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Inorganic nanoporous films have drawn much attention
because of promising applications for separation membranes,
optoelectronics, and photocatalysts.' ™ Among many methods
to prepare nanoporous structure in inorganic films, block
copolymers have been widely employed.*™'! For instance,
nanoporous silica in bulk and film is easily prepared by using
amphiphilic block copolymers such as poly(ethylene oxide)-
block-poly(propylene oxide) copolymers (Pluronic),”® poly-
styrene-block-poly(ethylene oxide) copolymers,” and poly-
styrene-block-poly(vinyl pyridine) copolymers.'® In this case,
the precursor of silica (tetracthoxysilane, TEOS) is easily
incorporated into the hydrophilic block. After a sol-gel
reaction followed by calcinations, a well-defined nanoporous
structure is obtained. Recently, nanoporous silica and titania
films were obtained where the pores were oriented vertically
across the entire thickness.®”-'?

However, the above methods need special precursors
miscible with the hydrophilic block and hence other impor-
tant inorganic nanoporous film, such as zinc oxide, could
not be prepared. For this purpose, templates with nanopillars
should be used. Polystyrene-block-poly(methyl methacrylate)
copolymer (PS-b-PMMA) has been extensively employed
for the templates because the PMMA component is easily
removed by UV irradiation followed by rinsing with acetic
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acid."* 7 Almost all the reports showed a vertical orientation
of minor PMMA block and accordingly the templates exhibit
cylindrical nanoporous structure. By using this kind of
template, one can only prepare inorganic nanodots or metal
nanowires.'*~! Therefore, to develop a universal approach
to nanoporous inorganic film, one should have a vertical
orientation of minor PS block in the PMMA matrix.
Although only a few studies have reported that vertical PS
cylindrical microdomains could be achieved on a silicon
wafer modified by an energetically neutral brush,'®!'” the
achievable maximum height (~30 nm) is too small to be
used for photovoltaic devices with high power conversion
efficiency that needs a thicker inorganic film (say, ~100 nm)
having vertically oriented cylindrical nanopores.>

In this study, we obtained cylindrical PS microdomains
oriented vertically to a substrate in PS-b-PMMA film with
a thickness of ~100 nm by using solvent vapor annealing
after thermal annealing at a high temperature. After removing
PMMA chains, the film has PS nanopillar structure. Because
of this unique nanopillar structures, a wide range of inorganic
films with vertical orientation of cylindrical pores spanning
the entire film thickness could be easily prepared. For
instance, nanoporous zinc oxide film is easily prepared by
this template, which could not be prepared by amphiphilic
block copolymer template that has been widely used for the
preparation of nanoporous silica or titania.

We describe briefly the preparation of inorganic nanopo-
rous films (details are given in the Supporting Information).
A PS-b-PMMA with a volume fraction of PS of 0.27 was
spin-coated onto a silicon wafer modifed by a neutral brush
and annealed at high temperature. Then, the film was
annealed under acetone vapor to have vertically oriented
cylindrical microdomains of PS block. After the PMMA
matrix was removed by UV irradiation and selective rinsing,
inorganic films were prepared through chemical solution
method for zinc oxide or sol-gel chemistry for titania and
silica. Finally, the PS nanopillars in the film were removed
by thermal decomposition at high temperature, generating
inorganic nanoporous films.

Figure 1 shows the typical morphology of the block
copolymer thin film after thermal annealing at 230 °C for
5 h. Figure la shows scanning probe microscopy (SPM)
phase image of the thermally annealed PS-b-PMMA film.
Because the PMMA block is harder than PS block at room
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Figure 1. Morphology of the thermally annealed PS-b-PMMA film (a) SPM
phase constrast image and (b) TEM image of the film before the removal
of PMMA. (c) Plane-view and (d) cross-sectional FE-SEM images of the
film after the removal of PMMA matrix. The white circles in parts a and
¢, looking like parallel PS microdomains at the film surface, become the
mushroom caps (white circle in part d).

temperature, the PMMA phase looks brighter in an SPM
phase image.'®"”

Therefore, the dispersed phase looking darker in the SPM
phase image should be PS phase, and the volume fraction
of the PS microdomains (with sizes ranging from 43 to 200
nm) at the film surface is calculated to be 0.46, much larger
than that (0.27) in the bulk. The increased amount of PS at
the surface of the film compared with in bulk is attributed
to the comparatively lower surface tension of PS. The surface
tensions of PS and PMMA are 40.7 mJ/m? and 41.1 mJ/m>,
respectively.?-?! Figure 1b shows TEM image of this film,
where PS microdomains appearing darker because of selec-
tive staining are seen as dispersed phase, which is consistent
with SPM phase contrast image.

