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Abstract
Antireflection coatings (ARCs) have become one of the key techniques for mass production of Si solar
cells.They are generally performed by vacuum processes such as thermal evaporation, sol-gel and
plasma-enhanced chemical vapor deposition. In this work, RF sputtering method was adopted to prepare
the ARCs for the non-textured polycrystalline Si solar cells. The RF sputter coated SrTiO3, BaTiO3 and
SrTiO3-BaTiO3 (mechanical blends) Si solar cells were inspected through various characterisation
techniques. Through RF sputter deposition technique, thin films with good uniformity can be achieved
easily. The influence of ARC on solar cell samples were studied through evaluation of structural, optical
and electrical properties of coated and uncoated samples. The structural characterization was carried out
by X-ray diffraction (XRD) and scanning electron microscopy (SEM). The electrical resistivity was
measured in dark at room temperature using four-point probe technique. UV-visible spectroscopy was
utilised for determining optical characterization. It was found that SrTiO3-BaTiO3 blend coated cell (M3)
has considerable effect on the performance of solar cell as compare to uncoated and other coated solar
cells. The maximum power conversion efficiencies (PCE) of 19.58% and 21.15% were achieved for M3
solar cell in presence of solar and neodymium irradiation under open and controlled atmospheric
conditions. Based on the results, SrTiO3-BaTiO3 blends found to be an appropriate ARC material for
minimising scattering of incident photons.

1. Introduction
The major portion of energy need for entire world has been acquired from combustion of fossil fuels. Due
to the incomplete combustion of fossil fuels, some of the serious effects were imposed over the
environment such as excessive emission of greenhouse gases, increase in global temperature, melting of
ice glaciers etc., In addition to these problems, availability of fossil fuel is decreasing day by day at faster
rate. One of the major alternative energy sources in place of conventional energy source is found to be
solar energy. The light and heat from solar radiation can be easily converted into electrical and thermal
energy. The generated photo-energy was obtained with zero percent carbondioxide emission and hence
does not impose a serious impact on the environment. Solar energy is abundant and renewable in nature.
The total global energy need can be satisfied with the solar radiation reaching the earth’s surface
throughout the year. The land required for solar panel installation is found to be lesser than the global
desert area for achieving global energy need. Solar panels are easier to install and holds higher working
life [1].
Photovoltaic cells are semiconducting devices which are capable of converting incident light energy into
useful electrical energy. Among different solar cells, silicon based solar cells exhibit higher stability and
better photo-conversion ability [2, 3]. Light harvesting optical materials have been explored more in recent
times and categorised based on their functionality. Polycrystalline silicon solar cells are available at
lesser cost with nominal output efficiency [4, 5]. Certain limitations such as reflection loss, electrical loss
etc., hinder the photo-current generation, which are being encountered and researchers have been working
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to solve those issues. Reflection loss in solar cells occurs due to the scattering of incident photons from
the cell surface. The surface reflection inhibits certain photons from reaching the depletion region. The
utilisation of reflected photons at certain extent will surely improve the overall efficiency of solar cell [6].
The optical transmittance of solar cells can be enhanced through the employment of thin antireflective
surface films over solar cell surface [7–9]. The purpose of antireflection coating is to eliminate blurred
vision, enhance optical transmittance and reduce the lens flare in display screens, photovoltaic devices
and digital camera lenses [7, 10, 11]. Some of the materials which have antireflective property are
monazite, zirconia, ZnS, SiO2, MoS 2, MoSe, ZnSe, Al2O3, TiO2 etc., [6, 7, 12–15].
Perovskite based antireflective thin films are seemed to be have explicit antireflection property. Perovskite
materials with refractive index between 1.003 (air) to 3.42 (silicon) tends to have better light trapping
ability. In general, perovskite materials are crystals with regular arrangement of ABX3. Some of the
paraelectricoxide materials with refractive index within the optimal limit are found to be SrTiO3 and
BaTiO3. SrTiO3 has attracted great attention because of large dielectric constant, photo-electric,
photocatalytic, photovoltaic and optical properties[16]. BaTiO3 perovskite material is one of the potential
materials exhibiting better electrical properties and hence utilised in the field of photovoltaics. The
photocurrent generation in single and bulk crystal of BaTiO3 majorly depends on its grain size and
chemical composition. The main reason for the photocurrent generation in BaTiO3 single crystal is due to
the existence of potential variations and space charge fields across crystal boundaries [17]. On summing
up of photovoltage generated at smaller extent from polarized BaTiO3 grains, it results in higher
photovoltage generation [18]. Through simple low temperature processing techniques such as sol–gel,
thermal evaporation technique and hydrothermal technique, synthesis of SrTiO3 and BaTiO3 can be
achieved [19]. Antireflective coatings are being deposited majorly in presence and absence of vacuum
atmosphere. Some of the vacuum deposition methods for obtaining thin film coatings are found to be
laser ablation, ion plating, sputter deposition, pulsed laser deposition and series of chemical vapour
deposition methods. Coating techniques such as electrodeposition, spin coating, dip coating, screen
printing, doctor blading, knife edge deposition and slot die deposition are commonly categorised under
non-vacuum method of coating [20]. As compared to vacuum method, the non-vacuum method exhibit
non-uniform deposition at most of the instances and identified to be insignificant for large area
deposition. For achieving the uniform thin films, sputter deposition is highly preferred and adopted for
perovskite thin film deposition over front contact of multicrystalline silicon solar cell.
This research work predominantly focusses on improving the photocurrent generation ability of
multicrystalline silicon solar cell through thin film sputter deposited perovskite films. Four solar cell
samples such as uncoated cell, SrTiO3 coated cell (M1), BaTiO3 coated cell (M2) and SrTiO3 - BaTiO3
blends coated cell (M3) were analysed under sun and neodymium illumination. Incident photon reflection
can be controlled through incorporation of antireflective coating material. The antireflective material
should hold certain properties such as (i) refractive index of material should be in between the refractive
indices of atmospheric air and coating substrate material with better optical property (ii) thickness of thin
film coating should be approximately equal to one-fourth of incident wavelength of photons [7]. Instead
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of single antireflection material coating over solar cell at varying thickness, the coating of various
materials and their blends individually deposited over cell surface under optimal operating condition
found to be more effective approach. With the multilayered coating of MgF2/ZnS on front contact of Si
cells resulted with improved cell efficiency of 19.1% [21]. The three coated and one uncoated solar cell
samples were analysed under open and controlled atmosphere under optimal coating condition. Among
all solar cell samples, the perovskite blends coated solar cell exhibited maximum efficiency of 19.58 %
and 21.15% under solar and neodymium radiation. Thus blended perovskite composition holds
maximum light trapping ability than other coated cells.

