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This article reports a scalable technology for fabricating polymer films with excellent water-repelling

and anti-ultraviolet properties. A roll-to-roll compatible doctor blade coating technology is utilized to

prepare silica colloidal crystal-polymer composites. The silica microspheres can then be selectively

removed to create flexible self-standing macroporous polymer films with crystalline arrays of pores.

The void sizes are controlled by tuning the duration of a reactive ion etching process prior to the

removal of the templating silica microspheres. After surface modification, superhydrophobic surface

can be achieved. This study further demonstrates that the as-prepared transparent porous films with

200 nm of pores exhibit diffraction of ultraviolet lights originated from the Bragg’s diffractive of

light from the three-dimensional highly ordered air cavities. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4902547]

Through years of evolution, biological systems have

developed a wide spectrum of unique architectures for

advanced functionalities.1–3 Inspired by the lotus effect,

superhydrophobic coatings have been developed to provide

superior water repellency and protections for almost any sur-

face. It is well-known that the combination of low surface

energy materials with hierarchical structures, that is the ori-

gin of lotus leaves, is an efficient approach to fabricate

superhydrophobic coatings.4–6 As air is the most common

hydrophobic material, porous coatings with a large fraction

of entrapped air have been extensively exploited to control

the wettability of the films. A large variety of methodologies

have been demonstrated to create water-repellent coatings on

various substrates.7–11

Self-assembly of colloidal particles is an inexpensive

and simple technology for creating highly ordered colloidal

crystals, which can be used as templates to produce superhy-

drophobic macroporous films.12–14 The prepared macropo-

rous films, which are with crystalline arrays of pores, are

intrinsic three-dimensional photonic crystals, exhibiting

unique optical diffraction caused by Bragg diffraction.15,16

Photonic crystals based on macroporous films have been

arousing wide research interests due to their structure color

with respect to pore size. With a growing interest, numbers

of studies have been recently reported on the preparation of

ultraviolet-shielding materials via introduction of photonic

crystals.17–21 However, many of current approaches are

favorable only for low-volume, laboratory-scale production.

Furthermore, to the extent of our knowledge, transparent

macroporous films with water-repellent and ultraviolet-

shielding properties are not available.

In this study, macroporous polymer photonic crystals

with three-dimensional highly ordered crystalline arrays of

pores are fabricated by a simple and roll-to-roll compatible

doctor blade coating technology.22,23 The fabrication process

for creating superhydrophobic macroporous polymer films is

shown in Figure 1. The 200 nm silica particles are dispersed

in ethoxylated trimethylolpropane triacrylate (ETPTA)

monomer to make colloidal suspension with a particle vol-

ume fraction of 75%. The suspension is doctor blade coated

at 1 mm/min on a glass which has been coated by an ETPTA

wetting layer. The monomer is photo-polymerized to form a

colloidal crystal-polymer composite. The polymer matrix is

then etched by using a reactive ion etcher operating at

40 mTorr oxygen pressure, a 40 sccm flow rate, and 100 W to

partially release the embedded top-layer silica microspheres

for various durations. The embedded silica microspheres can

be etched by a 2 vol. % hydrofluoric acid aqueous solution.

The resulting macroporous polymer film is finally surface-

modified by (tridecafluoro-1,1,2,2-tetrahydrooctyl) trichloro-

silane in an oven at 120 �C to decrease surface energy.24

Figures 2(a) and 2(b) show a photograph and a cross-

sectional scanning electron microscope (SEM) image of a

doctor blade coated silica colloidal crystal-ETPTA compos-

ite, respectively. The composite exhibits uniform shining

blue color caused by Bragg diffraction of blue light from

long-range hexagonal ordering of silica colloidal crystals.

The embedded silica microspheres can be wet-etched,

leading to a self-standing transparent macroporous film

[Figure 2(c)]. The crystalline ordering of hexagonal close-

packed air cavities is clearly found in Figure 2(d). This

indicates that the macroporous polymer films with three-

dimensional crystalline arrays of pores are fabricated by the

scalable doctor blade coating technology.

Top-view SEM images of plasma etched macroporous

polymer films are shown in Figure 3. Figure 3(a) shows the

polymer films exhibiting long-range hexagonal ordering of

pores. The films are fabricated by oxygen plasma which

etches the doctor blade coated colloidal crystal-polymer

composite for various durations, followed by removal of the

templating 200 nm silica microspheres. The top-layer void

sizes are measured by averaging 100 cavities, and summar-

ized in Figure 4(a). The results disclose that the void size

increases with plasma etching time at the beginning, anda)E-mail: hyang@dragon.nchu.edu.tw
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smaller void size is obtained as only bottom parts of the

silica microspheres are templated after plasma etching for

60 s. The top-layer air cavities sketches with various etching

time are shown in the insets of Figures 3(b)–3(h), respec-

tively. It is also found that top-hemisphere of top-layer silica

microspheres are revealed after the plasma etching for 50 s,

leading to a maximal void size (196 6 3 nm), which is close

to the diameter of templating silica microspheres.

