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ABSTRACT: A novel poly(imide siloxane)/titania (PIS/
TiO2) hybrid film was fabricated by sol-gel process via
in situ formation of TiO2 within PIS matrix. Poly(amic acid
siloxane) (PAAS) was prepared from 4,40-oxydiphthalic
anhydride, 2,2-bis [4-(4-aminophenoxy) phenyl] propane,
and a,x-bis(3-aminopropyl)polydimethylsiloxane (APPS).
Chelating agent, acetylacetone, and catalyst-free polymer-
ization were used to reduce the rate of hydrolysis of
titanium alkoxide in the PAAS. X-ray photoelectron spec-
troscopy data showed that the presence of APPS promotes
the Ti surface composition of PIS/TiO2 hybrid film. The
effects of TiO2 and APPS contents on the characteristics of

surface, thermostability, coefficient of thermal expansion
(CTE), and the strength of adhesion were investigated. The
presence of TiO2 on the surface of the hybrid films
enhanced the adhesive strength at the interface of PIS/TiO2

hybrid film and copper foil. When more TiO2 was incorpo-
rated into the PIS matrix, the PIS/TiO2 hybrid film exhib-
ited lower CTE while retaining favorable mechanical and
thermal properties. VC 2011 Wiley Periodicals, Inc. J Appl Polym
Sci 124: 1929–1937, 2012

Key words: poly(imide siloxane); TiO2; X-ray photoelectron
spectroscopy; adhesion; copper foil

INTRODUCTION

Organic/inorganic hybrid materials with unique
electrical, magnetic, mechanical, and adhesive prop-
erties1 are produced and studied extensively in the
field of material science. Polyimides (PIs) are ther-
mally stable polymers with excellent mechanical
properties and low dielectric constants. PIs are used
in flexible printed circuits and become some of the
most extensively used polymers in semiconductor
integrated circuit packaging.2–7 They are typically
modified with siloxane segments to confer low mois-
ture absorption and strong adhesion at the polyi-
mide/substrate interface. Siloxane is known as a
release agent due to its low surface energy8,9 and is
possible to enhance the adhesion strength between
poly(imide siloxane) (PIS) and alloy9 or copper foil10

systems. Two or more layers of PI as well as a thin
layer of metals, such as Cr and Ta, are commonly
precoated to strengthen the adhesion at the interface
of PI and copper.11–17 The strength of adhesion
between PI (or PIS) and copper foil can be increased

by incorporating siloxane segments into PI matrix or
by adding tantalum ethoxide (Ta(OEt)5) to the PIS
matrix.18–21

In this study, titanium alkoxide was incorporated
into the PIS matrix to reduce the thermal expansion
and enhance the adhesion strength between PIS and
copper. Nanosized titanium oxide was formed in
situ using acetylacetone (acac) as a chelating agent to
stabilize titanium ethoxide (Ti(OEt)4) in poly(amic
acid siloxane) (PAAS). No acid catalyst or water was
added to the PAAS/ Ti(OEt)4 solution. The goal of
this work was to investigate the surface composi-
tions of Si and Ti on the prepared PIS/TiO2 hybrid
films as well as the influences of the surface content
on thermal and mechanical properties. The charac-
terization results from X-ray photoelectron spectros-
copy (XPS), thermogravimetric analysis (TGA), ther-
mal mechanical analysis (TMA), and adhesive
strength test of a series of PIS/TiO2 hybrid films
were correlated with their constituents.

EXPERIMENTAL

Materials

High-purity octamethylcycloterasiloxane (D4), and
1,3-bis(3-aminopropyl) tetramethyldisiloxane (DSX)
were obtained from Tokyo Chemical Industry (TCI).
Tetramethylammonium hydroxide pentahydrate
(TMAHP, 98%) was acquired from Lancaster. 4,40-
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oxydiphthalic anhydride (ODPA, 98%, Chriskev)
was dried in a vacuum oven at 85�C overnight and
2,2-bis[4-(4-aminophenoxy)phenyl]propane (p-BAPP,
98%, Aldrich) was dried at 85�C for 8 h before use.
Ti(OEt)4 (TCI), acac (TCI), and N,N-dimethyl form-
amide (DMF, Tedia) were used as received in the
reaction.

