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Abstract
In this study, the structural transformation and properties of ﬁve commercially available poly(silsesquioxanes) by
thermal curing were investigated, including poly(hydrogen silsesquioxanes) (HSQ and T12), and poly(methylsilsesquioxanes) (MSQ, T7 and T9). These materials with a diﬀerent cage/network ratio and side groups (Si–H and Si–
CH3 ). The FTIR spectra show that the poly(silsesquioxane) ﬁlms have diﬀerent contents of the Si–O–Si cage and
network structures, which signiﬁcantly aﬀects the refractive index and dielectric constant. The shifting of the Si–O–Si
network band in the FTIR spectra can be correlated with their molecular structures. The refractive indices and dielectric
constants of the studied poly(silsesquioxane) ﬁlms increase with increasing the Si–O–Si network content. The retention
of the Si–H or Si–CH3 side group suggests the existence of the cage structures in the poly(silsesquioxane) ﬁlms. The Si–
O–Si cage structure results in a larger free volume than the Si–O–Si network structure in the poly(silsesquioxane) ﬁlms
and thus reduces the refractive index and dielectric constant. It is supported by the porosity result. The order of the
refractive index in the studied poly(silsesquioxanes) ﬁlms is T12 > HSQ for the Si–H side group and T7 > T9 > MSQ
with the Si–CH3 side group, which can be correlated with the Si–O–Si network content. The poly(silsesquioxane) ﬁlm
with the Si–CH3 side group has a lower refractive index than the Si–H side group at the same Si–O–Si network content,
which is probably due to the steric hindrance eﬀect of the CH3 group.
Ó 2002 Elsevier Science B.V. All rights reserved.

1. Introduction
Poly(silsesquioxanes) (POSS) such as hydrogen
silsesquioxane (HSQ), methyl silsesquioxane
(MSQ), and hydrido-organo siloxane polymer
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(HOSP) have been recognized as potential candidates for low dielectric constant materials [1–10].
The molecular structures of these materials consist
a mixed cage/network structure before thermal
curing. Part of the cage structures in these materials is transformed to a network structure after
thermal curing. The structural modiﬁcation in the
above POSS materials by thermal curing results in
a signiﬁcant variation on their properties, including mechanical properties [11], and dielectric
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properties [12,13], and refractive index [14,15].
Siew et al. studied the microstructures of HSQ in
the temperature range of 350–450 °C [16]. They
identiﬁed the possible Si–H thermal dissociation
and the collapse of porous network by the thermogravimetric analysis (TGA) and the Fourier
transform infrared (FTIR) spectrophotometer.
They proposed four possible stages during curing
of the HSQ ﬁlm: (1) room temperature up to 200
°C: solvent loss; (2) 250–350 °C: network redistribution and SiO2 formation; (3) 350–435 °C: Si–H
thermal dissociation and cage–network redistribution; (4) >435 °C (or 450 °C): collapse of pore
network. The cage/network structural transformation of HSQ by thermal curing has also been
reported by Belot et al. [17], Loboda et al. [18], and
Albrecht and Blanchette [19]. Our laboratories
proposed a two-stage zero-order kinetics on the
cage/network transformation on the HSQ ﬁlms
[14,15]. The cage structure of the HSQ ﬁlm
transforms into the network structure by thermal

curing and results in a signiﬁcant change on the
ﬁlm properties such as refractive index and dielectric constant. For the POSS ﬁlms with the Si–
CH3 group, Chua et al. [20] studied the curing
behavior of MSQ in the temperature range of 350–
500 °C. They found that the curing reaction of
MSQ is an endothermic reaction accompanied by
weight loss, shrinkage, and reduction in coeﬃcients of thermal expansion and dielectric constant. Although there were several reports on the
structures and properties of the POSS ﬁlms by
thermal curing, most of the above studies focused
on one kind of the POSS ﬁlms. The studies from
Siew et al. [16] and our laboratories [14,15] have
revealed the possible mechanism for the thermal
curing of HSQ. However, a general structure–
property relationship based on diﬀerent kinds of
POSS ﬁlms by thermal curing has not been fully
explored.
In order to investigate the structural transformation and properties of the POSS ﬁlms by ther-

Fig. 1. The molecular structures of (a) R ¼ H for HSQ, R ¼ CH3 for MSQ; (b) T7; (c) T9; (d) T12 for the studied poly(silsesquioxanes).
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mal curing, ﬁve commercially available POSS
ﬁlms, poly(hydrogen silsesquioxanes) (HSQ and
T12), poly(methylsilsesquioxanes) (MSQ, T7 and
T9), were studied. The fundamental molecular
structures of the studied POSS ﬁlms are shown in
Fig. 1, which include the cage form and the network form. HSQ and T12 are the materials with
the Si–H side group while MSQ, T7, and T9 with
the Si–CH3 group. The correlations between the
cage/network ratio, Si–H or Si–CH3 residues, porosity, refractive index, and dielectric constant of
the studied ﬁlms were investigated.

