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ABSTRACT This study investigates the optimization of CupZnSnSe4(CZTSe)-based solar cells by employ-
ing distinct charge transport layers (CTLs) for enhancing their efficiency. ZnO, TiO,, and MoO3 are
evaluated as electron transport layers (ETLs), while NiOx serves as a hole transport layer (HTL). By sys-
tematically varying ETL and CZTSe layer thicknesses, the influence of these parameters on solar cell
performance is explored. According to obtained results, it has been found that the optimum size of base
and emitter layers are equal to 2 um and 80 nm in n-ZnO/p-CZTSe/p-NiOyx, 1.5 um and 60 nm in n-
TiO,/p-CZTSe/p-NiOy, as well as 1 um and 60 nm in n-MoO3/p-CZTSe/p-NiOy. Maximum efficiencies of
n-ZnO/p-CZTSe/p-NiOy, n-TiO,/p-CZTSe/p-NiOy, and n-MoO3/p-CZTSe/p-NiOx solar cells with optimal
sizes are equal to 21.35%, 21.76% and 24.14%, respectively. So, MoOs with thickness of 60 nm is the
optimal ETL for CZTSe based solar cell due to forming high electric field and large electrostatic potential
difference which helps to separate effectively the photogenerated electron-hole pairs. Each solar cells reached
to maximum open circuit voltage at minimum base thickness and to maximum short circuit current at
maximum base thickness. Furthermore, the study assesses the potential of CZTSe, a promising alternative to
traditional silicon-based solar cells, as it exhibits a tunable bandgap allowing for efficient sunlight absorption.
The investigation delves into the unique ETL/CZTSe/HTL structure, utilizing ZnO, TiO;, and MoOs as ETLs
and NiOx as the HTL. The results reveal that MoOs3, with a thickness of 60 nm, emerges as the optimal ETL
for CZTSe-based solar cells, achieving a peak efficiency of 24.14% due to its ability to create a high electric
field and significant electrostatic potential difference, enhancing the effective separation of photogenerated
electron-hole pairs. Additionally, the study explores the interplay between emitter and base layer thicknesses,
demonstrating the impact on open circuit voltage and short circuit current, providing valuable insights for
the design and optimization of CZTSe-based solar cells.

INDEX TERMS Numerical simulation, heterojunctions, zinc oxide, titanium dioxide.

I. INTRODUCTION

Today, solar cells are considered as one of the most effec-
tive means of covering the need for energy. Increasing the
efficiency of solar cells and reducing their cost is one of
the important tasks. 90% of industrial solar cells are made
of silicon [1]. According to the theory, the efficiency of
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silicon-based solar cells does not exceed 29% [2]. To over-
come this theoretical limit, the formation of tandem struc-
tures [3] and nanoparticle [4] or quantum dot [5] insertion
methods are proposed. When platinum nanoparticles are
introduced into a silicon-based solar cell, the efficiency is
found to increase by up to 2 times [6]. By creating a tan-
dem structure or introducing nanoparticles, the efficiency
of silicon-based solar cells can be increased, but the cost
cannot be reduced, on the contrary, it increases. Therefore,
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new materials are being tested to replace silicon to create
high-efficiency and low-cost solar cells. For example, today
materials such as perovskite [7] and kasterite [8] are easy
to synthesize and inexpensive, so interest in photovoltaics
has increased dramatically. Perovskite-based solar cells have
high efficiency, but low stability and toxicity [9]. The stability
is high and the non-toxic ones have a low efficiency. The
tunable bandgap of kasterite allows for efficient absorption
of a broader spectrum of sunlight, making it more suitable for
capturing solar energy compared to silicon, which has a fixed
bandgap. The synthesis of kasterite, a promising alternative
to silicon in solar cell applications, typically involves meth-
ods such as sputtering, chemical bath deposition, or other
thin film deposition techniques. In contrast to the complex
and energy-intensive processes associated with silicon fab-
rication, kasterite synthesis offers a more environmentally
sustainable approach, leveraging earth-abundant elements for
efficient and cost-effective solar cell production. Kasterite-
based solar cells are highly stable and non-toxic, but so far
have a low efficiency in experiments.

