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ABSTRACT: Diazonaphthoguinone-5-sulfonyl polycarbosilane (DNP) was synthesized by reacting
diazonaphthoquinone-5-sulfonylchoride with poly(aminopropyl carbosilane), prepared from polycar-
bosilane and allylamine. Cinnamoyl group substituted polysiloxane copolymer was prepared by
reacting poly(dimethyl-co-methylaminopropylsiloxane) with cinnamoyl chloride. Photosensitivity and
contrast of these polymers depended on the kinds and quanitites of the sensitizers. In case of
DNP, the sensitivity was 240~350 m]J/cm® and the contrast was 1.48~2.07. A theoretical equation
for the change of the resist film thickness as a function of the exposure time was derived. From
the theoretical equation, the profile of the film thickness change at various exposure times could
be simulated using the optical parameters calculated from the optical transmittance measurements
of the exposed film. The sensitivity value determined from the equation was similar to the one
obtained from the conventional yield of residual film method.

Introduction

Organosilicon polymers with photosensitive sub-
stituents in the side chain have been used as nega-
tive or positive photoresists. They have good ther-
mal stability, resistance to etching in oxygen plas-
mas in comparison with organic materials, and ex-
cellent coating properties due to their very low sur-
face energy. Thin films of about 1500 A can be
obtained by spin coating without pinhole.! Babich
et al*® demonstrated the lithographic utility of di-
azonaphthoquinone polysiloxane prepared from the
condensation of polyaminopropylsiloxane and diazo-
naphthoquinone-5-sulfonylchloride as a negative
photoresist. It is well known that diazoquinones
rearrange to ketocarbenes on exposure to UV irra-
dition, and converted to ketene by Wolff-Sues rear-
rangement. These ketenes react with water to form
carboxylic acid derivatives, which are soluble in al-
kaline solutions. But by irradiating the mixture of
diazonaphthoquinone polysiloxane and aminopropyl
polysiloxane, they were crosslinked via the reaction
of quinonediazo group with primary amine.!

We prepared aminopropylpolycarbosilane with dif-
ferent =Si-H group content by controlling the time
and temperature of the therrnal decomposition of
polydimethylsilane, and then introduced naphtho-

quinone diazo group in the side chain. And cinna-
moy! group substituted polysiloxane photoresist was
also synthesized by reacting poly(dimethyl-co-meth-
ylaminopropylsiloxane) with cinnamoyl chloride.
The sensitivities of the prepared compounds were
compared with that of diazonaphthoquinone poly-
siloxane.

Many methods to determine the sensitivity and
contrast of the photosensitive polymers been have
proposed. The kind and amount of the sensitizer
added to the resist composition, and the molecular
weight of the backbone resin, etc can result in a
considerable variation of image forming performa-
nce. Especially the yield of residual film method
proposed by Shim ef al.*® have been used for the
determination of the sensitivity. But it is time con-
suming and the accuracy is not high. In the analysis
of the image forming properties of positive photore-
sists, Dill ef al.” have proposed a theoretical process
model which describes the removal rate of soluble
reactants from the photoresist in the developer ac-
cording to the degree of exposure by measuring
three optical parameters. We have applied these
parameters to determine the sensitivity of the neg-
ative photoresist by measuring the transmittance
of the UV light through the sample, and compared
it with results obtained by the yield of residual
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film method. A theoretical equation describing the
film thickness change after development as a func-
tion of the exposure time was developed. With this
model, the relationship between film thickness cha-
nge and the exposure dose can be profiled by com-
puter simulation without further experiments.

Theory

Photoresist consists of three absorbing species:
the base polymer, the sensitizer, and the reaction
products. Exposure converts base polymer to reac-
tion products by reducing the total absorption of
the photoresist. For negative photoresist, optical pa-
rameters X, Y and Z were derived based on Dill's
model® Optical absorption derived from Lambert-
Beer law is given as following equation (1).

olx, 1)

=—Ix, t) lam(x, D+
ox

asms(x, t)+asms(x, H] (1

where I(x, 1) : the light intensity at any depth (x)
in the film and exposure time (¢)
mq(x, t) . the molar concentration of the sen-
sitizer
my(x, 1) . the molar concentration of the
base resin
mslx, £) I the molar concentration of the
reaction product
a, - the molar absorption coefficient of the
sensitizer
a, . the molar absorption coefficient of the
base resin
a; . the molar absorption coefficient of the
reaction product.

The degree of crosslinking of base polyme, ms(x,
1) is given by equation (2).

omyx, 1) —
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where Z is the radical and ion generation rate to
light intensity.