Images c and d in Figure 1 give plane-view and cross-
sectional FE-SEM images of the film, respectively, after
PMMA matrix is removed. Vertical mushroom-shaped PS
cylinders consisting of larger sized cap and smaller sized
stem are observed. Mushroom caps marked by the white
circles in Figure 1d are formed from the short parallel PS
microdomains at the film surface (see also the circles in
images a and c in Figure 1). Therefore, we consider that the
vertical PS cylinders in the original film are not straight but
mushroom-shaped. The formation of this interesting mor-
phology is attributed to the film thickness and thermal
annealing at a high temperature (230 °C). We found that
when the film was annealed at lower temperature (say, 180
°C), we could not obtain the vertically oriented mushroom-
shaped morphology, but most PS cylinders are oriented
parallel to the substrate. Previously, the vertical PS cylinders
were achieved in a film thickness with about one period of
the domain spacing (30 nm), when a neutral brush was
used.'®!”
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Figure 2. Morphology of the PS-b-PMMA film after acetone vapor
annealing for 20 h at room temperature. (a) SPM height image and (b)
TEM image before the removal of PMMA. (c) Cross-sectional SEM image
of the film after the removal of PMMA matrix. (d) Schematic of the
formation of the straight PS cylinders by acetone vapor treatment: left, the
original film with mushroom-shaped PS cylinders vertically oriented to
the surface; right, after acetone vapor anneal, straight PS cylinders oriented
vertically on a substrate have been obtained.

For a higher thickness (~110 nm) of PS-b-PMMA film,
which is larger than one period of the domain spacing of 66
nm, the PS chains have a tendency to cover more the surface
of the film compared with PMMA chains during thermal
annealing at high temperature because of lower surface
tension. Since the surface tension difference between PS and
PMMA decreases with increasing temperature,’*?' the
PMMA component would have more chance to be located
at the film surface when the film is annealed at a high
temperature. Nevertheless, high temperature cannot mediate
the surface tension completely; thus PS still prefers to locate
at the film surface. Namely, the content of PS phase at the
film surface is higher than that in film bulk.

Even though this interesting mushroom-shaped structure
could be employed as a template, it is not useful to make
inorganic nanoporous films with straight cylindrical pores.
Thus, to develop straight PS cylinders from the above
mushroom-shaped PS cylinders, in this study we employed
solvent annealing of the film with acetone vapor, a selective
good solvent for PMMA.'®!? Figure 2a gives SPM height
image of PS-b-PMMA film after annealing under acetone
vapor for 20 h at room temperature. Hexagonally ordered
dispersed PS domains, confirmed by the six sharp first order
peaks in the FFT image (the inset of Figure 2a), are formed,
indicating that PS cylinders are oriented normal to the
substrate. Interestingly, the height of the PMMA matrix is
lower than PS cylinders, which is different from SPM image
of the film without solvent annealing where the PS phase is
higher than PMMA phase. This is explained as follows. For
a solvent-annealed film, the solvent content in PMMA
microdomains is higher than that in PS microdomains due
to the selective solvent to PMMA chains. After drying, the
shrinkage of PMMA blocks would be greater than that of
PS block, leaving depressed PMMA continuous phases at
the film surface. This is also confirmed by the TEM image
given in Figure 2b that the size of PS pillars looking dark is
similar to the protrusion part (PS phase) in Figure 2a.
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Figure 2c gives cross-sectional FE-SEM image after
PMMA is removed. Well-ordered vertical PS cylinders with
a diameter of ~40 nm were obtained. From the above results,
we conclude that acetone vapor is an effective means for
modifying the mushroom-shaped PS cylinders in the original
film to the straight PS cylinders. This process is schematically
shown in Figure 2d. When the film is exposed to acetone
vapor, acetone can easily penetrate into the film and can
increase the mobility of both components and finally
reconstruct both chains to minimize the free energy of the
film. Because acetone has a stronger tendency to attract
PMMA chains than PS chains to maximize PMMA and
solvent contacts, PMMA chains must be pulled toward the
film surface. Eventually, the PMMA migrates to the film
surface and covers it. This was confirmed by the water
contact angle of the film after the solvent annealing having
~68°, identical to that of PMMA homopolymer. It is noted
that the thermal annealed film without acetone vapor an-
nealing has a contact angle of 79°, due to the existence of
both PS and PMMA chains at the surface. When PMMA
chains cover the film surface, the size of the mushroom cap
is decreased to reduce the interfacial tension between PS and
PMMA, but the inside film structure is not changed much
because of the effect of the neutral brush.

