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ABSTRACT: We prepared polymethylphenylsilsesquiox-
ane (PMPSQ) as an inorganic, thermally stable, matrix and
poly-b,L-lactide-1,6-hexanediol (PDLLA-1,6-hexanediol) as a
porogen material. PMPSQ was initially designed to obtain
synergistic effects from polyphenylsilsesquioxane and poly-
methylsilsesquioxane. The PDLLA-1,6-hexanediol was cho-
sen as a porogen since it has a much lower thermal stability
when compared with PMPSQ. The initial decomposition
temperature of the PMPSQ (458°C) was higher than the
terminal decomposition temperature of PDLLA-1,6-hex-
anediol by 148°C, resulting in a broad processing window
for the nanofoaming process. The broad window was uti-
lized not only for optimization of the foaming condition, but
for preparation of the nanofoamed PMPSQ without disrup-
tion in the structural stability of the matrix. Furthermore,
hydroxyl end groups on PMPSQ and PDLLA-1,6-hexanediol

played a role in the uniform and well-distributed phase
separation behavior. PMPSQ and PDLLA-1,6-hexanediol
were investigated by "H NMR, GPC, and thermogravimetric
analysis to characterize the properties of polymers and op-
timize the foaming condition. The inorganic/organic hy-
brids based on the PMPSQ and PDLLA-1,6-hexanediol were
prepared and measured in terms of phase separation behav-
ior and dielectric properties. In these hybrid systems,
PMPSQ/PDLLA-1,6-hexanediol (85/15) exhibited the most
uniform and the smallest nanofoam distribution in the con-
tinuous PMPSQ matrix. © 2006 Wiley Periodicals, Inc. ] Appl
Polym Sci 100: 4964—-4971, 2006

Key words: polymethylphenylsilsesquioxane; poly-p,L-lac-
tide-1,6-hexanediol; dielectric constant; phase separations;
nanofoaming

INTRODUCTION

As modern technology requires smaller and faster
microelectronic devices, a number of attempts have
been made to develop new microelectronic packaging
materials.! Various types of polyimides are potential
candidates as microelectronic insulators and have
been actively investigated because of their high ther-
mal stability, good mechanical properties, low thermal
expansion coefficients, and comparatively low dielec-
tric constants (~3.2).%>> However, materials with a di-
electric constant much lower than 3.0 are needed as
the size of logic chips decreases below 0.5 um to
reduce the RC delay and crosstalk problems. One way
to prepare such a low K material was to obtain poly-
imide nanofoams attempted by many research groups
at IBM Almaden Research Center.*”” However, poly-
imides have drawbacks in their application to micro-
electronic packaging materials because of their aniso-
tropic physical properties, high H,O pick-up, and
foam collapse above 370°C during the nanofoaming
process.
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Novel candidates such as SiLK,® benzocyclobutene
resin,” poly(perfluorocyclobutane),’® and poly(silses-
quioxane)'! for microelectronic application have been
investigated. One of the most promising candidates
for low K materials is polyorganosilsesquioxane
(PSSQ). PSSQs have attracted scientific interest not
only because of their low dielectric constants (2.6-2.8),
but also because of their excellent thermal stabilities,
low moisture pick-up, and low thermal expansion
coefficients.'> However, the dielectric constant of this
material is still too high to be applied to advanced
logic chips. Incorporation of air foams into PSSQ
would be one way to lower the dielectric constants of
the polymers. The nanofoaming process of PSSQ has
recently been focused on polymethylsilsesquioxane.
(PMSQ) because of its excellent physical properties
such as good dimensional stability and its ability to be
applied to various microelectronic packaging indus-
tries in terms of cost savings.'"'® Even though PMSQ
has outstanding physical properties suitable for the
application as mentioned earlier, it has shortcomings
when compared with polyphenylsilsesquioxane
(PPSQ). For example, although a number of reports
on the structural regularity of PPSQ have been re-
ported,'*™"” few have discussed the well-defined
chemical structure of PMSQ. It is generally known that
the structure control of PPSQ is much easier than that
of PMSQ because of side group effect and steric hin-
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Scheme 1 Synthetic route of PMPSQ.
drance leading to regulated backbone structure. How- EXPERIMENTAL

ever, the brittle nature and poor gap filling ability of
PPSQ have interfered with its industrial applications.

