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A glancing angle deposition (GLAD) technique was used to generate SiO
2
nanorods on a glass substrate to fabricate a low-cost

superhydrophobic functional nanostructured surface. GLAD-deposited SiO
2
nanorod structures were fabricated using various

deposition rates, substrate rotating speeds, oblique angles, and deposition times to analyze the effects of processing conditions on the
characteristics of the fabricated functional nanostructures. The wettability of the surface was measured after surface modification
with a self-assembled monolayer (SAM). The measured water contact angles were primarily affected by substrate rotation speed
and oblique angle because the surface fraction of the GLAD nanostructure was mainly affected by these parameters. A maximum
contact angle of 157∘ was obtained from the GLAD sample fabricated at a rotation speed of 5 rpm and an oblique angle of 87∘.
Although the deposition thickness (height of the nanorods) was not a dominant factor for determining the wettability, we selected
a deposition thickness of 260 nm as the optimum processing condition based on the measured optical transmittance of the samples
because optically transparent films can serve as superhydrophobic functional nanostructures for optical applications.

1. Introduction

Optically transparent multifunctional surfaces play an im-
portant role in photovoltaic applications for improving or
maintaining system performance. Incident solar energy on
the photovoltaic modules is decreased through both surface
contamination on the outdoor panels and optical reflection
at the interface between the air and packaging glass. It is
therefore important to develop optically transparent self-
cleaning surfaces with low optical reflectance. In practical
operating conditions for solar cells, surface contamination
of the photovoltaic modules by dust accumulation is always
possible. It has been reported that the accumulation of dust
on the window of a solar cell causes degradation in the
solar cell efficiency [1, 2]. It is commonly claimed that super-
hydrophobic surfaces can provide self-cleaning windows in
solar cell applications [3, 4]. There are two main approaches
that can be considered to increase surface hydrophobicity.
One approach is to decrease the surface energy by modifying
the surface chemistry, and the other is to create a geometrical
structure with a material that has a low surface energy [5, 6].

Although chemical treatment of the surface is convenient,
the maximum contact angle attainable on a flat surface with
the lowest free energy coating is only 115.2∘, as pointed
out by Nakajima [7]. Also, since reflection loss is caused
by a mismatch in refractive indices, it is not feasible to
reduce the reflective optical loss by chemical modification.
Higher contact angles can be easily obtained by changing
the surface morphology with nanostructures. In addition,
nanostructured surfaces both increase the contact angle and
increase the optical transmittance due to gradient refractive
index effects [8].

Various methods have been tried to create a nanos-
tructured hydrophobic surface with antireflective properties
including photolithography [9], chemical etching [10], and
plasma enhanced chemical vapor deposition [11]. However,
these techniques have limitations that make it difficult to
fabricate well-controlled uniform nanostructures on large-
area substrates at low cost, which is important for commer-
cialization of superhydrophobic functional nanostructured
surfaces. Although a polymer nanoimprinting technique
has been proposed to fabricate well-controlled uniform

Hindawi
Journal of Nanomaterials
Volume 2017, Article ID 8305439, 7 pages
https://doi.org/10.1155/2017/8305439

https://doi.org/10.1155/2017/8305439


2 Journal of Nanomaterials

nanostructures on a large-area substrate at low cost [12],
the imprinted nanostructure cannot guarantee long-term
stability in an outdoor environment because the different
thermal expansion coefficients of the substrate and imprinted
layer might cause a delamination problem.

In this paper, we fabricated a SiO
2
nanorod structured

superhydrophobic surface on a glass substrate using a glanc-
ing angle deposition (GLAD) technique. GLAD is an effective
method of fabricating nanostructures on large areas with
various materials at low cost, and the shape of a GLAD
nanostructure can be easily controlled by changing the pro-
cessing parameters. In previous reports, superhydrophobic
[13, 14] and antireflection surfaces [15, 16] were fabricated
using a GLAD technique, but these surfaces are limited as
they cannot provide both characteristics at the same time. In
this study, we fabricated superhydrophobic and antireflection
surfaces using SiO

2
nanorod structures on a conventional

glass substrate by employing the GLAD technique. SiO
2

nanorods with various surface morphologies were fabricated
under various deposition rates, substrate rotation speeds,
oblique angles, and deposition thicknesses to optimize the
processing parameters of the GLAD process and maximize
the hydrophobicity of the nanostructures. After an additional
coating with a self-assembled monolayer (SAM) on the SiO

2

nanorods, water contact angles (WCAs) were measured and
compared with that of the theoretical model. Finally, optimal
processing parameters of the GLAD process were selected for
maximizing water repellency and optical transmittance.

