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ABSTRACT: Phenyl isopropenyl ketone (PIPK) was copolymerized with styrene and methyl 
methacrylate (MMA). UV characteristics, resist sensitivity, and durability against O2 reactive ion 
etching (RIE) were studied on copolymers containing various amounts of PIPK. The copolymers 
had stronger absorption in the deep, mid, and near UV region and fairly large quantum yield for 
main chain scission of 0.19--0.37. Both sensitivity and O2 RIE durability increased at the same 
time as PIPK content in the MMA copolymer increased, though sensitivity and dry-etching 
durability of positive-working resists are generally in a trade-off relationship. The sensitivities 
obtained with the MMA copolymer containing 35 mol % of PIPK were 250 mJ cm - 2 at 313 nm 
and 390 mJ cm - 2 at 365 nm. The sensitivity at 254 nm was the highest at the PIPK content of 
16 mol% and 810 times as high as that of PMMA, but bleaching characteristics were insufficient 
at this wavelength. 
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Increase of packaging density and shrinkage 
of pattern size of electronic devices require UV 
resists of excellent performance including high 
sensitivity, resolution, and dry-etching dur­
ability. Phenyl isopropenyl ketone (PIPK) 
chromophore is highly sensItIve to VV 
radiation, and its copolymer with methyl 
methacrylate (MMA) has been reported to be 
llO-times as sensitive as PMMA when exposed 
to a Xe-Hg lamp.1 In addition, since PIPK 
contains an aromatic moiety, the copolymer 
is expected to have improved durability against 
reactive ion etching (RIE). UV characteristics 
of the resist film should be studied, because 
photochemistry of ketone polymers is well 
documented and it is reported that the 
copolymer degrades by IX-cleavage with split-

ting benzoyl radical. z,3 Therefore, bleaching 
may occur if cleavage brings about hypo- or 
hypsochromic shift of absorption band, or if 
the chromophore escapes from the polymer 
matrix after splitting. 

In this study, we prepared PIPK copolymers 
with styrene (St) and MMA. Quantum yield 
for main chain scission was measured on the 
St copolymer at the wavelength to be mention­
ed next in order to be compared with those in 
the previous papers.4 ,5 Resist sensitivities at 
254, 313, and 365 nm, and Oz RIE durability 
as well as UV characteristics were investigat­
ed on MMA copolymers containing various 
amounts ofPIPK. The wavelength was selected 
by considering the emission lines of mercury 
lamps and gas lasers used for pattern transfer 
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of electronic devices. 

EXPERIMENTAL 

Materials 
PIPK was prepared from propiophenone by 

Mannich reaction followed by deamination, 
and copolymerized with styrene (PSt-PIPK) by 
emulsion polymerization with ammonium 
persulfate as an initiator as described in the 
previous paper. 4 The copolymer ofPIPK with 
MMA (PMMA-PIPK) was prepared in 
suspension or in bulk by using AIBN initiator. 
The ketone monomer content incorporated in 
PSt-PIPK was estimated from the characteris­
tic absorption band due to v(C = 0) at 
1655-1685 cm -1 in the IR spectrum measured 
on the polymer layer on a NaCI disk. In the 
calculation, the molar absorptivity of the 
carbonyl band was assumed equal to that of 
the band in phenyl vinyl ketone homopolymer. 
The ketone monomer content in PMMA-PIPK 
was estimated from the absorbance at 280 nm 
in the UV spectrum in CHCI3 , regarding the 
molar absorptivity was equal to that of 
propiophenone. Molecular weight of the 
copolymers was calculated from intrinsic 
viscosity number, [11], using the constants for 
PSt and PMMA homopolymers.6 Polymer 
data are summarized in Table I. Besides the 

copolymers shown In Table I, PMMA 
(M w = 604000), poly(a-methyl styrene) (PMSt, 
Mw= 192000), and poly(phenyl vinyl ketone) 
(PPVK) were used for measurements as 
controls. 

