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Abstract

A homogenous, nanoporous poly(methyl silsesquixoxane) (PMSSQ) with a uniform pore size distribution was prepared by
templating with a poly(styrene-b-4-vinylpyridine) (PS-b-P4VP) block copolymer. The self-assembly of the PS-b-P4VP and
PMSSQ precursor (PMSSQ-P) blends thin films was achieved by solvent annealing firstly; then the self-assembled thin films
were thermally cured to prepare nanoporous PMSSQ films after removal of the PS-5-P4VP porogen. The influence of annealing
solvent and PS-b-P4VP loading on the self-assembly behavior of the PS-5-P4VP/PMSSQ-P blends films were studied. By
exposing to CHCl; vapor, fingerprint-type microphase-separated structures were achieved for the PS-5-P4VP/PMSSQ-P blends
films with PS-5-P4VP loading ranging from 30% to 60%. The formation of the microphase-separated structures is attributed to
the substantial mobility of the PS blocks and the PAVP/PMSSQ-P complexes, and segregated repulsion between them under the
CHCIl; vapor. Atomic force microscopy (AFM), scanning electron microscopy (SEM), and transmission electron microscopy
(TEM) results demonstrated the prepared nanoporous PMSSQ films had a homogenous spherical pore morphology, with closed
nanopores and a uniform size distribution over large areas. The porosity and dielectric properties of the homogenous, nanoporous
PMSSQ could be adjusted by the content of PS-b-P4VP in the PS-b-P4VP/PMSSQ-P blends. As the PS-b-P4VP loading
increased to 60 wt%, an ultralow dielectric constant of 1.41 was obtained, making the nanoporous PMSSQ films have potential
applications in microelectronic devices.
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Introduction

According to the international technology roadmap for semi-
conductors, the feature dimension in integrated circuits will
shrink to ca. 6 nm around year 2026 [1]. Rapid development
of microelectronics requires integrated circuits with higher
clock speeds, reduced geometries and increased wiring densi-
ties, all of which lead to increased resistance and capacitance
delays. This necessitates the use of low dielectric constant (k)
materials as interlayer dielectrics to reduce crosstalk and par-
asitic capacitance between adjacent interconnects [2—4].
However, traditional dielectric interlayers, like silica oxide
with a high dielectric constant of 4.0, do not meet the
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requirement; as a result the search for low- or ultralow-k
(low-k: k<2.5; ultralow-k: k<2.0) materials has been exten-
sive and pervasive within both industry and academia to fulfill
the need for smaller feature size of technology nodes [5, 6].
Low-k materials must also possess good thermal, chemical
and mechanical properties in addition to the low dielectric
permittivity [7]. Among the several potentially applicable di-
electric materials, poly(methyl silsesquioxanes) (PMSSQ) are
the most promising matrix material, due to the low polariz-
ability of the Si-C methyl group, giving rise to its low dielec-
tric constant (2.1~2.7), while exhibiting superior thermal sta-
bilities (>500 °C), and has been extensively researched [8, 9].
The incorporation of nanopores filled with air (k~1.0) into the
PMSSQ matrix is a technique widely used to further reduce
the k value of PMSSQ thin films. One promising approach is
the templated polymerization of PMSSQ precursors (PMSSQ-
P) in the presence of thermally labile organic porogens, and
subsequently creating pores through the sacrificial thermal
decomposition of the porogens. Except dendrimers [10, 11],
star-shaped polymers [12, 13], nitrogen containing copolymer
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and hyperbranched polymers [14, 15] and amphiphilic block
copolymers such as PEO-PPO-PEO [16, 17], PS-6-PMSMA
[18], PS-b-P2VP [19, 20] and PS-b-P4VP [21], have been
shown to be effective porogens and are commonly used to
prepare nanoporous PMSSQ. These block copolymers can
be self-assembled into versatile nanoscale morphologies,
which could be “duplicated” and “transformed” to porous
PMSSQ based on the interpolymer interaction between the
block copolymers and PMSSQ-P. Therefore, the pore size,
pore shape, and porous structure regulation of the PMSSQ
could be precisely adjusted by the block copolymers [19, 20].

The formation of self-assembly nanostructures of the block
copolymer in the PMSSQ-P matrix was the precondition of
fabrication of the porous PMSSQ [16-21]. To the best of our
knowledge, the previously reported microphase-separated
structures were obtained in-situ during the thermal curing of
spin-coated thin films of mixtures of PMSSQ-P and a block
copolymer. Therefore, the size distribution and arrangement
of the microphase-separated structures were usually inhomo-
geneous, thus generating randomly shaped large pores, and
even interconnected pores. For use in integrated circuits with
small feature sizes, it is necessary to generate closed
nanopores with a pore size much smaller than the feature size
and a uniform size distribution [11, 22].

