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Abstract

A single-junction heterostructure based on transition metal chalcogenides has been modeled using a solar cell capacitance
simulator (SCAPS) to explore non-toxic materials for solar cell applications. The performance parameters of the proposed
AZO/ZrS,/MoS, heterojunction have been analyzed by varying the thickness of each layer and the doping concentrations.
The impact of defect densities in ZrS, and MoS, on the performance parameters has been studied. The influence of metal
back contact on the parameters has also been explored. The highest power conversion efficiency (PCE) of 14.13% has been
obtained for thicknesses of 0.1 ym, 0.2 um, and 3.0 um of AZO, ZrS, , and MoS, layers, respectively. Other parameters
obtained were the open circuit voltage (V,.) = 0.5707 V, short circuit current density (J,) = 34.02 mA/cm? , and fill factor
(FF) = 71.35%. The external quantum efficiency (EQE) response and J-V characteristics of the optimized junctions are
presented. The exponential grading law in SCAPS for the graded MoS, layer has been implemented to further enhance the

PCE. Solar cell efficiency improved from 14.13% to 21.14% on the selenization of the MoS, absorber layer.

Keywords SCAPS - transition metal chalcogenide - power conversion efficiency - grading law - selenization

Introduction

During the last few years, the quasi-2D characteristics of
transition metal chalcogenides (TMCs) have attracted a lot
of attention of researchers for their unique properties, and
have been actively investigated for their widespread applica-
tions in optoelectronic and photonic devices.'”” Earth-abun-
dant constituent elements, non-toxic nature, high absorption
coefficient, superior mobility, and a chemically stable and
layered crystal structure are some of the exciting properties
that make transition materials most appropriate for differ-
ent device applications, such as photovoltaics,®!! photode-
tectors,'>"!7 field effect devices, 820 light emitting diodes,
2122 atc. TMCs also demonstrate a tunable band structure,
beneficial for achieving desirable characteristics on strain
engineering, doping, and layer stacking.”

b4 P. K. Shishodia
pkshishodia@zh.du.ac.in

Department of Electronics, Zakir Husain Delhi College,
University of Delhi, Delhi 110002, India

Department of Physics, Zakir Husain Delhi College,
University of Delhi, Delhi 110002, India

Cadmium-based II-VI compounds have been explored
as solar cell materials for their effective photon-to-electric
conversion efficiencies. However, the toxic nature of Cd has
compelled the finding of alternatives suitable for photovol-
taic applications. In this paper, an attempt has been made to
study the solar cell characteristics of heterojunctions formed
between two TMCs, namely zirconium disulfide (ZrS,) and
molybdenum disulfide (MoS,).

The Schottky junction formed between a ZrS, nano-
belt network and an Au metal contact showed a solar cell
response for interesting applications in nanostructured opto-
electronic devices.’ A high-performance efficiency (9.72%)
of the ZrS,/CZTS structure has been computed using a solar
cell capacitance simulator (SCAPS) against a Cd-free buffer
layer.® The selenization of CZTS further improves the effi-
ciency, as demonstrated by Gupta et al. using the exponential
grading law in SCAPS?*. Ultrathin sheets of MoS, can act as
efficient transparent conducting n-type electrodes in silicon
heterostructure solar cells, as presented in the simulation
study by Chaudhary et al. > A maximum efficiency of 16.4%
has been evaluated using AFORS-HET software after opti-
mization. A thin layer of MoS, has been demonstrated as an
electron transport layer in perovskite solar cells, and the fab-
ricated device exhibited a high power conversion efficiency
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of 13.1% due to its fascinating optical and electrical proper-
ties.?® Other than single-junction solar structures, a tandem
solar cell based on ZrS,-MoS, has been numerically simu-
lated to obtain current matching conditions at 0.267 um and
0.2 um thicknesses of ZrS, and MoS, , respectively.”’

In the present simulations, a heterojunction formed
between ZrS, and MoS, thin films has been investigated
using SCAPS for solar cell characteristics. An AZO/ZxS, /
MoS, structure has been modeled and optimized by vary-
ing the physical and geometrical parameters of each layer.
Solar cell performance parameters, such as efficiency, open
circuit voltage, short circuit current density, and fill factor
(FF), have been examined by varying the layer thicknesses
and doping concentrations. Comprehensive investigations
have been undertaken by considering different materials, i.e.,
platinum (Pt), nickel (Ni), and gold (Au) for back contact.
The external quantum efficiency (EQE) and J-V character-
istics are presented for the optimized structure. Additionally,
the variation of sulphur-selenium concentration in MoS,
layer has been examined numerically using the exponential
grading law.

