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Abstract. In this work, a novel structured Cu2BaSnS4 (CBTS)/ZnS/Zn(O, S) photovoltaic device is proposed. A nontoxic,
earth-abundant and auspicious quaternary semiconductor compound copper barium tin sulphide (Cu2BaSnS4) is used as an
absorber layer. We propose a novel Zn(O, S) buffer layer for a high-power conversion efficiency (PCE) of CBTS-based thin
film photovoltaic cells. Solar cell capacitance simulator software is used for device modelling and simulations are performed
under a 1.5 AM illumination spectrum. The proposed device is investigated by means of numerical modelling and optimized
the parameters to maximize its efficiency. Promising optimized functional parameters had been achieved from the proposed
structure with back surface field layer with a PCE of 18.18%, a fill factor of 83.45%, a short-circuit current of 16.13 mA cm−2

and an open-circuit voltage of 1.3 V. The promising results give an imperative standard for possible manufacturing of high
efficiency, eco-friendly inorganic CBTS-based photovoltaic cells.
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1. Introduction

The propitious choices to meet the growing demand in
low-cost photovoltaic device fabrication is the use of air stable
and earth-abundant materials [1,2]. Thin films’ photoelectric
power conversion efficiency (PCE) of conventional absorbers
using copper indium gallium sulphide selenide (CIGSSe)
and cadmium telluride (CdTe) solar cells reaches a conver-
sion efficiency of 21.7 [3] and 21.5% [4], respectively. Since
decades, a great effort has been achieved on the optimization
of CIGSSe- and CdTe-based devices. The scalability of tech-
nology is limited for commercial use because of the rising
cost and toxic nature of cadmium (Cd) content in the CdTe
absorber and the scarcity of tellurium (Te), gallium (Ga) and
indium (In) [5]. Recently, researchers have focussed their
attention on the quaternary compound materials for the prepa-
ration of In- and Ga-free chalcogenide absorber materials [6].
The increasing demand of quaternary compounds for the fab-
rication of thin film solar cells is due to their potential [7–9].
Non-toxic earth-abundant quaternary compound materials,
such as CZTS, CZTSe [10–13], CFTS, CFTSe [14], CBTS,
CBTSe [1,15] and their alloys are emerging and promising
replacement of chalcopyrite (CIGS, CIGSe) absorbers [16]
by substituting low-cost contents, such as Ga with Sn and

In with Zn or Ba in chalcopyrite absorbers [17–19]. Among
quaternary compounds, Cu2BaSnS4 (CBTS) is one of the
propitious compounds for an effective light absorber mate-
rial due to its earth-abundant and nontoxic nature, suitable
wide-optical band gap of 1.7–2.1 eV and large absorp-
tion coefficient, α >104 cm−1 [1,16,20]. In comparison with
kesterite compounds, CBTS as a absorber is expected to serve
as more efficient and better for photoelectrochemical and pho-
tovoltaic solar cells [21,22]. According to Shockley–Queisser
limit, the maximum PCE of 22% using a AM 1.5 G spectrum
is theoretically possible to conceive from a CBTS single junc-
tion solar cell and in the case of the tandem photovoltaic solar
cell, if it is used in series with the silicon photovoltaic solar
cell then, PCE will be boosted up to 34% [23]. In ref. [21],
it is reported as the best device delivered a PCE of about
1.55%. The PCE of the CBTS solar cell of about 1.6% is
presented in ref. [16]. The best PCE of about 2.03% was
achieved from the proposed CBTS solar cell [1]. An experi-
mentally conceivable PCE from the CBTS photovoltaic cell
is still not as per SQ efficiency limit. It is just due to the lack
of the understanding of material parameters. Numerical anal-
ysis is an important tool to better comprehend the material
parameters. Thus, numerical modelling or numerical analysis
plays a momentous role in the fabrication of high efficiency
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photovoltaic cells [24]. We proposed the use of Zn(O, S) as a
buffer layer for the CBTS thin film solar cell. It is an auspi-
cious material due to its higher optical band gap and nontoxic
nature that permits to collect the blue photons. The value of
a conduction band offset (CBO) at the junction interface can
be tuned by changing O and S contents of Zn(O, S) [25–27].
Our method for enhancing the efficiency and improving the
performance of the CBTS-based photovoltaic device is due
to the following facts:

• Validation of the CBTS experimental cell.
• Proposing novel structure of CBTS/ZnS/Zn(O, S)/

FTO for solar cells.
• Proposing Zn(O, S) buffer layer for the CBTS solar

cell.
• Optimization of absorber layer thickness and doping

concentration.
• Optimization of stacked buffer layer thickness and dop-

ing concentration.
• Comparison of results.