The most common kasterite materials used in photovoltaics
are CupZnSnS4 (CZTS) [10] and CuyZnSnSe4 [11]. By con-
trolling the mixed selenium and sulfur atoms and their ratio,
the band gap of CZTSSe can be changed from 1 eV to
1.5eV [12]. The band gap of CZTSe is 1 eV and that of CZTS
is 1.5 eV. The maximum efficiency of the CZTSe-based solar
cell is equal to 10.54% in experiment [13] and 18.63% in
modeling [14]. The efficiency of CZTS-based solar cell is
12.5% in experiment [15] and 25.3% in modeling [16]. In the
experiment, by controlling the atomic ratios of S/(S+Se),
Cu/(Zn+Sn) and Zn/Sn, the concentration of deleterious
defects (N¢>1el6) in CZTSSe was reduced and a maxi-
mum efficiency of 19.06% was achieved [17]. The optimal
value of the S/S+Se ratio in CZTSSe was found to be 0.4
[18]. In addition, since CZTS and CZTSe have different
band gaps, tandem solar cells are designed based on them.
A CZTS/CZTSe tandem solar cell with an efficiency of
26.21% was designed in simulation [19].

CZTS and CZTSe materials have p-type conductivity
due to copper vacancy [20]. In CZTSe-based solar cells,
mainly contact/WindowLayer/BufferLayer/CZTSe/Contact
structure solar cells have been studied. Materials such as
ZnO and CdS or ZnSe were used as the window layer and
as the buffer layer. However, their efficiency in simulation
is also low. CZTSe structures in other architectures should be
investigated. Therefore, in this scientific work, we researched
the ETL/CZTSe/HTL structure, which is different from the
previous structures. ZnO, TiO, and MoOs were selected
as ETL and NiOx as HTL. Because metal oxide can act
as an anti-reflection layer and a transparent contact at the
same time. Besides, fabrication of metal oxides using sol-gel
method is easy. Metal oxides like ZnO, TiO; and MoO3 form
naturally n type conduction and NiOx form p type conduction
because of vacancies. CZTSe has a large absorption coeffi-
cient in thin films. Also, the influence of the ETL layer solar
cell on the optical and electrical parameters is significant.
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Therefore, in this paper, the optimal metal oxide for ETL and
the optimal thicknesses of CZTSe and ELT is determined.
By investigating the unique ETL/CZTSe/HTL structure with
ZnO, TiO,, MoOs3, and NiOy, this research pioneers an
innovative approach in CZTSe-based solar cell design. The
strategic use of metal oxides as ETL and HTL materials
not only simplifies fabrication with the sol-gel method but
also promises enhanced optical and electrical parameters,
underscoring the potential for breakthroughs in efficient and
cost-effective photovoltaic technologies.

The article consists of 4 parts: Introduction, material and
method, result and discussion, and conclusion.

Il. MATERIALS AND METHODS

In there are 3 main methods of studying solar cells: theory,
experiment, and simulation. In this scientific work, CZTSe
based solar cells with charge transport layers were investi-
gated by simulation in Sentaurus TCAD. Four main tools
of Sentaurus TCAD were used for simulation: Sentaurus
Structure Editor, Sentaurus Device, Sentaurus Workbench
and Sentaurus Visual. A geometric model of the solar cell was
created in the Sentaurus Structure Editor. In CZTSe based
solar cell, ZnO, TiO, and MoOj3 as ETL and NiOx as HTL
are used.

After the geometric model is developed, the properties
of the necessary materials are given in Sentaurus Device.
Table 1 shows the physical parameters of materials in the
studied solar cell required for simulation. In device simu-
lation, the geometric model and physical parameters of the
desired material are used as input parameters.

TABLE 1. Physical parameters of CZTSe [22], [23], NiOx [24], TiO, [25],
ZnO [26], [27], [28] and MoO5 [29], [30].

Properties CZTSe ZnO TiO: MoOs NiOx
Eg eV 1 33 32 3.03 3.8
Eatr, eV 4.35 4.5 4.2 6.6 1.6

€ 13.6 8.5 12.3 58 11

N, em? 2.2x10% | 2.2x10" | 2x10Y7 | 2.45x10" | 1x10'®
Ny, em? 1.8x10" 1.8x10" | 6x10"7 | 4.55x10" | 1x10'8
me 0.07 0.24 0.5 0.61 1

M 0.2 0.59 4.66 1.13 0.8

e, 145 50 18.6 3811 2.8
cm’Vis™!