Synthesis of a,x-bis(3-aminopropyl)
polydimethylsiloxane oligomer

The catalyst, tetramethylammonium siloxanolate
(TMAS), was first synthesized by reacting stoichio-
metric amounts of TMAHP and D4 with stirring
at 60�C under Ar atmosphere for 48 h. Scheme 1 dis-
played the reaction. The a,x-bis(3-aminopropyl)poly-
dimethylsiloxane (APPS) oligomer was then prepared
from the stoichiometric mixture of DSX and D4 with
the addition of 1.0 wt % of TMAS by stirring for 48 h
at 80�C under N2. Continued stirring at 150�C for 3 h
under N2 was followed to decompose the catalyst
TMAS. After cooling to room temperature, the above

solution was heated again at 105�C for 4 h under
vacuum to remove the residual D4.8,9,22 Scheme 2
presented the reaction of APPS oligomer. APPS with
the number average molecular weight of 625 g mol�1

was determined by the proton nuclear magnetic
resonance (NMR) spectroscopy, which was presented
in Table I.

Synthesis of poly(imide siloxane)/titania

PAAS solutions were synthesized by stir mixing
stoichiometric amounts of p-BAPP, APPS, and
ODPA with suitable amount of DMF at room

Scheme 1 Synthesis of the catalyst, tetramethylammo-
nium siloxanolate (TMAS).

Scheme 2 Synthesis of a, x-bis (3-aminopropyl) polydi-
methylsiloxane (APPS) oligomer.

TABLE I
NMR Chemical Shift of 625 g mol21 APPS

Structures
Hydrogen of
the molecule

Integral
data Chemical shift (ppm)

A 0.67 2.60–2.65, a triplet
B 0.76 1.39–1.44, a doublet

and a triplet
C 0.73 0.46–0.52, a triplet
D 7.13 0.00–0.05, a multiplet
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temperature (R.T.) for 2 h under N2. The precursor
sol, PAAS/Ti(OC2H5)4 solutions were prepared by
adding the mixture with a fixed molar ratio, Ti(OEt)4
to acac, of one-fourth to the above PAAS solution
and stirring at R.T. for 12 h under N2. The chelating
agent (acac) was utilized to control the sol-gel reac-
tivity of titanium alkoxides. The metal oxide concen-
tration was expected to be about 1 to 8 wt % within
the PIS matrix based on the assumptions of complete
imidization, complete conversion of Ti(OEt)4 to TiO2,
and absence of any residual solvent. Scheme 3 pre-
sented the reaction.

The PAAS/Ti(OC2H5)4 solution was coated on a
dust-free glass plate using a doctor blade with a
thickness of 650 lm. The gel film was then heated at
60, 100, 200, and 300�C, respectively, each for 1 h to
obtain PIS/TiO2 hybrid films with a thickness rang-
ing from 65 to 75 lm. The PIS/TiO2 hybrid films
were labeled as PISx-y-zT, where x, y, and z referred
to the number average molecular weight of APPS
(e.g., x ¼ 6 as 625 g mol�1), the weight percentage of
APPS and the ideal weight percentage of TiO2 in
PIS/TiO2 hybrid films, respectively. For example, a
label with y ¼ 0 or z ¼ 0 indicated no addition of
APPS or absence of TiO2 in the hybrid film.

Characterization

Fourier transform infrared (FTIR) absorption spectra
of prepared films were recorded between 4000 cm�1

and 400 cm�1 using a Nicolet Protégé460 spectrome-
ter. TGA was performed using TGA-Q500 (TA

