
RESULTS AND DISCUSSION
CHAPTER IV

4.1.1 Synthesis and characterization of EG spirosilicate monomer

EG spirosilicate monomer was synthesized by using 250 mmol 
of silica reacted with excess amount of EG, 125 mmol TETA and 0.2 mole % 
equivalent of NaOH to silica at 200°c for 6 hours under N2 atmosphere, as 
studied by Chivin (Chivin, 1999). Figure 4.1 presents FT1R spectra of EG 
spirosilicate monomer along with all starting materials and catalyst. According 
to specific 886 wavenumber corresponding to Si-O-C bond as shown in table
4.1, all spectra do not contain this characteristic peak (Silverstein et.al., 1981). 
Moreover, it also showed that TETA was still left in the product solution, 
which would be used further as catalyst in the step of crosslinking EG 
spirosilicate.

4.1 EG spirosilicate photoresist

To further confirm the structure of EG spirosilicate monomer 
both 'fl-NMR and l3C-NMR were also employed and resulted that the 
structure of EG spirosilicate monomer was definitely formed. Respectively, 
both 'H-NMR and l3C-NMR (see appendix) result indicated at Ô = 3.4 ppm 
and 5 = 40 ppm which is consistent with the structure of EG spirosilicate, as 
shown in Fig. 4.2, whereas DMSO-dè used as reference peak was indicated at 
8 = 2.5 ppm and 8 = 63 ppm (Silverstein et.al., 1991).
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Figure 4.1 FTIR spectra of EG spirosilicate comparing with starting 
materials and catalyst.

Table 4.1 Assignment of FTIR spectrum.
Frequency (cm 1) Functional group

3600 OH stretch : intermolecular
H-bonding

2950 Saturated C-H stretching
1200 Saturated a-cyclic of alkanes
1100 Si-0-CH2
1000 Si-O-Si & Si-O-C
886 Si-O-C
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SiOo + U O ^ \ ^ OH 

TETA + N aO H

100°c

ท / ๆน/ O—
EG spirosilicate 

monomer

Figure 4.2 Synthesis of EG spirosilicate monomer.

In addition, % ceramic yield was used to determine the structure 
of product by comparing percent weight loss of experimental data with 
theoretical calculation. From the experimental data, it was found that % 
ceramic yield of EG spirosilicate monomer was 40.82%, which was presented 
quite close to the theoretical calculation, 40.54% as shown in Fig.4.3. For each 
decomposition step the product curve indicated oxidative decomposition to 
C 02 and H20  of cyclic ring of spirosilicate monomer, as shown in eq.(4.1), 
and the silica was the product after decomposition, as shown in Fig. 4.4.
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Figure 4.3 TGA thermogram presenting % ceramic yield of EG 
spirosilicate monomer.

■ ». Si02 + C02 + H20  (4.1)

4000 3500 3000 2500 2000 1500 1000 500
W avenumber ( c m 1)

Figure 4.4 FTIR spectra of starting materials, spirosilicate monomer and 
the remaining ash of EG spirosilicate after characterized by 
TGA.
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EG spirosilicate monomer synthesized in excess ethylene glycol 
without further purification was firstly crosslinked by variation of crosslinking 
temperature in vacuum oven. Table 4.2 shows results obtained from varying 
the reaction temperature. It was found that 100°c was the best condition for 
crosslinking EG spirosilicate monomer in vacuum oven. The reason was that 
at temperature below 100°c, EG was removed too slow and at temperature 
above 100°c, EG was removed too fast, resulting in too long crosslinking time 
or too short to control the crosslinking process.

4.1.2 Crosslinking of EG spirosilicate

Table 4.2 Variation of crosslinking temperature in vacuum oven.
Temperature (๐C) Result

80 Liquid EG cannot be removed
90 Liquid EG was very slowly removed
100 Liquid EG was removed faster
110 Liquid EG was too fast removed

Another studied condition of crosslinking EG spirosilicate was 
the crosslinking time. It was characterized using FTIR, DSC and TGA 
techniques. FTIR spectra in Fig.4.5 shows that the longer crosslinking time, 
the higher crosslinked peak according to the frequency at 1000-1200 cm"1 
which indicated Si-O-C bond (Silverstein et.al., 1981). So another techniques 
used to confirm the degree of crosslink were DSC and TGA to find a more 
reliable crosslinking time.
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W avenumber (cm "1)

Figure 4.5 FTIR spectra from varying crosslinking time of EG 
spirosilicate at 110°c under vacuum.

