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The present study reports an inexpensive and simple bottom-up technology for fabricating superhy-
drophobic antireflection coatings with highly ordered hemispherical nanowell structures, which are
assembled by a scalable Langmuir-Blodgett technology. The subwavelength gratings lead to a gradual
change in the effective refractive index, substantially suppressing specular reflection over the entire
visible wavelength range. After surface modification with fluorinated silane, the resulting nanowell
arrays exhibit superhydrophobic surface with high static water contact angle (154�) and low water con-
tact angle hysteresis (7�). The experimental results on the wettability can be qualitatively interpreted by
adopting the Cassie’s dewetting model. Moreover, the effect of the nanowell shape on the antireflective
and superhydrophobic properties has also been investigated in the study.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

In most optical applications, optical-grade polymers have
replaced traditional optical glass owning to low cost of materials
and high production volume with fast repeatability as well as high
precision. The ever growing demand of polymer optics in areas as
diverse as optical devices to consumer electronics has led to the
search for ways to minimize the Fresnel’s reflection at air/polymer
interface, which could impair the legibility of displays and pose
safety hazards [1–3]. To suppress the reflection, single quarter-
wavelength antireflection coatings, multilayer antireflection
coatings, and porous antireflection coatings are commonly applied
to increase optical transmission [4–7]. However, the coating
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procedures usually require high cost and complex fabrication pro-
cesses [8].

Periodic nanostructures in biological systems have inspired sci-
entists to biomimic natural structures for practical applications
[9,10]. A prominent case is the fabrication of subwavelength-
structured moth-eye antireflection coatings, which consist of
non-close-packed conical nipples [11]. The graded transition of
effective refractive index between air and cornea leads to a superior
broadband antireflection performance than single layer or multi-
layer coatings [12]. In addition, the gratings are more durable than
multilayer antireflection coatings owning to no foreign material is
involved. Moreover, inspired by the cicada wing, the resulting
structures can be surface modified to achieve superhydrophobic
property [13,14].

Currently, numerous top-down technologies, including pho-
tolithography, nanoimprint lithography, E-beam lithography, and
interference lithography are applied to develop the subwavelength
nipple arrays [15–18]. However, the technologies suffer from high
cost of fabrication and low resolution of features. On the other hand,
self-assembly of colloidal particles is a simple and inexpensive
technology for creating highly ordered colloidal crystals, which
can be used as templates to produce nipple arrays [19–21]. Never-
theless, the fabrication procedures involve either infiltration of
matrix-forming materials or lithography-based technologies,
which are still difficult to implement. Moreover, most of the
bottom-up technologies involve multiple steps, and are favorable
for low-volume laboratory-scale production only [22–24]. Recently,
a one-pot evaporation-induced self-assembly of colloidal silica
nanoparticles in the presence of monomer is applied to fabricate
three-dimensional inverse opal structures [25]. Although three-
dimensionally ordered porous structures can be attained using this
method, the construction of large-area two-dimensional periodic
structures has remained a substantial challenge.

Inspired by this methodology, we demonstrate scalable Lang-
muir Blodgett (LB) technology can be utilized for assembling
monolayer silica colloidal crystals, partially embedded in polymer
matrices, on polymer substrates directly in a signal step. The silica
spheres can be removed to create periodic hemispherical nanowell
arrays for antireflection coatings. The method is easily optimized
for a large variety of substrates, including plastic plates, glass
microslides, and silicon wafers [26]. Further advantage is that the
resulting gratings exhibit superhydrophobic and self-cleaning
through a surface modification procedure. This prevents scattering
losses due to accumulation of water droplets.
2. Experimental section

2.1. Materials and substrates

The regents used for silica sphere synthesis, including tetraethyl
orthosilicate (TEOS) (98%) and ammonium hydroxide (NH4OH)
(28%), are obtained from Sigma-Aldrich. Absolute ethanol (99.9%)
is provided by Echo Chemicals. Deionized water (18.2 MX cm) is
used directly from a Millipore A-10 water purification system.
The UV-curable ethoxylated trimethylolpropane triacrylate mono-
mer (ETPTA, SR 454) and photoinitiator, 2-hydroxy-2-methyl-1-p
henyl-1-propanone (Darocur 1173), are purchased from Sartomer
and BASF, respectively. (Tridecafluoro-1,1,2,2,-tetrahydrooctyl)-tri
chlorosilane (97%) used for surface modification is provided by Alfa
Aesar. All chemicals and solvents are of reagent quality and are
used without further purification except for TEOS, which is freshly
distilled before use. Poly(ethylene terephthalate) (PET) films with
thickness ranging from 0.09 to 0.11 mm (Wisegate Technology)
are cleaned in deionized water, rinsed with absolute ethanol, and
then dried in a steam of nitrogen.
2.2. Preparation of colloidal suspensions