In this study, we prepared polymethylphenylsilses-
quioxane (PMPSQ)'*'®'® as a matrix and poly-p,L-
lactide-1,6-hexanediol (PDLLA-1,6-hexanediol) as a
porogen material. PMPSQ was initially designed to
obtain the synergistic effects of PPSQ and PMSQ.
PDLLA-1,6-hexanediol is an amorphous, flexible, and
readily decomposable polymer that has been used in
biomaterials such as biodegradable polymers and
polymer scaffolds. The amorphous nature of this poly-
mer prevents the crystallization, which causes crack-
ing in the prepared organic/inorganic hybrid films.*
The comparatively long aliphatic block results in a
polymer with increased flexibility and enhanced inter-
actions between the methyl groups of PMPSQ and the
alkyl groups of PDLLA-1,6-hexanediol through van
der Waals forces. Furthermore, hydroxyl end groups
on PMPSQ and PDLLA-1,6-hexanediol would also
contribute to uniform and well-distributed phase sep-
aration behavior. Interestingly, PDLLA-1,6-hexanediol
is a thermally labile polymer relative to PMPSQ), re-
sulting in a broad processing window. The broad win-
dow for the nanofoaming process would be helpful in
obtaining nanofoamed PMPSQ with low dielectric
constants. Both the porogen and the matrix are am-
phiphilic; therefore, high-quality films are expected to
be prepared without macroscopic aggregation or pre-
cipitation.

Preparation of polymers

D,L-lactide (Purac Biochem, Gorinchem, Holland) was
purified by recrystallization from dried acetate. It was
then dried for 24 h under vacuum prior to use. Potas-
sium hydroxide (KOH) from Sigma-Aldrich was used,
without further purification, as a catalyst for prepara-
tion of PMPSQ. Stannous octoate (Sn(oct),; Sigma, St.
Louis, MO) was purified by vacuum distillation at
175°C (~0.2 mmHg). 1,6-Hexanediol of Aldrich was
distilled under reduced pressure. Toluene was dis-
tilled over sodium metal before use. PMPSQ was syn-
thesized by the method previously described in our
papers.'*™'? Mixtures of phenyltrichlorosilane and
methyltrichlorosilane with molar ratio of 1/1 were
hydrolyzed below 0°C for 3 h. The initial hydroly-
sates of the reaction mixture were then dissolved in
toluene with a small amount of KOH. The solution
was heated up to reflux temperature and stirred for
16 h. The obtained product was then filtered and
dried in a vacuum oven at 110°C for 12 h. The yield
was 81.78%. The synthetic route of PMPSQ is de-
scribed in Scheme 1.

PDLLA-1,6-hexanediol was prepared by bulk poly-
merization. p,L-lactide (17.2 g, 0.119 mol) and 0.598 g
(5.00 X 1072 mol) of 1,6-hexanediol were added to a
glass ampoule containing a teflon-coated magnetic
stirring bar. After 0.269 g (6.60 X 10~ * mol) of Sn(Oct),
was added, the ampoule was sealed under vacuum
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Scheme 2 Synthetic route of PDLLA-1,6-hexanediol.

after purging thrice with nitrogen at 90°C. The am-
poule was heated up to 130°C in an oil bath for 5 h,
with stirring. After the reaction was carried out, the
ampoule was broken, the product was dissolved in
300 mL of chloroform, and then micro-filtered through
a 0.45-um-pore membrane filter. The polymer solution
was evaporated to a final volume of 70 mL. The ob-
tained product was then poured into 700 mL metha-
nol, filtered, and dried under vacuum. The yield of
PDLLA-1,6-hexanediol was 86.21%.?' Synthetic route
of PDLLA-1,6-hexanediol is given in Scheme 2.

"H NMR (CDCl,): & 5.18 (q, 2nH, (OCO(CH)OCO)),
4.38 (q, 2H, (OCO(CH)OH)), 4.17 (t, 4H, (CH,(CH,)
0CO0O)), 1.59 (d, 6nH, (CH;)) ppm.

Identification of polymers

"H NMR spectra were obtained using a Varian Gem-
ini-200 spectrometer with CDCl; as an internal stan-
dard. The M, and molecular weight distribution
(MWD) were determined by Waters GPC 410 system.
The equipment was composed of five Ultrastyragel®
columns (10°, 2 x 10°, 10%, 10° g/mol), and the molec-
ular weight was calibrated by polystyrene standards
(Polymer Lab.). THF was used as an eluent at a flow
rate of 10 mL/min. Thermogravimetric analysis
(TGA) was conducted with a TGA 2950 from DuPont
instruments Co. Temperature was raised up to 800°C
from initial equilibrium temperature of 30°C, at a heat-
ing rate of 10°C/min. FT-Raman spectra were re-
corded on PerkinElmer System 2000 NIR FT-Raman
spectrometer equipped with Nd:YAG CW Laser (A
= 1064 nm) source using the back scattering method.