2. Experimental
2.1. Materials and processing
HSQ (precursor: Fox 15), and MSQ (precursor:
ACCUSPIN 418) were obtained from Dow
Corning Corporation (Midland, MI, USA), and
Honeywell Inc. (Sunnyvale, CA, USA) respectively. T7, T9, and T12 were purchased from
Tokyo Ohka Kogyo (TOK) Co. (Tokyo, Japan).
The studied ﬁve materials were spun coated on a 4
in. wafer by a spin-on glass (SOG) coater, and
baked at diﬀerent conditions according to Table 1.
2.2. Characterization
The chemical structure of the cured ﬁlms on
wafer was characterized by the FTIR. The transformation from the Si–O–Si cage structure to
the total Si–O–Si structure ðthe cage structure þ
the network structureÞ was monitored through the
variation of the peak area of the 1130 cm1 peak
and the 1000–1250 cm1 peak. The refractive index
and the ﬁlm thickness of the cured ﬁlms on wafer
were then measured using a refractive index ðnÞ and

extinction coeﬃcient ðkÞ analyzer which equipped
with the light source of 190–900 nm wavelength.
The analyzer detected the reﬂection of light from
thin ﬁlm and estimated the refractive index and
thickness. The porosity (P) of the cured HSQ ﬁlm
was determined by the eﬀective medium approximation (EMA) module of the ellipsometer. The
dielectric constant of the HSQ ﬁlm was obtained by
a metal (Al)–insulator–metal (MIM) device. In this
measurement, the capacitance of the MIM device
was measured by C–V system. The dielectric constant ðkÞ was then calculated from the following
formula: k ¼ ct=Ae0 , where c is the observed capacitance, t is the ﬁlm thickness, A is the contacted
area with the measured ﬁlm, and e0 is the free
permittivity. The experimental uncertainties of refractive index, thickness, and dielectric constant
are 0.002, 3 nm, and 0.1, respectively.

3. Results
3.1. IR spectra
Fig. 2 shows the FTIR spectra of the studied
POSS ﬁlms after thermal curing. A broad Si–O–Si
absorption band in the wave number range of
1000–1250 cm1 is shown in all ﬁve spectra. It
suggests the Si–O–Si backbone of the studied
ﬁlms. The absorption bands at 2258 and 830 cm1
of Fig. 2(a) and (b) are resulted from the Si–H
bond of the HSQ and T12. The Si–CH3 absorption
bands are found at 1273 and 768 cm1 for MSQ,
1277 and 780 cm1 for T7, and 1273 and 781 cm1
for T9, respectively. The corresponding CH3 absorption band appears around 2973 cm1 for the
ﬁlms of MSQ, T7, and T9. There was no Si–OH
absorption band around 3500 cm1 in the spectra
shown in Fig. 2, which shows the successful curing

Table 1
The conditions for preparing the studied POSS ﬁlms
POSS

Processing

HSQ
T12
MSQ
T7
T9

3000
3000
3000
3000
3000

rpm
rpm
rpm
rpm
rpm

(20
(20
(20
(20
(20

Curing conditions
s)
s)
s)
s)
s)

235

150 °Cð1 minÞ ! 200 °Cð1 minÞ ! 300 °Cð1 minÞ ! 400 °Cð1 h; N2 Þ
80 °Cð1 minÞ ! 150 °Cð1 minÞ ! 200 °Cð1 minÞ ! 400 °Cð30 min; N2 Þ
180 °Cð1 minÞ ! 180 °Cð1 minÞ ! 250 °Cð1 minÞ ! 400 °Cð1 h; N2 Þ
80 °Cð1 minÞ ! 150 °Cð1 minÞ ! 200 °Cð1 minÞ ! 400 °Cð30 min; N2 Þ
100 °Cð1 minÞ ! 180 °Cð1 minÞ ! 250 °Cð1 minÞ ! 400 °Cð30 min; N2 Þ
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Fig. 2. The FTIR spectra of the studied POSS ﬁlms in the wave
number range of 400–4000 cm1 . (a) HSQ; (b) T12; (c) MSQ;
(d) T9; (e) T7.