Quantum Yield Measurement 
A dilute polymer solution (0.25-0.4 g dl- 1) 

placed in a quartz cell was irradiated by UV 
light from a high pressure mercury lamp 
(OSRAM-HBO, 100W) at desired wavelength 
selected with an interference filter placed after 
a band pass filter UG-l (300nm<A.<400nm) 
for 366 nm and 313 nm, or after a flow cell filled 
with water for 254 nm irradiation to remove 
longer wavelength light especially in the 
infrared region. The polymer solution in the 
quartz cell was held in an aluminum block kept 
at a desired temperature. The solution was 
purged with nitrogen to remove oxygen prior 
to irradiation. The polymer solution was 
transferred to an automatic viscometer after 
desired irradiation time to measure the 
viscosity to follow molecular weight change, 
and then returned into the quartz cell for 
further irradiation. Ferrioxalate actinometry 7.8 

was performed just after each irradiation. 
Incident light intensity, 10 , was 4.05 x 10- 10 

einstein s -1 cm - 2. All procedures were done in 
a darkened room. Evaporation of solvent 

Table I. Copolymerization of PIPK with St and MMA 

PIPK in feed Method of 
Conversion 

mol% polymn. 
wt% 

PSt-PIPK 7.6 Emulsion 94.4 
PMMA-PIPK 06 10 Suspension 7I.I 
PMMA-PIPK 16 35 Suspension 13,7 
PMMA-PIPK 17 45 Bulk 24,6 
PMMA-PIPK 27 65 Bulk 4,3 
PMMA-PIPK 35 61 Bulk 24.4 

a Calculated from absorption at 1655-1685 cm -1 with a solid film, 
a' Calculated from absorption at 280 nm in chloroform, 
b Measured in toluene at 30°C, 
b' Measured in butanone at 25°C, 

PIPK in 
copolymer 

['1] Mwc 

mol% 

8.5 a 0.34 b 88000 
5.8 a' 0,06 b ' 12000 

15,8a' 0,06 b ' 12000 
17,oa' O,lO b ' 25000 
noa' 0,05 b ' 10000 
35,oa' 0,05 b ' 10000 

C Calculated from ['1] by using K and IX for PSt and PMMA homopolymers, 
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during the measurement was compensated for 
by monitoring concentration of a polystyrene 
solution under the same conditions as actual 
run. The number of moles of main chain 
scission was calculated from the viscosity by 
the method described before,4 assuming 
random molecular weight distribution and 
random chain scission. 9 

Specimen Preparation 
PMMA-PIPK copolymer layers were pre­

pared by spincoating from toluene solutions 
onto quartz or copper-evaporated glass plates, 
and prebaked in an air-circulating oven at 
180°C for 20 min. They were used for spectral 
measurements and the study of resist perfor­
mance, respectively. 

Sensitivity and Contrast 
A polymer specimen was irradiated at room 

temperature with 365 nm near UV and 313 nm 
mid UV monochromatic light from a super­
high-pressure mercury (SHP Hg) lamp (SHL-
100UV, 75W, or USH-250D, 250W) through 
a glass filter UV-D2 and through a glass filter 
UV -D25 + an interference filter + a slide-glass 
(A> 300 nm), respectively. Irradiation of 254 
nm deep UV light was done, using a low­
pressure mercury lamp (Toshiba lamp, 6W) 
without a filter. Radiation in mid and near 
UV region from a SHP Hg lamp with no filter 
was also exposed to get sensitivity to compare 
with values in the literature. 1 The intensity of 
each radiation was measured with a thermopile, 
Eppley Thermopile of air-type. 

The irradiated specimen was developed by 
dipping in a developer without agitation, rinsed 
and postbaked at 140°C for 20 min. The 
developed depth, which was the difference of 
film thickness between the exposed and the 
unexposed areas, was measured with an in­
terference microscope after evaporating alu­
minum onto the surface of the specimen. The 
remaining resist thickness was obtained by 
reducing the depth from the thickness in the 
unexposed area, and plotted against the 
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logarithm of varying radiation energy to give 
the characteristic curve. The sensitivity, D4oo, 
was defined in this study as the minimum 
incident radiation energy (in J cm - 2) required 
for a removal depth of 400 nm after develop­
ment. The contrast, y, was obtained as the slope 
of the linear part of the characteristic curve for 
the resist film of 400 nm thick. 

