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The aim of this work is to study the photovoltaic performance of CMTS-based solar cell using solar cell
capacitance simulator-1D. The use of ZrSs as a buffer layer for CMTS-based solar cell is the novelty
of this work. The impact of several parameters such as thickness, defect density, electron affinity,
and doping concentration on the cell performances is investigated to improve cell performance. It is
observed that these parameters impact significantly the solar cell performance. The optimized solar cell
obtained an efficiency of 31.54% with an open-circuit voltage of 0.99 V, short-circuit current density
of 36.44 mA /cm?, and fill factor of 87.69%. The results suggest guidelines for developing low-cost and

(2024)

highly efficient CMTS thin-film solar cells.
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1. Introduction

Solar cells are a promising renewable energy
source as they are an environmentally eco-friendly
method to reduce COy emissions and satisfy the
demand for green energy [1-3|. Extensive research
is being conducted on copper-based quaternary
chalcogenide semiconductors as a cost-effective sub-
stitute to conventional absorber materials in solar
cells due to their direct bandgap and abundance
in availability [4-6]. Among them, copper zinc tin
sulfide (CuzZnSnSy, i.e., CZTS), copper zinc tin
selenide (CupZnSnSey, i.e., CZTSe), and sulfur—
selenium alloy (CusZnSn(S,Se1—_.)4, i.e., CZTSSe)
based thin-film solar cells have been widely stud-
ied [7-11]. Due to a tunable bandgap between
1.4-1.5 eV, CZTS is a suitable solar cell ab-
sorber layer [12-14]. Antisite defects present in
CZTS due to similar atomic size of zinc and
copper atoms have hindered their efficiency im-
provement in recent years [15-18]. The zinc re-
placement in CZTS with various cations results
in materials that have similar optical character-
istics to CZTS material [19-23]. Among them,
copper manganese tin sulfide (CusMnSnSy, i.e.,
CMTS) is a promising material due to its low
cost, nontoxicity, high absorption coefficient (>
10* cm~!), and tunable bandgap between 1.2
1.5 eV [24-29]. Electro deposition [30], chemi-
cal vapor deposition [31], sol-gel [32], and ther-
mal evaporation [33] are some of the methods
used to deposit CMTS thin films. The numerical
efficiency in the range of 16.5-20.26% was obtained
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in ZnO:Al/i-ZnO /buffer (ZnO, ZnS, CdS)/CMTS
and i-ZnO/CdS/CMTS solar cell [34, 35]. However,
an in-depth analysis of the CMTS absorber layer
with a nontoxic buffer layer and favorable metal
contact has not been performed.

Recently, transition metal dichalcogenides
(TMDCs) have been used for various applications,
especially in photodetectors [36, 37] and solar
cells [38] instead of conventional materials due
to large band-edge excitation produced by d—d
transition situated at a metal site [2]. Zirconium
disulfide (ZrSs), a group IV of TMDCs, shows
a low lattice mismatch with absorber materials
due to the van der Waals force [38, 39]. The
high absorption coefficient, quasi-2D character-
istic, and tunable bandgap energy in the range
of 1.2-2.2 eV [38, 40, 41] make ZrSs applicable
in various opto-electronic devices [42, 43|. Var-
ious methods, such as sputtering [44], atomic
layer deposition [45], and chemical vapor trans-
port [46], are used to deposit ZrSs thin film.
ZrSy, a TMDC material, builds heterostructures
by facilitating vertical stacking of several TMDC
materials without the requirement of lattice
matching due to the absence of dangling bonds.
Solar cells of high efficiency can be obtained by
combining p-type semiconductors such as CMTS
with n-type ZrS, with appropriate energy level
alignment.

The present work explores a detailed numerical
simulation of AZO/ZrS;/CMTS solar cell, where
CMTS is used as an absorber layer, and ZrS, is used
as a novel buffer layer, using solar cell capacitance
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Input data used in the simulated CMTS/ZrS2/AZO thin-film solar cell. TABLE 1
Parameter Unit CMTS [35] | 21Ss [38] AZO [52-54]
thickness [pem] 1 0.05 0.3
bandgap [eV] 1.2 1.7 3.3
electron affinity [eV] 4.35 4.7 4.52
dielectric permittivity 7.6 16.4 9
conduction band effective density of states [em™3] 2.2 x 10'8 1.8 x 107 2.2 x 10'8
valence band effective density of states [em™3] 1.8 x 10*? 2.2 x 10? 1.8 x 10*°
electron thermal velocity [cm/s] 1 x 107 1 x 107 1 x 107
hole thermal velocity [em™] 1x 107 1x 107 1x 107
electron mobility [em?/(V s)] 0.16 300 100
hole mobility [em?/(V s)] 0.16 30 25
shallow uniform donor density Np [em™3] 0 1x10'® 1 x 10%°
shallow uniform acceptor density N4 [em™?] 1 x 106 0 0

