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ABSTRACT: To investigate the effects of reactive end-cap-
pers on the performance of PI precursors and the resulting
polyimide (PI) films, poly(amic acid)s (PAAs) as a base poly-
mer of the positive-working photosensitive polyimides
(PSPIs) were synthesized via ring-opening polymerization of
4,40-oxydiphthalic anhydride and 4,40-oxydianiline with four
different reactive end-cappers [maleic anhydride, citraconic
anhydride, 2,3-dimethylmaleic anhydride (DMA), and 5-nor-
bornene-2,3-dicarboxylic anhydride (NDA)]. During imidiza-
tion of these end-capped PAAs to form the corresponding PI
films, chain extension and crosslinking reactions of the re-
spective end groups occurred, resulting in an improvement in

themechanical and thermal properties despite the lowmolec-
ular weight of the precursors. However, the UV transmittance
at �365 nm, an important property of PSPIs for thick-film
applications, such as stress buffer layers, was strongly influ-
enced by the type of end-capper used. These behaviors were
understood in terms of the optimized geometries and the
simulated UV–vis spectra ofmodeled end groups determined
from density functional theory calculations. � 2006 Wiley
Periodicals, Inc. J Appl Polym Sci 102: 2180–2188, 2006
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INTRODUCTION

Photosensitive polyimides (PSPIs) have attracted much
attention in recent years because their use in the fabrica-
tion of microelectronics can reduce the number of proc-
essing steps required to obtain the desired photolitho-
graphic pattern.1 The widest application of PSPIs is as
the stress buffer layer of semiconductor applied after
chip passivation.2 For such application, the PSPIs must
exhibit good mechanical and thermal properties to pro-
tect the bare chip from the stresses induced by fillers in
the molding compounds, and by the thermal mis-
matches that occur between the passivation layer and
themolding compound.2–4

In particular, positive-working PSPIs have recently
replaced conventional polyimides (PIs) as buffer coat-
ings in semiconductor packaging. The use of positive-
working PSPIs5–7 rather than negative-working PSPIs8,9

is preferred in lithography because of their many
advantages, such as lower sensitivity to dust particles,

better suited shapes for the pattern profiles in multi-
layer systems, developability with alkaline aqueous
solutions, and reduced impact on the environment.10

However, it is difficult to obtain goodmechanical prop-
erties in PI films prepared from positive-working
PSPIs, since the photosensitive group of the PI precur-
sor and the additives used in the precursor composition
strongly affect the morphological structure of the PI
precursor in the condensed state as well as the imidiza-
tion kinetics, which invariably leads to different struc-
tures and properties in the resulting PI films.11,12

Another important requirement for PI precursors is
high transmittance in the i-line (365 nm), which is a crit-
ical factor for thick-film applications such as stress
buffer layers. To obtain high-resolution patterns with
relatively thick films (over �10 mm before curing), the
PI precursors must be transparent at 365 nm. Thus, the
design of a new PI precursor for positive-working
PSPIs that satisfies all the above requirements is essen-
tial if PI films are to be used in practical applications
such as stress buffer layers.

Here, we show that the PI films imidized from the
end-capped PAAs are found to be very effective in the
improvement of the performance of PIs. Four different
reactive end-cappers [maleic anhydride (MA), citra-
conic anhydride (CA), 2,3-dimethylmaleic anhydride
(DMA), and 5-norbornene-2,3-dicarboxylic anhydride
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(NDA)] were introduced into the ends of the PI precur-
sor chains. The use of these reactive end-cappers signif-
icantly improved the mechanical and thermal proper-
ties of the resulting PI films. However, the UV transmit-
tance of these end-capped PAAs, which is an important
property of PSPIs for thick-film applications, depended
significantly on the type of end-capper used. Density
functional theory (DFT) calculations verified that this
dependence is due to the p-conjugation effect observed
within the ring-opened structures of the end-cappers.

