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Abstract: To address Photovoltaic (PV) glass solar energy loss (reflection) and efficiency degradation induced by
infrared light absorption (which causes increased battery temperature and thereby exacerbates carrier recombination),
this study examines silicate precursors (Tetramethoxysilane (TMOS), Tetracthoxysilane (TEOS), Tetrabutoxysilane
(TBOS)) with varying carbon chain lengths on coating performance. X-Ray Diffraction (XRD)/Scanning Electron
Microscopy (SEM) characterization results show all coatings are amorphous, but TMOS yields higher crystallinity
and denser microstructures; TEOS/TBOS form defective structures via longer chains. Optical tests indicate that all
coatings have 90%-96% Visible Light (VL, 300-800 nm) transmittance (TMOS: up to 96%, with the least fluctuation);
TMOS has the lowest infrared (IR, 2.5-25 pum) transmittance (~ 40%). In addition, TMOS coatings retain > 90% VL
transmittance over 24 months, and TEOS and TBOS show shows ultra-low aging attenuation. These results demonstrate
that TMOS is the optimal precursor for preparing high-performance PV glass coatings, which can effectively reduce
solar energy loss and mitigate efficiency degradation of PV modules, providing technical support for the development of
high-efficiency photovoltaic systems.
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1. Introduction

In modern energy supply, sunlight is the most ideal sustainable energy source, providing clean energy for the
photovoltaic power generation industry. When light comes into contact with the surface of an object, various reflections
occur on the contact surface.' However, some unwanted light reflections can bring about adverse consequences.” For
example, in photovoltaic solar modules, when light enters the solar module from the air, the first surface it encounters
is the encapsulated glass of the photovoltaic module.” If the incident light generates a large amount of reflection on this
surface, the overall power generation efficiency of the photovoltaic module will be greatly reduced, and the utilization
rate of solar energy will decrease.’ Currently, in the energy collection process of solar cells, the light reflection on the
surface of the glass cover plate leads to about 8% solar energy loss.” Meanwhile, the absorption of light in the infrared
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band aggravates the temperature rise of the battery components, which in turn increases the carrier recombination rate of
semiconductor materials, reducing the photoelectric conversion efficiency by about 5-10%.° This thermal effect caused
by infrared absorption will also accelerate the aging of packaging materials and shorten the service life of batteries.’

Surface modification technology to prepare anti-reflection films or coatings can effectively reduce the reflection
loss of sunlight on the surface of the glass cover plate of optoelectronic devices.” At the same time, by regulating the
scattering or interference effect of the film structure on infrared light, it can also reduce the absorption rate of infrared
light and inhibit the temperature rise of the battery.” At the same time, the long-term service cycle of solar panels
requires the anti-reflection film to have excellent durability and weather resistance, which is a key factor in ensuring the
long-term efficient operation of the battery."’

In recent years, low-refractive-index silicon dioxide (SiO,) has attracted much attention in the research of anti-
reflection materials. Researchers have successfully developed multifunctional nano-coating materials with super-
wetting properties by optimizing preparation methods and regulating nanostructures, and have made systematic
breakthroughs in energy regulation in the infrared band."" Through mesoporous pore size regulation (2-50 nm), porosity
optimization (40%-70%) and multilayer film structure design, the precise regulation of reflectivity in different infrared
bands (near-infrared 700-2,500 nm, mid-infrared 2.5-25 pum) has been realized.'”” However, the composition of most
coatings contains various metal elements, which seriously affects the service life of the coatings, especially under high-
temperature conditions.” Therefore, there is an urgent need to develop non-metallic solar cell glass coatings with high
anti-reflection and low infrared absorption.

Here, we investigated the influence of tetramethyl orthosilicate, tetraethyl orthosilicate and tetrabutyl orthosilicate
with different alkane structures on the visible light anti-reflection effect and infrared light reflection effect when
preparing photovoltaic glass coatings. The research shows that under the same synthesis conditions, tetramethyl
orthosilicate with a shorter carbon chain exhibits the best visible light anti-reflection effect and infrared light reflection
effect (96% Transmittance). This is because tetramethyl orthosilicate has the shortest carbon chain, and the SiO, film
formed after hydrolysis and condensation has less carbon impurities and a more uniform and dense structure. Its
refractive index has the best optical matching with visible light anti-reflection and infrared light reflection, so it shows
a better light regulation effect. Our research results provide ideas for the synthesis of high-performance anti-reflection
coatings for photovoltaic glass.

