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ABSTRACT ARTICLE HISTORY

In this study, anti-reflection property of SiO, based composite films Received 23 September 2024
were investigated. For this purpose, SiO,/TiO,, SiO,/ZnO and SiO,/ Accepted 2 October 2024
TiO,/ZnO composite films were prepared using a sol-gel technique
and coated on glass slides. Polyethylene glycol (PEG) with molecular
weight of 1500 g/mol was inserted into the SiO, composite film as a
porogen to decrease the refractive index and improve the anti-reflec-
tion property of the as-prepared film. The SiO, films with pore struc-
tures were successfully obtained. The PEG modified SiO,/ZnO (SiO,/
PEG/ZnO) film provided a water contact angle close to the water
contact angle of a superhydrophilic surface. In addition, the SiO,/
PEG/ZnO film exhibited the highest average transmittance of 92.7%
higher than that of the uncoated glass slide. The photovoltaic con-
version efficiency of the solar cell coated with the SiO,/PEG/ZnO film
was very close to that of the solar cell without the film coating.
Hence, the results exhibited that the SiO,/PEG/ZnO film with anti-
reflection and photovoltaic conversion efficiency has a potential
application on solar cells.

KEYWORDS
Si02; ZnO; PEG; TiO2; anti-
reflection coating; solar cell

1. Introduction

Photovoltaic (PV) energy has become an attractive source of renewable energy because
of the minimal environmental impact of PV energy production and the abundance of
solar energy. An important phenomenon reducing the power conversion efficiency of
PV devices is the surface reflection, which occurs due to the refractive index contrast
between the solar cell and air.!"! The surface reflection has been a major problem in the
solar cell industry since an unmodified solar cell (silicon-based) can exhibit more than
30% reflection, leading to low short circuit currents. Several approaches, like anti-reflec-
tion coating or surface texturing, have been applied to reduce the light reflection of the
silicon solar cell.” Anti-reflective (AR) coatings are an important application to reduce
the surface reflection losses and thus increase the solar cell efficiency.

As an anti-reflection coating, nanostructured arrays, multilayer interference coatings,
thin-film (quarter-wavelength) coatings and gradient refractive index coatings have been
applied to reduce the surface reflection losses. Compared to the specified coatings, the
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preparation of thin film (quarter-wavelength coatings) is simpler and cheaper.”) The
most suitable thin-film materials are silica with the refractive (n) of 1.44, magnesium
fluoride (n=1.35), titanium dioxide (n=2.2) and alumina (n=1.65). These coatings
also possess excellent adhesion strength and abrasion resistance.'! In order to prevent
the surface reflection on the cover glass of the solar cells with refractive index of 1.44,
the thin film coating should have a refractive index of 1.21. Since there is no material
with this refractive index, we suggest nano-porous surface structure might be obtained
in the thin film coatings to reduce its refractive index.”!

To prepare thin-film coatings based on silica with low surface reflection, porogens
can be added into the silica film. The porogens are easily degradable macromolecules
and added into the silica solution before the film coating process. Uniform nano-pores
can be formed in the silica coating after removing the porogens through the heat treat-
ment process. In the literature, different types of the porogens, such as polyethylene gly-
col (PEG)P!, polyvinyl pyrrolidone (PVP)!), poly(ethylene oxide)-b-poly(propylene
oxide)-b-poly(ethylene oxide) (PEO105-PPO70-PEO105)"”), polypropylene glycol
(PPG)! and polyethylene glycol tercoctylphenyleter (Triton X-100)'*), have been com-
bined with the silica coating to form nano-pores on its surface. The silica coatings with
nano-pore structure maintain their high abrasion-resistance, while at the same time
gaining low refractive index.') According to the study of Li and his coworkers,'® for
instance, high light transmittance was achieved with the silica coating having a PEG-
derived nanopore structure. The solar cell efficiency of the copper indium gallium selen-
ide (CIGS) solar cell coated with an SiO,-PEG film increased by 7.27%.1°! Similarly,
Wongcharee and his coworkers (2002) obtained an average transmittance of 98.6% for a
Si0,-PEG coated glass slide over the visible region.”) The average transmittance value
(95.5%) of an SiO,-PEG coated glass substrate increased by 5.5% over the average value
of the uncoated glass substrate in the study by Dou and his coworkers.!"”) The pore for-
mation ability of PEG is primarily proportional to its molecular weight. According to
the study by Dou and his coworkers,'” PEG with a molecular weight of 4000 g/mol
resulted in higher porosity and higher transmittance than PEG with a molecular weight
of 1000 g/mol.!""!