2. Experimental Details

2.1 Materials
Highly pure powder of perovskite (SrTiO3 and BaTiO3) purchased from Merck Company was used to
prepare the sputtering solid target. Commercial silicon solar cell with a dimension of 5.2 cm × 3.8 cm was
purchased from Vikram Solar, India. The purchased raw materials were engineered and used in the
coating process.

2.2 Sputtering target Preparation
The RF sputter coating process requires a solidtarget coating material. Universal testing machine was
utilized to construct the solid target using 15 g of perovskite SrTiO3 and BaTiO3 powders by applying 1.5
GPa compressive load on the Mild Steel die. Eventually, the solid target (pellet) was prepared by SrTiO3,
BaTiO3 and SrTiO3-BaTiO3 blended targets with the achievable thickness of 5 mm and diameter of 50
mm through pelletizing process.

2.3 Sputter coating processes
SrTiO3, BaTiO3, SrTiO3-BaTiO3 blends were deposited over various substrate of silicon solar cell by using
RF sputtering technique. SrTiO3-BaTiO3 comprises of equal proportion (1:1) of SrTiO3 and BaTiO3. The
mixture was then grinded mechanically using mortar and pestle for about 120 minutes in order to achieve
almost uniform distribution. The gap between the target and substrate was approximately 5 cm in this
process. First and foremost, the silicon solar cell surface was cleaned ultrasonically with acetone,
methanol and de-ionized water and then cleaned solar cell was loaded into the target holder. For SrTiO3
and BaTiO3 solar cell samples, SrTiO3 and BaTiO3 were coated individually through RF sputtering
technique. For coating of SrTiO3-BaTiO3 blends, the mechanically grinded mixture was pelletized and
then loaded in substrate holder. Pre-sputtering process was conducted for 10 min before the coating of
SrTiO3, BaTiO3 and SrTiO3-BaTiO3 thin films on the solar cell surface. Subsequently, the target surface
was cleaned with the help of C2H5OH to eliminate contamination. The thin film perovskite antireflection
coating was performed on the polycrystalline silicon solar cells with optimum deposition time of 30 min.
SrTiO3 (M1), BaTiO3 (M2), SrTiO3-BaTiO3 (M3) blends were individually deposited on the solar cell
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substrate as seen in Fig. 1. Table 1 displays the different technical process parameters of RF sputter
coating method.
Table 1
Operating parameters for RF sputtering of SrTiO3, BaTiO3, SrTiO3- BaTiO3 blends thin film deposition
S.No.