Monodispersed silica spheres with 155 nm diameters are syn-
thesized by the StÖber method [27]. In this study, distilled TEOS
is rapidly added to a mixture of absolute ethanol, deionized water,
and NH4OH at ambient temperature for 12 h. The synthesized
StÖber silica particles are purified in absolute ethanol by 5 cen-
trifugation/redispersion cycles to completely remove impurities,
such as unreacted TEOS, deionized water, and NH4OH. The purified
silica spheres are redispersed in non-volatile ETPTA monomers
with 1 vol% Darocur 1173 as photoinitiator by using a Thermolyne
vortex mixer. After filtration through a 5 lm syringe filter (What-
man) to remove any particle aggregates, the transparent silica col-
loidal suspensions are stored in an open vial in dark for one day to
allow any residual ethanol to evaporate.

2.3. Fabrication of periodic nanowell arrays

Using a double-sided tape attached to a syringe pump, a cleaned
PET film is immersed in a glass crystallizing dish containing deion-
ized water. The as-prepared silica colloidal suspension is added
dropwise to the deionized water surface. The ETPTA monomer-
covered silica spheres spread rapidly to form a colloidal monolayer
at the air/water interface. Due to high surface tension of water, the
floating monomer-covered silica spheres can be self-assembled
into two-dimensional close-packed colloidal crystals by the
capillary interaction between neighboring silica spheres. By gently
tapping the crystallizing dish to facilitate the merging of crystal
domains, the crystalline quality of the colloid arrays can be
improved. The PET film preimmersed in deionized water is then
withdrawn vertically at a constant rate of �5 cm/min using a
syringe pump; meanwhile the floating colloidal crystals are trans-
ferred onto the PET substrate. The sample is transferred to a UV
curing system and ETPTA monomer is photo-polymerized by expo-
sure to UV radiation for 10 s using 20 W UV bench lamp (Blak-Ray�

XX-20BLB) as a light source. In this work, the as-assembled col-
loidal crystals serve as templates to pattern arrays of nanowell
structures directly on PET substrates. The templated silica spheres
are finally removed by wet etching by a 2 vol% hydrofluoric acid
aqueous solution, followed by washing in ethanol.

2.4. Surface modification of periodic nanowell arrays

The hydrophobicity of the nanowell array-coated PET film is
further improved by surface modification using fluorinated silane
with low surface energy through the well-establish silane coupling
reaction [28]. The PET film is placed in a oven, on the bottom of
which is dispensed an open vial within a small amount of (Trideca
fluoro-1,1,2,2,-tetrahydrooctyl)-trichlorosilane. The oven is heated
up to 120 �C to evaporate the fluorinated silane. The silane cou-
pling agents can be hydrolyzed with moisture to form reactive
silane groups and further condense with other fluorinated silanes
on the surface of PET film [29].

2.5. Characterization

Scanning electron microscopy (SEM) is performed on a JEOL
6335F FEG-SEM. A thin layer of gold is sputtered onto the samples
prior to imaging. A digital camera (Nikon Coolpix L810) is
employed in recording images of the samples. Optical reflection
and transmission spectra at normal incidence are achieved by an
Ocean Optics HR4000 high-resolution fiber-optic UV–visible-
near-IR spectrometer, and the cone angle of collection is less than
5�. The spectra were acquired by Ocean Optics Spectra Suite
Spectroscopy Software over a wavelength range of 300–800 nm
using Ocean Optics DT-MINI-2-B as a light source. The static water



Fig. 1. Schematic illustration of the fabrication procedure for creating nanowell-structured antireflection coatings.

Fig. 2. Top-view SEM images of silica colloidal monolayers prepared using silica suspensions with different particle volume fractions. (a) 17.5 vol%. (b) 20.0 vol%. (c) 22.5 vol
%. (d) 25.0 vol%. (e) 27.5 vol%. (f) 30.0 vol%.
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Fig. 3. Top-view SEM images of nanowell arrays prepared using silica suspensions with different particle volume fractions. (a) 17.5 vol%. (b) 20.0 vol%. (c) 22.5 vol%. (d)
25.0 vol%. (e) 27.5 vol%. (f) 30.0 vol%. Inserts showing photographic images of flat PET substrates (left) and PET substrates coated with the corresponding structures (right).