On the other hand, there are several techniques to prepare thin-film coatings. Among
the techniques, the sputtering technique has been used to coat thin layers on substrates
with different shapes. This technique has been applied for the deposition of anti-reflec-
tion coatings on display devices and thermochromic windows. Similarly, the chemical
vapor deposition technique and the physical vapor deposition technique have been uti-
lized to prepare coatings with controlled refractive indices and thicknesses. However,
these specified coating techniques have substrate size limitation and require a moderate
vacuum for deposition, which limits the spread of the technology into wider applica-
tions. Compared to the above specified coating techniques, the sol-gel techniques have
the advantages of low cost and simple process. The sol-gel techniques can be applied to
substrates with different sizes and shapes. In addition, the surface structure can be con-
trolled, which allows to adjust the refractive index of the coating.!'"

In order to increase the durability of the SiO, thin film coating in outdoor condi-
tions, it can be combined with TiO,, ZnO and similar semiconductors within the film
structure.'*"*! Nano-porous SiO,/TiO, or SiO,/ZnO composite films might be a good
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candidate for the top layer of the solar cell. The presence of TiO, or ZnO in the film
coating can enhance the mechanical properties and control the optical properties.!'>'*
Both ZnO and TiO,, depending on the particle size, can exhibit high light transmission
in the visible light range. They can absorb mostly short wavelength UV light. However,
ZnO and TiO, have slightly higher refractive indices compared to SiO,. The presence of
TiO, or ZnO in the SiO, coating would increase the refractive index of the resulting
film."*"*) Therefore, the TiO, or ZnO content of the composite content should be
limited.

The performance of solar cells is significantly reduced by dust and organic contami-
nants that accumulate on the cover glass. Accumulated contaminants on the cover glass
of the solar cell can reduces the photoelectric conversion efficiency by reflecting and/or
absorbing the incoming light. TiO,,!"*! zn0O,"* B,C,"™ $n0,,"® and CuO!"”' are
known as effective self-cleaning materials for solar cells due to their superior stability,
excellent photocatalytic behavior and superhydrophilic structure. All these semicon-
ductor materials have numerous reactive sites that enhance the hydrophilic behavior
under sunlight. The hydrophilic behavior of these semiconductor materials is important
for self-cleaning applications."*™'”) Self-cleaning surfaces allow water droplets to roll off
the surface on contact, collecting and removing dust and other contaminants.

In this manuscript, an effective approach to enhance the solar cell efficiency by using
SiO, based anti-reflection coatings to reduce the surface reflection losses of the solar
cell is reported. Polyethylene glycol (PEG), as a porogen, was added into the silica solu-
tion. In addition, TiO, and/or ZnO nanoparticles were added into the SiO, solution
to prepare SiO,/PEG/TiO,, SiO,/PEG/ZnO and SiO,/PEG/TiO,/ZnO coatings. The
TiO, and/or ZnO nanoparticles were added into the SiO, thin film to enhance
the hydrophilic behavior of the resulting coating. The anti-reflection performance of the
as-prepared composite coatings was investigated. In addition, the effect of the composite
coating on the solar cell efficiency was studied. We note that the SiO, is an important
example of a macromolecular solid, which means that SiO, is highly cross-linked, form-
ing thousands of covalent bonds between its silicon and oxygen atoms. Physical proper-
ties (morphology, water contact angle, refractive index), optical properties (UV-Vis
absorbance, transmittance) and photoelectric properties (solar cell efficiency) of the
SiO, composite films were investigated within this manuscript.

2, Experimental
2.1. Preparation of SiO, composite films

SiO, solutions were prepared using the acid catalyzed technique to coat glass slides with
the SiO, composite films.l”! Firstly, 112ml of tetraethylorthoxylsilicane (TEOS) was
mixed with a water-anhydrous ethanol solution (36 ml-1090 ml). Then, 0.2 ml of hydro-
chloric acid solution (36%) was added into the as-prepared solution. Then, polyethylene
glycol (PEG), with a molecular weight of 1500 g/mol, was added into the TEOS solution
at the PEG to TEOS mass ratio of 0.5 under constant stirring, followed by adding TiO,
and/or ZnO nanoparticles into the SiO,/PEG solution under stirring for 1day. The
TiO, and/or ZnO content of the final SiO, film was adjusted to be 10 wt.%. The SiO,
solution, including TiO, and/or ZnO nanoparticles, was dip-coated on both sides of
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glass slides and then the glass slides were oven-dried at 100°C for 1h. Finally, they
were exposed to heat treatment at 550 °C for 1 h.”) The final SiO, film, including TiO,,
ZnO or TiO,/Zn0O, were labeled as SiO,/PEG/TiO,, SiO,/PEG/ZnO a SiO,/PEG/TiO,/
ZnO, respectively.

