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Abstract

We prepared a novel chemically amplified photosensitive polyimide based on a blend of poly(amic acid ethoxymethyl ester) (PAAE) and poly-
(amic acid); this blend produces polyimide (PI) films with improved mechanical properties after imidization with photoacid generator (PAG).
PAAE and poly(amic acid) were end-capped with 5-norbornene-2,3-dicarboxylic dianhydride and 2,3-dimethyl maleic anhydride, respectively,
to lower their molecular weights without compromising the properties of the resulting PI films. As a result of the blending of these PI precursors,
the mechanical properties of the PI films were found to be less affected by the strong acid generated from the PAG than PI films fabricated by
imidization of PAAE alone. The relatively high solubility of the blended PI precursor film in basic aqueous solutions was found to be effectively
controlled by the use of a high-temperature post-exposure bake process to partially imidize the end-capped PAA. It was found that a 10-pm-thick
film of the PSPI precursor system containing 13 wt% PAGs exhibits a sensitivity (D®) of 700 mJ/cm® when developed with 2.38 wt% aqueous
tetramethyl ammonium hydroxide solution at room temperature. A fine positive pattern was fabricated in a 12 pm thick film with 1000 mJ/
cm? of i-line exposure. The resultant PI film was also found to exhibit excellent mechanical and thermal properties, which are critical to its

practical use as a stress buffer layer in semiconductor packaging.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Photosensitive polyimides (PSPIs) have attracted much at-
tention in semiconductor manufacturing because their process-
ing does not require the use of a classical photoresist [1].
Positive-working PSPIs have recently been used as replace-
ments for conventional polyimides in stress buffer layers in
semiconductor packaging. In such applications, PSPIs have
to exhibit good mechanical properties such as high elongation
at break and high tensile strength to protect bare chips from the
stresses induced by fillers in molding compounds, and by the
thermal mismatches that occur between passivation layers
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and molding compounds [2,3]. Another important requirement
of stress buffer layers is high resolution and sensitivity, which
are critical factors for the patterning of small features such as
fuse windows in high-thick films (over ~ 10 pm thick before
curing) [3].

There are many reports of the fabrication of positive-work-
ing PSPIs, which are mainly prepared from PI precursors and
dissolution inhibitors such as diazonaphthoquinone [4] and
nifedipine [5]. Intrinsically PSPI with cyclobutane structures
[6], chemically amplified PSPI with PAG [7], and the direct at-
tachment of photosensitive groups to the PI precursors [8,9]
have also been reported. Among these methods for fabricating
PSPI precursor systems, chemical amplification, which enables
advanced photoresist design, is an effective method for obtain-
ing high resolution and sensitivity [10]. However, very few
studies have explored the use of chemical amplification, and


mailto:heetae@kaist.ac.kr
http://www.elsevier.com/locate/polymer

M.-S. Jung et al. | Polymer 47 (2006) 6652—6658 6653

moreover, those that have been carried out were limited in as-
pect of lithographic performance.

In comparison with regular chemically amplified deep-UV
photoresists, chemically amplified PSPI systems need to use
large amounts of PAG [7]. This might be due to the fact that
the photogenerated acid is captured by the residual basic
solvent, such as N-methyl-2-pyrrolidinone (NMP), and by the
amide groups of the polymer backbone through acid—base
reactions, which reduces the efficiency of the PAG. The use
of large amounts of PAG and the presence of acid-labile groups
in the PI precursor strongly affect the morphological structure
of the PI precursor in the condensed state as well as the imid-
ization kinetics, which results in variations of the structures and
properties of the resulting PI films [11]. Therefore, although
high resolution and sensitivity are easily obtained by the use
of chemical amplification, it is hard to ensure the good mechan-
ical properties of the resulting PI films. Thus, if the chemical
amplification is to be used as a method for obtaining high res-
olution, new chemically amplified PSPI precursor systems that
preserve the mechanical properties of the resulting PI films
must be developed for the practical applications.

In a previous study, we incorporated reactive end-cappers
into the ends of low molecular weight PAAE chains in order
to improve the mechanical properties of the resulting PI films
[12]. However, although the PI film imidized from end-capped
PAAE (EC-PAAE) alone exhibits good mechanical properties
in spite of the low molecular weight of its precursor, the me-
chanical properties of PI film imidized with PAG are still in-
sufficient for the practical applications. As a continuation of
our work on the development of aqueous-developable posi-
tive-working PSPIs, EC-PAAE was blended with end-capped
poly(amic acid) (EC-PAA) in an attempt to improve the me-
chanical properties of the resulting PI films imidized with
PAGs. This PSPI precursor system was found to produce PI
films with high resolution and excellent mechanical properties.