EXPERIMENTAL

Materials

Anhydrous N-methyl-2-pyrrolidinone (NMP) was
obtained from ISP Technologies (Wayne, NJ) and dehy-
drated with 4 Å molecular sieves prior to use. 4,40-Oxy-
diphthalic anhydride (ODPA) was obtained from
Shanghai Research Institute (China) and used after vac-
uum drying at 1308C for 5 h. 4,40-Oxydianiline (ODA)
was obtained fromWakayama Seika Kogyo Co. (Japan)
and used as-received. 5-Norbornene-2,3-dicarboxylic
anhydride (NDA, Tokyo Kasei Kogyo Co., Japan), ma-
leic anhydride (MA, Aldrich), and 2,3-dimethylmaleic
anhydride (DMA, Aldrich) were purified by recrystalli-
zation frombenzene. Citraconic anhydride (CA,Aldrich)
was used as-received.

Synthesis of end-capped PAAs

The synthetic procedure of the end-capped PAAs is
illustrated in Scheme 1. In a 250-mL round-bottom
flask, 10.01 g (0.05 mol) of ODAwas dissolved in 60 mL
of NMP. While keeping the flask at 0–58C, 13.18 g
(0.0425 mol) of ODPA was slowly added to the flask
with stirring. The resulting solution was stirred for an
additional 2 h, and then 0.015 mol of end-capper (MA,
CA, DMA, and NDA) was slowly added and stirred at
0–58C for a further 16 h. The notations used for the end-
capped poly(amic acid) (PAA) based on ODPA and
ODA are as in the following example: NDA30-PAA
represents a PAAwith a 0.3M ratio of NDA toODA.

Preparation of PI films

The PSPI precursor was spin-coated on a Si wafer, and
then heat treated on a hot plate at 808C for 10min. Ther-
mal imidization was then carried out in an electronic
furnace (KDF S-80) with a multi-step process: succes-
sive heating at 58C/min up to 2008C, 2008C for 60 min,
48C/min up to 3108C, and 3108C for 60 min. The cured
filmwas peeled from thewafer by soaking it in an aque-
ous solution of hydrofluoric acid (2% w/w) for 30 min.
The notations of the end-capped PIs are as in the fol-
lowing example: NDA30-PI represents a PI imidized
(finally at 3108C) from PAA with a 0.3M ratio of NDA
toODA.

Scheme 1 Synthesis of reactive end-capped poly(amic acid)s.
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Measurements

The chemical structures of the reactive end groups of
the PAAs were identified by 1H-NMR with a Bruker
Avance 300 spectrometer. Dimethyl sulfoxide-d6 was
used as the solvent. Gel permeation chromatography
(GPC, Polymer Laboratory PL-GPC210) for molecular
weight determination of the PI precursors was per-
formed at 408C in N,N-dimethylformamide (DMF) at a
flow rate of 1 mL/min. The weight–average and num-
ber–average molecular weights were calculated with
respect to polystyrene standards. TheUV transmittance
spectra were obtained on a JASCO V-560 UV–vis spec-
trophotometer. The mechanical properties of the PI
films were measured using a Universal Testing
Machine (UTM, Shimadzu AGS-G) in the tensile test
mode at a rate of 3 mm/min. Test pieces with a width
of 1 cm and a length of 8 cmwere cut from the peeled PI
films, and their film thicknesses were measured with a
digital micrometer (Mitutoyo). The glass-transition tem-
perature (Tg) and thermal expansion coefficient (TEC)
were measured using a thermo mechanical analyzer
(TA instruments TMA 2980) at a heating rate of 108C/
min under a nitrogen atmosphere. The pattern profiles
of the corresponding PI films were obtained with a
scanning electronmicroscope (SEM, JEOL JSM-5600).