Dry Etching Durability 
O2 RIE was performed with a parallel-plate 

etching reactor (plate disk 100 nm"', plate 
distance 25 mm) constructed in our laboratory. 
Working O2 pressure was fixed to 0.2 Torr and 
net power of 13.56 MHz discharge was to 50 W. 
Since the sample holder was equipped with a 
water-cooling system, temperature rise was 
suppressed to such a small extent that after 
100 s etching was 13-17 degree. Therefore, this 
etching experiment was carried out at low 
enough temperature below the glass transition 
temperature. In order to make experimental 
error as small as possible, 8-12 specimens 
including the control were etched at the same 
time. The etched depth, measured by the 
method similar to the developed depth 
above-mentioned, was plotted against etching 
time, and the slope of the linear plot was 
regarded as the etching rate. Durability was 
estimated by a reciprocal ratio of the RIE rate 
to that of the PMMA standard. 

RESULTS AND DISCUSSION 

Quantum Yield for Main Chain Scission 
Prior to quantum yield measurement, UV 

spectra of PSt-PIPK in 1,2-dichloroethane 
(DCE) were measured with a Hewlett Packard 
8451A Spectrophotometer against the solvent 
as a reference. The absorption maximum was 
observed at 242 nm (6= 7.37 x 1031mol- 1 em -1) 
and two shoulders were around 270 nm and 
290 nm. The molar absorptivity, 6, was 
5.72 x 103 at 254nm. Figure 1 shows a plot of 
moles of main chain scission (or break), S, vs. 
absorbed 254nm light, I· t, where I is the 
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Figure 1. Plot of moles of breaks, S, vs. absorbed light, 
J. t, for PSt-PIPK (in 1,2-dichloroethane at 254nm ex­
posure). 

Table II. Quantum yield of main chain scission 
for PSt-PIPK 

254nm 

DCE' dioxane 
(30°C) (30°C) 

0.19 
0.12d 

, 1,2-Dichloroethane. 
b From 5. 
c From 4. 
d From 3. 

313nm 364-366nm 
benzene DCE' 

(25°C) (30°C) 

0.36--0.37 b 0.26 c 

0.06-0.15' 

, From 2, quantum yield decreases as PIPK content 
becomes larger. 

number of photons (in einstein) absorbed by 
the chromophore in the polymer per unit time, 
and t is the period of irradiation. From the 
slope of this plot, the quantum yield of main 
chain scission, cP cS' was determined as 0.19 at 
254nm. 

This value is compared in Table II with those 
at 313 nm and 365 nm previously measured 
with the same automatic viscometer by our 
group4,5 or reported by Naito et al. 2 ,3 Ketone 
polymers undergo various photochemical 
reactions including a-cleavage (Norrish type I 
reaction), hydrogen atom abstraction (Norrish 
type II reaction, or photocyclization to form 
cyclobutanols), charge-transfer complexation 
(photocycloaddition or photoreduction), and 
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elimination of a-substituents (in the case of 
carbonyl compounds containing hetero-atom 
substituents in the a-position), in addition to 
photophysical processes. to Among photo­
chemical processes, both type II reaction and 
type I reaction followed by {3-scission cause 
main chain scission which can be detected as 
the viscosity decrease. The lower quantum yield 
at 254 nm suggests lower efficiency of the two 
reactions in the deep UV region than in the 
mid and near UV region. It is likely that the 
larger the energy of photon becomes, the 
smaller the selectivity of a definite chemical 
reaction becomes in all energy-dissipation 
processes. 

We speculate the reason for the smaller 
selectivity as follows: two kinds of Norrish type 
I reactions are possible in the case of the ketone 
polymer investigated here, 

A 
e=o 

6 
B 

J-eo 

I 

a-scission 

quenching 

y=o --.-.+) quenchi ng 

o 
The intermediate of Scheme A can degrade 
directly by {3-scission, while that of Scheme B 
degrade by {3-scission only after splitting of CO, 
and, therefore, quantum yield for main chain 
scission, cP cS' of the former is higher than that 
of the latter. The C-C bond between C = ° and 
aromatic ring is stabilized by resonance 
compared with the C-C bond adjacent to the 
main chain, so Reaction A is expected to occur 
more easily than Reaction B. Excitation with 
photons of smaller energy will initiate Reaction 
A with larger probability. However, if the 
polymer is excited with photons of larger 
energy, Reaction B may take place with the 
probability similar to Reaction A, i.e., with 
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relatively larger probability. Consequently the 
total quantum yield may become lower. 

