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ABSTRACT 

A mechanism for the development of positive optical photoresists is proposed, leading to the derivation of a develop- 
ment rate equation. This rate equation compares favorably with experimentally determined development rates. Typical 
values of the rate constants involved are given. Empirical models are given for the surface induction and substrate adhe- 
sion effects. 

An overal l  pos i t ive  res i s t  p r o c e s s i n g  m o d e l  r e q u i r e s  a 
m a t h e m a t i c a l  r e p r e s e n t a t i o n  of  t h e  d e v e l o p m e n t  pro-  
cess.  P r e v i o u s  a t t e m p t s  have  t a k e n  the  fo rm of  emp i r i ca l  
fits to d e v e l o p m e n t  r a t e  da t a  as a f u n c t i o n  o f  e x p o s u r e  
(1, 2). The  m o d e l  f o r m u l a t e d  b e l o w  beg in s  on  a m o r e  fun-  
d a m e n t a l  level ,  w i t h  a p o s t u l a t e d  r e a c t i o n  m e c h a n i s m  
w h i c h  t h e n  l e a d s  to a d e v e l o p m e n t  ra te  e q u a t i o n .  The  
ra te  c o n s t a n t s  i n v o l v e d  can  be  d e t e r m i n e d  by  c o m p a r i -  
s o n  w i t h  e x p e r i m e n t a l  data .  D e v i a t i o n s  f r o m  t h e  ex-  
p e c t e d  d e v e l o p m e n t  ra tes  have  b e e n  r e p o r t e d  u n d e r  cer- 
t a in  c o n d i t i o n s  at t h e  s u r f a c e  of  t h e  r e s i s t  a n d  n e a r  t h e  
r e s i s t - s u b s t r a t e  i n t e r f a c e .  T h e s e  e f f ec t s ,  c a l l ed  t h e  sur-  
face  i n d u c t i o n  a n d  s u b s t r a t e  a d h e s i o n  e f f ec t s ,  r e s p e c -  
t ively,  can  be  r e l a t ed  empi r i ca l ly  t o t h e  e x p e c t e d  devel -  
o p m e n t  ra te ,  i.e., to t h e  b u l k  d e v e l o p m e n t  ra te  as 
p r e d i c t e d  by a k ine t i c  mode l .  

Bulk Development Model 
In  o r d e r  to  d e r i v e  an  ana ly t i c a l  d e v e l o p m e n t  ra te  ex-  

p r e s s i o n ,  a k i n e t i c  m o d e l  o f  t h e  d e v e l o p m e n t  p r o c e s s  
will  be  used .  This  a p p r o a c h  invo lves  p r o p o s i n g  a r ea son-  
ab l e  m e c h a f f i s m  for  t h e  d e v e l o p m e n t  r e a c t i o n  a n d  t h e n  
a p p l y i n g  s t a n d a r d  k ine t i c s  to th is  m e c h a n i s m  in o rde r  to 
de r ive  a rate  equa t ion .  We shal l  a s s u m e  t h a t  t he  deve lop -  
m e n t  of  a d i a z o - t y p e  p o s i t i v e  p h o t o r e s i s t  i n v o l v e s  t h r e e  
p r o c e s s e s :  d i f fu s ion  of  d e v e l o p e r  f rom the  bu lk  so lu t ion  
to t he  su r face  of  t he  res is t ,  r e ac t i on  of  t he  d e v e l o p e r  w i th  
t he  res is t ,  a n d  d i f fu s ion  of  the  p r o d u c t  b a c k  in to  t he  so- 
lu t ion .  F o r  t h i s  ana lys i s ,  we  sha l l  a s s u m e  t h a t  t h e  l a s t  
s t ep ,  d i f f u s i o n  o f ' t h e  d i s s o l v e d  r e s i s t  i n to  so lu t i on ,  oc- 
curs  ve ry  q u i c k l y  so tha t  th is  s t ep  m a y  be ignored .  Le t  us 
n o w  l o o k  at  t h e  f i rs t  t w o  s t e p s  i n t h e  p r o p o s e d  m e c h a -  
n i sm.  The  d i f fus ion  o f  d e v e l o p e r  to t he  r e s i s t  su r face  can 
be d e s c r i b e d  wi th  t he  s imple,  d i f fu s ion  ra te  e q u a t i o n  

rD = k,~(D - Ds) [1] 

w h e r e  rD = ra te  of  d i f fu s ion  of  t he  d e v e l o p e r  to t he  r e s i s t  
surface, .  D = b u l k d e v e l o p e r  c o n c e n t r a t i o n ,  Ds = deve l -  
o p e r  c o n c e n t r a t i o n  at t h e  r e s i s t  su r f ace ,  a n d  kD = ra te  
cons t an t .  

We shal l  n o w  p r o p o s e  a m e c h a n i s m  for t he  r e ac t i o n  of  
d e v e l o p e r ' w i t h  t h e r e s i s t .  The  res i s t  is  c o m p o s e d  o f  la rge  
m a c r o m o l e c u l e s  of  r e s in  R a long  wi th  a p h o t o a c t i v e  
c o m p o u n d  M, w h i c h  c o n v e r t s  to  p r o d u c t  P u p o n  e x p o -  
su re  to UV light.  The  res in  is qu i t e  so lub le  in t he  devel -  
o p e r  so lu t ion ,  bu t  t h e  p r e s e n c e  of  the  P A C  (pho toac t i ve  
c o m p o u n d )  ac t s  as an. i n h i b i t o r  to d i s s o l u t i o n ,  m a k i n g  
t h e  d e v e l o p m e n t  ra te  v e r y  s low.  The  p r o d u c t  P,  h o w -  
ever ,  is ve ry  s o l u b i e  in deve lope r ,  e n h a n c i n g  the  d i sso lu-  
t ion  ra te  of  t h e  resin.  Le t  us  a s s u m e  tha t  n m o l e c u l e s  o f  
p r o d u c t  p r e a c t  w i t h  t h e  d e v e l o p e r  to  d i s s o l v e  a r e s i n  
mo' lecule .  The  ra te  of  t he  r eac t ion  is 

rR = - kRDsP '~ [2] 

w h e r e  rR = the  ra te  of  r eac t ion  of  t he  d e v e l o p e r  w i th  t he  
r e s i s t  and  kR = ra te  cons t an t .  F r o m  the  s t o i c h i o m e t r y  of  
t he  e x p o s u r e  r eac t ion  

P = M,, - M [3] 

w h e r e  M,, is t h e  in i t ia l  PAC c o n c e n t r a t i o n  (i.e., b e f o r e  
exposu re ) .  

