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Abstract: In this study, functional coating film was fabricated on glass for photovoltaic (PV) modules
to improve the anti-pollution characteristics of PV modules. The functional coating film applied
to a glass substrate through the spray coating method was annealed at 300 °C for 10 min in Hp,
Ny, Ar, Oy, and vacuum ambient. The contact angle of the coated surface was measured and it
was confirmed that the anti-pollution characteristics were improved as the contact angle decreased.
The light transmittance was measured and it exhibited the most excellent characteristics in vacuum.
The hardness and adhesion were measured as the mechanical characteristics and they were all
excellent regardless of the annealing ambient. Based on the analyzed characteristics, the process
conditions of functional coating films were optimized to improve the anti-pollution and mechanical
characteristics. If the coating process optimized in this study is applied to PV modules based on these
results, improvement in the anti-pollution characteristics can be expected.
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1. Introduction

As the Paris Agreement was signed in 2015 to limit the global temperature increase and to reduce
carbon emissions, 195 countries agreed that they would set and implement their own greenhouse
gas reduction targets until the launch of the post-2020 climate regime in 2020. Among the renewable
energy sources, solar power generation is the most eco-friendly power generation method that does not
generate pollution and use fossil fuels. Such solar power generation requires large installation areas
to produce a large amount of power and must be installed outdoors to receive sunlight. This causes
different performances depending on the installation environment [1-4]. Photovoltaic (PV) modules
installed outdoors are exposed to various pollutants, such as yellow dust, bird excrement, and rainfall
sediment. Such pollutants reduce the sunlight that enters PV modules and thereby lower power
generation efficiency. Therefore, various studies have been underway recently to effectively prevent
the surface pollution of PV modules [5,6].

The PV module surface coating materials being researched must have anti-pollution functions
and endure severe external temperature differences, as well as external shocks, and they must also
endure chemical factors, such as bird’s excrement and acid rain. In addition, they must have a light
transmittance of 95% or higher [7,8]. Existing solar power plants have been installed in large areas
to produce a large amount of power and, thus, a massive amount of time and cost is required for

Appl. Sci. 2018, 8, 2285; d0i:10.3390/app8112285 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-9180-6397
https://orcid.org/0000-0002-4203-0457
http://www.mdpi.com/2076-3417/8/11/2285?type=check_update&version=1
http://dx.doi.org/10.3390/app8112285
http://www.mdpi.com/journal/applsci

Appl. Sci. 2018, 8, 2285 20f7

maintenance, including surface cleaning. Therefore, if pollutants can be easily removed using natural
rainfall, the economic efficiency of solar power generation systems will be significantly improved.
For the development of a coating material capable of enduring physical and chemical environments,
the development of innovative source materials and coating processes are required. Currently,
surface self-cleaning coating technology using photocatalysts is available, but this technology has low
durability due to its low adhesion and hardness. It also requires energy sources that cause catalysis,
and the facility investment cost is low as is demand [9]. In addition, studies have been conducted for
decades to prevent fogging on transparent surfaces. One representative method among the methods
to address such problems is to modify these surfaces into hydrophilic or hydrophobic surfaces or to
apply a coating [10].

As hydrophobic coatings form water droplets in a nearly perfect spherical shape, water droplets
remove dust particles from the surface as they roll off. In this case, however, an appropriately
rough surface is required and this rough surface may reduce the transmittance by increasing light
scattering [11]. On the other hand, a hydrophilic coating removes dust by spreading water on the
surface instead of forming water droplets on the surface. This method allows water droplets to spread
between pollutants and the substrate surface, thereby removing the pollutants to be attached to the
substrate and letting them flow with water droplets [12-16]. The water-soluble polymer materials TiOp
and silica are known to have excellent hydrophilicity [17]. In this study, we used silica-based material
with high light transmittance and durability as a functional material for the anti-pollution function of
cover glass for PV modules.

As such, this study aims to propose a new coating process technology that can improve the
anti-pollution characteristics of PV modules. First, a hydrophilic silica-based coating material was
coated on the surface of cover glass for PV modules and annealed, and then the anti-pollution
characteristics were analyzed. In this instance, gas was injected when annealing was performed.
The annealing ambient conditions were Hy, Ny, Ar, O, and vacuum. For the fabricated functional
coating films, the contact angle, anti-pollution characteristics, transmittance, hardness, surface
adhesion, and morphological properties were measured.