The hydrophobicity of the plasma etched macroporous

film is improved by functionalizing with fluorosilane. The

static water contact angles (SWCA) of the surface modified

films are measured by a sessile drop shape analysis system

(KR€USS G10), and the results are disclosed in Figure 4(b) by

averaging ten measurements on each sample. It is apparent

that the SWCAs follow similar tendency as the void sizes

under different etching durations. The SWCA increases until

a maximal contact angle of 152�6 4� [inset of Figure 4(b)] is

reached at a plasma etching time of 55 s. For longer plasma

etching time, the formation of smaller void size on macropo-

rous film reduces the SWCA. The above experimental results

indicate that superhydrophobic coatings with SWCA larger

than 150� can be achieved. The observations can furthermore

be explained by adopting Cassie’s equation

cos h0 ¼ f cos h� ð1� f Þ ; (1)

where h0 is the static water contact angle on a rough surface,

h is the intrinsic water contact angle on a flat surface, and f
is the fraction of the area of the polymer in direct contact

with the water droplet. Figure 4(a) shows estimated f by

applying the following trigonometric calculation:

f ¼ 1� pR2
v

2
ffiffiffi
3
p

R2
s

 !
; (2)

where Rv is the radius of voids measured by the SEM images

shown in Figure 3, and Rs is the radius of the templating

FIG. 1. Schematic illustration of the

fabrication process for creating super-

hydrophobic macroporous polymer

films.

FIG. 2. (a) Photography of a doctor

blade coated silica colloidal crystal-

ETPTA composite consisting of 200 nm

silica microspheres. (b) Cross-sectional

SEM image of the same sample as in

(a). (c) Photography of a self-standing

macroporous ETPTA film template

from 200 nm silica microspheres. (d)

Cross-sectional SEM image of the same

sample as in (c).
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200 nm silica microspheres. It is clear that f value follows

the same trend as the void size. The calculated water contact

angles using Cassie’s equation are compared with the experi-

mental data in Figure 4(b). The tendencies of experimental

and calculated results are similar, indicating that the Cassie’s

model is valid for the as-prepared superhydrophobic macro-

porous polymer films.

To evaluate the optical properties of doctor blade coated

silica colloidal crystal-polymer composite and macroporous

polymer film, Ocean Optics UV-Vis-NIR spectrometer is

applied to measure the optical reflection and transmission at

normal incidence. Figure 5(a) displays the diffraction peak

of the composite consisting of 200 nm silica microspheres

and an ETPTA matrix locates at 460 nm. The low refractive

index contrast of silica colloidal crystal-polymer composite

results in the low reflection amplitude of the corresponding

spectra. Figure 5(a) also indicates that the diffraction peak of

the corresponding macroporous ETPTA film locates at

361 nm with a high reflection amplitude. It reveals that the

as-prepared macroporous film can reflect around 90% of

incident ultraviolet radiation, resulted from the high refrac-

tive index contrast of air cavities and polymer matrix.

FIG. 3. (a) Top-view SEM images of

macroporous ETPTA film template

from 200 nm silica microspheres. (b)

Magnified image of (a). Top-view

SEM images of macroporous ETPTA

films fabricated by oxygen plasma

etching a composite for (c) 10, (d) 20,

(e) 30, (f) 40, (g) 50, and (h) 60 s, fol-

lowed by selective removal of the tem-

plating silica microspheres.
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Besides that the normal incidence transmission spectrum

shown in Figure 5(a) discloses that the average ultraviolet

light and visible light transmittance of the macroporous poly-

mer film are around 3% and 90%, respectively. This further

demonstrates the transparency of the macroporous film

revealed in Figure 2(c). The positions of the diffraction

peaks can be theoretically calculated by using Bragg’s law25

kpeak ¼ 2nef f d sin h; (3)

where neff is the effective refractive index of the medium, d
is the interlayer spacing, and sin h ¼ 1 at normal incidence.

The calculated peak positions as shown by the indicating

arrows agree with experimental results, confirming that the

self-assembled macroporous films are with high crystalline

quality of pores. Besides that the normal-incidence specular

reflection spectra obtained from macroporous films with dif-

ferent oxygen plasma etching durations are shown in Figure

5(b). The optical reflectance measurements on seven samples

display that the shift of peak position is less than 1 nm for all

the samples, disclosing that the anti-ultraviolet capability

does not affect by top-layer void size during plasma etching

process. The slight reduction of the reflection amplitude of

the corresponding spectra is caused by the partially collapsed

structure of the macroporous films during the plasma etching

process shown in Figure 3.

In summary, this research has demonstrated that trans-

parent anti-ultraviolet macroporous polymer films can be

fabricated by a scalable and roll-to-roll compatible doctor

blade coating technology. The resulting macroporous films

exhibit superhydrophobic surface with high static water con-

tact angle after oxygen plasma etching and surface function-

alization procedures.
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