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Mesoporous silica-based abrasion resistant
antireflective (AR)-cum-hydrophobic coatings on
textured solar cover glasses by a spray coating
techniquet

Srikrishna Manna,?® Milan Kanti Naskar ¢ ? and Samar Kumar Medda ) *

The present work describes the fabrication of functionalized mesoporous silica based antireflective-
cum-hydrophobic coatings on textured solar cover glasses via a spray-coating technique; the fabricated
coatings exhibit good abrasion resistance. The thicknesses of the AR and hydrophobic layers have been
varied in the ranges of 350-500 nm and 30-45 nm, respectively. The application of a bilayer coating on
textured solar cover glass resulted in a significant enhancement of >4% in the average solar transmission
in the wavelength range of 400-1100 nm. A hydrophobic coating with self-cleaning properties was
designed on the mesoporous silica coating, and it exhibited an enhancement of the photo-current density
(mA cm™2) of 4.65% under simulated solar light of 1 sun with a maximum output power enhancement of
>4% based on [-V (ampere-volt) characterization. After 50 cycles of sandpaper (80 mesh) abrasion
testing of the coated solar cover glass, its water contact angle value was reduced from 130° to 105°, and
50 h UV radiation exposure testing confirmed that there were no significant changes in the coating
quality. These results indicate the good durability, abrasion resistance, and AR/hydrophobic properties of

rsc.li/materials-advances the coatings.

1. Introduction

The generation of solar power as a renewable energy source is
highly important in society for a variety of applications.'™®
In the current scenario, the development of Si solar cells or
photovoltaic cells that convert direct sunlight into electric
energy is drawing increasing attention because it prevents
environmental pollution. Solar cell modules are normally
fabricated by sandwiching an Si solar cell between a back sheet
and a cover glass (front sheet) and sealing them with a resin
material. The cover glass of the solar cell that protects the
power-generating elements contains silicon or other related
materials in its interior. In order to improve the conversion
efficiency of the solar cell, the cell should take in a greater
amount of sunlight. Accordingly, the cover glass must have
excellent transparency and low reflectivity. For this reason, the use
of mesoporous silica, which has thick pore walls with excellent
hardness and a low refractive index, as a coating material could
enhance both the normal and diffuse transmission of light
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through the solar cover glass (antireflective (AR) effect) to the
solar cell, resulting in an increase in photocurrent. Presently,
‘millimeter scale textured solar cover glass’ (MSTSCG), which is
the third-generation solar cover glass, is capable of trapping
extra light, and has the advantages of antidazzle and positive
temperature effects, is being used. Still, there exists ample scope
for research to further improve the light-harvesting properties of
such textured solar cover glasses. The lifetime of cover glasses for
solar cell applications is also an important factor in fabricating
solar cell modules. As the cover glass is exposed to open air, dust
particles may adhere to it, reducing its transparency and thus
decreasing the conversion efficiency of the solar cell module.'
To maintain the conversion efficiency of the solar cell at a
desirable level, the cover glass must be coated with a protective,
hard and hydrophobic layer with low reflective properties. The use
of mesoporous silica with a relatively ordered pore structure as a
coating layer has been proven to achieve better light conversion
efficiency with easy cleaning and maintenance.*™®

