
CHAPTER I
INTRODUCTION

1.1 Problem Statements

In  th e  p a s t  d e c a d e ,  th e  d e v e lo p m e n t  o f  m ic r o m a c h in e d  s i l i c o n - b a s e d  
d e v ic e s  s u c h  a  s o l id  s ta te  g a s  s e n s o r  h a v e  b e e n  r a p id ly  g r o w in g  b e c a u s e  o f  

th e i r  lo w e r  m a n u f a c tu r in g  c o s t ,  lo w e r  e n e rg y  c o n s u m p t io n  a n d  f a s te r  r e s p o n s e .  

T h e  s e n s o r  c a n  b e  u s e d  to  m o n i to r  th e  p u r i ty  o f  m ic r o e le c t r o n ic  p r o c e s s in g  

g a s e s ,  e n v i r o n m e n ta l  a n d  a u to m o t iv e  e x h a u s t  g a s e s .  T h e  a c t iv e  s e n s in g  a re a  
c o n ta in s  a  t e m p e r a tu r e - p r o g r a m m a b le  u l t r a  th in  f i lm  f a b r ic a te d  o n to  a  s in g le  
s i l ic o n  c ry s ta l  w a f e r  u s in g  a  c h e m ic a l  v a p o r  d e p o s i t io n  ( C V D )  te c h n iq u e .  T h is  

C V D  p r o c e s s  u t i l iz e s  th e  b o r o n - d o p e d  s i l ic o n  h e a te r  b u i l t  in to  e a c h  s e n s o r  u n it  

to  in i t ia te  th e  th e rm a l  d e c o m p o s i t io n  o f  th e  m e ta l  p r e c u r s o r  m o le c u le s .  T h e  

b a c k s id e  o f  th e  s e n s o r  w a s  g e t t in g  h o t  c a u s in g  m e ta l  f i lm s  to  b e  s h o r te d  o u t  
d u r in g  th e  C V D  p r o c e s s .  A  s u i ta b le  m a te r ia l  is n e e d e d  to  p r o te c t  th e  b a c k s id e  
o f  th e  s e n s o r  w ith  th e r m a l  s ta b i l i ty ,  g o o d  a d h e s io n ,  g o o d  c o n f o r m a l  c o v e r a g e ,  
e le c tr ic a l  in s u la t io n ,  a n d  a  th e r m a l  e x p a n s io n  c o e f f ic ie n t  ( C T E )  is  c lo s e  to  th a t  

o f  th e  s u b s t r a te .  P o ly im id e  is  a n  a p p r o p r ia te  p r o te c t iv e  m a te r ia l  b e c a u s e  it c a n  

fu lf i l l  a lm o s t  a ll  o f  th e  s p e c i f ic  r e q u ir e m e n ts .  H o w e v e r ,  a ll o f  p o ly im id e  
p r o p e r t ie s  m a y  b e  im p r o v e d  b y  a d d in g  a n  in o rg a n ic  f i l le r  to  p r o d u c e  a  
c o m p o s i te  m a te r ia l .
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1.2 Background

1.2.1 P o lv im id e s - S y n th e s i s  a n d  P ro p e r t ie s
P o ly im id e s  h a v e  p la y e d  a n  im p o r ta n t  ro le  a s  c o a t in g  m a te r ia ls  in  

th e  m ic r o e le c t r o n ic s  in d u s tr y  d u e  to  th e i r  o u ts ta n d in g  th e r m a l  s ta b i l i ty ,  
e le c t r ic a l  r e s is ta n c e ,  in e r tn e s s  to  s o lv e n ts ,  a n d  e x c e l le n t  d u r a b i l i ty .  P o ly im id e s  

c a n  b e  s y n th e s iz e d  b y  a  tw o - s ta g e  c la s s ic a l  m e th o d  a s  d e s c r ib e d  b y  W ils o n  e t 

a l. (1990). T h e  f i r s t  s ta g e  s ta r t s  w i th  a  p o ly ( a m ic  a c id )  w h ic h  is o b ta in e d  f ro m  

th e  p o ly c o n d e n s a t io n  o f  d ia m in e  a n d  d ia n h y d r id e  in  a  p o la r  a p r o t ic  s o lv e n t ,  
s u c h  a s  N .N - d im e th y l f o r m a m id e  ( D M F ) ,  N ,N - d im e th y la c e ta m id e  ( D M A C ) ,  
a n d  N - m e th y l - 2 - p y r r o l id o n e  (N M P )  a t 15 to  75 °c. T h e  p o ly ( a m ic  a c id )  is 
th e n  c y c lo d e h y d r a te d  to  th e  c o r r e s p o n d in g  p o ly im id e  b y  h e a t in g  a t  e le v a te d  