AZO window layer
(0.1-1 pm)

CMTS absorber layer
(0.5-5 pm)

Back contact

Glass substrate

Fig. 1. Representation of the CMTS/ZrS,/AZO
solar cell.
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Fig. 2.  Energy band diagram.

simulator (SCAPS-1D) software. Al-doped ZnO is
used as a window layer in simulation instead of
pure ZnO as Al doping causes low resistivity, reduc-
tion in defect states, high transmittance and car-
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rier mobility, and as a result, enhances solar cell
performance [47-49]. The influence of various pa-
rameters such as absorber layer thickness, accep-
tor concentration, electron affinity, bulk defect den-
sity of absorber, buffer layer thickness, donor con-
centration, bulk defect density of buffer, window
layer thickness, bulk defect density of window, and
interfacial defect density on the solar cell perfor-
mance parameters open-circuit voltage (Vo.), short-
circuit current density (Js), fill factor (FF), and
efficiency (n) are investigated and optimized to ob-
tain the highest efficiency of the proposed solar cell.
The results of this study will give a guideline for
the experimental production of high-performance
CMTS-based solar cells.

2. Simulation methodology and device
structure

Solar cell capacitance simulator (SCAPS-1D) de-
veloped at the University of Gent, Belgium, is used
to design and simulate the proposed solar cell. The
essential charge carrier transport equations, such
as Poisson’s equation and electron and hole con-
tinuity equations are solved numerically by this
software [50]. This software helps to analyze and
simulate the J-V characteristic curve, spectral re-
sponse (QE) curve, AC characteristics (C—V and
C-f), open-circuit voltage (V5.), fill factor, short-
circuit current density (Js), and efficiency of solar
cells [51].

Figure 1 shows the CMTS/ZrSy/AZO solar cell
structure that includes p-type CMTS as an ab-
sorber, n-type ZrSy as a buffer layer, and Al-doped
ZnO (AZO) as a window layer. The parameter
values used to simulate the proposed solar cell struc-
ture are listed in Table I (see also [35, 38, 52-54]).
The device performance is simulated at 300 K
operating temperature under air mass AM
1.5G solar irradiance with standard illumination
(1000 W/m?).
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3. Results and discussion

3.1. Energy band diagram

The energy band diagram obtained from SCAPS
for the simulated CMTS/ZrSs/AZO solar cell is
shown in Fig. 2. According to the Shockley—Queisser
limit, the maximum efficiency of 32.5% using an AM
1.5 G spectrum is theoretically possible to obtain
from a CMTS single-junction solar cell due to ab-
sorber layer bandgap of 1.2 eV [55].

3.2. Impact of CMTS absorber layer thickness

The impact of the CMTS absorber layer thick-
ness is investigated by changing the absorber layer
thickness from 0.5 to 5 pm. The simulation results
are shown in Fig. 3. All the solar cell parameters
increase with the increase in absorber layer thick-
ness. Too thin the absorber layer results in a lower
generation rate of electron—hole as it is not ade-
quate enough to absorb all incident light. As the
absorber layer thickness is increased, the increase in
the optical path causes greater photon absorption
in the absorber layer [56], and thus, the efficiency
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ation, (b) FF and 7 variation.
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Fig. 4. The impact of ZrSs buffer layer thickness
on solar cell performance (a) Vo and Js variation,
(b) FF and 7 variation.

increases. As the thickness is further increased, the
increased recombination rate slows the increase in
efficiency. The efficiency increases as absorber layer
thickness is increased in the considered range. The
efficiency is 16.3% when the absorber layer thickness
is 0.5 pum. The efficiency increases by 15.95% from
19.81 to 22.97% as absorber layer thickness is in-
creased from 1 to 2 pm. When absorber layer thick-
ness is varied from 2 to 3 pum, the efficiency increases
by 7.75% from 22.97 to 24.75%. The efficiency in-
crement is 4.89% (from 24.75 to 25.96%) and 3.24%
(from 25.96 to 26.8%) as absorber layer thickness is
increased from 3 to 4 pm and from 4 to 5 um, re-
spectively. The efficiency increases at a slow rate as
absorber layer thickness is increased by 1 pm above
2 pm in the considered range. Therefore, to reduce
CMTS material usage and production cost, the cho-
sen absorber layer thickness is 2 pum, and various
layer parameters have been optimized to improve
efficiency.