of the POSS ﬁlms from their precursor solutions.
An interesting feature for the FTIR spectra of the
studied polymers is the splitting of the Si–O–Si
absorption band into two bands around 1030–
1070 and 1130 cm1 , as shown in Fig. 3. These two
bands can be assigned to the Si–O–Si network and
Si–O–Si cage structures of the POSS ﬁlms, respectively [14,15,18,19]. The absorption band of
the Si–O–Si network structure is found at 1070
cm1 in the spectra of HSQ and T12. By replacing

Fig. 4. The FTIR spectra of a typical HSQ ﬁlm at diﬀerent
baking conditions in the wave number range of 1000–1250
cm1 . (a) as spun-on; (b) 80 °C; (c) 150 °C; (d) 200 °C; (e) 400
°C.

the Si–H band with the Si–CH3 band, the Si–O–Si
network absorption band shifts to 1046 cm1 of
T7, and 1030 cm1 of MSQ and T9. The FTIR
study shows the prepared POSS ﬁlms have the
molecular composition of mixed cage and network
structures. Fig. 4 shows the FTIR spectra of a
typical HSQ ﬁlm at diﬀerent stages of curing
temperature. The peak at 1130 cm1 decreases
with increasing curing temperature, which is assigned to the cage structure. However, the peak at
1070 cm1 shows an opposite trend, which is assigned to the network structure. It suggests that
the transformation of the cage/network structure
is very sensitive to the curing temperature.
3.2. Structure–property relationships

Fig. 3. The FTIR spectra of the studied POSS ﬁlms in the wave
number range of 950–1250 cm1 . (a) HSQ; (b) T12; (c) MSQ;
(d) T9; (e) T7.

In Fig. 5, the HSQ-1 to HSQ-5 mean that ﬁve
diﬀerent HSQ samples were baked in the furnace
at 400 °C. However, it was found that the structure
and properties of the cured HSQ samples show a
signiﬁcant variation because of the deviation of the
furnace temperature. Fig. 5 shows the variation of
the refractive indices of the ﬁve HSQ ﬁlms with the
FTIR peak ratios of the Si–O–Si network structure
and the Si–H bond to the total Si–O–Si structure,
respectively. The total Si–O–Si absorption band is
in the wave number range of 1000–1250 cm1 ,
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the increasing of dielectric constant from 2.81 to
3.77 with increasing the content of the network
structure and decreasing the Si–H bond in the
cured HSQ ﬁlms. In Figs. 7 and 8, it shows the
porosity decreases from 16.5% to 12.3% with increasing the content of the network structure in the
cured HSQ ﬁlms and also illustrates the increase of
the refractive index and dielectric constant of the
HSQ ﬁlms.
A similar observation on the structure and
properties relationships is found on the cured
poly(silsesquioxane) ﬁlms with those of the HSQ
ﬁlms. The MSQ-1  5, T7-1  4, T9-1  5, and
Fig. 5. Variation of the refractive index of ﬁve HSQ ﬁlms with
the FTIR peak ratio of the network Si–O–Si structure and the
Si–H bond to the total Si–O–Si peaks, respectively.

which includes the absorption bands of the cage
and network structures of the Si–O–Si bond. The
refractive index of the studied HSQ ﬁlms increases
with increasing the ratio of the network structure
but decreases with increasing the Si–H content in
Fig. 5. Fig. 6 shows the variation of dielectric
constant with the ratio of the network structure
and the Si–H bond, respectively. This ﬁgure exhibits a similar trend as that of Fig. 5. It illustrates

Fig. 6. Variation of the dielectric constant of ﬁve HSQ ﬁlms
with the FTIR peak ratio of the network Si–O–Si structure and
the Si–H bond to the total Si–O–Si peaks, respectively.

Fig. 7. Variation of porosity and refractive index of ﬁve HSQ
ﬁlms with the FTIR peak ratio of the network Si–O–Si structure to the total Si–O–Si peaks.

Fig. 8. Variation of porosity and dielectric constant of ﬁve
HSQ ﬁlms with the FTIR peak ratio of the network Si–O–Si
structure to the total Si–O–Si peaks.

238

W.-C. Liu et al. / Journal of Non-Crystalline Solids 311 (2002) 233–240

Fig. 9. Variation of refractive index of ﬁve MSQ ﬁlms with the
FTIR peak ratio of the network Si–O–Si structure and the Si–
CH3 bond to the total Si–O–Si peaks.

ever, the variation of the refractive index and the
molecular structures is not as signiﬁcant as the
case of HSQ. Fig. 10 shows the variation of
the refractive index of the cured POSS ﬁlms with
the FTIR peak ratio of the Si–O–Si network
structure to the total Si–O–Si structure. For the
studied POSS ﬁlms, it has a general trend on the
variation of the refractive index with the content of
the network structure. That is, the refractive index
increases with increasing the Si–O–Si network
content. Furthermore, the order of the refractive
index at the same Si–O–Si network ratio is
T12 > HSQ > T7 > T9 > MSQ. The POSS ﬁlms
with the Si–CH3 side group (T7, T9, MSQ) have a
lower refractive index than the Si–H side group
(HSQ, T12).