2. Experimental

2.1. Fabrication of the Functional Nanostructured Surface.
GLAD is a physical vapor deposition process in which
deposition flux is incident onto the substrate at a large oblique
angle with respect to the surface normal (75∘∼90∘) [17].
GLAD is a single-step fabrication process providing a colum-
nar morphology using the “shadowing effect” and precise in-
plain rotation of the substrate. At the early stage of the GLAD
process, the deposited particles are randomly scattered and
form island structures on the substrate. As the deposition
proceeds, the initial nucleated islands act as shadowing cen-
ters, with the taller islands receivingmore impinging particles
than the shorter ones (shadowing effect). This competition
causes the taller islands to grow into columns, resulting in
the formation of nanorod structures [18–20]. In this study,
SiO
2
nanorod structures were fabricated on a 3 × 1 inch2

glass slide substrate by theGLAD technique using an electron
beam evaporator (Modified SEE-7, Ultech, Co., Ltd., Korea)
equipped with a sample holder capable of oblique angle
deposition and rotation speed control. Prior to the deposition
process, the glass slide substrates were cleaned in a sonication
bath using acetone, isopropyl alcohol (IPA), and deionized
water for 15min each.The cleaned substrates were dried with
nitrogen gas andmounted on a substrate holder in an electron
beam evaporator, and the evaporation chamber was pumped
down using a cryopump supported by a mechanical pump
until it reached a base pressure of 6.0 × 10−7 Torr.The vacuum
pressure during the evaporation was less than 5.0 × 10−6 Torr,
and the growth rate during the deposition was monitored

by employing a quartz crystal microbalance positioned at an
incidence angle normal to the vapor source. The distance
between the evaporation source and the rotating substrate
was 680mm. SiO

2
pellets (RND Korea, 99.999%) were used

as a source material for the nanorods. In each experiment,
the GLAD SiO

2
nanorods were deposited on 2 glass slide

substrates and a 1 × 1 cm2 silicon substrate. The GLAD
structures on the glass slide substrates were used to measure
the WCA and optical transmittance, and those on the silicon
substrates were used for scanning electronmicroscopy (SEM)
measurements. To examine the effects of surfacemorphology
on WCA and optical transmittance, various SiO

2
nanorod

structures were fabricated at deposition rates of 5 and 10 Å/s,
substrate rotation speeds of 0.2 to 20 rpm, oblique angles of
82∘ to 87∘, and deposition thicknesses of 260 to 500 nm. The
surfaces of the fabricated SiO

2
nanostructures were modified

by a silane self-assembled monolayer (SAM) coating to
reduce the surface energy. The SAM coating was achieved by
dipping the nanostructured glass slide into a 2% solution of
dimethyldichlorosilane dissolved in octamethylcyclooctasi-
lane.

2.2. Measurement and Analysis of WCA on the Functional
Nanostructured Surface. To evaluate the effect of nanostruc-
ture morphology on the water repellent properties, WCA
was measured using a drop dispensing method at room
temperature. A microdropper was utilized to dispense 10 𝜇L
drops of distilled water droplets onto a sample. An imaging
system was employed to capture a static contact angle image,
and the contact angle was calculated by imaging processing.
To obtain reliable WCA measurements, the WCAs were
measured at four random places on each sample, and 2
samples fabricated under the same conditions were used for
the measurement. The average values and standard deviation
of 8 WCA measurements were used for the analysis.