In this study we addressed a new way to prepare homoge-
nous, nanoporous PMSSQ thin films with closed nanopores
and a uniform pore size distribution using a block copolymer
as template. Different from the traditional block copolymer
template method, ordered and oriented self-assembled thin
films were firstly obtained by solvent annealing; then the
self-assembled thin films were thermally treated to complete
the curing of the PMSSQ-P and, after pyrolysis of the block
copolymer, nanoporous PMSSQ films were obtained.
Compared to the porous PMSSQ films in previous report,
the prepared nanoporous PMSSQ films have uniform spheri-
cal pore morphology and closed nanoscale pores; in addition,
they appeared quite homogenous over large areas, without any
large pores or other aggregation structures. The porosity and
dielectric properties of the homogenous nanoporous PMSSQ
could be adjusted by the PS-b-P4VP loading. When the PS-b-
P4VP loading was increased to 60 wt%, an ultralow-k value of
1.41 was obtained.

Experimental procedures

Materials

All reagents were purchased from Tianjin Chemical Reagents
Co., China, unless noted. PS-5-P4VP block copolymer (M,
PS: P4VP =11,800: 15000 g/mol and dispersity of 1.04) was

purchased from Polymer Source Inc., Canada, and used as-
received. Methyl trimethoxysilane (MTMS, Acros Organics,
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Belgium, 97%), hydrochloric acid (HCI, 37.5%),
trichloromethane (CHCly), tetrahydrofuran (THF), ethanol,
and benzene were analytical chemical reagents and used as-
received.

Synthesis of PMSSQ precursor (PMSSQ-P)

PMSSQ-P was synthesized according to a previous report
[23]. The details are as follows: In a reaction flask fitted with
a mechanical stirrer and Ar inlet, 6.8 g of MTMS and 10 g of
THF were placed and cooled in an ice bath for 10 min; then
1.08 g distilled water and 0.152 g HCI were added. The mix-
ture was stirred at room temperature for 10 min, followed by
stirring at 60 °C for 3 h to yield a viscous PMSSQ-P solution.

The successful preparation of PMSSQ-P was verified by its
FTIR spectra. The molecular weight and molecular weight
distribution of PMSSQ-P were determined by GPC (M,, =
2200,M,, = 1220,M,/M,, = 1.8).

Preparation of self-assembled PS-b-P4VP/PMSSQ-P
thin films

The block copolymer PS-b-P4AVP and PMSSQ-P were first
individually dissolved in a THF/ethanol mixture, to make
polymer solutions with concentrations of 2 wt%. Then, the
two solutions were mixed with different weight content of
PS-b-P4VP in the total solid ranging from 30% to 80% with
10 wt% intervals, and stirred for more than 24 h at room
temperature. PS-b-P4VP/PMSSQ-P blends in films with
thickness of ~100 nm, were prepared on a silicon wafer by
spin-coating at 2000 rpm for 30 s, followed by drying under
vacuum at room temperature to remove residual solvent. The
as-spun PS-H-P4VP/PMSSQ-P films were solvent annealed in
a saturated solvent vapor of CHCI; at 25 °C to achieve self-
assembled microstructures.

The solvent annealing experiment is shown in Fig. 1. The
thin films were placed in a totally air-tight vessel along with a
50 ml volume open vial containing solvent. The environment
outside the vessel was maintained at 25 °C; after solvent an-
nealing for 24 h, the films were removed from the vessel
quickly and air-dried at room temperature.

solvent
sample

Fig. 1 Schematic diagram of solvent annealing equipment
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Preparation of nanoporous PMSSQ thin films

The self-assembled PS-b-P4VP/PMSSQ-P films and spin-cast
PS-b-PAVP/PMSSQ-P films without solvent annealing were
thermally treated to convert the PMSSQ-P to PMSSQ at an
elevated temperature: 25 °C (0.5 h), 50 °C (0.5 h),
80 °C(0.5 h), 100 °C (1 h), and 120 °C (12 h), sequentially.
The nanoporous PMSSQ films, with thicknesses of ~100 nm,
were obtained after the removal of the PS-b-P4VP block co-
polymer by thermal decomposition at 350 °C and 450 °C,
successively, for 0.5 h at each temperature.