4. Discussion
T12-1  5 mean cured poly(silsesquioxanes) due
to the variation of furnace temperatures. Fig. 9
shows the variation of the refractive indices of the
ﬁve MSQ ﬁlms with the FTIR peak ratio of the Si–
O–Si network structure and the Si–CH3 bond to
the total Si–O–Si structure. The refractive index
increases from 1.354 to 1.361 as increasing the Si–
O–Si network ratio and decreasing the Si–CH3
ratio. The trend is similar to that of HSQ. How-

4.1. Si–O–Si structure
In FTIR spectra, the Si–O–Si network absorption was shift to a lower wave number for the Si–
CH3 bond than that of the Si–H bond in the
studied ﬁlms. This is because the CH3 group results in a steric hindrance of the molecular structure and thus decreases the polarization of Si–O–Si
network structure. Furthermore, note that the
CH3 content of T7, T9, and MSQ are 11% and
20%, 22%, respectively. Therefore, the Si–O–Si
network absorption of MSQ shifts to a lower wave
number. The cage structure of the HSQ ﬁlm is
transformed to the network structure by thermal
curing, as shown in Fig. 4, suggests that the
transformation of the cage/network structure is
very sensitive to the curing temperature. For the
other poly(silsesquioxanes) in our study have the
same tendency.
4.2. Structure–property relationship

Fig. 10. Variation of refractive index of the studied HSQ, T12,
MSQ, T7, and T9 ﬁlms with the FTIR peak ratio of the network Si–O–Si structure to the total Si–O–Si peaks.

For HSQ, the Si–H bond is very sensitive to the
curing temperature. The bond cleavage of the Si–
H bond results in the collapse of the cage structure
and then the formation of the dense Si–O–Si network structure. The higher Si–H content suggests
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the higher retention of the cage structure in the
HSQ ﬁlms. The cage structure results in a larger
free volume of the molecular structure and thus
results in a lower refractive index than the network
structure. This result can be supported by the dielectric constant of the HSQ ﬁlm. Since the dielectric constant is generally proportional to the
refractive index, the results in Figs. 5 and 6 show
the importance of the ratio of the cage/network
structure on the properties of the HSQ ﬁlms. The
porosities of the ﬁve HSQ samples can further
support the eﬀects of the free volume for the ratio
of the cage/network structure on the properties
of the HSQ ﬁlms. A similar observation on the
structure and properties relationships is found on
the MSQ ﬁlms with those of the HSQ ﬁlms.
However, the variation of the refractive index and
the molecular structures is not as signiﬁcant as the
case of HSQ. It suggests that the Si–CH3 bond
cleavage is not as thermal sensitive as the Si–H
bond. The similar results could be found for the
other poly(silsesquioxanes) in our study.
For the refractive index result of all poly(silsesquioxanes) in this study, the POSS ﬁlms with the
Si–CH3 side group (T7, T9, MSQ) have a lower
refractive index than the Si–H side group (HSQ,
T12). It is probably because the materials with the
CH3 group results in a steric hindrance in the
chemical structure, and thus has a larger free volume than the materials with the Si–H group.
Furthermore, the Si–CH3 content of T7, T9, and
MSQ are 11%, 20%, and 22%, respectively. This
explains the order of the refractive index shown in
Fig. 10.

5. Conclusions
The structural transformation and properties of
ﬁve commercially available POSS by thermal curing were studied. The POSS ﬁlms by thermal curing have diﬀerent Si–O–Si cage/network contents,
which signiﬁcantly aﬀect the refractive index and
dielectric constant. The refractive indices and dielectric constants of the studied POSS ﬁlms decrease with increasing the Si–O–Si network
content. It is supported by the porosity result. The
order of the refractive index in the studied POSS

239

ﬁlms is T12 > HSQ for the Si–H side group and
T7 > T9 > MSQ with the Si–CH3 side group,
which can be correlated with the Si–O–Si network
content. The POSS ﬁlm with the Si–CH3 side
group has a lower refractive index than the Si–H
side group at the same Si–O–Si network content,
which is probably due to the steric hindrance eﬀect
of the CH3 group.
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