To explain the relationship between WCA and the mor-
phology of the SiO

2
nanostructure, themeasuredWCAswere

compared with the values obtained from theoretical models,
including theWenzelmodel [21] and theCassie-Baxtermodel
[22]. In the Wenzel model, the water droplet penetrates into
the nanostructured surface, and no air gap is trapped on the
surface. Under this condition, the apparentWCA is described
according to the following equation:

cos 𝜃
𝑤
= 𝑟 cos 𝜃

0
. (1)

Here, 𝜃
𝑤
is the theoretical WCA of the nanostructured

surface according to the Wenzel model, 𝜃
0
is the measured

WCA of the flat surface, and 𝑟 is the roughness factor,
which is defined as the ratio of the actual surface area of the
nanostructures to their horizontal projection. In the Cassie-
Baxter model, the water droplet cannot penetrate into the
nanostructured surface, and the air gap is trapped between
the nanostructures and the water droplet. The apparent
contact angle in this state is described by

cos 𝜃
𝑐
= 𝑓 (cos 𝜃

0
+ 1) − 1. (2)

Here, 𝜃
𝑐
is the theoretical WCA for the Cassie-Baxter

model, and 𝑓 is the ratio of the solid surface in contact
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Figure 1: Top-view and cross-sectional view SEM images of GLAD SiO
2
nanorods fabricated at different deposition rates of 5 Å/s and 10 Å/s

and different substrate rotation speeds of 0.2–20 rpm. The left top inset in each top-view SEM image is the cross-sectional view SEM image.
The deposition rate, rotation speed, and the solid fraction are indicated on the right top of each SEM image.

with the water droplet (top area of the columnar structures)
to the horizontal projection. The roughness factor (𝑟) or
solid fraction ratio (𝑓) must be determined to calculate
the predicted WCA for the Wenzel model or the Cassie-
Baxter model. Since the GLAD nanorod structure can be
simplified as a circular pedestal, the roughness factor (𝑟) and
solid fraction ratio (𝑓) can be obtained using the following
equations:

𝑟 =
𝑠 + 𝑛 (𝜋𝑑ℎ)

𝑠
= 1 +
𝑛𝜋𝑑ℎ

𝑠
,

𝑓 =
𝑛𝜋𝑑2

4𝑠
.

(3)

Here, 𝑑 and ℎ are the diameter and height of the nanorod,
respectively; 𝑛 is the number of nanorods per unit area, and
𝑠 is the size of the unit area. Eventually, we developed two
equations describing Wenzel and Cassie-Baxter angles as a
function of nanorod geometry as described below:

𝜃
𝑤
= cos−1 [𝑟 cos 𝜃

0
] ,

𝜃
𝑐
= cos−1 [𝑓 (cos 𝜃

0
+ 1) − 1] .

(4)

An image analysis technique was carried out using top-
view SEM images to determine 𝑛, 𝑑, and 𝑠 values. The
grayscale SEM image was converted to a binary image by
subtracting the background and adjusting the image contrast.
The number (𝑛) and diameter (𝑑) of the nanorods were
obtained from the converted binary top-view SEM images
(white regions in the binary image were considered to be
the top of a single nanorod), and the whole area of the SEM
imagewas considered as the unit area (𝑠).Theheight (ℎ) of the
nanorod was obtained from the cross-sectional SEM image.

In this research, the measured water contact angle (𝜃
0
)

of flat SiO
2
after SAM treatment was 103.9∘. The Wenzel

model loses its physical meaning when cos 𝜃
𝑤
is larger than

1, and cos 𝜃
𝑤
is larger than 1 when the 𝑟 value is larger

than 4.2. In this research, the calculated 𝑟 value from the
top-view SEM image of samples was larger than 5 except
for the samples fabricated at an incident angle of 87∘. In
addition, the theoretical WCAs of the Wenzel model for the
samples prepared at an incident angle of 87∘ did not match
the experimental results. Therefore, the theoretical WCAs of
this research were calculated using the Cassie-Baxter model.