Instruments) in the temperature range from 60 to
800�C with a heating rate of 20�C min�1 under N2.
The in-plane thermal expansion measurement was
used from 50 to 350�C with a heating rate of 5�C
min�1 using a Du Pont 2940 probe providing 0.05 N
in tension to the film. The coefficient of thermal
expansion (CTE) between 55 and 200�C was deter-
mined. XPS was performed using a PHI Quantera
SXM spectrometer with Al Ka radiation source and
a pass-energy of 280 eV under constant energy
mode. XPS analysis was conducted at R.T. and
under the pressure below 10�8 torr. The take-off
angle used in XPS depth profiling was 45�, and the
sputtering rate was 3.97 nm min�1. The adhesion
strength tests of PIS or PIS/TiO2 hybrid films were
carried out in accordance to the 180� peel test
method (Model HT-8116 Hung TA) with a peel rate
of 50.8 mm min�1. Each sample was adhered to a
preheated Cu foil substrate at 360�C and under the
pressure of 50 kg cm�2 for 5 min. The peel strength
listed in Table IV was an average of at least four-
time measurements on each sample. The dynamic
mechanical analysis (DMA) was carried out by
means of a thermal analyzer (DMA-2980, TA Instru-
ments) from 60 to 300�C, at a frequency of 1 Hz and
heating rate of 3�C min�1.

RESULTS AND DISCUSSION

FTIR

The chemical structure of PIS hybrid films was char-
acterized by FTIR. Figure 1 presented the IR spectra
of standard TiO2, PIS6-10-0T, and PIS6-10-5T. The
two hybrid films, with or without TiO2, showed
peaks at 1778 and 1720 cm�1, which were assigned
to asymmetrical and symmetrical carbonyl stretching

Scheme 3 Synthesis of PIS/TiO2 hybrid film.

Figure 1 FTIR spectra of standard TiO2 and the hybrid
films, PIS6-10-0T, and PIS6-10-5T. The weight percentage
of TiO2 in hybrid films is 0 and 5 wt %, respectively.
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of imide rings, as well as another peak at 1380 cm�1,
which was from CAN stretching.23 The absorption
bands at 1028 and 1094 cm�1 corresponding to the
SiAOASi stretching of the APPS were observed for
both PIS hybrid films. However, TiO2 stretching
bands1,25,24–26 in the range of 400 to 850 cm�1 cannot
be distinguished in hybrid films.

TGA

Figures 2 and 3 showed the TGA results of the
hybrid films with various TiO2 contents and the cor-
responding decomposition temperature (Td) at 5%
weight loss of each sample was listed in Table II. All
of the PISx-y-zT films began to decompose at the
temperature around 400�C and had Td between 495
and 508�C indicating high thermal durability. The
value of Td slightly decreased with the increase of

TiO2 content in films. The presence of TiO2 may cat-
alytically degrade polyimide matrix that the reduc-
tion in thermal stability was observed.27–29 Figure 2
also revealed that adding TiO2 improved the char
yield. With the presence of 1 wt % TiO2 in hybrid
film, i.e., PIS6-10-1T, the char yield significantly
increased to 62% comparing to 50% for PIS6-10-0T.

Determination of coefficients of thermal expansion

Figure 4 showed the TMA results of a series of PIS6-
10-zT hybrid films. The extent of reduction in dimen-
sion change of PIS/TiO2 hybrid films significantly
increased especially when the temperature was
higher than 200�C. The CTEs of PIS and PIS/TiO2

hybrid films were calculated by the dimension
change between 55 and 200�C. The obtained CTEs
were listed in Table II and plotted in Figure 5 as a
function of TiO2 content. The CTE of all PIS/TiO2

hybrid films was � 50% lower than that of PIS6-10-
0T, which contains no TiO2. It is believed that the lin-
ear PIS chains may penetrate into TiAOATi forming
semi-IPN crosslink structures in the synthesized

Figure 2 Thermogravimetric profiles of the hybrid films,
PIS6-10-zT, with various contents of TiO2. The letter z indi-
cates the weight percentage of TiO2 in hybrid films.

Figure 3 Effect of APPS and TiO2 on the thermogravi-
metric profile of PISx-y-zT hybrid films. The letter x indi-
cates the average molecular weight of APPS (e.g. x ¼ 6 as
625 g mol�1) and the letter y indicates the weight percent-
age of APPS. The letter z indicates the weight percentage
of TiO2 in hybrid films.