3.3. Impact of ZrSs buffer layer thickness

The impact of the ZrSs buffer layer thickness is
investigated, and the simulation results are shown
in Fig. 4. The buffer layer thickness is altered from
0.01 to 0.2 um. The buffer layer should ideally be as
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thin as possible to enhance the device’s performance
as it increases photogenerated electron collection by
front contact. The value of V., Js, and FF in-
creases from 0.869 V, 37.67 mA /ecm?, and 70.18% to
0.875 V, 37.716 mA /ecm?, and 72.35%, respectively,
as the buffer layer thickness is increased from 0.01
to 0.2 pm. Therefore, the combined effect of these
parameters causes efficiency to increase from 22.96
to 23.9% as the buffer layer thickness is increased
from 0.01 to 0.2 ym. An increase in the number of
ionizing atoms with an increase in the thickness of
the ZrS, buffer layer results in an increased number
of photogenerated electrons [57]. As a result, effi-
ciency increases with an increase in ZrS, layer thick-
ness. The chosen optimal ZrS, buffer layer thickness
is 0.2 pm.

3.4. Impact of AZO window layer thickness

Figure 5 shows the simulation results of AZO win-
dow layer thickness variation from 0.1 to 1 pm.
The value of V. remains unaltered, but both Jg
and FF decrease with an increase in AZO window
layer thickness. As a result, n decreases from 23.98
to 23.71% as AZO window layer thickness is in-
creased from 0.1 to 1 pm. The carriers need to travel
a distance greater than the carriers’ diffusion length
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to reach front contact, thus enhancing the recom-
bination rate and causing efficiency to decline as
window layer thickness is increased [57]. The AZO
window layer thickness of 0.1 pm will result in max-
imum solar cell efficiency.

3.5. Impact of CMTS absorber layer acceptor
concentration

The influence of CMTS absorber layer acceptor
concentration on solar cell performance is shown
in Fig. 6. The acceptor concentration is altered
from 10'* to 10'® cm~3. The value of J,. decreases
due to the high recombination rate, but both FF
and V. increase with the increase in acceptor con-
centration in the considered range. The efficiency
increases from 19.33% to 31.08% as the absorber
layer acceptor concentration is changed from 10'*
em™3 to 10'® em™3. Low absorber layer doping
concentration causes a large number of carrier re-
combinations in the buffer layer due to the shift-
ing of the depletion region towards the p-region.
As absorber layer acceptor concentration increases,
the depletion region moves further towards the n-
region, resulting in more separation of photogener-
ated electron—hole pairs by an electric field in the
n-region, which contributes to the photocurrent and
increases efficiency [56]. The optimal value of the
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absorber layer acceptor concentration is 10'® cm ™3,

which is well within the acceptor density of 10'°
cm 2 found for the CMTS absorber layer obtained
in previous studies [58-60].

3.6. Impact of ZrSs buffer layer donor
concentration

Simulation results obtained by changing ZrS,
buffer layer donor concentration from 10!%
to 10'® cm ™3 are shown in Fig. 7. The value of V.
is almost unaffected, and Js. increases as buffer
layer donor concentration is increased. The value
of FF decreases from 87.06 to 86.68% as donor
concentration is changed from 10 to 10'® cm™3.
Then, the value of FF increases slightly to 86.73%
as donor concentration is increased to 10 cm™3.
The combined impact of V., Js, and FF causes
efficiency to increase from 31.07 to 31.14% as
buffer layer donor concentration is increased from
10'* to 10" cm™3. The photogenerated carrier
separation is increased with an increase in buffer
layer donor concentration as the depletion region
shifts towards the absorber layer, and the electric
field is increased on the CMTS/ZrS,; junction.
Thus, contacts collect an increased number of
carriers, and efficiency increases [56, 61, 62]. The
optimal value of the buffer layer donor concentra-
tion is 10'° cm™3. This chosen value is consistent
with the donor concentration for the ZrS, buffer
material used in the previous report [2]. At donor
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concentrations > 107 cm™3, ZrS, behaves as a
degenerate semiconductor, which enhances the
conductivity of the solar cell [63].