Various approaches have been used to apply thin coatings
on ‘solar cover glasses’ (SCGs) and solar cells to increase the
efficiency and durability of the coatings deposited on solar
panels or modules. Silica-based AR coatings with disordered
pore structures have been reported for photovoltaic cells,”** solar
glass and ophthalmic lenses. To improve their moisture resis-
tance or hydrophobicity, fluorosilane* ® and hexamethyldisilazane
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(HMDS)® based precursors have been used. Some of the reported
coatings have been applied on solar cover glass or solar cells and
cured at high temperature with a low solar photo-current.*>*¢
R. Ding et al.'” developed a broadband double-layer AR coating via
a solvent evaporation self-assembly method using two different
mesoporous films. The broadband AR coating increases the power
conversation efficiency of solar cell by 1.23% for quartz, 1.31%
for borosilicate glass and 1.37% for K9 glass. Attempts were
made to develop AR coatings via a sol-gel route on glass and
other substrates using a single- or double-layer deposition
technique.”” " Furthermore, single-, double- or multilayer AR
coatings, some with hydrophobic surfaces, on glass and solar
cover glass substrates using mesoporous or low-refractive-index
materials to enhance transmission or the photo-current efficiency
of the solar cell have also been reported.”** However, these
coatings showed relatively low photo-current efficiency (<3%).
Gundulahelsch et al.* prepared an AR coating with self-cleaning
and photo-catalytic properties on solar cover glass using a SiO,—
TiO, sol via a dip-coating technique. Vipul Jain et al. reported a
silica-based nano-coating on solar glass with 3% transmission
and a water contact angle range of 109-112° using a dip-coating
technique.*

With these motivations, in this work, the main objective was
to develop a silica-based transparent, protective, hard and
hydrophobic mesoporous coating on the millimeter scale for
textured solar cover glasses (MSTSCG) that would increase the
transmission to >3% and consequently enhance the output
photocurrent, as well as exhibit self-cleaning properties, via the
spray-coating technique. To obtain a suitable AR effect using a
monolayer AR coating, the refractive index (RI) of the AR
coating layer should be the geometric mean value of the
refractive indices of air and the substrate (1,7,)"/%. The optical
glass of transparent components generally has a RI of 1.47-
1.92. Therefore, the RI of the AR film must be in the range of
1.21-1.38. Here, the solution for the AR coating was prepared
using a silica precursor in the presence of pluronic F127
as co-block polymer via a sol-gel technique. The refractive index
value of the thin films was optimized by varying the concentrations
of the precursors and surfactants. The coated samples were
characterized using FTIR, AFM, TEM, TG and GIXRD studies,
along with evaluation of the adhesion, abrasion, optical
transmission, durability and -V (ampere-volt) characteristics of
the coatings.

2. Experimental details
2.1 Materials

All chemicals were used as received. Tetraethyl orthosilicate
(TEOS), methyltriethoxysilane (MTES), the surfactant Pluronic
F127 (EO;10oPO70EO;00; Mol. Wt = 12600 g mol ') and
1,1,1,3,3,3-hexamethyl disilazane (HMDS) were supplied by
Sigma-Aldrich, while ethanol, 1-propanol, 1-butanol, N-methyl-
2-pyrrolidone, and HCI (35.4%) were obtained from MERCK
Specialties Pvt. Milli-Q (Millipore) water (18.2 MQ) was used
throughout the study.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Variation of the Rl values of the thermally cured coatings derived

from base coating sols having different F127 concentrations (with 6.5 wt%
of SiO, equivalent)

Sample Concentration of F127 present RI value of the thermally cured

name in the base coating sol (wt%) coating (measured at 633 nm)
SF-3 3 1.355 £ 0.005
SF-5 5 1.328 £ 0.005
SF-6 6 1.292 +£ 0.005
SF-7 7 1.288 £ 0.005
SF-8 8 1.269 £ 0.005

2.2 Preparation of sol for AR coating

For the preparation of nanocomposite AR coating sol, MTES
(0.0913 mol) and TEOS (0.1875 mol) were mixed with 1-butanol
(0.2844 mol), followed by adding a mixed solution of HCI
(0.00122 mol), water (0.202 mol), 1-butanol (0.036 mol) and
N-methyl-2-pyrrolidone (0.10 mol) to the former solution.
After stirring for 10-15 min at room temperature (RT) (25 +
2 °C), the solution was then heated at ~60 °C for 60 min followed
by cooling at RT to obtain solution A. The surfactant F127
(0.0012328 mol) was mixed with ethanol (3.41 mol) under stirring
for 1.5 h to obtain solution B. Solution A was added to solution B,
maintaining the optimized 6.5 wt% SiO, equivalent and 6 wt%
F127 (designated as SF-6), under stirring for 60-70 min to obtain a
sol suitable for AR coating. In a similar way, by varying the
surfactant concentration to 3, 5, 6, 7 and 8 wt%, different sols
were prepared and designated as SF-3, SF-5, SF-6, SF-7 and SF-8,
respectively (Table 1).

