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ABSTRACT Membranes with uniform, straight nanopores have important applications in
diverse fields, but their application is limited by the lack of efficient producing methods with high
controllability. In this work, we reported on an extremely simple and efficient strategy to produce
such well-defined membranes. We demonstrated that neutral solvents were capable of annealing

amphiphilic block copolymer (BCP) films of polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP)

with thicknesses up to 600 nm to the perpendicular orientation within 1 min. Annealing in
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neutral solvents was also effective to the perpendicular alignment of block copolymers with very high molecular weights, e.g., 362 000 Da. Remarkably,

simply by immersing the annealed BCP films in hot ethanol followed by drying in air, the originally dense BCP films were nondestructively converted into

porous membranes containing highly ordered, straight nanopores traversing the entire thickness of the membrane (up to 1.1 «m). Grazing incident small-

angle X-ray spectroscopy confirmed the hexagonal ordering of the nanopores over large areas. We found that the overflow of P2VP chains from their

reservoir P2VP cylinders and the deformation of the PS matrix in the swelling process contributed to the transformation of the solid P2VP cylinders to

empty straight pores. The pore diameters can be tuned by either changing the swelling temperatures or depositing thin layers of metal oxides on the

preformed membranes via atomic layer deposition with a subnanometer accuracy. To demonstrate the application of the obtained porous membranes, we

used them as templates and produced centimeter-scale arrays of aligned nanotubes of metal oxides with finely tunable wall thicknesses.
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niform straight pores with diameters
l | below 50 nm provide confined spaces

in which the transport, diffusion, and
interactions of molecules may be qualitatively
different than those in bulk spaces because of
the confinement effect and interactions with
the pore walls. A number of strategies, such as
lithography,' anodization,? the use of aligned
carbon nanotubes®* and the self-assembly
of block copolymers (BCPs)>® have been
developed to fabricate porous membranes
containing arrays of narrow and straight pores.
Such membranes are finding important appli-
cations, such as in high-density storage
media,”® lithographic masks,” nanofluidics,'°
DNA sequencing,'’ advanced filters'*'® and
as templates for the synthesis of nanowires/
rods.'* Among the different methods to pro-
duce membranes with straight nanopores,
the BCP route is distinctive for its effective-
ness and flexibility, as it begins with BCP
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solutions and is capable of producing large-
area membranes on substrates with different
chemical properties and physical structures at
low costs.""® Block copolymers composed of
two or more immiscible homopolymer chains
covalently linked together tend to phase se-
parate and will yield, under proper thermo-
dynamic conditions, a variety of well-defined
periodical structures with feature sizes typi-
cally falling in the range of 10—100 nm."”~"®
To create straight pores in BCPs, two critical
steps are involved: (1) perpendicular align-
ment of the cylindrical phases in the BCP
matrix and (2) removal of the aligned cylinders
to yield straight pores. A number of external-
fields-based methods have been developed
to perpendicularly align the cylinders,?>~2° of
which solvent annealing has been proved to
be the easiest and most versatile.?6>°

The solvent annealing method is based
on the enhanced chain mobility obtained
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when BCPs are exposed to the solvents that plasticize
the polymer and significantly reduce the glass transi-
tion temperature (T,). A number of BCPs have been
perpendicularly aligned by annealing in various types
of solvents. However, in many cases, this solvent
annealing method is only applicable to thin BCP films
with a thickness typically less than 100 nm. Both
neutral solvents and selective solvents with preferen-
tial affinity only to one block have been used to induce
the perpendicular alignment of the cylinders.>'3? By
comparison, neutral solvents may be more effective
than selective ones for aligning block polymer films by
solvent annealing if constituted blocks have high T's.
The reason is that selective solvents only sufficiently
swell one block. Because the other block lacks
adequate mobility, a selective solvent may require
longer periods of annealing time, e.g., several hours,
compared to a neutral solvent, to obtain a well-defined
perpendicular orientation. Moreover, a selective sol-
vent typically needs even longer annealing time to
align BCPs with very high molecular weights,* limiting
the tuning windows of structure parameters, including
the cylinder diameters and spacings. Therefore, the
highly controllable fast preparation of ordered, per-
pendicularly aligned BCP films with thicknesses greater
than 100 nm remains a challenge. In terms of pore
making, the aligned cylinders are usually converted
into hollow pores using destructive methods, which
are based on chemical etching of labile-blocks contain-
ing BCPs34*~** Unfortunately, destructive methods
are only applicable to very limited types of BCPs,
and frequently require harsh reaction conditions, such
as UV-irradiation, alkali, ozone, or hydrofluoric acid (HF)
to break the junction bonds between the constituent
blocks. Moreover, a tedious pretreatment procedure
involving rinsing and drying is typically involved.
A nondestructive pore-making method is important
because it provides the possibility to recycle the BCP
starting materials for repeated uses. Surface recon-
struction by immersing BCP thin films in solvents that
selectively swell the minor component at ambient
temperature has been effective for fabricating porous
thin films of thickness less than 50 nm in a nondes-
tructive way.304647

In this work, we report on the extremely simple
and efficient fabrication of membranes with highly
ordered, straight nanopores by fast alignment of per-
pendicular cylinders in thick BCP films and the sub-
sequent nondestructive transformation of the aligned
cylinders into uniform straight pores. Amphiphilic block
copolymers of cylinder-forming polystyrene-block-poly-
(2-vinylpyridine) (PS-b-P2VP) films with thicknesses up
to 600 nm were perpendicularly aligned by a short
annealing in chloroform which is a good solvent to both
blocks for typically less than 1 min. This perpendicular
alignment by annealing in neutral solvents is also
effective for BCPs with very high molecular weights,
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e.g., 362000 Da. Remarkably, simply by immersing the
annealed BCP films in hot ethanol followed by drying
in air, the originally dense BCP films of submicrometer
thickness were nondestructively converted into porous
membranes containing highly ordered, straight nano-
pores traversing the entire thickness of the membrane.
Another advantage of implementing immersion of BCP
films in ethanol at elevated temperatures is that nano-
porous thick membranes with tunable pore size can be
tailored. We further demonstrated that the obtained
BCP membranes can be used as templates to produce
large-area arrays of aligned titanium oxide or aluminum
oxide nanotubes by atomic layer deposition (ALD).