Optical parameters, X, Y, and Z were obtained
as follows by solving the equations (1) and (2) un-
der given initial and boundary conditions.

M, 0)=1 (3)
IO, =1, @
Ix, O)=1, exp (—X+Y) x) (%)
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where I, . the constant lamp light intensity
d . the resist film thickness
T(cc) . the transmittance of the completely
exposed film
T(O) : the transmittance of an unexposed
film.

The relationship between M(x, {) and ¢ was deri-
ved to determine the unreacted photoresist film
thickness change after developing, M(x, #) as a fun-
ction of the exposure time, f. The light intensity
and unreacted film thickness change at any depth
and exposure time in the film can be described
as equations (10) and (11).
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Equations (10) and (11) can be given to equations
(12) and (13).

M:P(x, £ (12)
ox
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P, 1) and Q(x, t) are
Pk, H=—1Ikx, ) [X+Y M(x, 8)] (14)
Qkx, Y=—M@, ) Ik, t) Z (15)

By rearranging equations (14) and (15), M(x, ¢) is
derived as follows.

Qx, H X
Pk, t)y Z—Y Qx, O

Since M, O)=1, I(O, )=1I,, and P can be a func-
tion of only film thickness, x and @ can be functions
of only exposure time, {. Intergrating equation (12),

Mk, H= (16)

f dlt, 0= Pw) dx
I, H=P'@)+C 17
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where P'(x) is a primitive function of P(x) and C,
is an integration constant. From equation (5), P(x)
is obtained as follows.

Itx, O)=1, exp (—(X+Y) x)
=P0+C,

PO=—4 P +C)

==I, X+Y) exp (—(X+1) ») (18)

Integrating equation (13),

J’d Mtx, t)=f Q) dt
M@, H=Q'®)+C; 19

where Q'(#) is a primitive function of Q) and C.
is integration constant. From equation (6), Q() is
obtained as follows.

M@, H=exp (=1, t 2)
=QM+C,

—d
Q) =—r QO+C)

QW=—1, Z exp (-1, t 2) (20

Equations (18) and (20) are sustituted into equation
(16), and M(x, t) is derived as follows,

QnHn X

MeD="p07-1 6O

21

The profile of the unreacted film thickness change
to exposure time, { can be simulated by inserting
the optical parameter values (X, Y, Z) and P and
Q@ values determined from equations (18) and (20).

Experimental

Materials. Allyamine (Aldrich), 2,6-dichloro-4-
nitroaniline (Tokyo Kasei Kogyo Co.), isopropylal-
chol(Shinyo Pure Chem.), and henzophenone (Ald-
rich) were used without funther parificatim. Cinna-
moyl chloride was prepared from cinnamic acid and
thionyl chloride according to the proceduce descri-
bed in the literature? 5-Nitroacenaphthene was ob-
taitned from nitration of acenaphthene. Diazonaph-
thoquinone-5-sulfonyl polycarbosilane (DNP) was
prepared from polyaminopropylcarbosilane with
diazonaphthoquinone-5-sulfonylchloride  according
to the literature procedure.” Toluene (Aldrich) was

10

purified in the usual manner.

Synthesis of Poly(dimethyl-co-methylsil-
oxane) (PDS). As a typical example, 29.3 g of he-
xamethylcyclotrisiloxane (D3), 0.72 mL of 1,3,5,7-tet-
ramethylcyclotetrasiloxane (TMCTS), 042 mL of
hexamethyldisiloxane (HMDS), and 1.62 mL trifluo-
roacetic acid as catalyst were placed in a 50 mL
four-necked round bottom flask equipped with a
mechanical stirrer, thermometer, reflux condenser,
and nitrogen inlet tube. Reaction was carried out
under N, stream for 24~40 hr at 70 C. The result-
ing viscous liquid was dissolved in 100 mL of dich-
loromethane and washed with distilled water to re-
move the acid catalyst. Cyclic siloxane oligomers
were removed by washing with methanol and evap-
orating under reduced pressure. The titration of
Si-H bond in PDS was carried out by referring to
Smith’s method."” PDS was reacted with mercuric
acetate in CHCly/MeOH (11 Vol) cosoivent, the
evolved acetic acid was titrated with a methanol
solution of KOH, using phenolphthalein as indica-
tor.

Synthesis of Cinnamoyl Group Modified Po-
lysiloxane(CPS). 4.8 g of poly(dimethyl-co-meth-
ylaminopropylsiloxane), prepared according to the
method of Chujo,"! 5 g of cinnamoyl chloride, and
20 mL of pyridine were placed in a four-necked
round bottom flask equipped with a mechanical stir-
rer, thermometer, reflux condenser, and nitrogen
inlet tube. Reaction was carried out under N,
stream for 24 hr at room temperature and another
hour at 70 ‘C. The polymer was carefully purified
by several precipitation from reagent grade isopro-
pylalchol solution by addition of distilled methanol.

