
This article was downloaded by: [Tomsk State University of Control
Systems and Radio]
On: 19 February 2013, At: 12:46
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number:
1072954 Registered office: Mortimer House, 37-41 Mortimer Street,
London W1T 3JH, UK

Molecular Crystals and
Liquid Crystals Incorporating
Nonlinear Optics
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl17

Photopolymer Systems for
Lithographic Applications
J. Finter a
a Central Research Laboratories, CIBA - GEIGY AG,
CH 4002, Basle, Switzerland
Version of record first published: 13 Dec 2006.

To cite this article: J. Finter (1988): Photopolymer Systems for Lithographic
Applications, Molecular Crystals and Liquid Crystals Incorporating Nonlinear Optics,
161:1, 231-253

To link to this article:  http://dx.doi.org/10.1080/00268948808070251

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study
purposes. Any substantial or systematic reproduction, redistribution,
reselling, loan, sub-licensing, systematic supply, or distribution in any form
to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not
be liable for any loss, actions, claims, proceedings, demand, or costs or

http://www.tandfonline.com/loi/gmcl17
http://dx.doi.org/10.1080/00268948808070251
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.
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P h o t o p o l y m e r  S y s t e m s  f o r  L i t h o g r a p h i c  
A p p l i c a t i o n s  

J. F i n t e r  
C e n t r a l  Research Labora to r ies ,  CIBCI - G E I G Y  AG, 

CH 4002 Basle. Sw i t ze r land  

S u m m a r y  

Photopo lymers  p lay  an  i m p o r t a n t  r o l e  in techn ica l  
imaging sys tems.  Severa l  basic p r inc ip les  o f  
pho topo lymer  c ross l ink ing  and photo induced r a d i c a l  
po lymer iza t ion  sys tems  w i l l  be  reuiewed. 

Photopo lymers  a r e  amorphous so l ids  and t h e  p h o t o  
c ross l ink ing  r e a c t i o n  Ce.9. inc rease in m o l e c u l a r  
weight)  t a k e s  p lace  in t h e  g lassy  s t a t e .  Their 
u l t i m a t e  photograph ic  speed may be c a l c u l a t e d  f r o m  
basic phys ica l  p r o p e r t i e s  o f  t h e  i r r a d i a t e d  areas .  A 
con t i nuous  decrease o f  quan tum y ie ld  du r ing  
i r r a d i a t i o n  is c h a r a c t e r i s t i c  f o r  t h e  pho to reac t i on .  
The response t o  l i g h t  is made possible by  b u i l t  in o r  
added chromophores t h a t  can undergo d i f f e r e n t  
r e a c t i o n s  depending upon t h e i r  n a t u r e .  

I n  a photo induced po lymer iza t ion  t h e  p h o t o  i n i t i a t o r  
decays i n t o  a r a d i c a l  pa i r  when exposed t o  rad ia t ion .  
The photochemical  r e a c t i o n  is ampl i f ied by a 
subsequen t  po lymer iza t ion  w i t h  m u l t i  f u n c t i o n a l  
r e a c t i v e  monomers t o  f o r m  an inso lub le  n e t w o r k .  The 
photograph ic  speed is governed b y  s e v e r a l  f a c t o r s  
including t h e  quan tum yield o f  c leavage and t h e  
r a t e s  o f  i n i t i a t o r  decay, p ropagat ion  and te rm ina t ion  
o f  t h e  growing  chain. The e x t e n t  o f  convers ion  i s  
d i f f u s i o n  c o n t r o l l e d  and t h e r e f  o r e  t e m p e r a t u r e  
dependent. 
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232 J. F i n t e r  

I .  INTRODUCTION ') 
Photoimaging, espec ia l l y  imaging w i t h  photopolymers,  is  
t h e  m o s t  i m p o r t a n t  i n d u s t r i a l  u s e  o f  photochemical  
p rocesses  in t h e  so l id  s t a t e .  Some basic p r inc ip les  o f  
po lymer  imaging sys tems  and t h e i r  re levance  t o  so l id  
s t a t e  chemis t r y  w i l l  be reuiewed. This Paper i s  
con f ined t o  p h o t o  c ross l i nkab le  po l ymers  and r a d i c a l  
photopo lymer iza t ion  sys tems  leading t o  r e l i e f  images. 
These sys tems  cove r  a b o u t  90% o f  t h e  appl icat ions 
o f  photopo lymers  f o r  r e l i e f  imaging. 

Q l t h o u g h  t h e  f i e l d  o f  po lymer  imaging i s  l a r g e  and 
more  t h a n a  t housand  papers  and p a t e n t s  have been 
publ ished in t h e  l a s t  t e n  years ,  a l l  o f  t h e  known 
sys tems  s t i l l  f it t h e  scheme (Fig. 1) sugges ted  by  

J.L.R. Williams e t  a l .  in 1976 '). This scheme c lass i f i es  
po lymer  imaging sys tems  according t o  t h e i r  chemis t r y  
as  w e l l  as t o  t h e i r  imaging appl icat ions 

POSITIVE 

Poly(phthaldehyde 

WORKING 
of polymers 

- Addenda 

- Photocrosslinkable 

crossllnkers 

polymer 

- radlcal 1 - cationlc I 

Imaged only polymer 
differential dyeing 

differential toning 

differential thermal transfer 

Developped polymer 
is transfer agent 

letterpress 
offset 

Developped polymer is Image 

- resists, marolithography. 
Prlnted circults 

Fig. 1. Classification of Photosensitive Polymer Systems 
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PHOTOPOLYMER SYSTEMS FOR LIGHOGRAPHY 233 

We discr iminate be tween pos i t i ve  and negat ive work ing  
sys tems.  The t y p i c a l  appl icat ions o f  a photopo lymer ,  
as shown in Fig. 2, invo lve  i r r a d i a t i o n  t h r o u g h  a 
mask f o l l o w e d  b y  a development s tep .  I f  t h e  
r e s u l t i n g  p a t t e r n  is a pos i t ve  image o f  t h e  mask Ce.g. 
if t h e  i r r a d i a t e d  p a r t s  a r e  r e n d e r e d  so lub le )  t h e  
p r o c e s s  is c a l l e d  posi t ive.  X f  t h e  r e s u l t i n g  p a t t e r n  is 
t h e  r e v e r s e ,  t h e  p rocess  is considered negative, having 
r e n d e r e d  t h e  i r r a d i a t e d  a reas  inso lub le .  

