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Abstract
This paper presents the in�uence of defect states and thickness of interface layer on high e�ciency of c-
Si/a-Si:H heterojunction solar cells with higher bandgap emitter a-Si:H(p) layer by AFORSHET simulation
tool. At �rst, the performance of Ag/ZnO/a-Si:H(p)/ a-Si:H(i)/ c-Si(n)/ a-Si:H(i)/ a-Si:H(n)/Ag
heterojunction solar cells was studied by altering the thickness of a-Si:H(p) and a-Si:H(i) layers. The best
values of open circuit voltage (Voc) (764.8 mV), short circuit current density (Jsc) (43.15 mA/cm2), �ll
factor (FF) (85.71) and e�ciency( ) (28.28%) were obtained at 3 nm of a-Si:H(p) and a-Si:H(i) layer. In the
same structure, c-Si(n) interface was introduced in between c-Si(n) and a-Si:H(i) layer. It is found that the
solar cell performance was not changed by varying defect density from 109-1014 cm-3 for thin (5 and 10
nm) interface layer and estimated values are 761.7 mV, 38.83 mA/cm2, 86.09%, 25.46% correspond to
Voc, Jsc, FF,  respectively. For very thick interface layer, defect density has shown huge impact on the
device performance. At 1 µm, the Voc, FF and  values have been changed from 760.2 to 653.2 mV, 85.9 to

80.76% and 22.94 to 18.47% for the defect density of 109 to 1014 cm-3 respectively. 

1. Introduction
Solar energy will be the main energy source in future due to drastic changes in geographical and
environmental conditions. The solar renewable energy is best alternate among all other renewable energy
sources. The crystalline silicon (c-Si) photovoltaic (PV) technology is dominating the market with a share
of 95% in the present days and it is likely to continue in forthcoming years also due to its durability,
stability, abundance, environment friendly and higher e�ciency, whereas, other thin �lm technology is
about 5% of market share [1] and in this 5%, a-Si:H thin �lm based solar cells accounted 0.3% [1] due to
higher defect density, instability of material [2] and low conversion e�ciency of solar cells [3]. The
crystalline silicon and amorphous Si heterojunction solar cells have been suggested for best alternate to
crystalline silicon solar cells. These c-Si/a-Si:H heterojunction solar cells can be easily fabricated at
temperature below 200oC, whereas, junction formation in conventional c-Si solar cells is usually done by
a thermal diffusion step, for which temperature of 800-1000 oC is needed [4]. In 2014, The Sanyo has
published best e�ciency of 25.6% [5] and Voc of 750 mV on n-doped c-Si with double side HIT structure
[6]. Currently many research groups are working on c-Si/a-Si:H heterojunctions solar cells to improve the
performance by addressing many issues which are responsible for deterioration of the performance of
the cells [3, 7].

The performance of the c-Si/a-Si:H heterojunction solar cells depends on many parameters such as
substrate cleaning, recombination and optical losses, interface defects, series and shunt resistances,
quality of a-Si:H and TCO layers and metal contacts. It is very important to study the interface layers to
eliminate recombination issues and ameliorate transportation of charge carriers for silicon heterojunction
solar cells.
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Numerical simulation is very useful method to evaluate and understand the device performance by
designing the various  solar cell structures and varying parameters such as thickness, interface defects,
bandgap, defect density of a-Si:H layers and c-Si substrates, different transparent conducting oxide
layers, work function of the layers [8–16]. This simulation can give understanding of the concepts, save
lots money and time before starting the experimental trials to fabricate devices and improve the device
performance. There are several simulation tools available to evaluate and understand the solar cell
performance such as AFORS-HET [12, 16, 17], AMPS [18], Sentaurus [19], Scaps [20], Silvano [21], Asa
[22], Lumerical FDTD [23, 24] etc. Among these tools, AFORHET is most useful simulation tool for c-Si/a-
Si:H heterojunction solar cells [12, 25, 26]. Many researcher groups have modeled several devices and
analyzed by varying thickness of layers, bandgap, interface defect states, doping concentration [27–29].
Louis O. Antwi et.al achieved simulation e�ciency of 29.19% with optimization of the defects and de�ned
charge density of interfaces [30]. Dwivedi et.al obtained simulation e�ciency of 27% by modeling
different thickness of layers of various structures [31]. However, most of the researchers used the
bandgap of p-layer 1.7 eV in the simulation [13, 32–35]. This band gap is almost 0.1-0.2 eV lower for
boron doped a-Si:H �lms, which are deposited by experimental methods.