n, 35 5 3.1 1609 2.8
cm’V s

The width of the solar cell was 10 um, and the HTL layer
thickness was 100 nm. The ETL layer thickness was changed
from 20 nm to 200 nm and the CZTSe layer thickness was
changed from 0.5 um to 5 wm. In Sentaurus Structure Editor,
addition to geometric model, material type, input concentra-
tion and mesh sizes are also given. 1x10'” cm ™3 of donor, 1 x
10" cm™3 and 1 x 10'6 cm~3 of acceptor were doped to ETL,
base and HTL layers, respectively. The size of the mesh was
changed depending on the thickness of the base and emitter
layers. Due to the presence of active and passive regions in
the solar cell [21], it is meshed with 2 different sizes. The
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general area is meshed larger and the active areas smaller. The
dimensions of the mesh in the general area of the solar cell
were taken equal to 1/500 of the base thickness on the Y axis
and 1/500 of the width on the X axis. In heterojunctions such
as ETL/CZTSe and CZTSe/HTL, the mesh sizes of the active
areas were taken equal to 1/200 of the emitter thickness on
the Y axis and 1/1000 of the width on the X axis. Sentaurus
Visual is used to visualize the geometric model and display
the obtained results graphically. Sentaurus Workbench is an
environment that provides integration of all tools. In addition,
it is possible to recalculate the model by giving values to the
variables created during the creation of a geometric model.
The light spectrum is also important in simulation of the
solar cell. In this study, CZTSe-based solar cells were illu-
minated with AM1.5G spectrum. Besides, light is incident
to structures normal to their surface. After providing the
necessary input parameters, the calculation is performed on
the Sentaurus Device. Firstly, the optical properties of the
solar cell are determined. The optical properties of planar
CZTSe-based solar cells were calculated using the Trans-
fer Matrix Method (TMM) [31]. Because TMM is mainly
designed for the calculation of planar optical systems, its
advantage also takes into account internal interference in thin
layers. In reality, there is no such thing as an absolutely
smooth surface. There are also small reliefs on the surface of
the planar solar cell. In order to take into account light scatter-
ing from surface reliefs, it is necessary to modify the matrix
elements of TMM using haze parameters given formula 1.
The ratio of the light scattered from the surface to the total
light incident on the surface is called the haze parameter.

Hl;y (A, 9)

a
(4770rmscr (A, O’rms) nj cos (P)
=1—exp|— 1

»

Hjt,j+1 (l’ (p/)
=1—exp

< |- (47Tarmsct (l, O'rms) |nj COS @j —nj+1 COS Yj+1 ’)a
A

ey

Here: oy is mean square roughness of the surface,
a’’' and ¢y are fixing parameters, n is refractive index, Ais
wavelength, ¢ is angle of scattering.

The theory of scalar scattering [32] calculates the scatter-
ing of light from surface. Light is scattered from a textured
surface at different angles, and the scattering is calculated
by an angle-dependent angular distribution function [33].
Haze parameters are calculated to modify the reflection and
transmission parameters. The Haze function adapts the ele-
ments of the matrix designed to calculate the transmission
and reflection coefficients in the TMM to take into account
the scattered light.
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At the boundary between two media, light refracts and
reflects. They are calculated using optical boundary con-
ditions. There are two types of optical boundary condi-
tions: angle and energy. The angle distribution between the
refracted and reflected light is calculated by Snell’s law and
the energy distribution is calculated by the Fresnel coeffi-
cients given in formula 2 [34].

niycosf —npcosy

Iy =
nicos B +npcosy
2n1 cos B

t=
nycos B + npcosy
npcosy — npcosf

rp =

nycosy 4+ nzcosf )

and 21 cos

=

nycos B+ njcosy

Here: r; and #; are the Fresnel coefficients for transversal
polarized light, r, and #, are the Fresnel coefficients for
parallel polarized light, 8 is the angle of incident light, y
is the angle of refracted light.

After determining the optical properties, the amount of
photogeneration is calculated by the quantum yield function.
If the energy of the photon is greater than the bandgap
of the material, the quantum yield is equal to 1 and an
electron-hole pair is formed, otherwise it is equal to zero and
no electron is generated. Electrons and ions create an electric
field. The electric field and electric potential at each node
of the mesh are calculated by the Poisson equation given in
formula 3 [35].

Aso=—§<p—n+ND+NA> 3)

Here: ¢ is the permittivity, Np and N4 are the concentra-
tions of donor and acceptor, g is the charge.

Since electrons belong to the fermions, their concentration
is calculated by the Fermi function [36] given in formula 4.
In simulation, the concentration of electrons in a semicon-
ductor is determined by calculating the Fermi function in
a numerical method or the Boltzmann approximation in an
analytical method. In this paper, the Fermi function was
calculated numerically. Because the error of the Boltzmann
approximation increases as the input concentration increases.
By calculating the Fermi function, the value of p and n in the
Poisson equation, which is the concentration of electrons and
holes in the mesh nodes, is determined.