Measurement of the Yield of Residual Films.

Preparation of sample . CPS was mixed in the
same weight % for each sample with 5-nitroace-
naphthene or benzophenone as sensitizer. The sam-
ple solution was prepared based on Table I

Coating . Photoresist sample solution was coated
on the quartz plate at different spinning times and
spinner speeds.

Soft-bake : To remove the solvent from the coat-
ed sample, the sample was dried for 30 min at
95 C.

Exposure : The light exposure apparatus made
by Oriel Co. was used. The light source was high
pressure mercury lamp, and the intensity was con-
trolled with PLA-600F proximity Mask Aligner of
Cannon Co.

Development . Developing was carried out in the
same solvent used in the preparation of the sample

Korea Polym. J.. Vol. 2, No. 1, 1994
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Table I. Preparation of Photosensitive Polymer
Sample Solution

Sample Resin(g) Sensitizer(g) Solvent(mL)

CPS-1 CPS (0.5) 5-NA%(0.01) IP*(50)

CPS-2 CPS (0.5) 5-NA(0.05) IP(50)

CPS-3 CPS (0.5) BP<(0.01) 1P(50)

CPS+4 CPS (0.5) BP(0.05) IP(50)

DNP-1 DNP(0.5) PAY0.01) Toluene(50)
+PACS(0.5)

DNP-2 DNP(0.5) PA0.05)  Toluene(50)
+PACS(0.5)

DNP-3 DNP(0.5) DNA(0.01) Toluene(50)
+ PACS(0.5)

DNP-4 DNP(0.5) DNA(0.05) Toluene(50)
+PACS(0.5)

*5-Nitroacenaphthene, *Isopropyl alcohol, ‘Benzopenone,
“Picramide, ‘2,6-Dichloro-4-nitroaniline.

o O To

|

Figure 1. Exposure equipment for chracterizing pho-
toresist. a . Mirror, b : Lamp, ¢ : Lens, d : Filter, e :
shutter, f . Photoresist, g : Sensor, h : Computer.

solution, and the same conditions were used for
all sample. The developing temperature was 20+ 1
€ and the time was 12 sec.

Hard-bake . Developed sample was dried under
vaccum for 30 min at 80 C to completely remove
the remaining solvent.

Measurement of the Optical Transmittance.

The optical transmittance of the photoresist film
coated on quartz plate with 5 pm * 0.3 thickness
during exposure was determined using a Hewlett
Packard UV spectrophotometer HP8452, connected
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Table II. Preparation of PDS
Reaction Conditions
Sample Yield
Code  Temp.T) Time(hr) M,X10"* (%)
PDS-1 70 24 0.332 71
PDS-2 70 26 0432 70
PDS-3 70 26 0.673 68
PDS-4 70 36 1.75 72
PDS-5 70 40 2.62 68
“Mole ratio of reactants; D3 . TMCTS : HMDS=

0.1319 : 0.0045 : 0.0025. *Wt% Si-H in copolymer=2.8,

with a digital computer to automatically plot optical
transmittance vs exposure time as shown in Figure
1. The flux of light source was 0.5 mJ/cm?, and
the exposure wavelength was 330 nm.

Instrumental Analysis. Infrared spectra were
obtained using Bomen FT-IR BM100. Molecular
weights were determined by exclusion chromatog-
raphy on a oWaterSOIS()C with u-styragel columns
10° A, 10* A, 10° A, which were calibrated with
standard polystyrene, and UV/VIS spectra were ob-
tained in toluene or THF solution with Hewlett Pa-
ckard HP8452.

Results and Discussion

Synthesis of DNP and CPS. Polycarbosilanes
with different =Si-H group content was prepared
according to the medthod of Yajima,”? then amino-
propyl group was introduced by reacting it with ally-
lamine. DNP was prepared by referring the method
of authors’ by reacting polyaminopropylcarbosilane
with diazonaphthoquinone-5-sulfonylchioride (Sch-
eme ). The weights average molecular weight (M)
of polycarbosilane backbone resin, 1250 and 2100,
were obtained by controlling the reaction conditions

11
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Figure 2. IR spectrum of CPS.

and catalyst.