Influencing Parameters

Operating condition

1.

Substrate material

Commercial silicon solar cell

2.

Target material

SrTiO3, BaTiO3 & SrTiO3- BaTiO3 blends

3.

Operating gas

Argon gas

4.

Coated samples

SrTiO3 (M1), BaTiO3 (M2) & SrTiO3- BaTiO3 blends
(M3)

5.

Pressure in vacuum chamber

6.5×10− 2 mbar

6.

Operating temperature

Room temperature

7.

Coating duration

30 min (each layer)

8.

RF supply power

350 watts

9.

Distance between target and
substrate

5 cm

10.

Optimal coating time

30 minutes

Table 2
I-V characteristics under open source environment
Solar cell

Rs

Rsh

Jsc

Voc

FF

(Ω cm2)

(Ω cm2)

(mA/cm2)

(V)

(%)

Uncoated

0.55

1125

32.14

0.632

76.3

15.01

SrTiO3 (M1)

0.49

1588

34.01

0.633

76.7

15.87

BaTiO3 (M2)

0.46

1801

37.71

0.648

77

17.84

SrTiO3- BaTiO3 blends (M3)

0.41

1945

39.09

0.656

78.2

19.58
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PCE - η (%)

Table 3
I-V characteristics under controlled atmospheric condition
Solar cell

Rs

Rsh

Jsc

Voc

FF

(Ω cm2)

(Ω cm2)

(mA/cm2)

(V)

(%)

Uncoated

0.50

1389

33.42

0.635

75.1

15.92

SrTiO3 (M1)

0.47

1674

36.73

0.641

77.1

17.98

BaTiO3 (M2)

0.46

1933

39.5

0.645

77.5

19.38

0.40

2181

41

SrTiO3- BaTiO3 blends (M3)

0.667

PCE - η (%)

78.1

21.15

2.4 Characterization techniques
The structural properties of M1, M2 and M3 solar cells were analysed through X-ray diffraction pattern.
The field emission scanning electron microscope (FESEM) was used to understand the surface
morphology and cross-sectional thickness of sputter deposited silicon solar cells. The chemical
composition of M1, M2 and M3 silicon solar was analysed through FESEM coupled with EDAX. The
surface roughness of perovskite coated and uncoated silicon solar cells was investigated using an
atomic force microscope (AFM). The UV–Vis Nir spectrometer was used to analyse the optical
characteristics (reflectance and transmittance) of uncoated and sputter coated silicon solar cells. Fourprobe method and Van der Pauw technique was used to examine the Hall mobility, resistivity, and carrier
concentration. The electrical characteristics (current – voltage) of the uncoated (bare cell), M1, M2 and
M3 silicon solar cells were calculated by using Keithley meter. Temperature behaviour of various solar
cells was analysed through thermal imager.