Specimen preparation and AFM measurement

The PMPSQ and PMPSQ/PDLLA-1,6-hexanediol hy-
brids at different weight ratios were dissolved in tol-
uene with a concentration of 15% by weight. The
compositions of all samples are PMPSQ/PDLLA-1,6-
hexanediol hybrid materials of 90/10, 85/15, and 80/
20. The solution was spin-coated on a freshly cleaned
slide glass after filtering the solution through a Milli-
pore Teflon filter (0.2 um). The thickness of all the
spin-coated films was ~1.0 um. The nanofoamed films
were obtained according to the foaming condition
described in Figure 3. During AFM measurement, mi-
crographs were recorded with a Multimode Scanning
Probe Microscope (Digital Instruments, Inc.). The tap-
ping-mode was used to obtain phase-imaging data
with 125-um-long cantilevers. The cantilever had a
very small tip radius of 5-10 nm. The lateral scan
frequency was about 1.0 Hz. The sample was moved
in the x—y plane and voltage was applied, which
moved the piezo driver over the z-axis, to keep the
probing force constant, resulting in a three-dimen-
sional height image of the sample surface.

Specimen preparation and measurement of
dielectric properties

Aluminum (CERAC™ specialty inorganics with pu-
rity of 99.999%) electrodes were evaporized with a
thickness of 1000 A on a freshly cleaned slide glass by
ULVAC VPC-260F vacuum deposition equipment.
PMPSQ and PMPSQ/PDLLA-1,6-hexanediol hybrids
at different compositions were dissolved in toluene
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Scheme 3 The schematic diagram of prepared specimen
for measurement of dielectric constants.

with a concentration of 15% by weight. The solution
was spin-coated on the aluminum-coated glass after
filtering the solution through a Millipore Teflon filter
(0.2 wm). All the obtained films were ~1.0 um thick.
The film thickness was measured by P-10 surface pro-
filer from TENCOR Instruments. The films were
foamed at the various foaming conditions under ni-
trogen atmosphere and cooled down to room temper-
ature. Finally, aluminum electrodes were evaporized
onto the specimen, resulting in a set of metal-insula-
tor-metal devices (Scheme 3).

Dielectric behavior measurements were carried out
on a Hewlett-Packard LF impedance analyzer Model
4192A equipped with a Mettler Toledo FP82HT hot
stage and Mettler Toledo FP90 central processor. Tem-
perature was raised up to 100°C from the initial tem-
perature of 30°C. Heating rate was 5°C/min at a fre-
quency of 1 MHz.

RESULTS AND DISCUSSION
Preparation of polymers

The M,, and MWD of PMPSQ and PDLLA-1,6-hex-
anediol were measured by GPC. The M, of PMPSQ
and PDLLA-1,6-hexanediol are 11,430 and 3828, re-
spectively. The MWD of PMPSQ and PDLLA-1,6-hex-
anediol are 1.26 and 1.22, respectively. Other analysis
and characterization such as 'H NMR, ?°Si NMR,
TGA, and DSC of PMPSQ and PDLLA-1,6-hexanediol
were reported earlier.' #8192

Optimization of the foaming process

To optimize the foaming conditions for preparation of
nanofoamed PMPSQ), the thermal decomposition be-
haviors of PMPSQ and PDLLA-1,6-hexanediol were
investigated by TGA, as shown in Figure 1. The initial
decomposition temperatures of PMPSQ and PDLLA-
1,6-hexanediol are 458 and 127°C, respectively. In ad-
dition, the terminal decomposition temperature of
PDLLA-1,6-hexanediol is 310°C. This indicates that
the processing window for the nanofoaming process is
as large as 148°C. Many researchers have reported on
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the nanofoaming process using polyimides and ther-
mally labile organic polymers such as polystyrene and
poly(propylene oxide).>” However, nanofoamed poly-
imides were not easily obtained because of the cell
collapse of the formed air foams in a matrix polymer.
The low processing window was one of the reasons.
This occurred because the terminal decomposition
temperature of the porogen was close enough to in-
duce thermal transition (e.g., T,) of polyimide.” In the
case of silsesquioxanes, an attempt for using nanopo-
rous polymethylsilsesquioxanes (PMSQ) has been in-
vestigated.”” However, structural instability of PMSQ
during the curing process due to self-aggregation or
phase separation of the porogen (nanofoam) phase
resulted in large pores (~400 nm). Theses large pores
can significantly deteriorate mechanical properties of
the porous film. This phase separation problem is
likely due to early pyrolysis (~150°C) before curing
and structural transformation during the curing pro-
cess of the PMSQ precursor.” In contrast, as shown in
TGA thermogram data (Fig. 1), PMPSQ used in this
study shows no significant difference in terms of ther-
mal stability before and after the curing process. This
enhanced thermal and structural stability of PMPSQ
also contributes to easier optimization of the foaming
condition.