3.7. Impact of CMTS absorber layer
defect density

To analyze the impact of CMTS absorber layer
defect density on solar cell performance, the defect
density is varied from 10'° to 10'7 em™3. The ob-
tained simulation results are shown in Fig. 8. Single-
donor type bulk defect is used for the absorber
layer. The proposed solar cell has an efficiency close
to 31.14% up to a defect density of 10'3 cm™3.
Then efficiency declines. The efficiency decreases to
11.96% as defect density is increased to 10'7 cm™3.
Thus, CMTS absorber layer defect density needs
to be minimized below 10'> cm™3. The Shockley—
Read—-Hall recombination rate increases with an in-
crease in absorber layer defect density, which traps
photogenerated carriers and causes a reduction in
their number by decreasing their lifetime. As a re-
sult, Ve, Jse, FF, and efficiency decrease [64, 65].
Too low absorber defect density is impossible to
achieve in practical cases [66]. Therefore, the op-
timal absorber defect density < 10'3 cm™3 is feasi-
ble. It has been observed that a defect density level
of 10'2-10'% cm ™3 is feasible in metal chalcogenide-
based thin films [67, 68].
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3.8. Impact of ZrSs buffer layer defect density

The impact of ZrSy buffer layer defect density
on solar cell performance is also explored. The
defect density is varied from 10'° to 10'® cm™3.
Figure 9 shows the simulation results obtained.
Single-acceptor type bulk defect is used for the
buffer layer. The efficiency of around 31.14% of the
proposed solar cell is unaffected up to the defect
density of 10'6 cm™3. The efficiency decreases to
23.1% as defect density is increased to 10'® em™3.
It is observed that due to the thinner thickness of
the buffer layer compared to the absorber layer,
buffer layer defect density has less impact on so-
lar cell performance [3]. As a result, the ZrSs buffer
layer defect density needs to be minimized below
1016 cm~3, which is within the defect density tol-
erance range for the ZrSy layer, which is between
10'2 to 10'® c¢m—3, obtained in previous research
work [69]. An increase in buffer layer defect den-
sity increases the Shockley—Read-Hall recombina-
tion rate, which decreases the efficiency of the solar
cell [64].

3.9. Impact of AZO window layer defect density

The impact of AZO window layer defect density
on solar cell performance is investigated by altering
defect density from 10'° to 10?° cm 3. The simula-
tion results are shown in Fig. 10. Single-acceptor
type bulk defect is used for the window layer.
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The efficiency of around 31.14% is almost unaf-
fected as defect density is increased from 10'°
to 1017 em™3. Then efficiency starts to decline. The
efficiency decreases to 31.05% as defect density is
increased to 10%° em~3. Due to the AZO window
layer’s high doping concentration and bandgap com-
pared to other layers used and thin thickness, the
defect density of this layer has the least impact on
solar cell performance [3]. Thus, AZO window layer
defect density needs to be kept below 107 cm™3.

3.10. Impact of CMTS/ZrS, interface defect
density

The impact of CMTS/ZrS, interface defect den-
sity on solar cell performance is analyzed by altering
the defect density from 10% to 107 cm™2. Neutral
type defect is considered at the CMTS/ZrS, inter-
face. The simulation results are shown in Fig. 11.
Recombination centers are created by traps exist-
ing at the interface, which reduce carrier collection
and efficiency [69]. It is observed that as interface
defect density is increased, all solar cell parameters
decrease. But if interface defect density increases
above 10 cm~2, the efficiency of the solar cell starts
deteriorating significantly due to an increase in the
series resistance of the cell [70]. So, for optimal so-
lar cell performance, CMTS/ZrSs interface defect
density needs to be minimized below 10° cm~2. It
has been explored that interface defect density of
moderate value influences majorly solar cell perfor-
mance [71].
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3.11. Impact of ZrSy/AZO interface defect
density

The change in solar cell performance is ex-
plored by altering the defect density from 10'°
to 10*° ecm~2 at the ZrSy/AZO interface. Neutral
type defect is considered at the ZrSs/AZO interface.
The simulation results are shown in Fig. 12. The ef-
ficiency close to 31.14% is almost unchanged as de-
fect density is increased from 10'° to 10'6 ecm™—2.
The efficiency of the solar cell starts to de-
crease significantly as defect density is increased
above 10'® cm™2. The efficiency diminishes to
24.98% as defect density is increased to 10'° cm—2.
Therefore, ZrS, /AZO interface defect density needs
to be minimized below 10'® cm~™2. It has been
revealed that the performance parameters of the
solar cell are less affected by the defects at the
buffer/window interface than at the absorber/buffer
interface. This is due to the high bandgap and donor
concentration in the AZO window layer [3].