Preparation of PSPI precursor composition
and its lithographic evaluation

Appropriately, 1.2 g of the NDA30-poly(amic acid
ethoxymethyl ester) (NDA30-PAAE), 1.8 g of the
DMA30-PAA, and 0.45 g of a photo acid generator
(PAG) were dissolved in 7 g of NMP to provide a PSPI
precursor composition. NDA30-PAAE was synthe-
sized as described in our previous report.13 A protec-
tion ratio value of � 60% for the ethoxymethyl group
was optimized on the basis of dissolution rate studies.
The structure of norbornene end-capped PAAE is
shown in Scheme 2. Diphenyliodonium 5-hydroxy-
naphthalene-1-sulfonate (DINS) was synthesized and
used as a PAG.14 The resulting solution was spin-
coated on Si wafers and prebaked at 908C for 4 min. A
photomask was then vacuum-pressed against the
coated silicon wafer, and this was irradiated with the
filtered UV light of wavelength 365 nm using a high-

pressure mercury lamp (ORIEL Instruments). Next, the
silicon wafer was postexposure baked at 1308C for 3
min, then developed with 2.38% (w/v) tetramethylam-
monium hydroxide (TMAH) solution for 4 min, and
finally washed with distilled water to give a clear-pat-
terned film. The thickness of the patterned PSPI film
was 12 mmafter development.

Molecular calculations

To understand the UV transparencies of the PAAswith
various end-cappers, quantum-mechanical calculations
were carried out. The geometries of the model end
groups were optimized at the B3LYP/6-31G** level15 in
the DFT formalism,16,17 which has been successfully
used to obtain accuratemolecular geometries compared
to experimental data.16,18 The ZINDO/S method19 was
applied to simulate UV–vis spectra based on DFT opti-
mized geometries. The active space included the 10
highest occupied and 10 lowest unoccupied molecular
orbitals for single excitations. It is well known that the
ZINDO/S model exhibits good accuracy for the pre-
diction of electronic excitations for organic p-conju-
gated systems.19 All calculations were carried out
using the Gaussian 98 program.20

RESULTS AND DISSCUSSION

Synthesis and characterization of PI precursors
with reactive end-cappers

PAAs end-capped with maleic acid and norbornene
groups were synthesized to improve the performance
of PI films. The resulting bismaleimide and bisnadi-
mide thermosetting PI precursors, which are low-mo-
lecular-weight telechelic oligomers end-capped with
reactive functionalities, have been used as resins in
high-temperature (> 2008C) applications for electronic
devices. These oligomers were synthesized via the con-
ventional reaction between an aromatic dianhydride
and an aromatic diamine in the presence of a mono-
functional end-capper (Scheme 1). The end-cappers
carry a functional group susceptible to polymerization,
copolymerization or crosslinking,21 and can be poly-
merized under thermal activation without forming any
volatile residues.

Scheme 2 The structure of norbornene end-capped poly(amic acid ethoxymethyl ester).
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In this study, PAA was used as the backbone struc-
ture of the end-capped PI precursors, although other PI
precursors, including poly(amic ester),6,22 soluble
PI,5,23 and polyisoimide,24 are also feasible as base poly-
mers for positive-working PSPIs. For thick film applica-
tions such as stress buffer layers, however, the soluble
PI and polyisoimide are not suitable as base polymers
because of their strong absorbance at 365 nm. In the
case of poly(amic ester), the resulting PI films have criti-
cal limitations in their mechanical properties due to the
ester groups.11 To improve the performance of the PSPI
precursors and their imidized PI films, we designed
PAAs with the four following end-cappers: MA, CA,
DMA, and NDA (Scheme 1). These end-cappers were
chosen on the basis of the prediction that PI films dam-
aged by the photosensitive group or additives can be
reinforced through chain extension and crosslinking
reactions during thermal imidization. The bismalei-
mide and bisnadimide precursors were prepared from
the ring-opening polymerization of ODPA and ODA in
the presence of each reactive end-capper. The molar
ratio of monomers was adjusted as ODPA : ODA : end-
capper ¼ (2 � x)/2 : 2 : x, where x represents the molar
ratio of the end-capper.

