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ABSTRACT: The fabrication of desired structures is one of the
most urgent topics in current research on porous polymer films.
Herein, directional photomanipulation in conjunction with breath
figure processing has been demonstrated for the preparation of
porous polymeric films with finely tunable pore shape and size.
Because of the photoinduced directional mass migration of
azobenzene units upon vertical incident linearly polarized light
(LPL) irradiation, round pores on honeycomb films can be reshaped
into multifarious shapes including rectangle, rhombus, dumbbell, line,
and so forth. In addition, slantwise LPL irradiation produces unique
asymmetrical structure inside the pores oriented along the polarized
direction. On the other hand, circularly polarized light (CPL)
irradiation affords manipulation of the wall thickness without
changing the pore shape. This versatile directional photomanipula-
tion method can be implemented to large-area and high-throughput reshaping processes, which paves the way to a number of
promising applications such as a flexible etching mask for patterning.
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■ INTRODUCTION

High-throughput and large-scale manufacturable porous
polymer films are critical for separation, tissue-engineering,
photonic band gap, microelectronics, and lithography.1−6 Self-
assembly is an extremely powerful and effective strategy to
fabricate polymer films with various micro/nano morphologies
and particular functionality7−11 in which breath figure (BF) has
been adopted as an extraordinary approach to prepare ordered
honeycomb-structured porous polymer films because of its low
cost, time savings, and easy implementation.12−14 After casting
the polymer solution of water-immiscible solvent under high
humidity, the water droplets become nucleated on the solution
surface due to the temperature decrease caused by the rapid
evaporation of solvent. The condensed microdroplets are
subsequently stabilized by the instant precipitation of the
polymer enveloping around them and continuously aggregate
into a hexagonal array driven by Marangoni convection. The
water droplets maintain inherent sphericity because of their
high surface tension during the BF process. Eventually, after the
solvent and water evaporate completely, isotropic and
hexagonally arranged round pores are left on the polymer
film surface in most cases, which are called breath figure arrays
(BFAs).15−18

In recent years, several strategies have been developed to
transform the intrinsic round pore and hexagonal close packing
of BFAs into diverse shapes and architectures for various

applications.19−22 In a dynamic BF process, definite carrier gas
is blown above the polymer solution, exerting forces on water
droplets along the flow direction to modify the shape of water
droplets from spherical to elliptical with the long axis parallel to
the gas flow direction, subsequently forming elliptical pores.23

Additionally, a variety of physical secondary processing
methods, including mechanical stretching or shrinking, are
also employed to obtain novel micro/nanostructured BFAs
with square-, rectangular-, or triangular-shaped pores.24−26

However, these methods may incur uncertainties and diminish
reproducibility or lead to laceration unless the viscoelasticity of
the polymers adapt the distortion stress during the physical
processing.
Very recently, we developed a directional photomanipulation

technique to tune the surface features of BFAs.27 This
technique was inspired by photofluidization based on the
Weigert effect.28−31 Azobenzene units selectively absorb the
linearly polarized light (LPL) whose polarization is direction
parallel to their transition moments. Combining the polar-
ization-selective trans-to-cis isomerization and unselective cis-to-
trans reverse isomerization, the azobenzene units in the trans
state reorient to a plane orthogonal to the polarization direction
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and give rise to mass migration.32−34 In our previous work, the
original round pores on azobenzene-containing block copoly-
mer BF films were converted into rectangular-, rhombic-, and
parallelogram-shaped structures within 30 min depending on
the polarization direction of the incident light with respect to
the orientation of the BFAs. However, the study of photo-
induced reconfiguration of BFAs is limited to the operation
under vertical incident LPL irradiation on BFAs with identical
pristine morphology. It remains a challenge to achieve the
detailed investigation of photomanipulation of BFAs for
potential applications.
In this work, we present a comprehensive description of the

photomanipulation on large area poly(4-vinylpyridine)-block-
poly[6-[4-(4-butyloxyphenylazo)phenoxy]hexyl methacrylate]
(P4VP-b-PAzoMA) BFAs by tuning the pristine morphology
of the films, constitution of azobenzene-containing polymer,
and style and direction of the polarized light. Pores with novel
shapes could be deterministically generated upon vertical LPL
radiation for certain periods of time depending on the pristine
morphology of films and composition of azobenzene polymers.
Thanks to the improved static BF process and nondestructive
photomanipulation method, large-scale ordered transformed
BFAs in a square millimeter have been prepared. Additionally,
pores with three-dimensional asymmetrical morphology or
controllable wall thickness were also obtained simply through
oblique incidence LPL or circularly polarized light (CPL)
irradiation. Such a deterministic BFA reshaping strategy is
promising for a number of applications such as etching masks.