3. Results And Discussion
The elemental constitution and crystalline nature of antireflective coated solar cells were analysed
through XRD analysis (X’ Pert PRO Panalytical). The diffraction peaks of various layered coatings such
as SrTiO3, BaTiO3 and SrTiO3-BaTiO3 blends were represented in Fig. 2. From XRD results, the degree of
crystallinity of SrTiO3 (cubic structure) and BaTiO3 (tetragonal structure) powders were examined. For
each layer coated sample, the inclusion of crystalline peaks confirms that the coated substrate is a
crystalline silicon. The average peak width was found to be directly proportional with average crystallite
size and the sharpness of peaks indirectly reveals the level of crystallanity. The obtained diffraction
peaks of various samples were compared with the standard diffraction peaks of uncoated silicon solar
cell. The individual elemental constituents were also determined through EDAX analysis.
The two dimensional images of uncoated and various perovskite coated solar cell samples were shown
in Fig. 3(a-d). The sputter deposited thin surface films comprising of finer grains, which leads to
uniformly distributed particles under the influence of high voltage supply. The sputtered fine particles
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were distributed in compact manner under vacuum atmosphere. From FESEM analysis, it is evident that
coated perovskite materials were interconnected as rounded clusters of layered deposition. The grains
size of SrTiO3 and BaTiO3 sputtered thin films were found to be nearly closer in range. But in SrTiO3BaTiO3 blend coating, the grain size is seemed to be quite high and densely packed. With the various
experimentation, it is anticipated that increasing thin film layers literally increases the grain size and
thickness of coatings[22]. The grain size of coated particles varies in the range of 68 and 98 nm. For
larger grain size, there is a possibility of easy transfer of atoms from one grain boundary to another. This
indirectly increases the electrical properties of solar cell. In SrTiO3/ BaTiO3 multilayer thin films, size of
grain increases with subsequent increase in average relative intensity. This depicts the gradual
improvement in crystallanity of coated thin films. The cross sectional image of different sputter coated
antireflective thin films were examined through FESEM analysis and the same is depicted in Fig. 4.
Through SEM analysis, the each materials were found to be intact with the front contact of silicon solar
cell surface. It is noted that coated materials do not impregnate with the surface of coating substrate.
The individual layer thickness were obtained through FESEM analysis as 108 × 10− 9, 132 × 10− 9 and 158
× 10− 9 m.
The coated solar cell samples were examined through EDAX analysis. With the help of EDAX technique,
individual elemental constitution of coated thin films can be determined easily as represented in Fig. 5.
From the obtained peaks, it is evident that the M3 solar cell contains Si, Sr, Ba, Ti, O, Ag and Au. Si was
found to be in maximum quantity, as it is the fundamental element of polycrystalline solar cell. Sr, Ti and
Ba were found to be in considerable quantity, which confirms the coated perovskite material in M3 solar
cell. In addition to this, existence of Ag in fingers and busbars and Au in minimal traces were confirmed
through EDAX analysis. The atomic and weight percentage obtained through EDAX analysis were listed in
Fig. 5. The M3 silicon solar cell substrate was investigated through EDAX as shown in Fig. 5, and the
atomic levels acquired are tabulated.
The surface roughness of thin films with the average RMS value were investigated through AFM analysis.
The surface topography of various sputter coated samples in 2D and 3D aspect were indicated in Fig. 6.
The surface roughness of M1, M2 and M3 were anticipated as 33.21 nm, 45.23 nm and 52.4 nm
respectively. It is proven that surface roughness increases with gradual increase in number of layers. For
gradual increment in coating layers, the trapping ability of photons for solar cell gets increased. From
AFM studies, it is noted that the scattering of incident photons decreasing with sequential increase in
roughness of coated thin film surface [22, 23]. In spite of minimal deviation in surface roughness of
perovskite sputter deposition, the coated thin films were compact with increased thickness and more
effective in trapping reflected photons [9, 24].
Internal quantum efficiency (IQE), External quantum efficiency (EQE), and reflectance (R) of the bare cell,
M1, M2 and M3 solar cells were shown in Fig. 7. From the traced plot, it is seen that silicon solar cells
with SrTiO3- BaTiO3 blend coating show better IQE and EQE with minimal reflectance compared to other
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coated solar cells. Because of the light trapping effect at a particular wavelength, the gradual variation in
the folowing plot was obtained[11].
A graph is plotted between photon energy and (αhʋ)2 in order to find out the band gap energy of coated
materials. The enrgy band gap of optimal solar cell (M3) was represented in Fig. 8 [25]. Tauc’s relation
was used to calculate the optical band gap energy which was mentioned in equ. 1.