Resist 
base 

Exposure 

Negative Positive 

Develop 

Etch 
lor other 6 
processing) 

Strip - IUI 

Fig. 2. Lithographic Process 

A t  each s t a g e  o f  t h e  l i t hog raph ic  p rocess  imaging 
app l ica t ions  may be  f o u n d  f o r  a v a r i e t y  o f  d i f f e r e n t  
pu rposes  as  ind ica ted  in Fig. 1. 

1. Posit iue S y s t e m s  
M o s t  o f  t h e  p r e s e n t l y  avai lyble commercial  pos i t i ve  
sys tems  a r e  based on m i x t u r e s  o f  naphthodiazo - 
quinone de r i va t i ves  and novolack resins,  t h e s e  
m i x t u r e s  being i nso lub le  in a lka l ine  deve lopers .  Upon 
i r r a d i a t i o n  t h e  diazoquinones undergo  a Wolf f 
r e a r r a n g e m e n t  t o  t h e  a lka l ine  s o l u b l e  indene 
ca rboxy l i c  acid. This p o l a r i t y  change r e n d e r s  t h e  

exposed a r e a s  o f  t h e  m i x t u r e  soluble3).  
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234 J. F i n t e r  

Besides photomodif  i ca t i on  b y  a r e a r r a n g e m e n t  reac t ion ,  
po lymer  s o l u b i l t y  may be achieved b y  c leaving po lymer  
bound e s t e r  g r o u p s  w i t h  pho togenera ted  B r o n s t e d  
acids. A ser ies  o f  s u c h  sys tems  have been descr ibed 

4)  r e c e n t l y  . 

A t h i r d  p rocess  is t h e  photoinduced depolyrner izat ion 
o f  po l ymers  w i t h  l o w  cei l ing t e m p e r a t u r e s  t o  t h e  
monomers, The m o s t  p rominent  example is t h e  p h o t o  
depo lymer iza t ion  o f  poly(phthala1dehyde) (PPFI) 5 )  . 

2. Negative Sys tems  
Negative sys tems  can be divided i n t o  t h r e e  basic 
g roups :  

1. Crossl inking o f  po l ymers  via addenda c r o s s l i n k e r s  
2. Crossl inking o f  po l ymers  w i t h  c o v a l e n t l y  bound 

3. Photo  induced po lymer iza t ion  
chromophores 

Addenda Crossllnksr 

Photocrossllnklnp Polymers 

- Stsp raactlonr (2+2 Cycloaddltlon) 

- Chaln rsacllona 

Fig. 3. Negative Photopolymer Systems 

2.1 addenda Crosslinkers 
Addenda p h o t o c r o s s l i n k e r s  a r e  added l o w  mo lecu la r  
weight photosens i t i ve  molecu les  r e a c t i n g  chemical ly 
w i t h  po lymer  chains. Typical examples a r e  bisazide 
c r o s s l i n k e r s  f o r  cyc l i s ized  poly( isoprenes) a s y s t e m  
mainly used  in mic ro l i thography .  Upon i r rad ia t ion ,  t h e  
azide g roup  l i b e r a t e s  n i t r o g e n  and t h e  f o r m e d  
n i t r e n e  i n s e r t s  i t s e l f  e i t h e r  i n t o  a ca rbon  doub le  
bond or a ca rbon  hydrogen bond. Because o f  t h e  
genera t i on  o f  gaseous n i t r o g e n  this s y s t e m  may on ly  
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PHOTOPOLYMER SYSTEMS FOR LITHOGRAPHY 235 

f i n d  app l i ca t ions  in v e r y  thin films6’. 

2.2 Crosslinking o f  Polymers 
Polymer c ross l ink ing  sys tems  invo lve  s y s t e m s  work ing  
s tepw ise  b y  c ross l ink ing  via c o v a l e n t l y  bound 
chromophores. The m o s t  prominent Polymers a r e  based 
on  u n s a t u r a t e d  e s t e r s  o r  k e t o n e s  c ross l i nk ing  via 
C2+23-cycloaddit ion upon  i r rad ia t i on .  The chromophores  
may be  pendant  o r  l i n e a r l y  b u i l t  i n t o  t h e  po lymer  
backbone. Typical  examples a r e  shown in Fig. 4. 
f i no the r  c l a s s  o f  po l ymers  undergoing c ross l i nk ing  
r e a c t i o n s  by  a s tep-w ise  mechanism i s  based upon 
p h o t o  r e d u c t i o n  o f  t h e  benzophenone chromophore  

f o l l o w e d  by c ross l i nk ing  ”. Qll t h e s e  m a t e r i a l s  a r e  
amorphous poymers  w i t h  T,’s f a r  above r o o m  
t e m p e r a t u r e  

TYPICAL PHOTOPOLYMERS WmC BACKBONE CHROMOWORES 

1s. i )  

0 

OH 

UPEAR PQVEWXIDL 

TYPICAL PHOTOPOLYMERS WITH PENDANT CHROMOPHORES 
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236 J. F i n t e r  

Q a$ - UNSATURATED ESTERS 11) ~ C H = C H - C - O -  

DIYETHYLMALEIMIDE 
1 3  

-Q-CH=CH-C- H 13) a,B - UNSATURATED KETONE5 

Fig. 4. Formulas of typical industr ial photopolymers. 

2.3 Photoinduced Polymerization 
Photoinduced po lymer iza t ion  c o n v e r t s  a r e a c t i v e  
highly viscous l iqu id  i n t o  a g e l  and f i n a l l y  a sol id.  
Radical p h o t o i n i t i a t o r s  g e n e r a t e  radicals,  upon  
i r rad ia t ion ,  f o r  t h e  po lymer iza t ion  of o le f i ns .  Cationic 
p h o t o i n i t i a t o r s  p roduce  Lewis o r  B r o n s  t e d  acids 
which may induce po lymer iza t ion  of epoxides o r  
u iny le the rs .  