■ EXPERIMENTAL SECTION
Materials. The chemical structures of azobenzene-containing

polymers are illustrated in Tables S1 and S2. The diblock copolymers
P4VP-b-PAzoMA with different fractions of two blocks were
synthesized via a two-step reversible addition−fragmentation chain
transfer polymerization as previously reported.27 Triblock copolymer
poly(ethylene oxide) monomethyl ether-block-polystyrene-block-{poly-
[6-(4-methoxy-azobenzene-4′-oxy)hexyl methacrylate]}2 [PEO-b-PS-
b-(PMMAzo)2] was synthesized by a two-step atom transfer radical
polymerization (ATRP) as described elsewhere.29 Diblock copolymer
polydimethylsiloxane-block-poly[11-[4-(4-butylphenylazo)phenoxy]-
undecyl methacrylate)] (PDMS-b-PAzoMA) with molecular weight of
2.40 × 104 g mol−1 was purchased from Polymer Source, Inc., Canada.
Homopolymer PMMAzo was prepared by atom transfer radical
polymerization (ATRP) using CuBr/PMDETA as a catalyst system
and EtBriB as the initiator as previously reported.35,36 Poly(styrene-co-
allyl alcohol) with molecular weight of 2.2 × 103 g mol−1 was
purchased from Sigma-Aldrich. Water used in all of the experiments
was deionized and ultrafiltrated. Other reagents (A.R. grade) were
purchased from Adamas-beta and used as received.
Preparation and Photomanipulation of Honeycomb Films.

Polymer solutions at different concentrations were prepared by
dissolving polymer into carbon disulfide. Glass slides with a size of 0.8
cm2 were cleaned by ethyl alcohol and subsequently dried in a 50 °C
vacuum before use. Honeycomb films were fabricated in a constant
temperature and humidity chamber equipped with gloves by casting 20
μL of polymer solution onto the glass substrate placed in a glass vessel.
With the volatilization of organic solvent, the transparent solution
became turbid, and honeycomb films were obtained after complete
solvent evaporation. The films were then dried in a 50 °C vacuum
oven for 4 h for subsequent experiments. To investigate the
photoreconfiguration of honeycomb films, we placed the samples on
a leveling bench with adjustable slope angle. Typically, a vertical beam
of 450 nm polarized light with intensity of 1000 mW/cm2, which was
generated by an LED lamp and a polaroid, was applied to induce the
reconfiguration. After irradiation for a certain amount of time, the
beam was shut off, and samples were collected for other character-

izations. All of these experiments were carried out at room
temperature under ambient conditions.

Fabrication of Etched Pattern on Silicon Wafer. The top layer
of the honeycomb film before or after photoreconfiguration was
transferred onto a silicon wafer substrate that had been spin-coated
with an ethanol solution of poly(styrene-co-allyl alcohol) (4 wt %).
The honeycomb film was placed with the original top surface (with
pores) facing the sacrificial coating and subsequently oven-dried at 50
°C for 1 h. Next, the glass substrate and inverted bottom layer of the
honeycomb film was peeled off, leaving the porous surface layer of the
honeycomb film on the silicon wafer. A porous polymeric mask was
thus formed on the silicon wafer. The silicon wafer with polymeric
mask was then etched by CF4-based inductively coupled plasma
reactive ion etching (ICP-RIE). The remaining mask after etching was
thoroughly removed by rinsing in chloroform. Eventually, a honey-
comb pattern was transferred onto a silicon wafer.

Instruments and Measurements. The morphologies of the films
were first observed with an optical microscope (Cryo-CSS450), and
the images were taken with a digital camera. The elaborate
morphologies of the films were obtained from SEM (S-4800,
HITACHI) operated at an accelerating voltage of 15.0 kV after
being coated by a thin layer of sputtered Au. AFM images were
obtained with multimode atomic force microscopy (PARK/XE-100)
using noncontact mode under ambient conditions. The LED lamp
(Uvata UP114) with a wavelength of 450 nm was used as the light
source for the photoreconfiguration experiments. Etching was
performed by ICP-RIE (ICP-98A, Institute of Microelectronics of
Chinese Academy of Sciences) with a CF4 flow rate of 30 standard
cubic centimeters per minute (sccm), a cavity pressure of 1.0 Pa, a
source power density of ∼1.85 W/cm2, and a bias power density of
∼0.53 W/cm2. A self-bias of ∼160 V was developed in the etching
cavity.