PDS with =Si-H group was prepared by cationic
ring opening polymerization of hexamethylcyclotri-
siloxane (Dj;) with 1,3,5,7-tetramethyl-cyclotetrasil-
oxane (TMCTS) and trifluoroacetic acid as ring ope-
ning catalyst. The results in the preparation of PDS
are summerized in Table II. Hexamethyldisiloxane
(HMDS) was added to terminate propagation chain
during the reaction. The molecular weight of PDS
was increased with the reaction time poly(dimethyl-
co-methylaminopropylsiloxane)(PDM) was prepared
by reacting PDS with allylamine using H,PtCl; as
catalyst. From IR spectrum of PDS, =Si-H and Si-
0-Si absorption peaks were observed at 2150 cm ™!
and 1075 cm™!, respectively. From IR spectrum of
PDM, the absorption peak at 2150 cm ™! due to =Si-
H bond was disappeared, but NH, absorption peak
was at 3300 cm™ L

Cinnamoyl group substituted polyaminopropylsil-
oxane (CPS) was prepared by reacting poly(dime-
thyl-co-methylaminopropylisiloxane) (PDM) with ci-
nnamoyl chloride (Scheme II). The molecular wei-
ght of poly(dimethyl-co-methylsiloxane), which is a
precursor of PDM, was controlled by the reaction

12
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Figure 3. UV Spectra of CPS.

Table III. Solubility Characteristics of CPS

Solvent solubility”
THF O
Toluene Py
Methanol X
Acetone O
CCh O
P O

‘0 soluble, o : partially soluble, X ! insoluble.

20—

Transmittance
S
T

1 1 i ]
0 5 10 15 20

Exposure Time (sec) x 107

Figure 4. Effect of 5-NA on the optical transmittance
of CPS: (a) none (b) 1 wt% (c) 5 wt%.

conditions. IR and UV spectra of CPS are shown
in Figure 2 and Figure 3.

IR absorption band of cinnamoyl group (in Figure
2), C=C at 1640 cm ! and siloxane group, Si-O-Si
at 1075 cm ! are observed. The UV absorption peak
of cinnamoyl group at 330 nm in Figure 3 disappear-
ed after 120 sec of UV irradition. The solubility
characteristics of CPS are summarized in Table IIL

Korea Polym. ], Vol. 2, No. 1, 1994
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Figure 5. Effect of the amount of benzophenone on
the optical transmittance of CPS : (a) none, (b) 1 wt%,
(c) 5 wt%.

Table IV. Exposure Parameters for DNP and

CPS
Sensiti-
Resin  zer(wt%) X(um™) Y(um ') Z(cm*/m])
None 0.306 0.521 0.061
5-NA(1) 0.307 0.533 0.132
CPS 5-NA(5) 0.307 0.546 0.197
BP(1) 0.309 0.524 0.090
BP(1) 0.308 0.532 0.117
None 0.303 0.296 0.046
PA(1) 0.294 0.349 0.080
DNP PA(5) 0.285 0.416 0.255
DNAQD) 0.294 0.349 0.067
DNA() 0.285 0.416 0.127

Photocharacteristics of DNP and CPS. The
optical transmittance for CPS sample according to
the kinds and amounts of added sensitizers are
measured, and the results are shown in Figure 4
and Figure 5. In the measurement, a uniform mon-
ochromatic light beam of 330 nm wavelength was
used to exposed the resist {ilm, and the intensity
of the light transmitted through the resist sample
was measured using the detector. Initial transmit-
tance value, T(C) at exposure time, {=0, the final
value, T(e0) which becomes a constant when com-
pletely exposed, and the slope of the transmittance
to exposure time, d7(0)/d¢ were obtained from the
figures. X, Y, and Z values in the theoretical equa-
tion were caiculated using the data of the figures.
The photosensitivity to the photoresist film sample
could be determined from the optical sensitivity,
Z value. The results of optical parameter X and
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Figure 6. Effect of the sensitizer on normalized thick-

ness remaining in CPS : (a) none, (b) BP 5 wt%, (c)
5-NA 5 wt%.

Y obtained from the Figure 4 and Figure 5 are
summarized in Table IV. In Table IV, the optical
sensitivity value for DNP was quoted from the re-
sults obtained from the previous paper® to apply
the theoretical equation.

Compared with the value determined from the
conventional yield of the residual film method, sim-
ilar results for the sensitivity of the samples were
obtained. As can be seen in the table, picramide
and 5-nitroacenaphthene are the most effective cat-
alyst for DNP and CPS, respectively, within the
scope of our experiment. The yield of residual film
or normalized thickness is determined from the ra-
tio of film thickness change on the quartz plate
before and after exposure(l/L,), where L, is the
film thickness before exposure, and L is the film
thickness after exposure and development.

