
CHAPTER III
E X PE R IM E N T A L  SEC TIO N

3.1 M aterials

3 .1 .1  C h e m ic a ls
3 . 1 . 1 . 1  S t y r e n e  M o n o m e r .  S ty ren e  w a s  p u rch a sed  from  F u k a  

C h e m ik a  C o .,L td . in  a n a ly tica l grade w ith  b p .=  1 4 2 -1 4 6  ๐c  and M.w.= 1 0 4 .1 5 .  
N o r m a lly , an in h ib ito r  is  ad d ed  to  th e sty ren e  m o n o m e r  to  p rev en t s e l f 
p o ly m e r iz a t io n . T h ere fo re , th e  ad d ed  in h ib ito r  [4 - /e r /-b u ty lc a th e c h o l]  w a s  

r e m o v e d  prior to  u se  (S e c t io n  3 .3 .1 ) .
3 . 2 . 2 . 2  S o d i u m  H y d r o x i d e  a n d  S o d i u m  S u l f a t e .  S o d iu m  

h y d r o x id e , 97%  a ssa y , M .w .= 4 0 .0 0 ,  w a s  p u rch a sed  from  U N I V A R  C o .,L td .  
A n h y d r o u s  so d iu m  su lfa te , 99%  a ssa y , M .w .=  1 4 2 .0 4 , w a s  p u rch a sed  from  
A N A L A R  C o .,L td .

3 . 1 . 1 . 3  P h o t o i n i t i a t o r .  P h o to in itia to r  is a k in d  o f  c o m p o u n d  

c o n s is t in g  o f  an e lec tro n  d o n o r  and an a ccep to r  to  in itia te  p o ly m e r iz a t io n  o f  
m o n o m e r . P h o to in itia to r  m u st b e  c h o se n  to  m atch  th e  ra d ia tio n  fro m  th e  lig h t  
so u r c e . T w o  ty p e s  o f  d ifferen t u v  irrad iation  so u r c e s  ( s e e  3.2 . 1.5) w e r e  u sed  
in  th is  resea rch , th ere fo re  th e  p h o to in itia to rs  a lso  c o n s is te d  o f  tw o  ty p e s . T h e  
first ty p e  u se d  w ith  lo w  in ten s ity  u v  lam p  w a s  1-h y d r o x y c y c lo h e x y l  p h e n y l  
k e to n e  w ith  Àmax at 240 n m [a n a ly tica l grad e, M.w.204.27, bp. 175 °c and  
m p .47-50 ๐c  from  A ld r ich  C o .,L td .] . T h e  se c o n d  ty p e  u sed  w ith  h ig h  in te n s ity  
U V  la m p  w a s  d ip h e n y l(2 ,4 ,6 -tr im e th y l-b e n z o y l)  p h o sp h in e  o x id e  w ith  ^ m a x  
at 365 n m  [a n a ly tica l grad e, M.w.=348.35 and m p .= 8 8 -9 2  c  from  A ld r ic h  

C o .,L td .] .
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Figure 3.1 S tru ctu res o f  p h o to in itia to rs  (a ) 1-H y d r o x y c y c lo h e x y l  p h e n y l
k eto n e; (b ) D ip h e n y l(2 ,4 ,6 -tr im e th y l-b e n z o y l)  p h o sp h in e  o x id e .

3 . 1 . 1 . 4  C h l o r o f o r m  ( C H C l f .  C h lo ro fo rm , a n a ly tica l grad e, 
w a s  p u rch a sed  from  J.T . B a k er  C o .,L td .

3 . 1 . 1 . 5  T e t r a h y d r o f u r a n ( T H F ) .  T H F , [9 9 .8 %  a s s a y ,
M . w . 7 2 .1 1, b p .6 6 .0  °C ], w a s  p u rch a sed  from  L A B  S C A N  C o .,L td .

3 . 1 . 1 . 5  U l t r a  H i g h  P u r e  N i t r o g e n  G a s  N itr o g e n  g a s  in U ltra  

H ig h  P u re grad e (U H P ; p u r ity 9 9 .9 9 9 % ) w a s  o b ta in ed  from  T IG  an d  P raxair  

C o .,L td .