2.3. Light Transmittance Measurement. Since the proposed
SiO
2
nanorod structure can provide both hydrophobicity

and antireflection characteristics, the light transmittance of
the fabricated samples was also measured and analyzed.
The optical transmittance of the fabricated SiO

2
nanorod

structure on a glass slide substrate was measured using a
spectrophotometer (UV-670 UV-Vis, Jasco Inc., USA) in the
visible range.

3. Results and Discussion

3.1. Effects of Substrate Rotation Speed and Deposition Rate
on WCA. To examine the effects of substrate rotation speed
and deposition rate on the surface morphology and WCA,
SiO
2
nanostructureswere fabricated using aGLAD technique

under the following conditions: substrate rotation from 0.2
to 20 rpm, deposition rates of 5 and 10 Å/s, a fixed thickness
of 500 nm, and a fixed oblique angle of 82∘. Figure 1 shows
the SEM images of the fabricated GLAD SiO

2
nanostructures

at different fabrication conditions, where the cross-sectional
SEM images of each fabricated sample were inset in the top-
view SEM image of the GLAD nanostructures. The rotation
speed, deposition rate, and solid fraction ratio are indicated
on the right top of the SEM images. In the cross-sectional
SEM images, the nanorod shape changed from spiral to a
straight vertical shape with increasing rotation speed. In the
case of the spiral shape (Figures 1(a), 1(b), 1(e), and 1(f)), the𝑓
value and the diameter of the spiral structure decreased with
increasing rotation speed and decreasing deposition rate. In
the case of the vertical shape (Figures 1(c), 1(d), 1(g), and 1(h)),
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Figure 2: Effects of substrate rotation speed and deposition rate on the measured and theoretical (Cassie-Baxter model) WCAs of GLAD
nanorod substrates.
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Figure 3: Top-view and cross-sectional view SEM images of fabricated GLAD SiO
2
nanorods at different deposition angles of 82, 85, and 87∘.

however, the 𝑓 value was not affected by rotation speed and
deposition rate. In this research, theGLADnanorod structure
was considered to be a circular pedestal, and the diameter
of the circular pedestal used to calculate the 𝑓 value was
obtained by image processing, in which the bright gray area
of the top-view SEM image was considered to be the top
of the cylinder. The spiral shape of the nanorod structures
showed a relatively large solid fraction ratio value, and the
values increased with increasing diameter of the spiral shape
because the diameter of the spiral shape rather than the
diameter of the nanorod was considered to be the diameter
of the cylinder during image processing.

The WCAs of the fabricated GLAD nanostructures were
measured and compared with the theoretically predicted
values using the Cassie-Baxter model. Figure 2 illustrates the
experimental and theoretical data of WCAs versus substrate
rotation speed. The measured WCAs did not match the
theoretical values when the substrate rotation speed was
0.2 rpm because of errors in estimating the diameter of
the nanorods with a spiral shape. However, the measured
WCAs of the GLAD nanorod samples prepared at a substrate
rotation speed of 0.5 to 20 rpm were in a good agreement

with theoretical values. As the 𝑓 value was saturated when
the substrate rotation speed was greater than 5 rpm, the
WCA also saturated at about 138∘ for the samples prepared
at a high rotation speed (>5 rpm). Based on this result, a
substrate rotation speed of 5 rpm and a deposition rate of
10 Å/s were selected as the optimum processing conditions
for the hydrophobic functional GLADnanostructure because
a high rotation speed might cause unexpected problems
including vibration and detachment of the substrate during
the deposition, and the fast deposition rate was advantageous
in terms of fabrication cycle time.

3.2. Effects of Incident Angle on WCA. To examine the effects
of incident angle on WCA, GLAD SiO

2
nanorod structures

were fabricated with varying oblique angles (82∘, 85∘, and 87∘)
and a fixed nanorod height of 500 nm, a deposition rate of
10 Å/s, and a substrate rotation speed of 5 rpm. Figure 3 shows
the top-view and cross-sectional SEM images of the GLAD
nanostructures fabricated by varying the oblique angle (82∘,
85∘, and 87∘). The data clearly show that that the increasing
oblique angle increases the porosity of the surface, which
significantly decreased the solid fraction ratio (𝑓).
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Figure 5: Top-view and cross-sectional view SEM images of fabricated GLAD SiO
2
nanorods with different heights of 260, 350, and 500 nm.

