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Abstract. This article presents effective utilization of light by transparent conducting oxide (TCO) layer to enhance the
performance of c-Si/a-Si:H heterojunction solar cells (HJSC) by simulation. The optical and recombination losses in solar
cells severely deteriorate the short circuit density (Jsc), open circuit voltage (Voc) and then efficiency (g) of the solar cells.
In order to reduce the optical losses, recombination losses and to improve the efficiency of solar cell devices, the c-Si/aSi:H HJSC performance was investigated by planner and textured indium tin oxide (ITO) and zinc oxide (ZnO) layers as
front TCO layer with AFORSHET simulations tool. Absorption and reflection spectra of ITO and ZnO layers were
analysed separately before incorporating in to the c-Si/a-Si:H HJSC. The estimated solar cell parameter values of
763.7 mV, 40.96 mA cm-2, 85.91% and 26.86% correspond to Voc, Jsc, FF (fill factor) and g respectively for the cells with
plane ZnO layers. It is found that the best values of Voc (763.7 mV), Jsc (41.87 mA cm-2), FF (85.91%) and g (27.47%)
were obtained with textured ZnO layer. This is mainly due to reduced reflection losses and also increased absorption of
photons in c-Si wafer with texturing of TCO layer, which results in increase of short circuit density of solar cells. The
efficiency of solar cells with ITO is slightly lower than the ZnO layer.
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Introduction

Transparent conducting oxide (TCO) layers have a substantial role in c-Si/a-Si:H as transparent conducting oxide,
antireflection layer and also protect from diffusion of metal
particles in a-Si:H layers [1–3]. These layers allow the light
into the c-Si wafer to produce free electron–hole pairs and
also allow separated charge carriers to metal contacts [3].
There are several TCO layers that have been used for silicon
heterojunction solar cell (HJSC), such as ITO, ZnO, aluminium-doped ZnO, boron, hydrogen-doped ITO layer and
fluorine-doped tin oxide (FTO), etc. [4–8].
The main properties of TCO layer are high transparency
and conductivity, in order to allow light in broad wavelength range to pass and produce a low sheet resistance
[9–12]. Among these TCO layers, ITO and ZnO layers have
shown tremendous significance for improving the performance of solar cells [11,13–18]. The output of c-Si/a-Si:H
HJSC has been enhanced by optimizing TCO layers and its
optical and electrical properties.
For c-Si/a-Si:H HJSC, absorption losses at light illumination side are a severe problem due to higher absorption
coefficients of a-Si:H material [1,19]. The efficiency of the
c-Si/a-Si:H HJSC can be enhanced by eliminating optical
losses [20]. To eliminate absorption losses, materials with
lower absorption coefficients and wider bandgap materials

have been suggested for c-Si/a-Si:H HJSC [21]. Texturing
the TCO layer reduces the reflection losses at front light
illumination side of solar cells.
In this article, absorption and reflection spectra of ITO
and ZnO layers were analysed separately for c-Si/a-Si:H
HJSC. The c-Si/a-Si:H HJSC have been investigated by
different TCO layers such as ITO and ZnO using AFORSHET simulation tool. Textured layers of ITO and ZnO
were incorporated to investigate and to enhance the performance of c-Si/a-Si:H HJSCs.

2.

Simulation process of devices

AFORSHET software has been taken for modelling of c-Si/
a-Si:H HJSC. The solar irradiation of 100 mW cm-2 (AM
1.5) and flat-band model of Ag contacts were applied in this
simulation work [16,22–27]. The simulation parameter
values for c-Si/a-Si:H HJSC are given in table 1. The
density distributions of states for all the layers are adopted
from well-established research work [15,17,23,28–32]. The
other parameters are used as preset default parameters in
AFORSHET tool [17,22]. The graphical structure of c-Si/aSi:H HJSC is shown in figure 1. Thickness of 5 nm was
fixed for intrinsic and doped a-Si:H layers, and the thickness
of the ITO and ZnO layers is fixed at 70 nm. Standard
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Table 1.
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Parameters for present c-Si/a-Si:H HJ solar cells.