The  two  s t e p s  ou t l i ned  above  are in ser ies ,  i.e., one  re- 
ac t ion  fo l lows  the  other .  Thus ,  t he  two  s t e p s  will  c o m e  to 

a s t e a d y  s ta te  s u c h  tha t  

- r R = r D = r  [ 4 ]  

E q u a t i n g  t h e  r a t e  e q u a t i o n s ,  o n e  can  so lve  for  D~ a n d  
e l i m i n a t e  it f rom the  overal l  rate  equa t ion ,  g iv ing  

kDkRDP" 
r - [5] 

kD + kRP" 

U s i n g  Eq. [3] a n d  le t t ing  m = M/M,,, the  re la t ive  PAC con- 
cen t r a t i on ,  Eq.  [5] b e c o m e s  

kDD(1 - m ) "  
r = [6] 

kJkRMo" + (1 - m)" 

W h e n  m = 1 ( res is t  u n e x p o s e d ) ,  t he  ra te  is zero. W h e n  
m = 0 ( res is t  c o m p l e t e l y  exposed ) ,  t he  ra te  is equa l  to rmax 
w h e r e  

kDD 
ro,~x - [7] 

k,/kRM,," + 1 

I f  we  de f ine  a c o n s t a n t  a such  tha t  

a = k,/kRMo '~ 

t he  ra te  e q u a t i o n  b e c o m e s  

[8] 

(a + 1) (I - m)" 
r = rma• [9] 

a + (1 - m)" 

T h e r e  are t h r e e  c o n s t a n t s  t ha t  m u s t  be  d e t e r m i n e d  ex- 
p e r i me n t a l l y ,  a, n, a n d  r . . . .  The  c o n s t a n t  a can  be pu t  in 
a m o r e  phys i ca l ly  m e a n i n g f u l  f o r m  as fol lows.  A charac-  
t e r i s t i c  o f  e x p e r i m e n t a l  rate  da ta  is an in f lec t ion  po in t  in 
t he  ra te  cu rve  at a b o u t  m = 0.3-0.7 (see Fig. 1). The  p o i n t  
o f  in f lec t ion  can be ca lcu la t ed  by  le t t ing  

d2r 
- 0  

d m  2 
giving 

(n + 1) 
a ~ (1 - mTH)" [10] 

( n -  1) 

w h e r e  mTH is t he  va lue  of  m at the  in f lec t ion  poin t ,  cal led 
t h e  t h r e s h o l d  PAC c o n c e n t r a t i o n .  

This  m o d e l  does  no t  t ake  in to  a c c o u n t  t he  finite d isso-  
l u t i o n  ra te  of  u n e x p o s e d  r e s i s t  (rm~,). One  a p p r o a c h  is 
s i m p l y  to add  th is  t e r m  to Eq. [9], g iv ing  

( a +  1 ) ( l - m )  '~ 
r = r,~a• + rm~n. [ l l ]  

a + (1 -- m)" 

Th is  a p p r o a c h  a s s u m e s  t h a t  t h e  m e c h a n i s m  of  d e v e l o p -  
m e n t  of  t h e  u n e x p o s e d  r e s i s t  is i n d e p e n d e n t  o f  t h e  
a b o v e - p r o p o s e d  d e v e l o p m e n t  m e c h a n i s m .  In o t h e r  
w o r d s ,  t h e r e  is a f inite d i s s o l u t i o n  of  r e s in  t ha t  occurs  by  
a m e c h a n i s m  tha t  is i n d e p e n d e n t  of  t he  p r e s e n c e  of  PAC 
S u c h  a m o d e l ,  h o w e v e r ,  d o e s  n o t  a c c o u n t  for  t h e  in- 
c r ease  in the  d e v e l o p m e n t  ra te  of  u n e x p o s e d  res i s t  as re- 
s i s t  p r e b a k e  t e m p e r a t u r e  is i n c r e a s e d  (1). I t  has  b e e n  
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Fig. 1. Experimentally determined development rates for AZ1350J in 
1:1 AZ developer (1). 

s h o w n  t h a t  one  e f fec t  of  p r e b a k i n g  p h o t o r e s i s t s  is t h e  de-  
c o m p o s i t i o n  of  t h e  p h o t o a c t i v e  c o m p o u n d  to a v a r i e t y  of  
p r o d u c t s ,  o n e  of  w h i c h  is t h o u g h t  to  b e  i d e n t i c a l  to  t h e  
e x p o s u r e  p r o d u c t  P (3). T h u s ,  a s e c o n d  e x p l a n a t i o n  of  
t h e  u n e x p o s e d  d e v e l o p m e n t  r a t e  is d u e  to a n  e f f e c t i v e  
b l a n k e t  " e x p o s u r e "  of  t h e  r e s i s t  d u r i n g  p r e b a k i n g .  F o r  
e x a m p l e ,  a 95~ l h  c o n v e c t i o n  o v e n  p r e b a k e  of  K o d a k  
820 r e s i s t  was  f o u n d  to d e c o m p o s e  15% of t h e  
p h o t o a c t i v e  c o m p o u n d  in  t h e  r e s i s t  (3). Also,  t h e  s o l v e n t  
c o n t e n t  of  t h e  p h o t o r e s i s t  m a y  a f f ec t  d e v e l o p m e n t  ra te .  
D e v e l o p m e n t  r a t e  d a t a  m u s t  b e  t a k e n  in  o r d e r  to  f u r t h e r  
e x a m i n e  t h e  m e c h a n i s m  of  u n e x p o s e d  d e v e l o p m e n t .  

E x p e r i m e n t a l  D a t a  

T h e  r a t e  c o n s t a n t s  rmax, rmln., n, a n d  ruTH m u s t  b e  de te r -  
m i n e d  in  o r d e r  to  de f ine  t h e  r a t e  of  d i s s o l u t i o n  of  r e s i s t  
in  t h e  d e v e l o p e r .  F r o m  a r e s i s t  p r o c e s s i n g  p o i n t  of  v iew,  
n c a n  b e  t h o u g h t  of  as a s e l e c t i v i t y  of  t h e  d e v e l o p e r  to- 
w a r d s  t h e  e x p o s e d  r e s i s t  (Fig.  2). H i g h e r  v a l u e s  of  n re- 
s u l t  in  h i g h e r  s e l e c t i v i t y .  Of  c o u r s e ,  mTH d e s c r i b e s  t h e  
t h r e s h o l d  e f f e c t  of  d e v e l o p m e n t .  V a l u e s  o f  m < mTH re- 
su l t  in  v e r y  h i g h  d e v e l o p m e n t  ra tes ,  w h e r e a s  v a l u e s  of  
m > mTH g ive  v e r y  l ow  d e v e l o p m e n t  r a t e s .  Also ,  o n e  
s h o u l d  n o t e  t h a t  rma x is d e p e n d e n t  on  t h e  d e v e l o p e r  con-  
c e n t r a t i o n  D, b u t  mTH a n d  n a re  i n d e p e n d e n t  of  D. All  pa-  
r a m e t e r s ,  h o w e v e r ,  a re  d e p e n d e n t  o n  t h e  r e s i s t  a n d  de-  
v e l o p e r  u s e d .  E x p e r i m e n t a l  d a t a  c o l l e c t e d  b y  Di l l  et al. 
(1) fo r  A Z 1 3 5 0 J  r e s i s t  w i t h  1:1 A Z  d e v e l o p e r  (Fig.  1) a re  
d e s c r i b e d  v e r y  we l l  b y  Eq.  [11] u s i n g  t h e  v a l u e s  g i v e n  in  
T a b l e  I. A l t h o u g h  t h e o r e t i c a l  c u r v e s  a re  n o t  s h o w n  for  
c o m p a r i s o n  in  Fig.  1, t h e  fit to  e x p e r i m e n t a l  d a t a  is 
w i t h i n  t h e  u n c e r t a i n t y  of  t h e  data .  