RESULTS

Fast Achievement of Perpendicular Alignment of PS-b-P2VP
Films by Solvent Annealing. Cylinder-forming PSs-b-
P2VP;¢ 5 with 50 000- and 16 500-Da PS and P2VP blocks,
respectively, was spin-coated on silicon substrates from
its chloroform solution, producing films with a thickness
of ~110—600 nm depending on the concentration of the
solutions. The BCP films were subjected to annealing in
the saturated vapor of chloroform operated in a glass
chamber. We found that annealing for approximately
40 s at room temperature followed by instant evapora-
tion of the solvent yielded a highly ordered perpendicu-
lar morphology. Figure 1 displays the morphology of
a BCP film with a thickness of ~300 nm annealed in
chloroform for 40 s. The scanning electron microscopy
(SEM) image shown in Figure 1a reveals the annealed
film possesses a dense, nonporous morphology with
shallow concaves regularly patterned on the surface.
The atomic force microscopy (AFM) height image
(Figure 1b) confirms the presence of the shallow con-
caves with depth of approximately 2 nm hexagonally
patterned on the surface, as schematically depicted in
the inset in Figure 1a. The formation of this regularly
concaved surface is due to the upper ends of the per-
pendicularly aligned P2VP cylinders being lower than
the surrounding PS matrix, which is also observed in
other annealed BCP films with perpendicular cylindrical
morphology.*® Inspired by our previous work in which
P2VP cylinders randomly embedded in a PS matrix
were converted into hollow pores when immersed in
hot ethanol via the selective swelling-induced pore
generation process,***° we anticipated that P2VP phases
embedded in the annealed BCP films may also be
cavitated under appropriate swelling conditions. We
immersed the annealed film in ethanol at 50 °C for 3 h,
followed by air drying at room temperature, and exam-
ined the ethanol-treated film with SEM. As shown in
Figure 1c, highly ordered circular pores appear on
the surface of the ethanol-treated film. These pores are
monodisperse, with a pore diameter of ~12 nm and are
near-perfectly hexagonally arranged with an interpore
distance of ~37 nm. More importantly, the cross-sectional
SEM image (Figure 1d) indicates that these pores are
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Figure 1. The 45°-tilted SEM image (a) and the 300 nm x 300 nm AFM height image (b) of PSs-b-P2VP,¢ 5 films annealed in
chloroform at room temperature for ~40 s. The top-view (c) and 45°-tilted (d) SEM images of the annealed film subjected to
selective swelling in ethanol at 50 °C for 3 h, converting the P2VP cylinders into straight pores. Insets in (a) and (d) are the
corresponding schematic structure of the annealed and ethanol-treated BCP films. PS and P2VP domains are highlighted in blue
and red, respectively. (a), (c), and (d) have the same magnification. The scale bar is shown in (d) and corresponds to 200 nm.

straight, perpendicular to the film surface, and span the
entire thickness of the film. Such a porous structure
is schematically depicted in the inset in Figure 1d. The
formation mechanism of the porous structure will be
elucidated in the Discussion section. On the basis of
the corresponding relationship between the pores and
the P2VP microdomains in the BCP films before and after
ethanol treatment, it is clear that annealing PS-b-P2VP
films with a thickness of several hundreds of nanometers
in chloroform vapor at room temperature for less than
1 min produces highly ordered P2VP cylinders perpendi-
cularly aligned and spanning the entire thickness of the
BCP film.

As electron microscopy only provides the ordering
of the BCP membranes within very local areas, we
used grazing incident small-angle X-ray spectroscopy
(GISAXS) to characterize the structural details of the BCP
films over several millimeters. As shown in Figure 2a,
the 2D GISAXS pattern for the thin film annealed in
chloroform only displays one symmetric set of princi-
pal Bragg diffraction-truncated rods. High-order Bragg
rods were not present in the GISAXS pattern. In con-
trast, the GISAXS pattern for the film further subjected
to immersion in ethanol displays a series of Bragg
diffraction-truncated rods (Figure 2b). A comparison
between the two patterns indicates that immersing
BCP films in ethanol to create nanopores via selective
swelling can increase the scattering intensity which
is caused by the contrast of scattering length density
between air and BCP films being larger than that
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between the PS and P2VP blocks. To improve the under-
standing of the in-plane structural information about
the spatial order, we implemented a parallel scan cut to
show the 1D scattering profiles (Figure 2¢,d) As shown in
Figure 2d, the in-plane 1D scattering profile for the BCP
film with immersion in ethanol displays several sharp
diffraction peaks at g, ratio 1:3"/%:4'27"2.92:12'2 with
the first-order peak being at g, =0.0185 A~'. The g ratio
indicates an in-plane two-dimensional hexagonal pack-
ing, and the peaks are associated to the (10), (11), (20),
(21), (30), and (22) planes of the hexagon array. Accord-
ing to the position of the principal diffraction peak,
the intercylinder distance is estimated to be ~39 nm,
which is comparable to the intercylinder distance ob-
served with SEM.