2. Experimental section
2.1. Materials

4,4'-Oxydiphthalic anhydride (ODPA, Shanghai Research
Institute, China) was used after vacuum-drying at 130 °C for
5h. 4,4-Oxydianiline (ODA, Wakayama Seika Kogyo Co.
Ltd, Japan) and 1,3-bis(3-aminopropyl) tetramethyl disiloxane
(SDA, Shin-Etsu Chemical Co. Ltd, Japan) were used as
diamines. 5-Norbornene-2,3-dicarboxylic anhydride (NDA,
Tokyo Kasei Kogyo Co. Ltd, Japan) and 2,3-dimethyl maleic
anhydride (DMA, Aldrich) were purified by recrystallization
from xylene, and used as reactive end-cappers. Anhydrous
N-methyl-2-pyrrolidinone (NMP, BASF) was dehydrated with
4 A molecular sieves before use. Diphenyliodonium 5-hydrox-
ynaphthalene-1-sulfonate (DINS) was prepared with the
method described in our previous report [13]. Dimethyl(4,7-di-
hydroxynaphthalene) sulfonium-p-toluene sulfonate (DDTS)
was purchased from Uray Co. (Korea) and used without further
purification. A 2.38 wt% tetramethyl ammonium hydroxide

(TMAH) aqueous solution was purchased from Clariant Korea
Ltd and used as a developer.

2.2. Synthesis and characterization of the PI precursors

EC-PAAE based on ODPA, ODA, and NDA was synthe-
sized via the two-step procedure described in a previous report
[12]. To provide an EC-PAAE solution with 30 wt% solid con-
tent, 3 g of EC-PAAE was dissolved in 7 g of NMP. EC-PAA
was synthesized in the same manner as used in the polymeriza-
tion step of the EC-PAAE. ODPA (0.0425 mol), ODA
(0.0475 mol), and 1,3-bis(3-aminopropyl) tetramethyl disilox-
ane (SDA, Shin-Etsu Chemical Co. Ltd, Japan) (2.5 mmol)
were used as monomers, and DMA (0.015 mol) was used as
a reactive end-capper. Polymerization was carried out in 59 g
of NMP to provide an EC-PAA solution with 30 wt% solid con-
tent. The imidization ratios of the PI precursors were analyzed
by Fourier transform infrared (FT-IR) spectrometer (Bio-Rad
FTS 3000) with attenuated total reflectance method.

2.3. Preparation and lithographic evaluation of the PSPI
precursor system

As a base polymer for PSPI precursor system, 4 g of EC-
PAAE solution (30 wt% in NMP) was blended with 6 g of
EC-PAA solution (30 wt% in NMP). The PAG mixture
(0.45 g) consisting of DINS and DDTS, and 0.04 g of 3-
aminopropyltriethoxysilane solution (10 wt% in NMP) as an
adhesion promoter were added to the PI precursor mixture
solution and dissolved. The resulting solution was then filtered
through a 1 um poly(tetrafluoroethylene) filter to provide the
PSPI precursor system. It was then spin-coated onto an Si
wafer and prebaked at 90 °C for 4 min. A photomask was
vacuum-pressed against the coated silicon wafer, which was
then irradiated with filtered UV light with a wavelength of
365 nm from a high-pressure mercury lamp (ORIEL Instru-
ments). The wafer was then post-exposure-baked at 130 °C
for 3 min, developed with 2.38 wt% TMAH aqueous solution
for 4 min, and washed with distilled water to give a clear-pat-
terned film. The thickness of the patterned PSPI film was
12 pm after development, as measured with a surface profiler
(TENCOR® P-10). The dissolution rate was determined by
dividing the change in thickness of the developed film by the
developing time, and a characteristic curve was obtained by
plotting the normalized film thickness against the exposure en-
ergy. The pattern profiles were obtained with scanning electron
microscopy (SEM, JEOL JSM-5600).

2.4. Characterization of the PI film

The PSPI precursor solution was spin-coated onto an Si wa-
fer, and then heat-treated on a hot plate at 80 °C for 10 min.
The PSPI precursor film was then thermally imidized in an
electronic furnace (KDF S-80) with a multi-step process: heat-
ing at 5 °C/min up to 200 °C, heating at 200 °C for 30 min,
heating at 4 °C/min up to 310 °C, and heating at 310 °C for
30 min in nitrogen ambient. The cured film was peeled from



6654 M.-S. Jung et al. | Polymer 47 (2006) 6652—6658

the wafer by soaking it in an aqueous solution of hydrofluoric
acid (2 wt%) for 30 min. The peeled PI films were cut into test
pieces 1 cm in width and 8 cm in length, and their mechanical
properties were measured using a universal testing machine
(Shimadzu AGS-G) in the tensile test mode with a testing
rate of 3 mm/min. The film thickness was measured with a dig-
ital micrometer (Mitutoyo). The glass transition temperature
(T) and thermal expansion coefficient (TEC) were measured
with a thermomechanical analyzer (TA instruments TMA
2940) at a heating rate of 10 °C/min with 10 mN force. The
thermal degradation temperature was measured with a ther-
mogravimetric analyzer (TA instruments TGA 2950) at a heat-
ing rate of 10 °C/min from 50 °C to 800 °C.