As presented by Fig. 4.6, DSC was employed to investigate 
characteristic Tg curve of crosslinked EG spirosilicate. No change in 
characteristic Tg curve was observed at 6 to 9 hour crosslinking times and the 
lowest Tg obtained from these crosslinking reaction time was 5 ° c . TGA, in 
Fig.4.7, could confirm the particularly crosslinked time that 6 hours showed 
the best result referring to the highest % ceramic yield (Hatakeyama & Quinn,
1994).

4.1.3 Pattern process of EG spirosilicate on SiO? wafer

After the thermal crosslinking conditions of EG spirosilicate
were obtained, the EG spirosilicate was then exposed to u v  radiation to get
further more crosslinking. As compared to the thermal crosslinking, the EJV
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radiation resulted ill much higher degree of crosslink on the surface of Si02 
wafer, causing the breaking surface, see Fig 4.8. The longer exposure time, the 
more brittle surface affected by higher degree of crosslinking. Generally, when 
the structure contained too much crosslinks, polymer would be more rigid 
(Charrier, 1991), as displayed in Fig. 4.9.

Figure 4.6 DSC thermogram of crosslinked EG spirosilicate at each 
crosslinking time.

To solve the problem of brittleness on the surface of crosslinked 
EG spirosilicate due to high stress of crosslinked structure formed, it was thus 
expected that the higher number of C-C bond in molecule, the more flexibility 
in the structure.

t '

EG spirosilicate monomer 
''”"'3 hr;, crosslinking _ _  .

6 hrรุ. crosslinking 
i 2 hrs. crosslinking
9 hrs. crosslinking
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F ig u r e  4 .7  TGA thermogram of crosslinked EG spirosilicate at each 
crosslinking time.

2 hour exposure1 hour exposure

F ig u r e  4 .8  Image pattern of crosslinked EG spirosilicate using u v
radiation.
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F ig u r e  4.9 Structure of crosslinked EG spirosilicate on the surface of 
Si02 wafer.

4 .2  P G  s p ir o s i l i c a t e  p h o t o r e s is t

4.2.1 Synthesis and characterization of PG spirosilicate monomer

PG spirosilicate monomer could be synthesized using the same 
conditions used for EG spirosilicate monomer, except that the reaction 
temperature was changed to the boiling point of PG (about 240°C). Energy 
used to form PG spirosilicate monomer structure was higher than that used to 
form EG spirosilicate monomer structure, as calculated by Alchemy Software 
Program, were 28.13 and 21.86 unit respectively. It means that the same 
condition for synthesizing EG spirosilicate monomer can be adopted to 
synthesize PG spirosilicate monomer.

To confirm the structure of PG spirosilicate monomer, FTIR 
spectra were again employed, see Fig 4.10, to compare between spectra of PG
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spirosilicate monomer and starting chemicals. It was found that spectrum of 
PG spirosilicate monomer showed the absorption peaks at 1100 cm'1 and 886 
cm 1 frequency indicating to Si-O-C of spirosilicate (Silverstein et.al., 1991). 
For complete characterization PG spirosilicate monomer structure, ]H-NMR 
technique (see appendix) using DMSO-dô as reference peak was used to 
clarify the structure, table 4.3 (Skoog & leary, 1992).

Iทุ๊๐
<

Wavenumber (cm*1)

F ig u r e  4.10 FTIR spectrum of PG spirosilicate monomer.