3.12. Impact of CMTS absorber layer electron
affinity

The impact of CMTS absorber layer electron
affinity on solar cell performance is analyzed by al-
tering the electron affinity (EA) from 4 to 4.7 €V,
and the results are shown in Fig. 13. As absorber
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TABLE II
Optimized parameters and their values for
CMTS/ZrS2/AZO thin-film solar cell.
Optimized parameter Value
CMTS absorber layer
. 2 pm
thickness
ZrS2 buffer layer thickness 0.2 pum
AZO window layer thickness 0.1 pum
MT 1
CMTS absorber ayer. 10 em—3
acceptor concentration
ZrSo buffer layer 101 em—?

donor concentration
CMTS absorber layer
defect density

less than 10*% cm™3

ZrSs buffer layer less than 10'® cm™3
defect density
AZO window layer loss than 10V em—3

defect density
CMTS/ZrS; interface layer

defect density
ZrS2/AZO interface

defect density
CMTS absorber layer

electron affinity

less than 10° cm™2

less than 106 ¢cm ™2

4.7 eV

layer electron affinity is increased from 4 to 4.7 eV,
Vi declines but both J, and FF increases. The cu-
mulative effect of Vi, Js., and FF causes efficiency
to increase from 25.33 to 31.51% as electron affinity
is increased from 4 to 4.7 eV. The conduction band
offset (CBO) [CBO = (EA)absorber — (EA)buffer] is
changed as the EA of the absorber layer is changed.
The highest efficiency is obtained for EA of 4.7 eV,
which results in CBO of 0 eV, which is within the
range of optimal CBO of 0-0.3 eV, which reduces
series resistance [72-74]. The chosen optimal CMTS
absorber layer electron affinity is 4.7 eV.

3.13. Overall performance of optimized
CMTS-based solar cell

The optimum parameters of various layers in
the CMTS/ZrSo/AZO solar cell are displayed in
Table II. Using the optimized parameters of each
layer, the solar cell efficiency of 31.54% with V. =
0.99 V, Ji. = 36.44 mA/cm?, and FF = 87.69%
is extracted from the simulated heterojunction
solar cell.

4. Conclusions

In the present work, the CMTS/ZrS;/AZO so-
lar cell structure is modeled and simulated by the
SCAPS-1D simulation software. Essential parame-
ters like thicknesses, doping concentrations, electron
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affinity, and defect density are analyzed. The opti-
mized thicknesses for CMTS, ZrS,, and AZO are
2 pm, 0.2 pm, and 0.1 pm, respectively, yielding
a maximum efficiency of 31.54% (V. = 0.99 V,
Jse = 36.44 mA/em?, FF = 87.69%) for the so-
lar cell after optimization of shallow acceptor and
donor density, defect density, and electron affinity.
With the increase in defect density, the carrier re-
combination rate will increase, decreasing the car-
rier’s lifetime and efficiency. CMTS defect density
and CMTS/ZrS, interface defect density are ob-
served to reduce cell performance because of their
significant contribution to the series resistance of
the cell. The optimized 4.7 eV electron affinity of
the CMTS absorber layer results in zero conduc-
tion band offset, which is favorable for the charge
carriers traveling to the metal contact by avoiding
recombination and enhances efficiency. The light is
effectively absorbed by the optimized CMTS-based
solar cell, resulting in the creation of carriers that
separate quickly with minimal bulk recombination
with high values of FF and Js. Due to low lat-
tice mismatch and interfacial defects, recombination
at the interface decreases and results in a high V.
value. As a consequence, due to the combined effect
of Voo, Jse, and FF, a high efficiency of 31.54% is
achieved, which is close to the maximum efficiency
of 32.5% according to the Shockley—Queisser limit
for 1.2 eV bandgap CMTS absorber layer. This work
will contribute to the fabrication of high-efficiency
CMTS-based solar cells in the near future.
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