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An antireflection (AR) coating is fabricated by applying an optimal spin-coating method and a pH-modified
SiO2 nanoparticle solution on a cover glass. Because the pH value of the solution will affect the aggregation
and dispersion of the SiO2 particles, the transmittance of the AR-treated cover glass will be enhanced under
optimal fabricated conditions. The experimental results show that an AR coating fabricated by an SiO2 nano-
particle solution of pH 11 enhances the transmittance approximately by 3% and 5% under normal and oblique
incident conditions, respectively. Furthermore, the AR-treated cover glass exhibits hydrophobicity and shows a
65% enhancement at a contact angle to bare glass.
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Antireflection (AR) coatings are widely used in optical el-
ements and electronic devices, such as mirrors, prisms,
planar displays, and solar cell modules. Especially in pla-
nar displays and solar cell modules, the power consump-
tion is a crucial factor in these devices, and energy can be
preserved by enhancing the received power or emitted in-
tensity of such devices. The idea behind AR coatings can
be realized by depositing a single/multiple dielectric thin
film with a suitable refractive index on a substrate[1–3]. This
kind of AR coating can be classified as a homogeneous AR
coating[4,5]. Unfortunately, the transmittance enhance-
ment of this kind of AR coating is limited to a single wave-
length, a narrow wavelength bandwidth, or to a normal
incidence of light. In this case, a gradient refractive index
(gradient-RI) AR coating, also called an inhomogeneous
AR coating[4,5], becomes a desirable method for improving
the transmittance. Different profiles of the gradient-RI
AR coating have been proposed, and there are a number
of different fabrication methods of gradient-RI AR coat-
ings, including roller imprinting/nanoimprinting surface
texturing[6–8], spin coating[7,9,10], chemical deposition[11],
and the self-assembled method[10,12]. Krebs[7] and Yao[10]

reviewed the current literature regarding the fabrication
process of AR coatings for solar cells. They also high-
lighted the advantages and drawbacks of the existing
methods. In spite of the complexity of AR-coating forma-
tion, spin coating and roller imprinting allow for a highly
reproducible formation over a large area. In an earlier
study[9], we proposed a two-step spin-on-glass (SOG)
method to fabricate AR coatings with SiO2 nanospheres
and showed that the transmittance of the AR coating
decreased as its water absorption increased.

This work successfully demonstrates the AR-treated
cover glass fabricated by spinning a pH-modified SiO2

nanoparticle solution on a cover glass with an optimal
spin-coating method. The pH modification of the SiO2

nanoparticle solution can change the aggregation and
dispersion of the SiO2 particles. It also affects the surface
energy of AR coatings fabricated by pH-modified SiO2

nanoparticles. Therefore, the transmittance and hydro-
phobicity of the AR-treated cover glass can be enhanced
under optimal fabrication conditions. The SiO2 nano-
sphere AR coating is prepared using the optimal spin-
coating method, as shown in Fig. 1. As disclosed in our
previous work[9], many critical factors affect the transmit-
tance of SiO2 nanospheres AR coatings, such as the size of
the SiO2 nanospheres, the rotation speed, the rotation
time, and the baking temperature. These critical fabri-
cated parameters are indicated in Fig. 1.

Fig. 1. Diagram of optimal spin-coating method.
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In this study, a tempered glass substrate is cleaned us-
ing an ultrasonic cleaner in absolute ethanol for 5 min and
then dried with an N2 air gun. Then, it is covered with
0.3 mL of an SiO2 nanoparticle solution, and the first step
of the SOG procedure begins. The pre-baking follows the
first step of the SOG procedure. The disposed sample is
then covered with 0.3 mL of Honeywell Accuglass®
T-11, and the second step of the SOG procedure starts.
After that, the sample is kept first at 70°C for 10 s for sol-
vent removal and then at 120°C for 15 s for cross-linking in
the SOG film.
The SiO2 nanosphere solution is obtained from a com-

mercial chemical company (Nissan Chemical Industries
Ltd). The average size of the SiO2 nanospheres and the
pH value of the suspension are approximately 100 nm
and 9, respectively. To demonstrate the pH dependence
of the nanoparticle size and the corresponding transmit-
tance enhancement of the AR coating fabricated with such
a material, the pH value of the suspension was controlled
in terms of alkalinity and acid by adding the appropriate
amounts of hydrochloric acid and sodium hydroxide. The
particle sizes of various pH values of the suspension were
determined by a dynamic laser scattering (DLS) method,
as shown in Fig. 2(a). Obviously, the alkaline suspension
induced the aggregation of the SiO2 particles and in-
creased the particle size distribution from 100 to 150 nm.
In contrast with the alkaline suspension, the acidic suspen-
sion generated the dispersion behaviors of SiO2 particle

and increased the particle size distribution from 100 to
70 nm[13–15]. Figure 2(b) shows the transmittance measure-
ments of the AR coating with various pH values of the
SiO2 nanoparticle solution. The results indicated that
the transmittance of the AR coating fabricated by the
acidic suspension of SiO2 nanoparticles exhibited poor en-
hancement compared to the AR coating fabricated by the
alkaline suspension of SiO2 nanoparticles. Additionally,
the transmittance behaviors of the suspensions of SiO2
nanoparticles with pH values of 3 and 5 were worse than
the result of bare glass. Therefore, the pH value of the sus-
pension of SiO2 nanoparticles was controlled at 6, 9, and
11 to demonstrate the optical property of the AR coating.