Parameter
Thickness
Dielectric constant
Electron affinity (eV)
Bandgap (eV)
Effective conduction band density (cm-3)
Effective valence band density (cm-3)
Electron mobility (cm2 V-1 s-1)
Hole mobility (cm2 V-1 s-1)
Acceptor concentration (cm-3)
Donor concentration (cm-3)
Thermal velocity of electrons (cm s-1)
Thermal velocity of holes (cm s-1)
Layer density (g cm-3)

c-Si(n)

a-Si:H(n)

a-Si:H(i)

a-Si:H(p)

250 lm
11.1
4.05
1.12
2.8 9 1019
2.8 9 1019
1321
461
0
5 9 1016
107
107
2.328

5 nm
11.1
3.9
1.72
6.9 9 1020
1.2 9 1021
7
1
0
1.7 9 1021
107
107
2.328

5 nm
11.1
3.9
1.72
6.9 9 1020
1.2 9 1021
7
1
0
0
106
106
2.328

5 nm
11.1
3.9
1.8
6.9 9 1020
1.2 9 1021
7
1
6.1 9 1021
0
107
107
2.328

Figure 1. Schematic structure of c-Si/a-Si:H HJSC with TCO
layers of ITO and ZnO.

h111i pyramids with an angle of incidence 54.74° is
considered for ITO and ZnO layers in these studies.

3.
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Results and discussion
Absorption and reflection of TCO layer

Figure 2 shows the absorption spectra of ITO and ZnO
layers in the wavelength range of 300–1200 nm. The
thickness of the ITO and ZnO layers is fixed at 70 nm. It is
observed that the absorption is very less in the range of
400–1100 nm. In case of ITO, absorption is very less in the
range of 450–1000 nm, i.e., less photons are absorbed. The
absorption of light is about 15% around 520 nm and then it
decreased. For ZnO, absorption of 1–4% was observed in
the wavelength range of 450–900 nm and beyond 900 nm,
increased to about 5%. After 1100 nm, both spectra almost
overlapped. Slight difference in the spectra is absorbed

Figure 2.

Absorption spectra of ITO and ZnO layers.

before 400 nm due to bandgap differences of ITO and ZnO
materials. The absorption of ITO and ZnO layers has not
changed significantly after texturing the surface. Figure 3
shows the reflection spectra of plane and textured surface of
ITO and ZnO layers in the range of 300–1200 nm. It was
found that significant reflection of photons was observed
around 400 nm for both ITO and ZnO layers with plane
surfaces. The reflection of photons was reduced by texturing
the surface of TCO (ITO and ZnO) layers. Before 400 nm,
about 20 and 15% reflections were observed for ITO and
ZnO layers, respectively. Beyond 400 nm, reflection was
decreased to less than 4–6 and 1–5% in the broad range of
400 – 1050 nm for textured surfaces of ITO and ZnO layers, respectively. The reflection of 2–3% was lower for the
ZnO than ITO layer in the range of 400–1050 nm. Beyond
1050 nm, reflections of 40 and 30% were observed for both
plane and textured surfaces of ITO and ZnO layers,
respectively. It was clearly observed that the absorption and
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reflection losses are slightly higher in case of ITO layer as
compared to ZnO. Reflection losses are significantly
reduced after texturing of ITO as well as ZnO layers. From
the evidence of absorption and reflection data, the maximum light is transmitted to the c-Si layers and this light is
utilized to generate free electron–hole pairs. This results in
improved current density of solar cells.

3.2

Figure 3. Reflectance spectra of plane and textured surface of
ITO and ZnO layers.

Figure 4.

Current–voltage of c-Si/a-Si:H solar cells

Figure 4 shows the current density (J) of solar cells as a
function of voltage (V) under illumination conditions. In
figure 4a and b, c-Si/a-Si:H HJSC performance was estimated by TCO layers of plane and textured layers of ITO
and ZnO, respectively. Estimated solar cell parameter values of Voc, Jsc, FF (fill factor) and g are listed in table 2. The
optical bandgap of 1.72 eV for i- and n-layers and 1.8 eV
for p-layer was fixed. The thickness of ITO and ZnO layers

(a–d) Solar cell J–V characteristics as a function of voltage.
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Estimated parameters of c-Si/a-Si:H HJSC with ZnO and ITO layers.

