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Abstract

In this spectacular work, we have theoretically modelled and experimentally produced a CdS/CdTe thin film heterojunction
solar cell using some physical parameters of CdS thin film at 150 nm thickness and a 2.4 eV band gap. The photovoltaic
(PV) characteristics of simulated solar cell PV have been determined based on a variety of variables. A spike-like conduction
band offset has been formed between CdS and CdTe semiconductors. The PV performance has been negatively impacted
(the variation of PV parameters for N variation in 10'°-10'8 cm3) by some increases in operating temperature, Auger
electron recombination coefficient and interface defect density (Nt). It has been observed and interpreted that the efficiency
of solar cell is increased as the donor defect density (Np) in CdS thin film increases. However, as Np is increases, the
capacitance is slightly decreased, and the voltage built in (Vi) is also slightly increased. However, the conversion efficiency
of solar cell is unaffected by this reduction in capacitance.

Keywords: CdS, CdTe, thin film, solar cell, SCAPS-1D simulation.

1. Introduction

The increasing demand for energy, as well as the use of fossil fuels as fuel, causes some serious
environmental damages. This situation has led to a tendency toward to some alternative energy sources. One of
these energy sources is solar PV source, which is the most popular renewable energy source. The fact that this
resource is freely available in nature, reliable and cost-effective encourages significant research and
development [1, 2]. Although silicon (Si)-based solar cells are the most widely available on the commercial
market, some challenges still exist, such as flexibility, bulk, Si sheet expense and costly fabrication equipment
[3-5].

Due to some stated limitations of Si-based PV devices, the focus has been on the production of alternative
thin-film materials with high efficiency, low production cost and environmental friendliness [6-8]. The most
promising materials preferred for obtaining thin films of this type are 11-VI based compounds [9, 10]. When it
comes to I1-VI based compounds, the first materials, that come to mind, are CdTe and CdS and solar cells based
on these materials have had a very important place in PV energy conversion in recent years [11]. CdTe thin-
film-based solar cells have received much attention due to their low cost, high efficiency and reliable properties
[7, 12-14]. A CdTe thin-film-based PV device achieved a power conversion efficiency of about 22%,
comparable to that of crystalline Si solar cells. CdTe thin films have the advantages of having a low energy gap
of about 1.5 eV and almost 100% of the incident photons having an energy greater than the band gap, being
reliable, stable, and exhibiting high efficiency [15-17]. CdS is an n-type semiconductor with a band gap of 2.4
eV and exhibits high photoconductivity and has low electrical resistivity [18].
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Considering some significant studies carried out based on CdS/CdTe heterojunction so far, Bonnet and
Rabenhorst have conducted a study for the first time and they have achieved an experimental cell efficiency of
6% at the end of this study [19]. In another study, Britt and Ferekides have achieved 15.8% efficiency with
glass/FTO/CdS/CdTe heterojunction [20]. Samoilenko et al. have achieved 16% efficiency by using a CdTe
solar energy device with a reactive sputtering magnesium zinc oxide emitter in their work reported in the
literature [13]. An efficiency of 22.1% has been obtained by researching CdTe, thin-film solar cells [21].

Studies of CdS/CdTe heterojunction solar cells can be determined experimentally as well as theoretically.
One-dimensional Solar Cell Capacitance Simulator (SCAPS-1D) program is used to compare PV performances
between a standard thin-film cadmium sulfide (CdS)/cadmium telluride CdTe solar cell and the proposed solar
cell. This program is a graphical solar cell simulation program developed by Professor Marc at the Department
of Electronics and Information Systems (ELIS) at the University of Gent in Belgium with LabWindows/CVI of
National Instruments [22]. The SCAPS-1D simulation tool offers the ability to solve the fundamental equations
of the semiconductor, including the Poisson, continuity, and electron and hole transport equations. The current-
voltage (J-V) curve of a PV device, ac characteristics such as capacitance-voltage (C-V) and capacitance-
frequency (C-f) and spectral response quantum efficiency) can also be interpreted with the simulator. Tinedert
et al., in the numerical study carried out by them, the efficiency of theoretically designed CdS/CdTe
heterojunction solar cell at room temperature has been calculated at 23.01 percent [23]. Regarding to CdS/CdTe
heterojunction solar cell, Shah et al. have reported a power conversion efficiency of 19.18% in another
numerical study [24].

Considering thin films as a relatively new system, their work could offer much broader opportunities for the
technological developments in PV energy converters. Therefore, in this study, we modeled a CdS/CdTe
heterojunction solar cell using CdS thin film that we have produced experimentally in our previous study. We
have used SCAPS-1D program to investigate and optimize some changes in PV performance of solar cell. in
order to achieve superior PV performances, solar cell output parameters can be evaluated by adapting some
physical parameters of different layers, including operating temperatures, back contact operating function and
surface recombination rates.