UV Absorption Characteristics 
UV spectra of thin films of MMA 

copolymers containing various amounts of 
PIPK are shown in Figure 2. Absorption 
maxima were observed at 242 nm (8 = 1.27 X 

104) and 320 nm (8 = 87). The molar absorptivi­
ties, 8 at 254 nm, 313 nm, and 365 nm were 7600, 
86, and 7.7, respectively, which were obtained 
as average values of the four copolymers. Since 
the absorption at 254 nm was strong, bleaching 
characteristics were studied by measuring the 
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UV spectra before and after irradiation. When 
3.25 J cm - 2 of 254 nm UV light was irradiated 
as shown in Figure 3, the absorbance of 
PMMA-PIPK's 06, 17, and 35 decreased to 
37%, 70%, and 74% of the initial values, 
respectively. Partial bleaching was observed on 
PMMA-PIPK 06, but the bleaching charac­
teristics of PMMA-PIPK's 17 and 35 were 
insufficient. It was considered that the pho­
to products of low molecular weight could 
not escape from the solid film during ir­
radiation at room temperature, since the glass 
transition temperature of the copolymer was 
high enough above room temperature. 
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Figure 2 . UV spectra of PMMA-PIPK and PMMA (solid film on a quartz plate). 
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Figure 3. UV spectra of PMMA-PIPK before and after irradiation at 254nm (solid film on a quartz 
plate). Incident dose: 0,407,851, 1630, 3250mJcm- 2 . Left: PMMA-PIPK 06, 434nm thick; middle: 
PMMA-PIPK 17, 339nm thick; right: PMMA-PIPK 35, 335nm thick. 
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Positive- Working Resist Performance as a 
Function of PIPK Content 
Characteristic curves were obtained with 

the PMMA copolymers containing various 
amounts of PIPK after exposure to 254 nm, 
313 nm, and 365 nm monochromatic light, or 
mid and near UV radiation from a SHP Hg 
lamp with no filter. A series of characteristic 
curves after 254 nm exposure, development 
with methyl isobutyl ketone (MIBK) (7) + xy­
lene (3) at 23°C for 120 s, and rinse with 
isopropanol (IPA) (1) + xylene (1) for 60s, are 
shown in Figure 4. Sensitivity, D 400 , relative 
sensitivity to PMMA, RS, and contrast, y, are 
summarized in Table III, and compared with 
those under different exposing, developing and 
rinse conditions. PMMA has no absorption, 
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Figure 4. Effects ofPIPK content on resist characteristics 
after 254 nm exposure. Development: MIBK (7) + xylene 
(3), 23°C, 120s; rinse: IPA (I) + xylene (I), 60s. 

and hence no sensitivity at 313 nm and 365 nm. 
As is seen in Figure 4 and Table III, 
PMMA-PIPK 16 showed the highest sensitiv­
ity of 140 mJ cm - 2, which was 810 times as 
large as that of PMMA. Sensitivity seemed 
saturated at this PIPK content, and did not 
increase further as the content became larger 
than 16mol%. This may be ascribed to the 
insufficient bleaching characteristics mentioned 
in the previous section. 

The characteristic curves after 365 nm 
exposure, development with MIBK at 25°C for 
90 s, and rinse with IP A for 15 s, are shown in 
Figure 5. In this case, sensitivity increased as 
PIPK content became larger. A similar 
tendency was observed in the cases of 313 nm 
and the SHP Hg lamp exposure. The sensitivity 
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Figure 5. Effects ofPIPK content on resist characteristics 
after 365 nm exposure. Development: MIBK, 25°C, 90 s; 
rinse: IPA, 15 s. 