2. Experimental Section

The coating solution that was used to improve the anti-pollution characteristics of PV modules was
an inorganic material that included silicon dioxide (SiO,), lithium (Li), and potassium (K). The viscosity
of the coating solution was 1-3 cP-s, the density was 1.1 g/cm?, and the specific gravity was 1.13 4 0.05.
The coating solution can be coated on various materials, such as metals, ceramics, and glass. The coating
solution used to make the coated film was FC-B106 (Fine-coat, Wellture-Finetech). This solution is a
nanosilicon compound that is the basic material of colloidal silica [18].

Prior to coating the functional coating solution on the slide glass substrates, the substrates were
subjected to ultrasonic cleaning for 10 min in each of the following solutions: Trichloroethylene,
acetone, methanol, and deionized water (D.I. water). The cleaning process performed on the substrate
was useful for removing organic and inorganic contaminants from the surface of the glass substrate.
The coating solution was coated on the slide glass substrates using a brush. The thickness of the coated
film was around 180 nm, depending on the number of coatings. After being dried at room temperature
for 20 min, the coated films were annealed in Hy, N, Ar, O,, and vacuum ambient, at a temperature
of 300 °C for 10 min using microwave plasma enhanced chemical vapor deposition (MPECVD) to
examine characteristics according to the annealing gas types.

The contact angles of the fabricated functional coating films were measured using Phoenix 300
Touch from S.E.O. The hardness was measured using a hardness tester from CORE TECH, Korea,
in accordance with ASTM D3363, which is the measurement method of the American Society for
Testing Materials (ASTM), and the adhesion was measured using the H-9H, F, HB, and B-6B pencils
from Mitsubishi in accordance with ASTM D3359, which is the surface adhesion measurement method
of ASTM. The optical characteristics were measured using the integrating sphere of UV-visible
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spectroscopy, i.e., Mega 700 from Scinco. The thickness of the coated film was measured using a
thickness profilometer (NanoMap-500LS, HTSK). The surface morphologies and roughness of the
coated film were measured using atomic force microscope (AFM, XE-100, Park Systems).

3. Results and Discussion

Figure 1 shows the water droplet contact angle characteristics of the naturally-dried functional
coating film, as well as the functional coating film annealed in Hy, Nj, Ar, O,, and vacuum ambient.
The contact angle of the naturally-dried film was measured to be 26.1°. The contact angles of the
functional coating film annealed in Ar, Ny, and O, ambient ranged from 10.5° to 12.1°. The contact
angle of the film annealed in the H, ambient was 16.0°. However, the contact angle of the film annealed
in the vacuum ambient was 8.6°, indicating the most excellent hydrophilic characteristics.
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Figure 1. Contact angle of the functional coating film according to the annealing gas; (a) is naturally
dried, (b—f) are annealed with Hj, N, Ar, O;, and in a vacuum, respectively.

Figure 2 shows the anti-pollution characteristics of the naturally-dried functional coating film,
as well as the functional coating film annealed in Hj, Nj, Ar, O, and vacuum ambient. On the
slide glass substrates where the film functional coating was formed, black, red, and blue markings
were applied using oil pens. As a result of dropping water droplets after naturally drying the
markings, the specimen annealed in the vacuum ambient exhibited the most excellent anti-pollution
characteristics, as shown in Figure 2. This result is in agreement with the result of contact angle,
indicating that the annealing of the functional coating film in the vacuum ambient exhibits excellent
anti-pollution characteristics by dropping water.
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Figure 2. Anti-pollution characteristics of the functional coating film according to the annealing gas,
(a) is naturally dried, (b—f) are annealed with Hy, N, Ar, O,, and in a vacuum, respectively.

Figure 3 shows AFM images of the functional coating film measured by AFM. The AFM image
shows the roughness of naturally dried functional coating film as well as the functional coating film
annealed in the Hy and vacuum ambient. The roughness of the naturally dried functional coating film,
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coating film annealed in the Hy, and coating film annealed in the vacuum ambient were measured
to be 6.53 nm, 3.50 nm, and 1.41 nm respectively. As the roughness decreased, the contact angle of
the functional coating film decreased. This result shows that the surface roughness of the film has
relations with the hydrophilicity.
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Figure 3. AFM images of functional coating film according to the annealing condition, (a) is naturally
dried, (b) is annealed with H,, and (c) is annealed in a vacuum.