3. Results and discussion
3.1. Synthesis of the PI precursors

Our PSPI developable with basic aqueous solutions was
obtained from EC-PAAE, EC-PAA, and the i-line PAGs. EC-
PAAE was synthesized with a two-step procedure as reported
previously [12,13]. The protection ratio of the ethoxymethyl
groups was optimized at about ~60%, at which point EC-
PAAE is slightly soluble in the TMAH developer, which
maximizes the difference between the dissolution rates of the
exposed and unexposed areas. The NDA content was chosen
to provide a 0.3 molar ratio with respect to ODA on the basis
of the mechanical properties of the resulting PI film and the
molecular weight of EC-PAAE. Therefore, the optimized
EC-PAAE has an NDA molar ratio of 0.3 and an acetal protec-
tion ratio of 60%. Its number average molecular weight, mea-
sured at a sample concentration of 0.2 g/dL. in NMP with an
Ubbelohde viscometer at 30 °C, is 3700. EC-PAA was also
synthesized via the condensation polymerization of ODPA,
ODA, and SDA with DMA as a reactive end-capper. To im-
prove the adhesion of the PSPI films to the Si wafers, a small
amount (5 mol% relative to the diamine) of SDA was copoly-
merized. The structures of these PI precursors are shown in
Scheme 1.
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3.2. The blends of EC-PAAE with EC-PAA

PI films imidized from EC-PAAE have good mechanical
properties in spite of the low molecular weight of their precur-
sor, as reported previously [12]. However, the mechanical prop-
erties of PI films were found to be seriously affected when
formulated with PAG, because the imidization of EC-PAAE
is inhibited by the strong acid generated by the thermal degra-
dation of the PAG during the high-temperature curing process.
Fig. 1 shows the TGA curves of DINS and DDTS, which were
used as i-line PAGs. They begin to decompose at around
220 °C and then generate strong acid. To investigate the imid-
ization degree of the two precursors before the decomposition
of PAG, the precursor films were imidized as follows: heating
at 5 °C/min up to 220 °C and heating at 220 °C for 30 min.
Then, the imidization degrees of EC-PAAE and EC-PAA were
compared by the FT-IR analysis (Fig. 2). In the case of
EC-PAA, strong imide absorption at 1780 cm ™" appeared and
amide carbonyl absorption at around 1660 cm™' completely
disappeared, indicating complete imidization of EC-PAA.
However, in the case of EC-PAAE, in spite of the appearance
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Fig. 1. TGA curves of DINS and DDTS.
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Scheme 1. Structures of EC-PAAE and EC-PAA.
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Fig. 2. FT-IR spectra of PI films imidized from EC-PAAE and EC-PAA at
220°C.

of imide absorption at 1776 cm™ ', amide carbonyl absorption
at around 1660 cm™' did not clearly disappear. This result
clearly shows that imidization of amic ester segment in
EC-PAAE is much slower than that of amic acid segment. In
general, poly(amic ester) requires a higher temperature for
imidization than poly(amic acid), because of the slow loss of
ester groups from the precursor [14]. Therefore, the degree of
imidization of EC-PAAE is very low at below 250 °C, and
will increase at above 250 °C during the high-temperature
(>300 °C) curing process. Thus, in PSPI precursor systems
based on EC-PAAE and PAG, the imidization of EC-PAAE is
strongly inhibited by the acid that is generated by the thermal
degradation of the PAG at around 220 °C during the curing pro-
cess. For this reason, although the elongation at break of PI
films imidized from EC-PAAE alone is ~20%, it was found
to be lowered to ~ 5% by the addition of 16 wt% PAG. There-
fore, we decided to attempt to improve the mechanical proper-
ties of the resulting PI films by increasing the imidization ratio
below the degradation temperature of the PAG, so we blended
EC-PAAE with EC-PAA. Because EC-PAA is imidized to a sig-
nificant extent below the degradation temperature of the PAG,
the mechanical properties of the resulting PI films are less af-
fected by the strong acid generated from the thermal degrada-
tion of the PAG than those of PI films obtained by imidizing
PAAE alone. The blending ratio of EC-PAAE to EC-PAA
was optimized to 4/6 (wt/wt) on the basis of their dissolution
rates in TMAH developer and the mechanical properties of
the PI films produced by imidization with PAGs.