T a b le  4.3 'H-NMR result of PG spirosilicate monomer.
Chemical shift ร tincture

a) 1.3 (m) -CH2 (saturated)
b) 1.4 (m)
c) 2.6 (m) -c h 2-o -

2.5 and 3.3 DMSO-d6 and H20  of 
DMSO-dé
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4.2.2 Pattern process of PG spirosilicate on SiO? wafer

Crosslinking PG spirosilicate monomer was carried out using 
u v  radiation. Without photomask, as shown in Fig.4.11. One and one and a 
half hour exposure time could produce enough crosslinked PG spirosilicate on 
the surface of Si02 wafer, while 2 hour exposure time showed little color, 
meaning decomposition of the crosslinked PG spirosilicate. The suitable 
crosslinking time using u v  radiation was thus chosen at one and one and half 
hours. As expected, when comparing with exposed EG spirosilicate, 
crosslinked PG spirosilicate performed a better brittleness and moisture 
absorption properties after u v  exposure. This was owing to the structure of 
PG spirosilicate containing more C-C bonds which affected on the flexibility 
of polymer chain and increased hydrophobic properties, as well, see Fig.4.12.

1.5 hour exposure 2 hour exposure

F ig u r e  4 .1 1  Crosslinked PG spirosilicate on the Si02 wafer using u v  
radiation without photomask.
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Surface of silicon wafer

F ig u r e  4.12 Schematic drawing of crosslinked PG spirosilicate structure.

4.2.3 Etching process of PG spirosilicate photoresist

After using photomask to cover the surface of polymer film 
during exposing u v , the suitable exposure time become longer, Fig.4.13. 
When using a suitable etching solution, which was 66% acetic acid in the 
solution of water, results showed that 3 hour exposure time was not enough for 
crosslinking because its surface was destroyed after passing through the 66% 
acetic acid etching solvent. Although, many results of crosslinked PG 
spirosilicate listed better properties than crosslinked EG spirosilicate, PG 
spirosilicate could not be used as polymeric photoresist because its properties, 
such as, low chemical durability and low resolution, would lead to bad quality 
of photoresist. Another solution was to look for a better side wall deposition 
polymer giving high resolution and enough thickness to use as a DNA 
detector.
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3 hour exposure 4 hour exposure

F ig  4 .1 3  Image pattern after etching of crosslinked PG  spirosilicate.

4 .2  2 - C h lo r o e t h y I m e t h y ld ic h lo r o s iI a n e  p h o t o r e s is t

rln  r4n
Cl 0  hv Ô

CIC2H5— Si-CH 3  ----- ► CIC2H5—S1-C H 3 --------►  CH3-S j - (C H 2)4
Cl 1 ~c'2 ^

4.3.1 Pattern process of 2-chloroethvlmethvldichlorosilane on Si02 
substrate

I I I 0
-ร ุ่ r-CH3

Regarding problems of EG and PG spirosilicate photoresist 
presented, 2-chloroethylmethyldichlorosilane was chosen to process polymeric 
photoresist on the surface of Si02 wafer. Exposure time was the first step of 
finding a suitable condition for uncovered and covered photoresists by 
photomask during processing of u v  exposure. For uncovering photomask 
process, results of spectra, in Fig.4.14 and Table 4.4, indicated that the longer 
exposure time the higher crosslinked bond (Silverstein et.al.,1991).
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F ig u r e  4 .1 4  FTIR  spectra o f  crossliiiked  2 -ch loroeth y lm eth y ld ich loro -  
s ila n e  u sin g  variation  o f  u v  radiation tim e w ith out 
p hotom ask  covering.

T a b le  4 .4  FT IR  assign m en t o f  crosslinked  2 - ch loroeth y lm eth y l-
d ich lorosilan e in  Fig 4 .15 .

F requency ( c m 1) Functional group
2 9 5 0 Saturated C -H  stretching
1400 -C H 2- aliphatic

1 2 7 0 -1 2 5 0 S i-C H 2
1 1 5 0 -1 0 0 0 Si-O - aliphatic

8 7 0 -8 0 0 S i-X  (X  = Cl, F)
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W hen using p hotom ask  to partially sh ield  the ray o f  u v  
radiation, 2 -ch loroeth ylm eth yld ich lorosilan e m on om er coated  SiC>2 w afer  
increased  the exposure tim e to 4  hours, as exh ib ited  in F ig .4 .1 5 . FTIR spectra  
ind icated  that the longer exposure tim e than 4 hours w as preferred according  
to  the d ecrease in peak in ten sity  at the range o f  6 0 8 -6 7 4  cm ' 1 relating to -C H 2- 
C1 bond (K oen ig , 1992). From  all results they can be sum m arized  that the 
su itable tim e for u v  projection  w as be 4  hours.

