p / t S  , i s  determined for  the film thus optically "suspended" in a uniform medium of 

index no. Let us write 

?; 1% = tan Yt exp(int) 
P s (1 1 

a f t e r  the usual expression FD/sS = tan ' Y e  e x p ( i ~ ) .  We can easily derive tha t ,  under 
conditions given above, 

I - ; 1 - r: e x p ( i 2 ~ )  tan Ytaexp(iAt) = 
1 - $2 1 - $; exp(i26) 

(2) 

Here 
s 

= - z I T ( ~ / A )  (n2 - n i  sin 2$)k , (3) 
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> and > a r e  t h e  Fresne l  c o e f f i c i e n t s  a t  t h e  two f i l m  su r face ,  and d and ii = n 
P s  

- i k  a r e  t h e  th i ckness  and complex r e f r a c t i v e  index o f  t h e  f i l m  r e s p e c t i v e l y .  S ince  
eq. (2) i s  an equa t i on  o f  t h e  f i r s t  degree w i t h  respec t  o f  e x p ( i 2 ~ ) ,  t h e  e v a l u a t i o n  
o f  n i s  much s i m p l e r  i n  ITE than i n  convent iona l  RE, as w i l l  be seen i n  53. 

To r e a l i z e  t h e  s i t u a t i o n  desc r i bed  above expe r imen ta l l y ,  i t  i s  c o n v e n i e n t t o  
d e p o s i t  t h e  f i l m  on a  r e c t a n g u l a r  p r i s m  o f  i ndex  no, l a y  a  smal l  d rop o f  t r anspa r -  
e n t  l i q u i d  o f  i ndex  no on t h e  f i lm ,  and p l a c e  another ,  i d e n t i c a l  p r i s m  on t o p  o f  
i t  (see S i n  F ig .  1 ) .  The space between t h e  meta l  f i l m  and the  second p r i s m  i s  
t hus  f i l l e d  w i t h  a  v e r y  t h i n  l i q u i d  f i l m  o f  i ndex  no. 

Some d e t a i l s  o f  o u r  exper imenta l  procedure a r e  g i v e n  i n  52. P r e l i m i n a r y  r e -  
s u l t s  w i t h  Au f i l m s  a r e  g i ven  i n  53, and a r e  d iscussed i n  54 t o g e t h e r  w i t h  some 
open quest ions  concern ing t h e  permeat ion o f  t h e  matched-index l i q u i d  i n t o  t h e  
g r a n u l a r  meta l  f i l m .  

52. Exper imental  Procedure 

F igu re  1  shows schemat i ca l l y  t h e  e x t i n c t i o n  t y p e  e l l i p s o m e t e r  f o r  use i n  ITE .  
Up t o  now, most measurements have been c a r r i e d  o u t  w i t h  He-Ne l a s e r  l i g h t .  

d- 

PARALLEL BEAM 

P S C A DETECTOR 
F ig .1  - O p t i c a l  system f o r  ITE. P ,  A: Glan-Thompson pr isms. C:h/4-plate 
S: sample complex (see 51). 

Three p ieces o f  f i l m ,  u s u a l l y  o f  d i f f e r e n t  t h i cknesses r~e re  
vacuum-deposited on t h e  l o n g e r  f ace  o f  a  g lass  r e c t a n g u l a r  
p r i sm o f  index n o  = 1.515 (F ig .  2). I n  some cases, A and Y 
were determined f o r  each f i l m  by  a  r e f l e c t i o n  e l l i p s o m e t e r  /1/ 
b e f o r e  b reak ing  t h e  vacuum (s tage  A). A f t e r  b reak ing  t h e  
vacuum, t h e  meta l  f i l m s  were sandwiched between t h e  pr isms, 
t o g e t h e r  w i t h  t h e  matched-index l i q u i d ,  as was desc r i bed  i n  
51. The l i q u i d  was prepared by m i x i n g  s i l i c o n e  o i l s  HIVAC F-4 
and KF-54 (Sh in-Etsu Chemical Co., L td . )  so t h a t  i t s  index was Fig'2 - equal  t o  1.515 + 0.001 a t  20°C ( t h e  temperature c o e f f i c i e n t  depos i t ed  on p r i sm 

face. i s - 5  x  ~ o - ~ / " c ) .  The measurement o f  At and Yt was f i r s t  

c a r r i e d  o u t  immedia te ly  a f t e r  sandwiching t h e  f i l m  ( w i t h i n  30 minutes)  when t h e  
l i q u i d  d i d  n o t  seem t o  have s t a r t e d  permeat ion 
i n t o  t h e  meta l  f i l m s  (Stage B). The measurement 5'10 
was repeated a f t e r  t h e  g r a n u l a r  meta l  f i l m s  had A =  6328A 
been comple te ly  permeated by t h e  l i q u i d  (Stage C). 6. 45' 

A1 1 these ITE measurements were made keeping 
t h e  sample complex S (F ig .  1) a t  20°C. 