Er,—E
(2575

Ey — EF,
p=NyFip (—p)

T “

Here: N. and N, are the densities of the states in the
conduction and the valence bands, respectively, E. is the
minimum energy of the conduction band, E,, is the maximum
energy of the valence band, T is the temperature, k is the
Boltzmann constant, and Er , and Ef , are the quasi-fermi
energies.
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Charge carriers move due to internal electric field and
concentration difference. The most common physical model
for calculating the transport of charge carriers is the Drift-
Diffusion model. This article also used the Drift-Diffusion
model [37] given in formula 5. Because the effect of tem-
perature on the properties of CZTSe solar cell has not been
studied. The drift-diffusion model can only calculate the

charge carriers transport in a solar cell at a temperature
of 300 K.

Jn = —nqu Vo,
Ip = —pqupV o, (5

Here: y, 11, are the mobilities of electron and holes, F,, F,
are the electron and hole quasi-Fermi potentials, Py, P, are
the thermoelectric power of electrons and holes, T is the
absolute temperature.

Charge carriers recombine when they move. There are
3 main types of recombination in semiconductors: radiative,
Shockley Read Hall (SRH) and Auger. ZnO [38], TiO, [39]
and NiOy [40] being a direct semiconductor, they also have
triplet recombination. CZTSe and MoOs3 [41] are indirect
semiconductors so they mainly have SRH and Auger recom-
bination. Amount of radiative recombination is less than 1%,
so it is not necessary to calculate radiative recombination
in these semiconductors in simulation. Ohmic contacts are
used to prevent overheating and reduce charge carrier loss.
The potential generated in the contacts are determined by the
Ohmic boundary conditions given in formula 6.

kT Np — N,
¢ = ¢r + —asinh (D—A)
q zni,eff
nopo = nzeﬁ‘
(Np —Na? Np — Na
(Np —Na? Np — Na
P0=\/T +ni,eﬁ‘_T (6)

Here: n; ¢ff is concentration of effective intrinsic carrier, gr
is Fermi potential of contact.

Ill. RESULTS AND DISCUSSION

A. GEOMETRIC STRUCTURE OF CZTSe SOLAR CELLS
CZTSe is a good light-absorber. Charge transport layers are
used to transport the generated electrons and holes to the
contacts. In this work, ZnO, TiO, and MoO3 were used as
an ETL and NiOx as HTL. Figure 1 shows the geomet-
ric structure of Contact/ETL/CZTSe/HTL/Contact structure
and band diagram of CZTSe-based structures with metal
oxide charge transport layer. The band offsets between
ZnO/CZTSe, TiO»/CZTSe, MoO3/CZTSe and CZTSe/NiO
heterojunctions are 0.15 eV, —0.15 eV, 2.25 eV and 2.75 eV,
respectively. According to the values of electronic affinities
of materials and band-offsets of heterojunctions, it was found
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FIGURE 1. Geomtric structure of the CZTSe solar cell (a) and band
diagrams of n-Zn0/p-CZTSe/p-NiOx (b), n-TiO, /p-CZTSe/p-NiOx (c) and
n-MoO3 /p-CZTSe/p-NiOx (d) solar cells: Ic and Iy is front contact and
total length, dn, d,, and dp are thicknesses of ETL, base and HTL layers,
respectively.
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that electrons move from NiOx to CZTSe layer and from
CZTSe to TiO7, ZnO or MoOs3 layer.

Holes move in the opposite direction to electrons. This
proves that we have chosen the right materials for ETL
and HTL. An optimal value of the band-offset [42] also
helps to separate the electron-hole pairs generated in the het-
erojunction and reduce the surface recombination. Efficient
separation of charge carriers and their accumulation at the
contacts contributes to the improvement of the output power
of the solar cell.