We examined the morphology of the PSsqc-b-
P2VPissk film annealed in chloroform for different
periods of time corresponding to different swelling
degrees. The BCP film was sealed in the measuring
chamber of an ellipsometer together with chloroform
to monitor the thickness change of the film in situ during
the solvent-annealing process. During annealing, the
solvent molecules penetrated into the film and swollen
the polymer chains, resulting in an increase in the film
thickness. We withdrew the film from the chamber after
annealing for a predetermined period of time, followed
by immersion in hot ethanol to cavitate the P2VP phases
for SEM observations. We found that the degree of
swelling (D), denoted as the ratio of the thickness (dy)
of the swollen film to the initial thickness (d,) of the BCP
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Figure 2. 2D GISAXS patterns and in-plane 1D scattering profiles of PSsq-b-P2VP, 5 films annealed in chloroform at room
temperature (a and c) and subsequently subjected to selective swelling in ethanol (b and d).

film before solvent annealing, significantly influenced
the morphology of the annealed films. Figure 3 exhibits
the morphology of BCP films annealed in chloroform
with different D followed by ethanol treatment to trans-
form the P2VP phases into pores. The initial thickness
of the film before annealing is 110 nm and the film spin-
coated on the Si substrate is blue. When the annealing
film turned yellow at which D = 1.57, we withdrew
the film from the annealing chamber, and the film
immediately recovered to its original thickness and
color because of the instant evaporation of chloroform.
Figure 3a shows its morphology after ethanol treatment.
We observed mainly circular pores corresponding to
perpendicularly aligned P2VP cylinders in the film, but
some channel-like pores were also present, indicating
the coexistence of P2VP cylinders oriented parallel to
the film surface. As the annealing proceeds, the swelling
degree increases, resulting in films with more perpen-
dicular P2VP cylinders than parallel ones (Figure 3b,
D=1.7). At D = 1.89, which is reached after annealing for
405, the swollen BCP turns reddish, and the film takes on
the morphology of defect-free, hexagonally arranged
perpendicular cylinders after evaporation of chloroform
(Figure 3c). Further annealing leads to a continuous
increase of D and a deterioration in the ordering of the
film morphology, as shown in Figure 3d, where D = 2.1.
The dependence of the annealed morphology on the
swelling degree can be understood by the nucleation—
growth mechanism dominating the perpendicular or-
ientation of P2VP cylinders during solvent annealing.®’
At low swelling degrees, the mobility of polymer chains
in the spin-coated BCP film is not adequate to trigger
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microphase separation. Nucleation of the ordered do-
mains can not occur as the polymer chains are mainly
in the frozen state.>® Upon annealing the BCP films
at moderate degrees of swelling in chloroform, the
films might be in a homogeneous liquid (no microphase
separated nanodmains exist) or have nanodomains with
a much lower degree of ordering than the as-spun state.
Regardless of the disordered states, quick drying creates
a strong thermodynamic driving force to initiate
and grow perpendicular cylinders with a lateral order
of hexagonal lattice.>® However, if the swelling ratio is
too high, a few defects may be kinetically trapped within
the films, further destroying the lateral order of perpen-
dicular cylinders.

Perpendicular Alignment of BCPs with Very High Molecular
Weights. The chain mobility decreases with increases
in the molecular weight of BCP. Consequently, it is
difficult to anneal BCPs with high molecular weights
to yield well-defined phase-separated morphologies
using a selective solvent as the annealing solvent.
However, because neutral solvents have a strong
affinity to both blocks, annealing in a neutral solvent
should also be possible for BCPs with high molecular
weights. We annealed films of PS,qqi-b-P2VP;5, with
290000- and 72500-Da PS and P2VP blocks, respec-
tively, in chloroform at room temperature. As shown in
Figure 4a, highly ordered, hexagonally arranged pores
spanning the entire thickness of the film thickness after
the annealing and the ethanol-swelling process are ob-
tained, corresponding to a morphology of perpendicularly
aligned P2VP cylinders. The corresponding GISAXS pat-
terns further demonstrate that the high-molecular-weight
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Figure 3. Top-view SEM images of PSsq-b-P2VP,4 s films annealed in chloroform at room temperature for different swelling
degrees: (a) 1.57, (b) 1.7, (c) 1.89, and (d) 2.1. All the annealed films were subjected to ethanol swelling to convert the P2VP
phases to pores. (a—d) have the same magnification. The scale bar is shown in (d) and corresponds to 200 nm.