Characterization

AFM studies were conducted with a Nanoscope Illa mul-
timode atomic force microscope (VEECO Digital
Instrument, USA) in the tapping mode. SEM images
were obtained with a JSM-6701F field emission scanning
electron microscope (JEOL Ltd., Japan). All samples
were coated with gold by sputtering prior to observation.
A JEM 2010 transmission electron microscope (JEOL
Ltd., Japan), operating at an accelerating voltage of
200 kV, was used to examine the morphology of the
nanoporous PMSSQ films. Thin Films of similar thick-
ness for TEM were prepared on NaCl substrates. These
films were floated onto the surface of deionized water
after dissolution of the NaCl, and then picked up by a
carbon film covered Cu grid. The FTIR spectra were
measured using a IFS 66 V/S FTIR spectrometer
(Bruker Co., Germany) within a range of 4000—
400 cm'. DSC analysis was conducted with a DSC
822° (Mettler-Toledo Instrument, Swiss), with a heating
or cooling rate of 10 °C/min. The sample was heated to
200 °C and kept at this temperature for 5 min, cooled to
25°Cin order to remove the thermal history; the sample
was then heated to 200 °C again to obtain the DSC data.
GPC analysis was performed using a Gel Permeation
Chromatography system (Waters Co., USA). THF was
used as an eluent, and the results were calibrated with
respect to polystyrene standards. Thermogravimetry anal-
ysis was conducted with a STA 449 C TG-DSC
thermogravimeter (NETZSCH Group, Germany) at a
heating rate of 10 °C/min in nitrogen atmosphere. The
porosity (V) of the nanoporous PMSSQ thin films was
obtained from the refractive index according to the
Lorentz—Lorenz equation, as follows [24]:

(nf,—l) (n2 +2)
<n]§ + 2) (n2-1)

Where n,, and n, are the refractive indices of the nanoporous
and dense PMSSQ thin films, respectively. The dielectric

V=1- (1)

constants of the nanoporous PMSSQ films were determined
using the Maxwell equation [25]:

ex1.1 x n? (2)

where # is the refractive index. The refractive index was mea-
sured with a variable-angle multi-wavelength L116E
ellipsometer (Gaertner Ltd., USA) with a wavelength of
632.8 nm.

Results and discussion

As previously reported, the synthesized PMSSQ-P has
abundant hydroxyl groups which can form strong
hydrogen-bonds with the pyridine nitrogen atoms of the
P4VP blocks to form P4VP/PMSSQ-P complexes, which
could increase the miscibility between PMSSQ-P and PS-
b-P4AVP, avoiding macrophase separation in PS-b-P4VP/
PMSSQ-P blends thin films [21]. Furthermore, the selec-
tive adsorption of PMSSQ-P on the P4VP blocks not only
enhanced the segregated repulsion between the PS and
P4VP blocks, but could also possibly change the self-
assembly structure of the pure PS-b-P4VP by increasing
the volume fraction of P4VP domains relative to that of
the domains of the PS blocks [26-28]. Table 1 lists the
possible microphase-separated structures of PS-b-P4VP/
PMSSQ-P blends with different weight content of
PMSSQ-P, predicted from relative volume fractions of
the PS blocks and P4AVP/PMSSQ-P complexes according
to the self-consistent mean field theory [29].

Solvent annealing, as a simple and effective way to control
the microdomain orientation and long-range ordering in block
copolymer thin films [30-33], was used to achieve the self-
assembly of the PS-b-P4VP block copolymer and PMSSQ-P
in the present study. Prior to discussion, it should be noted that
the solvent annealing process was carried out at 25 °C, at
which temperature the curing reaction of PMSSQ-P would
not occur and thus avoided its influence on the self-
assembly of the PS-5-P4VP/PMSSQ-P thin films. Figure 2a
shows the AFM phase image of the spin-coated PS-b-P4VP/
PMSSQ-P thin film blend with PS-»-P4VP loading of
50 wt%; a disordered microphase-separated morphology was
formed. The AFM images, measured in the phase mode,
shows the harder material as a bright color, while the softer
material is a dark color [34]. Therefore, it could be concluded
that the disordered structure consisted of P4VP/PMSSQ-P mi-
crodomains distributed in a PS matrix. The disordered
microphase-separated structures are quite different from that
predicted theoretically (see Table 1, spheres or cylinders), in-
dicating the microphase-separated structures were in a trapped
non-equilibrium state.
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Table 1 Composition and

possible phase structure of the PS- PS-b-PAVP wt%

Volume fraction

Possible self-assembly structures *

Ppavr/PMSSQ-P

b-P4VP/PMSSQ-P blends with

different loading of PS-b-P4VP Pps
30% 0.14
40% 0.19
50% 0.23
60% 0.27
70% 0.32
80% 0.36
100% 0.44