B. OUTPUT POWER

Figure 2 shows the dependence of output power of n-ZnO/
p-CZTSe/p-NiOyx, n-TiO,/p-CZTSe/p-NiOx and n-MoO3/p-
CZTSe/p-NiOy solar cells on thicknesses of base and ETL
layers. The emitter layer thickness was changed from 20 nm
to 200 nm. It was found that the maximum output power
can be reached when the thickness of the ZnO layer is
80 nm in the n-ZnO/p-CZTSe/p-NiOy (Fig. 2.a) solar cell.
n-TiOy/p-CZTSe/p-NiOy (Fig. 2.b) and n-MoO3/p-CZTSe/p-
NiOy (Fig. 2.c) solar cells reach maximum power when TiO»
and MoOs3 layer thickness is 60 nm. In the literature [43],
the optimal thickness of ZnO in a CZTSSe/ZnO solar cell
was experimentally determined to be 100 nm. When 10 nm
thick MoOs is placed between the back contact and the light
absorbing layer for the purpose of band alignment in CZTSe
solar cell, it was found that the efficiency increases to 7.1%
[44]. It was found to be 23.13% when TiO; with thickness
of 50 nm was used as ETL in a CZTSe based solar cell [23].
In this work, the efficiency of the n-TiO,/p-CZTSe/p-NiOx
structure with a TiO, layer thickness of 50 nm was equal
t0 20.9%.

The optimal thickness of the emitter layer for different
solar cells was determined using Figure 2. Figure 3 shows
the dependence of output power of n-ZnO/p-CZTSe/p-NiOx,
n-TiOy/p-CZTSe/p-NiOx and n-MoO3/p-CZTSe/p-NiOx
solar cells with optimal emitter layer thickness on base
thickness.

It was found that almost each solar cell has an extremum
in the dependence of the output power on the thickness
of CZTSe. The n-ZnO/p-CZTSe/p-NiOx solar cell achieved
a maximum power of 13.59 mW/cm2 at a thickness of
2 pum of CZTSe. n-TiO,/p-CZTSe/p-NiOx and n-MoO3/
p-CZTSe/p-NiOx solar cells achieved maximum output
power of 13.78 mW/cm?2 and 15.28 mW/cm?2 when the thick-
ness of CZTSe was 1.5 um and 1 pum.

Considering that the AM1.5G spectrum was used in
the simulation, maximum efficiency of n-ZnO/p-CZTSe/
p-NiOy, n-TiO,/p-CZTSe/p-NiOx and n-MoO3/p-CZTSe/
p-NiOy solar cells with optimal emitter and base thickness
are equal to 21.35%, 21.76% and 24.14%, respectively.

The maximum output power was observed in MoO3 and
the smallest output power was observed in ZnO emitter
layer solar cell. The reason for this is that the band gap
of ZnO, TiO> and MoOs3 is equal to 3.3 eV, 3.2 eV and
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FIGURE 2. Dependence of the output power of n-Zn0O/p-CZTSe/p-NiOx
(a), n-Ti0, /p-CZTSe/p-NiOx (b) va n-MoO3/p-CZTSe/p-NiOx (c) on
thickness of ETL and base layers.

3 eV. Because CZTSe has a bandgap of 1 eV, it can mainly
absorb photons larger than 1 eV. Metal oxides used in the
emitter layer can also absorb photons larger than its band

gap.
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FIGURE 3. Dependence of output power of n-ZnO/p-CZTSe/p-NiOx solar
cell with ETL layer thickness of 80 nm as well as va

n-TiO, /p-CZTSe/p-NiOx, n-MoO5/p-CZTSe/p-NiOy solar cells with ETL
layer thickness of 60 nm on thickness of CZTSe layer.

C. SHORT CIRCUIT CURRENT
In the n-ZnO/p-CZTSe/p-NiOx solar cell, photons with
energy greater than 3.3 eV are absorbed in the emitter
layer, and photons in the range of 1-3.3 eV are absorbed
in the CZTSe layer. High-energy photons that are absorbed
in the CZTSe layer generate high-energy electrons. High-
energy electrons are unstable, thermolyze and recombine
very quickly. Therefore, when the band gap of the emitter
layer decreased from 3.3 eV to 3 eV, the total output power
increased. Because in MoOj3, photons between 3 eV and
3.3 eV generate stable electrons when absorbed and they
participate in forming of current. Figure 4 shows the depen-
dence of the short circuit current of n-ZnO/p-CZTSe/p-NiOx,
n-TiO2/p-CZTSe/p-NiOx  and n-MoO3/p-CZTSe/p-NiOx
solar cells on emitter and base thickness. The short-circuit
current density of n-ZnO/p-CZTSe/p-NiOx varied depend-
ing on the emitter and base thickness similar to the
output power. But this solar cell reached the maximum
short-circuit current value of 30.72 mA/cm? with an emitter
layer thickness of 80 nm and a base thickness of 5 um.
As the base thickness increased, the short-circuit cur-
rent of n-TiO,/p-CZTSe/p-NiOx and n-MoOs3/p-CZTSe/
p-NiOy increased monotonically, unlike the output power.
When their base thickness is 5 «m and emitter layer thick-
ness is 60 nm, the short-circuit current reached a maximum of
26.85 mA/cm? and 29.3 mA/cm?. The short circuit of all three
solar cells increased monotonically as the base thickness
increased. Because when the thickness of the base increases,
the concentration of electron-hole pairs generated in the base
increases. But the short-circuit current also reached its maxi-
mum value at the optimal values of the emitter layer.