BRANCHED MOLECULES 

Fig. 5. Network formation f r o m  small molecules 

3. Properties: sensitivity, Rcsolution. Contrast .  
CImong t h e  m o s t  i m p o r t a n t  p r o p e r t i e s  o f  any imaging 
s y s t e m  a r e  sens i t i v i t y  (minimum exposure  energy), 
wave length  range  and r e s o l u t i o n  

Photopo lymers  exhibi t  r e l a t i v e l y  l o w  sens i t i v i t ies  (Fig 

6 )  The t h e o r e t i c a l  l i m i t  14) f o r  c ross l ink ing  po lymers  
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PHOTOPOLYMER SYSTEMS FOR LITHOGRAPHY 237 

109 - 
- 

1 0 7  - 

1 0 5  - 
* 

103 - 

IS a b o u t  8.1 mJcm-? (see 11.1). This a c t u a l  v a l u e  is, 
howeuer, t w o  o r d e r s  o f  magnitude l o w e r  t h a n  t h e  
minimum exposure  energy  c a l c u l a t e d  f o r  an  ideal  

mono photonic photochromic p rocess  15) 

Photospeed, though, is n o t  t h e  on ly  p a r a m e t e r  o f  
imaging ma te r ia l ' s  pe r fo rmance .  When high r e s o l u t i o n  
is r e q u i r e d  on ly  m a t e r i a l s  l o w  sens i t i v i t y  a r e  
appl icable. Ev ident ly  r e s o l u t i o n  and sens i t i v i t y  a r e  
i n v e r s e l y  p r o p o r t i o n a l .  
Eve ry  high speed imaging p rocess  needs some 
ampl i f i ca t ion  s t e p .  In  e l e c t r o n i c  imaging t h e  p h o t o n  is 
ampl i f ied e l e c t r o n i c a l l y  by t h e  pho tomu l t i p l i e r ,  t h e  
r e s o l u t i o n  being l im i ted  by  t h e  s ize o f  t h e  pixel .  
S i l ve r  hal ide sys tems  a r e  based upon  t h e  chemical 
ampl i f i ca t ion  o f  a p h o t o l y t i c a l l y  genera ted  c l u s t e r  o f  
a t  l e a s t  f o u r  s i l v e r  a toms a t  t h e  s u r f a c e  o f  a 
s i l v e r  hal ide c r y s t a l .  The l a r g e r  t h e  c r y s t a l  s ize t h e  
higher t h e  sens i t i v i t y  b u t  t h e  l o w e r  t h e  r e s o l u t i o n .  
In pho topo lymer  imaging t h e  ampl i f i ca t ion  s t e p  is an 
inc rease in m o l e c u l a r  weight e i t h e r  by  a chain 
r e a c t i o n  o r  c ross l ink ins  
po lymer  chains. 

I 

8 U 
@@ 

I 
0 
00 
.a 

10 1 0 2  109 104 

Resolution / lines Per mm 

of high mo lecu la r  weight 

VIDEO 

HUMANEYE 

AgX 

ELECTROPHOTOGRAPHY 

PHOTOPOLYMERS 

Fig. 6 .  Resolution and photographic sensitivities for 
typical imaging systems. 
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238 J. F i n t e r  

The imaging r e s o l u t i o n  is l im i ted  on ly  b y  t h e  wave 
l e n g t h  o f  i r rad ia t i on .  The l i m i t s  o f  r e s o l u t i o n  may 
o n l y  be reached w i t h  'molecular '  homogeneous 
sys tems  l i k e  photopo lymers .  I n  he terogeneous s i l v e r  
hal ide o r  e lec t ropho tog raph ic  m a t e r i a l s  t h e  
r e s o l u t i o n  i s  l im i ted  by  t h e  gra in  size o f  t h e  
c r y s t a l s  o r  t h e  t o n e r  p a r t i c l e s ,  respec t i ve l y .  

Y*llOW llghl Rmd llghl worklng brb. 

Sornlconduclora 

- 
JYjJlbki i 

200 300 400 500 600 700 

Wbvo Ibngth (nm) 

Fig. ?. Emission spectrum of a h i g h  p res su re  mercury lamp 
and typical h igh i n t e n s i t y  Laser wavelengths. 

F o r  techn ica l  imaging sys tems  day l i gh t  sens i t i ve  
m a t e r i a l s  a r e  n o t  des i red  because t h e y  can on ly  b e  
handled in a darkroom. M o s t  photopo lymer  sys tems  
u s e d  in i n d u s t r y  a r e  sens i t i ve  to U U / U I S  l ight o f  368 
t o  440 nm and can be  handled under  ye l l ow  l ight .  
Typical exposure  equipment u s e s  m e r c u r y  a rcs ,  Their 
emission s p e c t r u m  is shown in Fig. 7 t o g e t h e r  w i t h  
t h e  emission l ines  o f  some p o w e r f u l  l a s e r s .  

L a s e r s  a r e  now avai lable f o r  a l a r g e  number o f  
d i f f e r e n t  wave leng ths .  The i n t e r e s t  in using l a s e r s  
in photopo lymer  imaging s tems  f r o m  t w o  advantages; 

PrPnrP o f  the l a s ~ r  b P a  t h e  poss ib i l i t y  o f  
imaging w i t h o u t  a photomask b y  compu te r  d r i ven  

scanning devices l i k e  l a s e r  p r i n t e r s  16) 
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PHOTOPOLYMER SYSTEMS FOR LITHOGRAPHY 239 

high i n t e n s i t y  
monochromat ic deep UU i r r a d i a t i o n  f o r  high r e s o l u t i o n  
p r o j e c t i o n  p r i n t e r s  ( w a f e r  s teppers )  in micro- 

e l e c t r o n i c s  17) 

High  power  l a s e r s  a t  a reasonab le  c o s t  a r e  on l y  
ava i lab le  f o r  c e r t a i n  wave lengths  ou ts ide  t h e  
emission l ines  o f  m e r c u r y  lamps. P h o t o r e s i s t s  f o r  
u s e  w i t h  l a s e r  equipment have t o  be tailored 
spec i f i ca l l y  t o  t h e  l a s e r  wavelength.  C l t  p r e s e n t  
t h e r e  a r e  on ly  a f e w  photopo lymer  sys tems  avai lable 
which a r e  sens i t i ve  enough f o r  high scanning speeds. 