2.2. Methods of characterization

To investigate the surface morphology of the SiO, composite films, optical microscopy
images were obtained on a binocular microscope (DMS-633, Leica Microsystems
GmbH, Germany). The UV-Vis absorbance spectrum and transmittance spectrum of
the SiO, composite films were obtained by using a spectrophotometer (Genesys 108,
Thermo Fisher Scientific Inc., USA) both in the absorbance mode and transmittance
mode. The photoelectric conversion efficiency of solar cells coated with the SiO, com-
posite films was recorded by using a solar module analyzer (PROVA 210, Prova
Instruments Inc., Taiwan). The water contact angle measurement of the SiO, composite
films was performed by using a Theta Lite model optical tensiometer (Biolin Scientific
AB, Sweden).

3. Results and discussion
3.1. Morphology analysis

Figure 1 illustrates the optical microscopy image of the SiO, composite film samples. A
homogeneous coating structure could not be obtained with the SiO,/PEG/TiO, film.
A lot of crack structures were observed on the image of the SiO,/PEG/TiO, film
(Figure la). No crack structures were observed on the image of the SiO,/PEG/ZnO film
(Figure 1b). In addition, very small crack structures were observed on the optical
microscopy of SiO,/PEG/TiO,/ZnO film (Figure 1c). The cracks might occur during the
drying step of the film coating process due to the removal of solvent. The dark spherical
regions in the SiO,/PEG/TiO,, SiO,/PEG/ZnO and SiO,/PEG/TiO,/ZnO film might
belong to the TiO, and/or ZnO nanoparticles in agglomerate structure. The optical
microscopy image of the SiO,/PEG/TiO, film exhibited various particle sizes of the
TiO, agglomerates in the SiO, phase. On the other hand, the optical microscopy images
of the SiO,/PEG/ZnO and SiO,/PEG/TiO,/ZnO film revealed smaller agglomerate size

Figure 1. Optical microscopy images of (a) SiO,/PEG/TiO,, (b) SiO,/PEG/ZnO and (c) SiO,/PEG/TiO,/
Zn0 films.
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of the ZnO nanoparticles in the SiO, phase. The PEG molecules used as porogens might
be successfully removed during the heat treatment step of the film coating process,
which enabled the formation of the pore structures in SiO, composite films. However,
the specified pore structures could be noticed on the optical microscope images of the
film samples.

3.2. UV-Vis absorption study

The UV-Vis absorption spectrum of the film samples is presented in Figure 2. The
spectra indicated that all film samples mostly absorbed light in the UV region at around
300nm. None of the composite film samples showed light absorption in the visible
wavelength region. Hence, the film samples could be a suitable candidate as an anti-
reflection coating on solar cells under natural sunlight. The Tauc’s relation (1) was fol-
lowed to calculate the optical band gap energy of the as-prepared film samples: *®!

(ehv)’= A(hv - Ey) (1)

where hv is the photon energy, o is the absorption coefficient, A is a constant and E, is
the optical band gap energy, respectively. Figure 3 illustrates the absorbance spectrum
of the film samples. The region of the (ahv)® vs. (hv) curve showing that the light
absorption increased steeply and linearly with increasing the photon energy is character-
istic of semiconductor materials. The x-axis intersection point of the linear part of the
(athv)? vs. (hv) curve gives an estimate of the optical band gap energy.[ls] The optical
band gap energies for SiO,/PEG/TiO,, SiO,/PEG/ZnO and SiO,/PEG/TiO,/ZnO were
estimated to be 4.10eV, 4.20eV and 4.15 eV, respectively. Thus, according to the results,
all the film samples exhibited similar optical band gap values.