■ RESULTS AND DISCUSSION

Preparation of Large Area BFAs with Controllable
Morphology. The morphology of BFAs relies on the
nucleation and growth of water droplets, which are susceptible
to experimental parameters, such as relative humidity,
concentration, polymer type, and polymer composition. With
an optimized static BF process, the uncertainties have been
further minimized to tolerate various casting conditions and
facilitate the formation of ordered BFAs on a large scale.37−41

A typical static BF process was performed as described in the
Experimental Section. A droplet of 1 wt % CS2 solution of
P4VP54-b-PAzoMA112 (PVP54AZ112) copolymer was cast on a
glass substrate under 80% relative humidity (RH) to prepare a
BF film. The film was taken out after the solvent completely
evaporated. An optical microscope image (Figure 1a) and an
SEM image (Figure 1b and Figure S1) reveal that the
preparation of monocrystalline honeycomb lattice in a
millimeter area has been achieved by the simple static BF
process. As expected, the film with highly ordered structure
exhibits nacre color due to sunlight diffraction and interference
effects (inset in Figure 1a). The fast Fourier transform (FFT)
of the SEM image (inset in Figure S1), with first- and high-
order spots, demonstrates highly ordered two-dimensional
hexagonal arrangement of the pores. SEM (inset in Figure 1b)
and AFM (Figure 1c) observations along the cross-sectional
view indicate that uniform monolayer spherical pores with a
diameter (d) of (1.80 ± 0.05) μm and pore-to-pore distance
(D) of (2.10 ± 0.06) μm are formed.
The variation of polymer concentration affects both the

evaporation rate and the convection of the solution, resulting in
BFAs with different surface features. As shown in Figure 1b and
d−f, the diameter of the pores decreases from (2.18 ± 0.04)
μm to (1.38 ± 0.04) μm with decreasing polymer
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concentration from 0.5 to 2.0 wt %. The correlation between
the pore size and polymer concentration is plotted in Figure 1g,
which is consistent with our previous report.42 The influence of
RH on film morphology is shown in Figure 1h and Figure S2.
With increasing atmospheric humidity from 70 to 95%, the
growth rate of droplets becomes higher and leads to the pore
sizes increasing from (1.44 ± 0.03) μm to (2.11 ± 0.07) μm.
Therefore, a series of honeycomb films with controllable pore
size have been prepared successfully by tuning solution
concentration and RH during the breath figure process. It
should be noted that the influences of polymer concentration
and RH on the morphology are not identical in all BF systems.
Because of the complexity of the BF process, the variation of
solute, solvent, moist atmosphere, and other factors may
produce a thoroughly conversed change trend.43,44 In this BF
system, adequate stabilizing capacity for water droplets of the
amphiphilic copolymer, enough volatility of the CS2 solvent,
and a stable, moist atmosphere provided by the static BF
method synergistically contribute to the formation of a typical
pore size variation tendency along with the change of
concentration and RH.45

Photoreconfiguration Behavior of the Honeycomb
Films. Various BFAs fabricated from copolymer PVP54AZ112
under different conditions are adopted to investigate the
influence of film morphology on photoreconfiguration of BFAs.
To visualize and quantify the pore reshaping, we defined a unit
cell as the rhombic area (one-third of the hexagonal lattice)
based on the periodicity and symmetry of BFAs as schemati-
cally shown in Figure 2a. The magnified shadow part represents
the deformation unit (DU), where the middle points of pores
are denoted by capital letter C. Points A and B are the
barycenter of the triangle-connected pores. For the pristine

honeycomb films, the value of l2 (the length between points A
and B) is twice that of l1 (the length between a middle point
and its adjacent barycenter).
Because of the directionality of photofluidization and

anisotropy of the BFAs, the relative direction between LPL
polarization and BFA orientation would definitely influence the
photoreconfiguration. Two characteristic polarization directions
of the LPL, including the V direction (along the AB axis) and S
direction (perpendicular to the AB axis), were chosen to carry
out the photoreconfiguration. After being irradiated by vertical
incident LPL for 30 min, morphologies of these reshaped films
were observed by SEM as depicted in Figures S3 and S4. Large-
area SEM images of reshaped BFAs are shown in Figure 2b and
c. When the light polarization was along the V direction, the
pores could be converted to a rectangular shape. While the
polarization was in the S direction, the pores were molded into
a rhombic shape. The corresponding FFT of the SEM images
(insets in Figure 2b and c) indicated that the reshaped
structures are also of high regularity and maintain two-
dimensional hexagonal symmetry.
Upon vertical incident irradiation LPL, the azobenzene units

in trans state reoriented orthogonally to the polarization
direction. The whole copolymer chain was subsequently