F ig u r e  4 .1 5  FTIR  spectra o f  crosslink ed  2 -ch loroeth y lm eth y ld ich loro -  
silane u sin g  u v  radiation w ith  photom ask.

T G A  techn ique w as a lso  used  to support the result that 4  hour  
exp osure tim e w as not enough  to form  co m p lete ly  crosslin k ed  2 -ch loroeth yl-  
m eth yld ich lorosilan e. B y  com paring calcu lated  w ith  experim ental % ceram ic  
y ie ld s, 69 .0%  and 5 0 .7  %, resp ectively , the experim ental data sh ow ed  low er  
value, m ean in g that crosslink ed  reaction  w as not com p lete  (F ig .4 .1 6 ).
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Cl
CH3— S i-C H 2CH2C1 

Cl
M w = 177.5

%ceramic = (2x60)xl00

-  6 8 .9‘7%

uv

ç h 3
- Si—0 -)jp 

(ÇH2)4

C H 3

Repeating Unit = 174

9 0 ๙ 0

2 S i0 2 + 6 C 0 2 + 7 H 20  
M w = 2(60)

F ig u re  4 .1 6  T heoretical % ceram ic y ie ld  o f  the repeating unit o f  a fu lly  
crosslink ed  2 -ch loroeth ly ineth yd ich lorosilane.

T o  su p p o r t th e  s tru c tu r e  o f  p a r t ia l ly  c r o s s lin k e d  2 - 
ch loroeth y lm eth y l-d ich lorosilan e, M S technique w as used  to exp la in , as 
sh ow n  in F ig .4 .17. It sh ow ed  that the base peak at m /e =  3 1 4  correlated  to the 
structure rationalized  in th is figure.

ch3 ch3 

(ÇH2 )4 ch2 ch2ci
HO—̂ i*

6 h3
ทา/e = 314

4 ,
F ig u re  4 .1 7  M S specP um representing strucmre o f  partially crosslin k ed  2 - 

chloroethy lm ethy ld ich lorosilane.



51

4 .3 .2  E tc h in g  P r o c e ss  o f  2 -C h lo r o e th v lm e th y ld ic h lo io s i la n e  
Photoresist

A fter the exposure condition  w as obtained, the d ev e lo p in g  step  
w as n ext investigated . T his step w as firstly  varied the etch in g  so lv en t by  
grou ping as acid ic, arom atic, aliphatic and m ixed  so lv en ts to pattern 
crosslin k ed  2 -ch loroeth y l-m eth y ld ich lorosilan e on surface o f  S i 0 2 w afer w ith  
variation  o f  etch in g  tem perature. T able 4 .5  listed  a num ber o f  ch em ica ls used  
as etch ing  so lven t. A cid ic  so lv en ts w ere m ostly  e ffe c tiv e  agent o f  all etching  
reagent. It is  w orth noth ing that at 8 0 ° c  etching tem perature, concentrated  
HC1 gave pattern process o f  p ositive  photoresist w hereas less  percentage o f  
H 2S 0 4 resulted  in n egative photoresist pattern.

T a b le  4 .5  E ffect o f  ch em ical etch ing  so lven ts on lithographic process.
Covered part Uncovered part

Type of solvent Room
Temp.

8 0 ° c Room
Temp.

8 0 ° c

Acidic solvent
H;SO, 0 0 0 0

95% H;SO, 0 0 0 0
90% H;SO, 0 0 0 0
85% H SO; 0 0 X 0

80% H;SO., X 0 X X
75% H2S 0 4 X X X X
70% H2S 04 X X X X
HC1 X X X 0

HNOj X X X X
CH3COOH X X X X
50%CH3COOH X X X X
Aromatic solvent
Benzene X . X
Toluene X - X -
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Table 4.5 (Cont’d)
Covered part Uncovered part

Type of solvent Room
Temp.

8 0 ° c Room
Temp.