I 1  CHEMISTRY AND PHOTOPHYSICS OF NEGATIVE 

1. T h e  G e l p o i n t  Exposure and C r o s s l i n k i n g  

The t h e o r e t i c a l  pho tosens i t i v i t y  o f  a p h o t o  - 
c ross l i nkab le  po lymer  may be c a l c u l a t e d  f r o m  t h e  
k ine t i cs  o f  t h e  p h o t o  r e a c t i o n  as w e l l  as f r o m  t h e  
c ross l i nk ing  t h e o r y  o f  polymers.  

S Y S T E M S  

Theory 

Clccording t o  Reiser and P i t t s  14) t h e  g e l  po in t  
exposure  energy  EGel of a photopo lymer  is given b y  

where  t ~ ~ l  is t h e  quan tum y ie ld  o f  t h e  c ross l i nk ins  
r e a c t i o n  de f ined as 

number o f  c ross l i nked  monomer u n i t s  

number o f  absorbed q u a n t a  o f  r a d i a t i o n  
(2) 0 Gel= 

d is t h e  densi ty,  e is t h e  decadic mo la r  e x t i n c t i o n  
c o e f f i c i e n t  o f  t h e  chromophore and m i t s  m o l a r i t y  in 
t h e  so l id  f i lm .  This f o r m u l a  is independent o f  t h e  
chemical s t r u c t u r e  and val id f o r  a l l  c ross l i nk ing  
polymers.  Three i m p o r t a n t  conclusions can be  d r a w n  
f r o m  equa t ion  1: 

1.) There i s  a l i nea r  re la t i onsh ip  be tween  E g  and M,. 
Fig. 8 shows t y p i c a l  exper imenta l  p r o o f .  

- 
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240 J. F i n t e r  

1 1 I 1 
1 2 4 5 6  A 

M@-s 

Fig. 8 .  Linear relat ion between gel point enposure E 0) and g 

121 

molecular weight M,. For comparison, t h e  re lat ive 

sensi t iv i ty S ( 0 )  is also shown. Data from 

2.) The q u a n t u m  y i e l d  f o r  g e l a t i o n  c o n s i d e r s  o n l y  
r e a c t i o n s  c o n t r i b u t i n g  t o  g e l  f o r m a t i o n .  Q compar is ion  
b e t w e e n  t h e  q u a n t u m  y i e l d  f o r  g e l a t i o n  c a l c u l a t e d  
f r o m  g e l  p o i n t s  and q u a n t u m  y i e l d  f o r  c o n v e r s i o n  
d e t e r m i n e d  b y  o t h e r  m e t h o d s  s h o u l d  y i e l d  i n f o r m a t i o n  
a b o u t  t h e  a m o u n t  o f  c h r o m o p h o r e s  a c t u a l l y  consumed 
in non g e l  f o r m i n g  r e a c t i o n s .  

3.) F r o m  this e q u a t i o n ,  wh ich  is v a l i d  f o r  a l l  
p h o t o p o l y m e r s ,  a n  a b s o l u t e  speed l i m i t  may b e  

c a l c u l a t e d .  Assuming Mw = la5, m o l a r i t y  m o f  t h e  

c h r o m o p h o r e  m=4 m o l / l ,  e x t i n c t i o n  c o e f f i c i e n t  2508  
l y m o l  cm, d e n s i t y  d21.15 gycm and q u a n t u m  y i e l d  0=2 
w e  o b t a i n  E G ~ ~ =  8.25.10-9 E i n s t e i n  cm-2 c o r r e s p o n d i n g  

t o  8.1 mJ cm-2 a t  360 nm 14). 
Accord ing  t o  eqn. 1 t h e  p h o t o  s p e e d  may b e  i n c r e a s e d  
by t h r e e  w a y s ;  
- chain r e a c t i o n s  w i t h  q u a n t u m  y i e l d s  h i g h e r  t h a n  2, 
- h i g h e r  m o l e c u l a r  weights ,  
- l a r g e r  e x t i n c t i o n  c o e f f i c i e n t s .  

- 

However ,  t h e r e  a r e  s e v e r a l  s e v e r e  d r a w b a c k s .  H i g h  
e x t i n c t i o n  c o e f f i c i e n t s  l i m i t  t h e  s y s t e m s  t o  v e r y  thin 
f i l m s ,  high m o l e c u l a r  w e i g h t s  w i l l  c a u s e  p r o b l e m s  of 
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PHOTOPOLYMER SYSTKMS FOR LITHOGRAPHY 24 1 

swe l l i ng  and r e d u c e d  s o l u b i l i t y  and chain r e a c t i o n s  o f  
pendant monomers w i l l  l o s e  e f f i c i e n c y  due t o  
t r a p p i n g  o f  r e a c t i v e  s i t e s  by  v i t r i f i c a t i o n .  

Gel po in ts  a r e  de termined f r o m  g e l  c u r v e s  (amount 
o f  c ross l i nked  m a t e r i a l  a t  a given i r r a d i a t i o n  dose). 
They can be measured b y  a simple exper iment (Fig. 9 ) .  

Fig. 9 .  Gel point enperiment 

CI photopo lymer  composit ion is c o a t e d  on a g lass  
p l a t e  and i r r a d i a t e d  t h r o u g h  t h e  back increasing t h e  
doses o f  l ight  f o r  each t r i a l .  R f t e r  development in a 
s u i t a b l e  s o l v e n t  t h e  th ickness  o f  t h e  remaining 
g e l l e d  l a y e r  i s  measured and p l o t t e d .  F rom s u c h  a 
c u r v e  t h e  g e l  po in t  may be e x t r a p o l a t e d .  Typical  
exper imen ta l  d a t a  t o g e t h e r  w i t h  t h e  c a l c u l a t e d  c u r v e  
a r e  shown in Fig. 18. The i n t e r c e p t  w i t h  t h e  x-axis is 
a f u n c t i o n  o f  equat ion  1, b u t  t h e  s lope and t h e  
shape o f  t h e  c u r v e  a r e  a f u n c t i o n  o f  t h e  m o l e c u l a r  
weight d i s t r i b u t i o n  o f  t h e  po lvmer  as we l l .  