The permeat ion  s t a r t e d  a t  t h e  p e r i p h e r y  o f  t h e  O' 

f i l m  and proceededtoward t h e  cent re .  The permeated 
r e g i o n  c o u l d  e a s i l y  be d i s t i n g u i s h e d  by a  marked 
r e d u c t i o n  i n  r e f l e c t i v i t y .  The boundary l i n e  b e t -  
ween t h e  permeated and unpermeated reg ions  was 
q u i t e  d i s t i n c t .  I t  t o o k  a  few weeks f o r  t h e  f i l m  -5'.- 

t o  be comple te ly  permeated. 

t F1g3 

53. P r e l i m i n a r y  Resu l t s  w i t h  Au F i lms  d 
4% 

F igu re  3  shows t h e  changes i n  At and Yt w i t h  -,d 
t h e  f i l m  th i ckness  d. Curves B1 and C1 r ep resen t  

t h e  obse rva t i ons  a t  Stages B and C r e s p e c t i v e l y  F ig .  3  - see  t e x t  f o r  d e t a i l .  



f o r  Au f i l m s  evapora ted i n  an o i l - d i f f us ion -pumped  system (10-3 Pa). Curve B2 has 

t e n t a t i v e l y  been drawn through p o i n t s  a, b and c t h a t  rep resen t  t h e  observat ions  a t  
s tage B f o r  t h r e e  Au f i l m s  evapora ted i n  an ion-pumped system (10-5 Pa). The (At, 
yt) va lues f o r  these f i l m s  a t  s tage C a r e  g i v e n  by p o i n t s  a ' ,  b '  and c ' .  

The parameters Pi = n - i k a n d  d o f  t h e  e f fec t ive  f i lm ,  o r  t h e  h y p o t h e t i c a l  homo- 
geneous f i l m  o p t i c a l l y  e q u i v a l e n t  t o  t h e  two-dimensional  a r r a y  o f  Au p a r t i c l e s ,  can 
be eva lua ted  as f o l l o w s .  F i r s t  we s u b s t i t u t e  t h e  observed va lues o f  A t  and Y t  i n t o  
eq.(2), and s o l v e  i t  f o r  e x p ( i 2 ~ ) .  I f  we r a i s e  t h e  ob ta ined  express ion f o r  exp( i$)  
t o  t h e  (2ndlXf3)-th power, we o b t a i n  an equa t i on  o f  t h e  fo rm 

e x p ( i 4 ~ d l ~ )  = f (z, no, At, yt)  , (4)  
f rom which i t  f o l l o w s  t h a t  

If(;, no, At, ~ ~ ) 1 ~  = 1 . (5) 

Equat ion  (4)  determines a cu rve  on t h e  n-k p lane f o r  each p a i r  o f  observed va lues o f  
At and Yt. Each p o i n t  on t h e  curve corresponds t o  a va lue  o f  d t h a t  can be ca lcu-  

l a t e d  accord ing t o  eq. (4) .  
I n  F ig .  4, t h e  s o l i d  curves rep resen t  

n -. - - . A..- A t h e  n-k curves f o r  p o i n t s  a, b and c 
-- ( s tage  B) , and t h e  broken ones those f o r  : p o i n t s  a ' ,  b '  and c 1  ( s tage  C). The 

cha in  l i n e s  g i v e  t h e  va lues of  n and k 

5.0 - f o r  t h e  t h r e e  f i l m s  a t  s tage A ( b e f o r e  
b reak ing  t h e  vacuum) t h a t  have been c a l -  
c u l a t e d  f rom t h e  va lues o f  A and Y 

40 - ob ta ined  by i n - s i t u  r e f l e c t i o n  e l l i p s o -  
metry. 