Device Structure and Numerical Simulations

Analytical modeling of the AZO/ZrS,/MoS, heterostructure
was implemented on the SCAPS software, which is a one-
dimensional simulation tool designed specifically to numeri-
cally analyze thin-film solar cells.?® Interpretation of solar
cell parameters using SCAPS is based on solving the Pois-
son’s and continuity equations>’>%

q
4 Wi =
dx? ) E0E;

(p@) = n(®) +Np =Ny +p, = py) (1)

where W(x) is the electrostatic potential, g is the electrical
charge, €, is relative, €, is the vacuum permittivity, p and n
are the hole and electron concentrations, respectively, Ny, is
donor impurities, N, is acceptor type, and p, and p, are hole
and electron distributions, respectively.

d on(x)  0p, _ 3

o —a— = — a5 =0~ RX) (2)
d dp(x) =~ Op,

aJp(x)—q 5% i, =G - R(X) 3)

where J,, and J,, are electron and hole current densities,
respectively, and G(x) and R(x) are charge generation and
recombination rates, respectively.

In the SCAPS program, it is feasible to define solar cells
with up to seven layers that exclude front and back contacts.
Simulation is performed at room temperature and under
AM1.5 solar irradiation conditions. To define the solar cell
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geometry, different material parameters can be specified sep-
arately for each layer. For the modeled solar cell as shown
in Fig. 1, material parameters such as thickness, band gap,
permittivity, electron and hole mobility, effective density
of states, defects, etc. have been defined for the respective
layers, AZO, ZrS, , and MoS,. The parameters to perform
the simulations are defined in Table I and taken from the
reported literature.

Results and Discussion

The effect of the geometrical and physical parameters of
different layers have been studied to characterize the perfor-
mance of the proposed heterostructure. Solar cell efficiency,
open circuit voltage, current density, and FF have been
computed for the variation of layer thickness versus doping
concentration. Also, the effect of the variation of defect den-
sity in the ZrS, and MoS, layers on solar cell performance
has been considered. The J-V characteristics and external
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Fig. 1 Solar cell device model.
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Table | Physical and opto-electrical parameters for different layers>*
31

Layer properties ZrS, MoS, Al-ZnO

Thickness, yum 0.1-0.3 1.0-5.0 0.1-0.3

Band gap, eV 1.7 1.29 33

Electron affinity 4.95 443 4.5

Relative permittivity 1.5-10.5 18 9

N, cm™ 220E+18 220E+ 18 2.20E+18

N,, cm™ 1.80E+19 1.80E+ 19 1.80E + 19

Thermal velocity of elec- 1.00E + 07 1.00E + 07 1.00E + 07
tron, cm/s

Thermal velocity of hole, 1.00E + 07  1.00E + 07 1.00E + 07
cm/s

Electron mobility, cm*Vs 1250 400 200

Hole mobility, cm?/Vs 695.8 8.5 510 50

Electron effective mass 1.62/0.31 mo 0.07 mo 0.24 mo

Hole effective mass 0.71 mo 0.09 mo 0.59 mo

Ny 1.00E+ 19 1.00E + 10 1.00E + 19

N, 1.00E + 10  1.00E + 18 1.00E + 10
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quantum efficiency (EQE) response for the optimized layer
thicknesses have been plotted. An increase in the efficiency
by selenization of the absorber layer has also been observed
using the exponential grading law in SCAPS.

Effect of Varying Layer Thicknesses and Doping
Concentration

Photovoltaic parameters for the variation of AZO thickness
and doping concentration have been computed and the con-
tour plots are shown in Fig. 2. AZO thickness was varied in
the range 0.1-0.3 ym and donor concentration in the range
1 x 101-1 x 10*'em™3. It is noted that, as the thickness
increases, the power conversion efficiency (PCE) and J . also
improve for a constant dopant concentration, as shown in
Fig. 2. The increase in conversion efficiency with thickness
increases up to the donor concentration of 1 x 10'7cm=. For
instance, the efficiency increases from 12.78% to 14.43%
when the thickness increases from 0.1 ym to 0.3 ym for
the doping concentration of 1 x 10'%¢cm™, and J. changes
from 32.0 mAcm™ to 36.33 mAcm™2 under similar condi-
tions. However, the lowest efficiency and current density
of 10.78% and 26.82 mAcm™ have been obtained for the
1 x 10*'cm™ doping level and 0.3-um AZO layer thickness.
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Fig.2 2-D contour plot of solar cell performance parameters: (a) efficiency (n), (b) short circuit current density (J,.), (c) open circuit voltage
(V,.), and (d) fill factor (FF) at varying AZO thickness and donor concentration.