T h e  e f f e c t  of  p r e b a k e  c a n  b e  q u a l i t a t i v e l y  e x p l a i n e d  
w i t h  t h i s  mode l .  T h e  p u r p o s e  of  p r e b a k e  is to d r y  t h e  re- 
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Fig. 2. Theoretical development rate curves as a function of the se- 
lectivity parameter n (using mTH = 0.5). 

Table I. Development parameters for AZ1350J 
in 1:1 AZ developer, based on the experimental 

data of Dill etal. (1) 

Prebake at 70~ Prebake at 100~ 

rma• = 55 nm/s rm~x = 21 nm/s 
n=6 n = 5  

mTn = 0.61 mTH = 0.61 
rmin = 0.15 nm/s ?'rain. = 2 nm/s 

Predicted contrast 7 = 3.1 Predicted contrast 7 = 2.8 

s i s t  f i lm b y  d r i v i n g  off  s o l v e n t s  a t  e l e v a t e d  t e m p e r a t u r e s .  
A n  u n f o r t u n a t e  c o n s e q u e n c e  of  t h e s e  h i g h  t e m p e r a t u r e s ,  
h o w e v e r ,  is t h e  d e c o m p o s i t i o n  of  t h e  p h o t o a c t i v e  com-  
p o u n d  (3). M a t h e m a t i c a l l y ,  t h i s  t r a n s l a t e s  i n t o  a l o w e r  
v a l u e  of  Mo for  h i g h e r  p r e b a k e  t e m p e r a t u r e s  a n d  t i m e s .  
T h e  e f fec t  of  t h i s  d e c o m p o s i t i o n  r e a c t i o n  on  t h e  d e v e l o p -  
m e n t  p r o c e s s  wil l  d e p e n d  on  t h e  d e c o m p o s i t i o n  p r o d u c t  
f o r m e d  (3). F r o m  t h e  e x p e r i m e n t a l  da t a  g i v e n  b y  Dil l  (1), 
rmax a n d  n d e c r e a s e d  w i t h  i n c r e a s i n g  p r e b a k e  t e m p e r a -  
tu re ,  rmi,. i n c r e a s e d ,  a n d  ruTH was  u n a f f e c t e d .  

I nduct ion  and A d h e s i o n  Ef fects  
T h e  k i n e t i c  m o d e l  g i v e n  a b o v e  p r e d i c t s  t h e  d e v e ] o p -  

m e n t  r a t e  of  t h e  r e s i s t  as a f u n c t i o n  of  t h e  p h o t o a c t i v e  
c o m p o u n d  c o n c e n t r a t i o n  r e m a i n i n g  a f t e r  t h e  r e s i s t  h a s  
b e e n  e x p o s e d  to U V  l igh t .  T h e r e  are ,  h o w e v e r ,  s e v e r a l  
o t h e r  p a r a m e t e r s  t h a t  a re  k n o w n  to a f f e c t  t h e  d e v e l o p -  
m e n t  ra te ,  b u t  w h i c h  w e r e  n o t  i n c l u d e d  in  t h i s  m o d e l .  
T h e  two  m o s t  n o t a b l e  d e v i a t i o n s  f r o m  t h e  k i n e t i c  t h e o r y  
a re  t h e  i n d u c t i o n  a n d  a d h e s i o n  effects .  T h e  i n d u c t i o n ,  or  
s u r f a c e  i n h i b i t i o n ,  e f f e c t  is a d e c r e a s e  in  t h e  e x p e c t e d  
d e v e l o p m e n t  r a t e  at  t h e  s u r f a c e  of  t h e  r e s i s t  (4-6). T h e  ad- 
h e s i o n  e f fec t  is a d e c r e a s e  in  t h e  d e v e l o p m e n t  r a t e  at  t h e  
r e s i s t - s u b s t r a t e  i n t e r f a c e  (5). T h u s ,  t h e s e  two  e f fec t s  a re  
a f u n c t i o n  of  t h e  d e p t h  in to  t h e  res is t .  T h e  overa l l  devel -  
o p m e n t  r a t e  c a n  b e  d i v i d e d  in to  t h r e e  r e g i o n s  as a func-  
t i o n  of  d e p t h  in to  t h e  r e s i s t  (Fig. 3): t h e  i n d u c t i o n ,  bu lk ,  
a n d  a d h e s i o n  reg ions .  T h e  d e v e l o p m e n t  r a t e  in  t h e  b u l k  
r e g i o n  c a n  b e  p r e d i c t e d  b y  t h e  k i n e t i c  m o d e l  above .  T h e  
r a t e s  in  t h e  i n d u c t i o n  a n d  a d h e s i o n  r eg ions ,  h o w e v e r ,  re- 
q u i r e  a d i f f e r e n t  d e s c r i p t i o n .  

