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Development of calcium titanium oxide coated silicon solar
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Depletion of fossil fuel based energy sources drive the present scenario towards development of solar based alternative
energy. Polycrystalline silicon solar cells are preferred due to low cost and abundant availability. However, the power conversion
efficiency of polycrystalline silicon is lesser compared to monocrystalline one. The present study aims at analyzing the effect
of calcium titanium oxide (CaTiO3) antireflection (AR) coating on the power conversion of polycrystalline solar cells. CaTiO3
offers unique characteristics, such as non-radioactive and non-magnetic orthorhombic biaxial structure with bulk density of
3.91 g/cm3. CaTiO3 film deposition on the solar cell substrate has been carried out using Radio Frequency (RF) magnetron
sputter coating technique under varying time durations (10 min to 45 min). Morphological studies proved the formation of
CaTiO3 layer and respective elemental percentages on the coated substrate. Open circuit voltage studies were conducted on
bare and coated silicon solar substrates under open and controlled atmospheric conditions. CaTiO3 coated on a solar cell
substrate in a deposition time of 30 min showed 8.76 % improvement in the cell voltage compared to the bare solar cell.
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1. Introduction

Development of several viable renewable en-
ergy resources is in progress. Photovoltaics (PV)
is one among those energy resources that provide
clean and sustainable energy technology to replace
fossil fuels [1]. In order to enhance the utiliza-
tion of PV, power conversion efficiency (PCE) and
cost factor of silicon solar cells need to be consid-
ered. Multi-crystalline silicon (mc-Si) solar cells
are cheaper and account for 50 % of PV modules
manufactured worldwide due of their low man-
ufacturing cost, high conversion efficiency under
tropical conditions and high reliability. However,
the efficiency of these photovoltaic devices is re-
stricted by optical losses caused by the reflection
of solar radiation from the top surfaces of solar
cells. Hence, sputter coating method is used for
AR coating which involves deposition of a layer on
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the silicon substrate. AR coating has been applied
in spectacle lenses to increase the light transmis-
sion capacity and reduce the reflectance. Several
splendid works on AR coating of solar cells have
been reported in the literature [2]. Pure ZnO and
hybrid ZnO–TiO2 thin films were coated on glass
substrates by employing sol-gel spray-spin coat-
ing technique. The effect of layer thickness on the
electrical and optical properties has been analyzed.
Current-voltage measurements showed higher con-
ductivity and optical analysis revealed lower band
gap of ZnO–TiO2 hybrid system compared to pure
ZnO system. The former exhibited high surface
area due to the increase in film thickness [3].

Few works have been carried out by adopt-
ing sputter coating technique for solar cells. NiOx
layer was deposited on both silicon wafer and in-
dium tin oxide (ITO) coated glass substrates em-
ploying DC magnetron sputtering technique. It
was observed that the morphology and roughness
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of the deposited coatings were significantly influ-
enced by the deposition parameters. Surface rough-
ness and surface energy were enhanced by high de-
position pressure [4]. Similarly, single SiO2 layer
and double SiO2/TiO2 layer of AR coatings were
deposited on silicon substrates to enhance the PCE
by employing RF sputtering technique. Electrical
and optical characteristics of prepared specimens
were examined. Lately, an improved PCE and re-
duced reflectance were reported [5]. Peculiar elec-
trical and optical properties of ZnO were used
along with TiO2 nanolayers for AR coatings in
dye sensitized solar cells by utilizing a simple wet
chemical route. Annealing of ZnO/TiO2 was also
reported and although it resulted in larger crystal-
lite size, reduction of reflectance with increased an-
nealing temperature was observed. PCE was signif-
icantly improved due to minimal reflectance [6].

The overall performance of monocrystalline sil-
icon solar cells strongly depends on the environ-
mental parameters, such as light intensity, tracking
angle, cell temperature, etc. Polycrystalline solar
cells work even at lesser light intensity and with-
out a tracking system [7]. However, polycrystalline
solar cells are best suited for tropical countries,
like India.

India is generally tropical and features fairly hot
temperatures over the year except the monsoon sea-
son. Table 1 gives the seasonal climatic conditions
of Erode District, Tamil Nadu State, India, from
February to June. The presented information varies
with time and days.

Table 1. Seasonal climatic condition of Erode district,
Tamil Nadu State, India.