The UV-visible spectra of 10 um thick films of EC-
PAAE, EC-PAA and their blends were obtained with a Jasco
V-560 UV-visible spectrophotometer (Fig. 3). The transmit-
tance of the blend at 365 nm is ~53%, which is not high,
but is sufficient for the fabrication of high-resolution patterns
in films with a thickness greater than 10 um. The monomer
composition, ODPA and ODA, was chosen by considering
these factors, including the mechanical properties and
transmittance.
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Fig. 3. UV-visible spectra of the PSPI precursors, for 10-pm-thick films. The
blending ratio of the mixture was 4/6 (EC-PAAE/EC-PAA).

3.3. Photolithographic evaluation

As discussed above, 60 wt% was chosen as the proportion of
EC-PAA in the PI precursor mixture. At this high concentration
of EC-PAA that has high solubility in basic aqueous solutions,
the solubility of the blend in alkaline developer was too high
for it to be used as a base polymer for a positive resist. Thus,
the solubility of the blend must be lowered so that the unex-
posed region is not completely washed away by the alkaline de-
veloper. To control the dissolution rate of the blend, we used
the high-temperature post-exposure bake (HIT-PEB) method
in the photolithographic processing of the PSPI precursor sys-
tem. It has been reported that the HIT-PEB process effectively
lowers the solubility of poly(amic acid)s by inducing partial
imidization [15—17]. Fig. 4 shows the relationship between
the PEB temperature and the dissolution rate of the PI precur-
sor mixture containing 13 wt% DINS. The dissolution rate was
measured after 1000 mJ/cm ™2 of UV exposure. In the low PEB
temperature region, 110—120 °C, the dissolution rate of the un-
exposed area was found to be too fast. However, the dissolution
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Fig. 4. Relationship between the PEB temperature and dissolution rate of
a blended PSPI precursor film containing 13 wt% DINS in 2.38 wt% TMAH
aqueous solution at 25 °C.
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Fig. 5. UV-visible spectra of DINS and DDTS in MeOH.
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Fig. 6. Exposure characteristic curve of a blended PSPI precursor containing
13 wt% PAGs.

rate of the unexposed area was lowered at 130 °C to a satisfac-
tory level for the fabrication of high-resolution patterns. Al-
though the dissolution rate of the unexposed area was found

—
X1,288 180mxm

25 32 SEgoky

to decrease to near zero after a PEB at 140 °C, the dissolution
rate of the exposed area was then too slow. These results indi-
cate that the EC-PAA in the unexposed area was slightly imi-
dized at around 130 °C, which properly controlled the
dissolution rate to fabricate high resolution patterns.

After these preliminary optimization studies, we prepared
a PSPI precursor system based on the precursor mixture (EC-
PAAE:EC-PAA =4/6 (wt/wt)) and 13 wt% of the PAG mix-
ture. The i-line PAG mixture consists of DINS and DDTS,
which are highly soluble in NMP due to their hydroxyl groups.
Fig. 5 shows the UV-visible spectra of DINS and DDTS in
MeOH. These PAGs have absorption bands at 365 nm, and pro-
duce sulfonic acids on exposure to UV light. In the case of
DINS, if the 5-hydroxynaphthalene moiety of DINS is excited,
it donates an electron to the diphenyliodonium cation to form
a neutral radical, which decomposes instantly to produce 5-hy-
droxynaphthalene-1-sulfonic acid. In the case of DDTS, the di-
methyl(4,7-dihydroxynaphthalene) sulfonium moiety directly
decomposes to produce p-toluenesulfonic acid. The generated
acids deprotect the acid-labile acetal groups of PAAE during
the HIT-PEB process.

The viscosity of the prepared PSPI precursor solution was
measured with a viscometer (Brookfield LVDV II+) at 25 °C,
and found to be 3210 cp with 35 wt% solid content including
PI precursors and PAGs. This is an extremely low viscosity
considering the high solid content, which results from the
low molecular weights of the EC-PAAE and EC-PAA. This
moderate viscosity with high solid content indicates that an ef-
fective single step spin-coating process will be possible for the
fabrication of films with a thickness greater than 10 pum. It also
means that purification processes, such as the filtration of the
PSPI precursor solutions to remove dust particles or ionic im-
purities, are simplified.