S e v e r a l  f a c t o r s  h a v e  b e e n  f o u n d  to c o n t r i b u t e  to  t h e  
s u r f a c e  i n d u c t i o n  e f fec t ,  t h e  m o s t  p r o n o u n c e d  b e i n g  
d e e p - U V  flood e x p o s u r e .  D o s e s  in  t h e  r a n g e  of  s eve ra l  
J / c m  2 a t  w a v e l e n g t h s  of  200-300 n m  h a v e  b e e n  f o u n d  to 
c a u s e  c r o s s - l i n k i n g  of  t h e  p h o t o r e s i s t  r e s i n  n e a r  t h e  sur-  
face  of  t h e  r e s i s t  (5, 7). T h i s  t e c h n i q u e  is t h e  b a s i s  for  
m a k i n g  r e s i s t s  t h e r m a l l y  s t a b l e  a f t e r  p a t t e r n i n g .  Al- 
t h o u g h  f l o o d - U V  e x p o s u r e  is v e r y  e f f e c t i v e  in  c ros s -  
l i n k i n g  t h e  r e s i n  f o u n d  in  p o s i t i v e  p h o t o r e s i s t s ,  i t  is n o t  
n o r m a l l y  a p a r t  of  r e s i s t  p r o c e s s i n g  b e f o r e  d e v e l o p m e n t .  
H i g h  t e m p e r a t u r e  b a k i n g  of  t h e  p h o t o r e s i s t  h a s  b e e n  
f o u n d  to p r o d u c e  s i m i l a r  r e s u l t s  a n d  is a l so  t h o u g h t  to  
c a u s e  c r o s s - l i n k i n g  of  t h e  r e s i n  a t  t h e  r e s i s t  su r f ace  (4-6). 
In  pa r t i cu l a r ,  p r e b a k i n g  t h e  p h o t o r e s i s t  m a y  c a u s e  c ross -  
l i n k i n g  at  s o m e  t e m p e r a t u r e s  l e a d i n g  to t h e  r e d u c e d  de-  
v e l o p m e n t  r a t e  p h e n o m e n o n  (4, 6). A l t e r n a t i v e l y ,  t h e  in- 
d u c t i o n  e f f e c t  m a y  b e  t h e  r e s u l t  of  r e d u c e d  s o l v e n t  
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c o n t e n t  n e a r  t h e  r e s i s t  su r f ace .  Of  c o u r s e ,  t h e  d e g r e e  to 
w h i c h  t h i s  a f fec t  is o b s e r v e d  d e p e n d s  u p o n  t h e  p r e b a k e  
t i m e  a n d  t e m p e r a t u r e .  

F i g u r e  3 d e p i c t s  a g e n e r a l  d e v e l o p m e n t  ra te  c u r v e  as a 
f u n c t i o n  of  d e p t h  s h o w i n g  t h e  i n d u c t i o n  ef fec t .  A n  em-  
p i r i ca l  m o d e l  c an  be  u s e d  to d e s c r i b e  b o t h  t h e  p o s i t i o n a l  
d e p e n d e n c e  a n d  t h e  p r e b a k e  d e p e n d e n c e  of  t h e  deve lop -  
m e n t  ra te .  I f  we  a s s u m e  t h a t  d e v e l o p m e n t  r a t e  n e a r  t h e  
s u r f a c e  of  t h e  r e s i s t  e x p o n e n t i a l l y  a p p r o a c h e s  t h e  b u l k  
d e v e l o p m e n t  ra te ,  t h e  r a t e  as a f u n c t i o n  of  d e p t h ,  r(z), is 

r (z) = rB (1 - (1 - ro)e -~'z) [12] 

w h e r e  rB = b u l k  d e v e l o p m e n t  ra te ,  ro = d e v e l o p m e n t  r a t e  
a t  t h e  su r f ace  of  t h e  r e s i s t  r e l a t i ve  to r~, a n d  ~, = a n  em-  
p i r i ca l  c o n s t a n t .  T h e  i n d u c t i o n  e f fec t  h a s  b e e n  f o u n d  to 
t a k e  p l a c e  o v e r  a d e p t h  of  a b o u t  150 n m  (4, 6), t a k e n  as  
t h e  p o i n t  a t  w h i c h  t h e  d e v i a t i o n  f r o m  t h e  b u l k  d e v e l o p -  
m e n t  r a t e  h a s  b e e n  r e d u c e d  to 25% of  i ts  v a l u e  at  t h e  sur-  
face  of  t h e  r e s i s t  (i.e., e x p  ( - ~ , z )  = 0.25). Thus ,  a n  a p p r o -  
p r i a t e  v a l u e  for  ~, is a b o u t  10 ~ m - ' .  

We sha l l  a s s u m e  t h a t  t h e  v a l u e  of  t h e  d e v e l o p m e n t  r a t e  
a t  t h e  s u r f a c e  of  t h e  r e s i s t ,  ro, is d e p e n d e n t  on  t h e  
p r e b a k e  c o n d i t i o n s .  I f  we  a s s u m e  t h a t  t h e  c r o s s - l i n k i n g  
r e a c t i o n  is f irst  o rder ,  s i m p l e  k i n e t i c s  g ive  us  

ro = e x p  ( -  K(T)t) [13] 

w h e r e  t = b a k e  t i m e  a n d  K(T) = c r o s s - l i n k i n g  r a t e  con-  
s t a n t  (as a f u n c t i o n  of  t h e  b a k e  t e m p e r a t u r e  T). T h e  t em-  
p e r a t u r e  d e p e n d e n c e  of  t he  r a t e  c o n s t a n t  is g i v e n  b y  t h e  
A r r h e n i u s  e q u a t i o n  

K(T) = Ar e x p  (-Ea/RT) [14] 

w h e r e  Ar = t h e  A r r h e n i u s  coef f ic ien t ,  E a = a c t i v a t i o n  en-  
ergy,  a n d  R = u n i v e r s a l  gas  c o n s t a n t .  Thus ,  all t h a t  is le f t  
to  do  is to  d e t e r m i n e  r e a s o n a b l e  v a l u e s  for  Ar a n d  Ea. 
F r o m  t h e  e x p e r i m e n t a l  da t a  g i v e n  in  Ref.  (4) for  A Z 1350J  
in  1:1 A Z  d e v e l o p e r  

Ea ~ 20 k c a l / m o l  

Ar ~ 2.6 • 10 TM m i n - '  

T h e s e  v a l u e s  are  e x t r e m e l y  a p p r o x i m a t i v e  a n d  are  g i v e n  
o n l y  as r e f e r e n c e .  Th i s  m o d e l  for  t h e  i n d u c t i o n  e f fec t  is a 
s i m p l e  one .  M o r e  c o m p l i c a t e d  b e h a v i o r  h a s  b e e n  ob-  
s e rved ,  r e q u i r i n g  m o r e  c o m p l i c a t e d  d e s c r i p t i o n s  (6). 