TABLE II
Thermal Property of PIS Hybrid Films

Samples Td (�C)1 CTE (ppm/�C)2

PIS6-10-0T 508.4 157.9
PIS6-10-1T 507.7 91.6
PIS6-10-2T 500.6 83.7
PIS6-10-3T 498.9 82.3
PIS6-10-4T 498.3 80.3
PIS6-10-5T 494.8 75.7
PIS0-00-4T 512.4 77.9

1 Determined by TGA data as the temperature at which
5% weight loss occurs.

2 Determined by TMA data as the dimension change in
the temperature range from 55 to 200�C.

Figure 4 Effect of TiO2 contents on thermal expansion of
the hybrid films, PIS6-10-zT. The letter z indicates the
weight percentage of TiO2 in hybrid films.
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hybrid films. Consequently, this stiff 3D-TiO2 struc-
ture was responsible to the limitation of the move-
ment of the linear PIS chains and the reduction of the
CTE values of hybrid films. The reliability of adhe-
sion between obtained hybrid films and copper sys-
tem will be enhanced and the delamination will be
prevented in future applications.

XPS

XPS analysis with depth profiling was used to char-
acterize the film surface at various depths. As shown
in Table III, the composition of Si (2p) was zero for
PIS0-00-4T under depth profiling (30 � 120 s), except
1.9% for the film surface (0 s). The Si element was

only distributed on the surface for hybrid films
without the presence of APPS or TiO2. The distribu-
tion of Ti element was different from that of Si. Fig-
ure 6 demonstrated Ti binding energy of PIS0-00-4T
under depth profiling. On the top surface of PIS0-00-
4T, i.e., 0-s curve, the binding energy of Ti 2p3/2 and
Ti 2p1/2, which was 457.8 and 463.7 eV, respectively,
indicated the presence of TiO2.

30–32 A longer sputter-
ing time was associated with higher peak intensity.
Accordingly, the Ti content in the bulk exceeded
that on the surface of PI. In the contrary, there was
more Si on the surface. The Ti binding energy
shifted toward a lower value for samples under
sputtering. The Ti binding energy of 2p3/2 and Ti
2p1/2 was 455.8 and 461.7 eV, respectively, for sam-
ples under 120-s sputtering. With the increase in
film depth, the oxygen content may not be sufficient
to completely convert titanium alkoxide into TiO2.

1

Figure 5 Effect of TiO2 content on the coefficient of ther-
mal expansion (CTE) of the hybrid films, PIS6-10-zT. The
letter z indicates the weight percentage of TiO2 in hybrid
films.

TABLE III
Elemental Composition of PISx-y-zT Hybrid Films

Under Depth Profiling

Samples

Depth
profile
time (s)

Composition1 (atomic percentage, %)

C 1s O 1s N 1s Si 2p Ti 2p

PIS0-00-4T 0 80.0 14.3 3.0 1.9 0.7
30 91.2 3.9 2.2 0 2.7
60 91.5 3.6 3.3 0 3.0
90 91.1 3.3 2.0 0 3.6

120 90.2 4.1 2.0 0 3.6
PIS6-10-0T 0 70.2 17.1 2.0 10.7 0

30 85.3 5.2 2.3 7.1 0
60 87.3 5.3 2.3 5.1 0
90 88.9 4.2 2.1 4.7 0

120 89.6 3.7 2.3 4.4 0
PIS6-10-4T 0 70.9 19.3 3.2 5.1 1.6

30 75.5 16.2 3.4 3.0 2.0
60 77.6 14.6 3.2 2.5 2.2
90 78.8 13.6 3.3 2.1 2.2

120 79.5 13.3 3.0 1.8 2.3

1 Determined by relative intensity of characteristic peaks
from XPS spectra.

Figure 6 XPS (Ti 2p) spectra of PIS0-00-4T hybrid films
under depth profiling (0 to 120 s).

Figure 7 XPS (Si 2p) spectra of PIS6-10-0T hybrid films
under depth profiling (0 to 120 s).

THERMAL AND ADHESIVE CHARACTERISTICS OF PIS/TiO2 1933

Journal of Applied Polymer Science DOI 10.1002/app



The XPS (Si 2p) depth profile of PIS6-10-0T was
shown in Figure 7. The intensity of Si-C peak at
100.9 eV33 decreased remarkably with the increase of
the sputtering time. The Si composition of PIS6-10-
0T shown in Table III also revealed higher Si content
on the surface than in the bulk. The result was con-
sistent with Jwo et al.9 that silicon tends to distribute
on the surface rather than in the bulk. Contrarily, Ti
tends to distribute inside the PIS0-00-4T film.