@ Springer



5000

S.Guptaetal.

For the concentrations of 1 X 10"%¢cm™3 and 1 x 10"%cm ™3,

no significant improvement in efficiency has been observed,
and thereafter it starts to decrease. Similar observations have
been made for J.. As the area transparent to light becomes
large, the collection of photogenerated carriers improves
at the lower dopant concentration. Photogenerated carriers
start recombining with the increase in donor concentration,
which ultimately saturates the PCE, deteriorating its value
for higher concentrations. J, behaves quantitatively in a sim-
ilar way. However, a constant value of ~0.56 V for V_ has
been noted. The FF is a cumulative effect of efficiency, J,
and V., and no significant improvement has been observed
at any thicknesses or dopant concentration. We obtained the
optimum efficiency of 13.11% in the simulation range of the
AZO layer, and 0.12-um thickness and 1 x 10'®cm™ donor
concentration were the best choice for the AZO simulation
parameters for the best operational efficiency.

The solar cell parameters on the contour plot for the
variation of ZrS, thickness versus donor concentration
are shown in Fig. 3. The simulation range for ZrS, thick-
ness of 0.1-0.3 ym (x-axis) and donor concentration
1 x 101=1 x 10"”cm™3(y-axis) has been considered. For

n(%)

any thickness value, a marginal improvement in efficiency
has been observed only at high doping concentrations. If the
thickness is kept constant, say at 0.18 um, the efficiency is
increased by ~3.2% and at 0.27 um only by ~2.2%. Since J,
depends particularly on the absorber layer (MoS,) thickness,
it remains constant at ~36 mAcm™ for the same thickness
(0.27 um) at all doping concentrations. As the thickness
of the ZrS, layer progresses from 0.1 to 0.3 um, as slight
increase in V. can be attributed to the accumulation of pho-
togenerated charge carriers. The FF is the figure-of-merit of
the device and depends on the series resistance. On increas-
ing the dopant concentration, the resistance within the layer
reduces, which improves the FF. For example, if we increase
the doping from 1 x 10"3cm™ to 1 x 10'°cm™, FF reaches
72.31% from 69.62% for ZrS, thickness fixed at 0.15 um.
Additionally, good conductivity and high mobility of ZrS,
contributes towards this result.*> The maximum efficiency
of 14.69% has been estimated for extreme simulation values.

To analyze the effect of MoS, absorber thickness and
acceptor concentration on the solar cell performance
parameters, the simulation was run from 1.0 ym to 5.0 um
thickness and 1 x 10"°-1 x 10"”cm™ acceptor density.
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Fig.3 2-D contour plot of solar cell performance parameters: (a) efficiency (n), (b) short circuit current density (J), (c) open circuit voltage
(V,.), and (d) fill factor (FF) at varying ZrS, thickness and donor concentration.
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The deduced parameters of efficiency, J ., V. , and FF as
a function of MoS, thickness and doping concentration are
shown in Fig. 3. Estimation of the optimum absorber thick-
ness is the vital requirement to obtain maximum efficiency
and reduce the cost of fabrication. It is observed from the
contour plot that, as the thickness of the absorber layer
increases, the efficiency and J, are enhanced for higher dop-
ing levels, whereas they saturates for larger thicknesses. For
1 x 10"cm™ acceptor concentration, the increase in thick-
ness from 1.0 ym to 2.14 ym enhances the efficiency from
11.64% to 12.37%. No significant improvement in the same
has been observed up to a thickness of 3.85 um. However,
at larger thicknesses, a ~1.5% increase has been observed.
Simulation results of J, show a similar behavior. At a thick-
ness of 1.0-2.14 um, J,, changes from 29.08 mAcm™ to
30.57 mAcm~2. The absorption at longer wavelengths
improves the collection of photogenerated carriers and hence
the efficiency. However, at larger thicknesses, the loss of
carriers due to recombination before they reach the terminal
can be attributed to a marginal enhancement of efficiency
and J. At lower doping concentrations, the efficiency
reduces but J, seems to be improving. A slight improve-
ment of V can be noticed above the acceptor concentration

n(%)

12.47
11.34
10.21
9.073
7.941
6.808

5.676

1 2 3 4 5

MoS, thickness(um)

(@

0.5864
0.5375
0.4886
0.2929) 0.4397

0.3908

3
- = - = -
m m m m m
- - - - -
o o ~ © ©

0.3418

0.2929

-
m
-
a

0.2440

MoS, acceptor concentration(cm™)
m
a
w

2 3 4

MoS, thickness(um)

(c)

of 1 x 10">cm™. For a constant MoS, thickness, a change in
acceptor concentration has a significant impact on the solar
cell performance, as can be seen from the contour plots in
Fig. 4. A high doping level enhances the number of free
charge carriers, which improves the performance param-
eters. Nevertheless, there is a notable reduction of carri-
ers due to recombination in extreme doping conditions that
decreases the PCE. We obtained the optimum efficiency of
12.37% in the simulation range of a MoS, layer of 2.14 um
thickness and a 1 x 10'®%cm™ concentration were the best
choice of the parameters for optimum efficiency.