Unl ike t h e  example shown in Fig. 10, in m o s t  cases 
o n l y  f e w  po in ts  in t h e  vic in i ty o f  t h e  ge l  po in t  a r e  
obtained. T h e r e f o r e  t h e  ge l  Point  may on lu  be  
e x t r a p o l a t e d  b y  comparison w i t h  t h e  c a l c u l a t e d  c u r v e  
14). A numer i ca l  method is given in r e f .  18) 

The g e l  c u r v e  may be c a l c u l a t e d  b y  a combination o f  
t h e  photochemical  balance w i t h  t h e  F l o r y  equa t ion  
f o r  t h e  c r o s s l i n k  dens i ty  d i s t r i b u t i o n  o f  any given 

mo lecu la r  weight d i s t r i b u t i o n  14). Considering s e v e r a l  
m o l e c u l a r  weight d i s t r i b u t i o n s  we s e t  a se r ies  o f  
c u r v e s , a s  shown in Fig. 11 in dimensionless f o r m  f o r  a 
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242 J. Finter  

i In 
In w 
z 
Y 

I c 
0 

0 . 5 4  

0 5e 32 4e 8 4  

EXPOSURE (lo' Elnsteh/cm') 

Fig.10 Gel curve 18) . Asterics: enperimental points. 
--- Calculated curves f o r  three different 

dispersities of the molecular weight. 

Photochemical balance 

E A O I E  
M 

Flory - Equation 

1 0 s  
1 - w z- f Y  f(Y) Cl-pWI 

SY f ( Y )  

1 

Fig .ll Dimensionless calculated gel curves obtained by 
combination of the photochemical balance with 

the Flory equation relating the weight fraction 
of gel w with the molecular weight distribution 
y and the crosslink density p ,  
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PHOTOPOLYMER SYSTEMS FOR LITHOGRAPHY 243 

po lymer  w i t h  l ognorma l  d i s t r i bu t i on .  4 is t h e  
h a l f w i d t h  o f  t h e  m o l e c u l a r  we igh t  d i s t r i b u t i o n .  The 
b r o a d e r  t h e  m o l e c u l a r  weight d i s t r i b u t i o n  t h e  s m a l l e r  
is t h e  s lope o f  t h e  g e l  c u r v e .  F c t  v e r y  b r o a d  
d i s t r i b u t i o n s  a f u l l y  c ross l i nked  l a y e r  may n o t  be  
ob ta ined w i th in  f i n i t e  exposure .  
Photopo lymers  show s t r i k i n g  s imi la r i t ies  t o  s i l v e r  
hal ide pho tog raphy  i nso fa r  as  t h e  sensi t iv i ty,  
de termined by  Mw .cor responds t o  t h e  t h e  g ra in  s ize 
o f  t h e  s i l v e r  hal ide and t h e  c o n t r a s t  o r  shape o f  
t h e  c h a r a c t e r i s t i c  c u r v e  de termined b y  t h e  m o l e c u l a r  
we igh t  d i s t r i b u t i o n  co r responds  t o  t h e  p a r t i c l e  size 
d i s t r i b u t i o n  o f  t h e  grains.  

2. Distribution o f  Chromophore Site 

CI photopo lymer  is a g lass  w i t h  t h e  chromophores  
s t a t i s t i c a l l y  d i s t r i b u t e d .  CI c e r t a i n  amount  is in a 
f avourab le  pos i t ion  t o  e x e c u t e  a c ross l i nk ing  
reac t i on .  The f i r s t  pho tons  e n t e r i n g  t h e  m a t r i x  w i l l  
cause  pho to reac t i ons  and p roduce  a gel .  

Reactivities 

Table 1. Comparison between quantum yield of gelation and 
quantum yield of conversion. 

I I 
Poly(vinylcinnamate1 
Poly(DMX1 12) 

0 2 5  0.26 
0.18 0.18 

Poly(cyclopropene1 1 .?O 1.10 10) 
Poly(cha1cone-ester) 0.26 0 2s 19) 

Table 1 compares t h e  quan tum y ie lds  der ived  f r o m  
t h e  chromophore  convers ion  w i t h  t h e  q u a n t u m  y ie lds  
ob ta ined f r o m  t h e  g e l  po in t  exposure  measurements .  
This a l l ows  d i s c r i m i n a t i o n  be tween  r e a c t i o n s  leading 
t o  i n t e r m o l e c u l a r  and i n t r a m o l e c u l a r  c ross l i nks .  It is 
q u i t e  s u r p r i s i n g  t h a t  b o t h  quan tum y ie lds  coincide a t  
t h e  g e l  po in t .  Thus, on l y  i n te rcha in  c r o s s l i n k s  b u t  no 
l oops  a r e  fo rmed .  