2. Experiments and methods
2.1 Material synthesis

For the preparation of anti-reflective coating solutions, the base solvent (Solution A) was first prepared by weighing
3.24 g of absolute ethanol, 3.24 g of absolute methanol, and 3.24 g of absolute isopropanol into a 50 mL beaker,
followed by magnetic stirring at 300 r/min for 2 min at room temperature (25 + 2 °C) to obtain a homogeneous mixed
solvent, which was stored for subsequent use. Control experiments involved preparing four groups of coating solutions
with a total silicon source mass of 4.00 g each. For the TMOS experimental group, 4.00 g of Tetramethyl Orthosilicate
(TMOS) and 5.15 g of deionized water were added to a 100 mL round-bottom flask and stirred at 250 r/min for 2 min
at room temperature to yield the silicon source precursor (Solution B1). Solution A was then slowly added into Solution
B1, followed by continuous stirring at room temperature for 1 min. The flask was subsequently placed ina 70 + 1 °C
water bath and stirred at 300 r/min for 10 min, after which 0.50 g of 15 wt% ammonia solution was added and stirred
for 30 min. Finally, 0.50 g of glycerol was introduced, followed by 10 min of stirring, and the solution was aged at room
temperature for 24 h to obtain the TMOS coating solution. The TEOS and TBOS experimental groups were synthesized
similarly by replacing TMOS with equimolar amounts of Tetraethyl Orthosilicate (TEOS) and Tetrabutyl Orthosilicate
(TBOS), respectively.

Tetramethyl Orthosilicate (TMOS, > 99%), Tetracthyl Orthosilicate (TEOS, > 98%), Tetrabutyl Orthosilicate
(TBOS, > 97%) were purchased from Aladdin Industrial Corp. (Shanghai, China); absolute ethanol (= 99.7%), methanol
(> 99.8%), isopropanol (> 99.5%) from Sinopharm Chem. Reagent Co., Ltd. (Beijing, China); 15 wt% ammonia
solution (analytical grade) and glycerol (> 99.0%) from Macklin Biochemical Tech. Co., Ltd. (Shanghai, China). All
reagents were used without further purification.
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2.2 Characteristic

A variety of testing techniques were employed to systematically characterize the key properties of the prepared anti
anti-reflective coating solutions and coated photovoltaic coated photovoltaic glass. The phase structure of the coatings
was analyzed using an X-Ray Diffractometer (model XD-3) with Cu Ka radiation, operating over a 26 scanning
range of 10°-80° at a scanning speed of 5°/min; the presence of amorphous structures was determined by identifying
characteristic diffraction peaks. The surface morphology and film-substrate bonding state of the coatings were observed
using a scanning electron microscope (model ZEISS Sigma 300) at an accelerating voltage of 5.00 kV and a working
distance of 7.1-7.8 mm. Samples were sputter-coated with a 5 nm-thick gold layer using an ion sputter coater (Quorum
QI150T) for 60 seconds to enhance conductivity before Scanning Electron Microscopy (SEM) observation. Images
were captured at magnifications ranging from 5.00 K to 50.00 K to analyze coating coverage, surface defects, and
particle arrangement. The transmittance of the coated glass in the 300-800 nm wavelength range was measured using
an ultraviolet-visible spectrophotometer (model Shimadzu UV-2700) at a scanning rate of 200 nm/min with a data
interval of 1 nm. Additionally, an optical transmittance detector (model Xiamen C&D LH-221) was used to evaluate
optical performance via Visible Light Transmittance (VLT) under environmental conditions of 25 + 2 °C and 45 + 5%
relative humidity. Infrared transmittance was tested using an infrared photometer. Environmental aging tests, including
UV15 aging, TC200 temperature cycling, 96-hour salt spray, DH1000 damp heat, 400-cycle scrubbing, PCT48 pressure
cooking, and HF10 hydrofluoric acid corrosion, were conducted to simulate harsh outdoor conditions. Transmittance
was measured using the ultraviolet-visible spectrophotometer before and after these tests, and the attenuation rate was
calculated to assess the long-term stability of the coatings. All tests were performed in parallel 3-5 times to ensure data
reliability, providing support for analyzing the effects of different silicon source systems on coating properties and
optimizing the preparation process.