3 .1 .2  S u b stra tes
3 . 1 . 2 . 1  G l a s s  S l i d e .  S ty ren e  m o n o m e r  w a s  f ir stly  d e p o s ite d  

o n  a 2 5 .4 x 7 6 .2 x 1  m m  g la s s -s l id e . D e p o s ite d  p o ly s ty r e n e  f ilm  o n  g la s s - s l id e  

ca n  b e  ch a ra cter ized  d irec tly  b y  A tten u a ted  T o ta l R e f le c t io n  (A T R ) o f  F o u rier  
T ra n sfo rm  S p e c tr o sc o p y  tech n iq u e .

3 . 1 . 2 . 2  S i l i c o n  W a f e r .  M ic r o e le c tr o n ic  d e v ic e  d e p o s it io n s  are 
b a se d  o n  s i l ic o n  w a fe r  su p p ort. T h ere fo re , th e  s tu d ie s  o f  d e p o s it io n  o f  th in -  
f ilm  o f  p o ly s ty r e n e  o n  s i l ic o n  w a fe r  are a lso  o f  in terest. A  s e t  o f  f la t-ty p e  
s i l ic o n  w a fe r  w ith  p -ty p e  d o p e d  from  M o n sa n to  C o .,L td . w a s  u se d . D u e  to  
th e  F T IR  transparent p rop erty  o f  s i l ic o n  w a fer , th e d e p o s ite d  f ilm  o n  s i l ic o n  
w a fe r  su p p ort can  b e  ch a ra cter ized  d irec tly  b y  F T IR  tr a n sm iss io n .
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3 . 1 . 2 . 3  A l u m i n u m  P l a t e .  S in c e  m e ta ls  are p a r ts  o f  

m ic r o e le c tr o n ic  structure and th e p o ro u s su r fa ce  o f  m eta l su p p o rt can  
a c c o m m o d a te  th e  d e p o s ite d  m o le c u le  to  form  a film , th ere fo re  m eta l su r fa ce  
w a s  a lso  u sed  in th is stu d y . A lu m in u m  p la te  in  c o m m e r c ia l grad e w a s  u se d  as 
a m eta l su r fa ce  in th is research .

3 . 1 . 2 . 4  Q u a r t z  D i s k .  A  quartz d isk  3 .8  cm  in  d ia m eter  and 0 .5  
cm  in th ic k n e ss  w a s  u sed  in th is stu d y .

3 . 1 . 2 . 5  P o t a s s i u m  B r o m i d e  ( K B r )  D i s k .  P o ta ss iu m  b ro m id e  

cry sta l d isk , w h ic h  is F T IR  transparent w in d o w , w a s  a lso  u se d  in th is  w o rk .

3.2 V apor D eposition  Polym erization  System

3 .2 .1  V a p o r  D e p o s it io n  P o ly m e r iz a tio n  S y s te m  C o n stru c tio n
3 . 2 . 1 . 1  G e n e r a l  L a y o u t .  T h e  v a p o r  d e p o s it io n  p o ly m e r iz a t io n  

ch a m b er  w a s  d e s ig n e d  and co n stru cted  as a b o x  w ith  1 5 0 x 1 5 0 x 3 0 0  m m  

d im e n s io n s . S in c e  o x y g e n  is th e  m a in  in h ib ito r  in free -ra d ica l p o ly m e r iz a t io n ,  
th ere fo re  p u r g in g  th e  w h o le  sy s te m  b y  in ert g a s , su ch  as U H P  n itr o g e n , is  
im p ortan t. M o r e o v e r , U H P  n itro g en  w a s  a lso  u se d  as th e  carrier g a s  to  carry  

th e  sty r e n e  v a p o r  in to  th e  ch a m b er . T h e  s ty ren e  v a p o r  w a s  g e n e r a te d  b y  
h e a tin g  sty ren e  m o n o m e r  up to  4 0  ๐c  in a w a ter-b a th . T h u s , th e  in le t  part w a s  
d e s ig n e d  to  su p p ort tw o  so u r c e s  o f  in le t  g a s , i .e . U H P  n itro g en , an d  m ix tu r e  o f  
U H P  n itr o g e n  and sty ren e  v ap or. T h e  in le t  g a s  w a s  sp read  h o r iz o n ta lly  o n to  
th e  su b stra te  su r fa ce  b y  a m a n ifo ld .