Pro longed i r r a d i a t i o n  l eads  t o  decrease in quan tum 
yields.  Fig. 12 shows t h e  change o f  quan tum y ie ld  
du r ing  i r r a d i a t i o n  f o r  a t y p i c a l  photopo lymer ,  
poly(uinylcinnarnate> and c r y s t a l l i n e  cinnamic acid. 
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244 J. F i n t e r  

Cinnamic acid 
0 7  

0 25 

0 2  

0 15 

0 1  

0 05 solution) 

.1 2 3  4 5 6 7  8 9  10 

CONVERSION 

Fig. 12. Quantum yield change during irradiation for 
Poly(vinylcinnamate1 and crystalline cinnamic 

acid 19) 

d 100 
15 

0 
A 

> Y 

f I- 
x 5  < 
0 
a 

+x\ . 

i 
I l l , ,  , ~ l l [ l ~ ~ l l ~ ~ ~  J 
0.0 1 0.b5 0.10 0.15 

IRRADIATION ENERGY (365 nm) / JrEinstain cm-' 

Fig.13. Quantum yield change during irradiation for PNDI 
polymer 18) 

C r y s t a l l i n e  cinnamic acid exhibits a c o n s t a n t ,  high 
quantum y ie ld  o f  chromophore consumption during 
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PHOTOPOLYMER SYSTEMS FOR LITHOGRAPHY 245 

i r r a d i a t i o n  up t o  high conversions. I n  c o n t r a s t ,  t h e  
q u a n t u m  y ie ld  o f  chromophore consumption f o r  t h e  
g lassy  po lymer  decreases  con t inuous ly  w i t h  exposure  
t ime and on ly  p a r t i a l  convers ion  is achieved, a 
behavior t y p i c a l  o f  amorphous pho topo lymers  (see 
a l s o  Fig. 13). 
The decrease o f  quan tum y ie ld  is i n t e r p r e t e d  
g e n e r a l l y  b y  d i f f e r e n t  s i t e  r e a c t i v i t i e s  . There may 
be  some h igh ly  r e a c t i v e  and many u n r e a c t i v e  
chromophores, o r  t h e r e  may be  some s t e r i c a l l y  
h indered chromophores  whose r e a c t  i o n  p r o b a b i l i t y  
i nc reases  in t h e  c o u r s e  o f  t h e  reac t i on .  Mathemat ica l  
modeling o f  t h e  quan tum yield c u r v e  may s e r v e  as a 
basis f o r  i n t e r p r e t a t i o n  o f  t h e  m o s t  p robab le  case 
f o r  each photopo lymer .  Based upon  photophys ica l  

da ta ,  Reiser and P i t t s  20’ p e r f o r m e d  model 
ca l cu la t i ons  on  s e v e r a l  i n d u s t r i a l  po lymers .  A good 
m a t c h  be tween  c a l c u l a t e d  and exper imenta l  quan tum 
ri ield c u r v e s  was obtained. 

‘ C  .- 

X~~~ 
Fig. 14. Sensitivity (reciprocal gel point  enposure) as a 

f u n c t i o n  of molar fraction of DMI - chromophore 
i n  DMI-MMA c o p o l y m e r s .  

The r e a c t i v i t y  in a so l id  m a t r i x  i s  a l s o  i n f l u e n c e d  by 
t h e  chromophore  concen t ra t i on .  The f e w  s y s t e m a t i c  
s t u d i e s  in t h e  l i t e r a t u r e  show t h a t  in general ,  t h e  
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246 J. F i n t e r  

quan tum y ie ld  o f  photocross l ink ing  and t h e  sens i t i v i t y  
d r o p  signi f  i c a n t l r  when chromophore c o n t e n t  is 
lowered.  In  t h e  case o f  p o l y  (DMI-MMA) (Fig. 141, a 
s t r a i g h t  l ine  r e s u l t s  indicat ing l i n e a r  behavior 
be tween mo la r  f r a c t i o n  o f  DMI and r e c i p r o c a l  g e l  

po in t  exposure  ( sens i t i v i t y )  12’. Similiar behavior 
was observed f o r  po l ymers  w i t h  pendant  chalcone 
g roups  211. Assuming a b imo lecu la r  C2+23 r e a c t i o n  o f  
t h e  chromophore, t h e  exper imenta l  po in ts  shou ld  l i e  
on  a pa rabo la  stemming f r o m  second o r d e r  k ine t ics .  
However, f o r  a r e a c t i o n  in t h e  so l i d  s t a t e  t h e  second 
o r d e r  mechanism is highly unprobab le .  Since on ly  
t h o s e  chromophore p a i r s  forming a r e a c t i v e  s i t e  can 
r e a c t ,  and t h e  c o n c e n t r a t i o n  o f  t h e s e  s i t e s  is f a i r l y  
l o w ,  t h e  c ross l ink ing  r e a c t i o n  shou ld  f o l l o w  pseudo 
f i r s t  o r d e r  k ine t i cs  

50- 

40-  

30 - 

2 0 -  

10- 

S 

1 I I 1 I I 
1 2 5  5 7.5 10 125 

c in ( ~ 1 %  
Fig. 1s. Sensitivity as function of thionanthone sensitiaer 

concentration. Arrow: unsensitiaed polymer. 

3- Sensi t izat ion 
M o s t  c ross l i nkab le  chromophores a r e  n o t  sens i t i ve  a t  
360 - 440 nm, t h e  emission maxima o f  convent iona l  
exposure  equipment. The addi t ion o f  t r i p l e t  
sens i t i ze rs  inc reases  t h e  sens i t i v i t y  s ign i f i can t l y  (Fig. 

15) 22). General  r u l e s  f o r  sens i t i za t ion  a re :  
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PHOTOPOLYMER SYSTMS FOR LITHOGRAPHY 241 

- t h e  t r i p l e t  s t a t e  energy  m u s t  be  higher t h a n  
t h a t  o f  t h e  u n s a t u r a t e d  e s t e r  g r o u p  <58 - 55 
kCalfmo1) 

- t h e  phosphoresence t o  f l uo rescence  quan tum y ie ld  
m u s t  b e  higher t h a n  one 

- t h e  l i f e t i m e  of t h e  t r i p l e t  s t a t e  m u s t  b e  l o n g e r  
t h a n  10 m s  

- t h e  abso rp t i on  s p e c t r u m  shou ld  m a t c h  t h e  emission 
s p e c t r u m  o f  t h e  lamp 

111- Photoinduced polymerization 
Pho to  induced po lymer iza t ion  is comp le te l y  d i f f e r e n t  
f r o m  photopo lymer  c ross l ink ing  where  one s t a r t s  w i t h  
g lassy  po lymers  and increases  t h e  mo lecu la r  weight 
b y  a so l i d  s t a t e  reac t i on .  Photopolymerizat ion,  
however,  c o n v e r t s  a r e a c t i v e  l i qu id  t o  a g e l  and 
f i n a l l y  t o  a solid. 