In this paper, c-Si/a-Si:H heterojunction structure of Ag/ZnO/a-Si:H(p)/ a-Si:H(i)/ c-Si(n)/ a-Si:H(i)/ a-
Si:H(n)/Ag was simulated with a high band gap a-Si:H(p) layer by AFORSHET auto machine tool. First,
analyzed the how the thickness of a-Si:H(p) and a-Si:H(i) affect the solar cell parameters such as Voc, Jsc,
FF and . Next, c-Si(n) interface layer was introduced in between c-Si(n) substrate and a-Si:H(i) layer to
analyze how defect states and thickness of interface layer affect the performance of solar cell devices.
 Generally, the thickness of c-Si wafer was in the range of 200-300 µm and it is not constant throughout
the wafer. The defect density on surface and bulk will vary from one position to other position. It is very
important to understand the interface near c-Si wafer, whereas, a-Si:H(i) layer thickness is in the range of
4-10 nm only.  

2. Simulation Details
AFORSHET is used for modeling of c-Si/a-Si:H heterojunction solar cells. The solar radiation of AM 1.5G
with incident power of 100 mW/cm2 and �at band metal contacts were used in this simulation work. The
input parameters for c-Si/a-Si:H hetero structure solar cells are given in the Table 1[12, 16, 17, 26, 27, 31,
36–39]. The density of states distribution for c-Si(n), a-Si:H(p), a-Si:H(i) and a-Si:H(n) are shown in Figure
2 (a-d respectively) [10, 12, 16, 31, 40]. The other parameters are used as preset default values in
AFORSHET software [31, 36]. The schematic diagram of c-Si/a-Si:H heterojunction solar cell structure
was shown in Figure 1. Thickness of a-Si:H(i) and a-Si:H(p) layers were varied and evaluated the solar cell
performance for structure shown in Figure 1a. The high bandgap (1.8 eV) of p-layer was used for both
structures in this work. The i- and p-layer thickness was optimized and this optimized thickness was used
in second structure (Figure 1b). The c-Si(n) interface layer was introduced in between c-Si and i-layer
(Figure 1b). The thickness and defect density of this interface layer has been varied and remaining
parameters used as same as c-Si(n). Thickness and defect density were varied in the range of 5, 10, 50,
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100, 150, 250, 450, 750 and 1000 nm and 109 to 1014 cm-3 respectively for second c-Si/a-Si:H
heterojunction solar cell structure (Figure 1b).

Table 1. Input parameters used in the present simulation for c-Si/a-Si:H heterojunction solar cells.

3. Results And Discussion
3.1 Optimization of thickness of a-Si:H(i) layer

Figure 4 shows the variation of a-Si:H(i) layer thickness with solar cell parameters. The thickness of a-
Si:H(i) layer was varied from 3 to 20 nm. The thickness of p-layer was �xed at 5 nm for this i-layer
optimization. The Voc of 763.3 mV, Jsc of 42.17, FF 85.77 and  of 27.6 obtained for 3 nm of i-layer. It was
found that the Voc values are not changed up to 10 nm and slightly increased at 15 and 20 nm of i-layer.
The Voc of solar cells mainly depends on bulk and interface defects and also recombination centers.  It is
observed that the Jsc values are decreased as increase in thickness of i-layer. The Jsc values are

decreased to 40.41 from 42.17 mA/cm2. This is mainly due to increased absorption of photons in the i-
layer while entering into c-Si substrate. As a results in less number of free electron-hole generation. After
generation, free carriers travel through i-layer to reach metal contacts, in this process, these free carriers
recombine in the i-layer due to large minority carrier path length of i-layer [37]. The FF values are not
changed up to 10 nm of i-layer and beyond that FF values are decreased due to increased resistance of
thick i-layer. The maximum e�ciency of 27.6% was obtained at 3 nm of i-layer. These values are
decreased as increase in thickness of i-layer due to decrease of Jsc and FF of solar cells. The e�ciency of
23.62% was obtained at 20 nm thick i-layer.