where α, Eg and hʋ are ‘‘absorption coefficient”, ‘‘band gap energy” and ‘‘photon energy”, respectively. Here
‘n’ is equal to 2 for indirect and 0.5 for direct band-gap semiconductor. The band gap energies of SrTiO3,
BaTiO3, SrTiO3- BaTiO3 blend coated solar cells were obtained as 3.27 eV, 3.25 eV and 3.1 eV respectively.
The decrease in band gap in accordance with obtained results in various literatures, As the coated film
thickness gets increased, band gap and electrical resistivity tend to decrease gradually[26].
Through four probe method, the electrical reisitivity behaviour of various coated samples were analysed.
The electrical characteristics (ρ, N, and µ) of M1, M2, M3 and commercial Si solar cells are shown in Fig.
9. From experimental results, the SrTiO3/ BaTiO3 blend coating film demonstrates a considerable
decrease in resistivity of 2.79×10− 3 (ohm-cm) compared to bare silicon solar cell of 6.83×10− 3 (ohm-cm).
It is clear that the average resistivity decreases by increasing the number of layers, therefore the
conductivity of coated solar cells gets increased and hence exciton mobility were enhanced. The free
carrier concentration in M1, M2 and M3 samples were increased with consequential decrease in the
resistivity. In addition to this, the grains of larger size along with reduced grain boundaries were
responsible for enhanced electron mobility and decremented resistivity of coated films [27–29].
For achieving the maximum solar cell performance, the optimal operating time at which maximum
incident photons reaching the earth atmosphere should be determined. Assessment of air temperature
and global radiation assessment were conducted at Kongu Engineering College, Perundurai, Erode, Tamil
Nadu, India (77º36' 15.29'' E (longitude), 11º16' 12'' N (latitude), 272 m AMSL (altitude)) with the help of
Solar Radiation Monitoring Station which was funded by NIWE (National Institute of Wind Energy), India.
The hourly measurement statistics for global solar radiation and air temperature were recorded from 9:00
hours to 17:00 hours. Among the obtained results, the optimal time at which the maximum photons
received by the earth crust was found to be 13:00 hours. The various perovskite coated solar cells were
subjected to electrical analysis under solar illumination.
Figure 10 displays supreme solar radiation of 1042.1 W/m2 at optimal operating time relating to 33oC air
temperature. Figure 11 represents the current–voltage (I–V) characteristics of Si solar cells with SrTiO3,
BaTiO3 and SrTiO3-BaTiO3 blend coating. Table 2 represents the summary of the photovoltaic
parameters of all uncoated and coated solar cells. Silicon solar cell with SrTiO3-BaTiO3 blend coating
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records comparatively high power conversion efficiency of 19.58 % with JSC of 39.09 mA/cm2, open
circuit voltage (VOC) of 0.656 V and fill factor (FF) of 78.2 %. However, SrTiO3 and BaTiO3 coated samples
achieved the inferior efficiencies of 15.87 % and 17.84 under open atmospheric conditions. TFhe I-V
characteristics are reliably dependent on the resistance of the series (Rs) and shunt (Rsh). For lesser Rs,
more current flows through the closed circuit. Minimal leakage of electrons or shorts in circuit might end
up with higher Rsh[30, 31]. Maintaining the Rs as low as possible for solar cells was very crucial task.
Increase in series resistance shall reduce Isc, Voc, and FF and accordingly PCEs of coated solar cells [32].
The variation of I-V characteristics were plotted in Fig. 11 for various samples under open source.
Figure 12 represents the photovoltaic efficiency (I-V curves) of M1, M2, M3 and uncoated silicon solar
cells under controlled atmospheric conditions illuminated by 1000 W/m2 (one sun radiation) neodymium
light illumination. The regulation of incident radiation was undertaken with the help of pyranometer and
AC regulator. Pyranometer shows the magnitude of incident radiation and AC regulator helps to control
the neodymium light irradiation. Similarly, the PCE of uncoated, SrTiO3, BaTiO3 and SrTiO3- BaTiO3 blend
coated Si solar cell was evaluated from the I-V profile and described in Table 3. The uncoated silicon
solar cell generates PCE of 15.92 % (Jsc = 33.42 mA/cm2, Voc = 0.635 V, FF = 0.751, Rs = 0.50 Ω cm2, Rsh
= 1389 Ω cm2). As a result, M3 coated silicon solar shows superior output photocurrent generation (Jsc =
41 mA/cm2, Voc = 0.667 V, and FF = 78.1 %). Higher Isc and Voc lead to an increase in PCE from 15.92 %
to 21.15 % under closed source. However, M3 Si solar cell experiences better PCE compared to SrTiO3,
BaTiO3 coated and uncoated solar cell samples.
The incident photon-to-current efficiency (IPCE) is the ratio of generated photocurrent with respect to the
rate of incident photons as a function of wavelength. The integrated photocurrent density (Jsc) from
Incident Photon to Current Efficiency (IPCE) spectra is shown in Fig. 13. The current density of 33.42,
36.73, 39.5 and 41 mA/cm2 was calculated for uncoated, SrTiO3, BaTiO3 and SrTiO3- BaTiO3 blend
coated solar cells under controlled source. The research findings show that SrTiO3- BaTiO3 blend coated
solar cell shows better EQE and Jsc compared to other coated solar cells. The IPCE spectra findings show
a high Jsc of 41 mA/cm2 for M3 coated cell which in turn produces a better PCE of 21.15%. From I-V and
IPCE measurement, the deviation in Jsc (I-V curve) and integrated current density (IPCE spectra) is
generally observed. However, both experimental values of Jsc was found to be in incremental manner[33].
The high IPCE in M3 solar cell was responsible for effective light-trapping mechanisms, especially in
longer wavelength of visible light and further minimal recombination loss renders high short circuit
current (JSC)[34].
In semiconducting devices, the influence of temperature imposes serious impact on their performance.
The surface temperature of perovskite coated and uncoated solar cell samples were observed under open
and closed conditions. Decrease in operating temperature further decreases electrical resistivity which
evidently enhances electrical conductivity [35]. Temperature analysis of a) uncoated, b) SrTiO3, c) BaTiO3
and d) SrTiO3- BaTiO3 blend coated solar cells under open and controlled atmospheric conditions were
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represented diagrammatically in Figs. 14 and 15. The M3 solar cell exhibits superior PCE at minimal
operating temperature than other solar cells under open (37.5 oC ) and controlled atmospheric condition
(50.5oC). Hence, it is proven that at minimum temperature of solar cell produces better PCE under both
open and controlled atmospheric conditions.