film reveals a series of Bragg diffraction rods, indicative of
a high degree of spatial order (Figure S1). The pores have
a diameter of ~46 nm and interpore spacing of ~91 nm,
which are both noticeably larger than those of the porous
membranes of PS-b-P2VP with smaller molecular weights,
e.g., PSso-b-P2VP 65, (Figure 1). We note that BCPs with
higher molecular weights require longer annealing times
to reach the sufficiently solvated state for microphase
separation. For instance, an annealing time of ~10 min is
required for the film of PS,gq-b-P2VPy to obtain a final
perpendicular orientation of the P2VP cylinders whereas
that for the PSsq-b-P2VPs5¢ film only requires 40 s.
However, an annealing time of 10 min is still quite short
compared to annealing times for selective solvents, which
typically lasts for hours or days. Importantly, we found that
PS901-b-P2VP 5 films with a thickness up to 600 nm could
also be perpendicularly aligned by annealing in chloro-
form followed by instant evaporation of chloroform. The
formation of long P2VP cylinders perpendicular to the
film surface should be attributed to three main factors:
the strong immiscibility between PS and P2VP blocks as
indicated by the large Flory—Huggins interaction param-
eter for PS and P2VP, yps.pave = 47.0/T — 00176 the
strong affinity of chloroform to both PS and P2VP blocks,
and the low boiling point of chloroform (61.2 °C). The first
two factors dictate that the nucleation of ordered phases
occurred more at an earlier stage and the last one allows
a stronger gradient in the solution concentration across
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the membrane thickness because of the quick evapora-
tion of chloroform at room temperature, and conse-
quently, a larger rate of the cylinder growth. Therefore,
we were able to achieve the highly ordered perpendicular
orientation of P2VP cylinders as high as 600 nm. The
600 nm-high P2VP cylinders are then converted into
hollow pores with a height larger than 1.1 um because
of the significant increase in the film thickness during
the selective swelling process (Figure 4b,c). Moreover,
we measured the water contact angle (WCA) of the BCP
film before and after chloroform annealing. The as-coated
PS00k-b-P2VPy film exhibits a relatively high WCA of
90.5° which is close to that of the PS homopolymer. After
annealing in chloroform, the WCA decreases to 82.7°
indicating that the surface of the annealed film has been
partially covered by the P2VP chains which are more
hydrophilic compared to the PS chains. The ethanol-
treated film displays a further reduced WCA of 74.7° which
is similar to that of the P2VP homopolymer. Therefore,
the upper ends of the perpendicular P2VP cylinders are
directly exposed to free surface after the chloroform-
annealing process while the film surface is completely
covered by the P2VP chains overflew from the swollen
P2VP cylinders. Compared to our previous work in which
P2VP cylinders were randomly embedded in the nonan-
nealed, as-coated film and completely surrounded by
a PS matrix,>® the exposed ends of P2VP cylinders in the
chloroform-annealed film facilitate the diffusion of the
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Figure 4. Top-view (a), cross-sectional (b and c) SEM images of PS,g¢x-b-P2VP5, films with a thickness of ~500 nm annealed in
chloroform at room temperature for ~10 min, obtaining a perpendicular orientation for the P2VP cylinders. The annealed
films were subjected to selective swelling in ethanol at 60 °C for 3 h, converting the P2VP cylinders into hollow channels. The
scale bars shown in (a), (b), and (c) correspond to 200 nm, 500 nm, and 2 um, respectively.

swelling agent into the interior of the P2VP cylinders
because of the absence of a PS barrier layer. As a result,
pore formation can be completed at a lower swelling
temperature and/or within a shorter period of time.
Tuning the Diameters of the Straight Pores of the BCP
Membranes. The pore diameters can be tuned using
BCPs with different molecular weights, as demon-
strated above. Moreover, some swelling parameters,
such as swelling temperatures, can also be used to
change the pore diameters. The swelling temperature
dictates the mobility of the PS chains and the strength
of the interaction of ethanol with P2VP chains, which
both significantly influence the deformation degree of
the PS matrix and correspondingly the pore sizes upon
the collapse of the P2VP chains. Higher swelling tem-
peratures lead to a stronger degree of both the defor-
mation of the PS matrix and the overflow of P2VP chains
and, consequently, larger pore diameters. As shown in
Figure 5a—e, the pore diameters constantly increase
as the swelling temperature increases from 40 to 70 °C.
For example, the average pore diameter increases from
~18 nm at the swelling temperature of 40 °C to ~52 nm
at the swelling temperature of 70 °C. The change in pore
diameters with swelling temperature is quite sensitive: a
5 °C-increase in the swelling temperature typically
enlarges the pore size by ~5 nm. However, the interpore
distance remains almost unchanged with varying swel-
ling temperatures (Figure 5f). Ever-increasing pore diam-
eters and unchanged interpore distances imply that
the pore walls (the PS matrix) are continuously thinned
with increasing swelling temperatures because of the
squeezing effect of the osmotic pressure accumulated
in the P2VP cylinders. As a consequence of pore wall
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thinning, the membrane thickness increases to accom-
modate the squeezed PS chains. The swelling tem-
perature significantly affects the increase of the
thickness of the ethanol-treated films.

As clearly shown in Figure 5g, higher swelling
temperatures result in greater increase in the film
thickness. Swelling at temperatures below 50 °C gives
rise to a <10% thickness increase. However, when the
temperature is elevated to 55 °C, the thickness of the
ethanol-treated film increases by 20%. Even higher
swelling temperatures lead to correspondingly greater
increases in thickness, for example, 80% at 70 °C. The
correlation between swelling temperature and film
thickness can easily be understood by the enhanced
chain mobility of the PS matrix under higher tempera-
tures, which leads to greater deformation degrees of
the PS matrix in ethanol. Because of the confinement
effect of the substrate surface, the BCP film could
not change its lateral area along the substrate surface.
The thickness increase of the BCP film subjected to
ethanol treatment should be mainly attributed to the
formation of pores, whereas the migration and deposi-
tion of P2VP chains on the original membrane surface
also contribute the increase in film thickness. The
contribution of the migrated P2VP chains becomes
more pronounced at higher temperatures. Moreover,
we are able to estimate the porosity of the membrane
produced at different swelling temperatures using a
well-established equation for cylindrical pores which
correlates the porosity (¢) and the pore radii (r):>>

2
npr
=P 1
€ A (1)
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Figure 5. (a—e) Top-view SEM images of the chloroform-annealed PS,go-b-P2VP;, films treated in ethanol for 3 h at different
temperatures: (a) 40 °C, (b) 45 °C, (c) 50 °C, (d) 55 °C, and (e) 70 °C. The sample treated at 60 °C was depicted in Figure 4a.
(f) Plots of the average pore diameter and the interpore distance as a function of swelling temperatures. (g) Plots of the
percentage of thickness increase and porosity as a function of swelling temperatures. (a—e) have the same magnification.