The introduction of reactive end groups into the ends
of PAAs was confirmed by 1H-NMR spectroscopy
(Fig. 1). The peaks associatedwith the CH¼¼CHbond of
the ring-opened structure of the MA end-capped PAA
were observed at 6.45 and 6.32 ppm. Similarly, the peak
due to themethyl group in the ring-opened structure of
CA (2.17 ppm), the two methyl groups in the ring-
opened structure of DMA (1.97 ppm), and the CH¼¼CH
bond in the ring-opened structure of NDA (6.1 ppm) all
confirmed their introduction to the ends of the PI pre-
cursor chains. The number–average molecular weights
of each end-capped PAA were distributed in the range

of 1800–2100. The molecular weights of the PAAs were
significantly lowered due to a stoichiometric imbalance
between ODPA andODA following the introduction of
the end-cappers (Table I). The use of such low-molecu-
lar-weight PI precursors simplifies the purification
process such as the filtration of PSPI precursor solu-
tions to remove impurities or particles. Also, a moder-
ate viscosity with high solid content can be easily real-
ized without loss of the desired mechanical properties
required for thick films applications such as stress
buffer and dielectric layers in semiconductor packag-
ing. This moderate viscosity with high solid content
offers an effective, single step spin-coating process for
the fabrication of filmswith a thickness over 10 mm.

Thermal and mechanical properties of PI films

Figure 2 shows the TMA curves of the PI films imidized
from each end-capped PAA at 3108C. The Tg of each
end-capped PAA is in the range of 230–270 8C, which is
relatively high considering the lowmolecular weight of
the corresponding precursors, but comparatively low
with respect to conventional PIs. This is due to the low
molecular weight of the PAAs used, although the cross-
linked structure was formed by thermal reaction
between reactive end-cappers.

Figure 1 Ring-opened structures of reactive end-groups in PAA and their peaks (ppm) in 1H-NMR spectra.

TABLE I
Molecular Weight of End-Capped PAAs

Mn Mw PDI (Mw/Mn)

NDA30 2,140 3,190 1.49
DMA30 1,950 2,790 1.43
CA30 1,810 2,550 1.41
MA30 1,850 2,660 1.44 Figure 2 TMA graphs of PI films imidized from various

PAAs.
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Maleimide and norbornene have been widely used
as typical reactive end-cappers in thermosetting PIs,
and their respective curing reactions have been subject
to numerous investigations.21,25–29 These types of end-
cappers differ from each other in the nature of the cross-
linking mechanism. In the case of bismaleimide, the
double bond of the maleimide end-capper forms free
radicals, which react with each another to form a three-
dimensional network during thermal imidization.25

Crosslinked PI films cured frommaleimide end-capped
PAA exhibit relatively high Tg values (Fig. 2). However,
the DMA30-PI imidized from DMA30-PAA exhibits a
relatively low Tg compared to PI films containing other
end-cappers. This indicates that the two methyl groups
of DMA inhibit radical polymerization between the
double bonds of the end groups for chain extension and
crosslinking. Therefore, the DMA30-PI film has a lower
crosslinking density than that of the MA30-PI and
CA30-PI films. In the case of bisnadimide, several cross-
linking mechanisms have been proposed based on
model compound studies involving the copolymeriza-
tion of maleimide end groups with free cyclopenta-
diene generated from the reverse Diels–Alder reaction
of norbornene end groups at elevated tempera-
ture,21,26,27 as well as from the direct copolymerization
among norbornene end groups, maleimide end groups,
and double cycloadducts formed by the Diels–Alder
reaction between norbornene end groups and cyclo-
pentadiene.28,29 Regardless of the reaction mechanism,
the pyrolysis of the nadimide termination seems to be a
prerequisite for the initiation of the polymerization
reaction. In Figure 2, the NDA30-PI film exhibits ther-
momechanical characteristics similar to those of the
MA30-PI film.

Figure 3 shows the TGA curves of the PI films formed
with various end-cappers. The thermal degradation
behavior of the PI films was similar, and the 5% degra-
dation temperature (Td5%) of all PI films was found to

be about 5008C. This Td5% value is somewhat low com-
pared to that of conventional aromatic PIs, which is
assumed to be due to the thermal degradation of the ali-
phatic crosslinking structure formed by the reactive
end-cappers.

