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Layers Replacements: SCAPS-1D Simulation Program
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Abstract — In this study, Zinc Telluride (ZnTe)-based solar cells, which are metallic
dichalcogenide materials, are used as a solar cell absorbent with the formation appropriate for
solar cell use. The data has been analyzed by SCAPS-1D structures software. The replacement of
Cadmium Sulfide CdS (buffer) layer by other green and save suitable materials has been
investigated. The substituted buffer layers have been ZnSe, ZnS, CdSe, and In,S;. The higher
device performance efficiency parameters have been found out when using CdS and ZnSe as buffer
layers. SCAPS-1D shows that the optimal p-n junction device eff]iciency parameters have been
achieved when the ZnTe (absorber) layer thickness is between 1200-1500 nm, while the ZnSe
(buffer) layer thickness is between 20-60 nm, and the thickness of ZnO:Al (window) layer is 25 nm.
The results of the simulation provide important hints that may enhance the performance of the cell

with empirical studies useful in practical implementation. Copyright © 2021 The Authors.
Published by Praise Worthy Prize S.r.l.. This article is open access published under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Nomenclature Piy Input power
. P(x) Hole concentration

Standard terrestrial solar spectrum q Elementary charge
“Air Mass 1.57 QE% Quantum efficiency percentage
Alumlnum QEM) Quantum efficiency in terms of
Conduction band wavelength
Cadmium 'Sulﬁ.de R Recombination rate
Electron diffusion constant SCAPS-1D Solar Cell Capacitance Simulator in 1
Hole diffusion constant Dimension
Elementary electrical charge T Temperature
Cond}lctlon band edge () Optical transmission
Fermi energy level VB Valence Band
Yalence band edge Voc Open-circuit voltage
Fill Fact'or ZnO Zinc Oxide
Generation rate 7ZnS Zinc Sulfide
Generation profile ZnSe Zinc Selenide
Blank constant 7ZnTe Zinc Telluride
Photon energy by Wavelength
Photogenerated current v Electrostatic potential
Indlum. sulfide . ® Potential difference
Saturation current density n% Conversion efficiency
Electron current densities £, Vacuum permittivity
Hole cqrreqt densities . € Relative permittivity
Short-circuit current density Pp Holes distribution
Current-voltage Pn Electrons distribution
Boltzmann constant 1, Electron mobility
Thermal voltage ' 1, Hole mobility
Carrier concentration 0; Spectral power density
Charged impurities of acceptor v; Frequency
Charged impurities of donor AN Interval between the two neighboring

Electron concentration values of Wavelength
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1. Introduction

Environmentally friendly and renewable sources of
energy are important goals [1]-[3]. The conversion of
solar light to electricity is also one of the imperative
prospects [4]-[11]. Solar cell photovoltaic devices have
emerged as a well-run and relatively sustainable energy
conversion technology, which is environmentally friendly
and commercially non-expensive in larger-scale
production.

In the current situation, the economic and high
conversion efficiency photovoltaic devices are designed
for the generation of electricity. Semiconductor devices
play a significant role in such applications and they can
be extensively used in photovoltaic power generation.
Photovoltaic cells absorb the radiation of sunlight and
convert it into electricity [12]. Polycrystalline and
monocrystalline photovoltaic cells are made from
elemental and combined materials. Monocrystalline
materials  exhibit higher conversion efficiencies
compared with polycrystalline materials.  Their
production cost is higher than the polycrystalline
materials. A polycrystalline material in photovoltaic
research and applications has gained more attention due
to satisfactory performance, low-cost manufacturing,
reliability, and stability [13]. Thin-film semiconductor
solar cell technology is one of the most promising green
energy sources. It has advantages like being a clean
energy source, an inexpensive technology (prepared from
available, non-expensive materials), easily prepared (it
can be prepared by simple techniques such as
electrodeposition, chemical bath deposition, solution
growth, and thermal evaporation) [7]. A small amount of
raw materials is sufficient to prepare a large surface area
of nano-thin-film.