W h e n  a p h o t o r e s i s t  is c o a t e d  on  a s u b s t r a t e ,  t h e  r e s i s t  
a d h e r e s  to  t h e  su r f ace  of  t h e  s u b s t r a t e .  T h i s  a d h e s i o n  is 
in  f ac t  a c h e m i c a l  i n t e r a c t i o n  b e t w e e n  t h e  r e s i s t  r e s i n  
a n d  t h e  s u b s t r a t e .  T h e  a m o u n t  of  a d h e s i o n  is a q u a l i t a -  
t i v e  m e a s u r e  o f  t h e  b o n d i n g  b e t w e e n  r e s i s t  a n d  sub -  
s t ra te .  Th i s  p h e n o m e n o n  of  a d h e s i o n  is e s s e n t i a l  for  t h e  
p h o t o r e s i s t  to  "res is t ' - '  e t c h i n g  d u r i n g  s u b s e q u e n t  p ro-  
c e s s i n g  s t eps  a n d  d u r i n g  d e v e l o p m e n t  w i t h o u t  l i f t ing  or  
w a s h i n g  away.  A n  i n t e r e s t i n g  a n d  o f t en  i g n o r e d  s ide  ef- 
f e c t  of  t h i s  p r o p e r t y  is a d e c r e a s e d  d e v e l o p m e n t  r a t e  
n e a r  t h e  r e s i s t - s u b s t r a t e  in t e r face .  O ne  m i g h t  e x p e c t  t h a t  
r e s i n  m o l e c u l e s  t h a t  are  b o n d e d  in s o m e  w ay  to t h e  sub-  
s t r a t e  w o u l d  b e  h a r d e r  to d i s so lve  t h a n  b u l k  r e s i n  mole -  
cules .  E x p e r i m e n t s  h a v e  s h o w n  t h a t  t h e  l a s t  50 n m  or  so 
of  r e s i s t  d e v e l o p  m o r e  s lowly  (5). 

T h e  a d h e s i o n  e f f e c t  c a n  b e  e m p i r i c a l l y  d e s c r i b e d  in  a 
f a s h i o n  s im i l a r  to t h e  i n d u c t i o n  e f fec t  

r(z) = rB(1 - (1 - rs)e -~2(d-z)) [15] 

w h e r e  rs = d e v e l o p m e n t  r a t e  a t  t h e  s u b s t r a t e  r e l a t i v e  to 
rB, d = re s i s t  t h i c k n e s s ,  a n d  ~2 = e m p i r i c a l  c o n s t a n t .  A n  
a p p r o p r i a t e  v a l u e  for  82 is a b o u t  30 ~ m  - ' .  T h e  v a l u e  of  r~ 
d e p e n d s  o n  m a n y  f a c t o r s  i n c l u d i n g  r e s i s t  c o m p o s i t i o n ,  
t h e  u s e  of  a d h e s i o n  p r o m o t e r s ,  s u b s t r a t e  c l e a n l i n e s s ,  
etc.,  or, in  shor t ,  all  t h o s e  p r o p e r t i e s  t h a t  a f fec t  a d h e s i o n .  
M o d e l i n g  t h e s e  e f fec t s  w o u l d  b e  d i f f icu l t  a t  bes t .  T h u s ,  to  
s i m p l i f y  t h e  s i t u a t i o n ,  a v a l u e  for  r~ o f  0.5 wi l l  b e  as:  
s u m e d .  T h e  r e s u l t i n g  m o d e l s  are ,  of  c o u r s e ,  q u i t e  ap-  
p r o x i m a t i v e .  F u r t h e r  s t u d i e s  i n t o  t h e  e x a c t  n a t u r e  of  
t h e s e  e f fec t s  s h o u l d  b e  m a d e .  

Advanced Development Concepts 
T h e  k i n e t i c  m o d e l  g i v e n  in  t h e  p r e v i o u s  s e c t i o n s  r ep re -  

s e n t s  a f i rs t  s t ep  in  a n  e f fo r t  to  u n d e r s t a n d  t h e  deve lop -  

m e n t  p r o c e s s .  H o w e v e r ,  t h e r e  a re  s t i l l  m a n y  a s p e c t s  of  
d e v e l o p m e n t  n o t  e x p l a i n e d  b y  t h i s  s i m p l e  m o d e l .  T h i s  
s e c t i o n  wil l  p o i n t  ou t  a few of  t h e  p r o b l e m s  w i t h  t h e  s im-  
p le  m o d e l  a n d  g ive  d i r e c t i o n s  w h e r e  s o l u t i o n s  to  t h e s e  
p r o b l e m s  m a y  b e  f o u n d .  

T h e  k i n e t i c  ana ly s i s  u s e d  a b o v e  e m p l o y s  t h e  s t a n d a r d  
a s s u m p t i o n  of  a su r f ace  r a t e  l i m i t e d  r eac t i on ,  t h a t  is, t h e  
r a t e  l i m i t i n g  r e a c t i o n  is t h a t  of  t h e  d e v e l o p e r  w i t h  t h e  
p h o t o r e s i s t  on  t h e  su r f ace  of  t h e  res is t .  T h u s ,  t h e r e  is a n  
i m p l i c i t  a s s u m p t i o n  of  a d i s t i n c t  r e s i s t / d e v e l o p e r  b o u n d -  
ary,  as in  Fig. 4a. In  all p r o b a b i l i t y ,  h o w e v e r ,  t h e r e  is no  
d i s t i n c t  b o u n d a r y ,  b u t  a c o n t i n o u s  " g e l "  l a y e r  of  i n t e r -  
m i x e d  d e v e l o p e r  a n d  r e s i s t  (Fig. 4b). Th i s  c an  be  t h o u g h t  
of  as a d i f f u s i o n  of  d e v e l o p e r  i n to  t h e  r e s i s t  to a d e p t h  ~. 
T h i s  a p p r o a c h  ha s  b e e n  p r e v i o u s l y  d e s c r i b e d  as a m e m -  
b r a n e  m o d e l  for  d e v e l o p m e n t  (8). O n e  e f f e c t  of  t h i s  de-  
v e l o p e r  d i f f u s i o n  is a " p r e d e v e l o p m e n t "  of  t he  r e s i s t  be-  
fo re  t h e  i m a g i n a r y  r e s i s t / d e v e l o p e r  b o u n d a r y  r e a c h e s  
t h a t  po in t .  N o t e  t h a t  t h e  s u r f a c e - l i m i t e d  a s s u m p t i o n  is a 
spec i a l  case  of  t h e  d i f f u s e - b o u n d a r y  c o n d i t i o n  w h e n  ~ = 
0. 