The scale bar in (e) corresponds to 200 nm.

where ny, is the number of pores and A, is the external
membrane area. As shown in Figure 5g, the porosities
increase with the swelling temperatures. At a swelling
temperature of 70 °C, the porosity is larger than 25%
which is relatively high compared to other porous
materials with hexagonally packed pores typically
having a porosity of ~10%.® We note that the swelling
temperature should be kept below the effective T, of
the PS block to hold the infrastructure of the porous
membrane. As shown in Figure S2, swelling in ethanol
at 75 °C for 3 h leads to partial detachment of the
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membrane from the substrate and morphology dis-
ordering in the detached regions. We also investigated
the change of pore diameters with the periods of
swelling time and found that the pore diameters were
not sensitive to periods of swelling time. A short
swelling for only 1 min is capable to yield pores with
a diameter not significantly smaller than that of mem-
brane being swollen for 5 h (Figure S3). This insensitive
dependence of pore diameters on swelling time is
because the exposed ends of P2VP cylinders have
instant contact with ethanol upon immersion and the
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Figure 6. Top-view SEM images of porous membranes of PS,g,-b-P2VP;,, subjected to 5 (a), 10 (b), 15 (c), 20 (d), 30 (e), and
40 (f) ALD cycles of Al,0s. (g) Plot of the average pore diameter as a function of the number of ALD cycles. (a—f) have the same
magnification. The scale bar is shown in (f) and corresponds to 200 nm.

fast diffusion of ethanol into the interior of the P2VP
cylinders at elevated temperatures.

In addition to tuning the pore size by changing
the swelling temperatures during the membrane for-
mation process, it would be very useful if one could
modulate the pore size of preformed porous mem-
branes using external methods. To this end, we de-
posited thin layers of Al,03 on the BCP membranes
using ALD. ALD is capable of producing conformal
coatings on the surface of narrow pores as it is based
on gas—solid reactions with a self-limiting nature.
The swelling-induced porous membranes possessed
active surfaces and pore walls covered by P2VP chains.
Vaporized ALD precursors (TMA and water) can diffuse
into the membrane pores and adsorb and react on the
pore walls, producing a uniform coating of Al,03 with
a highly controllable thickness along the pore walls.
As shown in Figure 6, the Al,05-deposited membranes
all exhibit a smooth surface because of the conformal
growth of Al,O; on the P2VP-covered surfaces. In
addition, the uniformity of the pore size for the mem-
branes subjected to different ALD cycles is maintained.
Moreover, there is an almost linear decrease in pore
size with increasing ALD cycle number. For example,
the pore size of the 10-cycle-deposited membrane
decreases from ~38 nm for the initial, nondeposited
membrane to ~29 nm after 10 cycles of deposition
and further decreases to ~15 nm after 40 cycles
of deposition. Therefore, we can estimate that each
ALD cycle produces a 0.6-nm-thick layer of Al,Os3,
which means that we can precisely and predictably
tune the pore size using ALD with a subnanometer
accuracy.

Fabrication of Nanotube Arrays from the Porous BCP Mem-
branes. The obtained porous membranes possessed
highly ordered pores with monodisperse pore sizes
and a P2VP-covered, active pore surface.’” Such mem-
branes are expected to have interesting applica-
tions in diverse fields, including separation, drug delivery,
lithography, and template synthesis. To demonstrate
their potential applications, we used the obtained porous
membranes as templates to synthesize centimeter-scale
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arrays of aligned metal oxides including TiO, and
Al,O3 using ALD. As shown in Figure 7 and Figure S4,
calcining the deposited membranes in air removes
the BCP templates, producing aligned nanotubes
connected at one end of the tubes by a surface layer.
The hollow interiors of the nanotubes are discernible
from the broken parts. Besides, there are some
adjacent tubes interconnected at their bottom ends,
forming U- or Y-shaped structures. Such intercon-
nected structures were also observed in replicas pro-
duced from other block copolymer templates with
cylindrical pores.®® The presence of these structures
implies that P2VP cylinders in the annealed BCP
film are not always perfectly perpendicular near the
substrate interface possibly because of the preferential
affinity of P2VP chains to the hydrophilic surface of
the Si surface. Because of the self-limiting nature of
ALD reactions occurring in the vapor phase, deposition
occurs along the pore walls inside the pores, producing
a tube-like structure by replicating the contour of the
pores. During the swelling process, the P2VP chains
overflow onto the membrane surface and, following
ALD also occurs on the membrane surface in addition
to the pore interiors. Moreover, the thickness of the
tube wall can be continuously tuned by changing
the ALD cycle numbers (Figure S4). Considering that
many materials, including oxides, metals, nitrides,
and even polymers can be deposited on the templates
of porous membranes using similar ALD protocols,
we believe such a hierarchical structure of connected
arrays of nanotubes will find interesting applications
in the fields of control release, field emission devices,
solar cells, etc.

DISCUSSION

Key Role of a Neutral Annealing Solvent in the Fast Perpendi-
cular Alignment of BCP Films. Solvent selectivity, which
means the difference of the affinity of the solvent
to the constituent blocks of BCPs, plays a significant
role in determining the orientation of BCP films after
the annealing process. The polymer—solvent interac-
tion parameter, Ypolymer—solvent: reflects the affinity of a
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Figure 7. The cross-sectional (a) and 45°-tilted (b) SEM image of arrays of aligned TiO, nanotubes by ALD on porous
membranes of PS;gq,-b-P2VP5, with 200 ALD cycles. (a) and (b) have the same magnification and the scale bar shown in
(b) corresponds to 200 nm.