2. Material and Method

2.1. Numerical Modelling and Material Parameters

By using SCAPS-1D software, PV parameters of solar cells have been calculated by courtesy of some other
physical parameters such as dielectric permittivity, band gap, electron affinity of semiconductor layers in solar
cells, work function of contacts. All calculations within the scope of the study have been discussed in detail in
our previous studies [25].

3. Results and Discussion
3.1. The modelling of CdS/CdTe thin film solar cells, using SCAPS-1D simulation program

The SCAPS-1D modelling tool has been used to model a Mo/p-CdTe/n-CdS/i-ZnO/AZQO thin film solar cell
in this study, as shown in Fig. 1. Molybdenum (Mo) is back contact, p-CdTe (Cadmium Telluride) is the
absorber (active) semiconductor, CdS are an n-type semiconductor [26], i-ZnO (intrinsic-Zinc Oxide) is a
transparent oxide semiconductor with a high resistance and AZO (Aluminium doped Zinc Oxide) is also a
transparent conductive oxide semiconductor (front electrode).
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Fig. 1. (a) The schematic diagram and (b) the modelled structure of CdS/CdTe heterojunction thin film solar
cell

In a previous study [27], we have used PLD approach to experimentally generate a thin film of CdS with a
thickness of 150 nm and a band of 2.4 eV. This CdS thin film has been used in this investigation as an n-type
semiconductor in a p-n heterojunction thin film solar cell. The simulation program receives the thickness, band

gap and absorption coefficient file of CdS thin film [27-34]. Equation of @ = 2.303 = (%) is used to get the

thin film absorption coefficient [35, 36]. Here, a is the absorption coefficient, A is the absorption, W is the
film thickness. The program's absorption coefficient for CdS thin film was entered after the absorption
coefficient was calculated using the unit m™. Table 1 lists some physical characteristics of layers in solar cell.

Table 1. The physical parameter of the layer formed the CdS/CdTe thin film solar cells

Layers AZO i-Zn0 n-CdS[37] p-CdTe
Band Gap (eV) 33 33 2.4 1.45
Electron affinity (eV) 4.6 4.6 4.4 3.9

. . e . 10 10.00
Dielectric permittivity (relative) 9 9
CB effective density of states (cm™) 2.20x10% 2.20x10% 1.80x10% 9.20x10%
VB effective density of states (cm) 1.80x10% 1.80x10%° 2.40x10%° 5.20x10%
Electron/Hole thermal velocity (cm/s) 1.00x107 1.00x107 1.00x107 1.00x107
Electron/Hole mobility (cm?Vs) 100/25 100/25 100/25 320/40
Shallow donor density (cm) 1.00x10% 1.00x10° variable 0
Shallow acceptor density (cm®) 0 0 0 1.0x10%
Thickness 100 nm 100 nm 150 nm 2 pm

Contacts Back Contact (Mo)

Metal work function(eV) 5.00

Surface recombination velocity of electrons (cm/s) 1x10%°

Surface recombination velocity of holes (cm/s) 1x10%7
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According to the energy band diagram in Fig. 2, a spike like Conduction Band Offset (CBO) was formed
between CdS (2.4 eV band gap) and CdTe (1.45 eV band gap) semiconductors [38]. These results are in
agreement with previous experimental results [39]. Such a configuration allows electrons to recombine at the
interface as they switch from CdTe conduction band to CdS conduction band. This can limit an ideal charge
transfer in a solar cell and result in lower charge aggregation. However, a partially ochmic structure is formed
between the back Mo contact area and CdTe semiconductor. Thus, an ideal charge transfer can occur between
the metal and CdTe, resulting in high currents in solar cell.

3.1.1. The energy band diagram of the CdS/CdTe heterojuction thin film solar cells
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Fig. 2. The CdS/CdTe heterojunction thin film solar cell's energy band diagram

3.1.2. The effect of the interface defect density of (N;) of the PV parameters of CdS/CdTe heterojunction
solar cell

The defects between n-CdS and p-CdTe semiconductors act as recombination points for charge carriers.
These deficiencies, which contribute to Shockley-Read Hall (SHR) recombination, are situated close to the band
edges because the carrier is likely to return to the appropriate bands for shallow levels [27, 40]. By decreasing
charge aggregation in the depletion zone, this recombination has a negative impact on the performance of solar
cells. The variation of PV parameters for N; variation in 101°-10%® cm3 that are shown in Fig 3 (a-d). While Nt
value was increased from 10° to 10%8 cm3, the open circuit voltage (Voc), the short circuit current density (Js),
Fill Factor (FF) and the power conversion efficiency () , PV parameters that decreased from 0.779 V to 0.529
V, from 34.9986 mA/cm? to 12.6524 mA/cm?, form 60.8% to 51.71% and from 20.74% to 4.33%, respectively.
But these PV parameters are almost stable between 10" cm=-10® cm3. J-V characteristics in Fig. 3e shows
that as Nt rises from 10'° cm=3-10% c¢m3, Jsc and Voc parameters decrease significantly. Since PV values for
107 cm and10*® cm are very close to that for10% cm and overlap, they are not shown on J-V curve.