2.3 Preparation of sol for hydrophobic coating

For the preparation a sol suitable for use as the hydrophobic
coating, a mixed solution of TEOS (1.23 mol), MTES (1.23 mol),
1-propanol (94.2 mol), water (7.9 mol), and ammonia (0.33 mol)
was prepared under stirring at RT for 2 h, followed by ageing for
4 days. To this, hexamethyldisilazane (HMDS) (0.9 mol) was
added for surface modification of the SiO, generated in the
above sol and aged at RT for another 3 days. The acid-based
‘Solution-A’ prepared for AR coating was added to the above
solution, maintaining the molar ratio of (TEOS + MTES):
1-propanol : water : ammonia: HMDS as 7.64:29:24.47:1:2.72
to obtain a 1.5 wt% SiO, equivalent (considering SiO, equiva-
lents from TEOS + MTES + HMDS) sol for the hydrophobic
coating sol.

2.4 Coating preparation

Prior to the deposition of coatings, the glass substrates were
first cleaned with detergent, followed by washing with tap water
and rinsing with distilled water, and then finally cleaned with
ethanol. In the first step, an AR coating was prepared on the
cleaned glass substrates using the AR coating sol via the spray-
coating technique (USI, Ultrasonic System Inc.). The deposited
coating was dried at 70-80 °C for 12 h and heat-treated at
450 °C for 1 h in an air oven (ramp rate 1.5 °C min~ ). The
thicknesses of the thus-obtained coatings were in the range of
350-500 nm through XY movement of the spray head twice with
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the optimized spray head operational parameters, i.e., flow rate
0.5 mL min ", head speed 100 mm s~ *, spray width 15 mm and
air pressure 20 psi. In the second step, the hydrophobic coating
was developed on the AR-coated substrate using the hydrophobic
coating sol via the above technique with a single XY movement
of the spray head with the following operational parameters:
flow rate 0.5 mL min~', head speed 200 mm s~ ', spray width
15 mm and air pressure 20 psi. The two-layered (AR and
hydrophobic) coated substrates were then dried at 60 °C for
1 h followed by heating at 180 °C for 2 h. The thicknesses of the
hydrophobic coating were designed to be 30-45 nm (<50 nm) to
avoid compromising the optical properties of the two layers.

2.5 Coating characterization

A spectroscopic ellipsometer (J. A. Woollam Co., Inc., USA) was
used to measure the thickness and RI of the coatings deposited
on single-side-polished Si-wafers. Coatings were developed on

View Article Online
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the substrates using an automatic ultrasonic spray-coating
technique (BT Prism 400, USI, USA). The attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectra of
the dried and heat-treated coatings were recorded using a
Bruker ECO (ALPHA) spectrometer in the range of 600-4000
em ' with a resolution of 4 em ™" and 200 scans. A UV/visible/
NIR spectrometer (PerkinElmer Lambda 900) was used to
measure the transmission spectra of the coatings. An X-ray
diffractometer (Rigaku SmartLab) operating at 9 kW (200 maA,
45 kv) using Cu-K, (4 = 1.54059 A) radiation was used for
low-angle XRD of the coatings; a grazing angle of 0.3° was
maintained with a scanning speed of 1° min~ " using a step size
of 0.02°. Thermogravimetric (TG) measurements were per-
formed using a Netzsch STA model 449F3 thermal analyzer at
a dynamic heating rate of 1.5 °C min™~'. Transmission electron
microscopy (TEM) measurements were carried out using a JEOL
2010 transmission electron microscope equipped with an EDX

(a) CH, CH
Hydrolysis .
cszo Si ogl.k A\ /V HO Si- OH + 3C2HSOH
H,0/H
MTES
OH
OGH, Hydrolysis
X —_— HO-Si—OH + A4CH.OH
GHO -~ Si- OGH, HO/H
OH
OGH;
TEOS
(b)
CHy OH CH OH
Condensation
HO Si- OH + HO Si  OH et HO Si- O Si- OH + H,0
OH OH OH OH
MTES modified silica sol
()
PO MTES modified
,\,pd C,H,0H silica sol