I —
TABLE 1. The polymer-solvent interaction parameters, molar volumes of solvents, and the solubility parameters of

solvents and polymers involved in this work.*°

solvent molar volume/cm® mol " Osotvent /(MPa)"2

Xps-solvent (@t 25 °C)

Xp2vp-solvent (at 25 °C) X pave-solvent (at 25 °C)

Chloroform 80.7 19

0.35 0.42 0.67

solvent to a polymer chain, which can be calculated
using the following equation:>®

Xpolymer — solvent — VSO|Vent(($soIvent - 6polymer)2/RT + 0.34
2

where Vsovent: Osolvents Opolymers R, @and T are the molar
volume of the solvent, the solubility parameter of
the solvent and the polymer, gas constant (R = 8314
J/(K-mol)), and the temperature in Kelvin, respectively.
A lower value of Ypolymer—solvent MeaNs a better affinity
of the solvent to the polymer. When ypolymer—solvent 1S
less than 0.5, the solvent is considered to be a good
solvent for the polymer.>® Table 1 summarizes the values
Of Jpolymer—solvent for different pairs of solvents and poly-
mers involved in this work. As both ¥ps_chioroform and
AP2vP-chloroform are less than 0.5 and they are close to each
other, chloroform is considered to be a good solvent
for both the PS block and the P2VP block. Therefore,
chloroform is a neutral solvent for PS-b-P2VP. When
chloroform is used as the solvent to anneal films of PS-b-
P2VP, chloroform molecules quickly penetrate into both
the PS and P2VP microdomains, strongly enhancing the
mobility of both blocks. Because of the screening effect
of the solvent molecules, the effective Flory—Huggins
interaction parameter (y.) between P2VP and PS de-
creases as the volume fraction (f) of the solvent in the
film increases. Consequently, solvent uptake in the BCP
films decreases the effective segregation strength, yeq/V,
where N is the degree of polymerization. When annealed
in a neutral solvent, the volume fraction of the solvent
increased very rapidly because of the penetration of the
solvent into both PS and P2VP phases. Consequently, y.sN
decreased quickly, allowing the BCP film to gain adequate
mobility for the onset of microphase separation within a
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very short time. This is the reason why a near-perfect
perpendicular alignment could be achieved after an
annealing time of less than 1 min using chloroform as
the annealing solvent. At the end of solvent annealing,
the annealing chamber was uncovered and the solvent
was instantly evaporated from the BCP film.

To confirm the effect of the selectivity of the
annealing solvent on the annealed morphology, we
also annealed PS,3-b-P4VP, 5, films with chloroform.
The chloroform-annealed PS-b-P4VP film takes on
a morphology of cylinders parallel to the film surface
(Figure 8a), which is in stark contrast to that of PS-b-
P2VP film annealed in the same solvent. This difference
is caused by the greater affinity of chloroform to
P2VP than to P4VP as evidenced by a larger value
of Ypavp-chloroform than that of ypavp_chioroform (Table 1).
Moreover, we experimentally found that the dissolu-
tion of P4VP homopolymers in chloroform was slower
than that of P2VP homopolymers, implying that chloro-
form is a weaker solvent for P4VP than P2VP. Therefore,
chloroform is actually a somewhat selective solvent for
PS-b-P4VP and annealing of PS-b-P4VP in chloroform
gives rise to in-plane parallel cylinders. We added
ethanol, which is a good solvent for P4VP, to chloroform
to make it neutral to PS-b-P4VP and used the mixture
to anneal PS,3,-b-P4VP, s, films. We obtained highly
ordered perpendicular cylinders as implied by the
hexagonally arranged pores spanning the entire thick-
ness of the film using the mixture of chloroform and
ethanol (volume ratio = 10:1) as the annealing solvent
(Figure 8b,c), which confirmed our conclusion that
annealing in neutral solvents led to the perpendicular
orientation of cylinders. We note that the morphology
ordering of the PS-b-P4VP films annealed in different
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Figure 8. To-view surface images of PS,3,-b-P4VP, 5, films annealed in pure chloroform (a) and 10:1 (v/v) chloroform/ethanol
(b). (c) The corresponding cross-sectional view SEM image of (b). All the annealed films were subjected to ethanol swelling to
convert the P2VP cylinders to pores. (a—c) have the same magnification. The scale bar is shown in (c) and corresponds to

200 nm.

solvents is also dependent on D. Typically, the ordering
of the annealed PS-b-P4VP film first increased with
the rising of D and then deteriorated with further
increased D after the highest ordering was achieved.
For every sample, only the morphology with the high-
est ordering achieved in the entire investigated range
of D was shown.

Formation Mechanism of Straight Pores inside the Annealed
BCP Films. The formation of straight pores of the an-
nealed BCP films upon ethanol treatment generally
follows the selective swelling-induced pore genera-
tion mechanism.3%*® In this process, the hot ethanol
delivers two functions: swelling the P2VP phase and
plasticizing the PS phase. When immersed in ethanol,
the P2VP chains quickly take up ethanol, generating
osmotic pressure inside the P2VP cylinders. The accu-
mulated osmotic pressure drives the P2VP chains
initially packed in the cylinders to overflow onto the
film surface. Moreover, as the mobility of the PS chains
is enhanced in hot ethanol, the osmotic pressure forces
the PS framework to be stretched along the direction
perpendicular to the film surface and compacted in
the direction along the substrate surface. As a con-
sequence, the volume of the P2VP cylinders expands.
However, as the swelling temperature is controlled
lower than the effective T, of PS in ethanol, the
structural integrity of the BCP film is maintained. With
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the evaporation of ethanol in the following air-drying
procedure at room temperature, the streched PS ma-
trix cannot recover to its initial state because the
mobility of PS chains is reduced at room temperature,
and the expanded spaces initially occupied by the
solvated P2VP chains are frozen. However, the P2VP
chains shrink and adopt a collapsed conformation with
the loss of ethanol. Therefore, straight pores form in
the positions occupied by the initial P2VP cylinders
with the collapsed P2VP chains lined on the pore walls
as they are chemically bonded to PS blocks. Scheme 1
displays a schematic description of the formation
mechanism of straight pores in the annealed BCP films.