Figure 8 presented the XPS (Ti 2p) spectra of PIS6-
10-4T and Table III listed the details of each compo-
sition. The Ti content on the surface of PIS6-10-4T
was 1.6%, which significantly exceeded that of PIS0-
00-4T (0.7%). Most of the Ti elements in PIS0-00-4T
were more homogeneously dispersed inside reveal-
ing similar peak intensity for samples under various
sputtering time (Fig. 6). With the presence of APPS,
the Ti binding energies of PIS6-10-4T (0-s), 458.8 and
464.5 eV, were larger than those of PIS0-00-4T, 457.8

and 463.7 eV, respectively. This shift was consistent
with that observed by other groups.34–36 Moreover,
the shift of Ti (2p) binding energy in PIS6-10-4T at
various depths was less significant than that in PIS0-
00-4T.
The XPS (Si) spectra of PIS6-10-4T shown in Fig-

ure 9 were compared with the ones of PIS6-10-0T
(Fig. 7). The Si content for PIS6-10-4T decreased
notably with the increasing sputtering time, similar
to the result of PIS6-10-0T. The effect of depth on Si
composition can also be revealed from Table III. The
position of main Si peak, corresponding to SiAC, for
the top surface of PIS6-10-4T was around 102.0 eV,
which was higher than that of PIS6-10-0T, 100.9 eV.
Without the presence of TiO2, the position of SiAC
peak remained unchanged under depth profiling. In
this study, the TiO2 network may be arranged by
breaking the SiAOASi chain of the APPS

Figure 8 XPS (Ti 2p) spectra of PIS6-10-4T hybrid films
under depth profiling (0 to 120 s).

Figure 9 XPS (Si 2p) spectra of PIS6-10-4T hybrid films
under depth profiling (0 to 120 s).

Figure 10 XPS (O1s) spectra (solid lines) and deconvolu-
tion results (dash lines) of PIS0-00-4T hybrid films under
depth profiling (0 and 60 s). The scale of y-axis of 60-s
curves is 5-time of 0-s curves.

Figure 11 XPS (O1s) spectra (solid lines) and deconvolu-
tion results (dash lines) of PIS6-10-0T hybrid films under
depth profiling (0 and 60 s). The scale of y-axis of 60-s
curves is two-time of 0-s curves.
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composition or bonding between both Si and Ti with
the C¼¼O group in PIS.35 Those Ti elements in the
inner layer were then pulled to the surface by Si,
which has a high surface energy and therefore
caused more Ti presenting on the surface of PIS6-10-
4T than that of PIS0-00-4T, which does not contain
APPS.

The XPS (O 1s) spectra for samples (PIS0-00-4T,
PIS6-10-0T, and PIS6-10-4T) under 0-s and 60-s
depth profiling as well as the Gaussian decon-
volution of overlapped peaks were shown in Fig-
ures 10–12. From Figure 10, the overlapped oxygen
peak of the surface of PIS0-00-4T (0 s) was attributed
to the following components, SiOxNy or SiO2 (530.8
eV) and C¼¼O (531.5 eV), respectively.34–37 Based on
previous sections, the surface of PIS0-00-4T had less
Ti than Si. Consequently, the oxygen (1s) peak
shown in Figure 10 was considered as Si-related
oxides rather than TiAO components. Sputtering for
60 s completely eliminates the peak of Si-related
oxides (530.8 eV) that the new deconvolution results,
believed to be TiAO36,38,39 and C¼¼O, were obtained
at 530.0 and 532.0 eV, respectively.