3.2 Optimization of thickness of a-Si:H(p) layer
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Figure 5 shows the variation of a-Si:H(p) layer thickness with solar cell parameters. The thickness of a-
Si:H(p) layer was varied from 3 to 20 nm and thickness of i-layer was �xed at 3nm, where obtained best
e�ciency was 27.6%. The Voc of 764.8 mV, Jsc of 43.15, FF of 85.71 and  of 28.28% were obtained for 3
nm of p-layer. In order to match the more realistic experimental bandgap value of p-layer, the bandgap of
p-layer was kept at 1.8 eV. The maximum value of Voc (764.8 mV) was obtained at 3 nm of p-layer and it
was decreased as increase in the thickness of p-layer. The reason is that increased defect density in the p-
layer with increase in the thickness of p-layer [27, 33]. The Voc decreased from 764.8 mV to 760.2 mV as

increase of p-layer thickness of 3- 20 nm respectively. The high Jsc of 43.15 mA/cm2 obtained at 3 nm of
p-layer thickness. Absorption losses were reduced with less thickness p-layer. The higher bandgap p-layer
allows more number photons to reach c-Si substrate, which results in high Jsc values in the solar cells.
The FF values are not changed much as increase in thickness. The increase in Voc, Jsc and FF values of
solar cells resulting in an increased e�ciency of solar cells with decreasing thickness of p-layer. The low
value of e�ciency 24.21% obtained at 20 nm thick p-layer.

3.3. In�uence of thickness of interface layer at different defect density

The c-Si(n) interface was introduced between i-layer and c-Si substrate in the c-Si/a-Si:H heterojunction
solar cells. The defect density on surface and bulk of the c-Si wafer is not equally distributed and this
defect density may vary with fabrication, wafer processing and thickness of wafer [5, 6, 41]. Usually,
thickness of the wafer is more at centre and less at edges of diameter. In order to study the effect of
defect density and thickness on c-Si/a-Si:H heterojunction solar cells, the defect density and thickness of
c-Si(n) interface layer was varied from 109 -1014 cm-3 and 5 nm-1 µm respectively. The 250 µm thick c-Si
was used in this study. The 5-10 nm, 50 nm thin and 0.1 to 1 µm thick interface layer was introduced at
different defect density (109 -1014 cm-3).

Figure 6 (a-f) show the performance of c-Si/a-Si:H heterojunction solar cell with c-Si(n) interface layer
thickness at defect density (109-1014 cm-3) of interface. Figure 6a shows the solar cell parameters as a
function of the thickness at the defect density 109 cm-3 of c-Si(n) interface. The Voc is not changed up to
150 nm of interface layer and then it was decreased at 0.25 µm, further, Voc was constant till 1 µm thick

interface layer. The Jsc values are decreased from 38.83 to 35.14 mA/cm2 as thickness increased.
Absorption losses in solar cells were increased by increasing thickness of interface layer. The changes in
FF are very less with thickness at the defect density of 109 cm-3 of interface. The resulting e�ciency has
decreased. The achieved Voc, Jsc, FF,  is 761.7 mV, 38.83 mA/cm2, 86.11%, 25.47% and 760.2, 35.14,
85.9%, 22.94% at 5 nm and 1 µm thick interface layer respectively. In previous section, it is observed that
even 20 nm thick a-Si:H layer has huge impact on the performance of the solar cell. In Figure 6b, at the
defect density of 1010 cm-3, the performance of solar cells has not changed and almost equally
comparable with the performance at the defect of 109 cm-3.  At the defect density of 1011 cm-3 in Figure
6c, the Voc (761.7 mV) has not changed till 150 nm thick layer and later decreased gradually. The Voc has
decreased to 758.6 mV at 1 µm thick interface layer and Jsc and FF have followed similar trend of earlier
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solar cells. Slight decrease in e�ciency has been observed at 1 µm of interface layer due to decrease in
Voc. The achieved Voc, Jsc, FF,  is 761.7 mV, 38.83 mA/cm2, 86.11%, 25.47% and 758.6, 35.14, 85.83%,

22.88% at 5 nm and 1 µm thick interface layer respectively at the defect of 1011 cm-3 of interface. In
Figure 6d, the performance of the c-Si/a-Si:H solar cell have not changed till 150 nm thick at defect
density of 1012 cm-3. Then slightly decreased at 250 and 450 nm thickness. The Voc and e�ciency have

decreased to 750 mV and 22.88% with 1012 cm-3 at 1 µm of interface layer respectively. The solar
parameters were not changed at 5 and 10 nm even at high defect density of 1013 cm-3 (Figure 6e). The
Voc and FF have not changed at thin layer of 5 nm and 10 nm and then Voc of 4 mV and 8 mV decreased

at 50 nm and 100 nm respectively at the defect of 1013 cm-3 of interface (Figure 6e). The Voc has been

decreased signi�cantly as increase in thickness beyond 100 nm and severely affected with 1013 cm-3 at 1
µm of interface layer. Very low Voc of 713 mV observed at 1 µm and the Jsc has not changed at high
defect density as variation of thickness of interface layer. The FF values are decreased up to 100 nm and
then slightly increased further increase in the thickness of the interface layer.    