The mechanical properties of the PI films were meas-
ured using a UTM. As shown in Figure 4, the PI films
exhibit excellent elongation properties in spite of the
lowmolecular weight of their precursors. TheMA30-PI
and C30-PI films exhibit excellent elongations at break
of more than 70%. However, DMA30-PI andNDA30-PI
show relatively low elongation properties compared
with MA30-PI and CA30-PI. In the case of DMA30-PI,
the two methyl groups of DMA inhibit both the chain
extension and crosslinking reactions, corroborating the
results obtained in the TMA analysis. In the case of
NDA30-PI, it is likely that the reaction mechanism of

Figure 3 TGA graphs of PI films imidized from various
PAAs. Figure 4 Elongation properties of PI films imidized from

various PAAs.

Figure 5 Effect of NDA30-PAAE content on the Tg of PI
films prepared from blending mixtures of NDA30-PAAE
and DMA30-PAA, and NDA30-PAAE and NDA30-PAA.
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norbornene groups is too complicated to understand
the relatively low elongation properties.

Here, we describe a chemically amplified PSPI pre-
cursor system based on end-capped PI precursors and
PAG. The solubility of these end-capped PAA in alka-
line developer is too high to use as a base polymer for
PSPI precursor system. Thus, to lower their high solubil-
ity in alkaline developer, the NDA30-PAAE as a poly-
meric dissolution inhibitor was blended with the end-
capped PAA. Due to the complete insolubility of the
NDA30-PAAE in alkaline developer, the solubility of
the homogeneous blendwas significantly decreased to a
satisfactory level for the fabrication of high-resolution
patterns with an optimized postexposure-bake process.
Upon exposure to UV light, the PAG generates acid,
which in combinationwith thermal energy, successively
deprotects the acid-labile acetal groups of the NDA30-
PAAE. The deprotected PI precursor and end-capped
PAA in the exposed region can then be removed with a
basic aqueous solution, and the unexposed region of the
blend is converted to the desired PI pattern by thermal
curing. Various amounts of NDA30-PAAE were
blended with DMA30-PAA or NDA30-PAA, and the
mechanical and thermal properties of the resulting PI
filmsweremeasured to optimize the above properties.

As shown in Figure 5, the Tg of the PI films imidized
from NDA30-PAAE is 3018C (see 100% of NDA30-

PAAE content), which is a relatively high value com-
pared with the PI films imidized from end-capped
PAAs. This is due to the different imidization kinetics
of poly(amic ester)s from PAA. Generally, the end
groups of the bismaleimide precursor begin to poly-
merize at � 2508C, and the norbornene end groups of
the bisnadimide precursor begin to polymerize or co-
polymerize at � 2708C via a reverse Diels–Alder reac-
tion with the release of cyclopentadiene.30 In the case of
PAA, themajority of the amide-acid backbone was con-
verted to imide groups below the polymerization tem-
perature of the end-cappers during the curing process.
The resulting imide backbone is stiff and rigid such that
the chain mobility is lowered and the possibility of
undergoing crosslinking reactions is limited. Therefore,
the chain extension reaction is superior to crosslinking.
On the other hand, the poly(amic ester) generally
requires relatively higher temperature for the imidiza-
tion than that required for PAA due to slow loss of the
ester groups from the precursor.31 Thus, the imidiza-
tion reaction of the poly(amic ester) proceeds at around
the same temperature as the polymerization of the end-
cappers occurs. Therefore, a relatively flexible amide–
acid backbone enables the formation of PI films with
highly crosslinked structures. Hence, the Tg of the
resulting PI film is higher than that of the PI film cured
from end-capped PAA. For these reasons, the Tg of the
PI film imidized from a blend mixture is increased in
proportion to the NDA30-PAAE content (Fig. 5). These
results clearly show that the crosslinking density is in
proportion to the content of NDA30-PAAE.