B e f o r e  o n e  goes  to  t h e  t r o u b l e  o f  f o r m u l a t i n g  a m o r e  
r i g o r o u s  t r e a t m e n t  of  t h e  d e v e l o p m e n t  p r o c e s s ,  t h e r e  
s h o u l d  b e  s o m e  p h y s i c a l  m o t i v a t i o n  for  t h e  ef for t .  T h i s  
m o t i v a t i o n  c o m e s  f r o m  o b s e r v a t i o n s  of  t h e  d e v e l o p m e n t  
of  s t a n d i n g  w a v e  p a t t e r n s  in  t he  p h o t o r e s i s t .  W h e n  u s i n g  
t h e  s i m p l e  k i n e t i c  m o d e l  to  p r e d i c t  a t yp i ca l  r e s i s t  prof i le  
in  t h e  p r e s e n c e  of  s t a n d i n g  waves ,  t h e  r e s u l t  is a se r ies  of  
e x t r e m e l y  s h a r p  a n d  d i s t i n c t  s t a n d i n g  w a v e  r i d g e s  (Fig. 
4). S E M  p h o t o g r a p h s  of  a c t u a l  r e s i s t  p rof i les ,  h o w e v e r ,  
s h o w  m u c h  m o r e  r o u n d e d  r idges .  Also,  t h e  p r e d i c t e d  de-  
v e l o p m e n t  t i m e  n e e d e d  to c l e a r  t h r o u g h  t h e  s t a n d i n g  
w a v e s  is s i g n i f i c a n t l y  g r e a t e r  t h a n  a c t u a l  d e v e l o p m e n t  
t i m e s .  B o t h  of  t h e s e  d i s c r e p a n c i e s  c a n  b e  e x p l a i n e d  b y  
t h e  " p r e d e v e l o p m e n t "  p r o p e r t i e s  of  a d i f f u s e - b o u n d a r y  
m o d e l .  D e v e l o p e r  d i f fu ses  (or is t r a n s p o r t e d  t h r o u g h  a 
s u r f a c e  m e m b r a n e )  u n d e r  t h e  l ow  e x p o s u r e  s t a n d i n g  
w a v e  p e a k .  D i r e c t l y  b e l o w  t h i s  p e a k  is a h i g h  e x p o s u r e  
region with a much faster development rate. If~ is on the 
order of the depth of a standing wave peak (- 50 nm), de- 
veloper can begin to work on the higher exposure region 
and remove this standing wave ridge faster. 

Another assumption used in all current models of the 
development process is that development rate is geome- 
try independent. Development rate is thought to be de- 
pendent only on exposure (i.e., PAC concentration). 
However, one can intuitively discuss the differences be- 
tween the development of a simple photoresist line and a 
small geometry contact window (i.e., with an aspect ratio 
approaching i:I). As the window is being developed, the 
developer solution within the hole flows less freely than 
the bulk solution, eventually approaching puddle devel- 
opment conditions. Also, within the contact hole, there 
is a localized buildup of dissolved photoresist. This re- 
sults in a lower developer concentration in the vicinity of 
the contact window and slower development rates. Fur- 
ther, this effect becomes more pronounced as develop- 
ment proceeds. Thus, small feature-size windows de- 
velop more slowly than would be predicted by a simple 
model. 

Conclusions 
A n  a n a l y t i c a l  d e v e l o p m e n t  ra te  m o d e l  ha s  b e e n  g i v e n  

w h i c h  is b a s e d  on  a p o s t u l a t e d  r e a c t i o n  m e c h a n i s m .  Al- 
t h o u g h  e x p e r i m e n t s  g i v i n g  d i r e c t  c o n f i r m a t i o n  of  t h e  
m e c h a n i s m  h a v e  n o t  b e e n  p e r f o r m e d ,  t h e  a b i l i t y  of  t h e  
p r e d i c t e d  r a t e  e q u a t i o n  to r e p r o d u c e  a c c u r a t e l y  expe r i -  
m e n t a l  d a t a  w a r r a n t s  i t s  use .  P r e v i o u s  w o r k  o n  
p h o t o r e s i s t  d e v e l o p m e n t  m o d e l i n g  h a s  b e e n  l i m i t e d  to 
e m p i r i c a l  fits of  e x p e r i m e n t a l  d a t a  (1, 2). T h e  d i s a d v a n -  
t ages  of  a n  e m p i r i c a l  a p p r o a c h  are  wel l  k n o w n :  t h e  con-  
d i t i o n s  u n d e r  w h i c h  t h e  m o d e l  is a p p l i c a b l e  a re  l i m i t e d  
b y  t h e  c o n d i t i o n s  g o v e r n i n g  t h e  o r i g i n a l  e x p e r i m e n t a l  
da ta ,  a n d  t he  e m p i r i c a l  m o d e l  g ives  l i t t le  or  n o  p h y s i c a l  
i n s i g h t  i n to  t h e  d e v e l o p m e n t  p roces s .  

B o t h  of  t h e s e  d e f i c i e n c i e s  a re  a d d r e s s e d  b y  t h e  reac-  
t i o n  m e c h a n i s m  m o d e l  p r o p o s e d  a b o v e .  V a r i a t i o n s  in  
p r e b a k e  c o n d i t i o n s  c a n  b e  m o d e l e d  as a c h a n g e  in  M,, (3), 
a n d  n e w  v a l u e s  of  rmax a n d  n can  b e  d e t e r m i n e d .  T h e  t em-  
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Fig.  4 .  D e v e l o p e r  c o n c e n t r a t i o n  p r o f i l e  for  t h e  (a )  d is t inc t  b o u n d a r y  

a n d  (b )  d i f f u s e - b o u n d a r y  cond i t ions .  

p e r a t u r e  d e p e n d e n c e  of  the  va r ious  pa r ame te r s  can  also 
be  p r e d i c t e d  us ing  the  s t andard  A r r h e n i u s  plots  to deter-  
m i n e  ac t iva t ion  energ ies .  Phys ica l ly ,  the  m o d e l  g ives  in- 
s i gh t  in to  t he  d e v e l o p m e n t  p r o c e s s  on m i c r o s c o p i c  and  
m a c r o s c o p i c  levels .  The  t h r e sho ld  b e h a v i o r  of  res is t  de- 
v e l o p m e n t  is we l l  k n o w ,  bu t  can  n o w  be q u a n t i f i e d  by 
mvH. Th i s  p a r a m e t e r ,  a l ong  w i t h  t h e  s e l e c t i v i t y  t e r m  n, 
can  be  u s e d  to c o m p a r e  t he  p e r f o r m a n c e  of  d i f f e r e n t  
r e s i s t -deve lope r  sys t ems  in a m e a n i n g f u l  way. Fo r  e x a m -  
ple ,  t he  use  of  a 70~ p r e b a k e  on AZ1350J ,  as s h o w n  in 
T a b l e  I, was  f o u n d  to g ive  a h i g h e r  s e l e c t i v i t y  t h a n  a 
100~ p r e b a k e ,  m a k i n g  the  l a t t e r  t e m p e r a t u r e  less  
des i rab le .  