Figure 2(c) shows the top-view SEM image of the AR
coating fabricated by various pH values of SiO2 solutions.
The sizes of the nanoparticle shown in Fig. 2(c) are 65, 99,
and 138 nm for the various pH values of the suspension. It is
obvious that the structure exhibited a more compact and
high filling factor as the particle size distribution became
narrower. Therefore, a more porous structure will be lo-
cated inside the noncompact structure, leading to the lower
effective refractive and achieved high transparency[16,17].

To demonstrate the transparency of the AR coating
fabricated by various pH values of SiO2 nanoparticle sol-
utions under different incident angles, the transmittance
variation and power ratio within the wavelength range of
400–900 nm are shown in Fig. 3. Figures 3(a)–3(c) show
the transmittance variation within the wavelength range
of 400–900 nm and the incident angles controlled at 0°,

Fig. 2. Properties of various pH values of SiO2 nanoparticle sol-
ution. (a) Particle distribution of various pH values of SiO2 nano-
particle solution measured by the DLS. (b) Transmittance of
the AR coating fabricated with various pH values of the SiO2

solution. (c) Top-view SEM image of AR coating fabricated
by various pH values of SiO2 solution.

Fig. 3. Transparency of the AR coating with various pH
values of SiO2 solution under different incident angles.
(a)–(c) Transmittance variation within the wavelength range
from 400–900 nm. (d)–(f) Power ratio within an incident angle
range of �60°.
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30°, and 60°. Obviously, the optimum transmittance en-
hancement can be obtained by the AR coating fabricated
by the SiO2 nanoparticle solution with the pH value of 11.
The results also showed that the transmittance of the AR
coating (pH 11) can be preserved by more than 86% with a
wide incident angle.
In order to evaluate the transmitted power within the

wavelength range from 400–900 nm and at various inci-
dent angles (−60°–60°), the power ratios are calculated
and shown in Figs. 3(d)–3(f). The power ratio is defined
as the ratio of the transmitted intensity (IT ) to the initial
intensity (I 0) in which the intensity (IT ) can be estimated
by the area under the transmittance: the wavelength
curve. Obviously, the power ratio of the AR coating
fabricated by the SiO2 nanoparticle solution with the pH
value of 11 produced a larger enhancement than those
results of bare glass under various incident angles.
Figures 4 and 5 show the transmittance variation and

power ratio of the AR coating with polarized light incident
at various angles. In Fig. 4(a), the transmittance varia-
tions of p- and s-polarized light remained at similar levels
under normal incident conditions for the AR coatings fab-
ricated by the SiO2 nanoparticle solutions at various pH
values. As the incident angle increased [incident angles of
30° and 60° in Figs. 4(b) and 4(c), respectively], the trans-
mittance variations of the p- and s-polarized light of the
AR coating were no longer similar. The results show that
the transmittance of p-polarized light was preserved by
90%; in contrast, the transmittance of s-polarized light de-
creased as the incident angle increased. Figure 5 indicates
the power ratio of the various pH values of the fabricated
AR coatings that were incident by p- and s-polarized light
under different incident angles within the range of ±60°.
The power ratios of the p-polarized light of the AR coat-

ing fabricated by various pH values of SiO2 nanoparticle
solutions were greater than 90%. The power ratio of the

s-polarized light of those AR coatings decreased as the in-
cident angle increased. The power ratio decreases from the
normal incident condition to the oblique incident condi-
tion (�60°) were 26%, 25%, and 22% for the AR coating
fabricated by the SiO2 nanoparticle solution with pH val-
ues of 6, 9, and 11, respectively. Additionally, the ratio
decreased sharply at the incident angles between 45°–
60° and −45°–− 60°. Based on these findings, the trans-
mittance exhibited was high relative to the polarization
property of the incident light. These results were followed
the transmittance behavior of the thin film structure,
which can be simulated with Airy’s formulas[18].

Furthermore, the Brewster’s angles of each AR coating
fabricated by various pH values of SiO2 nanoparticle
solutions can be obtained by measuring the reflectance
variation; they are shown in Fig. 6(a). The Brewster’s
angles of each AR coating fabricated by the SiO2 solutions
with pH value of 11 and 6 were approximated of 50° and
55°, respectively.