The different imidization kinetics of poly(amic ester)
also affects the mechanical properties of PI films. As
shown in Figure 6(a, b), the elongation at break of the
PI film varied significantly with the NDA30-PAAE
content. In around 50% of NDA30-PAAE content, the
PI films show the highest elongation properties. At
this content, it is likely that corresponding cross-
linking and chain extension reactions were adequately

Figure 6 Effects of NDA30-PAAE content on the elonga-
tion properties of PI films prepared from (a) the blending
mixture of NDA30-PAAE and DMA30-PAA, and (b) the
blending mixture of NDA30-PAAE and NDA30-PAA.

Figure 7 UV transmittance spectra of end-capped PAAs.
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controlled to obtain excellent mechanical properties.
Above certain NDA30-PAAE content, the elongation at
break was decreased due to an excessively crosslinked
structure.

UV–vis spectra analysis and DFT calculation
of model compounds

PSPIs have mostly been processed in mass production
using i-line exposure tools. Hence, for thick-film appli-
cations such as buffer coatings, the base polymer must
have high transparency at around 365 nm. Figure 7
shows the UV–vis spectra of various end-capped PAA
films of thickness 10 mm. Although the ratio of end-cap-
pers to whole polymer chains is very small, the end-
cappers exert a strong influence on the absorbance of
the PAA films. The PAA based on ODPA and ODA
without end-cappers exhibits 69% of transmittance at
365 nm. The UV–vis spectrum of the NDA30-PAA film
is very similar to that of the PAA, indicating that the
introduction of NDA did not affect the absorbance of
PAA. However, the introduction of MA type end-cap-
pers (MA andCA) significantly changes the absorbance
of PAA. By the ring-opening of MA, the UV absorbance
of PAA shows a high bathochromic shift, due to the
conjugation effect imparted by the end groups com-
prising two carbonyl groups and a double bond. The
UV transmittances of MA30-PAA and CA30-PAA at
� 365 nmwere� 0% and 20%, respectively. As a result,
the MA and CA end-cappers are not suitable for use as
PSPI precursors. Although DMA is aMA type end-cap-
per, the UV transmittance of DMA30-PAA was higher
than that of the other MA end-cappers. This is likely
due to the fact that conjugation of the end group is
strongly inhibited by the two methyl groups. Similar

behavior may occur in CA with one methyl group. The
UV transmittance of CA30-PAA is only slightly less
than that of MA30-PAA, due to the partially inhibited
conjugation of the end groups.

To understand the different optical behaviors exhib-
ited by the end-capped PAAs, the end group of each
end-capped PAA was modeled as 3-phenylcarbamoyl-
acrylic acid (PA), 2-methyl-3-phenylcarbamoyl-acrylic
acid (MPA), and 2,3-dimethyl-3-phenylcarbamoyl-
acrylic acid (DPA) (Scheme 3). The geometries of the
modeled end groups were optimized at the B3LYP/6-
31G** level15 in the DFT formalism.16,17 As summarized
in Table II, the DFT-optimized geometrical parameters
indicate that DPA shows a quite distorted geometry in
the acrylic acid unit compared to PA andMPA. The di-
hedral angle of the acrylic unit in DPA is calculated to
be 113.68 due to the steric hindrance of two methyl sub-
stituents, which leads to much less p-conjugation in the
acrylic acid unit of DPA compared to that of PA (170.98)
andMPA (161.68). This is also confirmed by the fact that
the C4C5 bond distance is calculated to be 1.350 Å,
which is larger than a typical C¼¼C double bond
(1.340 Å). UV–vis spectral simulations clearly show the
different absorption pattern of the lowest excitation in
DPA from that of PA andMPA, as seen in Figure 8. The
lowest excitation of DPA occurs in the region of 230–
270 nm (lmax¼ 249 nm), where PA andMPA are trans-
parent (calculated extinction coefficient 0). These
results can be used to explainwhy the spectra of respec-
tive PAAs varywith different end-capper units.