3. Results and discussion

Figure 1 presents the X-Ray Diffraction (XRD) patterns of coatings fabricated using Tetrabutyl Orthosilicate
(TBOS), Tetramethyl Orthosilicate (TMOS), and Tetraethyl Orthosilicate (TEOS). All patterns exhibit broadened diffuse
scattering peaks instead of sharp, narrow crystalline diffraction peaks, indicating that the prepared coatings mainly
possess an amorphous structure.
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Figure 1. XRD patterns of coatings prepared from tetramethyl orthosilicate, tetraethyl orthosilicate, and tetrabutyl orthosilicate

Notably, the coating prepared from TMOS shows the sharpest XRD peak among the three. This phenomenon
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suggests that the TMOS-derived coating has a relatively higher crystallinity. The sharpness of an XRD peak is directly
related to the degree of order in the atomic arrangement within the crystal; a sharper peak implies a more regular
arrangement of atoms in the lattice. Through quantitative calculation, the relative intensities of the crystallinity peaks
for the three substances are approximately as follows: TBOS : TMOS : TEOS =~ 3.2 : 2.1 : 1.3. Furthermore, this
characteristic also reflects that during the preparation process, the hydrolysis and polycondensation reactions of TMOS
may proceed more uniformly and stably. Such a stable reaction environment provides favorable conditions for the
ordered growth of crystals, ultimately resulting in a coating structure with a regular atomic arrangement.

100 nm

Figure 2. SEM images of coatings prepared from tetramethyl orthosilicate (a), tetraethyl orthosilicate (b), and tetrabutyl orthosilicate (c)

Figure 2 displays the Scanning Electron Microscopy (SEM) images of coatings synthesized using Tetramethyl
Orthosilicate (TMOS), Tetraethyl Orthosilicate (TEOS), and Tetrabutyl Orthosilicate (TBOS). The coating prepared
from TMOS (Figure 2a) exhibits a smooth, dense, and homogeneous structure with well-defined interlayer boundaries,
indicating that TMOS is conducive to the formation of a compact coating. In contrast, the coatings fabricated from
TEOS (Figure 2b) and TBOS (Figure 2c) show rough, porous, and fragmented morphologies, with obvious cracks and
uneven textures.

This difference in microstructure can be attributed to the carbon chain length of the silicate precursors. The shorter
carbon chain of TMOS enables more uniform hydrolysis and polycondensation reactions, thereby forming a stable
and dense coating. Meanwhile, the longer carbon chains in TEOS and TBOS may introduce greater steric hindrance or
lead to incomplete reactions, resulting in the formation of defective and loose coating structures. Such morphological
variations can exert a significant impact on the optical, mechanical, and protective properties of the coatings.
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Figure 3. Visible light transmittance of coatings prepared from tetramethyl orthosilicate, tetraethyl orthosilicate, and tetrabutyl orthosilicate
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Figure 3 shows the visible light transmittance performance (within the wavelength range of 300-800 nm)
of coatings prepared using Tetramethyl Orthosilicate (TMOS), Tetraethyl Orthosilicate (TEOS), and Tetrabutyl
Orthosilicate (TBOS). The results indicate that the transmittance of all coated glass samples maintains a high level
of 90%-96%, which demonstrates that the three types of coatings have minimal negative impacts on visible light
transmittance.

Among them, the TMOS-derived coating exhibits the highest transmittance across the entire visible light band with
the smallest fluctuation. This can be attributed to the shortest carbon chain structure of TMOS, which promotes uniform
hydrolysis and condensation reactions, leading to the formation of a dense film with well-matched refractive index. This
structure effectively reduces the reflection loss of visible light. In contrast, the TEOS and TBOS coatings, due to their
longer carbon chains, have more residual carbon impurities from incomplete hydrolysis and poorer film uniformity,
resulting in slightly lower transmittance compared to the TMOS group. Particularly, the transmittance of the TBOS
coating shows a more obvious decrease in the long-wavelength region of visible light.