te m p e r a tu r e s .  A  ty p ic a l  m o le c u la r  s t r u c tu r e  o f  p o ly im id e  w ith  a  p o ly ( a m ic  

a c id )  c o u n te r p a r t  is  s h o w n  in  F ig u r e  1 .1 . S in c e  th e  p o ly im id e  is o f te n  
in s o lu b le  a n d  in fu s ib le ,  it is  u s u a l ly  p r o c e s s e d  in  th e  fo rm  o f  th e  p o ly ( a m ic  
a c id ) ,  w h ic h  is th e r m a l ly  im id iz e d  in  p la c e .

T h e  o n e - s te p  s y n th e s is  is a n o th e r  m e th o d  th a t  c a n  b e  u s e d  to  

p r e p a r e  a  p o ly im id e .  In  p a r t ic u la r ,  th e  d ia m in e  a n d  d ia n h y d r id e  a r e  m ix e d  

to g e th e r  a n d  s t i r r e d  w ith  a  h ig h - b o i l in g  p o in t  o f  o r g a n ic  s o lv e n t  a t 1 8 0  to  2 2 0  
°c. U n d e r  th e s e  c o n d i t io n s ,  c h a in  g ro w th  a n d  im id iz a t io n  e s s e n t ia l ly  o c c u r  
s p o n ta n e o u s ly .  T h e  w a te r  g e n e r a te d  in  im id iz a t io n  s te p  is  u s u a l ly  a l lo w e d  to  

d is t i l l  f ro m  th e  r e a c t io n  m ix tu re .  N i t r o b e n z e n e ,  a - c h lo r o n a p th a l e n e  a n d  เท- 
c re s o l  c o n ta in in g  is o q u in o l in e  a re  th e  m o s t  w id e ly  u s e d  s o lv e n ts .  T h e  o n e - s te p  
m e th o d  is e s p e c ia l ly  u s e fu l  fo r  th e  p o ly m e r iz a t io n  o f  u n r e a c t iv e  d ia n h y d r id e  
a n d  d ia m in e .  F o r  e x a m p le ,  p h e n y la te d  d ia n h y d r id e  c a n n o t  b e  u s e d  to  p r e p a re  
a  h ig h  m o le c u la r  w e ig h t  p o ly ( a m ic  a c id )  in v o lv in g  th e  c la s s ic a l  m e th o d .  B u t 
th e s e  s te r ic a l ly  h in d e r e d  m o n o m e r s  c a n  re a c t  r a p id ly  w ith  d ia m in e  a t  e le v a te d  
te m p e r a tu r e s  to  g iv e  a  h ig h  m o le c u la r  w e ig h t  p o ly im id e .
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Figure 1.1 The two-stage synthesis o f polyimide from pyromellitic 
dianhydride (PM DA) and 4,4’-oxydianiline (ODA).

D u r in g  th e  p a s t  d e c a d e ,  p o ly im id e s  h a v e  b e e n  p r e p a r e d  w ith  
v a r io u s  ty p e s  o f  s t r u c tu r e s .  T h e  p h y s ic a l  p r o p e r t ie s  o f  th e  p o ly m e r s  a re  
u s u a l ly  v a r ie d  w ith  th e  m o le c u la r  s t ru c tu re .  T h e  e f f e c ts  o f  s t r u c tu r a l  c h a n g e s  
in  th e  p o ly im id e  b a c k b o n e  u p o n  th e  p r o p e r t ie s  h a v e  b e e n  e x te n s iv e ly  
in v e s t ig a te d .  F o r  e x a m p le ,  th e  g la s s  t r a n s i t io n  te m p e r a tu r e  (T g )  w a s  a f f e c te d  
b y  is o m e r ic  a t ta c h m e n ts  a lo n g  th e  c h a in  w ith  meta c a te n a t io n  im p a r t in g  th e  
g re a te s t  lo w e r in g  o v e r  th e  m o re  c o m m o n  para c a te n a t io n .  Ortho c a te n a t io n  
w a s  n o t f o u n d  to  b e  e f f e c t iv e  in  lo w e r in g  T g . T h e r m o - o x id a t iv e  s ta b i l i ty  in
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p o ly im id e s  c a n  b e  r e la te d  to  th e  o x id a t io n  s ta te  o f  th e  c o n s t i tu e n t  d ia m in e  a n d  