We also checked the thermal decomposition be-
havior of PMPSQ/PDLLA-1,6-hexanediol hybrids
using FT-Raman spectroscopy to investigate how
the thermally labile polymer (PDLLA-1,6-hex-
anediol) is thermally decomposed. Figure 2 shows
FT-Raman spectra of the PMPSQ/PDLLA-1,6-hex-
anediol hybrid material at three different tempera-
tures. Characteristic peaks of Si—Ph groups appear
around 3050 cm™'. Peaks at 2970 and 2900 cm ™'
refer to the existence of Si—Me bonds. A strong
absorption band due to the aliphatic C—H chain of
PDLLA-1,6-hexanediol was also detected at 2950
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Figure1 TGA thermograms of (a) uncured PMPSQ and (b)
PDLLA-1,6-hexanediol.
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Figure 2 FT-Raman spectra of PMPSQ/PDLLA-1,6-hex-
anediol (80/20) hybrids (a) before foaming and after heating,
(b) at 150°C for 2 h, (c) at 230°C for 3 h, and (d) at 300°C for
30 min.

cm ! (see the arrow in Fig. 2). As temperature in-
creases from 150 to 230°C, the peaks assigned for
PDLLA-1,6-hexanediol became smaller [see Figs.
2(b—c)]. After the 3rd step (heating at 300°C for 30
min.) of the foaming process, characteristic peaks of
PMPSQ were only detected as shown in Figure 2(d).
Consequently, based on these results shown in Fig-
ures 1 and 2, the foaming condition was determined
as shown in Figure 3. As a summary, the 1st step is
to induce complete evaporation of residual solvent
and initiate thermal decomposition of the porogen.
Continuing pyrolysis of the porogen and a curing
process of some defect structures of PMPSQ can be
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Figure 3 Optimized 3-step foaming condition.
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Figure 4 AFM phase images of PMPSQ/PDLLA-1,6-hex-
anediol (90/10) hybrid (a) before and (b) after foaming pro-
cess. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

achieved at the 2nd step. The 3rd step results in
complete pyrolysis of the thermally labile block and
annealing of the matrix. On the basis of these re-
sults, the PMPSQ nanofoams were prepared accord-
ing to the conditions described earlier.

Surface morphology of the nanofoamed PMPSQ
thin films

Surface morphology of nanofoamed PMPSQ thin films
were investigated by AFM as shown in Figures 4 and
5. AFM images of the nanofoamed films appear to
have a different trend than our earlier results with
inorganic/organic hybrids based on PSSQ and hy-
droxyl-functionalized polystyrene.'*** The organic
phase can be observed by tapping mode AFM due to
the different surface tension of the polymer from the
inorganic matrix (PMPSQ). The organic phase after
nanofoaming appears as white spots in the phase im-
ages. These white spots likely resulted from the ab-
sence of interacting atomic force between the AFM tip
and empty space (the foam phase). It can also be
explained by the location of the foams. Since the foams
are located just under the film surface, the foams will
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Figure 5 AFM phase images of nanofoamed PMPSQ films
obtained from PMPSQ/PDLLA-1,6-hexanediol hybrids with
composition of (a) 85/15 and (b) 80/20. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

be observed as bumps on the surface. In conjunction
with other results, this evidence indicates that the
foaming process was carried out appropriately.

For clear comparison between the organic phase
and the foam phase, AFM images of PMPSQ/PDLLA-
1,6-hexanediol hybrids were taken before and after the
foaming process (Fig. 4). The number and domain size
of the air foam phase increase with the increase in
PDLLA-1,6-hexanediol content in the hybrids. As
shown in Figure 4(b), AFM images of the nanofoamed
PMPSQ obtained from the PMPSQ/PDLLA-1,6-hex-
anediol (90/10) hybrid reveal that the air foam phase
is relatively irregular and the domain size varies in the
range of 20-50 nm. This irregularity is probably due to
undesired phase separation during hybridization of
PMPSQ and PDLLA-1,6-hexanediol, meaning the
PMPSQ matrix forms intrahydroxyl interactions
rather than interhydroxyl interactions with PDLLA-
1,6-hexanediol, preventing uniform and regular pen-
etration of the porogen into the matrix.