Figure 1. Morphological analysis of the honeycomb films prepared by
the PVP54AZ112 copolymer. (a) Optical microscope image; (inset)
digital camera photo; scale bar: 5 mm. (b) SEM image; (inset) cross-
section view; scale bar: 4 μm. (c) AFM image. (d−f) SEM images of
the honeycomb films fabricated at polymer concentrations of (d) 0.5,
(e) 1.5, and (f) 2.0 wt %. (g,h) Morphological analysis of the
honeycomb films prepared under variation of (g) polymer
concentration and (h) RH.

Figure 2. Scheme and SEM images of photoreconfiguration patterns
for different light polarization and pristine films. (a) Deformation unit
model of pristine SEM images and scheme of two types of irradiation.
(b,c) Large-area reshaped pattern upon LPL irradiation in the (b) V
direction (inset: FFT of the image) and (c) S direction (inset: FFT of
the image). (d,e) Plotted analysis of photoreconfigured BFAs upon
LPL irradiation for 30 min of various honeycomb films with different
pristine morphologies upon variation of (d) concentration and (e)
RH.
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actuated by the photoalignment of the azobenzene units and
thus resulted in directional mass migration.46 In addition,
because of high optical absorption efficiency of the azobenzene
units, the incident LPL light was mostly absorbed by the surface
of the photoresponsive architecture, and therefore, the
directional photofluidization tended to occur preferably at the
surface layer of BFAs.47,48 Consequently, the actual action of
photofluidization manifested as the expansion and elongation
along the direction parallel to the light polarization in the
horizontal plane and was accompanied by contraction against
the polarization direction due to the isovolumetric effect.27 The
degree of photoinduced pore reshaping under various
fabrication conditions can be quantified by the ratio of l2/2l1
plotted in Figure 2d and e. In the case of V direction irradiation,
the sides of DU tended to stretch along the AB direction due to
the directional photofluidization, which led to the increase of l2
and decrease of l1 (l2/2l1 > 1). In contrast, when the light
polarization was along the S direction, the sides of DU tended
to shrink along the AB direction, which resulted in a decrease of
l2 and increase of l1 (l2/2l1 < 1). Although all the films were
made of homogeneous copolymer, distinct l2/2l1 values were
measured after the photoreconfiguration. As shown in Figure
2d, with the increasing polymer concentration, the resulting
reshaping degree is also increased. Additionally, slight pore
reshaping has been observed when the RH value increases (see
Figure 2e). In both cases, the values of l2/2l1 reveal a reasonable
relationship with corresponding polymer concentration or RH
values. The linear correlation is described by eq 1, where l0
denotes the intercept, Kde denotes the slope, and [Co]
represents the value of the polymer concentration or RH.
The fitting parameters for Figure 2d and e are shown in Table
S3.

= +l l l K Co/2 [ ]2 1 0 de (1)

As shown in Figure 2a, the reshaping of DU is thoroughly
derived from the photoreconfiguration of polymeric walls, and
the pore region does not contribute to the photomanipulation
process. Consequently, the unit cell composed of a large
polymeric DU area and small pore size might be reshaped more
obviously by the LPL treatment, i.e., photoreconfiguration
degrees (De) is positively correlated with the surface area
fraction of the polymer ( f, eq 2). According to our recent study,
the photoreconfiguration degree of aggregates formed by
identical azobenzene-containing copolymers decreased with
the increase of aggregate size under identical LPL irradiation.49

For a unit cell of BFAs, the aggregate size can be represented by
D. Therefore, the tendency of De should be positively
correlated with f/D. Here, the values of f and f/D were
calculated and listed in Table 1. The linear relationship between
l2/2l1 and f/D are plotted in Figure S5 and represented as eq 3,
which indicates the De value increases linearly with the value f/
D. The fitting parameters for Figure S5 are listed in Table S4.
The establishment of eq 3 allows us to predict pore reshaping
in films fabricated by the same azobenzene-containing polymer.