Parameter
ITO Plane
ITO Textured
ZnO Plane
ZnO Textured

Voc (mV)

Jsc (mA cm-2)

FF (%)

Efficiency (%)

760.8
761.3
763.7
763.7

36.97
37.78
40.96
41.87

85.92
85.92
85.91
85.91

24.17
24.71
26.86
27.47

is used as 70 nm for these solar cells. The estimated values
760.8 mV, 36.97 mA cm-2, 85.92% and 24.17% correspond
to Voc, Jsc, FF and g for solar cell with ITO plane layer
(table 2). The Voc and Jsc increased to 37.78 mA cm-2 and
761.3 mV with textured ITO layer, respectively. The textured ITO layer had reduced the reflection losses by transmitting most of the light in to the c-Si wafer. Whereas,
fraction of light had reflected back at front plane ITO layer
and fraction of light entered into the c-Si wafer. The solar
cell with textured ITO layer has less reflection losses as
compared to plane ITO layer. The recombination losses also
decreased in case of textured ITO layer. This results in
improvement in Voc of solar cells. It is observed that the FF
of 85.92% has not changed. As a result, the efficiency has
increased to 24.71% with textured ITO layer. It is found that
the functioning of the c-Si/a-Si:H HJSC has amended with
ZnO as TCO layer. The evaluated values 763.7 mV, 40.96
mA cm-2, 85.91% and 26. 86% correspond to Voc, Jsc, FF
and g for solar cell with ZnO plane layer (table 2). The ZnO
material transmits broad range of light into c-Si wafer and it
has better opto-electrical properties than compared to ITO
layer. The Voc of 3 mV and Jsc of 4 mA cm-2 have
improved and FF has not changed significantly with plane
ZnO layer compared to plane ITO layer. This results in 3%
improvement in the efficiency of solar cells. Figure 4c and d
shows the J–V characteristics of plane and textured layers of
ITO and ZnO, respectively. The performance of the HJSC

Figure 5.

with textured ZnO layer has improved than the plane ZnO
layer, similar results were also observed with ITO layer.
The observed values of 763.7 mV, 41.87 mA cm-2, 85.91%
and 27.47% correspond to Voc, Jsc, FF and g for solar cell
with ZnO textured layer (table 2). It was clearly observed
that the absorption and reflection losses are slightly higher
in case of ITO layer as compared to ZnO. That is the reason
for higher performance of the devices with ZnO layer as
compared to ITO layers. Measured data of absorption and
reflection were clear evidence of the improved performance
of the c-Si/a-Si:H HJSCs with textured surfaces of TCO
layers.

3.3

Spectral response of c-Si/a-Si:H solar cells

Figure 5a–c shows the spectral response (SR) of c-Si/a-Si:H
HJSC in the wavelength range of 300–1200 nm. The SR of
solar cells with plane ITO and ZnO layers is shown in
figure 5a. It is observed that the SR is 20% at the wavelength of 350 nm and then increased steadily with function
of wavelength and reached maximum of 71% at 950 nm.
Beyond this wavelength, SR was sharply decreased to 30%
at 1000 nm and then reached almost zero at 1100 nm. The
SR has improved about 10% in the range of 350–950 nm
with plane ZnO layer. The SR of c-Si/a-Si:H HJSC with
textured ITO and ZnO layers is shown in figure 5b. It is

(a and b) Spectral response of solar cells as a function of wavelength.
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(a–f) Quantum efficiency of solar cells as a function of wavelength.
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found that the SR of c-Si/a-Si:H HJSC improved about 3%
in the range of 350–950 nm with textured ITO and ZnO
layers than compared to plane ITO and ZnO layers,
respectively.