D. OPEN CIRCUIT VOLTAGE

As the thickness of the base increases, the open circuit
voltage decreases. Figure 5 shows the open circuit voltage
of n-ZnO/p-CZTSe/p-NiOx, n-TiO,/p-CZTSe/p-NiOx and
n-MoOj3/p-CZTSe/p-NiOx solar cells as a function of
base and emitter layer thickness. n-ZnO/p-CZTSe/p-NiOx,
n-TiOy/p-CZTSe/p-NiOx  and n-MoO3/p-CZTSe/p-NiOx
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FIGURE 4. Dependence of short circuit current of n-ZnO/p-CZTSe/p-NiOx
(a), n-Ti0, /p-CZTSe/p-NiOy (b) va n-MoO5/p-CZTSe/p-NiOx (c) on emitter
layer and base thickness.

solar cells reached to maximum values of open circuit voltage
of 0.66 V, 0.678 V and 0.69 V when base and emitter layer
thicknesses are equal to 0.5 um and 200 nm. The open
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FIGURE 5. Dependence of open circuit voltage of n-ZnO/p-CZTSe/p-NiOx
(a), n-Ti0, /p-CZTSe/p-NiOy (b) va n-MoO5/p-CZTSe/p-NiOx (c) solar cells
on emitter layer and base thickness.

circuit voltage of each solar cell decreased as the CZTSe
layer thickness increased. Because the series resistance can
increase when the thickness of the base increases which
causes the limitation of the voltage [45].

VOLUME 12, 2024

35
30
MMM
25
5 20
g 15 —o—Zn0 (80 nm, 2 um)
- 10 —»—Ti02 (60 nm, 1,5 pm)
s —&— MoO3 (60 nm, 1 pm)
0
0 0.2 0.4 0.6
Voltage, V
a
18 —o—7ZnO0 (80 nm, 2 um)
16 ——Ti02 (60 nm, 1,5 pm)
14

—&— MoO3 (60 nm, 1 um)

5l
=
= 8
~ 6

4

2

0

0 0.2 0.4 0.6
Voltage, V
b

FIGURE 6. 1-V (a) and P-V (b) characteristics of n-ZnO/p-CZTSe/p-NiOx,
n-TiO, /p-CZTSe/p-NiOx and n-MoO3z/p-CZTSe/p-NiOx solar cells with
emitter thickness of 80 nm, 60 nm, 60 nm and base thickness of 2 um,
1.5 um, 1 pum.

When the thickness of the emitter layer increased, the open
circuit voltage also increased. The monotonous decrease of
the open circuit voltage and the monotonous increase of the
short-circuit current when the thickness of the base increases
explain the fact that the function of the dependence of the out-
put power on the thickness of the base can have an extremum.

Figure 6 shows the I-V and P-V charcateristics of n-ZnO/
p-CZTSe/p-NiOy, n-TiO,/p-CZTSe/p-NiOy, and n-MoO3z/
p-CZTSe/p-NiOy solar cells with optimal sizes. n-MoOz/
p-CZTSe/p-NiOyx with optimal size has higher output power
and open circuit voltage than that of n-ZnO/p-CZTSe/p-NiOx
by 1.69 mW/cm? and 0.03 V, but the short-circuit current
density is smaller by 1.42 mA/cm?.

E. FILL FACTOR

Since the open circuit voltage is almost the same, the
short-circuit current of a solar cell with a high output power
must also be high. But we observed the opposite in these solar
cells. The steepness of the I-V characteristic of n-MoO3/p-
CZTSe/p-NiO compared to that of n-ZnO/p-CZTSe/p-NiOx
proves that its output power is higher. On the other hand,
the high power can be explained by the fill factor. Figure 7
shows the fill factor of n-ZnO/p-CZTSe/p-NiOy, n-TiOz/p-
CZTSe/p-NiOy and n-MoO3/p-CZTSe/p-NiOy solar cells as
a function of emitter and base layer thickness. The fill fac-
tor of the n-ZnO/p-CZTSe/p-NiOx (Figure 7.a) solar cell
increased as the base thickness increased. The fill factor
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of n-TiOy/p-CZTSe/p-NiOx (Figure 7.b) and n-MoOs/p-
CZTSe/p-NiOy (Figure 7.c) solar cells decreased when the
base thickness increased.