3.3. Light transmittance study

Figure 4 illustrates the transmittance spectra of the film samples. The average transmit-
tance of the SiO,/PEG/ZnO film in the wavelength range of 358-800nm was about
92.6%. Compared with the average transmittance of the uncoated glass slide (reference)
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Figure 2. UV-Vis absorbance spectrum of (a) SiO,/PEG/TiO,, (b) SiO,/PEG/Zn0 and (c) SiO,/PEG/TiO,/
Zn0 films.
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Figure 4. Light transmittance spectrum of (a) uncoated glass slide, (b) SiO,/PEG/TiO,, (c) SiO,/PEG/
Zn0 and (d) SiO,/PEG/TiO,/Zn0O films.

of about 91.4%, an improvement of more than 1% in light transmittance was achieved.
For the SiO,/PEG/TiO, film, the average transmittance obtained was about 74.9%,
decreasing about 16% compared with that of the uncoated glass slide. The average
transmittance of the SiO,/PEG/TiO,/ZnO film in the wavelength range of 358-800 nm
was about 88.7%, decreasing about 3% compared with that of the uncoated glass slide.
The transmittance thus tended to decrease after coating the glass slide with the SiO,
film including the TiO, phase. This loss of transmittance might be due to the increased

refractive index caused by TiO,, which reduced the portion of incident light entering
the film.
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The thickness of the film samples was calculated by using the transmittance spectrum
of the film samples through the following relation:!**!

d = 1/n (A/4 2m + 1)) )

where d is the film thickness, n is the refractive index and m is the order of the min-
imum transmittance (Tpin aps) in the high transmittance region (m=1 for the SiO,/
PEG/TiO, and SiO,/PEG/TiO,/Zn0O films, m =3 for the SiO,/PEG/ZnO film). On the
other hand, the refractive index (n) at the absolute minimum transmittance (Tpin abs)
was calculated using the following relation:'*!

n o= (om0 (= o))/ (T ) ®

at which ny (no=1) and n, (n,=1.515) are the refractive indices of air and the glass
slide, respectively. The film thickness and refractive index values of the film samples are
shown in Table 1. The calculated thicknesses for the SiO,/PEG/TiO,, SiO,/PEG/ZnO
and SiO,/PEG/TiO,/Zn0O film samples were 127.5nm, 434.7 nm and 159.6 nm, respect-
ively. While similar film thicknesses were obtained with the SiO,/PEG/TiO, and SiO,/
PEG/TiO,/Zn0O samples, a thicker film thickness was obtained with the SiO,/PEG/ZnO
sample. It was understood that the ZnO phase significantly affected the film thickness.
The refractive index of the SiO,/PEG/TiO, film measured at A =359nm was 2.11 and
the refractive index of the SiO,/PEG/ZnO film measured at A =412nm was 1.66. In
general, the refractive index of the SiO, film increased with the contribution of the
semiconductor nanoparticles, which might be due the size and filling effects of the
nanoparticles."”! TiO, nanoparticles might lead to the formation of a dense composite
film, reducing the porosity and thus increasing the refractive index.?® The refractive
index of the SiO,/PEG/TiO,/Zn0O film measured at A =374nm was 1.76, close to that
of the SiO,/PEG/ZnO film. A film with a porous film structure has a lower refractive
index than a film with less porosity.!*!) According to the low refractive index values of
the films containing ZnO, it could be concluded that the films containing the ZnO
phase were more porous or less dense.

3.4. Water contact angle measurement

The water contact angle measurement is an important characterization technique to
observe the wettability of a surface. It is generally accepted that the surface has a self-
cleaning property when the water contact angle is less than 5° or more than 150°. If the
water contact angle on the surface is less than 5°, the surface is known as superhydro-
philic.m] According to Figure 5, the water contact angles of the SiO,/PEG/TiO,, SiO,/
PEG/ZnO and SiO,/PEG/TiO,/Zn0O film samples were found to be 29.09°, 14.15° and
16.71°, respectively. Among the prepared film samples, the SiO,/PEG/ZnO film sample

Table 1. The refractive index (n) at the absolute minimum transmittance in the high transmittance
region and the film thickness value of the SiO, composite films.