π= −f
d

D
1

2 3

2

2 (2)

= +l l l K f D/2 ( / )2 1 0 de (3)

The P4VP-b-PAzoMA copolymers adopted in this study are
listed in Table S1. According to the SEM images shown in
Figure 3a, d, g, and j, all of these polymers successfully form

honeycomb films with hexagonally arranged round pores. The
detailed morphological analysis of these honeycomb films is
shown in Table S5. Upon vertical incident LPL irradiation for
30 min, all of the films have been obviously reshaped (see
Figure 3). In addition, the photoinduced reshaping degree was
observed to be highly dependent on the contents of
azobenzene moieties in the polymer (see Table S5). Despite
the decrease of the f/D value, larger reshaping degrees were
observed on the films fabricated by PVP54AZ112 than those of
PVP69AZ74 and PVP69AZ30. This positive relationship with the
contents of the PAzoMA block is in accordance with our

Table 1. Analysis of Film Morphologies Prepared by Copolymers PVP54AZ112 Fabricated at Various Concentrations and RH

various concn under RH of 80% various RH at concn of 1 wt %

condition 0.5 wt % 1 wt % 1.5 wt % 2 wt % 70% 90% 95%

f 0.30 0.33 0.35 0.36 0.34 0.35 0.35
f/D 0.12 0.16 0.19 0.22 0.18 0.15 0.14

Figure 3. Pristine and reshaped BFAs upon LPL irradiation for 30 min
prepared by different P4VP-b-PAzoMA copolymers. Images in the left,
middle, and right columns are round pores, irradiated by LPL in the V
direction, and irradiated by LPL in the S direction, respectively: (a−c)
PVP54AZ112, (d−f) PVP69AZ74, (g−i) PVP50AZ51, and (j−l)
PVP69AZ30.
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previous result.35,36 The most distinct reshaping was observed
on the honeycomb films fabricated by copolymer PVP50AZ51
due to the large f/D value and relatively high azobenzene
content, resulting inunique dumbbell-shaped pores upon LPL
irradiation along the V direction.
For the versatility of directional photomanipulation of BFAs

to be further verified, various azobenzene-containing polymers,
as listed in Table S2, were adopted to prepare honeycomb
films. As shown in Figure 4a−c, round pores in the PMMAzo

homopolymer BF film could be reshaped into rhombic and
rectangular pores with thick polymeric walls. Round pores in
the diblock copolymer PDMS-b-PAzoMA BF film were
converted into an elliptical shape (Figure 4d−f). In Figure
4g−i, pores with small opening fabricated from triblock
copolymer PEO-b-PS-b-(PMMAzo)2 were transformed into
long slits with a width of (200 ± 40) nm and length of around
(1.00 ± 0.11) μm. Therefore, directional photomanipulation is
suitable for a variety of azobenzene-containing homo- and
copolymers, which provides a platform for the preparation of
films with different reshaped micropatterns.
In addition to the vertical incident LPL, oblique incidence

LPL was also applied to investigate the photoreconfiguration
effect on the honeycomb patterns. Typically, the slant angle was
set at 45°, and the LPL was polarized perpendicular to the
incident direction in the slant plane as illustrated in Figure 5a.
According to the SEM images shown in Figure 5b and c, round-
rectangle or round-rhombic pores were obtained under the LPL
irradiation along the V or S direction, respectively, for 30 min.
The two perpendicular cross-section views of the BF film in
Figure 5b showed unique asymmetrical structures inside the
pores in Figure 5d and e, which was different than the
symmetric architecture upon vertical-incident LPL irradiation.27

Herein, slantwise irradiation could be divided into two parts.
The vertical part only contributed to the photoreshaping as
mentioned and reported previously. The horizontal part
resulted in the inner asymmetrical structure. As illustrated in
Figure 5f, under LPL irradiation with a slant angle of 45°, the
walls parallel to the light polarization (arc1 and arc4) would
expand and stretch along the polarization direction to form
elongated walls labeled as arc1′ and arc4′. Their opposite walls
(arc2 and arc3) trended to contraction against the polarization
direction to form the contracted walls of arc2′ and arc3′. On the
other hand, the walls perpendicular to the irradiation plane
would not be influenced by the slant direction of irradiation
and remain symmetrical. Accordingly, the inner asymmetrical
structures could be created by directional photomanipulation
under slantwise LPL irradiation.
Different than LPL, CPL does not feature a linear

polarization direction due to the clockwise rotating electric
field vector.50−53 Under vertical incident CPL irradiation, such
as the left-handed CPL illustrated in Figure 6a, round pores

Figure 4. Pristine and reshaped BFAs upon LPL irradiation for 30 min
prepared by different azobenzene-containing copolymers. Images in
the left, middle, and right columns are round pores, irradiated by LPL
in the V direction, and irradiated by LPL in the S direction,
respectively: (a−c) PMMAzo homopolymer, (d−f) PDMS-b-PAzoMA
diblock copolymer, and (g−i) PEO-b-PS-b-(PMMAzo)2 triblock
copolymer.