0.86 spheres

0.81 cylinders or spheres
0.77 cylinders or spheres
0.73 cylinders

0.68 lamellae

0.64 lamellae

0.56 lamellae

#Possible thermodynamically stable self-assembly structures predicated from the relative volume fraction of PS
blocks and P4AVP/PMSSQ-P complexes according to the self-consistent mean field theory [29]

The underlying mechanism of solvent annealing has
been well explained by pioneering researchers [30, 31,
34-36]. The resulting morphology and microphase-
separated structures of block copolymer due to solvent
annealing are mainly dependent on the nature/selectivity
of the solvent. When an AB diblock copolymer are

Fig. 2 AFM phase images of PS-
b-P4VP/PMSSQ-P thin film
blends with PS-b-P4VP loading
of 50 wt% (a) before and after
solvent annealing in different sol-
vent vapor: (b) ethanol; (¢) THF;
(d) CHCl3

@ Springer

swelled by a solvent C, the effective interaction param-
eter will change [35]:

Xer =0 (Xap + AX) = ¢(Xap + [Xac—Xscl) (3)

where @ is the volume concentration of copolymer in the sol-
vent and Ay is the difference between the A-C and B-C
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Fig. 3 AFM height images of PS-
b-PAVP/PMSSQ-P thin film
blends with different PS-5-P4VP
content after solvent annealing in
CHCl; vapor. (a) 30 wt%, (b)

40 wt%, (¢) 50 wt%, (d) 60 wt%,
(e) 70 wt%, (f) 80 wt%

interaction parameters x4c and x pc. Therefore, three different
solvents, ethanol being a good solvent for only P4VP, THF
being a PS selective solvent, and CHCl; being a non-
selective solvent for the pure PS-b-P4VP block copolymer,
were used to treat the PS-b-P4VP/PMSSQ-P blends thin films
in the study. Figure 2b shows a AFM phase image of the PS-b-
P4VP/PMSSQ-P thin films after annealing in ethanol.

Compared to the spin-coated PS-b-P4VP/PMSSQ-P thin film
(Fig. 2a), the morphology did not change obviously and
showed a smaller domain structure for the films annealed in
ethanol vapor (Fig. 2b). This is because ethanol is a good sol-
vent for only the P4VP/PMSSQ-P complexes; the PS blocks
could not migrate under the influence of ethanol vapor, thus
leading to the inconspicous changes of the disordered

@ Springer
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microphase-separated structures. Figure 2¢ represents the mor-
phology of PS-6-P4VP/PMSSQ-P thin films after annealing in
THF; a spherical structure can be seen consisting of P4VP/
PMSSQ-P microdomains distributed in a PS matrix.
Although THF is only a slightly selective solvent for pure
PS-b-P4VP, as previously reported [34, 37], selective adsorp-
tion of PMSSQ-P on the P4VP blocks increased the interaction
parameter difference between PS and P4VP, making THF be-
come highly selective for the PS blocks. The preferential affin-
ity of THF for the PS blocks induced the formation of spherical
microphase-separated structures with PAVP/PMSSQ-P com-
plexes as cores and PS blocks as matrix. However, the spherical
microphase-separated structures with P4VP/PMSSQ-P com-
plexes as the cores were not suitable for the fabrication of
nanoporous PMSSQ thin films by the pyrolysis of PS-b-
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Fig. 5 FTIR spectrum of the self-assembled PS-b-P4VP/PMSSQ-P blends
thin film and resultant nanoporous PMSSQ thin film after annealing at 350 °C
and 450 °C, successively, for 0.5 h at each temperature
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P4VP. Figure 2d shows the AFM phase image of the PS-b-
P4VP/PMSSQ-P thin films after annealing in CHCls;.
Fingerprint patterns of PS cylinders packed in oriented arrays
parallel to the substrate in P4VP/PMSSQ-P matrix were obtain-
ed. Although the adsorption of PMSSQ-P on the P4VP blocks
would also change the selectivity of CHCI3, as occurred for
THF, CHCI; is only a slightly selective solvent for PS blocks.
This could impart substantial mobility for both the PS blocks
and P4VP/PMSSQ-P complex chains. During CHCl; vapor
annealing the swollen PS blocks and P4VP/PMSSQ-P com-
plexes repel one another and tend to organize into a well-
defined structure. The cylindrical, microphase-separated struc-
tures are quite consistent with that predicated according to the
self-consistent mean field theory (Table 1); therefore, it could
be concluded the formation of the cylinders morphology was a
thermodynamics-controlled process.