_
TN

Pluronic F127

Micelle

Drying at 80 °C
after spray coating

Mesoporoussilica AR coating

Surfactant modified inorganic-o¥ganic
hybrid coating

Scheme 1 The proposed reaction pathway during the preparation of the AR coating.
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(energy dispersive X-ray scattering) facility. TEM samples were
prepared by scraping the film and placing the scraped films on
a carbon-coated copper grid. The atomic force microscopy
(AFM, Nanosurf Easy scan 2, Switzerland) study (contact mode)
of the AR with the hydrophobic coated glass was performed
using a Nanonics instrument. Photocurrent measurement was
conducted using a Keithley instrument (4200 SCS) with an
attached solar simulator (model SS50AAA-EM, Photo Emission
Tech., Inc., Camarillo, California). Various characterization tech-
niques, including the cross-cut and adhesive tape test (ASTM D
3359), abrasion test using a lens coating pencil hardness tester
(ASTM D 3363), thermal test, and boiling saltwater test, were
carried out to evaluate/measure the mechanical strength and
chemical-resistance properties of the coatings.

3. Results and discussion
3.1 Preparation of sol

Various nanocomposite sols for the AR coating were prepared with
SiO, equivalent contents of 6.5 wt% and surfactant concentrations
ranging from 3-8 wt%. However, for the preparation of the sol for
the hydrophobic layer (second layer coated on the AR-coated film),
1.5 wt% SiO, equivalents were used in the absence of any
surfactant. The viscosities of the sols for the AR coating were
in the range of 5-6 mPa.s. The proposed reaction pathway for
the preparation of the AR and hydrophobic coatings is shown
schematically in Schemes 1 and 2, respectively. In the first
stage, TEOS and MTES undergo acid-catalyzed hydrolysis
to form Si(OH), and Si(OH);CHj;, respectively (Scheme 1a).

View Article Online
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The hydrolyzed species then undergo condensation to form
an MTES-modified silica sol (Scheme 1b). The non-polar group
-Si-CH; plays an important role in reducing the surface free
energy of the AR coating surface. During the formation of the
AR coating sol, the triblock co-polymer F127 (EO;¢oPO7,EO;0)
forms isotropic micelles in the presence of ethanol
(Scheme 1c). The micelles interact with the polymeric silica
sol through hydrogen bonding and/or the weak van der Waals
force. N-Methyl-2-pyrrolidone, a dipolar aprotic solvent having
the ability to dissolve a variety of materials, was used in the
solution to improve the wettability of the substrate to achieve
a uniform coating through the spray-coating technique.
Essentially, common solvents such as 1-propanol, 1-butanol
and ethanol mixtures evaporated first when the solution
droplets were sprayed from a certain distance (~60 mm) as a
mist on the texture glass with repeated XY direction movements,
which makes it difficult to control the specific thickness of the
coating materials. The coating was then oven-dried at 80 °C to
form a surfactant-modified inorganic-organic hybrid coating.
Upon heat treatment at 450 °C, the self-aggregated surfactants
were removed, generating a porous network in the deposited
silica films of the AR coating.

Scheme 2 shows a schematic representation of the preparation of
the hydrophobic coating. In this mechanistic pathway, HMDS inter-
acts with the hydrolyzed species of TEOS to form an HMDS-modified
silica sol having hydrophobic (CH;);Si-O linkages. Finally, the MTES-
and HMDS-modified silica sol interacts with the surface hydroxyl
groups of the porous silica network to endow it with a harder, more
hydrophobic coating via inorganic-organic hybrid moieties.*

(a)
CH, OH CH, OH
\ | Condensation \ \
\ | \ \
OH OH OH OH
MTES modifiedsilicasol
(b)
OH CH, H CH, OH

| \ \ \

HO— Si—OH + HC —Si— N Si—CH, === (CH,),Si0 SiOSi(CH,),+ NH,*

| | [
OH CH, CH

Silanol HMDS

(c)