Figure 5. (a) Scheme of slantwise LPL irradiation. (b−e) SEM images
of reshaped pores upon 45° slanted LPL irradiation for 30 min: (b)
round-rectangle pores, (c) round-rhombic pores, (d) longitudinal
cross-section SEM view of (b), (e) lateral cross-section SEM view of
(b). (f) Scheme of asymmetry deformation in the pores.

Figure 6. (a) Scheme of CPL irradiation. (b,c) SEM images of
reshaped pores upon CPL irradiation for (b) 30 min (inset: cross-
section view) and (c) 60 min. (d) Relationship between average wall
thickness and CPL irradiation time. (e,f) SEM images of honeycomb
films after a secondary photomanipulation: (e) rectangle and (f)
rhombic pores.
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were reshaped in an isotropic manner on the horizontal plane.
As shown in Figure 6b and c, the round shape of pores was
maintained during the entire photoreconfiguration process. The
inset in Figure 6b shows that the rotational symmetry of the
porous structures was almost preserved and that the depth of
the pores was visibly reduced after photoreconfiguration for 30
min. In addition, an obvious increase of the wall thickness with
a slight increase of polydespersity was observed from (0.30 ±
0.01) μm to (0.42 ± 0.02) μm upon CPL irradiation for 1 h as
plotted in Figure 6d. Herein, the rotating electric field vector of
the CPL features isotropic polarization in all in-plane
directions.54,55 Therefore, CPL gave rise to uniform photo-
fluidization to the azobenzene-containing copolymer walls
toward the radial direction and resulted in isotropic expansion
of the walls in the horizontal plane.56 Consequently, CPL
irradiation enlarged the polymeric wall thickness while
maintaining the pristine pore shape, which allows a facile
manipulation of wall thickness upon both pristine and reshaped
BFAs. For instance, the walls of rectangle (Figure S3b) and
rhombic pores (Figure S3f) obtained by vertical incident LPL
irradiation could be further swelled by CPL irradiation as
shown in Figure 6e and f.
BFA Etching Mask and Pattern Transfer. The facile and

flexible photomanipulation method affords predictable and
deterministic manipulation of the shape and size of pores on
BFAs by a noncontact manner for a number of promising
applications.20−22 Following the process depicted in Figure 7a,
the surface layers of the BF films were peeled off before and
after photoreconfiguration and subsequently served as an
etching mask with tunable pore shapes. The SEM images of
inverted surface layers with round, rectangular, and rhombic
pores transferred onto a silicon wafer are shown in Figure 7b−
d, respectively. The inset of Figure 7b reveals the magnified
topography of round pores on the inverted surface layer. Upon
CF4 etching for 10 min, definite porous structures were
transferred on the surface of silicon wafers after thoroughly
washing off the residual polymeric mask.57−59 As shown in
Figure 7e−g, the obtained patterns were highly similar to their
corresponding polymeric masks. The AFM height images in
Figure 7h−j confirm that the depth of these honeycomb porous
structures on silicon wafers is around 300 nm. These
hexagonally arranged pores embedded on the silicon wafer
surface show great feasibility for preparing anisotropic hydro-
phobic surfaces and an elaborate microreactor.52,60,61 Fur-
thermore, the photoinduced reshaping of pores can also be
conducted after transferring the surface layer onto the silicon
wafer (see Scheme S1 and Figure S6), which provides readily
phototunable masks to adapt the requirements of different
etching applications.

■ CONCLUSIONS
In summary, a comprehensive investigation of the photo-
manipulation of large-area BFAs confirmed that directional
photomanipulation could serve as a powerful way to manipulate
the as-prepared microstructures in a noncontact and non-
destructive manner. Upon polarized beam irradiation, deter-
ministic and predictable photoreconfiguration of BFAs has been
achieved by simply tuning the initial morphology of the films,
irradiation factors, and azobenzene-containing polymers. The
technique is highly compatible with large-area, high-throughput
fabrication processes and therefore provides a platform for
preparing porous films with different micropatterns. Further-
more, it also shows exciting potential for applications of

lithography, separation, photonic band gap, microelectronics,
and so forth.
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