Sample 8 (nm) at Tmin abs Tmin abs n d (nm)
Si0,/PEG/TiO, 359 0.757 2.11 127.5
Si0,/PEG/Zn0O 412 0.916 1.66 4347

Si0,/PEG/TiO,/Zn0 374 0.883 1.76 159.6
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Figure 5. The water contact angle of (a) SiO,/PEG/TiO,, (b) SiO,/PEG/Zn0O and (c) SiO,/PEG/TiO,/Zn0O
films.
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Figure 6. Current-voltage (I-V) characteristics of (a) the standard solar cell and the solar cell coated
with (b) SiO,/PEG/TiO,, (c) SiO,/PEG/ZnO, (d) SiO,/PEG/TiO,/Zn0O films.

showed the highest hydrophilic property, enabling the coating to improve its self-clean-
ing performance. During the heat treatment of the film samples, PEG molecules might
be removed, which could cause nanopores to form on the film surface and increase the
roughness of the film. This might be the reason for the low water contact angle on the
SiO, composite film samples. The superhydrophilic property of an anti-reflective film
enables the coating surface to self-clean, thus eliminating the influence of dust or other
contaminants on the light transmittance.*?!

3.5. Photovoltaic conversion efficiency

To study the effect of the SiO, composite film samples on the photovoltaic conversion
performance of the solar cells, I-V measurements were performed. According to the I-V
measurements (Figure 6), the fill factor (FF) and the photoelectric conversion efficiency

(n) were calculated using the following relations:**!

FF = Vmplve/Voclsc (4)
n (efficiency) = VoclscFF/Piy (5)
where Vyp and Iyp are the voltage at the maximum power point and the current at the

maximum power point, respectively, Voc is the open circuit voltage, Isc is the short cir-
cuit current and P;, is the incident power.m] The fill factor has been known as one of
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Table 2. The photoelectric conversion efficiency of the standard solar cell and the solar cell coated
with the SiO, composite films.

Sample Ve V) Iwp (A) Ve lsc FF A (M’ Pow W/m?) P W/m?)  n (%)
Standard 2757 00633 3487 0066 0758  0.0016 109.1 1170 932
Si0,/PEG/TIO, 2726 00590 3511 0059 0776  0.0016 100.5 1170 8.59
Si0,/PEG/Zn0 2772 00612 3494 0064 0759 00016 106.0 1170 9.06
Si0,/PEG/TIO,/ZnO 2705 00626 3493 0064 0757  0.0016 105.8 1170 9.04

the key electrical parameters quantifying the photoelectric conversion performance of
solar cells. The fill factor is directly proportional to the photoelectric power conversion
efficiency. That is, higher fill factor leads to higher solar cell efficiency.'**) Among the
solar cells coated with the SiO, composite films, only the solar cell coated with the
SiO,/PEG/TiO,/ZnO film had a slightly lower FF value than the standard solar cell
(Table 2). The fill factor results revealed that the SiO, composite films can be coated on
the upper glass cover of the real photovoltaic system and improve their efficiency. The
photoelectric conversion efficiency of the standard uncoated solar cell was calculated to
be 9.32%. On the other hand, the efficiency of the solar cell coated with the SiO,/PEG/
TiO,, SiO,/PEG/ZnO and SiO,/PEG/TiO,/Zn0O film were calculated to be 8.59%, 9.06%
and 9.04%, respectively. When compared with the standard solar cell, slightly lower effi-
ciencies were obtained with the solar cell coated with the SiO,/PEG/ZnO and SiO,/
PEG/TiO,/ZnO films, respectively. The accumulation of dust or other contaminants on
the surface of a solar cell forms a barrier, preventing the incoming sunlight from reach-
ing the absorber layer and thus reducing its photovoltaic conversion efficiency in
time.?®! The self-cleaning feature of the SiO, composite films with low water contact
angles can prevent the decrease in the photovoltaic conversion efficiency. Although ini-
tially slightly less efficient than the uncoated solar cell, the SiO, film-coated solar cells
are expected to become more advantageous in terms of their photovoltaic conversion
efficiency over time due to their self-cleaning feature.

4, Conclusions

In this study, glass slides were coated with SiO, composite films to obtain anti-reflection
coatings for solar cells by the dip-coating process. The SiO, composite film with ZnO
nanoparticles showed higher transmittance compared to the uncoated glass slides. PEG
molecules were used as a porogen to induce the formation of pore structures on the
film surface, which could result in lower refractive index and higher transmittance with
the composite films. In addition, the SiO, composite film including the ZnO nanopar-
ticles provided low water contact angles. The hydrophilic feature of the composite film
could also provide self-cleaning properties. The current-voltage measurement of the
solar cell coated with the SiO, composite films did not exhibit any significant loss in
the photoelectric conversion efficiency, suggesting that the SiO, composite films can be
applied as an anti-reflective coating on commercial solar cell systems.
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