Numerical modelling is an important tool for understand-
ing the working parameters of the photovoltaic cell and it
plays a momentous role in manufacturing of high efficiency
photovoltaic devices [28]. For validation of the experimental
reference cell, we take a solar cell structure from ref. [21]
which was presented in our previous work [29]. Modelling of
novel-structured CBTS is presented in this research. Solar cell
capacitance simulator (SCAPS) software is used for investi-
gation and device modelling [7]. The thickness of the CBTS
absorber layer varies from 1 to 10 µm with a band gap energy
of 1.9 eV. The band gaps of Zn(O, S)- and ZnS-stacked buffer
layers are larger than those of the absorber layer. Therefore, in
the CBTS layer, the photon absorption is maximum. The PCE
and open-circuit voltage of a photovoltaic cell are improved
due to these photon absorptions. The auspicious results of the
proposed device will give valuable guidelines for researchers
and engineers to manufacture a high-efficiency CBTS-based
photovoltaic cell.

2. Numerical modelling and physical parameters

Device modelling can be performed by using the SCAPS soft-
ware. SCAPS is designed for analysing energy bands, func-
tional parameters (PCE, FF, Jsc and Voc), spectral responses of
a device, ac characteristics (C–V and C– f ), J–V character-
istics and doping concentration of materials by solving basic
semiconductor equations [24]. For the better understanding
of the photovoltaic device, device modelling software should
solve the basic semiconductor equations such as Poisson and
continuity equations. The Poisson equation is related to the
electrostatic charge potential div(ε∇�) = −ρ, whereas the
carrier continuity equation is related to holes and electrons
(given in equations (1 and 2)) [30], where Jn and Jp are
current densities.

∂n

∂t
= 1

q
div

−→
Jn + Gn − Rn, (1)

∂p

∂t
= − 1

q
div

−→
Jp + Gp − Rp, (2)

where p and n are hole and electron concentrations, Jp and
Jn are hole and electron current densities, Rp and Rn are hole
and electron recombination rates and Gp and Gn are hole
and electron generation rates. Physical parameters such as
absorber, window and buffer layer thicknesses, doping den-
sities, intrinsic carrier concentrations, band gaps, electron
affinities and electron–hole mobilities are used in SCAPS
for device modelling. Physical parameters that are essential
for device modelling are shown in table 1. The added val-
ues between the interface of p-CBTS/n-ZnS is Nt = 1 ×
1015 (cm−2) and the absorber layer is Nt = 1 × 1015 (cm−3)

are considered for validation purposes and given in table 1.

3. Result and discussion

3.1 Validation of experimental results in SCAPS

The functional parameters of the experimental solar cell pre-
sented in refs [21,29] were reproduced in SCAPS-1D software
by adding absorber layer defects and absorber/buffer inter-
face defects. Validation of the experimental device simulated
in SCAPS was performed by using the p-CBTS/n-CdS inter-
face defect value of Nt = 1 × 1015 (cm−2) and the absorber
layer defect value of Nt = 1 × 1015 (cm−3). Device physical
parameters and added defect densities used for SCAPS are
given in tables 1 and 2, respectively. Functional parameters
of the solar cell were PCE of 1.55%, Voc of 0.63 V, Jsc of
5.25 mA cm−2 and FF of 66.71%. The experimental device
J−V characteristic curve simulated in SCAPS is shown in
figure 1.

3.2 Device optimization

The energy band diagram of the photovoltaic device structure
CBTS/CdS/ZnO obtained from SCAPS is plotted in figure 2.
The device properties can be explained well with the aid of
the energy band diagram. From figure 2, it is clear that for the
maximum light absorption, the optimal value of the band gap
should be larger than or equivalent to the maximum value of
the energy band gap, such as 1.9 eV.