Such a mechanism of pore formation was confirmed
by transmission electron microscopy (TEM). The chloro-
form-annealed PS,qq-b-P2VP55 films with a thickness
of ~100 nm were transferred onto copper grids from
their original Si substrates and then subjected to ethanol
swelling. Figure 9a exhibits the TEM morphology of
the annealed film prior to ethanol swelling. This film
was stained with |, vapor and P2VP phases appeared
darker because of the selective enrichment of I,. Clearly,
the TEM examination confirms the hexagonally packing
of perpendicular P2VP cylinders in the PS matrix and
the P2VP cylinders are presented as dark dots when
viewed in the direction perpendicular to the film sur-
face. As shown in Figure 9b, the ethanol-treated film
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swelling
—

(b)

Scheme 1. Schematic description of the pore formation mechanism of the perpendicularly oriented PS-b-P2VP films treated
in hot ethanol. (a) After solvent annealing, the P2VP chains (red) are condensed and packed as straight cylinders embedded in
PS matrix (blue); (b) when immersed in hot ethanol (ellipsoids), the P2VP chains are swollen, leading to the overflow of the
P2VP chains and the deformation of the PS matrix; (c) after drying in air, the P2VP chains collapsed on the membrane surface
and pore walls, leading to the formation of straight pores in the positions of the initial P2VP cylinders

200" g

Figure 9. TEM images of chloroform-annealed PS,4¢-b-P2VP,, films with a thickness of ~100 nm before (a) and after (b and
c) treatment with ethanol at 60 °C for 3 h. The sample shown in (a) and (c) were stained with |, and the P2VP phases appeared
darker than PS phases. The scale bars correspond to 200 nm. The average values of nearest distances of neighboring P2VP

cylinders or pores are shown in the corresponding figures.

takes a porous morphology with pores maintaining the
hexagonal arrangement of the initial P2VP cylinders.
These pores can be easily discerned under TEM because
they are in strong contrast with the surrounding poly-
meric matrix although the sample shown in Figure 9b is
not stained. We further stained the ethanol-treated BCP
film with I to track the position of P2VP chains after the
swelling process. As shown in Figure 9¢, after staining
with I, the pores are presented as dark rings and the
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regions between the pores/rings are also in the dark
color, implying the presence of P2VP chains on the pore
wall and the film surface. By comparing panels a and c of
Figure 9, we confirm the overflow of P2VP chains on the
film surface from the original P2VP cylinders during the
ethanol swelling process (confirmed also by contact
angle measurements described in the Results section).

Because of the covalent linkage of the P2VP blocks
with the PS blocks, there is still a layer of P2VP chains
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TABLE 2. Molecular Weights and Polydispersity Indexes
(PDIs) of PS-b-P2VP and PS-b-P4VP Used in This Work

sample code M, of PS (kg/mol) M, of PVP (kg/mol) PDI
PSsok-b-P2VP14.5¢ 50 16.5 1.09
PS00k-b-P2VP7 290 72 1.10
PSy3k-b-P4VP, 5, 23 45 1.10

tethering on the pore wall which is present as a dark ring
under TEM after staining. Note that these dark rings show
larger width than the real thickness of the P2VP layers
lined on the pore wall because of the projection effect of
the P2VP layers which do not always form an angle of
exact 90° with the film surface. From Figure 9a, we
determine that the average nearest distance of neighbor-
ing P2VP cylinders is 47.6 nm, whereas Figure 9b,c shows
that the average nearest distance of neighboring pores is
43.0 nm. The reduced nearest distance after swelling
reveals that the width of the PS wall between the pores
becomes thinner in the x and y direction. As the BCP film is
tightly fixed on the substrate surface, the compaction of
the entire film on the substrate surface is not possible.
Therefore, the thinning of the PS wall in the x and y
direction is caused by the very local compaction of the PS
wall driven by the swollen P2VP chains. As there is no
weight loss during the swelling process, thinning of the PS
wall in the xand y direction definitely leads to the increase
of the height of the PS wall (also the film thickness) via the
stretching of the PS chains in the z direction.

CONCLUSIONS

We demonstrated a very fast alignment of per-
pendicular cylinders in thick block copolymer films

METHODS

Materials. Three BCPs of poly(styrene-block-x-vinylpyridine)
(PS-b-PxVP, x = 2 or 4) with various molecular weights were
purchased from Polymer Source, Inc.,, and used as received.
The compositional details of each BCP were listed in Table 2.
All organic solvents including chloroform and ethanol, were
of analytical grade and commercially acquired and used as
received. Titanium tetrachloride (TiCl,;) with a purity of 99.99%
was purchased from Aladdin Reagents. Trimethylaluminum (TMA)
with a purity of >99.99% was obtained from Organometallics
Center, Nanjing University. The block copolymers were dissolved
in chloroform to obtain 1—3 wt % solutions. The polymer solutions
were filtered 3 times through polytetrafluoroethylene (PTFE) filters
with a nominal average pore size of 0.22 um to remove any large
aggregates. The BCP thin films were fabricated by spin-coating
typically at 2000 rpm and 30 s, from its solution in chloroform on
1.5 cm x 1.5 cm silicon substrates.