Month February March April May June

Record high [°C] 37.6 39.7 40.3 40.4 38.6
Average high [°C] 33.3 35.9 36.7 35.2 32.2
Average low [°C] 19.5 21.3 23.4 23.5 22.4
Record low [°C] 12.8 15.6 17.8 16.1 18.3
Average rainfall [mm] 13.0 15.1 48 71.2 27.4
Average rainy days 1 1 3 4.2 2.7
Source: India Meteorological Department

In this study, CaTiO3 was selected as AR coat-
ing material since it has unique characteristics such

as non-radioactive and non-magnetic orthorhombic
biaxial structure with bulk density of 3.91 g/cm3,
stable conductivity even at high temperature, and
ability to absorb more radiation from sun. Hence,
silicon substrates were coated by employing vari-
ous techniques, such as sputter coating, chemical
vapour deposition (CVD), spray coating, spin ion
or screen printing, wet chemical route, etc. Even
though so many coating techniques are available,
this work deals with a sputter coating technique
which has its peculiar characteristics for control-
ling coating properties, mechanical performance
and maintaining chemical stoichiometry.

2. Experimental

2.1. Coating material

Calcium titanium oxide (CaTiO3), belonging to
the family of perovskites, was chosen as the AR
coating material. It has the general structure of
perovskite ABX3. In this structure, both A and B
represent the metal, and X signifies the oxygen
molecule. The selected material has unique prop-
erties, such as (i) high photoreactivity, (ii) high
oxygen ion vacancy tolerance, (iii) no magnetic
field produced during charge transfer [8], (iv) stable
structure even at a pressure of 120 GPa and tempe-
rature up to 2500 K, and (v) superconducting prop-
erties even at high temperatures [9].

2.2. Die construction and pellitization pro-
cess

The chosen AR coating material was received in
powder form. However, RF sputter coating system
requires coating material in the form of solid target.
Hence, the solid target was prepared by pelletiza-
tion process in which a pellet with dimensions of
50.8 mm diameter and 5 mm thickness was formed
by using developed mild steel (MS) die.

For this process, universal testing machine
(UTM) was used to make 15 g CaTiO3 powder into
solid target by applying a load of 1.5 GPa on the
die. Finally, the compacted solid target was held at
a temperature of 100 °C for 10 min in an electric
furnace to remove the moisture.
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2.3. Thin film coating

Sputter coating machine (VR SPU-06D) was
used to deposit CaTiO3 film (AR coating) on the
top surface of silicon substrate. In this study, both
the target and substrate were positioned at a dis-
tance of 5 cm by holders which were mounted in-
side the vacuum chamber. Thin film coating on
the substrate was performed at varying time dura-
tions between 10 min and 45 min with some con-
stant process parameters during the coating which
were as follows: argon pressure of 0.7 GPa, vac-
uum chamber pressure 6 Pa, and process power of
80 W. When the vacuum pressure reached the pre-
set value, argon gas was introduced into the cham-
ber which acted as a working medium to deposit
the target particles over the substrate.

3. Characterization techniques

3.1. SEM, EDS and FESEM analyses

SEM images were taken to assert whether the
thin film coating was present on the silicon sub-
strate by applying ICON-Quanta 200 Mark II en-
vironmental scanning electron microscope. EDS
analysis was carried out on AR coated substrates
to find the elemental percentage value and chemi-
cal composition of the prepared substrate by using
SIGMA HV-Carl Zeiss with Bruker Quantax 200-
Z10 EDS detector. FESEM analysis was involved
to perform crystallographic study of the developed
thin film coating by employing SIGMA HV-Carl
Zeiss with Bruker Quantax 200-Z10 equipment.

3.2. Controlled atmospheric condition ex-
perimental setup

To evaluate voltage generation capacity for both
AR coated and bare solar cell, this analysis was car-
ried out in controlled atmosphere (sodium vapour
lamp). Radiation and temperature were controlled
to the required value due to periodic fluctuation of
radiation in open atmosphere. Pyrheliometer was
used to measure direct and diffuse radiation of light
energy. Infrared thermometer was utilized to assess
the temperature of both bare as well as AR coated
solar cells.

4. Result and discussion
4.1. SEM analysis and EDS measurement

SEM and EDS analyses carried out for AR
coated substrates demonstrate the CaTiO3 layer
formation (Fig. 1) and presence of Si, Ca, Ti and
O elements (Fig. 2) on the prepared substrate.

Fig. 1. SEM image showing CaTiO3 layer formation.

Fig. 2. EDS image showing the presence of Si, Ca, Ti
and O elements on the substrate.