The acquired film with vertically oriented PS pillars can
be used as a template for inorganic films with cylindrical
nanopores. In this study, three different inorganic nanoporous
films (ZnO, TiO,, and SiO,) have been prepared. Details for
the preparation of inorganic nanoporous films are described
in the Supporting Information. It is noted that an attention
should be paid to removing the excess precursors adsorbed
at the template surface. Otherwise, one cannot obtain
inorganic films with vertically aligned pore spanning through
the entire thickness. This is a very important requirement
for the use of nanoporous templates as functional membranes.

Figure 3 gives plane-view and cross-sectional FE-SEM
images of ZnO (images a and b in Figure 3), TiO, (images
c and d in Figure 3), and SiO, (images e and f in Figure 3),
respectively, after removal of the PS nanopillars by thermal
decomposition at high temperature. It shows that straight
cylindrical pores spanning the entire film thickness were
observed for all of the inorganic films. Also, the asymmetric
(not circular) pores are hexagonally packed, although not
perfect, because the six spots in the FFT images in each
plane-view FE-SEM are observed. This indicates that the
interdistance of two neighboring PS nanopillars, which
becomes the distance between the pores, is maintained even
after inorganic nanoporous film is prepared. However, the
sizes of the pores of the three materials are different. Namely,
the average diameter of the asymmetric pores of ZnO, TiO,,
and SiO, films are 26 &= 5, 21 & 7, and 32 4+ 5 nm,
respectively, suggesting that the three materials have different
shrinkage. Moreover, the pore diameters of all three materials
are smaller than that (~40 nm) of PS pillar. Also, the film
thickness of all three materials was ~80 nm, which is smaller
than that (~110 nm) of the original PS nanopillar film, and
the pores are not symmetric. This is attributed to the fact
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Figure 3. Morphologies of the inorganic nanoporous films prepared by using
the PS nanopillar film as a template. Plane-view (a, c, e) and cross-sectional
(b, d, f) FE-SEM images of nanoporous ZnO (a, b), TiO; (c, d), and SiO»
(e, f) films. Fast Fourier transform (FFT) of the plane-view FE-SEM is
shown as the inset of each figure.

that most of the shrinkage occurs in the direction normal to
the substrate during calcinations at high temperature, as
reported in ref 5.

In summary, we show a method for preparing inorganic
nanoporous films by using the template with PS nanopillars
oriented vertically to a substrate. This nanopillar structure
was prepared by thermal annealing and subsequent solvent
vapor annealing of PS-6-PMMA film followed by removal
of the PMMA matrix. This template would be very useful
for preparing a wide range of inorganic nanoporous films
because the precursors could be independently selected
regardless of the compatibility between the precursor and
one of the blocks. One interesting application for this
template is to prepare nanoporous zinc oxide film that could
not be prepared by amphiphilic block copolymer templates
(such as Pluronic surfactants). Since nanoporous ZnO films
exhibiting excellent electron donating property (N-type) are
also prepared onto indium-tin-oxide coated glass, this
template could be used for photovoltaic devices with high
power conversion efficiency, if proper hole-donating materi-
als (P-type) are electrodeposited or electropolymerized inside
the porous ZnO films.” Because the inorganic nanoporous
films exhibit good thermal and mechanical stabilities, these
could be also employed for special membranes for the
separation at very high temperatures.
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