Based on the Brewster’s angle condition[18],

tan θB ¼ neffective RI

nair
: (1)

The effective refractive index (neffective RI) of the cover glass
with the AR coating can be calculated, and the values of
neffective RI were approximately 1.15 and 1.25. A theoretical
simulation of the Brewster’s angles of various effective re-
fractive indices (neffectiveRI) is shown in Fig. 6(b).

The theoretical simulation indicated that the Brew-
ster’s angle increased as the effective refractive index in-
creased because the effective refractive of the AR coating
depended on the filling factor of the SiO2 particle. The AR
coating fabricated with a large-sized SiO2 particle exhib-
ited a small filling factor and indicated that more air filled
the unit volume. Therefore, the effective refractive index

Fig. 4. Transparency of the AR coating with various pH
values of SiO2 solution under different incident angles with
p- and s-polarized light. (a) 0°, (b) 30°, and (c) 60°.

Fig. 5. Power ratio of the AR coating with various pH values
of SiO2 solution under different incident angles with p-and
s-polarized light measured within an incident angle range of
�60°. (a) pH 6, (b) pH 9, and (c) pH 11.
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will be smaller than those AR coatings fabricated by
small-sized SiO2 particles. The larger size of the SiO2 par-
ticle we used, the smaller the effective refractive index of
the fabricated AR coating. The particle size of the SiO2
solution with the pH value of 11 is larger than the solution
with the pH of 6. The AR coating fabricated by the sol-
ution with the pH value of 11 exhibited a smaller filling
factor, in which the effective refractive index of the AR
coating will be smaller than the AR coating fabricated
by the solution with the pH value of 6.
Figure 7 shows the contact angle measurements of the

AR coatings fabricated with various pH values. The AR
coatings fabricated with pH values of 6 and 9 exhibited
hydrophilic surfaces. By contrast, the AR coating fabri-
cated with the pH value of 11 exhibited a hydrophobic
surface. The largest contact angle can be observed at
approximately 99°, which was 20% higher than the AR
coating fabricated by the SiO2 solution with the pH value
of 6. Compared to the contact angle of the water-glass
interface (approximately 35°[19]), the enhancement was
higher than 65%.
The mechanism of the enhancement of the contact angle

is complicated. Based on the roughness-induced hydro-
phobicity, the hierarchical roughness structure of the
AR coating fabricated by the SiO2 solution with the pH
value of 11 demonstrated high-enough asperities to resist
the capillary wave and prevented nanodroplets from filling
in the valleys between asperities[20]. Additionally, the pH

modification of the SiO2 solution also affected the surface
energy between the AR coating (fabricated by the SiO2
nanoparticle) and water. Based on van Oss’s[21] study, the
acidic treatment of the glass surface exhibited as hydro-
philic, and the alkaline treatment of the glass exhibited
as hydrophobic. Therefore, we believe that the hydropho-
bic enhancement resulted from the hierarchical roughness
structure and the surface energy changes of the AR coat-
ing fabricated by the pH-modified SiO2 nanoparticle.

This work demonstrates AR coatings fabricated by a
pH-modified SiO2 nanoparticle solution with the optimum
spin-coating method on a cover glass. Because the proper-
ties of aggregation, dispersion, and surface energy by the
pH-modified SiO2 nanoparticle solution will be modified,
the transparence, polarization dependence, and hydropho-
bicity of the cover glass will be affected. The results show
that the optimum transmittance of the AR coating can be
obtained by fabricating it with a solution of pH 11, result-
ing in an enhancement of 3% to bare glass under the nor-
mal incident condition. The results show that the power
ratio of the s-polarized light decreases as the incident angle
increases. By contrast, the power ratio of the p-polarized
light increases as the incident angle increases. Further-
more, the effective refractive index of the AR coating
can be obtained by applying Brewster’s angle condition,
and an effective refractive index of 1.25 can be reached
by the AR coating fabricated by the SiO2 nanoparticle sol-
ution of pH 11. Finally, the AR coating provided the
hydrophobicity, and the contact angle can be enhanced
to 65% higher than bare glass. Based on these findings,
we can conclude that the proposed method has some
advantages, such as an easy and low-cost fabrication
procedure, acceptable optical transmittance within a
wide range of incident angles and wavelengths, and a self-
cleaning hydrophobic surface.

The authors would like to thank the National Science
Council of China for financially supporting this research
under Contract No. NSC 102-2221-E-155-076-MY3. The
authors also thank Ted Kony for his editorial assistance.

Fig. 6. Reflectance of the AR coating with various pH values of
the SiO2 solution under p-polarized light. (a) Experimental
results. (b) Theoretical simulation.

Fig. 7. Hydrophobic nature of the AR coating with various pH
values of SiO2 solution. (a) pH 6, (b) pH 9, and (c) pH 11.
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