Figure 3 shows the AFM height images of the PS-b-P4VP/
PMSSQ-P blends thin films annealed in CHCl; as a function
of PS-P4VP loading. For the PS-5-P4VP/PMSSQ-P thin films
with PS-P4VP loadings ranging from 30 wt% to 60 wt%, an
oriented cylinder morphology was obtained (Figs. 3a-d). The
formation mechanism was discussed above. However, when
the PS-P4VP loading was further increased, to 70 wt% and
80 wt%, the AFM image demonstrated a relatively flat surface
(Figs. 3e-f), indicating no obvious microphase-separation oc-
curred. For the blends thin films with higher weight content of
PS-P4VP, of 70% and above (that is to say, the relative content
of PMSSQ-P was 30% or less), the CHCl3 vapor was highly
miscible with the PS blocks and the P4VP/PMSSQ-P com-
plexes, leading to a decrease of segregated repulsion between
the two components. Therefore, it was difficult to achieve
microphase-separation for these PS-6-P4VP/PMSSQ-P
blends thin films.

Based on the above results, the self-assembled PS-6-P4VP/
PMSSQ-P blends thin films with PS-b-P4VP loading ranging
from 30 wt% to 60 wt% were further thermally treated at
25 °C, 50 °C, 80 °C, 100 °C, and 120 °C for 30 min sequen-
tially, to complete the conversion of PMSSQ-P to PMSSQ and
subsequent decompostion of PS-5-P4VP to prepare
nanoporous PMSSQ thin films. Figure 4 shows the TGA
curves of pure PMSSQ-P and the PS-b-P4VP block copoly-
mer. It can be seen that PS-5-P4VP decomposed between
330 °C and 450 °C, while PMSSQ-P had only a 15%—20%
weight loss below 300 °C which could be attributed to con-
densation among the Si-OH groups. The results mean that as
the pyrolysis of the PS-5-P4VP occurred, the condensation
and cross-linking reaction of PMSSQ-P almost finished to
maintain the stable pore structures. The complete removal of
PS-b-P4VP for the PS-b-PAVP/PMSSQ hybrid films during
annealing at 350 °C and 450 °C sequentially was confirmed
by FTIR analysis. As shown in Fig. 5, disappearance of the
peaks at 697 cm |, 1414 cm_l, and 1600 cm_l, corresponding
to the carbon-nitrogen distortion vibrations, and carbon-
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Fig. 6 AFM height images of (a)
self-assembled PS-b-P4VP/
PMSSQ-P blends thin films with
PS-b-P4VP loading of 50 wt%,
and (b) corresponding
nanoporous PMSSQ thin films
after removal of PS-6-P4VP. (¢)
SEM image and (d) TEM image
of the nanoporous PMSSQ thin
films. Inset in (b): enlarged AFM
height image of the nanoporous
PMSSQ thin film

SEI 5.0kV

nitrogen stretching vibrations of the pyridine rings and the
carbon-carbon stretching vibrations of the benzene rings in
the PS-b-P4VP block copolymer, respectively, revealed the
complete decomposition of the PS-5-P4VP block copolymer.

Figure 6b shows the AFM image of the nanoporous
PMSSQ thin film prepared from the self-assembled PS-b-
P4VP/PMSSQ-P blends thin films with 50 wt% PS-b-P4VP
loading, after decomposition of the PS-b-P4VP block copoly-
mer. Compared to the initial self-assembled PS-b-P4VP/
PMSSQ-P blends thin films (Fig. 6a), the fingerprint-type ori-
entation disappeared and the cylindrical morphology changed
into disordered spherical structures. This is probably because
the curing process and pyrolysis of PS-b-P4VP had an impact
on the self-assembled structures. Although the thermal curing
of the self-assembled PS-b-P4VP/PMSSQ-P thin films was
carried out between 25 °C and 120 °C, which is below the glass
transition temperature (T,, 141 °C) of the P4VP blocks in the
PS-b-P4VP (see Inset of Fig. 4), actually, the condensation and
cross-linking reactions of the Si-OH were not achieved
completely [38]. The subsequent porogen pyrolysis imparted
slight mobility to the PS-b-P4AVP/PMSSQ-P chains and gave
rise to the transformation of the self-assembled structures.