Table III. Sensitivity D 400 (J cm - 2), relative sensitivity to PMMA RS, and contrast y 

Exposure SHP Hg lamp 254nm 313nm 365nm 

D and R conditions A A A A B 

Polymer D400 (RS)/y D400 (RS)/y D400/y D400/y D400/y 

PMMA 32 (1.0)/3.9 110 (1.0)/4.3 
PMMA-PIPK 06 1.5 (22)/1.6 0.32 (350)/1.3 4.0 /1.8 13 /0.89 75 /1.1 
PMMA-PIPK 16 0.41 (77)/1.8 0.14 (810)/1.4 0.58/1.4 1.7 /1.4 3.8 /1.1 
PMMA-PIPK 17 0.60 (53)/1.3 0.15 (740)/1.3 1.1/1.3 2.8 /1.7 6.9 /1.1 
PMMA-PIPK 27 0.61/1.5 1.1 /1.2 
PMMA-PIPK 35 0.29 (110)/2.0 0.14 (800)/1.4 0.25/1.8 0.39/2.4 0.82/2.3 

A: Development, MIBK(7) + xylene (3), 23°C, 120s; Rinse, IPA (I) + xylene (I), 60s. 
B: Development, MIBK, 25°C; 90s; Rinse, IPA, 15 s. 
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of PMMA-PIPK 35 was 110 times as large as 
that of PMMA after the SHP Hg lamp 
exposure, which coincides with the value 
reported by Nate et al. 1 The highest sensitivities 
obtained with PMMA-PIPK 35 after 313 nm 
and 365 nm exposure were 250 mJ cm - 2 and 
390 mJ cm - 2, respectively. 

No definite correlation was found between 
contrast, y, and PIPK content in this ex­
periment. As is seen in Table III, sensitivity 
and contrast depended upon developing and 
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Figure 6. Etched depth vs. etching time for PMMA­
PIPK. O2 pressure, 0.2 Torr; 13.56 MHz discharge power, 
50W (forward/reverse=200W/150W). 
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O2 RIE durability for PMMA-PIPK. 
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rinse conditions, and they may be improved 
further under more appropriate conditions. 

The depth measured after O2 RIE is plotted 
against the etching time in Figure 6 for a series 
of PMMA copolymers and the controls. The 
etching rate and the O2 RIE durability 
calculated from Figure 6 are plotted against 
PIPK content in Figure 7. As clearly shown by 
this figure, the etching rate decreased and 
durability increased as PIPK content became 
larger. PMMA-PIPK 35 was 1.5 times as 
durable as PMMA, and 0.7 times as durable 
as PPVK and PMSt, the durabilities of which 
were comparable to that of novolac resists. 11 

Generally speaking, the sensitivity and 
dry-etching durability of positive-working 
resists are in a trade-off relationship. However, 
it should be noted that copolymerization of 
PIPK enhanced sensitivity and durability at the 
same time. When the results in Figure 7 are 
examined in more detail, the etching rate of 
the copolymer is observed to be smaller than 
the averaged value calculated by following 
the weight-percent or mole-percent additivity 
based on the constituent monomer unit, as 
also found in the case of plasma etching of 
PMMA-MSt copolymers. 12. 13 The smaller 
rate suggests that some etchant migration or 
energy transfer mechanism is working to 
deactivate and prevent the copolymer from 
degrading after the attack by ions and neutral 
active species in the RIE atmosphere. 

Correlation among Molar Absorptivity, Quan­
tum Yield and Resist Sensitivity 
Assuming that the wavelength dependence 

of the quantum yield for main chain scission 
measured with PSt-PIPK holds also for that 
of PMMA-PIPK (the ratio among the three 
CPcs values at the different wavelength is com­
mon for both copolymers), percent absorption 
by solid films of 400 nm thick, the number of 
breaks per unit irradiation energy, and the 
radiation energy required to get unit number 
of breaks (En) were calculated and are shown 
in Table IV. In this calculation, nano moles of 
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Table IV. Percent absorption by solid films of 400 nm thick, break per unit irradiation energy (B J - I), 
and radiation energy required to get nano moles of break (En) 