The coated substrate was examined through
EDS and the obtained atomic concentrations have
been depicted in Table 2. EDS confirmed the pres-
ence of Si, Ca, Ti and O elements and their corre-
sponding atomic concentrations. Since AR coating
was deposited at room temperature, the obtained
atomic concentration of elements were unbalanced.
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From the literature, it was evident that sputter coat-
ing carried out at high temperature (>600 °C) may
lead to achievement of balanced atomic concentra-
tions. However, high temperature processing forms
anatase phase [10] and also damages the substrate.
Anatase phase generates small isolated and sharp
crystals which leads to the optical losses [10].

Table 2. Amounts of Si, Ca, Ti and O elements on the
substrate obtained through EDS analysis.

Element Atomic Atomic concentration
number [wt. %]

Si 14 46.19
Ca 20 17.23
Ti 22 20.66
O 8 15.93

100.00

Fig. 3. FESEM image of thin film AR coated solar cell.

4.2. FESEM analysis

From Fig. 3, it is evident that the crystallite size
of the CaTiO3 varies between 80 nm and 150 nm
on the silicon substrate and that the particle size of
thin film AR coated solar cell generally coincides
with the particle size of raw CaTiO3 material.

4.3. Analysis of voltage generation capac-
ity of pure and AR coated solar cell under
controlled atmospheric condition

Under controlled atmospheric conditions, the
bare and coated solar cells were exposed to ra-
diation level ranging between 200 W/m2 and
450 W/m2 for a specified time to attain a tempe-
rature of 35 °C to 55 °C. The corresponding per-
centage increment in cell voltage of AR coated sil-
icon solar cells in comparison to the uncoated one
is presented in Table 3.

From Table 3, it is evident that the voltage gen-
eration value of AR coated solar cells has been im-
proved compared to the uncoated one. The increase
in voltage generation of AR coated solar cell may
be due to reduction in the reflection of radiation in
the coated region.

Fig. 4. Cell voltage of bare and AR coated solar cell
(coating time: 30 min).

A sample graph of radiation versus cell voltage
of bare and AR coated solar cell is shown in Fig. 4.
The cell voltage of bare and AR coated silicon sub-
strate subsequently increases with gradual increase
in radiation level. Comparatively, AR coated solar
cell shows higher increment in cell voltage than the
bare system.

4.4. Analysis of voltage generation capac-
ity of bare and AR coated solar cell under
open atmospheric conditions

In line with the above mentioned analysis, a
similar study was conducted for solar cells under
open atmospheric conditions. The cells (bare and
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Table 3. Percentage difference in cell voltage generation of AR coated solar cell compared to bare cell under
controlled atmosphere conditions.

S. No. Radiation from light [W/m2] AR Coating time [min]
Percentage increase in cell voltage
(compared to pure silicon solar cell)
in temperatures [◦C]

35 40 45 50 55

1 200

10 0.6 1.4 1.8 2.9 3.6
15 0.9 1.5 2.1 3.3 4.1
20 1.1 2.0 3.6 4.1 5.0
25 1.5 2.4 3.8 4.6 3.3
30 1.8 2.6 4.0 5.0 6.2
35 1.0 2.5 3.1 4.0 5.2
40 0.8 1.2 2.1 2.3 2.6
45 0.6 0.9 1.7 1.5 1.8

2 250

10 0.9 1.7 2.3 4.1 3.8
15 1.3 2.1 2.6 3.6 4.5
20 1.6 2.7 3.7 4.7 5.1
25 1.8 3.0 4.1 5.1 5.6
30 2.3 3.3 4.5 5.5 6.6
35 1.4 2.0 3.9 4.9 6.0
40 1.2 1.8 2.2 3.1 3.9
45 0.9 1.3 1.7 2.1 2.5

3 300

10 1.1 2.1 2.9 3.7 4.4
15 1.7 2.4 3.2 4.2 4.9
20 3.0 3.1 3.9 5.2 5.7
25 2.4 3.5 4.3 5.6 5.9
30 2.7 3.8 4.9 6.1 7.0
35 2.1 3.3 4.2 5.7 6.2
40 1.7 2.7 3.4 4.3 5.1
45 1.1 1.7 2.0 2.8 3.2

4 350

10 1.4 2.4 3.1 4.1 5.0
15 2.2 2.7 3.5 4.5 5.5
20 2.5 3.6 5.3 5.8 6.4
25 2.7 4.2 5.7 6.3 6.8
30 2.8 4.4 6.0 6.8 7.2
35 2.4 3.4 4.4 5.6 6.9
40 2.0 2.8 3.6 4.5 5.7
45 1.3 2.0 2.4 3.5 3.7