Fig. 4. (a) Normal incidence reflection spectra, and (b) normal incidence transmission spectra obtained from a flat PET substrate and PET substrates coated with nanowell
arrays fabricated using silica suspensions with different particle volume fractions.
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contact angles, advancing water contact angles, and receding water
contact angles of the samples are measured using a sessile drop
shape analysis system (KRÜSS G10) with auto-pipetting and imag-
ing systems. A 10 lL deionized water drop is dispensed onto the
sample surface using the auto-pipetting system, and an image of
the drop is taken and then analyzed using DropSnake to collect a
left and right contact angle. The DropSnake is an approach based
on active contours to shape the water drop. This process is
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repeated for 10 times on different regions for each sample, yielding
20 angle measurements per sample. The average of these measure-
ments was reported as the water contact angle.
Fig. 5. Comparison of the change of calculated effective refractive index from PET
substrate (height = 0) to the top of the templated nanowell structure. Insert
showing a tilted-view SEM image of the nanowell arrays fabricated using a 22.5 vol
% silica suspension.
3. Results and discussion

Periodic polymer nanowell-structured antireflection coatings
were created according to the self-assembly procedures presented
in Fig. 1. In this LB deposition process, the ETPTA monomer-
covered 155 nm silica spheres self-organized into close-packed
ordering by tuning the surface tension of water with ETPTA mono-
mer, instead of physical compression using mobile arms [27].
Monolayer of ETPTA monomer-covered silica colloidal crystals
floating at the air/water interface were transferred onto the surface
of PET substrate. During drying in air, the gravity and capillary
action enabled the ETPTA monomers to flow and fill the empty
space between the silica spheres and the PTE film. Importantly,
no treatment, such as thermal annealing, was needed in this proce-
dure. After completion of a photo-polymerization process, the
embedded silica spheres were wet etched to fabricate periodic
nanowell structures. The formation of UV-cured ETPTA polymer
matrix results in the characteristic peaks assigned to acrylic C@C
bonds of the ETPTA monomer disappear after the UV curing pro-
cess (Fig. S1) [30].

Top-view SEM images of the LB assembled 155 nm silica col-
loidal crystals, partially embedded in ETPTA polymer matrices,
using silica suspensions with different particle volume fractions
(17.5, 20.0, 22.5, 25.0, 27.5, 30.0 vol%, respectively) are displayed
in Fig. 2. The formation of a number of point vacancies, misaligned
lines, and grain boundaries is apparent for the colloidal crystals
prepared with a relatively low particle volume fraction suspension
(Fig. 2(a)). The existence of defects decreases with increasing par-
ticle volume fraction of suspension (Fig. 2(b)). Moreover, as the
particle volume fraction is above 22.5 vol%, long-range hexagonal
ordering of close-packed silica colloidal crystals can be achieved
(Fig. 2(c)–(f)). The packing of silica spheres sketches with various
particle volume fractions are shown in the inserts of Fig. 2(a)–(f),
respectively. Due to the refractive index matching between silica
spheres and ETPTA monomer, the attractive van der Waals forces
between assembled silica spheres are reduced as monomer fills
the interspace [31,32]. Therefore, the usage of higher volume frac-
tion monomer significantly disturbs the ordering of self-assembled
silica spheres. In contrast to that, highly ordering close-packed sil-
ica sphere arrays are found as suspensions with higher particle vol-
ume fractions are introduced in the assembly process.

As shown in Fig. 3, nanowell structures are created after selec-
tive removal of the templating silica spheres. It is evident that the
ordering of nanowell structure improves with the increasing of
particle volume fraction (Fig. 3(a)–(c)). Comparing with that, the
nanowell arrays are well preserved, and the void size decreases
as the particle volume fraction increases from 22.5 vol% to
30.0 vol% (Fig. 3(c)–(f)). When the particles volume fraction
reaches 22.5 vol%, the top hemispheres of silica spheres are
exposed (Fig. 2(c)), leading to a maximum void size (150 ± 2 nm),
which is close to the diameter of templating silica spheres. This
further confirms the proposed mechanism we provide. The inserts
of Fig. 3 display photographs of flat PET substrates (left) and
nanowell-coated PET substrates (right) illuminated with white
light. Comparing with bare PET substrate is translucent caused
by Fresnel’s reflection, the nanowell-coated PET substrates exhibit
less milky color, where the ‘‘NCHU” underneath the coated sub-
strates can be distinctly read. The transparent specimens demon-
strate that less incident visible light is reflected from the
nanowell-coated substrates, indicating that broadband antireflec-
tion coatings can be successfully prepared using the scalable LB
assembly technology. Importantly, it is observed the nanowell
array-coated PET substrate in Fig. 3(c) displays highest
transparency.

To further comprehend the adjustable antireflection properties,
an UV–visible-near-IR spectrometer is introduced to evaluate the
optical properties at normal incidence. Fig. 4(a) discloses that the
normal incidence reflection spectra obtained from a flat PET sub-
strate and PET substrates coated with nanowell arrays as displayed
in Fig. 3. Due to the discontinuity of the refractive index between
air and PET substrates, the Fresnel reflection occurs at the air/PET
interface, leading to a reflectivity of ca. 8%. Although the reflection
of nanowell-coating substrate increases with particle volume frac-
tion, the resulting coatings show lower reflection than that of a PET
substrate. Moreover, it is validated that a less than 4% reflection
can be achieved as the particle volume fraction reaches 22.5 vol%.
On the other hand, the transmission of PET substrate increases
from ca. 89% to 94% as coated with nanowell arrays fabricating
using silica suspension with 22.5 vol% particle (Fig. 4(b)). It is
worth mentioning that the reductions of the reflectivity in the
wavelength range between 600 nm and 800 nm results from the
tungsten halogen lamp exhibits lower luminous intensity over
the range of wavelength (Fig. S2).