3.4

Quantum efficiency of c-Si/a-Si:H solar cells

Figure 6a–f shows the quantum efficiency (QE) of c-Si/aSi:H HJSC in the range of 300–1200 nm of wavelength. The
internal QE (IQE) and external QE (EQE) of solar cells with
plane ITO and ZnO layers are shown in figure 6a and b,
respectively. The IQE improved in the range of 900–1100
nm as compared to EQE of solar cells for plane ITO and
ZnO layers. In figure 6a, it is observed that EQE is about
85% at the wavelength of 430 nm and slightly decreased at
550 nm, and then slowly increased to 89% at 950 nm for
plane ITO cell. The IQE also followed similar trend up to
950 nm and then slightly increased to 91% at 1000 nm.
Beyond 950 nm, the IQE spectra are broader than the EQE
spectra of solar cells. The QE of solar cells has significantly
enhanced with ZnO layer than ITO layer. In figure 6b, high
QE of 91% is observed at 450 nm and then raised to 98%
around 600–800 nm wavelength range and then decreased
to 96% at 900 nm. Spectra slowly decreased up to 1050 nm
and then directly reduced. The QE of solar cells with ZnO is
higher and wider than the spectra of ITO layer. The IQE
spectra of cell is wider in the range of 950–1100 nm than
the EQE spectra of cells with ZnO, trends of these spectra
are similar to ITO layer-contained solar cells. The IQE
spectra of plane and textured ITO cell as well as ZnO layer
cell are shown in figure 6c and d, respectively. Spectra of
textured layer cell are slightly decreased at lower wavelength and increased at higher wavelength range, respectively. IQE spectra of solar cell with plane and textured ITO
and ZnO layers are shown in figure 6e and f, respectively.
The spectra are improved throughout the wavelength range
for ZnO layer as compared to ITO layer. IQE spectra have
enhanced about 10, 15, 11 and 5% around 450, 550, 800 and
950 nm, respectively with ZnO layer. Spectra of solar cells
with textured layers also follow similar trend. It is clear
from these spectra that ZnO layer allows maximum light in
the broad wavelength range to enter into c-Si wafer and to
generate electron–hole pair. This results in improved performance of the solar cells with ZnO as front TCO layer in
the solar cells.
It was evident from absorption and reflection spectra that
small fraction of light was absorbed in the TCO layers and
very less number of photons were reflected from textured
surface of TCO layers in the wide wavelength range.
Maximum light was utilized by introducing textured surface
of TCO layers instead of plane surfaces by improving
transmission of light in to the c-Si wafer by reducing
reflection of light from the surface of TCO layers. These
results in significant improvement of the performance of the
c-Si/a-Si:H HJSCs.
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Conclusion

The c-Si/a-Si:H HJSCs have been successfully designed and
investigated by AFORSHET simulation tool. Analysis of
absorption and reflection spectra of TCO layers reveals that
the optical losses were significantly reduced by textured
surface of TCO layers. The c-Si/a-Si:H HJSC performance
was investigated using ITO and ZnO layers as front TCO
layer. The best values of open circuit voltage (Voc, 763.7
mV), short circuit current density (Jsc, 41.87 mA cm-2), fill
factor (FF, 85.91%) and efficiency (g, 27.47%) were
obtained with textured ZnO layer. The estimated values
763.7 mV, 40.96 mA cm-2, 85.91% and 26.86% correspond
to Voc, Jsc, FF and g for cells with plane ZnO and are lower
than the textured ZnO layer. This is mainly due to reduced
reflection losses with texturing of TCO layer. Whereas,
estimated values 761.3 mV, 37.78 mA cm-2, 85.92% and
24.71% correspond to Voc, Jsc, FF and g for solar cell with
textured ITO layer. The evaluated values 760.8 mV, 36.97
mA cm-2, 85.92% and 24.17% of Voc, Jsc, FF and g,
respectively, correspond to solar cell with plane ITO layers.
This enhancement in the performance of c-Si/a-Si:H HJSC
is due to decreased light absorption and reflection in the
broad range, high conductivity and transparency of ZnO
layer.
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