T h e  m a n ifo ld  is  a T -w a y  tu b e  w ith  m a n y  sm a ll h o le s  
m o u n te d  in s id e  th e  ch a m b er  at th e  en d  o f  th e  in le t  tu b e. It w a s  u se d  to  sp ray  
th e  in le t  g a s e s  o n to  th e su b strate . T h e  in c id e n t sty ren e  m o le c u le s  o n  su b stra te
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w e r e  p o ly m e r iz e d  b y  e x p o s it io n  to  an ex tern a l u v  irrad iation  so u r c e  th ro u g h  a 

q u artz  w in d o w  in a v er tica l p o s it io n .
T h e  top  part o f  th e  V D P  ch a m b er , th e  m a sk , w a s  

m o u n te d  w ith  a p ie c e  o f  quartz w in d o w  ( 1 0 3 x 1 0 3 x 5  m m ) w h ic h  is  u v  
tran sp aren t. T h e  m a sk  c o u ld  b e  tak en  o f f  to  rep la c e  th e  su b stra te  o n  th e  
su b stra te  h o ld er .

T h e  s u b s tr a te  w a s  p la c e d  in s id e  th e  c h a m b e r  

p erp en d icu la r  to  th e  u v  irrad iation  so u r c e  situ a ted  a b o v e  th e  q u artz  w in d o w .  
T h e  irrad iation  path len g th  w a s  d e fin e d  as th e  d is ta n c e  from  th e  su b stra te  

su r fa c e  to  th e  quartz w in d o w .

i
M o n o m e r

U V  ir ra d ia tio n  s o u rc e

(a )

Nitrogen 
carrier gas

F igu re 3.2 G en era l la y o u t o f  th e  v a p o r  d e p o s it io n  ch a m b er  (a ) T h e  ex tern a l  
c o n n e c tio n ;  (b ) G as f lo w  d iagram .

3.2 .1 .2  The F low  Raie M eter. T o  stu d y  th e  e f f e c t  o f  f lo w  rate  

o f  sty r e n e  v a p o r  o n  d e p o s it io n  rate o f  P S  th in -f ilm , tw o  f lo w  rate m eters  
c o r r e sp o n d in g  to  tw o  ra n g es  [1 1 -3 9 9  m l.N 2 /m in  an d  3 9 -3 3 1  m l .N 2 /m in  from  
C o le P a lm e r  C o .,T td .]  w e r e  in sta lled  in  th e  g a s f lo w  lin e s .

3.2.1.3 Substra te  H eating  D evice Installation. T o  s tu d y  th e  
e f f e c t  o f  h ig h  tem p eratu re  su b strate  su r fa ce , a 8 0 0 -w a tt  h ea ter  w ith  1 0 x 1 2 .5  
d im e n s io n s  w a s  a ttach ed  to  th e  su b strate  h o ld er . A  tem p eratu re  c o n tr o lle r  and  
a K -ty p e  th e r m o c o u p le  a c c e s s o r ie s  w ith  0 -3 9 9  ๐c  tem p era tu re  ra n g e  [fro m
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S h in k o  C o .,L td .]  w e r e  m o u n ted  to  the su r fa ce  o f  su b stra te  h o ld er  to  co n tro l 
an d  m o n ito r  th e tem p eratu re  o f  th e heater.

D u e  to  th e  h ig h  p o w e r  o f  8 0 0 -w a tt  su b stra te  h o ld er , th e  

e le c tr ic  current is  a lso  h ig h  (~ 4  am p ere) w ith  th e 2 2 0  V A C . T h e r e fo r e  an 8 
a m p ere  so lid  sta te  re la y  d e v ic e  w a s  in sta lled  in th e e le c tr ic a l lin e . F in a lly , th e  
h e a tin g  p la te  su b strate  h o ld er  w a s  a d ju sted  to  5 cm  irrad iation  path len g th .

temp, control.

o —
2 2 0  V A C  

๐—

in o ๐
o oout relay

Figure 3 .3  S e t up d iagram  o f  th e  e le c tr ic a l su p p lier  for a 8 0 0 W  h eater .

3.2 .1 .4  C ooling D evice Installation.
- C old Ice  C o ld  ic e  is  th e  p a c k a g e  o f  r e -refr ig era ted  