8 0 ° c

Aliphatic solvent
Methanol X - X -
n-Propanol X - X -
Dichloroethane X - X -
Diethyl ether X - X -
Methylene chloride X - X -
Mixed Solvent (v/v)
1:1 H2S 0 4+HN03 X X X X
1:1H2S 0 4+H20 2 X X X X
1:1 H2S 0 4+CH2C12 X - X -
1:1:1 H2S 0 4+CH2C1+ X - X -

CH3OH
1:1 H2S 0 4+Toluene X - X -
1:1:1 H2ร0 4+T oluene+ X - X -

CH3OH
1:1 HCl+diethylether X - X -
1:1 HC1+CH2C12 X - X -
Mixed Solvent (v/v)
1:1 CH3COOH+H20 2 X X X X
1:1 CH3COOH+ X X X X

Propanol
1:1 CHjCOOH + X - X -

Diethylether
1:1:1 CH3COOH + X - X -

Propanol + 
Diethylether

o  = Can etch 
X = Cannot etch
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In addition, the variation o f  tem perature in variable so lv en t w as  
d elica te ly  in vestigated , as show n in table 4 .6 . P recisely , the h ighest resolution  
and the ea s iest etch ing  p rocessin g  w ere found in the condition  o f  b o iled  70%  
H2S 0 4 in so lu tion  o f  w ater for 2 m inutes, as observed  in F ig .4 .18 exh ib iting  
the pattern surface after etching.

T a b le  4 .6  E ffect o f  tem perature on etching.
T y p e  o f  so lv e n t C o v ered  p art U n c o v e r e d  p art

B o iled  10%  H 2S 0 4 X X
B o iled  30%  H 2S 0 4 X 0
B o iled  50%  H 2S 0 4 0 0
B o iled  60%  H 2S 0 4 X X
B oiled  70%  แ 2ร () , X 0
B o iled  80%  H 2S 0 4 0 0

B o iled  70%  H2S 0 4

F ig u r e  4 .1 8  Im age pattern o f  partially crosslink ed  2 -ch loroeth y lm eth y l- 
dich lorosilan e at varied etching.

8 0 % H 0S O 4 8 0 ° c 90%  H 2 S 0 4  80°c
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C oating 2 -ch loroeth y lm eth y ld ich lorosilan e on S i 0 2 w afer w as  
studied  w ith /w ith ou t u sin g  spincoater and using photom ask  to cover p olym er  
film . W ithout u sin g  spincoater, pattern resulted after etch ing  is sh ow n  in Fig. 
4 .1 9 . A p p rox im ately  the b est condition  should  be 4  hour exp osure tim e w ith  
enough  th ick n ess. 3 Hour exposure tim e w as too short b ecau se  the p olym er  
w as all etched  w hereas 5 and 6  hour exposure tim es w ere too  lon g  b ecause  
side w all d ep osition  pattern cannot be form ed due to their brittleness.

3 hour exp osu re 4 hour exposure 5 hour exp osure 6  hour exposure

F ig u r e 4 .1 9  Im age pattern o f  partially crosslink ed  2 -ch loroeth y lm eth y l- 
d ic h lo ro -s ila n e  w ith o u t u sin g  sp incoater at varied  u v  
exposure tim e.

W ith using sp incoater to control sm ooth n ess for coa tin g  2- 
ch loro -eth y lm eth y ld ich lorosilan e on S i0 2 w afer, sp eed  o f  sp incoater w as  
varied from  2 0 0  to 5 00  rpm w ith  100 ip m  interval, as sh ow n  in F ig .4 .2 0 , 4 .2 1 , 
4 .2 2 , and 4 .2 3 , respectively . B y com paring results o f  sp eed  variation, the
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sp eed  o f  sp incoater at 200  rpm gave the h ighest resolution  pattern at 4  hour 
exp osure tim e w ith  the sam e etching condition. A t higher sp eed  than 2 0 0  rpm, 
they dem onstrated the w orse pattern. The higher the speed , the w orse the 
resolution . A ccord in g  to m ore d ifficu lty  o f  etching w hen  the sp inning speed  
w as increased , it resulted in a thinner film . The covered  part, includ in g  all 
adjacent area o f  exp o sed  region, becam e easier crosslink ed  due to easier heat 
transfer.

3 hour exposure 4 hour exp osure2 hour exposure

Figure 4.20 Im age pattern o f  partially crosslinked  2 -ch loroeth y lm eth y l-  
dich lorosilan e using spincoater at 200 rpm, and varied u v  
exp osure tim e.
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3 hour exposure 4 hour exposure

F ig u re  4 .21  Im age pattern o f  partially crosslinked  2 -ch loroeth y lm eth y l-  
d ich lorosilan e using spincoater at 3 0 0  ipm , and tw o  d ifferent 
u v  exposure tim e.