Conclusion
In summary, SrTiO3, BaTiO3, SrTiO3-BaTiO3 blend films with high transparency and low resistivity were
deposited at room temperature on silicon substrate using RF magnetron sputtering technique in presence
of Ar atmosphere. The effects of different coating materials on the structural, optical, electrical, and
thermal properties of coated solar cells were characterized. FE-SEM images depict the thickness of
various perovskite coated layer as 108 nm, 132 nm and 158 nm for M1, M2 and M3 samples respectively.
The obtained results literally implies that the hall mobility and carrier concentration increases while
decrease in electrical resistivity. Si solar cells with SrTiO3-BaTiO3 blend coatings expressed higher PCE
compared to other coated and uncoated Si solar cells. The considerable increment in photovoltaic
parameters by blends of perovskite materials might be related to the re-orientation of morphological,
structural and optical properties of the AR layer on Si solar cell substrate. Thus, M3 (SrTiO3-BaTiO3 blend
coated) solar cell with better light trapping ability makes them as most promising antireflection material.
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Figure 1
Target preparation and coating process
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Figure 2
XRD analysis of uncoated, M1, M2 and M3 coated solar cells
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Figure 3
FE-SEM image of a) uncoated, b) M1, c) M2 and d) M3 coated solar cells
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Figure 4
FE-SEM cross-sectional image of a) M1, b) M2 and c) M3 coated solar cells
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Figure 5
EDAX photograph of M3 solar cell

Figure 6
AFM image of a) M1, b) M2 and c) M3 coated solar cells coated solar cells
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Figure 7
IQE, EQE and R characteristics of uncoated, M1, M2 and M3 coated solar cells
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Figure 8
Band gap image of SrTiO3-BaTiO3 blends coated solar cell
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Figure 9
Resistivity, carrier concentration and hall mobility of M1, M2 and M3 coated solar cells
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Figure 10
Global radiation and air temperature analysis
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Figure 11
I-V investigation of uncoated, M1, M2 and M3 solar cells under open source
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Figure 12
I-V investigation of uncoated, M1, M2 and M3 solar cells under closed source
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Figure 13
IPCE spectra analysis of uncoated, M1, M2 and M3 coated solar cells
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Figure 14
Temperature behaviour of a) uncoated and b) M1, c) M2 & d) M3 coated solar cells under open source
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Figure 15
Temperature behaviour of a) uncoated and b) M1, c) M2 & d) M3 coated solar cells under closed source

Page 27/27