I t  s eems  l ike ly  tha t  the  d e v e l o p e r  se lec t iv i ty  n is some-  
h o w  re la ted  to t he  res is t  con t ras t  ~. In  fact, one  can re la te  
t h e  de f i n i t i on  of  c o n t r a s t  to t he  p r o p o s e d  k i n e t i c  deve l -  
o p m e n t  ra te  e q u a t i o n  and  d e r i v e  an ana ly t i c a l  e x p r e s -  
s ion  re l a t ing  y, n, and mTH (see A p p e n d i x )  

[16] 

where the subscript D signifies developer contrast for a 
perfect resist. This equation was derived assuming a con- 
stant development rate through the film (i.e., no absorp- 
tion during exposure) and that the contrast is indepen- 
dent of the development time. Conversely, if one 
assumes an infinite value of the developer selectivity pa- 
rameter, n, and a nonzero absorption coefficient, ~, the 
contrast for a resist of thickness d is given by 

2.303 
%: = [17] 

(A myt l  + B)d 

w h e r e  A and  B are  t he  r e s i s t  a b s o r p t i o n  p a r a m e t e r s  as 
de f ined  by  Dill  (1), and the  subsc r ip t  E s ignif ies  e x p o s u r e  
c o n t r a s t  for  a p e r f e c t  d e v e l o p e r .  U s i n g  t h e s e  two  ex-  
t r e m e  a s sumpt ions ,  one  can  e s t i m a t e  t he  ac tual  con t ras t  
by  

( l + 1 ) - l -  - -  [18] 
Y = "YD YE 

U s i n g  t h e  p a r a m e t e r s  in Tab l e  I, t he  c o n t r a s t  for  
A Z 1 3 5 0 J  was  c a l c u l a t e d  and  is s h o w n  in Tab l e  I as t he  
p r e d i c t e d  contras t .  

T h e  k i n e t i c  m o d e l ,  h o w e v e r ,  is no t  w i t h o u t  i ts  d raw-  
backs .  E q u a t i o n  [6] p red ic t s  tha t  the  d e v e l o p m e n t  rate  is 
p r o p o r t i o n a l  to t he  d e v e l o p e r  c o n c e n t r a t i o n  D. A l t h o u g h  
the  genera l  t r end  is correct ,  s tudies  have  s h o w n  tha t  t he  
r e l a t i o n s h i p  b e t w e e n  d e v e l o p m e n t  ra te  and  d e v e l o p e r  
c o n c e n t r a t i o n  is m u c h  m o r e  c o m p l i c a t e d  t h a n  a s i m p l e  
l inear  f u n c t i o n  (9). F u r t h e r  s tud ies  in to  the  p r o p o s e d  de- 
v e l o p m e n t  m e c h a n i s m  shou ld  be  made .  

T h e  m o d e l s  p r e s e n t e d  in th is  p a p e r  for t he  i n d u c t i o n  
and  a d h e s i o n  effects  are  empi r i ca l  in nature .  The  induc-  
t ion  m o d e l  is s imi la r  to o the r  m o d e l s  in the  l i t e ra tu re  (6), 
t h e  n e w  e l e m e n t  b e i n g  t h e  d e p e n d e n c e  o f  r,, on the  
p r e b a k e  condi t ions .  The  l imi t ed  da ta  in the  l i t e ra tu re  al- 
l o w e d  for  r o u g h  e s t i m a t e s  of  t h e  a c t i v a t i o n  e n e r g y  and  
A r r h e n i u s  coef f ic ien t  for the  p r e b a k e - i n d u c e d  induc t ion .  
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Fig. 5. Typical resist profile as predicted by the model PROLITH (l 0) 

More  e x p e r i m e n t a l  data  m u s t  be  taken ,  however ,  to vali-  
d a t e  m o r e  t h o r o u g h l y  th is  m o d e l .  T h e  a d h e s i o n  m o d e l  
suffers  f rom the  same  lack  of  e x p e r i m e n t a l  data  n e e d e d  
for ver i f ica t ion.  

The  d e v e l o p m e n t  m o d e l  p r e s e n t e d  above  has  been  in- 
c o r p o r a t e d  in to  a c o m p r e h e n s i v e  op t i c a l  l i t h o g r a p h y  
m o d e l  ca l led  P R O L I T H  (pos i t ive  res i s t  op t i ca l  l i thogra-  
phy) (10). Us ing  this  mode l ,  d e v e l o p e d  res is t  profi les  can 
be  d e t e r m i n e d  (Fig. 5), as we l l  as o t h e r  i n f o r m a t i o n  im- 
po r t an t  to the  l i t hograph ic  process .  
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A P P E N D I X  

Relating Contrast to Development Rate Parameters 

W h e n  m o d e l i n g  a p h y s i c a l  sy s t em,  t h e  t e n d e n c y  is to 
de f ine  as m a n y  v a r i a b l e s  as p o s s i b l e  t ha t  a f fec t  t h e  sys- 
tem.  In  prac t ice ,  howeve r ,  peop le  t end  to use  l u m p e d  pa- 
r a m e t e r s  to d e s c r i b e  a s y s t e m  as s i m p l y  as poss ib le .  
T h e r e  are  c e r t a i n l y  a d v a n t a g e s  to b o t h  a p p r o a c h e s .  In  
th i s  s ec t ion ,  t he  l u m p e d  res i s t  p a r a m e t e r  y, t he  r e s i s t  
con t r a s t ,  wi l l  be  r e l a t ed  to t he  m o d e l i n g  p a r a m e t e r s  
de f ined  in the  p r ev ious  sect ions.  

A t y p i c a l  r es i s t  c o n t r a s t  c u r v e  is s h o w n  in Fig.  6. T h e  
c o n t r a s t  is de f ined  as t h e  n e g a t i v e  of  t he  s lope  of  t he  
c u r v e  at t he  b o t t o m  (i.e., as r e s i s t  t h i c k n e s s  r e m a i n i n g  
goes  to zero). In  t e r m s  of  t he  p a r a m e t e r s  de f ined  in Fig. 6 
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Rela t ive  T h i c k n e s s  R e m a i n i n g  

El 
1.0 ~ ".. 