3 hour exposure 4 hour exposure

F ig u re  4 .2 2  Im age pattern o f  partailly crosslink ed  2 -ch loroeth y lm eth y l- 
d ich lorosilan e u sin g  sp incoater at 4 0 0  rpm, and tw o  d ifferent 
U V  exposure tim e.
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3 hour exposure 4  hour exposure

Figure 4.23 Im age pattern o f  partailly crosslinked  2 -ch loroeth y lm eth y l- 
d ich lorosilan e u sin g  spincoater at 5 0 0  rpm, and tw o  different 
u v  exposure tim e.

4 .3 .3  E ffect o f  type o f  photom ask on 2 -ch loroeth y lm eth v ld ich loro - 
silane p hotoresist

S ta in less steel 
Photom ask

*» m  พ# 
m * *** m  sm m ,

a**; M m  '- " : :• * > I
::3E. '̂ 'พ.':;- 'รุ.̂ พ, .'พ#•พุ».-- ; ■ y: ;...«P# พ* ■ พฺ

พ »  »  a* พ  7l î ■- •• ; i

■ -
/'/•- ’^0 $&- ^ <£ ^
’■ ฟ''.*».»»#'#

^  qÿ ^  ^  .Cfc»

Tin C hrom ium A lu m in um
photom ask photom ask photom ask

Figure 4.24 Pattern o f  photom asks used.
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S ta in less stee l 
p hotom ask

Tin
photom ask

C hrom ium
photom ask

A lu m in um
photom ask

F ig u r e  4 .2 5  Im age pattern o f  partailly crosslinked  2 -ch loroeth y lm eth y l-  
d ich lorosilan e u sin g  spincoater at 2 0 0  rpm w ith  varied  type  
o f  photom ask.

A nother e ffec t studied w as type o f  photom ask  w heth er its 
therm al con d u ctiv ity  has any e ffect on the photoresist. F ig .4 .2 4  sh ow s  
different type o f  photom ask having  different therm al con d u ctiv ity , and 
F ig .4 .2 5  sh o w s that stain less steel and tin photom asks w h ich  h ave low er  
therm al con d u ctiv ity , 0 .1 8 7  and 0 .6 6 6  w /c m  K, introduced n egative  
p h otoresist patterns, w hereas chrom ium  and alum inum  p hotom ask s w hich  
have h igher therm al con du ctiv ity , 0 .9 3 7  and 2 .3 7  w /c m  K, produced  p ositive  
p h otoresist pattern. It cou ld  be exp lained  by sim ulation  o f  form in g  n egative  
and p o sitiv e  p hotoresist patterns in Fig. 4 .2 6  and 4 .2 7 , resp ectively .

For n egative photoresist, the exp o sed  areas cou ld  be d irectly  
form ed  crosslin k ed  structure w h ile  the sh ielded  areas m uch less  crosslin k ed  
reaction  w as occurred. A fter etch ing  process w ith  b o iled  70%  H 2SO 4 so lu tion , 
the crosslin k ed  2 -ch loroeth ylm eth yld ich lorosilan e w as left on a surface o f  
S i0 2  w afer generating  n egative  photoresist pattern.
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F ig u r e  4 .2 6  S im ulation  o f  n egative p hotoresist form ation u sin g  sta in less  
steel and tin photom asks.

F ig u r e  4 .2 7  S im ulation  o f  p ositive  photoresist form ation u sin g  chrom ium  
and alum inum  photom asks.

On the other hand, for p ositive  photoresist, the reaction  at the 
u ncovered  area occurred m uch less crosslink ing  than the em bedd ed  areas due 
to the h igher heat transfer from  m etal to the polym er. A fter etch in g  p rocess  
w ith  b oiled  70%  H2SO 4 so lu tion , the h ighest crosslink ed  part, covered  area o f  
2 -ch loroeth ylm eth yld ich loro -silan e w ou ld  be left on the surface o f  S iÛ 2 w afer  
exh ib iting  p ositiv e  photoresist pattern.
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