Naturally, when the thickness of the base of the solar cell
increases, the series resistance increases, which causes the
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fill factor to decrease. The n-ZnO/p-CZTSe/p-NiOx solar
cell achieved a maximum fill factor of 0.7075 when the
emitter and base layer thicknesses were 120 nm and 5 um. n-
TiO,/p-CZTSe/p-NiOx and n-MoO3/p-CZTSe/p-NiOy solar
cells reached the maximum fill factor of 0.81 and 0.82 when
the base and emitter layer thicknesses were 0.5 pum and
60 nm.

Due to the higher fill factor of n-MoOs3/p-CZTSe/p-
NiOyx than n-ZnO/p-CZTSe/p-NiOx, the maximum output
power was also higher. The fill factor mainly indicates
the quality of the surface, so the quality of passivation of
the surface between the base and the emitter layer. The
ITO/ZnO/CdS/CZTSe structure simulated in Silvaco TCAD
showed a short-circuit current of 44 mA/cm?, an open circuit
voltage of 0.45 V, an efficiency of 12.2%, and a fill factor
of 62.7% [46]. Since metal oxide is used as an emitter layer,
it can simultaneously act as an anti-reflection and passivation
layer [47].

F. OPTICAL PROPERTIES

To determine its anti-reflective properties, it is necessary
to calculate its optical properties. Figure 8 shows the
dependence of absorption, reflection and transmission coef-
ficients solar cells with optimal sizes on light wavelength.
It was found that the absorption coefficient of the n-ZnO/p-
CZTSe/p-NiOy solar cell is higher than that of other solar
cells in visible region, and the reflection coefficient is
lower.The higher absorption coefficient observed in the vis-
ible region for the n-ZnO/p-CZTSe/p-NiOy solar cell can be
attributed to the increased thickness of the base, influencing
both optical and electrical properties. Leveraging ZnO as an
emitter layer not only enhances absorption but also acts as
an effective anti-reflection and passivation layer, contribut-
ing to its superior performance in CZTSe-based solar cells.
The n-TiO,/p-CZTSe/p-NiOy solar cell was found to have
the lowest absorption coefficient and the highest reflection
coefficient. The higher absorption coefficient of n-ZnO/p-
CZTSe/p-NiOy can be justified by the thickness of the base.
Moreover, the absorption and reflection coefficient showed
that ZnO also acts as a better anti-reflection layer in the
CZTSe-based solar cell.

In Figure 9, the dependence of the complex refractive index
of ZnO [48], TiO; [49], M0oO3 [50], CZTSe [51] and NiOy
[52] on the wavelength is described. Air has a refractive index
of 1 and CZTSe has an average refractive index of 2.85, the
ideal antireflective coating should have a refractive index of
1.69 to minimize the CZTSe reflection coefficient.

The average refractive index of ZnO and MoO3
(Figure 9.a) is 1.82 and 2.13. This proves that ZnO is the
optimal optical material to use as optical coating for CZTSe.
NiOy has an average refractive index of 1.62, which is very
close to the optimal value, but its electrical properties do not
allow it to be used as an emitter. However, in further scientific
research, the inverted CZTSe structure can be investigated.
The abstract part of the complex refractive index shows the
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FIGURE 8. Dependence of absorption (a), reflection (b) and transmission
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n-MoO3/p-CZTSe/p-NiOx solar cells with emitter thickness of 80 nm,

60 nm, 60 nm and base thickness of 2 um, 1.5 um, 1 um.

light absorption coefficient of the material. The abstract part
of the complex refractive index of MoO3 (Figure 9.b) is
better than other metal oxides. Therefore, when the CZTSe
surface is covered with MoQ3, the concentration of absorbed
photons in the emitter layer is higher. Since there is more
recombination in the emitter layer, not all photogenerated
electrons can participate in carrier transport.