In Figure 11, the surface of PIS6-10-0T showed
two overlapping XPS (O1s) peaks, corresponding to
SiOxNy or SiO2 (530.8 eV) and C¼¼O (531.5 eV). The
relative intensity of the SiOxNy or SiO2 peak from
PIS6-10-0T was much stronger than that from PIS0-
00-4T (Fig. 10). Sputtering for 60 s clearly led to the
appearance of another two overlapping peaks, C¼¼O
(531.5 eV) and SiAOASi (532.6 eV).28 No detectable
SiAOASi peak was observed from the surface of
PIS6-10-0T. Si content was higher on the surface
than in the bulk, which was consistent with result
shown in Figure 7.
Figure 12 showed three overlapping oxygen (1s)

peaks, which corresponded to TiO2 (529.9 eV), C¼¼O
(531.7 eV), and SiAOASi (532.5 eV), respectively,
from the surface of PIS6-10-4T. With the increase of
sputtering time, the relative peak intensity of TiO2

increased and was accompanied by the decrease in
intensity of SiAOASi peak. Moreover, a shifting
of C¼¼O binding energy was observed from Fig-
ures 10–12. Hybrid films containing TiO2 (Figs. 10
and 12) showed higher C¼¼O binding energy
than TiO2-abscent films (Fig. 11) do. The presence of
elemental Ti may react with C¼¼O groups in PIS to
form TiAO.

Peel strength test

The adhesive strength between PIS6-10-zT hybrid
film and copper foil was presented in Table IV. The
peel strength of those hybrids increased with TiO2

content up to 2 wt %. A reduce in peel strength was
observed for PIS6-10-4T, which contained 4 wt % of
TiO2. Similar phenomenon had been reported by
Chiang et al.23 that further adding of TiO2 in PI sig-
nificantly reduces the peel strength of TiO2/PI-cop-
per system. The films with high content of TiO2 (>4
wt %) were brittle that fracture happened during

Figure 12 XPS (O1s) spectra (solid lines) and deconvolu-
tion results (dash lines) of PIS6-10-4T hybrid films under
depth profiling (0 and 60 s).

TABLE IV
Peel Strength of PIS6-10-zT Hybrid Films

Samples Peel strength (N cm�1)1

PIS6-10-0T 5.82
PIS6-10-1T 6.58
PIS6-10-2T 6.96
PIS6-10-4T 3.06
PIS0-00-4T –2

1 Averages of four measurements.
2 The hybrid film is too brittle and fragile to obtain satis-

factory measurement.
Figure 13 Storage modulus of poly(imide siloxane) (PIS)
and PIS/TiO2 hybrid films.
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peel strength measurements. In this study, the peel
strength of the hybrids with 1 and 2 wt % TiO2

exceeded that of PIS6-10-0T (without TiO2). The
increase in peel strength was probably because some
of the TiO2 was pulled to the surface to increase the
strength of the adhesion between the hybrids and
the copper foil.

Dynamic mechanical analysis

The dynamic mechanical properties of PIS/TiO2

hybrid films as a function of temperature were
shown in Figures 13 and 14. Figure 13 shows the
storage modulus of PIS/TiO2 hybrid films. The stor-
age modulus of hybrid films was enhanced when
the content of TiO2 within films was increased. For
all the PIS/TiO2 hybrid films, their glass transition
temperature (Tg) were assigned at each maximum of
tan d curves in Figure 14. Same increasing trend was
observed for the Tg of the hybrid films, from 224 to
246�C, when the content of TiO2 was increased from
0 to 5 wt %. Similar results were observed from the
studies of Liaw et al.40 This result could be attrib-
uted to the filler effect of TiO2, thereby affording
stiffer hybrid films. Besides, the crosslinking reaction
occurred between PIS and Ti(OEt)4 is also expected
to increase the Tg value.

CONCLUSIONS

Titanium oxides were successfully introduced into
the PIS membrane. Thermal analysis demonstrated
that the CTE value of PIS6-10-1T was halved of the
one of PIS6-10-0T. The CTE decreased significantly
with the increase in TiO2 content in hybrids, while
the decomposition temperature (Td) slightly
decreased. The Si concentration on surface was
much higher than that in the bulk of hybrids, while

Ti tended to distribute in the bulk. On the other
hand, the presence of APPS can promote the forma-
tion of TiO2 on the surface. The interaction between
APPS and TiO2 on the surface, in turn, affected the
surface characteristics and adhesion of PIS/TiO2

films. Adding 1 or 2 wt % TiO2 into hybrids effec-
tively improved the peel strength of hybrids copper
system. When the TiO2 content increased over 4 wt
%, the films became too stiff and brittle to examine
the peel strength.
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