254nm 313nm 365nm 

PSt-PIPK <P,,=0.19 <P" =0.36 <Pc, =0.26 
PMMA-PIPK £=7600 £=86 £=7.7 

PIPK 
%Abs' B J -I b Ene %Abs' B J -Ib Ene %Abs' B J -Ib Ene 

conc. C 

moll-I x 10- 7 x 10- 8 X 10- 10 

PMMA-PIPK 06 0.565 32.7 1.32 0.0076 0.447 0.421 0.24 0.040 3.18 3.1 
PMMA-PIPK 16 1.47 64·3 2.60 0.0038 1.16 1.09 0.092 0.104 8.26 1.2 
PMMA-PIPK 17 1.58 66. 8 2.70 0.0037 1.24 1.1 7 0.085 0.11 2 8.89 1.1 
PMMA-PIPK 35 3.02 87·9 3.55 0.0028 2.3 5 2.22 0.045 0.214 17·0 0.59 

• 1/10= 1-1'b,/10= 10-'''; %Abs=l.b,/lo x 100=(1-10-"') x 100: where c, PIPK conc. in moll-I; t, resist 
thickness; 400 nm = 4 x 10 - 5 cm. 

b Energy-Wavelength Relation (EWR): J mol-I = 1195 x 105/A(nm), 254 nm; 4.70 x 105 J mol-I, 313 nm; 3.82 x 
105 J mol- \ 365 nm; 3.27 x 105 J mol- 1.10 B r I = (%Abs/ 100)/EWR x <Pcp molJ - I, assuming that the ratio 
among the three <Pc, values is common for both PSt-PIPK and PMMA-PIPK. 

e En = 1O- 9/(B r I), J (nmol break)-I, where 10- 9 is a constant without physical meaning. 

breaks were used as the unit break (this has no 
physical meaning, but just a constant), because 
the magnitude of En becomes of the same order 
as that of D400 at 365 nm in Table III. How­
ever, D 4 00s at 313 nm and 254nm are 6--17 
times and 36--50 times as large as the EnS 
at the corresponding wavelength, respectively. 
Namely, the sensitivity observed is much lower 
than expected at shorter wavelength. The 
reason is not clear at present, but we can 
speculate the following four possibilities: i) 
photon energy may not be absorbed selectively 
by the chromophore in the polymer matrix in 
the case of irradiation at shorter wavelength, 
ii) the main chain may not degrade effectively 
in solid phase, iii) scission may not bring about 
effective increase of dissolution rate of the resist 
film into the developer, or iv) developing 
conditions may not have been fully optimized 
yet. 

When D4 00s and EnS at 365 nm of the 
copolymers with different PIPK contents are 
compared, (D400 of PMMA-PIPK 35)/(D400 

ofPMMA-PIPK 06) is 1/33, while the ratio of 
EnS is 1/5.3. It is certain that sensitivity in­
creases as the PIPK content becomes larger, 
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but the sensitivity increase is larger than that 
expected from the number of main chain scis­
sion. Similar correlation is observed between 
D 400 and En at 313 nm. These results suggest 
that the sensitivity of the positive-working 
resist, namely the dissolution rate difference 
between the exposed and the unexposed areas 
greatly depends upon the number or density 
of the main chain scission. 

CONCLUSION 

Quantum yield for main chain SCISSIOn of 
PIPK copolymer with styrene after 254 nm 
exposure was measured to be 0.19, which was 
lower than at 313 nm and 365 nm. Copolymer­
ization of PIPK with MMA enhanced sensi­
tivity without decreasing, but rather with in­
creasing, O2 RIE durability. The MMA co­
polymer containing 16mol% PIPK had 810 
times large sensitivity of PMMA, though the 
bleaching characteristics were insufficient at 
254 nm light irradiation at room temperature. 
The copolymer containing 35 mol% of PIPK 
showed sensitivity of 250mlcm- 2 at 313nm 
and 390 ml cm - 2 at 365 nm light irradiation. 
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These values are very high, compared with 140 
mJcm- 2 at 254nm with PMMA-16mol% 
PIPK copolymer, when very weak absorption 
in mid and near UV region is taken into 
account. 
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