G. INTERNAL ELECTRIC FIELD

As the thickness of the base decreases, the transmission
coefficient of the solar cells (Figure 8.c) increased. Because
most of the photons are absorbed in the base. Therefore, the
transmission coefficient of n-MoO3/p-CZTSe/p-NiOyx was
the highest. The short-circuit current of n-ZnO/p-CZTSe/
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p-NiOy with optimal size was found to be higher compared
to other solar cells. This is due to its high absorption coef-
ficient. Therefore, the n-ZnO/p-CZTSe/p-NiOy structure is
an optically optimal system but not optimal as a solar cell.
Its maximum power point current and voltage values are
lower than those of other solar cells. Because it is also
important that the photogenerated electron-holes reach the
contacts in the solar cell. The magnitude of the fill factor
indicates the smallness of the series resistance. Therefore,
the series resistance of n-MoQ3/p-CZTSe/p-NiOy structure is
smaller than other structures. This proves its good transport
properties. Because, according to our previous studies, the
electron mobility in MoOj3 is 3811 cm?V~!'s~! and in ZnO
it is equal to 50 cm*V~!s~!. If the mobility of electrons is
high, there is a high probability that electrons from this layer
will reach the electrodes without recombination. This proves
that n-MoO3/p-CZTSe/p-NiOx solar cell has higher output
power and fill factor than other structures. Figure 10 shows
the distribution of electric field and electrostatic potential
of n-ZnO/p-CZTSe/p-NiOy, n-TiO,/p-CZTSe/p-NiOy, and
n-MoO3/p-CZTSe/p-NiOy solar cells with equal thickness
along with Y axis. The internal electric field at the p-n
junction helps the photogenerated electron-hole pairs to
separate and reach the contacts. The maximum values of
internal electric field in n-ZnO/p-CZTSe/p-NiOx, n-TiO»/p-
CZTSe/p-NiOy and n-MoO3/p-CZTSe/p-NiOy solar cells
(Figure 10.a) are equal to 3e4 V/cm, 8e4 V/cm and le6
V/cm, respectively. MoOj3 has a larger electrostatic potential
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FIGURE 10. Distribution of electric field (a) and electrostatic potential
(b) of n-Zn0O/p-CZTSe/p-NiOx, n-Ti02/p-CZTSe/p-NiOx and
n-MoO3/p-CZTSe/p-NiOx with emitter thickness of 100 nm and base
thickness of 0.5 um.

difference with CZTSe than other metal oxides, and it pro-
duced the largest electric field. Therefore, there is a high
probability separation of electron-hole pairs formed at the
base of the n-MoO3/p-CZTSe/p-NiOy solar cell and reach-
ing to the contact. Therefore, its output power is greater
than that of other solar cells. The n-ZnO/p-CZTSe/p-NiOx
structure with optimal sizes has a high absorption coeffi-
cient, but not all photogenerated electrons and holes can
reach the contacts. Because its base is thick, which causes
the amount of recombination in it to increase and the elec-
tric field in the base to decrease. Because the electric field
strength in n-TiO,/p-CZTSe/p-NiOy solar cell and the elec-
trostatic potential difference between n-TiO,/p-CZTSe layers
are larger than in n-ZnO/p-CZTSe/p-NiOy, it has also higher
output power.

IV. CONCLUSION

In summary, this study explored CZTSe-based solar cells
by investigating the impact of different charge transport lay-
ers. Using ZnO, TiOy, MoOj3 as electron transport layers
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(ETL), and NiOx as the hole transport layer (HTL), we found
that choosing the right materials enhances charge carrier
separation and reduces surface recombination. Our analysis,
which included band diagrams, electronic affinities, and band
offsets, confirmed the suitability of ZnO, TiO,, MoOs, and
NiOy for their respective roles. Optimal layer thicknesses
were crucial for achieving maximum solar cell efficiency and
increased power output. Notably, the n-MoO3/p-CZTSe/p-
NiOy design stood out with its excellent electron transport
characteristics, evident in its steep I-V curve and high fill
factor. ZnO played a vital role as an effective anti-reflective
coating, enhancing light absorption in the CZTSe layer. The
interaction between light absorption, carrier extraction, and
layer dimensions affected short-circuit current and open-
circuit voltage under varying conditions. MoQOj3’s elevated
electron mobility significantly boosted the performance of
the n-MoO3/p-CZTSe/p-NiOy solar cell by ensuring effi-
cient carrier transport to the contacts. Our findings not only
advance the understanding of CZTSe-based solar cells but
also provide valuable insights into the nuanced interrelation-
ships among charge transport layers, layer thicknesses, and
material properties. This comprehensive exploration lays a
foundation for the continued optimization of CZTSe solar
cells and opens avenues for the development of sustain-
able and high-performance photovoltaic technologies. Future
research could explore inverted structures and advanced
passivation strategies to further improve the efficiency of
these innovative solar cell configurations. Future experimen-
tal studies hold the potential to refine and validate these
results, contributing to a deeper understanding and continu-
ous enhancement of the performance of CZTSe-based solar
cells.
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