Additionally, in the long-wavelength region of 700-800 nm, the differences in transmittance among the various
curves are more significant. This reflects that long-wavelength light is more sensitive to the microstructural defects and
impurity distribution of the coatings.
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Figure 4. Infrared light transmittance of coatings prepared from tetramethyl orthosilicate, tetracthyl orthosilicate, and tetrabutyl orthosilicate

Figure 4 presents the infrared light transmittance (within the infrared wavelength range of 2.5-25 pm) of coatings
fabricated using Tetramethyl Orthosilicate (TMOS), Tetraethyl Orthosilicate (TEOS), and Tetrabutyl Orthosilicate
(TBOS). It can be observed that there are significant differences in infrared light transmittance among the coatings
prepared with different precursors: the coating derived from TMOS exhibits the lowest infrared light transmittance
(approximately 40%), the transmittance of the coating prepared from TEOS is moderately increased (approximately
60%), and the coating made from TBOS shows the highest infrared light transmittance (nearly 80%). This result
indicates that the type of precursor has a significant impact on the infrared light transmittance of the coatings, and the
carbon chain length of the precursor is likely one of the key factors influencing this property.'*

Figure 5 presents the variation of visible light transmittance (within the wavelength range of 300-800 nm) for
the coating prepared from Tetramethyl Orthosilicate (TMOS) over a 24-month period. The coating underwent a
24-month stability test in a natural environment. The test was conducted on the rooftop of the Experimental Building
at Fujian Normal University of Technology, Fuqing City, Fuzhou City, Fujian Province, China, with coordinates
119.377793° E, 25.704034° N. The test period lasted from August 1, 2023, to July 31, 2025. As observed from the
figure, the transmittance curves of the coating at different storage durations (1 day, 1 month, 6 months, 12 months, 18 months,
and 24 months) are generally consistent and all maintain a high level (approximately above 90%). This indicates that the
coating exhibits excellent stability over the 24-month time span-with no significant decrease in transmittance occurs due
to long-term storage. After being exposed to natural conditions for 24 months, the light transmittance of the material in
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the range of 700-800 nm decreased slightly. This phenomenon may be attributed to the long-term aging, which leads to
the peeling of the anti-reflective coating on the glass surface. Such performance demonstrates that the coating can retain
its optical properties in the visible light region for an extended period, thereby possessing favorable durability.
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Figure 5. Visible light transmittance of the coating prepared from Tetramethyl Orthosilicate (TMOS) over 24 months

Table 1. Test attenuation rates under different environmental aging conditions

Environmental aging test type Effective transmission ratio attenuation rate of solar light/%
HF10 0.80
DH1000 0.72
TC200 0.12
UVv1s 0.02
PCT48 0.63
Salt mist 96 h 0.23
Rinse 400 time 0.32
Acid rain corrosion 0.35
Dust abrasion 0.88

The glass with TMOS was tested under simulated aging conditions, and the test results are presented in Table 1.
The definitions of the aging test types are as follows: HF10 refers to a “Humidification-Freezing” aging test, where “10”
represents the number of cycles or test duration; DH1000 denotes a “Damp Heat (DH)” test, with “1,000” indicating
the test duration; TC200 stands for a “Temperature Cycling (TC)” test, where “200” is the number of cycles; UV15
corresponds to an “Ultraviolet (UV)” aging test, with “15” representing the UV irradiation dose or test duration; and
PCT48 refers to a “Pressure Cooker Test (PCT)”, where “48” signifies the test duration (48 hours). Among the tests,
the attenuation rate of the effective transmittance under the UV 15 test was only 0.02%, demonstrating extremely strong
stability of light transmittance performance. The attenuation rates under the TC200 test and 96-hour salt spray test
were 0.12% and 0.23%, respectively, which also remained at a low attenuation level. The attenuation rate after 400
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scrubbing cycles was 0.32%, while the attenuation rates under the DH1000 and PCT48 tests were both 0.63%, and that
under the HF10 test was 0.80%. Acid rain corrosion simulates acidic rainfall environments (usually pH < 5.6) to assess
the coating’s resistance to acidic media like sulfuric and nitric acids, with a 0.35% solar light effective transmission
ratio attenuation rate indicating good acid resistance, while dust abrasion mimics sandy conditions by using high-
speed dust particles to test the coating’s scratch and wear resistance, where an 0.88% attenuation rate reveals relatively
weak transmittance stability under dust impact. Although the latter three attenuation rates are relatively higher, they
still fall within an acceptable range compared to the long-term performance requirements of photovoltaic glass, and no
significant deterioration in light transmittance performance caused by specific environmental aging tests was observed.
Overall, the photovoltaic glass with TMOS exhibited excellent effective transmittance performance under various
environmental aging test conditions, with no obvious performance differences between different tests. This indicates that
the glass possesses favorable anti-aging capability and stability of light transmittance performance, providing strong
data support for its long-term reliable application in complex outdoor environments.
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Figure 6. Infrared spectra of three samples