3.0 - 
54. D i scuss ion  

Be fo re  s t a r t i n g  t h e  exper iment,  we 
d i d  n o t  expect  t h a t  t h e  permeat ion o f  
t h e  matched-index 1 i q u i d  i n t o  g r a n u l a r  

1.0 - metal  f i l m s  w i t h  t h i cknesses  of  t h e  o r d e r  
o f  nanometers would t a k e  a few weeks. 
This,  i n  i t s e l f ,  i s  an i n t e r e s t i n g  prob- 

LO 20 30 i0 50 lem i n  su r face  phys i cs ,  b u t  a t  t h e  moment 
Fig.4- P r o j e c t e d  l o c i  o f  t h e  p o s s i b l e  we w i l l  concen t ra te  on t h e  i n t e r p r e t a t i o n  
(n, k, d)  combinat ions f o r  some data  o f  t h e  e l l i p s o m e t r i c  data.  
p o i n t s  i n  F ig .  3. L e t  us suppose t h a t  a t  s tage B t h e r e  

was empty space between t h e  s u b s t r a t e  and 
t h e  l i q u i d  surface, t h e  l a t t e r  be ing  i n  d i r e c t  c o n t a c t  o n l y  w i t h  t h e  t o p  su r faces  
o f  t h e  meta l  p a r t i c l e s ,  whereas a t  s tage C t h e  e n t i r e  space between t h e  p a r t i c l e s  
was comple te ly  f i l l e d  w i t h  t h e  l i q u i d .  I f  we app l y  t h e  Bruggeman EMA theo ry  /2/ t o  
these models, we have 

f o r  s taae B. and 

f o r  s tage C, where ZB and 2c a r e  t h e  r e f r a c t i v e  i n d i c e s  o f  t h e  e f f e c t i v e  f i l m  a t  

r e s p e c t i v e  stages, $is  t h e  r e f r a c t i v e  i ndex  o f  t h e  meta l  p a r t i c l e s ,  and q i s  t h e  
f i l l i n g  f ac to r .  S u b s t i t u t i n g  a wide range o f  va lues o f  KB and PiC (F ig .  4) t h a t  

correspond t o  p o i n t  b i n  F ig .  3 i n t o  eqs. (5 )  and ( 6 ) ,  we searched f o r  t h e  s o l u t i o n s  
q and N t h a t  s a t i s f y  t h e  c o n d i t i o n s  

1,(q) = 0, 0 < q < 1; ~ e ( i )  > 0, 1,(i) 2 0 (7)  
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No such so lu t ions  were obta inable as f a r  as we assumed t h a t  the e f f e c t i v e  f i l m  
thickness d  a t  stage C ,  d c ,  was i d e n t i c a l  w i t h  t h a t  a t  stage B ,  d B .  

I t  would be more na tu ra l ,  however, t o  assume t h a t  d  changes w i t h  the l i q u i d  
permeation. Accordingly, wechose a thickness d B  on the n-k curve f o r  b i n  Fig. 4 
which was compatible w i t h  the mass thickness dm o f  t h i s  f i l m  (1.2 nm), and searched 

f o r  the  value o f  dC on the  curve f o r  b '  which, combined w i t h  the  assumed value o f  

d B ,  can g ive q and $ s a t i s f y i n g  the condi t ions (7 ) .  Repeating such ca lcu la t ions ,  

we were able t o  f i n d  a range o f  p l a u s i b l e  so lut ions.  A t y p i c a l  s e t  o f  such solu- 
t i o n s  are: 

d B = 4 . 0 n m ,  d  = 2 . 0 n m ,  q = 0 . 3 3 ,  % = 0 . 6 - 1 7 i  
C 

The range of d B  t h a t  can g ive  meaningful so lu t ions  f o r  t h i s  p a r t i c u l a r  f i l m  i s  3-5 

nm. Any value o f  d B  i n  t h i s  range gave 9~0.33.The value q est imated from t h e  e lec-  

matched-index 1 i q u i d  there remains 
empty space between the subst rate 
and the l i q u i d  surface, and (2) 
when completely permeated by t h e  
l i q u i d  the e f f e c t i v e  f i l m  th ickness 
i s  reduced t o  about one h a l f  o f  i t s  
o r i g i n a l  value. 

Fig.5 Electronmicrograph o f  the  sample b 
shown i n  Fig. 3. 
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