The e�ciency of cells decreased with thickness and low e�ciency of 20.54% observed at 1 µm. The solar
cell parameters were not signi�cantly changed at 5 and 10 nm of c-Si interface layer even at high defect
density of 1014 cm-3 (Figure 6f). The Jsc values are not changed with defect density. The FF values are
decreased and then increased slightly. The Voc was signi�cantly decreased from the thickness of 150 nm
to 1 µm. The lowest Voc and  of 652.3 mV and 18.47% were observed with 1 µm respectively. The

achieved Voc, Jsc, FF,  is 761.7 mV, 38.83 mA/cm2, 86.09%, 25.46% and 652.3, 35.05, 80.76%, 18.47% at 5

nm and 1 µm thick interface layer respectively at the defect of 1014 cm-3 of interface.

3.4. In�uence of defect density of interface layer at different thickness

Figure 7 (a-i) show the solar cell parameters as a function of c-Si(n) interface layer defect density at
different thickness of interface layer respectively. Solar cell parameters were estimated by varying  defect
density from 109 to 1014 cm-3 at different thicknesses such as 5, 10, 50, 150, 200, 450, 750 and 1000 nm.
It was observed that at 5 and 10 nm thick, solar cell parameters Voc, Jsc, FF and e�ciency were not

changed for defect density (109 to 1014 cm-3) of c-Si(n) interface layer (Figure 7(a, b)). This means that
defect density is not affecting at very thin interface layer. The obtained values Voc, Jsc, FF,  at 1014 cm-3

are 761.7 mV, 38.83 mA/cm2 ,86.09%, 25.46% and 761.7 mV, 38.75 mA/cm2, 85.95%, 25.37%  for 5, 10
 nm respectively (Figure 7(a, b)). In Figure 7(c, d), the Voc, Jsc, FF and  values are not changed up to 1012

cm-3 of defect density and the performance of the solar cell was detiorated as further increase in the
defect density. The defect density of 1012 cm-3  is maximum limit for 50, 100 and 150 nm thick interface
layer for less changes in solar cell parameters. The obtained values of Voc, Jsc, FF,  at 1012 cm-3 are

761.7 mV, 38.26 mA/cm2, 85.81%, 25% and 760.2 mV, 37.77 mA/cm2, 85.76% FF, 24.62%, 760.2 mV,
37.38 mA/cm2, 85.6%, 24.32%  for 50, 100 and 150 nm respectively (Figure 7(c-e)). The performance of
solar cellls was not changed in the range of 109 to1011 cm-3 of defect density and beyond these density
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Voc, FF and  has decreased at thickness of 250 nm (Figure 6f). In Figure 7(g, h), the e�ciency has

decreased about 2% at 109 and 1010 cm-3, this continued up to 1012 cm-3 of defect density. The obtained
values of Voc, Jsc, FF, e�ciency at 1010 cm-3 are 760.2 mV, 36.02 mA/cm2, 85.98%, 23.54% and 760.2 mV,

35.42 mA/cm2, 85.91%, 23.13% for 450 and 750 nm respectively.  The obtained low values of Voc, Jsc, FF,

 at 1014 cm-3 are 671.1 mV, 36.01 mA/cm2 ,81.21%, 19.62% and 658.6.2 mV, 35.37 mA/cm2, 81.24%,
18.93% for 450 and 750 nm respectively. The current density has not changed by varying defect density
from 109 to 1014 cm-3 at each thickness of interface. In Figure 7i, at 1000nm, the Voc, FF and e�ciency

values have been changed from 760.2 to 653.2 mV, 85.9 to 80.76% and 22.94 to 18.47% for 109 to 1014

cm-3 of defect density. It is found that the solar cell performance was not deterioted with very thin (5 and
10 nm) c-Si(n) interface layer for defect density in the range of 109 to 1014 cm-3. For the 50-150 nm thick
interface layer, the solar cell parameters values decreased slightly due to thikness of interface layer and
however peroformance was not effected by defect density in the range 109 to 1012 cm-3 and beyond this
defect density, solar cell parameter values are decreased. The performance of solar cells was not affected
till the defect density of 1012 cm-3 for the thickness of inetrafce layer of 250 and 450 nm . The solar cell
performance was severly deterioted by very thick interface layer even at low defect density.