44



Journal of Materials and Manufacturing (2022) 2:41-52

101 1011 1012 1013

b)

N, (cm?3)

08 40
a)

0,75 35
=07 T30
= E
50,65 L35

E

0,6 220

=

0,55 15

0,5 10

10° 10 101 102 10% 101 1015 106 107 10%8 10%° 10°
N, (cm3)
65 22
[
. )

60 ¢ 18
§55 §14
- @ <@ @ ;

& so 10
-
45 “ 6
@ B
40 2
10° 10 10 102 10 10™ 10 10 10V 108 10%? 10°
N, (cm3)
V. (V)
0 01 02 03 04 05
0
5
& 10
g 15
S -
<
£ 20
3 -25
-
30

-35
-40

1010 1011 102 1013

d)

lolq 10]5 10[6 1017 1018 10]9
N, (cm?)

— N=10°cm3
— N=102cm?3
— N;=10%cm3
— N,=10%cm™3

Fig. 3. (a-d) The PV parameters vs N; (interface defect density) of CdS/CdTe thin film solar cell €) J-V

characteristic for N

3.1.3. The effect of the donor defect density of (Np) of CdS thin film on the PV parameters of the
heterojunction solar cell

The effect of Np value in 1.10% cm™ and 9.10'7 ¢cm range on PV parameters of CdS/CdTe solar cell is
presented in Fig. 4. Np value in band diagram boosts an n-type features of CdS thin film by increasing the
number of significant charge carriers in this thin film [41, 42]. Vo= 0.731V, Jc=34.9331 mA/cm?, FF=45.15%
and N=14.43% for 1.10*" cm™ of Np were enhanced to Vo= 0.779 V, J=34.9660 mA/cm?, FF=48.20% and
N=16.43% for 9.10" cm™ of Np [43]. Thus, as the number of major charges in CdS enhances with an increase
in Np, charge collection from the depletion side increases and possible recombination is overcome. As seen in
Fig 4e, while there was no significant change in Jsc, a clear increament was observed in Vo and based on Np
values, PV characteristics of CdS/CdTe solar cells is improved.

45



Journal of Materials and Manufacturing (2022) 2:41-52

0,79 34,974
a) b)
0,78
0,77 34,962
E
So7e <
© < 34,9
50,75 E
0,74 =3
34,938
0,73
0,72 34,926
0,0 1107  3.10Y 5107 710" 9.10Y 1,110 1,3.10' 0,0 1107 3.107 5107 7.10%* 9.107 1,1.10'® 1,3.10%
N, (cm3) N, (cm3)
48,5 17
i s € d)
N @ 16,5
47,5
-
—_— 47 - 16
‘35455 £ 15,5
o =
t '» = »
46
15
45,5
a5 @ 14,5
44,5 14
00 1107 3107 5107 7.10® 9107 1,1.10"8 1,3.10" 00 1107 3107 5107 7108 9107 1,1.108 1,310
Np (em3) N, (em3)

0 0,1 0,2 0,3

— N,=9.10"7 cm?
— Np=7.10"cm"?
— N,=5.10" cm?
12— Np=3.10Ycm?3

. (MmA/cm?)

Fig. 4. (a-e) The influence of the heterojunction solar cell's PV parameters on the donor defect density (Np) of
CdS thin film

3.1.4. Auger electron capture coefficient’s effect on on CdS/CdTe heterojunction solar cell

Fig.5 indicates that the effect of Auger electron capture coefficient (AECC) on PV parameter of CdS/CdTe
solar cell. When electrons and holes recombine, the generated excess energy is not transferred to photons, but
to electrons and holes to be excited to higher energy states in the same band [44, 45]. No radiation occurs in
this process and the event is called as Auger recombination. For AECC, in the range of 1032 and 1028 cm&/s,
all PV parameters have not changed significantly, but when AECC was increased from 102 cm®/s to 10-%
cmb/s, Vo, Jsc and m have decreased from 0.779 V to 0.752 V and from 34.966 mA/cm? to 17.622 mA/cm? and
from 16.43% to 58.74%, respectively. AECC parameter was changed from 1028 ¢cm®/s to 102 cm®/s, FF was
increased from 48.09% to 58.74%, respectively. The high probability of V and J values corresponding to the
maximum power point on J-V characteristic may cause FF value to increase. In10-%* cm®/s-10"2° cm®/s range,
all PV values have remained constant.
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Fig. 5. (a-e) The effect of Auger electron capture coefficient on the PV parameters of CdS/CdTe solar cell