Since the size of nanowell structure is less than the incident vis-
ible light wavelength, the propagation of incident light is governed
by the change of effective refractive index from air to the surface of
nanowell structures. In the measurement, the nanowell densities
are counted from Fig. 3, while the void sizes are measured by aver-
aging 100 voids. Theoretically, the void size can be used to calculate
the height of nanowell structure. The broadband antireflection
properties of the templated gratings can then be explained bymap-
ping the calculated effective refractive index across the height of
hemispherical nanowell (77.5 nm). Fig. 5 reveals the effective
refractive index of hemispherical nanowell arrays fabricated using
a 22.5 vol% silica suspension increases gradually from 1.0 to
�1.47 and then to 1.58. Compare with other dotted lines, this
refractive index gradient results in a low reflection over visible light
wavelength range. To investigate the impact of nanowell size on
antireflection performance, nanowell coatings are prepared using
a 22.5 vol% 70 nm silica suspensions. As shown in Fig. S3(a), even
though some defects are presented, each nanowell with an average
void size of around 70 nm surrounded by six others can be
observed. Fig. S3(b) compares the normal incidence transmission
spectra obtained from a flat PET substrate and PET substrates
coated with hemispherical 155 nm and 70 nm nanowell arrays as



Fig. 6. (a) Dependence of the void size and the corresponding projected area fraction of surface modified nanowell arrays fabricated using silica suspensions with different
particle volume fractions. (b) Experimental and calculated static water contact angles of the corresponding nanowell arrays.

Fig. 7. Sliding angles for surface modified nanowell arrays fabricated using silica
suspensions with different particle volume fractions.
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displayed in Figs. 3(c) and S3(a). The 70 nm nanowell coating con-
sistently presents higher transmittance (�95%) for the range of vis-
ible wavelengths than that of 155 nm nanowell coating (�94%),
while the bare PET substrate displays lower transmittance (�90%)
than those of nanowell coatings. Owing to larger structure size
and inter-structure distance, part of the incident light rays are
reflected at the 155 nm nanowell structure surface, and part of
the rays are refracted and then lost by absorption within the struc-
tures or emerge after several internal reflections. Hence, the inci-
dent light in the form of propagating energy is scattered off. This
indicates that smaller nanowell coating has slightly higher
transmittance.

The as-assembled nanowell arrays can be directly used as super-
hydrophobic substrates after a surface functionalizationwith (Tride
cafluoro-1,1,2,2,-tetrahydrooctyl)-trichlorosilane. The measured
void sizes are summarized in Fig. 6(a). The results indicate that the
void size increases with particle volume fraction in the beginning,
and smaller void size is obtained as only bottom parts of the silica
spheres are templated. By using the following calculation:

f ¼ 1� pR2
v

2
ffiffiffi
3

p
R2
s

 !

where Rv is the radius of voids and Rs is the radius of the templating
155 nm silica spheres. Since air can be trapped in the nanowells, the
projected area fraction of the polymer in contact with a water
droplet (f ) can then be estimated as disclosed in Fig. 6(a). The the-
oretical static water contact angle on the surface modified coating
can then be calculated by the Cassie’s dewetting model:

cosh0 ¼ f cosh� ð1� f Þ
where h0 is the static water contact angle on a rough surface, h is the
intrinsic water contact angle on a flat surface. It is observed that the
f value decreases with the increase of particle volume fraction, and
reaches a minimum value as 22.5 vol% silica suspension is intro-
duced. The calculated static water contact angles are compared
with the experimental results in Fig. 6(b). It is clear that the
experimental data follows similar tendency as the calculated results
under different particle volume fractions, and the static water con-
tact angle can reach a maximal contact angle of 152 ± 1� (inset of
Fig. 6(b)). Furthermore, the sliding angle for the surface modified
nanowell-coated PET substrate can achieve a minimum value of
7.7� (Fig. 7), indicating that superhydrophobic coatings with self-
cleaning properties can be achieved.

4. Conclusions

In summary, we have developed a non-lithography-based
approach that utilizes the self-organized and highly ordered silica
spheres as templates to scalable fabricate periodic hemispherical
nanowell structures in a single step. The resulting coatings exhibit
broadband antireflection and superhydrophoic properties after a
surface functionalization procedure, which are promising for creat-
ing self-cleaning antireflection coatings in a variety of important
technological application in optical devices.
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