Figure 4 shows the average light transmittance measured in a wavelength of 400 to 800 nm of the
naturally-dried functional coating film, as well as the functional coating film annealed in H,, Ny, Ar,
O, and vacuum ambient. The average light transmittance of the naturally dried functional coating
film was measured to be 89%, however, it was increased with annealing treatment. The average light
transmittance of the film annealed in the Ar, N, and O, ambient ranged from 98.5% to 98.7%, and the
average light transmittance of the film annealed in the H, ambient was measured to be 96.1%. However,
the average light transmittance of the film annealed in the vacuum ambient was 99.0%, indicating
the most excellent average light transmittance characteristics. The optical properties were generally
improved through the annealing process. Especially, it showed that the best optical characteristics
were derived from the vacuum ambient. This means that annealing of the functional coating film
mainly composed of nanosilica affects the increase of the average light transmittance by decreasing the
bandgap of nanosilica energy and removing the impurities of the film. If the film is annealed while
gas is being injected, the impurities to be removed by the annealing may be disturbed by the gas.
Therefore, it means that the average light transmittance property improves when the film is annealed
in a vacuum [19,20].
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Figure 4. Average light transmittance of the functional coating film according to the annealing method
and ambient.
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Figure 5 shows the hardness characteristics of the naturally dried functional coating film as well
as the functional coating film annealed in Ar, Ny, Hy, O,, and vacuum ambient. The hardness was
measured in accordance with ASTM D3363. The hardness of the naturally-dried functional coating film
was 5H. All of the annealed films exhibited excellent hardness characteristics of 9H. It was confirmed
that the hardness of the functional films were improved through the annealing process.
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Figure 5. Hardness characteristics of the functional coating film according to the annealing gas, (a) is
naturally dried, (b—f) are annealed with Hj, N, Ar, Oy, and in a vacuum, respectively.

Figure 6 shows the surface adhesion characteristics of the naturally-dried functional coating film,
as well as the functional coating films annealed in Hy, Ny, Ar, Oy, and vacuum ambient. ASTM 3359,
which is the surface adhesion measurement method of ASTM, was used. The ASTM D3359 method
is the standard test for measuring adhesion and uses a tape test. The measurement results showed
that the hardness of the naturally-dried functional coating film was 3 GPa. All of the annealed films
exhibited excellent surface adhesion characteristics of 5 GPa. It was confirmed that the adhesion of the
functional film was improved through the annealing process.

(al) (a2) (b1) (b2)

Figure 6. Adhesion characteristics of the functional coating according to the annealing gas, (al) is tape
before the hardness test of the naturally dried film, (a2) is tape after the hardness test of the naturally
dried film, (b1) is tape before the hardness test of the annealed film, (b2) is tape after the hardness test
of the annealed film.

4. Conclusions

In this study, the characteristics of functional coating films fabricated on glass substrates for PV
modules were investigated according to the annealing ambient. To examine characteristics according
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to the annealing ambient, the functional coating solution was coated on glass substrates and annealed
in Hp, Ny, Ar, O,, and vacuum ambient. As a result of measuring the contact angle, the film annealed
under the vacuum conditions exhibited the lowest contact angle of 8.6°. In addition, the analysis of
anti-pollution characteristics through water spraying revealed that all films showed anti-pollution
characteristics, and that the sample annealed in a vacuum ambient exhibited the most excellent
anti-pollution characteristics. As a result of analyzing light transmittance characteristics, the film
annealed in a vacuum ambient exhibited the most excellent optical characteristics. The analysis of
hardness and adhesion characteristics revealed that all of the annealed films exhibited the highest
grade. AFM measurement results showed the variation of roughness according to the annealing
conditions. As the contact angle decreased, the roughness measured by the surface profiler also
decreased. Based on these results, if the anti-pollution coating process proposed in this study is applied
to PV modules, it is expected that power efficiency will be increased due to improved anti-pollution
characteristics and that economic efficiency will be improved in terms of maintenance.
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