3

|
OH

HMDS modifiedsilica

?Si(CHs)s

(CH,),Si0 — Si— OSi(CH ,),

(CH,),5i0 CH,

0Si(CH,;),

? s

(CH,),Si0 — Si—— OSi— 0 Si—0—Si—0— Si ~OSi(CH,),

(CH,),Si0

OSi(CH,),

Scheme 2 A schematic representation of the tentative reaction pathway during the preparation of the hydrophobic coating.
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450 °C for 1 h.

3.2 FTIR and GIXRD

Fig. 1a presents the FTIR spectra of the as-dried (60 °C/1 h) and
heat-treated (450 °C/1 h) AR coatings. The absorption bands at
2856-1961 ¢cm ' and 1350-1450 cm™' are due to C-H/CH,
stretching and bending vibrations, respectively. The peak at
1276 cm ™ is attributed to Si-CH;.** The characteristic asymmetric
and symmetric stretching vibrations of Si-O-Si were indicated by
the absorption bands at 1046 and 796 cm ™, respectively. However,
the as-dried AR layer showed the characteristic band of Si-OH at
946 cm ™ '.*>*® Interestingly, the peaks originating from organic
moieties (C-H/CH,) disappeared after heat treatment, indicating
the complete removal of organics from SiO,, except the Si-CH;
peak (1276 cm™ "), which was unaffected at this temperature.””
Thermal treatment of the coating resulted in a decrease in the
Si-OH peak (946 cm™") intensity and a shift of the Si-O-Si peak

g0 (@)
!

Enagy (V)

Fig.2 (a and b) TEM images of the AR nanostructured mesoporous
hydrophobic coating at different magnifications along with the (c) SAED
pattern (d) and EDS spectrum.

3212 | Mater. Adv., 2022, 3, 3208-3217

View Article Online

Paper

Intensity (a.u.)

05 10 15 2.0 25 30
20 (degree)

(a) ATR-FTIR spectra of as-prepared and heat-treated (450 °C/1 h) AR coatings and (b) low-angle XRD patterns of the AR coated glass heated at

from 1046 to 1051 cm™ ", indicating some silanol condensation,

which helps to further strengthen the silica network.

A low-angle XRD study was carried out to analyse the
mesostructural properties of the heat-treated AR coating at
450 °C (Fig. 1b). The broad reflection peak at around 0.7
(2 theta) indicates the porous nature of the silica layer.*®3°
The mesoporous silica coating was formed via the spray coating
technique due to the fast evaporation of the solvents, as well as

the heat treatment of the coating.

3.3 TEM analysis

To investigate the microstructural features of the coating, a
TEM study was performed (Fig. 2). Fig. 2a and b show the TEM
images of the scraped SF-6 coating at different magnifications,
along with the selected area diffraction (SAED) pattern (Fig. 2c)
and EDX spectrum (d). Low- and high-magnification TEM
images (Fig. 2a and b) confirm the mesoporous nature of the
SiO, coating with an average pore diameter of 6 nm. The
volume fraction porosity (P) of the coating was evaluated using
the Lorenz-Lorentz equation® and was found to be ~ 25% with
a pore size of ~6 nm. The SAED pattern (Fig. 2c) indicates the
amorphous nature of the coating, while the EDX spectrum
(Fig. 2d) reveals the presence of C, O and Si in the coated
sample.