Sensitivity (D"®) and contrast were obtained
using the yield of residual film method. Normalized
thickness for CPS resist sample as a function of
log dose is shown in Figure 6, when 5-nitroacena-
phthene and benzophenone are used as sensitizer.

In case of DNP, the sensitivity was increased
from 359 mJ/cm? to 240 mJ/cm?® when picramide
was used as sensitizer. As shown in Figure 6, the
sensitivity for CPS resist sample by using 5-nitro-
acenaphthene as sensitizer increased from 194 m]/
cm® to 126 mJ/em? Lai ef al.® defined the contrast
(y) of negative photoresist as follows,

y=(log Dr/D)"!

where I represents the exposure dose at the begin-
ning of the crosslinking of the resist sample by
exposure, and I¥ represents the exposure dose at
100% vyield obtained extrapolating the values of D%

13
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Table V. Effect of Sensitizer on the Sensitivity
and Contrast of DNP and CPS Sensitizer

Sensitivity(mJ/cm?)
Sensiti-
Resin zer(wt%) Measured® Calculated® Contrast(y)
None 194 190 1.24
CPS 5-NA(5) 126 110 1.68
BP(5) 158 135 1.33
None 350 325 148
DNP  PA®) 240 220 2.07
DNA(5) 280 260 1.63

“Measured from yield of film residual method.
Calculated from the theoreticai equation by computer
programming.

0.8

0.6

=
0.4

0.2

0 100 200 300 400 500 600 700 800 900 1000
Exposure Dose(mJ/cm?)

Figure 7. Normalized thickness remaining according
to exposure dose from theoretical equation in DNP :
(a) no sensitizer, (b) DNA 5 wt%, (c) PA 5 wt%.

and I¥ as a straight line. The contrast (y) for DNP
resist samples was 1.48 without a sensitzer, 2.07
for picramide sensitizer, and 1.63 for 2,6-dichloro-
4-nitroaniline sensitizer. The contrast for CPS was
1.68 when 5-nitroacenaphthene was used as sensiti-
zer. The sensitivity and contrast detemined by the
yield of residual film method are summarized in
Tablel V.

The rate curves describing the resist film thick-
ness change with exposure dose were simulated
using the derived theoretical equation (21). The
profiles obtained from computer simulation for DNP
and CPS resist sample by inserting the optical pa-
rameter X, YV, and Z value to the theoretical equa-
tions (18) and (20) are shown in Figure 7 and Fig-
ure 8, respectively. Figure 7 and Figure 8 show
that the unreacted film thickness to exposure, M(x,
t) decreases with exposure dose similarly to the
sensitivity value obtained from the yield of residual
film method. The sensitivities (the exposure dosage,
M, £)=0.5) for DNP obtained from the profile of
Figure 7 were 260 mJ/cm?® for 2,6-dichloro-4-nitro-

14
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Figure 8. Normalized thickness remaining according
to exposure dose from theoretical equation in CPS : (a)
no sensitizer, (b) PB 5wt%, (c) 5-NA 5wt%.

aniline 5 wt%, 220 mJ/cm? for picramide 5 wt%, and
325 mJ/cm? without any sensitizer. The sensitivities
(the exposure dosage, M(x,t)=0.5) for CPS obtained
from the profile of Figure 8 were 135 mJ/cm?® for
benzophenone 5 wt%, 110 mJ/cm? for 5-nitroacen-
phthene 5 wt%, and 190 m]J/cm? without any sensi-
tizer Comparing with the results obtained the from
film residual method, the similar results were ob-
tained. Therefore, the validity of the theoretical
equation is confirmed. An analytical method of de-
termining the photosensitivity of the resist film
from the simulated profile using theoretical equa-
tion can be more convenient than the experimental
determination.

Conclusion

Diazonaphthoquinone-5-sulfonyl  polycarbosilane
and cinnamoyl group substituted polysiloxane copol-
ymer were prepared and their photocharacteristics
were determined. A theoretical equation for the de-
termination of the sensitivity of the resist sample,
which can profile the film thickness change M(x.f)
to exposure time(f) was derived. The sensitivity and
contrast to DNP were dependent on the kind and
the amount of the sensitizer. Picramide was the
most effective sensitizer and the sensitivity was in-
creased from 350 mJ/cm® to 240 mJ/cm® and the
contrast was also increased from 148 to 2.07.

With CPS, 5-nitroacenaphthene was the most sen-
sitive, The sensitivity was increased from 194
mJ/cm?® to 126 mJ/cm? and the contrast from 1.24
to 1.68. Similar results were obtained from the
theoretical equation and from the conventional yield
of the residual film method.
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