Figure 4 illustrates the measured and theoretical values
of WCAs. As the oblique angle increased, the solid fraction
ratio decreased, and the WCA increased. Since the GLAD
SiO
2
nanorod structures used for Figure 3 were fabricated

at a high rotation speed (5 rpm), they had a straight vertical
shape, and the measured WCAs were in good agreement
with the theoretical values. The highest contact angle of
157.08∘ was observed for columnar nanostructures fabri-
cated at an oblique angle of 87∘. Based on this result, the
oblique angle of 87∘ was selected as the optimum processing
condition.

3.3. Effects of Height of Nanorods on WCA and Optical
Transmittance. To examine the effect of nanorod height on
the WCAs, GLAD SiO

2
nanorods with different thicknesses

of 260, 350, and 500 nmwere fabricated at a 10 Å/s deposition
rate, 5 rpm substrate rotation speed, and 87∘ substrate tilting
angle. As shown in Figure 5, the diameter of the nanorods
increased as the height of the nanorods increased, and the
number of nanorods decreased. Therefore, the solid fraction
ratios (𝑓) were almost the same for all fabricated samples
with different heights. Figure 6 shows the effects of the height
of the nanorod on the measured and theoretical WCAs. As
expected, the changes inWCA due to the changes in nanorod
height were negligible.
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Figure 6: Effects of nanorod height on themeasured and theoretical
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To confirm the optimal height of the nanorods for super-
hydrophobic functional nanostructured surfaces in optical
applications, the optical transmission characteristics of the
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fabricated nanorods with different heights were measured as
shown in Figure 7. The GLAD SiO

2
nanorod structures with

thicknesses of 260 and 350 nm showed higher transmittance
values than the conventional glass slide substrate in the
visible range. However, the transmittance of GLAD SiO

2

nanorod structures at a height of 500 nm was lower than
that of the glass slide substrate. This can be explained as
follows. The taller nanorods had a larger diameter, and the
500 nm tall nanorods scattered the short-wavelength incident
light because the transmittance was much lower at short
wavelengths (400 to 500 nm). Based on these results, a
nanorod height of 260 nm was selected in this study because
the short nanorod structure was attractive from a fabrication
cost perspective and provided good optical properties. The
GLAD SiO

2
nanorod structure with a thickness of 260 nm

prepared at a substrate rotation speed of 5 rpm, a deposition
rate of 10 Å/s, and an oblique angle of 87∘ showed a WCA
of 156.4∘ and ∼2% higher light transmittance than the glass
substrate in the whole visible range.

4. Summary and Conclusions

In this research, superhydrophobic (WCA of ∼156∘) and
antireflection (∼2% reduced reflection) functional SiO

2

nanorod structures were fabricated using the simple and
inexpensive GLAD process. The GLAD nanorod structures
fabricated at high substrate rotation speeds (>5 rpm) were
considered circular pedestals, and themeasuredWCAs of the
SiO
2
nanorods with a straight vertical shape well matched the

theoretical WCAs from the Cassie-Baxter model. According
to the Cassie-Baxter model, the WCA is related to the solid
fractional ratio (𝑓).The𝑓 value was not affected by the height
of the nanorod or the deposition rate when the substrate
rotation speed was faster than 5 rpm, but the 𝑓 value was
sensitive to the oblique angle. In this study, an oblique angle
of 87∘ was selected to obtain the maximum water repellency.
A substrate rotation speed of 5 rpm was chosen to generate

straight vertical nanorods, and a deposition rate of 10 Å/s
was used to minimize fabrication time. A nanorod height
of 260 nm was selected to maximize the light transmittance
because longer and larger nanorods are better at scattering
incident light. Since the GLAD process can also be used
for larger substrates, our on-going research is focused on
solar cell cover glass production using the proposed GLAD
nanorod structure fabrication process.
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