Figure 3 shows the J−V characteristic of the CBTS/CdS/

ZnO solar cell under light conditions after optimization of
physical parameters like thickness and doping concentration
of absorber and buffer layers. Device optimization gives the
functional parameters such as PCE of 6.9%, Voc of 0.78 V,
Jsc of 11.64 mA cm−2 and FF of 74.77%.

This efficiency can further be improved by changing
the band structure between the absorber and buffer layer.
As explained in our previous work [35], the PCE of the
solar cell is limited by an interface recombination between
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Table 1. Device modelling of physical parameters used in SCAPS [1,16,31–34].

Material parameters p-CBTS (absorber) n-CdS (buffer) n-ZnO (window)

Thickness, W (µm) 2 0.4 0.4
Band gap, Eg (eV) 1.9 2.45 3.3
Electron affinity, χ (eV) 3.6 4.4 4.5
Dielectric permittivity, εr 5.4 9 9
CB effective density of state, NC (cm−3) 2.2 × 1018 1.8 × 1019 2.2 × 1018

VB effective density of state, NV (cm−3) 1.8 × 1019 2.4 × 1018 1.8 × 1019

Electron–hole thermal velocity (cm−1) 107/107 107/107 107/107

Electron–hole mobilities, μe, μh (cm2V−1 s−1) 30/10 100/25 100/25
Electron and hole concentrations, n, p (cm−3) 1 × 1015 5 × 1018 1 × 1018

Table 2. Added value of defects.

Properties p-CBTS (absorber) p-CBTS/n-CdS (interface)

Energy level with respect to reference (eV) 0.6 0.6
Total density, Nt 1 × 1015 cm−3 1 × 1015 cm−2

Capture cross-section area of electrons, δe (cm2) 1 × 10−14 2 × 10−15

Capture cross-section area of holes, δh (cm2) 1 × 10−14 2 × 10−15

Figure 1. Experimental solar cell J−V characteristics [21].

the absorber/buffer interface. This recombination cannot be
eliminated, but can be governed by changing the CBO
between the absorber/buffer [14,35]. To analyse the effect of
the CBO on the solar cell performance, an electron affinity
(EA) of the buffer layer was varied from 4.4 to 3.3 eV. The
results for the effect of EA on PCE and on interface recom-
bination current of the solar cell are shown in figures 4 and 5.
From figure 4, it is clear that with a decrease in the value of
EA, there is an increase in PCE, whereas in figure 5, with a
decrease in the value of EA, there is a decrease in the interface

Figure 2. Energy band diagram.

recombination current (Jif_rec) of the solar cell. This reduction
in recombination current is the major reason for the efficiency
enhancement of the optimized device.

From figures 4 and 5, the best results were achieved for the
EA value of 3.4 eV and only material that is available in the
literature having a EA of 3.4 eV with a band gap of 3.6 eV is
ZnS [36]. So, to further enhance the PCE of this device, we
change the structure of the device from CBTS/CdS/ZnO to
CBTS/ZnS/Zn(O,S). In the next step, we further optimize the
device performance of the CBTS/ZnS/ZnO structure.
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Figure 3. J−V characteristics of the CBTS/CdS/ZnO solar cell.

Figure 4. Effect of EA values on the PCE of the solar cell.

Figure 5. Effect of EA values on Jif_rec of the solar cell.

Figure 6. Energy band diagram of the proposed device.

Figure 7. Absorber thickness effect.

3.3 Proposed device energy band diagram and simulation
parameters

The energy band diagram of the proposed device structure
(CBTS/ZnS/Zn(O, S)/FTO) of the solar cell is shown in fig-
ure 6 and is being taken from the SCAPS simulator to analyse
the CBTS-based device. Physical parameters for the proposed
device structure and added values of defects are given in
tables 3 and 4, respectively. The energy band diagram explains
the device properties. For the light absorption in the CBTS
solar cell, the optimal value of the band gap energy should be
larger than or equivalent to the maximum value of the energy
band gap such as 1.9 eV.