1. Pho t oini t i r  t o r  s 23) 
1.1 Unimolecular Cleavage 
The m o s t  widely u s e d  i n i t i a t o r  systems producing  f r e e  
r a d i c a l s  invo lve  benzoy l  der iuat iues,  e.9. s u b s t i t u t e d  
benzoin e t h e r s ,  acetophenones o r ,  one o f  t h e  m o s t  
r e c e n t  developments , acul-phosphine oxides. Upon 
i r r a d i a t i o n  t h e  benzoy l  r a d i c a l  is fo rmed.  fill t h e s e  
in i t ia to rs  have been s t u d i e d  in d e t a i l  24). Besides 
p u r e l y  o rgan ic  i n i t i a t o r s  m e t a l l o  organic compounds 
w e r e  a l s o  s t u d i e d  and have been r e p o r t e d  a s  
i n i t i a t o r s  25). 

BEWZOIN DERIVATIVES ACETOPREMOMES ACVLPHOSPHIME 0 X IDES 

Fig. 16. Radical photoinitiators Ibenaoyl derivatives) 
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248 J. F i n t e r  

fill sens i t i ze rs  a r e  sens i t i ve  t o  t h e  s p e c t r u m  o f  
convent iona l  UU-mercury lamps. In some cases 
sens i t i za t ion  w i t h  dyes is a l so  possible.  

Benzoyl  de r i va t i ves  show N o r r i s h  I un imo lecu la r  
c leavage < o r  alpha cleauage) r e s u l t i n g  in t h e  c r e a t i o n  
o f  t w o  r a d i c a l s  (see Fig. 17). The m o s t  r e a c t i v e  
r a d i c a l  is t h e  m e t h y l  rad i ca l  24).  

OCH3 

4 

&!-OCHj 

Poly- 
merisatioil 

Fig. 12. Generation of radicals by photofragmentation (Norrish 
I cleavage) 

2.2 P h o t o r e d u c t i o n  S y s t e m s  

&CH3 &CH3 \ s /  

+ + L merisation 

' s /  
Poly- --c 

Fig. 18. Generation of radicals by intermolecular photoreduction 

Another  i m p o r t a n t  t y p e  o f  pho to in i t i a t i ng  s y s t e m  is 
combination o f  a romat ic  k e t o n e s  w i t h  donor 
mo lecu les  which p r o d u c e  rad i ca l s  by  a p h o t o r e d u c t i o n  
mechanism. CI t y p i c a l  example i s  shown in Fig. 18. Upon 
i r r a d i a t i o n  t h e  k e t o n e  undergoes  p h o t o r e d u c t i o n  f r o m  
i t s  ex i ted  t r i p l e t  s t a t e  w i t h  a donor mo lecu le  
a b s t r a c t i n g  a hydrogen. Two r a d i c a l s  a r e  produced. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
46

 1
9 

Fe
br

ua
ry

 2
01

3 
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The  d o n o r  r a d i c a l  i s  t h e  m o r e  r e a c t i v e .  
The b r o a d  v a r i e t y  o f  ke tone /donor  p a i r s  a l l o w s  u s  t o  
t a i l 0  r t h e  abso rp t i on  o f  a photopo lymer iza t ion  
s y s t e m  f r o m  t h e  deep UU t o  t h e  v is ib le reg ion  o f  t h e  
spec t rum.  The r e a c t i v i t y  o f  t h e s e  sys tems  i s  

i n f l uenced  b y  t h e  k e t o n e  as w e l l  by t h e  donor  22). 

3. Monomer Systems 
Olef ins a r e  s u i t a b l e  monomers f o r  r a d i c a l  
po lymer iza t ion .  Acry l i c  e s t e r s  a r e  p r e f e r r e d  f o r  t h e i r  
high propagat ion  r a t e s .  Typical monomer sys tems  
inc lude  highly viscous m i x t u r e s  o f  m u l t i  f u n c t i o n a l  
a c r y l a t e s  t o g e t h e r  w i t h  u n s a t u r a t e d  ol igomers 26). 
Adhesion, t h e r m a l  s t a b i l i t y  , s o f  ten ins  t e m p e r a t u r e  
(T,) a n d  chemical s t a b i l i t y  of t h e  c ross l i nked  image 
depend on t h e  p r o p e r  composit ion of monomers, 
r e a c t i v e  ol igomers and binders, which a r e  o f t e n  added 
t o  soak up t h e  l iqu id  components. To p r e v e n t  t h e  
quenching o f  t h e  r a d i c a l  po lymer iza t ion  b y  oxygen, t h e  
i r r a d i a t i o n  is u s u a l l y  p e r f o r m e d  e i t h e r  u n d e r  a 
n i t r o g e n  b l a n k e t  o r  u n d e r  an oxygen b a r r i e r  l a y e r  
c l o s e l y  adher ing t o  t h e  photosens i t i ve  layer,  be it a 
t r a n s p a r e n t  p o l y e s t e r  f o i l  o r  a ~ o l ~ ( u i n ~ l a l c o h o l >  
ove rcoa t .  

4. Network Format ion 
In  photopolymer iza t ion  i t  i s  v e r y  d i f f i c u l t  t o  p r e d i c t  
g e l  p o i n t  exposures and s e n s i t i v i t i e s  from monomer d a t a .  
Up till now, no complete q u a n t i t a t i v e  d e s c r i p t i o n  of  t h e  
photo polymer iza t ion  r e a c t i o n ,  i n c l u d i n g  minimal energy  
requi rements  t o  reach  t h e  g e l  p o i n t ,  can be  given. The 
systems are t o o  h igh ly  complex f o r  complete mathematical  
modeling. 