34 AFM study

The hydrophobicity of a surface is dependent on both its
chemical composition and topography. An AFM study of one
representative hydrophobic film with a thickness of ~400 nm
was performed to examine the surface topography. Fig. 3 shows
an AFM image of the film covering an area of 20 x 20 um>.
The surface of the AR with the hydrophobic coating was found to
be spiky or micro/nano in nature with a root-mean square (rms)
roughness value of about ~64 nm. This type of surface topo-
graphy favours a mesoporous-silica-based AR-cum-hydrophobic
coating surface. The photovoltaic performance will completely
depend on the AR-cum-hydrophobic mesoporous silica, which
could improve the light trapping mechanism and reduce the
surface reflection of incident light.”® The light scattering of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) An AFM image (20 x 20 pm? area) showing the surface topography of a representative coating with a thickness of ~400 nm and (b) the peak
height profile of the coating. The rms surface roughness value obtained from the image is ~64 nm.

mesoporous hydrophobic surface is strongly related to the surface
roughness, which was characterized using AFM. Therefore, it
increases the diffuse transmitted light from the incident beam
scattered on the rough surface with a reduction of Fresnel
reflection in the polycrystalline silicon solar cell.

3.5 Properties of the coatings

Fig. 4 shows the spray-coating technique for the preparation of
the AR with a hydrophobic layer onto a >300 x 300 mm?® solar
cover glass. The optimized thickness of the coating (350 to
500 nm) shows an RI value of 1.295 + 0.005 during the thermal
decomposition of the surfactant, enhancing the porosity of the
thin film. Hence, lowering the refractive index of the film,
which is optically transparent and crack-free, helps to improve
the optical performance of the polycrystalline silicon solar cell.
The cross-cut scotch tape test (following the DIN 53151 or
ASTM D 3359 specification) of the coating showed no damage,
indicating good adhesion of the coated material to the
substrate. The surface hardness of the AR coating was ~5H
(ASTM D 3363), and after the deposition of the hydrophobic
coating on it, a hardness value of ~3H was obtained. Table 2
shows the properties of the coatings derived from specific sols.
After the application of hydrophobic coatings of thicknesses of
30-45 nm on top of the AR coating, the water contact angle
(WCA) was in the range of 127 + 3° with a hysteresis value of

Coating deposition

10 £ 2° without affecting the AR, output power or photocurrent.
The surface hydrophobicity increased due to the functionalization
and micro/nanostructure of the AR coating fabricated on the
millimeter-scale textured solar glass. Measuring the transmission
spectra in the solar-sensitive wavelength range of 400-1100 nm on
the double-layer AR-cum-hydrophobic coated SCGs for different
sets of coating compositions (SF-3-SF-8), it is clear that the
average solar transmission is increased >4% with a decrease in
the reflection (average ~4%) in SF-6 (Fig. 5 and Table 3). Lower
light transmission values were observed in case of the SF-3 and
SF-5 coatings compared to SF-6 due to the higher refractive index
values and lower percentages of pores on the thin film surface.
On the other hand, SF-7 and SF-8 coated glasses were found to
show little adverse effect due to the higher percentages of
surfactants present in their compositions. Fig. 5 shows the
transmission spectra of the different compositions, along with
that of uncoated SCGs for comparison.

To determine their long-term durability in atmospheric
conditions, the mechanical properties of the AR-cum-hydrophobic
coating were evaluated via an abrasion test followed by
measurement of the contact angle of the coating. For this test,
80 mesh sandpaper and a 100 g weight are required.*" First, the
80 mesh sandpaper was placed on the coated substrate and the
100 g weight was loaded on the sandpaper. The sandpaper was
then pulled slowly over a distance of up to 6 cm on the coating
area for 50 cycles. After 50 such cycles, the static WCA value

>
>

Fig. 4 Spray-coating technique for the fabrication of the AR coating with a hydrophobic layer onto >300 x 300 mm? solar cover glass.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Detailed test results for the mesoporous-silica-based AR and hydrophobic coatings on solar glass

Name of the test/physical property

Specifications

Results

Visual appearance —
Average transmission (%T)

Thickness -

Refractive index (RI)
Adhesion

Pencil hardness
Volume fraction porosity and pore size —
Water contact angle (WCA) —
Maximum photo-current density (Jsc) —

Optically clear

Overall %T increases about 4-5% (in the wavelength range of 400-1100 nm)
as compared to bare solar glasses