The absorption peak intensity of TMOS is the highest overall, especially the vibrational peaks in the range
of 500 ~ 4,000 cm™ (such as asymmetric stretching vibration of Si-O-Si, hydroxyl vibration, etc.) show the most
significant response (Figure 6), indicating that its Si-O bond has strong vibrational activity, or the order and density of
the silicon-oxygen network in the sample are relatively high. The intensity of TEOS is the second highest. The relative
proportion of each characteristic peak is different from that of the blue line (TMOS), which may correspond to different
Si-O bonding environments (such as the connection mode of silicon-oxygen tetrahedrons and the degree of defects). The
intensity of TBOS is the lowest, suggesting that its silicon-oxygen structure has low compactness and functional group
density, or there are many structural defects.

Combined with the molecular structure (Figure 7) of silicate precursors and XRD/SEM characterization results
(Figures 1 and 2), TMOS with a shorter carbon chain exhibits less steric hindrance around its silicon center and lower
activation energy for hydrolysis-condensation reactions, enabling rapid and uniform formation of an ordered Si-O-
Si network. This is consistent with the previously observed higher crystallinity and dense microstructure; in contrast,
TEOS and TBOS with longer carbon chains show increased steric hindrance and higher activation energy, leading to

incomplete hydrolysis-condensation reactions. Ultimately, defective and loose structures are formed, with crystallinity
significantly lower than that of TMOS.
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Figure 7. Molecular Structure of TMOS (a), TEOS (b), and TBOS (c)

Compared with the MgF,/ZnS double-layer coating by Ding et al.,"”” the TMOS-based coating in this study
achieves a higher visible light transmittance (up to 96%) and a lower IR transmittance (~ 40%), demonstrating superior
synergistic performance in antireflection and infrared shielding. In terms of environmental stability, the TMOS coating
exhibits an ultra-low transmittance attenuation rate of 0.02% under UV15 aging, which is significantly lower than
that of the chitin nanofiber composite coating by Zhang et al.,'” highlighting its outstanding long-term optical stability
for outdoor applications. However, the TMOS coating shows a relatively higher attenuation rate (0.88%) under dust
abrasion compared to the all-inorganic porous coating by Ji et al.,'” indicating that its mechanical wear resistance still
has room for improvement, which can be addressed through composite modification or process optimization in future
work.

4. Conclusion

This study addresses solar energy loss from Photovoltaic (PV) glass reflection and efficiency degradation due to
Infrared (IR) thermal effects, investigating the influence of silicate precursors with varying carbon chain lengths (TMOS,
TEOS, TBOS) on PV glass coating performance. XRD and SEM show TMOS coatings exhibit higher crystallinity and
denser, smoother microstructures, while TEOS/TBOS form rough, porous structures due to longer chains. Optical tests
reveal TMOS coatings achieve the highest visible light transmittance (up to 96%) and lowest IR transmittance (~ 40%),
demonstrating optimal light regulation. After 24-month stability and simulated aging tests, TMOS coatings show ultra-
low transmittance attenuation (e.g., 0.02% under UV15), confirming excellent anti-aging durability. The study confirms
short-chain TMOS as the optimal precursor for high-performance PV glass anti-reflection coatings, offering a viable
solution to enhance PV system efficiency and longevity.
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