X30,000 WD 8.0mm

100nm

Although the prepared nanoporous PMSSQ thin films did not
possess similar oriented morphology as the self-assembled
films, it presented a uniform spherical morphology without
any large size or other aggregation structures (Fig. 6b). The
SEM image of Fig. 6¢ further confirms the homogeneity of
the film over a large area. TEM was used to study the porous
structures of PMSSQ thin film, as shown in Fig. 6d. It can be
seen that closed nanoscale pores, with a diameter ~15 nm, were
formed in the PMSSQ thin film.

For comparison purpose, porous PMSSQ films were pre-
pared from the spin-cast PS-5-P4VP/PMSSQ-P thin films
without any solvent annealing. As shown in Fig. 7, the pre-
pared porous PMSSQ thin film was inhomogeneous, with
randomly shaped particles, aggregations and large intercon-
nected pores. The conspicuous difference between the two
prepared porous PMSSQ thin films demonstrated the self-
assembly behavior of the PS-b-P4VP/PMSSQ-P upon solvent
annealing played an important role in the formation of the
homogenous porous structures.

Table 2 summarizes the refractive indices of the
nanoporous PMSSQ films. It can be seen that the refractive
index of the nanoporous PMSSQ thin films linearly decreased
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Fig. 7 a AFM height image of
spin-coating PS-b-P4VP/
PMSSQ-P blends thin films with
PS-b-P4VP loading of 50 wt%; b
AFM height image and (¢) SEM
image of corresponding
nanoporous PMSSQ thin films
after removal of PS-5-P4VP

JSM-6701F

from 1.358 to 1.131 as the PS-b-P4VP loading was increased
from 0 to 60 wt%. The porosities and dielectric constants of
the PMSSQ thin films were calculated from the refractive
indices accrording to the Lorentz—Lorenz and Maxwell equa-
tions [24, 25], and also listed in Table 2. The results indicated
the porosities and dielectric constants of the PMSSQ films
could be adjusted by changing the PS-b-P4VP wt% in the
PS-b-P4VP/PMSSQ-P blends films. As the PS-56-P4VP load-
ing increased from 30 wt% to 60 wt%, as shown in Table 2,
the dielectric constant of the films decreased from 1.75 to an
ultralow value of 1.41, significantly lower than that of the
dense PMSSQ films (2.03). The results indicates that the

SEI 50kV  X30,000 WD8Omm 100nm

incorporation of nanopores effectively reduced the dielectric
constant of the PMSSQ films, making it have potential appli-
cations in microelectronic devices.

Conclusions

Nanoporous PMSSQ films were prepared based on the self-
assembly of PS-b-PAVP/PMSSQ-P blends thin films. A simple
process of solvent annealing was used to produce the self-
assembled structures of the PS-5-P4VP/PMSSQ-P blends thin
films. By simply exposing to CHCl; vapor at room temperature,

Table 2 Refractive index,

porosity and dielectric constant of ~ PS-b-P4VP loading (wt%) Refractive Index Porosity * Dielectric Constant ®
nanoporous PMSSQ films
prepared from PS-b-P4VP/ 0 1.358 - 2.03
PMSSQ-P blends films with 30% 1.261 25.1% 1.75
different PS-6-P4VP wt% 40% 1221 36.0% 1.64
50% 1.172 49.6% 1.51
60% 1.131 61.2% 1.41

# Determined according to Lorentz—Lorenz equation [24]

® Determined according to Maxwell equation [25]
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fingerprint-type microphase-separated structures were achieved
for the PS-b-P4VP/PMSSQ-P blends thin films with PS-5-P4VP
loading ranging from 30 wt% to 60 wt%. The self-assembled
thin films were thermally treated to a sequence of elevated tem-
peratures up to 120 °C to complete the conversion of PMSSQ-P
to PMSSQ. Subsequently, nanoporous PMSSQ films were ob-
tained by the thermal decomposition of PS-b-P4VP at 350 °C
and 450 °C, sequentially. Although the prepared nanoporous
PMSSAQ thin films did not possess similar oriented morphology
to the self-assembled films, they presented a homogenous spher-
ical morphology with closed pores and a uniform size distribu-
tion over large areas. The porosity and dielectric properties of the
homogenous nanoporous PMSSQ could be adjusted by the
weight content of PS-5-P4VP in the PS-b-P4VP/PMSSQ-P
blends. The incorporation of nanopores effectively reduced the
dielectric constant of PMSSQ films, making it have potential
application in microelectronic devices.
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