su b s ta n c e  w h ic h  g en era tes  a c o ld  su b strate  tem p eratu re  at 10 ๐c  at th e  su r fa c e  
for at m o s t  10 h ou rs. In th is  research  th e  c o ld  ic e  w a s  p a c k e d  in th e  
1 4 .5 x 1 5 x 4 .5  m m  a lu m in u m  b o x  w h ic h  w a s  a lso  c o n n e c te d  to  a th e r m o c o u p le  
to  m o n ito r  th e su b stra te  tem p eratu re . T o  se t  up  th e  b o x  o f  c o ld  ic e , all 
a c c e s s o r ie s  for 8 0 0  พ  h ea ter  h as to  b e  r e m o v e d . T h e  se t  o f  c o ld  ic e  d e v ic e  
w a s  in s ta lle d  to  g iv e  a 5 cm  irrad iation  p ath  len g th .
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- T hennoeletric  C ooling P late  D u e  to  th e  lim ita tio n  o f  
su b stra te  tem p eratu re  and c o o lin g  life - t im e  o f  c o ld  ic e , th e  u se  o f  e le c tr o n ic  
c o o l in g  d e v ic e  w a s  n eed ed . A  th e r m o e le c tr ic  c o o lin g  p la te  is  a sa n d w ic h  o f  

m a n y  d io d e s  b e tw e e n  a c o u p le  o f  o p p o s ite  c e r a m ic  p la te s . T h e  d ifferen t  
tem p era tu res  b e tw e e n  th e o p p o s ite  c e r a m ic  p la te s  are g en era ted  a fter  

in tr o d u c in g  th e d irect current v o lta g e  to  all d io d e s . T h e  u p p er  p la te  is  c o ld  
w h ile  th e  lo w e r  p la te  b e c o m e s  h ot. T h e r m o e le c tr ic  c o o l in g  p la te  w a s  
p u rch a sed  in Z -M A X  m o d e l w ith  16 V D C  from  T e llu r e x  C o .,T td . It r ep la ced  
th e  c o ld  ic e  b o x  in s id e  th e  ch a m b er  to  g iv e  lo w e r  su b stra te  tem p era tu res .

T h e  d irect current in  1 6 V D C  su p p lier  c o n s is te d  o f  a 
vari a .c . tran sform er [3 .5  a m p ere  o f  2 4 0 /2 4 0  V A C , 0 .9 8  K V A , from  S ta c o  
E n e r g y  P rod u ct. C o .] , a tran sform er [5 am p ere  o f  2 2 0 /1 6 V A C ] , a b r id g e  
r e c t if ie r  d io d e  [4  am p ere  o f  2 2 0 /2 0  v o lt s ]  and a c a p a c ito r  [4 7 0 0  M F  o f  
2 5 V D C ] ,  A ll  d e v ic e s  w e r e  a sse m b le d  as sh o w n  in F ig u re  3 .4 .

บ<>oC4

2 4 0 /2 4 0  3 .5 A  2 4 0 /2 0  4A

F igu re 3.4 E lec tr ica l a s se m b ly  o f  th e d irect current v o lta g e  su p p lier  fo r  th e  
th e r m o e le c tr ic  c o o lin g  p la te .
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Owing to the heat from the lower plate of the 
thermoelectric cooling device, a water cooling coil was needed underneath the 
lower plate. The cooling coil system consisted of a couple of aluminum strip 
plates and a 4-loop copper coil which were assembled as in Figure 3.5.

aluminum plate

grease ____
cooling water 
coil ______

aluminum strip (b)

Figure 3.5 The set up of water cooling coil for thermoelectric cooling plate 
device (a) the layer-by-layer assembling; (b) the final 
assembly.
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3 .2 .1 .5  U ltr a v io le t  I r r a d ia t io n  S o u rc e . Two u v  lamps were 
used as the u v  irradiation source. The first lamp was low intensity with a 
low-pressure mercury lamp [9 watts TUV-PLS, UV-C at 2.5 watts with 
A.max=254 nm purchased from Phillips Co.,Ltd.]. The second lamp was of 
higher intensity with a high-pressure mercury lamp [100 watts, UV-A with 
8900 pW/cm2 at 10”, and A.max=365 nm from Cole Palmer Co.,Ltd.].

3.2.2. System Assembling
1) The set of sample holder was installed inside the chamber as

in Figure 3.6.

<■

Figure 3.6 Internal assembly of substrate holder.

2) The control panel (Figure 3.7) consisted of
- A flow rate meter and its control valve.
- A set of temperature controller which is already 

connected to its thermocouple.
- Connecting gas flow tube (0.5 mm <j) teflon tube).



from monomer container

Figure 3.7 Schematic of gas flow connections at the back of the control 
panel.

3) The chamber was installed in front of the control panel
the left hand side (Figure 3.8).
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Figure 3.8 Layout of vapor deposition polymerization system;
(1) Flow rate meters; (2) control valve for flow rate meter; (3) 
valve for nitrogen purging line; (4) electrical supplier box; (5) 
vapor deposition polymerization chamber; (6) water-bath and 
monomer container; (7) a set of temperature controller and 
thermocouple.