Scheme 1 shows t y p i c a l  va lues  f o r  t h e  q u a n t u m  y ie ld  
and t h e  o v e r a l l  r a t e  o f  po lymer iza t ion  o f  t y p i c a l  
Photopo lymer iza t ion  sys tems.  From s t a n d a r d  s o l u t i o n  
or b u l k  r a d i c a l  photopo lymer iza t ion  k ine t ics ,  t h e  
o v e r a l l  r a t e  o f  po lymer iza t ion  Rp and t h e  degree o f  
po lymer iza t ion  DPn a r e  de f ined ( f o r  t h e  case  o f  l o w  
o p t i c a l  densi t ies) by  eqns. 3 and 4. 

k P  

(3) Rp =- C M I [ V  
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250 J. F i n t e r  

(4) DPn =- ~ CM3/$2.383 * I; O.D:$i 
kP - 

The r a t e  o f  po lymer iza t ion  Rp shou ld  be  p r o p o r t i o n a l  
t o  t h e  s q u a r e  r o o t  o f  t h e  l ight  i n tens i t y .  In  b u l k  
polymerizat ion,  however, this behavior is obse rved  
on ly  f o r  t h e  mono func t i ona l  monomers whereas 
m u l t i f u n c t i o n a l  monomers show a n e a r l y  l i n e a r  
dependence be tween i n t e n s i t y  and po lymer iza t ion  r a t e  , 
as f i r s t  observed by  Decker 2 7 ) .  This f a c t  may be 
explained bu t h e  absence o f  t e rm ina t i on  r e a c t i o n s  in 
t h e  po lymer iza t ion  o f  m u l t i f u n c t i o n a l  monomers , e.9. 
t h e  growing r a d i c a l  t h a t  does n o t  f i n d  a r e a c t i o n  
p a r t n e r  is t r a p p e d  in t h e  m a t r i x  o f  t h e  n e t w o r k .  

There a r e  s e v e r a l  exper imen ta l  p r o o f s  f o r  t r a p p e d  
radicals.  Free r a d i c a l s  may b e  d e t e c t e d  in t h e  
c ross l i nked  n e t w o r k s  even d a y s  l a t e r  o r  
pos tpo lymer i za t i on  may be induced b y  t h e r m a l  
ac t i va t ion .  

double bonds reacted 

photons absorbed 
d P  = 

600 < $p < 2’000 in air 

3’000 < $p < 10’000 in nitrogen 

Conventional Photopolymerization 

R, - 10.5 

monofunctional monomers R,, - 10-5 

multifunctional monomers R, - 10.85 
Scheme 1: Characteristic parameters of photopolymeriaation 

The k ine t i cs  o f  po lymer iza t ion  in s o l u t i o n  and 
po lvmer iza t ion  in t h e  so l i d  s t a t e  a r e  q u i t e  d i f f e r e n t .  
In  s o l u t i o n  po lymer iza t ion  proceeds accord ing  t o  

There is a c o n s t a n t  h e a t  o f  polymerizat ion,  an 
e n t r o p y  t h a t  decreases  t o  a c o n s t a n t  v a l u e  a f t e r  
s e v e r a l  po lymer iza t ion  s t e p s  and a negat ive  f r e e  

dG = dH - TdS D
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PHOTOPOLYMER SYSTEMS FOR LITHOGRAPHY 25 1 

e n e r g y  o f  po lymer iza t ion  dG. Normal ly  t h e  r e a c t i o n  
does n o t  p roceed  under  equi l ibr ium condi t ions because 
t h e  h e a t  of  po lymer iza t ion  is u s u a l l y  much higher 
t h a n  t h e  t e r m  TdS. The r e a c t i o n  s t o p s  when t h e  
monomer is consumed. 

I n  t h e  po lymer iza t ion  o f  monomer s ingle c r y s t a l s  t o  
po lymer  s ingle c r y s t a l s  t h e r e  e x i s t  on l y  v e r y  f e w  
examples l i k e  d iace ty lenes  o r  poly(oxymethy1ena) . In 
this case a comple te  convers ion  via a topochemical  
r e a c t i o n  may a l so  be achieved because t h e r e  is n o  
g r e a t  d i f f e r e n c e  in e n t r o p y  going f r o m  one 
c r y s t a l l i n e  s t a t e  t o  ano the r .  

Log lime 

Fig. 19. TTT - (Time. Temperature. Transition) - Diagram 

I n  t h e  po lymer iza t ion  o f  l iqu id  m u l t i f u n c t i o n a l  o l e f  ins 
t h e  v i scos i t y  inc reases  w i t h  convers ion  unt i l  t h e  g e l  
po in t  is reached.  F u r t h e r  convers ion  inc reases  t h e  
c r o s s l i n k  dens i t y  which ra i ses  t h e  g lass  t r a n s i t i o n  
t e m p e r a t u r e  T,. The po lymer iza t ion  s t o p s  b e f o r e  
completion, a t  t h e  o n s e t  o f  u i t r i f i c a t i o n .  The o n s e t  o f  
v i t r i f i c a t i o n  o c c u r s  when t h e  g lass  t r a n s i t i o n  
t e m p e r a t u r e  o f  t h e  m a t e r i a l  coincides w i t h  t h e  
r e a c t i o n  t e m p e r a t u r e .  
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252 J. F i n t e r  

This complex  behav io r  is b e s t  p i c t u r e d  in t h e  T T T  - 
(Time, T e m p e r a t u r e ,  T r a n s i t i o n )  - d iagrams i n t r o d u c e d  

by Gi l lham 27’ (Fig.  19). The x -ax is  s h o w s  t h e  r e a c t i o n  
t ime, t h e  y - axis  t h e  t e m p e r a t u r e .  We h a v e  t o  d e a l  
w i t h  a.); t h e  T g  o f  t h e  u n r e a c t e d  m a t e r i a l ,  b.>; t h e  T g  
o f  t h e  c o m p l e t e l y  c r o s s l i n k e d  m a t e r i a l  a n d  c . ) ;  t h e  
r e a c t i o n  t e m p e r a t u r e .  The r e a c t i o n  goes f r o m  t h e  
liquid t o  t h e  so l id  s t a t e  , t h e  r e a c t i o n  s tops a t  t h e  
v i t r i f i c a t i o n  s inoda l .  T h e r e f o r e  m a t e r i a l s  w i t h  h igh T, 
a r e  n o t  a c c e s s i b l e  by r e a c t i o n  a t  ruom 
t e m p e r a t u r e .  
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