The number of hydroxyl groups in PDLLA-1,6-hex-
anediol increases as the PDLLA-1,6-hexanediol con-
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tent is increased (Fig. 5). The increased number of
hydroxyl groups results in interaction between the
two polymers. If the porogen content becomes higher
than 20%, however, self-aggregation results in a co-
continuous phase between the two polymers. Yang et
al."? also reported on the interconnectivity of the pores
depending on the porogen loading and a percolation
threshold of 20-25% of the mass fraction of the tem-
plate by positronium annihilation lifetime spectros-
copy. The AFM data show small, uniformly distrib-
uted foams prepared from the PMPSQ/PDLLA-1,6-
hexanediol (85/15) hybrid. This uniform distribution
suggests that the maximum degree of interaction be-
tween organic and inorganic polymers exists at the
optimized component ratio. Our results suggest that a
nanofoamed PMPSQ film with uniformly dispersed
and small organic domains can be obtained at this
optimized organic/inorganic component ratio.

Yoon® also reported on the preparation of low K
materials. He suggested that nanofoamed low K ma-
terials without any deterioration of mechanical prop-
erties can be obtained if the size of air foams is below
5 nm. The nanofoamed PMPSQ described in this arti-
cle have a relatively small pore size (10-30 nm). Thus,
we can expect that the deterioration of good mechan-
ical properties of PMPSQ would be minimized. We are
currently preparing a report on the mechanical prop-
erties and suitability test for microelectronic devices of
the nanofoamed PMPSQ.

Measurement of dielectric properties of the
nanofoamed PMPSQ films

Dielectric constants of the nanofoamed PMPSQ sam-
ples over the range from 30 to 100°C are shown in
Figure 6(a). All the measured materials exhibit tem-
perature-dependent dielectric behaviors. The dielec-
tric constant, €', was calculated from the capacitance
according to

,_cl .
&' = A (1)

where g, is the dielectric constant of vacuum state,
8.854 X 1072 F/m, c is the capacitance of thin films, /
is film thickness, and A is the area of the Al electrode.
The dielectric constants of the samples at 60°C at 1
MHz are 2.78, 2.53, 2.45, and 2.41. Theoretical and
experimental values of dielectric constants with vari-
ous air foam contents are shown in Figure 6(b). In
Figure 6(b), the solid and dotted lines represent exper-
imental dielectric results, together with the prediction
of the dielectric constant from Maxwell-Garnett theory
(MGT),*® respectively. The experimental trend is in
relatively good agreement with the simple theoretical
estimates by MGT. The small discrepancies between
experimental results and MGT prediction may be due
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Figure 6 (a) Dielectric constants for the prepared PMPSQ nanofoams with temperature and (b) comparison of the estimated
dielectric constants to the calculated values by Maxwell-Garnett theory. [Color figure can be viewed in the online issue, which

is available at www.interscience.wiley.com.]

to an error in estimated porosities. The porosities were
calculated from the weight fraction of the pore-form-
ing thermally labile polymer (PDLLA-1,6-hexanediol)
and that of the matrix material, assuming that the
entire amount of PDLLA-1,6-hexanediol was involved
in the phase separation. Exact values of actual porosity
would result in closer agreement of dielectric con-
stants dielectric constant measured and predicted.
Nonetheless, values as low as 2.41 were measured.

CONCLUSIONS

To obtain nanofoamed PMPSQ with low dielectric
constants, optimization of the foaming process should

be conducted prior to the industrial application of the
PMPSQ nanofoaming process. Presented in this article
are nanofoamed PMPSQ films with dielectric constant
as low as 2.41. In the case of the hybrid containing a
high content of porogen material (>20 wt %), how-
ever, enlarged pore size would be disadvantageous
for industrial application of microelectronic packag-
ing. Further foaming to obtain practically applicable
nanofoamed PMPSQ with lower dielectric constants
(below 2.0) cannot be carried out because an increase
in porogen material leads to an increase in pore size.
Larger pore size results in films with undesirable me-
chanical properties. Thus, we conclude that nano-
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foamed PMPSQ with 15 wt % porogen material would
be optimum. Nanofoamed PMPSQ with uniformly
dispersed small air foam (below 5 nm) would be ob-
tained if organic porogen and inorganic matrix are
chemically bonded. Results regarding chemical bond-
ing between the two polymers will be published in the
future.

The authors thank Dr. Hyung-Jun Kim for his kind assis-
tance with AFM measurement. Thanks are also extended to
Dr. Dong Young Kim for his advice on FT-Raman experi-
ments.
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