In the next step, solar cell performance parameters
were evaluated by varying the thickness of the ZrS, and
MoS, layers, and the simulation results are presented in
Fig. 5. Keeping the thickness of AZO fixed at 0.1 um, the
thicknesses of the ZrS, and MoS, were varied from 0.1 to
0.3 ym and from 1.0 to 5.0 um, respectively, in five simu-
lation steps. The efficiency change is more pronounced
with the variation of ZrS, thickness compared to that
of MoS, . As ZrS, progresses from 0.1 to 0.3 ym, PCE
changes by ~17% for MoS, thickness fixed at 1.0 um and
by ~14% for MoS, thickness fixed at 5.0 um. Efficiency
loss for thicker wafers is due to the loss of mobile carriers
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Fig.4 2-D contour plot of solar cell performance parameters: (a) efficiency (), (b) short circuit current density (J,.), (c) open circuit voltage
(V,o), and (d) fill factor (FF) at varying MoS, thickness and donor concentration.
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Fig.6 (a) J-V characteristics and (b) EQE response curve of ZrS,/MoS, solar cell.

to recombination before reaching the back contact. Since
the charge carriers reduce, J,. is also affected similarly,
as can be seen from the graph. It is interesting to note
that ZrS, thickness variation has a negligible effect on FF,
whereas MoS, produces a noticeable change in FF. Good
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conductivity, high mobility, and the intrinsically n-type
characteristic of ZrS, material leads to low series resist-
ance and hence no change in FF. At ZrS, and MoS, thick-
nesses of 0.2 um and 3.0 um, respectively, the estimated
PCE = 14.13%, J,. = 34.72 mAcm ™2, V. = 0.5707 V, and
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FF = 71.35% are the optimal values under the simulation
conditions. The results obtained are comparable to those
of the CdTe/MoS, structure with an efficiency of 13.7% **
, whereas Haque et al. calculated an efficiency of 21% for
the Al-FTO/n-CdS/p-MoS, structure.>*

The J-V characteristics and EQE response of the ZrS,/
MoS, heterojunction at optimized simulation parameters are
shown in Fig. 6(a, b). As can be seen from the plots, the
modeled heterojunction has been found to be appropriate
for solar power conversion in the visible region of the elec-
tromagnetic spectrum.

Effect of Different Metal Work Function

The work function of metal contacts plays an important
role in determining the overall performance of a device.*>
In this study, the solar cell parameters have been estimated
with aluminum as metal front contact and molybdenum as
the metal back contact. In order to investigate the influence

Tablell J-V parameters for different metal back contacts

Metal work Ve Volts Jo., mA/cm? FF, % PCE, %
function, eV ¥’
5.1, Au 0.6707 34.73 74.5 17.35
5.5,Ni 0.8524 34.76 81.73 24.2
5.7,Pt 0.8528 34.89 81.72 24.3
73.1 1
§ [ ] n L] n ]
714
w
69.7 4
&-30.03 4
£
3]
230.36 1 A A A A A
E
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Esso.o { ® L ° —
8559.8
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L
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Defect density in ZrS, layer(cm)

(@)

of work function on solar cell parameters, three metals,
gold (Au), nickel (Ni), and platinum (Pt) were considered
for the back contact. With these metal back contacts and
an aluminum front contact, the J-V parameters have been
calculated, as presented in Table II. A maximum efficiency
of 24.3% has been confirmed with the Pt back contact. With
the Ni back contact, the value remains almost the same;
however, a drop of ~40% has been observed with the Au
back contact. The phenomenon of improving solar cell
efficiency with an increase in metal work function can be
attributed to the decrease of Schottky barrier height at the
back contact, which ultimately improves the flow of the
generated charge carriers.