AR coating: 350-500 nm

Hydrophobic coating: 20-45 nm

1.295 £+ 0.005

DIN 53151 or ASTM D 3359 ASTM class 5B (highest standard)
ASTM D 3363

& 5H; after hydrophobic coating

23-27% with a pore size of 5-7 nm

127 + 3° and hysteresis of 10 + 2°

Increases >3 to 4.5% compared to solar panels available on the market

|
135 l l
WCA 13041°
130
WCA 126+1°
[ 125 i WCA 123+1° l
) []
3 — Uncoated Solar cover glass (SCG) < 120- -]
E 704 —— SF6 Coated SCG O WCA 11541°
) SF7 Coated SCG = 4454 ] ]
c g )
® —— SF8 Coated SCG WCA110:1°
[ SF3 Coated SCG 1104 []
X 604 —— SF5 Coated SCG WCA 10541°
105 - []
1 00 T T T T T T
50 0 10 20 30 40 50
-1 r 1r 1 r° 1+t 1 71
300 400 500 600 700 800 900 1000 1100 No of cycles
Wavelength (nm) Fig. 6 Water contact angle (WCA) value (SF-6) after different numbers of

Fig. 5 Transmission spectra of bare (uncoated) solar cover glass (SCG)
and those of AR-coated SCGs using different coating compositions.

(average data of ~10 points) was reduced to 105° from its
initial value of 130°, indicating the good abrasion-resistance
properties of the coatings (Fig. 6). This indicates that the AR/
hydrophobic properties remained unchanged after the
abrasion test without any damage to the coating.

To determine the thermal stability of the films, the final
AR sol was evaporated to dryness via heat-treatment at 80 °C
for 12 h and subjected to a thermogravimetric (TG) study.

abrasion cycles.

The results are shown in Fig. 7. It was observed that the weight
loss up to 300 °C corresponded to the liberation of moisture,
trapped solvents and other volatile components present in the
material. The TG curve shows an approximately 22.5% weight
loss up to about 300 °C; above this temperature, the decom-
position of organic components began, and beyond 450 °C, no
noticeable weight loss was observed.

We also evaluated the stability of the coated films with
respect to UV radiation exposure (in a UV chamber) by measuring

Table 3 Percent transmission data of uncoated, AR-coated and AR-cum-hydrophobic coated millimeter-scale textured solar cover glasses (MSTSCG)

Average % transmission
in the wavelength region

Increase in % transmission due to AR-
and AR-cum-hydrophobic coatings in
comparison to the uncoated solar glass
in the wavelength region

Sample 400-800 nm 800-1100 nm 400-800 nm 800-1100 nm
Millimeter-scale textured solar cover glass (SCG) (uncoated) 82.59 82.15 — —

SCG with SF-3 AR and hydrophobic coating 84.95 84.72 2.36 2.57

SCG with SF-5 AR and hydrophobic coating 85.07 84.38 2.48 2.23

SCG with SF-6 AR and hydrophobic coating 87.01 87.12 4.42 4.97

SCG with SF-7 AR and hydrophobic coating 86.82 86.83 4.23 4.68

SCG with SF-8 AR and hydrophobic coating 85.90 86.41 3.31 4.26
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Fig. 8 Evaluation of the maximum output photo-power and short circuit
current of the mesoporous-coated and uncoated textured solar cover glass.

their WCA values. For this purpose, coatings of about 350 nm in
thickness were prepared on solar cover glass substrates and their
WCA values were measured as a function of the exposure time
to UV energy radiation (intensity UV-A: 83.75 W m 2 UV-B:
13.75 W m™ 2, sample surface temperature: 60 °C). From the test
results, it was observed that after continuous UV exposure for
50 h, the WCA of the coating changed slightly from 130° to 124°,
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resulting in no significant changes in the percent transmission,
which indicates the good durability of the coatings.*