The added values between the interface of p-CBTS/n-ZnS
is Nt = 1 × 1015 (cm−2) and the absorber layer is Nt =
1 × 1015 (cm−3) are considered for validation purposes.
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Table 3. Physical parameters used in SCAPS for proposed device modelling [1,14,16,31–34,36].

Material parameters p-CBTS (absorber) n-ZnS (buffer-1) n-Zn (O, S) (buffer-2) n-FTO (window)

Thickness, W (µm) 2 0.4 0.4 0.5
Band gap, Eg (eV) 1.9 2.45 3.3 3.5
Electron affinity, χ (eV) 3.6 4.4 4.5 4
Dielectric permittivity, εr 5.4 9 9 9
CB effective density of state, NC (cm−3) 2.2 × 1018 1.8 × 1019 2.2 × 1018 1 × 1019

VB effective density of state, NV (cm−3) 1.8 × 1019 2.4 × 1018 1.8 × 1019 1 × 1018

Electron–hole thermal velocity (cm−1) 107/107 107/107 107/107 107/107

Electron–hole mobilities, μe, μh (cm2 V−1 s−1) 30/10 100/25 100/25 20/10
Electron and hole concentrations, n, p (cm−3) 1 × 1015 5 × 1018 1 × 1018 1 × 1018

Table 4. Added value of defects.

Properties p-CBTS/n-ZnS (interface) p-CBTS (absorber)

Energy level with respect to reference (eV) 0.6 0.6
Total density, Nt 1 × 1015 cm−2 1 × 1015 cm−3

Capture cross-section area of electrons, δe (cm2) 1 × 10−15 1 × 10−14

Capture cross-section area of holes, δh (cm2) 1 × 10−15 1 × 10−14

Figure 8. Absorber doping concentration effect.

3.4 CBTS layer thickness and doping concentration effect
on device performance

Functional parameters of the CBTS photovoltaic cell are
affected by changing the absorber thickness. The PCE
increases with an increase in the absorber thickness value.
Functional parameters affected due to the change in the
absorber thickness are illustrated in figure 7. The solar cell

Figure 9. ZnS thickness effect.

performance is examined by changing the absorber thickness
value from 1 to 10 µm. The other different layer mate-
rial parameters are kept constant. All functional parameters
such as PCE, FF, Jsc and Voc are initially increased with an
increase in the absorber thickness. This increase in func-
tional parameters is up to an optimum absorber thickness
and predominantly, increase in Jsc with an increase in Voc

and PCE is due to the photon absorption energy of longer
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Figure 10. Zn(O, S) buffer thickness effect.

Figure 11. ZnS buffer layer donor concentration effect.

wavelengths and the ratio of photogenerated carriers. After
the optimum absorber thickness value, PCE and Jsc remain
constant, whereas very small decrease is found in FF and
Voc. The optimal absorber width for the proposed device is
4 µm.

Effects of an acceptor doping concentration on the func-
tional parameters are also analysed to assess the device
performance. The doping concentration effect on the CBTS-
based photovoltaic cell performance can be shown in figure 8.
The acceptor doping concentration of the absorber layer varies
from 1×1015 to 1×1019 cm−3. Figure 8 illustrates that initially
all functional parameters have constant values. The proposed
device has the optimal acceptor doping concentration value of
about 5×1015 cm−3. In figure 8, if there is a further increase in
the doping concentration value, all functional parameters start
to decrease. After reaching 1 × 1017 cm−3, Voc again starts
to increase, whereas the other functional parameters, such as

Figure 12. Zn(O, S) buffer layer donor concentration effect.

Figure 13. J–V characteristics under light illumination.

PCE, FF and Jsc remain constant. Higher carrier densities are
the reason for the decrease in the value of Jsc, due to this,
the recombination process rises and photon-generated elec-
tron collection probability reduces. The collected PCE of the
CBTS-based solar cell is more dependent on this analysed
factor.

3.5 Stacked buffer layer thickness and doping
concentration effect on device performance

Effects of ZnS and Zn(O, S)-stacked buffer layers on the per-
formance of the CBTS photovoltaic cell are also explored
in this analysis and are shown in figures 9 and 10, respec-
tively. In both cases, buffer layer thicknesses are varying from
0.1 to 1 µm. Simulated fallout shows that no change was
found in functional parameters with an increase in the buffer
thickness. So, this result is comprehended that an increase
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Figure 14. Device structure comparison of the proposed and traditional solar cells.