Effect of Defect Density

A neutral defect density defines the charge carrier diffusion
length and lifetime in the material. Solar cell performance
is adversely affected by increasing the defect density. In
order to study the influence of increasing defects on solar
cell performance parameters, the defect density in the ZrS,
and MoS, layers have been separately varied in the range
1 x 10"°~1 x 10"7cm™ , and the simulation results are pre-
sented in Fig. 7. Figure 7a shows the impact of varying the
defect density in ZrS, on solar cell performance parameters.
The photogenerated carriers are lost to the recombination pro-
cess as defects in the material increase. This automatically
deteriorates the PCE of the solar cell. However, the good
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Fig.7 Solar cell performance parameters versus defect density in (a) the ZrS, layer and (b) the MoS, layer.
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conductivity, high electron mobility, and high carrier concen-
tration of ZrS, layer have negligible effects on the solar cell
performance. A ~0.24% change in efficiency has been noticed
when the defects increase by 10-fold from 1 X 10'°cm=. The
defects in MoS, layer were varied, keeping the defects in ZrS,
fixed at 1 x 10'*cm™. For a neutral defect density level up
to 1 x 10'°cm™ , the change in the performance is not dis-
tinguishable. The free carriers outnumber the defects in the
MoS, layer, which do not influence the device performance.
However, the device performance is degraded when the defect
density is increased to 1 x 10"’cm™. The PCE was reduced by
~3.2% and other parameters have a similar effect.

Effect of Absorber Layer Grading

The efficiency of the modeled ZrS,/MoS, heterostructure can
be improved by using a graded profile of the MoS, layer. The
SCAPS tool supports the numerical simulation of a graded
structure by modifying the transport equations with position-
dependent electron affinity (), a mobility gap (Eg), and the
density of states at the conduction band edge (N,) and the
valence band edge (NV,), as:

av dy o dn din(N, )
J, = —qﬂnna - q,unna +gD,— +qD,n o - )
av d(x +Eg) dp din(N,)
I T TR ar:
&)

where p,, is the electron mobility, D, is the electron diffusion
coefficient, and Hp and Dp are similarly defined for holes.
Compositional grading of the constituent elements in the
semiconductor layer is governed by several grading laws, as
defined in SCAPS.?® The graded compound is assumed to
be of composition Al_yBy, where materials A (y = 0) and B
(y = 1) are defined with the respective pure layer properties.
The composition value, y, has been set from left to right.
The grading law, as described in SCAPS, is implemented
along the thickness of the layer under consideration. This is
the material-driven approach utilized by SCAPS to evalu-
ate P{y(x)}, where P represents a material parameter. In our
simulation model. the exponential grading law (Eq. 6) has
been implemented to enhance the efficiency of the optimized
ZrS,/MoS, heterostructure:

sinh (y‘z_} ) sinh (yzﬂ)
y(x) =Py + (Py = Py) L+ (Pp—Py) ————=
sinh (y—B_yA ) sinh ( /N )
Ly Ly
(6)

where P, is the background bulk concentration value, L,
and Ly are the characteristic lengths, and subscripts A and B
represent the pure materials MoS, and MoSe, , respectively.

@ Springer

The optimized efficiency of 14.13% has been obtained for
the ZrS,/MoS, heterostructure as discussed above. Now, the
conversion efficiency has been improved by selenization of
the absorber layer (MoS,). Selenization tailors the band gap
of the graded compound between the band gap energy of
MoS, and MoSe, ,i.e., 1.29-1.4 eV. Figure 8 shows the PCE
of the ZrS,/Mo(S,Se,_,), junction for the variation of left and
right composition in the range 0.1-0.9 along the thickness of
the material. It can be inferred from the plot that an increase
in selenium concentration has a favorable effect on the gen-
eration of charge carriers. The PCE increases as the sele-
nium concentration increases. At the simulation extremes,
an efficiency up to 21.14% has been achieved.

Conclusions

The SCAPS-based simulation model of an AZO/ZrS,/MoS,
heterojunction has been proposed and optimized for efficient
photovoltaic response. The performance parameters of the
heterojunction have been carefully investigated by varying
the thickness of the constituent layers and respective doping
concentrations. For the optimal thickness values of 0.1 um,
0.2 ym, and 3.0 ym of the AZO, ZrS, , and MoS, layers,
respectively, the highest efficiency of 14.13% has been
evaluated with the other parameters of0 V., = 0.5707 V,
J.=34.02mA/cm?, and FF = 71.35%. The external quan-
tum efficiency response illustrates the absorption in the visi-
ble region of the electromagnetic spectrum. Furthermore, the
efficiency improvement has been studied by the selenization
of the MoS, absorber layer using the exponential grading
law in SCAPS. An efficiency of 21.14% has been achieved
for the maximum simulation range considered. Therefore, a
heterojunction between transition metal chalcogenides can

n(%)
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/"/ ,,-/
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Fig.8 The obtained efficiency versus left composition and right com-
position for the ZrS,/MoS, structure.
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be beneficial for photovoltaic applications compared to Cd-
based materials.
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