d ia n h y d r id e  m o ie t ie s ,  w ith  th e  d ia m in e  b e in g  m o re  im p o r ta n t  th a n  th e  

d ia n h y d r id e .  P r e f e r r e d  u n i ts  in  th e  d ia m in e  w o u ld  b e  b r id g in g  g r o u p s  s u c h  a s  

c a r b o n y ls ,  s u lp h o n e s  o r  h ig h ly  f lu o r in a te d  a lk y ls .  T h e  s o lu b i l i ty  o f  p o ly im id e s  

is r e la te d  to  th e i r  c h e m ic a l  s t ru c tu re .  T h e  meta a n d  ortho c a te n a t io n  a lo n g  th e  
m a in  c h a in  c a n  e n h a n c e  th e  s o lu b i l i ty  o f  e v e n  h ig h ly  a r o m a t ic  s y s te m s .  C o lo r  
in  p o ly im id e s  is c a u s e d  b y  c h r o m o p h o r ic  u n its  o r  im p u r i t ie s  in  s ta r t in g  

m a te r ia ls .  T h e  lo w e r in g  o f  e le c t r o n ic  in te r a c t io n s  h a v e  b e e n  s h o w n  to  g iv e  

h ig h ly  c o lo r e d  to  c o lo r le s s  p o ly m e r s .

P o ly im id e  is u s e fu l  a s  a  v e r y  h ig h  p e r f o r m a n c e  c o a t in g  m a te r ia l  
in  s e m ic o n d u c to r  d e v ic e s .  T h e  m a jo r  c o n c e r n  fo r  th e s e  a p p l ic a t io n s  s h o u ld  b e  
th e  s t r e s s  d e v e lo p m e n t  d u r in g  th e r m a l  p r o c e s s e s  w h ic h  a r i s e s  f ro m  th e  

m is m a tc h  b e tw e e n  c o a t in g  m a te r ia l  a n d  th e  s u b s tr a te .  I t  w a s  fo u n d  th a t  a  

s im i la r  th e rm a l  e x p a n s io n  c o e f f ic ie n t  (C T E )  c a n  m in im iz e  th is  th e rm a l  

m is m a tc h .  T h e  p o ly im id e  s t r u c tu r e  is r e la te d  to  th e  C T E . T h e  f le x ib le  
p o ly im id e  c o n ta in in g  m a n y  o x y g e n  o r  s u lp h u r  l in k a g e s  u s u a l ly  h a s  h ig h e r  
C T E  a s  r e p o r te d  b y  N u m a ta  e t a l. ( 1 9 8 6 ) .  T h e  te n s i le  s t r e n g th  a n d  m o d u lu s  a t 

23  ๐c  a re  o th e r  p r o p e r t ie s  th a t  c a n  b e  r e la te d  to  th e  p o ly im id e  s t r u c tu r e .  T h e  

r ig id - r o d  p o ly im id e  u s u a l ly  h a s  a  h ig h e r  te n s i le  s t r e n g th  a n d  m o d u lu s  b u t  it 

e x h ib i t s  a  lo w e r  p e r c e n t  e lo n g a t io n .  T h is  r e s u l t  r e v e a ls  th a t  th e  r ig id - r o d  
p o ly im id e  is m o re  b r i t t le  th a n  th e  f le x ib le  o n e .

1 .2 .2  T h e  O r g a n o p h i l ic - C la v  F i l le r

C la y  m in e ra l  is a  s p e c if ic  m a te r ia l  in  so il  w h ic h  c o n s i s t s  o f  m a n y  
k in d s  o f  m in e ra ls .  M o s t  o f  th e  c la y  m in e ra ls  a re  c r y s ta l l in e  a n d  c o m p o s e d  o f  
m a n y  r e p e a t in g  p la n e s  o f  o x y g e n  a n io n  h o ld in g  to g e th e r  w i th  th e  s p e c if ic  
c a t io n s ,  s u c h  a s  a lu m in u m  a n d  s i l ic o n  io n s  a s  d e s c r ib e d  b y  M il le r  a n d



D o n a h u e  (1 9 9 0 ) .  T h e  s t r u c tu r e  o f  a  p a r t ic u la r  c la y  m in e ra l  is s h o w n  in  F ig u re

1.2.
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Figure 1.2 The two-dimensional model illustrating the arrangement 
of each component in a unit o f clay mineral.