TABLE II
Calculated Bond Distances (Å) and Dihedral Angles (8)

PA MPA DPA

r(C2N1) 1.416 1.414 1.413
r(N1C3) 1.380 1.380 1.380
r(C3C4) 1.490 1.480 1.510
r(C4C5) 1.330 1.340 1.350
r(C5C6) 1.470 1.490 1.490
ff(C1C2N1C3) 142.3 144.9 159.4
ff(C2N1C3C4) 12.6 12.2 6.4
ff(N1C3C4C5) 170.9 161.6 113.6
ff(C3C4C5C6) 178.2 177.5 176.7

Figure 8 SimulatedUV–vis spectra ofmodeled end groups.

Scheme 3 The structures of model compounds.
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Photolithography

The PSPI precursor systemwas prepared by blending a
mixture of NDA30-PAAE andDMA30-PAAwith 13 wt
% DINS. The UV–vis spectrum and photochemical
reaction of the DINS were shown in our previous
report.13 The blending ratio was determined by consid-
ering the dissolution rate with respect to the developer,
and the mechanical properties of the final blend. A
detailed description concerning the formulation and
lithographic evaluation of the PSPI precursor system is
beyond the scope of this article and is thus not given in
the present discussion. Figure 9 shows the SEM images
of positive patterns produced from the PSPI precursor
system after 1000 mJ/cm2 of UV exposure at 365 nm,
followed by the subsequent development the precursor
film with TMAH aqueous solution. Figures 9(a) and
9(b) show the 10 mm line and space (L/S), and 8 mmL/S
patterns (12 mm thickness) for the precursor film. Figure
10 shows the PI pattern obtained by thermal curing of
the PI film at 3108C. Figures 10(a) and 10(b) show the
corresponding 10 and 8 mm L/S patterns of the PI film,
respectively. The patterned film thickness was reduced
� 29.3% compared to the precursor film after the ther-
mal curing process. This film shrinkage is likely due to
the imidization reaction, coupled with the loss of the
ethoxymethyl groups in the polymer and the decompo-
sition of the DINS. However, no distortion or deforma-
tion of the pattern was observed after thermal curing.

Further studies into chemically amplified PSPIs bearing
reactive end-capper groups, having high resolution
and excellent physical properties, are in progress, par-
ticularly with respect to the practical use of thick films
in applications such as buffer coatings in semiconduc-
tormanufacturing.

CONCLUSIONS

Although the molecular weights of the PI precursors
(PAAs) were lowered by the introduction of the reac-
tive end-cappers, the corresponding PI films exhibited
excellent mechanical and thermal properties afforded
by the chain extension and crosslinking reactions of the
end-cappers. In addition, a UV–vis spectroscopic study
of the effect of the end-cappers on the UV absorbance of
PAA revealed that the UV absorbance of the PAAs var-
ied markedly depending on the type of end-capper.
Specifically, NDA had no effect on the UV absorbance
of PAA, whereas the introduction of CA or MA end-
cappers significantly affected the PAA absorbance
around 365 nm due to the p-conjugation effect of their
ring-opened structures. As a result, both CA and MA
are considered unsuitable as end-cappers for the PI pre-
cursors of positive-type PSPIs, despite their role in
improving the mechanical and thermal properties of
the resulting PI filmdue to the excellent chain extension
and crosslinking reactivity of the end groups. However,

Figure 9 SEM images of PI precursor patterns after developing. (a) 10 mm L/S and (b) 8 mm L/S.

Figure 10 SEM images of PI patterns after thermal curing at 3108C. (a) 10 mm L/S and (b) 8 mm L/S.
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although DMA is a MA type end-capper, the introduc-
tion of DMA caused a slight lowering in the UV trans-
mittance of PAA, which is attributed to the strongly
inhibited p-conjugation afforded by the two methyl
groups of DMA. Consequently, the present results indi-
cate that NDA and DMA can be utilized as the reactive
end-capper units of low-molecular-weight PSPI precur-
sors to improve the physical properties of the resulting
imidized PI films.
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