4) The electrical wire of sample holder was connected to the 
external electrical supplier.

5) The thermocouple wire was inserted into chamber and 
attached to the substrate holder surface.

6) The chamber was closed by the cover mask.
7) The water bath together with a set of monomer container (a 

three-neck round bottom flask with its adapter) was placed in front of the 
control panel at the right hand side.

8) The gas regulator was connected at the releasing valve of the 
UHP nitrogen gas tank.
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9) The gas tube was connected at the output of gas regulator to 
the input 1 (Figure 3.7).

10) The output II (Figure 3.7) was connected to the input of 
monomer container adapter by a 2/8” teflon tube.

11 ) The output of the monomer container was connected back to 
the input III (Figure 3.7) by a 2/8” teflon tube.

12) The output IV (Figure 3.7) was connected to the input of 
vapor deposition polymerization chamber by a 2/8” teflon tube.

13) The input gases, either pure UHP nitrogen or mixture of 
UHP nitrogen and styrene monomer, were sprayed by a manifold.

14) Finally, the output of vapor deposition polymerization 
chamber was connected to outside atmosphere.

The whole set up of the vapor deposition polymerization system 
is shown in Figures 3.9, 3.10, 3.11, and 3.12

Figure 3.9 Schematic diagram of vapor deposition polymerization 
chamber with the thermoelectric cooling plate system.
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Figure 3.10 Vapor deposition polymerization system layout.

Figure 3.11 External connection of the vapor deposition polymerization
chamber.
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Figure 3.12 Installation of (a) 100 watts ;(b) 9 watts u v  irradiation lamp.
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3.3 Deposition Procedures

3.3.1 Monomer Preparation
Styrene monomer was first washed with 10% aqueous NaOH 

using roughly equal parts of the basic solution and the monomer. The mixture 
was then placed in a separatory funnel and mixed by tumbling. The heavier 
aqueous phase was drained off. The procedure was repeated once or twice 
until the liquid was clear. The monomer was then washed by distilled water 
until litmus paper showed that all the base was removed. Anhydrous Na2SC>4 
a drying agent, was added to the monomer (100g/l) with occasional tumbling. 
The drying was completed in about half an hour.

3.3.2 General Procedure for Vapor Deposition
1) The air/oxygen which was the main inhibitor for free-radical 

polymerization was flushed out by purging the UHP nitrogen through the 
manifold at 150 ml.N2/min for 3 hours. The monomer in the container was 
heated up to 40 ๐c  by water bath.

2) The purging line was closed and the control valve was 
connected to the flow rate meter The flow rate of UHP nitrogen gas was 
adjusted.

3) The u v  irradiation lamp installed on top of the quartz window 
plate was switched on.

4) The deposition line, and the flow of monomer were 
maintained for 10 minutes for the steady state conditions. The u v  lamp was 
switched off, and the deposited film was taken for characterization.
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3.4 Characterization Instruments

3.4.1 Fourier Transform Infrared spectrophotometer (FTIR)
Styrene monomer is an ethylene molecule with one of the

hydrogens replace by a benzene ring. After polymerization the double bond 
becomes a single bond. Therefore the deposited film can be characterized by 
the stretching and bending peaks of alkane, alkene and aromatic functional 
groups using an FTIR spectrometer which in this case was a BIO-RAD 
FTS45A Fourier Transform Infrared Spectrophotometer at 8 cm'* resolution 
and 16 numbers of scans per sample.

3.4.2 Gel Permeation Chromatography (GPC)
To characterize the molecular weight of deposited film, all films 

were dissolved in TFIF and analyzed by Perkin-Elmer/Waters Styragel HR5E 
column with refractive index (Perkin-Elmer series 200) detector.

3.4.3 Scanning Electron Microscope (SEM)
A JOEL 5200 2AE(MP52001) Scanning Electron Microscope 

with magnification range of 35-20,00 times was used to characterize the 
deposited film.

3.5 Determination of Deposition Weight

Deposited substrate was left in dessicator for one hour to evaporate the 
unreacted monomer. The deposition weight was calculated from the 
difference in the weight of substrate before and after dissolution in TFIF.

T
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3.6 Estimation of Film Thickness

The estimated thickness of polymer film was based on a smooth surface 
assumption. The estimated thickness was derived according to Appendix 1.2.
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