M o n tm o r i l lo n i te  is a  g ro u p  o f  s m e c t ic - c la y  m in e r a l s  w h ic h  
c o n s is t s  o f  m a n y  la y e r s  o f  o c ta h e d r a l  a lu m in a te  s h e e ts  s a n d w ic h e d  b e tw e e n  

te t r a h e d r a l  s i l ic a te  la y e rs . S ta c k in g  o f  th is  s t r u c tu r e  le a d s  to  a  r e g u la r  w e a k  

d ip o la r  o r  v a n  d e r  W a a ls  in te r a c t io n  b e tw e e n  th e  la y e rs .  I s o m o r p h ic  
s u b s t i tu t io n  in  e a c h  la y e r  g e n e r a te s  n e g a t iv e  c h a rg e s  th a t  a r e  c o u n te r b a la n c e d  
b y  h y d r a te d  s o d iu m  o r  p o ta s s iu m  io n s  r e s id in g  in  th e  in te r la y e r  s p a c e s .  D u e  to  

th is  s p e c ia l  c h a r a c te r i s t ic ,  m o n tm o r i l lo n i te  c a n  b e  e a s i ly  d is p e r s e d  in  w a te r  
r e s u l t in g  in  a s ta b le  c o llo id .

T y p ic a l ly ,  th e  n a tu ra l  m o n tm o r i l lo n i te  is  to o  h y d r o p h i l ic  to  
d is p e r s e  in  a n  o r g a n ic  m a tr ix .  I ts  d is p e r s ib i l i ty  c a n  b e  im p r o v e d  to  m a k e  it 

u s e fu l  b y  io n  e x c h a n g e s  w ith  a n  o r g a n ic  c a t io n  m o le c u le ,  s u c h  a s  c a t io n ic  
s u r f a c ta n t ,  o n to  th e  f i l le r  'ร s u r f a c e .  T h e  a r r a n g e m e n t  o f  s m e c t ic - c la y  s t r u c tu r e  
b y  c a t io n  e x c h a n g e s  w ith  c a t io n ic  s u r f a c ta n t  is s h o w n  in  F ig u r e  1.3.
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Figure 1.3 The arrangement o f smectic-clay structure by cation 
exchanges with cationic surfactant.

T h e  f u n c t io n s  o f  o rg a n ic  c a t io n  m o le c u le s  in  o r g a n o p h i l ic - c la y  

a re  to  lo w e r  th e  s u r f a c e  f re e  e n e r g y  o f  th e  s i l ic a te  la y e rs  a n d  to  im p r o v e  th e  

w e t ta b i l i ty  b e h a v io r  o f  hy  d ro p h o b ic  p o ly m e r  m a tr ix .  In  a d d i t io n ,  th e  o r g a n ic  

c a t io n  m a y  c o n ta in  v a r io u s  f u n c t io n a l  g ro u p s  th a t  c a n  r e a c t  w i th  th e  p o ly m e r  
m o le c u le  to  im p r o v e  th e  a d h e s io n  s t r e n g th  b e tw e e n  th e  in o r g a n ic  p h a s e  a n d  
th e  m a tr ix  a s  r e p o r te d  b y  G ia n n e l i s  (1 9 9 6 ) .

1 .2 .3  N a n o c o m p o s i te

N a n o c o m p o s i te  is a ty p e  o f  c o m p o s i te s  c o n ta in in g  f i l le r  th a t  h a s  
a t  le a s t  o n e  d im e n s io n  in  r a n g e  o f  n a n o m e te r ,  i.e . a  b i l l io n th  o f  a  m e te r ,  a s  
d e f in e d  b y  M o rre l l  ( 1 9 9 4 ) .  M o s t  o f  n a n o c o m p o s i te s  c a n  b e  p r o d u c e d  b y  u s in g  
m e ta l  p a r t ic le s ,  c o l lo id s ,  a n d  s m e c t ic - c la y  m in e ra ls .  N a n o te c h n o lo g y  h a s  
g a in e d  w id e  in te r e s t  in  th e  d e v e lo p m e n t  o f  a  n o v e l  p o ly m e r ic  c o m p o s i te ,  s u c h  
a s  n y lo n  6 - c la y  n a n o c o m p o s i te s  w h ic h  w e re  p r o d u c e d  b y  U s u k i  e t a l. ( 1 9 9 3 ) .  
T h e  p o ly im id e - s i l i c a  h y b r id  p re p a r e d  b y  M a s c ia  a n d  K io u l  (1 9 9 5 )  is  a n o th e r  
e x a m p le  o f  p o ly m e r  n a n o c o m p o s i te s .
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R e c e n t ly ,  P in n a v a ia  e t a l. ( 1 9 9 6 )  d e s c r ib e d  th e  th r e e  g e n e ra l