3.1.5. ThePV characteristics of the CdS/CdTe thin film solar cells as a function of operation temperature

The operation temperature can adversely affect the performance of thin film solar cells. With some increase
in the operation temperature, the band gap of semiconductor decreases and the voltage built in (V) in the
depletion region decreases [46, 47]. Also, charges become kinetic at high temperatures can become unstable
and cause recombination. Thus, undesirable load transfers occur in the deposition region and the charge
accumulation in the depletion region is lower, which causes the values of Vo, Jsc, FF and the power conversion
efficiency that decrease from 0.793 V to 0.718 V, from 34.979 mA/cm? to 34.968 mA/cm?, from 48.06% to
46.41% and from 16.67% to 14.58%, respectively, while the operation temperature rises from 260 K to 360 K.
Some decrease in the band gap and Vi values causes a significant decrease in Vo as shown in Fig. 6e.
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Fig. 6. (a-e) The PV characteristics of a CdS/CdTe thin film solar cell are affected by operation temperature

3.1.6. C-V characteristic of the CdS/CdTe solar cell and the effect of the donor defect density of (Np)
of CdS thin film on C-V characteristic of the solar cells

The C-V characteristics (from -1V to +1 V) of CdS/CdTe thin film solar cell depending on donor defect
density is given in Fig 7a. The depletion capacitance of p-n junction is expressed by Equation (Eq).(1)[48-50]:

_ qeggN
cV)y=4 /_Z(Vhi—V) (1)
where A is cross-section area of junction, ¢, is the permittivity of free space and ¢ is the dielectric constant

of semiconductor, q is the charge of the electron, N is the carrier density, V is the applied potential, V,; is the
built voltage in the deplation region. In Fig. 6a, at zero bias potential, capacitances of CdS thin film solar cell
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depending on Np values that is given Table 2. 1/C2-V curve in Fig. 7b is obtained by Mott-Schottky Eq. (2)
[48-50]:
2

1
= geeoan Voi = V) )

The diffusion potential in the forward bais region forms the built potential (V;). In Fig. 6b, the point where
the straight line drawn from the slope of the curve in the forward bias region cuts on the potential axis that
indicates V,,;. Thus, V,,; values in CdS/CdTe solar cell has been obtained from Fig. 7b that is presented in Table
2.
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Fig. 7. () C-V characteristic and (b) Moss-Schotkky of the CdS/CdTe thin film solar cell

For zero bias voltage, while Np values increases, the capacitance values of CdS/CdTe solar cell decreases
and the built voltage increases [51]. In Table 2, Capacitance and V}; values have been presented depending the
donor defect density (Np). With an increase in Np value, the some decrease in capacitance indicates that a high
number of donor defects are formed in CdS and this can lead to a partial reduction of the charge accumulation
at the depletion site. However, since there is a minimum decrease in capacitance, it does not affect the
efficiency of solar cell. Since Vyi is very low, some increase in Vy; isn’t significantly affect the charge
transitions, so it does not act to reduce the efficiency of solar cell.

Table 2. Capacitance and V,,; values depending the donor defect density (Np)

Donor Defect Density (Np) Capacitance (nF/cm?) at zero bias voltage The built Voltage (V ;)
1.10% cm3 4.62 nF/cm? 0.26 V
3.10% cm® 4.53 nF/cm? 0.28V
5.10Y7 ¢cm® 4.49 nF/cm? 0.30V
7.10% cm® 4.47 nF/cm? 031V
9.10" cm® 4.46 nF/cm? 032V
1,1.10% cm™® 4.45 nFlcm? 033V
4. Conclusion

In this study, we have modelled a CdS/CdTe heterojunction solar cell using CdS thin film that we have
produced experimentally in our previous study. Spike like conduction band offset has occurred between
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CdS/CdTe semiconductor. As an increase in N; leads to recombination between CdS/CdTe semiconductors and
the value of solar cell PV parameters has decreased. The increase in Np value in CdS thin film improves PV
performance of solar cell as it increases the number of major charges in this thin film. As the increase in
operation temperature will reduce the band gap of the semiconductor and the voltage set-up in the depletion
region, it causes undesired transitions and deterioration in PV performance. The increase in Np slightly
decreased the capacitance value and slightly increased the Vi value.
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