5 400

10 1.6 2.7 3.6 4.6 5.3
15 2.3 3.5 4.4 3.7 6.0
20 2.6 3.7 5.5 6.3 7.0
25 3.2 4.3 5.8 6.9 7.4
30 3.3 4.7 6.3 7.4 7.9
35 2.7 4.1 5.1 6.3 7.1
40 2.3 3.1 4.1 5.5 6.2
45 1.4 3.2 2.6 3.7 4.5

6 450

10 2.1 3.4 4.1 5.1 5.8
15 2.7 4.0 4.9 5.9 6.7
20 3.0 4.6 5.8 6.6 7.4
25 3.5 5.0 6.1 6.9 8.1
30 2.9 5.2 6.5 7.4 8.8
35 2.7 4.3 5.5 6.3 7.4
40 2.7 3.8 5.3 6.2 6.9
45 1.6 2.3 3.1 3.9 5.2
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Table 4. Percentage difference in cell voltage generation of AR coated solar cell compared to uncoated cell under
open atmosphere conditions.

Time interval Radiation from sun [W/m2]
Percentage increase in cell voltage (compared to
pure silicon solar sell) after AR coating time
[min]:

10 15 20 25 30 35 40 45

10:00 626 7.2 7.9 9.1 10.1 10.3 7.7 4.2 1.5
10:30 837 9.3 9.9 10.7 11.1 12.5 11.5 5.3 2.2
11:00 985 10.6 11.6 13.1 15.4 16.2 12.4 5.7 2.7
11:30 1004 11.8 13.2 13.7 16.7 19.5 14.2 6.3 2.8
12:00 1081 13.9 15.7 19.7 24.7 27.7 15.0 6.4 2.8
12:30 1115 15.0 18.5 22.5 23.3 30.3 14.9 6.7 3.1
13:00 1155 15.9 19.1 22.5 25.7 30.8 16.1 6.9 3.2
13:30 1055 14.4 16.4 20.1 21.7 24.6 16.2 4.4 2.9
14:00 985 10.9 12.9 15.5 17.1 16.8 12.7 5.3 2.7
14:30 822 8.9 9.9 10.2 10.6 10.8 5.5 3.8 2.4
15:00 656 7.9 8.6 9.5 10.4 11.0 5.3 3.6 1.7
15:30 573 7.3 8.6 9.9 10.3 10.5 4.5 2.5 1.4
16:00 528 6.5 7.7 8.6 9.3 10.1 4.4 2.1 1.3

Fig. 5. Cell voltage of uncoated and AR coated solar
cell fabricated in coating time of 30 min.

AR coated) were exposed to sun light and the cor-
responding voltage generation capacities were ob-
served. Voltage generation results of AR coated sil-
icon solar cells were compared with the uncoated
ones and the percentage increment in cell voltage
is presented in Table 4.

From Table 4, it is evident that voltage gene-
ration of solar cells is enhanced after AR coating.
The obtained trend is in accordance with the results
generated under controlled atmospheric conditions.
Fig. 5 shows a sample comparative plot of radiation

versus cell voltage for bare and AR coated solar
cell. Fig. 5 provides a clear representation relating
to enhancement in cell voltage of AR coated cells
compared to the uncoated one with variation in sun
radiation.

CaTiO3 proved to be a potential material to en-
hance the voltage generation of silicon solar cells.
In addition, this wider band gap material substan-
tially reduced the hot-carrier loss and increased
the value of generated voltage [11]. Maximum cell
voltage was achieved for AR coating obtained in
the deposition process lasting 30 min (Table 3 and
Table 4). Further increase in coating time, more
than 30 min, resulted in the drop in voltage gene-
ration capacity. The obtained result is in agreement
with the literature on this subject. Excessive depo-
sition of coating material ultimately reduces the ve-
locity of photons emitted from sunlight which leads
to a drop in the value of generated cell voltage [12].
Based on the obtained cell voltage results, AR coat-
ing deposited for 30 min is the optimal one.

5. Conclusions
In this study, bare and AR coated solar

cells were tested in both controlled and open
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atmosphere. The AR coatings were deposited on
silicon substrates by using RF magnetron sputter
coating technique. Under controlled atmospheric
conditions, the voltage generation value of AR
coated substrate was improved by 8.8 % at the ra-
diation of 450 W/m2 compared to the bare solar
cell. The test carried out at open atmospheric con-
ditions showed a 30.8 % increment in voltage gen-
eration value at the radiation of 1155 W/m2. The
results prove that CaTiO3 material considerably in-
creases the voltage generation of silicon solar cells
due to harvesting broader range of the solar spec-
trum. Meanwhile, wider band gap material also re-
duces the hot-carrier loss and increases the voltage
generation value.
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