The current density of solar cells was decreased as thickness increased and it was not changed with
defect density of interface layer. For very thin interface layer, the Voc and FF, e�ciency values are not
changed by varying defect density.  However, the Voc values are severely affected by high defect density
for very thin interface layer. In very thin layer, generated charge carriers crossed junction without
recombining at interface. Whereas in the case of thick and very thick interface layer, recombination
centres increased and generated and seperated charge carriers recombined at interface layer before
crossing the junction and reaching metal contacts. The FF values are decreased as increase in thickness
of interface layer due to increased resistance losses in the solar cells.  Resulting e�ciency of solar cells
was decreased as increase in thickness and defect density of interface layer.

4. Conclusion
The Ag/ZnO/a-Si:H(p)/ a-Si:H(i)/ c-Si(n)/ a-Si:H(i)/ a-Si:H(n)/Ag solar cell has been successfully designed
and evaluated by AFORS-HET simulation tool. The higher bandgap (1.8 eV) of a-Si:H(p) was used in this
work. The performance of c-Si/a-Si:H heterostructure was studied by varying the thickness of a-Si:H(p)
and a-Si:H(i) layers. The best values of Voc (764.8 mV), Jsc (43.15 mA/cm2), FF (85.71%) and e�ciency
(28.28%) were obtained at 3 nm of a-Si:H(p) and a-Si:H(i) layer. In the same structure, c-Si(n) interface
layer was introduced in between c-Si(n) substrate and a-Si:H(i) layer. Studied the performance of c-Si/a-
Si:H heterojunction solar cells by varying defect density and thickness from 109 to 104 cm-3 and very thin
(5 nm) to thick (1µm) of interface layer respectively. The less defective interface improves the solar cell
performance. The achieved Voc, Jsc, FF,  is 761.7 mV, 38.83 mA/cm2, 86.11%, 25.47% and 760.2, 35.14,

85.9%, 22.94% at 5 nm and 1 µm thick interface layer respectively at the defect density of 109 cm-3 of
interface. The e�ciency of about 2% has decreased as increase in thickness from 5 nm to 1 µm. It is
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found that the solar cell performance was not changed by varying defect density from 109-1014 cm-3 for
thin interface layer. The estimated values are 761.7 mV, 38.83 mA/cm2, 86.09% and 25.46% correspond
to Voc, Jsc, FF and  for 5 and 10 nm thick interface having the defect density range of 109-1014 cm-3

respectively. At 1000 nm, the Voc, FF and e�ciency values have been changed from 760.2 to 653.2 mV,

85.9 to 80.76% and 22.94 to 18.47% for the defect density of 109 to 1014 cm-3 respectively. For the very
thin interface layer, defect density has not shown signi�cant effect on device performance. This could be
due to generated free charges carriers immediately reaching metal contacts without recombining in the
very thin interface layer. Defect density has huge impact on the device performance for very thick
interface layer. The Voc and e�ciency decreased signi�cantly even at low defect density of 109 cm-3. This
could be due to large recombination losses in the very thick layer of interface.
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Figure 1

(a, b). Simulated c-Si/a-Si:H heterojunction solar cells structures.

Figure 2

Band bending diagram of c-Si/a-Si:H heterojunction solar cells.
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Figure 3

(a-d). Density of states as a function of energy of c-Si(n) wafer, a-Si:H(p), a-Si:H(i) and a-Si:H(n) layers.
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Figure 4

Solar cell parameters as function of a-Si:H(i) layer.
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Figure 5

Solar cell parameters as function of a-Si:H(p) layer.
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Figure 6

(a-f). Solar cell parameters as function of c-Si(n)interface layer thickness at defect density of 109 to 1014
cm-3 respectively.
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Figure 7

(a-i). Solar cell parameters as a function of c-Si(n)interface layer defect density at different thickness of
interface layer respectively.