0.75 P h o t o r e s i s t  C o n t r a s t  N x ".. 

0.500.25 C u r v e  

0.0 , i , , I , , I , , I , , I , , I , , I , , I ,~,  I , , 
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Fig. 6 ,  C o n t r a s t  or  c h a r a c t e r i s t i c  c u r v e  o f  o pos i t ive  p h o t o r e s i s t  
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I f  T~ is t h e  r e l a t i v e  t h i c k n e s s  r e m a i n i n g  a f t e r  
d e v e l o p m e n t  

1 I tdev 
% = 1 -  ~ -  , r(m(E)) dt [A-2] 

w h e r e  d is t h e  in i t i a l  r e s i s t  t h i c k n e s s ,  tde. is t h e  d e v e l o p -  
m e n t  t ime ,  a n d  r is t h e  d e v e l o p m e n t  r a t e  as a f u n c t i o n  of  
e x p o s u r e  e n e r g y ,  E. I f  t h e  r e s i s t  is a s s u m e d  to b e  
n o n a b s o r b i n g ,  t h e  e x p o s u r e  ene rgy ,  a n d  t h u s  t h e  deve l -  
o p m e n t  r a t e ,  wi l l  b e  c o n s t a n t  t h r o u g h o u t  t h e  r e s i s t .  
T h u s ,  for  t h i s  spec i a l  case,  Eq.  [A-2] b e c o m e s  

rtdev 
Tr = 1 - - -  [A-3] 

d 

Le t  r,, b e  t h e  d e v e l o p m e n t  r a t e  ( c o r r e s p o n d i n g  to expo-  
su re  e n e r g y  E,, a n d  P A C  c o n c e n t r a t i o n  m,,), w h i c h  j u s t  re- 
m o v e s  all  of  t h e  r e s i s t  in  t h e  a l l o t t ed  d e v e l o p m e n t  t ime.  
T h u s ,  

d r 
ro = - a n d  Tr = 1 - - -  [A-4] tdev r,, 

In terms of Eq. [ii] 

(a + 1) (1 - m,,)" 
r,, = rma x [A-5] 

a +  (1 -mo)"  

w h e r e  rmi n h a s  b e e n  n e g l e c t e d .  U s i n g  Eq.  [A-5] a n d  [11], 
Eq.  [A-4] b e c o m e s  

I o l/i  a 1 T r =  1 -  1 + ( i - m , , ) "  + ( l - m )  ' ~  [A-6] 

As p r e v i o u s l y  s t a t ed ,  t h e  c o n t r a s t  is t he  n e g a t i v e  of  t h e  
s lope  of  t h e  T r v s .  log (E) c u r v e  a t  E = E,,. In  m a t h e m a t i c a l  
f o r m  

d(Tr) E-E0 = -- 2.303 d( ln  E ~  .- .  [A-7] 

T h e  d e r i v a t i v e  c a n  be  e x p a n d e d  as 

d(%) d(Tr) dm 
- - -  [ A - 8 ]  

d( ln  E) dm d( ln  E) 

T h e  far  r i g h t  d e r i v a t i v e  can  be  e v a l u a t e d  k n o w i n g  t h e  ef- 
fec t  of  e x p o s u r e  on  t h e  PA C c o n c e n t r a t i o n  

m = e -cE [A-9] 

w h e r e  C is t h e  e x p o s u r e  r a t e  c o n s t a n t .  T h u s  

dm m-too d( ln  E) = m o  in (m,,) [A-10] 

T h e  m i d d l e  d e r i v a t i v e  o f E q .  [A-8] c a n  b e  e v a l u a t e d  u s i n g  
Eq.  [A-6] 

dm ,, = ~ + (1 m.)" [A-11] 

T h u s  

d(T,.) E_EO= nm, , ln (m. )  ( 1 ) 
d( ln  E) 1 - m,, 1 + (1 - m,,)'/a 

[A-12] 

U s i n g  t h e  d e f i n i t i o n  of  a 

E: L 1( i m) ]  d(Tr) rim, In (m,,) 1 + 

d ( l n E )  .-~ 1 - m,  n +  1 l~---m~l.~ 

[A-131 
As  was  p r e v i o u s l y  s ta ted ,  m,  is t he  P A C  c o n c e n t r a t i o n ,  

w h i c h  c a u s e s  t h e  f i lm to b e  j u s t  r e m o v e d  in t h e  a l l o t t ed  
d e v e l o p m e n t  t ime .  T y p i c a l l y ,  t h e  c o n t r a s t  is i n d e p e n -  
d e n t  of  t h e  d e v e l o p m e n t  t i m e  ove r  t he  r a n g e  of  n o r m a l l y  
u s e d  t i m e s .  T h u s ,  l e t  u s  a r b i t r a r i l y  p i c k  a d e v e l o p m e n t  
t i m e  s u c h  t h a t  m,, = ruTH. U s i n g  t h i s  v a l u e ,  t h e  c o n t r a s t  
b e c o m e s  

~D = - 2 . 3 0 3 -  1 - m~H 

w h e r e  t h e  s u b s c r i p t  is u s e d  to s ign i fy  t h a t  t h i s  is t h e  con-  
t r a s t  of  t h e  d e v e l o p e r  for  a p e r f e c t  r e s i s t  (i.e., no  a b s o r p -  
t ion) .  Typ ica l ly ,  t h e  p o r t i o n  of  Eq.  [A-14] in  p a r e n t h e s e s  
h a s  v a l u e s  b e t w e e n  - 0 . 6  a n d  -0 .8 .  T h u s ,  as a g r o s s  ap-  
p r o x i m a t i o n ,  t h e  c o n t r a s t  is g i v e n  b y  

~D = 0.8 (n + 1) [A-15] 

A s i m p l e  m o d e l  h a s  b e e n  p r o p o s e d  to r e l a t e  c o n t r a s t  to 
a b s o r p t i o n  in  a r e s i s t  for  t h e  ease  of  a p e r f e c t  d e v e l o p e r ,  
i.e., a n  in f in i t e  v a l u e  of  n (11). A c c o r d i n g  to th i s  m o d e l  

2.303 
~E -- [A-16] 

~d  

w h e r e  ~ is t h e  a b s o r p t i o n  coe f f i c i en t  a t  t h e  b o t t o m  of  t h e  
r e s i s t  a n d  d is t h e  r e s i s t  t h i c k n e s s .  A g a i n ,  t h e  s u b s c r i p t  
d e n o t e s  t he  c o n t r a s t  of  t h e  r e s i s t  for  a p e r f e c t  d e v e l o p e r .  
T h e  a b s o r p t i o n  coe f f i c i en t  is a f u n c t i o n  of  t h e  P A C  con-  
c e n t r a t i o n  b y  

c~ = A m  + B [A-17] 

w h e r e  A a n d  B are  t h e  r e s i s t  a b s o r p t i o n  p a r a m e t e r s  as 
d e f i n e d  b y  Dil l  (1). F o r  t h i s  mode l ,  m is t he  PAC c o n c e n -  
t r a t i o n  a t  t h e  b o t t o m  of  t h e  res is t .  In  t h e  p r e v i o u s  ana ly-  
sis ,  we  a s s u m e d  a v a l u e  of  mrH for  t h e  P A C  c o n c e n t r a -  
t i on .  T h u s ,  to  b e  c o n s i s t e n t l y  a r b i t r a r y ,  Eq.  [A-16] 
b e c o m e s  

2.303 
[A-18] 

~R = (A mTH + B)d 
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