3.6 Solar performance

Polycrystalline solar cells were used to investigate the effect of
the optimized mesoporous silica AR-cum-hydrophobic coating
on the performance of the solar cell. Standard 1 sun light from
a solar simulator was illuminated (illuminated area: 2 x 2 cm?)
on a silicon solar cell with a coated textured solar cover glass
and compared with an uncoated textured solar glass using a
Keithley 4200-SCS unit to measure the electrical power through
the I-V curve. From the I-V curve, it was found that maximum
current density, J,. (mA cm™?) of the SF-6 coated SCG substrate
was increased up to 4.65%, and, interestingly, the maximum
power output was also enhanced up to 4.0% compared to that
of the uncoated solar cover glass substrate (Fig. 8 and Table 4).
This also further supports the average increase of 4.66% in the
light transmission value in the wavelength range of 400 to
1100 nm (Fig. 5) compared to that of the uncoated SCG. The AR
performance and light-trapping efficiency were improved on
the porous coated textured glass via the diffuse transmission
mechanism with a reduction of the Fresnel reflection, which
increases the optical path length of light to enhance the current
density (Js) in the solar cell.

Table 4 shows the details of the I-V data of the samples
coated with coatings of different compositions (SF-3, SF-5, SF-6,
SF-7 and SF-8) along with the uncoated SCG and reference open
solar cell. We achieved excellent -V results through enhanced
light trapping and charge carrier density using our optimized
coated solar cover glass substrate as compared to the results
obtained using commercially available ARC glasses on poly-
crystalline silicon solar cells. Therefore, the enhancement in
the performance of the polycrystalline solar cells exceeded the
gain in the light transmittance of the textured solar cover glass.

4. Conclusions

The present work describes the fabrication of mesoporous-
silica-based transparent, hard, and antireflective (AR) coatings
(thickness: 350-500 nm) with hydrophobic (WCA: 124-130°)
surfaces on millimeter-scale textured solar cover glasses via a
spray-coating technique. The coatings increased the photo-
current density (Ji) or power generation efficiency of solar mod-
ules and exhibited easy maintenance and/or self-cleaning

Table 4 Maximum photocurrent (/may), Maximum voltage (Vimax), and maximum power (Ppax) output from a standard solar cell without cover glass, with
commercial millimeter-scale textured cover glass, and with porous silica-coated commercial textured glass substrates under 1 sun for a projected

illumination area of 5 x 5 cm?

Sample Jse (MA cm™?) Voe (V) Imax (MA) Vinax (V) Prax (MW)
Solar cell without cover glass (SCG) (1 sun on open solar cell) 46.57 2.32 163.65 1.70 277.62
Cell with SCG (uncoated) on the solar cell 43.00 2.32 155.12 1.70 263.16
Cell with SF-3 AR- and hydrophobic-coated SCG 44.85 2.32 159.90 1.70 271.71
Cell with SF-5 AR- and hydrophobic-coated SCG 44.88 2.32 160.10 1.70 271.71
Cell with SF-6 AR- and hydrophobic-coated SCG 45.00 2.32 161.63 1.70 274.20
Cell with SF-7 AR- and hydrophobic-coated SCG 44.66 2.32 162.20 1.70 275.17
Cell with SF-8 AR- and hydrophobic-coated SCG 45.20 2.32 159.71 1.70 270.94
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properties. The bilayer-coated millimeter-scale textured solar glass
showed an increase in average solar transmission of >4% due to
the reduced reflection (average ~4%) in the wavelength range of
400-1100 nm. The maximum output current density ( Jsc) of the
fabricated solar cell (compared to those available on the market)
increased by >3 to 4.6% (under 1 sun illumination), while the
surface hydrophobicity increased after functionalization due to the
micro/nanostructure of the AR coating fabricated on millimeter-
scale solar glass. After 50-cycle sandpaper (80 mesh) abrasion
testing, the WCA value was reduced from 130° to 105°, and the
coating could withstand >50 h UV radiation exposure testing,
indicating the durability and good abrasion resistance properties of
the coatings. Therefore, these AR and hydrophobic coatings on
solar cover glass could be useful to trap more sunlight in silicon
solar cells for higher conversion efficiencies, and they would be
applicable in harsh and rough environments. Therefore, this cost-
effective, highly abrasion-resistant AR and hydrophobic coating
could be effectively utilized to achieve superior photo-power per-
formance in solar cells to fulfill global energy demands.
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