Solvent Annealing. The BCP-deposited silicon substrates
were transferred into a 70-mL weighing bottle which served
as the annealing chamber filled with approximately 10 mL of
the annealing solvent and placed on a support extending
from the surface of the solvent inside the bottle. The bottle
was covered with a lid immediately after placing the silicon
substrates inside, allowing the annealing of the BCP films under
saturated solvent vapor. The film changed color as the annealing
proceeded. We investigated the morphology of the film with
a thickness of 110 nm annealed in chloroform for different times.
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(e.g., PS-b-P2VP) with thickness up to 600 nm by
annealing in a neutral solvent which is a good solvent
to both blocks for less than 1 min followed by instant
evaporation of the solvent. Moreover, this annealing
strategy is also effective to perpendicularly align BCPs
with very high molecular weights (e.g., 360000 Da).
Furthermore, highly ordered porous membranes with
uniform straight nanopores spanning the entire thick-
ness of the membrane were nondestructively obtained
by an extremely simple selective swelling process. The
osmotic pressure generated by the swelling P2VP
chains in the P2VP cylinders, which were confined in
the PS matrix, drove the overflow of the P2VP chains
and the deformation of the PS matrix at elevated
swelling temperatures. The P2VP cylinders were con-
sequently transformed into straight pores lined with
collapsed P2VP chains upon the evaporation of etha-
nol. The pore diameters of the nanopores were mainly
determined by the molecular weights of BCPs and the
swelling temperatures. Additionally, we showed that
the pore size of the preformed porous BCP mem-
branes could be continuously tuned by the deposition
of thin layers of oxides by atomic layer deposition
with a subnanometer accuracy. As a demonstration of
the potential applications of the porous membranes,
centimeter-scale arrays of aligned nanotubes of TiO,
or Al,O3 were fabricated by atomic layer deposition
on the porous membranes followed by calcination
to remove the BCP membranes. The obtained porous
membranes with uniform straight nanopores are
expected to find interesting applications in various
fields including separation, active coatings, drug de-
livery, and lithography.

A highly ordered perpendicular morphology was reproducibly
obtained when we terminated the annealing process at the point
that the swollen 110-nm-thick film turned reddish by removing
the lid of the chamber. In addition, we found that the thickness
of BCP films did not influence the time required for the film
to obtain the perpendicular orientation. It typically took ~40 s
for the film to obtain a reddish color when annealing was carried
out at 25 °C. To have a sensitive indicator of the perpen-
dicular orientation, we always placed a 110-nm-film in the
annealing chamber as a reference together with the film with
a different thickness to be annealed in chloroform. When the
reference turned reddish, we terminated the annealing process
by opening the chamber to evaporate chloroform adsorbed
in the film. To obtain porous membranes, the annealed BCP
films were immersed in ethanol typically at 50 °C for 3 h unless
otherwise stated to convert the P2VP or P4VP domains into pores.

ALD Deposition of Metal Oxides on Porous BC(P Membranes. ALD
deposition was carried out in a hot-wall ALD reactor (S-100,
Cambridge) operated at 80 °C under a pressure of <1 Torr using
N, as the carrier and purging gas. TiCl, and TMA were used as the
metal precursor for the deposition of TiO, and Al,O3, respectively,
while deionized water was used as the oxygen precursor in
both cases. Vaporized precursors were alternatively pulsed into
the ALD chamber, which was purged after the delivery of each
precursor. We used the exposure mode of ALD to ensure sufficient
precursor adsorption and penetration. For one growth cycle, the
pulse and exposure times for both precursors were 0.015 and 20s,

VOL.7 = NO.11 = 9961-9974 = 2013 K@}Nﬁ@i{\j

WWW.acsnano.org

9972



respectively. After each pulse of precursors, nitrogen purging
lasting for 50 s was applied. To decompose the BCP templates,
the deposited BCPs were heated to 540 °C at a heating rate of
9 °C/min in air and kept at this temperature for 4 h, then allowed to
cool to room temperature.

Characterizations. The surface and cross-section morpholo-
gies of the samples were examined using a field emission
scanning electron microscope (FESEM, Hitachi S4800) operated
at 2 or 5 kV. The film thickness was measured by a spectroscopic
ellipsometer (Complete EASE M-2000U, J. A. Woollam) with a
632.8 nm laser at a 75° incident angle. AFM images of the
chloroform-annealed BCP films were obtained from an atomic
force microscope in tapping mode (Bruker, MultiMode 8)
equipped with silicon nitride cantilevers (Bruker TESPA, resonant
frequency of 320 kHz). The structural information in reciprocal
space was acquired by grazing incident small-angle X-ray scat-
tering (GISAXS) measurements (Nano-Viewer, Rigaku). The para-
meters for operating Cu Ko X-rays of wavelength 1 = 1.54 A
were 40 kV and 30 mA. The 2D GISAXS data were collected by
PILATUS 100 K of 83.8 x 33.5 mm? in which an incident X-rays
beam illuminated thin films at a grazing anlge of 0.1° or 0.2°. Each
X-ray exposure duration lasted 20 min. The one-dimensional (1D)
scattering intensity was clearly observed when in-plane scan
cuts were imposed on the 2D GISAXS pattern to yield the 1D
profile. Contact angles of droplets of deionized water on PS,gq-b-
P2VP, films subjected to different treatments were measured
on five different positions of each sample by a contact angle go-
niometer (Dropmeter A-100, Maist) and the average value
of the measurements was presented. To directly examine the
morphology of the BCP film before and after swelling by TEM, we
transferred the BCP films spincoated on silicon substrates onto
copper grids. The solution of PS,gq-b-P2VP;,, was spincoated on
silicon substrates with a 1000-nm-thick SiO, layer and then the
BCP films, which had a thickness of ~100 nm, were annealed in
chloroform to obtain a perpendicular orientation. We immersed
the annealed BCP film supported on Si/SiO, substrates in 5 wt %
hydrofluoric acid to float the BCP film on the liquid surface by
etching away the oxide layer between the BCP film and the
silicon surface. The floating BCP film was collected on a copper
grid and dried in air. The BCP film transferred on the copper grid
was either stained with I, directly or first swelling treated in
ethanol at 60 °C for 3 h to convert the P2VP cylinders into pores
followed by I, staining. Staining was performed in a small glass
chamber in which the samples were sealed together with I,
crystals at 50 °C for 3 h. The BCP films transferred on copper grids,
which were either stained or unstained, were probed with a JEOL
2100F TEM operating at 200 kV.
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