Figure 15. J−V characteristics of curve comparison.

in both buffer layer thicknesses not affects the device
performance. For designing the CBTS/ZnS/Zn(O, S) solar
cell, the optimum thickness taken for ZnS is 0.2 µm and for
Zn(O, S) is 0.1 µm.

The impact of the donor doping concentration on the pro-
posed device performance is also explored in this numerical
modelling. Simulated fallouts of the stacked-buffer layers,
such as ZnS and Zn(O, S) are shown in figures 11 and 12,
respectively. In both cases, the doping concentration densities
vary from 1 × 1015 to 1 × 1018 cm−3. Figure 11 illustrates an
increase in the donor doping concentration of the ZnS buffer
layer, there is no variation found in PCE, FF and Jsc. Initially,
Voc decreases up to the optical value of the donor concen-
tration value, but after that, it will start to increase as shown
in figure 11. The reason behind this is when the value of the
donor concentration increases from the value of the acceptor
concentration; the interface recombination is totally governed
by the majority of electrons and no holes are present for
recombination. So, deficit in Voc is recovered when Nd

exceeds the value of Na. From figure 8, the optimum value

of the donor concentration of the ZnS buffer layer is 1 ×
1018 cm−3.

Figure 12 shows that functional parameters of the proposed
device are not deviated with an increase in the doping con-
centration of Zn(O, S). So, the result is comprehended that
variation in donor concentration density of Zn(O, S) is not
affected the performance of the proposed device. The opti-
mum value of the donor concentration of the Zn(O, S) buffer
layer taken is 1 × 1018 cm−3.

3.6 J–V characteristics of proposed device structure

The photovoltaic cell converts the light radiation energy into
electrical energy. Under light conditions, the photovoltaic cell
starts working. Photogenerated carriers are the main cause of
the flow of current through the device. Figure 13 shows the
J–V characteristic of the proposed CBTS/ZnS/Zn (O, S) /

FTO device. Device optimization gives the PCE of 18.18%,
FF of 83.45%, Voc of 1.35 V and Jsc of 16.13 mA cm−2

by optimizing the device physical parameters, such as an
acceptor doping concentration of 5×1015 cm−3 and a absorber
thickness of 2 µm.

3.7 Result comparison

The comparison of J–V characteristics curves of the exper-
imental device with the optimized solar cell and novel
proposed structure is shown in figures 14 and 15. Figure 15
shows the improved results of a novel structure in comparison
with the referenced solar cell.

Table 5 presents the comparison of functional parameters
(PCE, FF, Jsc and Voc) of the experimental solar cell with its
optimized parameters and novel proposed structure device.
All the improved parameters are given in table 5. In this work,
the promising results had been achieved with a conversion
efficiency of 18.18%, FF of 83.45%, Jsc of 16.13 mA cm−2

and Voc of 1.35 V.
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Table 5. Comparison of functional parameters.

PCE (%) FF (%) Jsc (mA cm−2) Voc (V)

SCAPS simulated experimental device 1.56 47.12 5.1 0.64
Simulated (optimized) 6.9 74.77 11.64 0.78
Proposed device 18.18 83.45 16.13 1.35

4. Conclusions

A novel structure for the CBTS-based device CBTS/ZnS/
Zn(O, S)/FTO is proposed in this work. SCAPS simulation
software is used for the modelling and analysing the CBTS-
based photovoltaic cell. Essential parameters like thicknesses
and doping concentrations of absorber and stacked buffer
layers are analysed. This work will provide the neces-
sary guidelines for analysing and fabricating high efficiency
CBTS-based solar cells. The promising results had been
achieved with a PCE of 18.18%, FF of 83.45%, Jsc of 16.13
mA cm−2 and Voc of 1.35 V. The results proposed in this work
will play a significant role and gives an imperative standard
for the possible production of eco-friendly and high efficiency
inorganic CBTS-based photovoltaic cells.
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