The sensitivity curve for a 10 um thick film is shown in
Fig. 6, which indicates that its sensitivity (D®) and contrast
(v%) is 700 mJ/cm? and 0.87, respectively. Thus, relatively thick
films of this PSPI precursor system exhibit higher sensitivity
than those previously reported for chemically amplified PSPIs
[7]. Fig. 7 shows SEM images of a positive pattern in a 12 pm

X2, 988 181m

Fig. 7. SEM images of line patterns: (a) 6 pm space, (b) 10 um space in 11.8 um thick films.
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Fig. 9. TMA curve of the PSPI film imidized at 310 °C.

thick film of the PSPI precursor mixture. It was processed with
PEB at 130 °C for 3 min after exposure of the film to 1000 mJ/
cm’. Fig. 6a and b shows vertical images of well-defined 6 and
10 um positive line patterns in an 11.8 pm thick film, respec-
tively. These results confirm that chemical amplification with

X188 108um BB0B 24 20 SEI

the HIT-PEB process effectively controls the dissolution rates
of the exposed and unexposed areas.

3.4. Physical properties of the PSPI film

For practical applications such as stress buffers and the di-
electric layers of semiconductor packaging, positive-working
PSPIs must exhibit excellent mechanical and thermal proper-
ties with high resolution. Fig. 8 shows the mechanical proper-
ties of PI films obtained from the precursor system containing
the polymer blend and 13 wt% PAGs for various curing tem-
peratures. The PI film imidized at 310 °C (PSPI-310) has
good mechanical properties with plastic deformation. This re-
sult confirms that the imidization of EC-PAA is less affected
by the acid generated from the thermal degradation of the
PAGs, and that it plays an important role in improving the me-
chanical properties. The PI film imidized at 290 °C has poor
mechanical properties due to insufficient imidization, and
the PI film imidized at 320 °C exhibits rigid-brittle behavior
due to further thermal reactions between the reactive end-
cappers. The optimum imidization temperature is thus around
310 °C. PSPI-310 exhibits a high T, and a low thermal expan-
sion coefficient (Fig. 9). The T, was found to be 317 °C, and
TCE was calculated to be 36 ppm (50—100 °C) and 58 ppm
(100—200 °C). These results are higher and lower, respec-
tively than those for conventional polyimides because of the
highly cross-linked structure of the PSPI films formed by ther-
mal reactions between the reactive end-cappers. The 5% ther-
mal degradation temperature (Tdse,) was measured with TGA
and found to be 480 °C. This value is lower than that of con-
ventional polyimides, probably because of the aliphatic cross-
linking structure and partially unimidized bonding of EC-
PAAEs. Finally, PSPI-310 exhibits good thermal stability
and thermomechanical properties because of its chain-ex-
tended and cross-linked structure. Fig. 10 shows the PI pattern
obtained after the thermal curing of the PI film at 310 °C.
Fig. 10a and b shows 10 um L/S and 10 pum diameter hole pat-
terns of the PI film, respectively. The patterned film thickness
was reduced by ~29% compared to that of the precursor film
by the thermal curing process. This film shrinkage is probably
due to the imidization reaction, the loss of the ethoxymethyl

N N
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Fig. 10. SEM images of PI patterns after thermal curing at 310 °C: (a) 10 pm lines and spaces, and (b) 10 um holes.
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groups in the polymer, and the decomposition of the PAGs.
However, no distortion or deformation of the pattern was ob-
served after thermal curing. Further studies into chemically
amplified PSPIs bearing reactive end-capper groups with
high resolution and excellent physical properties are in prog-
ress, particularly with respect to the practical use of thick films
in applications such as stress buffer layer and dielectric layer
in semiconductor packaging.

4. Conclusions

To enhance the mechanical properties of PI films imidized
from a chemically amplified PSPI precursor system containing
large amounts of PAGs, EC-PAAE was blended with EC-PAA.
However, although the thermal and mechanical properties of
the resulting PI films are excellent, the dissolution rate of
the blend in alkaline developer was found to be too high for
it to be used as a base polymer. Therefore, the dissolution rates
were controlled to the levels required for obtaining high-
resolution patterns by using an HIT-PEB process (130 °C for
3 min). After the optimizations of photolithographic pro-
cesses, a high-resolution pattern with 6 um spaced lines was
fabricated in an ~ 12 pm thick film by using the PSPI system;
its resulting PI film exhibited ~30% elongation at break and
aTg of 317 °C. This is the first report of chemically amplified
positive-working PSPIs satisfying two important require-
ments, high resolution and excellent mechanical properties,
which make them useful as stress buffer layers, dielectric
layers, and bond-pad-redistribution layers in semiconductor
packaging.
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