ty p e s  o f  c o m p o s i te s  w h ic h  a re  p r o d u c e d  b y  d i s p e r s io n  o f  c la y  m in e r a ls  in  a 

p o ly m e r  m a tr ix .  A  conventional composite c o n ta in s  th e  e x is t in g  c la y  ta c to id s  

in  th e i r  o r ig in a l  a g g r e g a te d  s ta te  w i th  a n  u n in te r c a la te d  p o ly m e r  c h a in  a lo n g  

th e  s i l ic a te  la y e rs .  A n  intercalated nanocomposite is  fo r m e d  b y  th e  in s e r t io n  
o f  o n e  o r  m o r e  p o ly m e r  c h a in s  in to  th e  c la y  g a l le r ie s  r e s u l t in g  in  a  w e ll  

o r d e r e d  m u l t i l a y e r  w i th  a l te r n a t in g  p o ly m e r  c h a in s  a n d  n a n o s c a le  in o rg a n ic  

la y e rs . A n  exfoliated nanocomposite c a n  b e  o b ta in e d  b y  s e p a r a t io n  o f  a  s in g le  

s i l ic a te  la y e r  in  th e  p o ly m e r  m a t r ix  w i th  th e  a v e r a g e  d is ta n c e  o f  e a c h  la y e r  

d e p e n d in g  o n  th e  c la y  c o n te n t .  T h e  c la y  c o n te n ts  o f  a n  e x f o l ia te d  
n a n o c o m p o s i te  a re  u s u a l ly  m u c h  lo w e r  th a n  in  in te r c a la te d  n a n o c o m p o s i te s .  

In  a d d i t io n ,  th e  u n d is p e r s e d  h y b r id  c o r r e s p o n d s  to  a  c o n v e n t io n a l  c o m p o s i te  

w h e r e a s  th e  f in e  d is p e r s e d  h y b r id  c o r r e s p o n d s  to  e i th e r  a n  in te r c a la te d  o r  an  

e x f o l ia te d  n a n o c o m p o s i te .  T h e  s c h e m a t ic  i l lu s t r a t io n  o f  th e  th r e e  p o s s ib le  
ty p e s  o f  p o ly m e r - c la y  h y b r id s  a re  s h o w n  in  F ig u r e  1.4.

C o n v e n t io n a l
c o m p o s i te

In te rc a la te d
n a n o c o m p o s i te

E x f o l ia te d
n a n o c o m p o s i te

P o ly m e r  c h a in A lu m in o - s i l i c a te  la y e r

Figlire 1.4 The three possible types o f polymer-clay composites.
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In  th is  r e s e a r c h ,  th e  o r g a n o p h i l ic i ty  o f  n a n o s c a le  f i l le r  w il l  b e  

im p r o v e d  b y  c a t io n  e x c h a n g e s  w ith  a  s u r f a c ta n t  c o m p o u n d  p r io r  to  p re p a r in g  

p o ly im id e  h y b r id  m a te r ia ls .  T h is  m o d if ic a t io n  te c h n iq u e  w il l  in c re a s e  th e  

d i s p e r s io n  o f  f i l l e r  in to  t h e  p o l y m e r  m a t r i x .  B o th  p h y s i c a l  a n d  

th e r m o m e c h a n ic a l  p r o p e r t ie s  o f  th e  n a n o c o m p o s i te  w il l  a ls o  b e  e x p e c te d  to  

im p r o v e  b y  u s in g  th is  m e th o d .

1.3 Objectives

T h e  g o a l o f  th is  w o r k  is  to  f in d  o u t  a n  a p p r o p r ia te  p r o te c t iv e  p o ly m e r  

c o a t in g  fo r  m ic r o e le c t r o n ic s  d e v ic e s  u s in g  p o ly m e r - c la y  n a n o te c h n o lo g y  
c o n c e p t .  T h e  m a te r ia l  r e q u i r e s  a  h ig h  th e r m a l  s ta b i l i ty  o f  m o r e  th a n  400 °c , 
g o o d  e le c t r ic a l  in s u la t io n  a n d  c o n fo rm a l  c o v e r a g e  to g e th e r  w i th  a  th e rm a l  

e x p a n s io n  b e h a v io r  is c lo s e  to  th a t  o f  th e  s i l ic o n  c ry s ta l  w a f e r  s u b s t r a te  ( C T E  
a v e r a g e  b e tw e e n  50 a n d  300 ° c  is 2-4 p p m /° C ) .
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