Additionally, it demands little maintenance, it has a
long life, and it is recyclable. Toxic and environmentally
hazardous materials have been investigated in thin-film
solar cell research. Such materials are cadmium, arsenic,
beryllium, lead, mercury, and others [14]-[19]. Reducing
these materials' impact on the environment is one of the
main targets of research and development. Replacing
such hazardous with other safe and fewer hazardous
materials can help achieving the target issue, in addition
to the use of a minimum amount of such materials with
no significant reduction in solar cell device performance
efficiency. Thin-film photovoltaic solar cells belong to
second and third-generation solar cell technology. These
types of solar cells are manufactured by depositing one
or more layers of semiconducting materials on a metal,
plastic, or glass substrate. Commercially thin-film
photovoltaic solar cells are used in various technologies,
such as Copper Indium Gallium Selenide (CIGS) [20],
cadmium telluride (CdTe) [21], kesterite and perovskite
solar cell technologies [22]. Thin-film photovoltaic
technologies are based on various types of light
absorbers semiconductor materials with different
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thicknesses that vary from few nm to few pm. This
makes these types of devices flexible and lightweight.
The absorption coefficient of a thin film of
polycrystalline solar cell devices is higher than mono-
crystalline materials.

Therefore, a very thin layer of the absorber layer is
sufficient for the effective absorption of sunlight [23].

For a better understanding of the device
characteristics, numerical modeling or analysis is a
computer simulation program that can play a significant
role by modeling different device structures that can save
time and cost for the research community. It is a tool to
study system behavior having complex mathematical
models and it helps providing analytical solutions. For
the numerical modeling of solar cells, the physical
parameters of the material are taken as input for the
simulation software. In order to translate the practical or
real device, it is mandatory to take experimental data of
J-V characteristics and functional parameters such as
power conversion efficiency, fill factor, open-circuit
voltage, and short circuit current in device modeling.
Furthermore, ZnTe is cubic structured, it is a p-type
semiconductor with a 2.25 eV energy gap and it has
promising applications for various electronic optical uses
such as heterojunction solar cells. ZnTe can be formed
with n-type CdS thin layer or another buffer such as
CdSe, ZnS, ZnSe, and In,S;, a p-n junction that is more
useful for photovoltaic solar devices. These devices can
absorb a wide range of solar spectrum in the conversion
process [24].

Skhouni, O. et al. (2016) have reported the modeling
of ZnTe based solar cell and a numerical study of the
effect of ZnTe absorber thickness on the different output
parameters of the proposed ZnO/CdS/ZnTe solar cell
device [25]. The results show that all the main
characteristics of the modeled solar cell have increased
with increasing ZnTe thickness up to 2 pm and at this
optimum thickness, conversion efficiency 1, open-circuit
voltage Voc, short circuit current density Jgc and fill
factor FF are 10%, 1.81 V, 7 mA/cm’ and 78.84%
respectively. The importance of using ZnTe in solar cells
is due to its high performance, stability, low production
cost, and high absorptivity. All these properties make it
suitable for the substitution of silicon solar cells [26]-
[29]. The buffer layer usually has a focal role in
heterojunction thin-film solar cells.

The reach-in photons to the absorption layer are
passing through the buffer layer. Accordingly, the
photons lost due to absorption in the buffer layer should
be minimized. Therefore, electrical resistance and low
surface recombination in the buffer layer are required.
Providing thin-film solar cell stability is essential in
presenting the buffer layer in-between the absorber layer
and the transparent windows layer.

Accordingly, the buffer layer should have a high-
energy gap. Such behavior allows most of the visible
radiation to pass through to the absorption layer. On the
other hand, the bandgap edges of the buffer and the
absorption layer should be approximately compatible in
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order to allow the depletion layer to overlap. Metal
chalcogenides are suitable for the role of a buffer layer in
heterojunction thin-film solar cells. Such metal
chalcogenides are CdS, CdSe, ZnS, ZnSe, and In,S;.
Among the metal chalcogenide, CdS, CdSe, and CdTe
have commonly used compounds in heterojunctions thin-
film solar cells. Such compounds have an
environmentally — hazardous impact. Green and
environmentally friendly (less hazardous) compounds
(e.g. ZnS, ZnSe, ZnO, Zn,; ,Mg,0, and In,S;) should be
investigated and evaluated as a replacement to the
conventional hazardous semiconductors used in
heterojunction thin-film solar cells [30]-[32].

Numerical simulations can be utilized to explore the
possible effects of different materials on the final solar
cell characteristics.

Findings of such numerical studies and analysis can be
used in order to improve the performances of the device
(2], [33]-[38].

In this work, green and environmentally friendly
semiconductors (e.g. ZnS, ZnSe, and In,S;) have been
investigated and compared with CdS and CdSe as a
buffer layer in heterojunction thin-film solar cell. The
SCAPS-1D will be used here to evaluate numerically the
photovoltaic devices performance efficiency.

The device performance efficiency will be evaluated
by calculating the efficiency parameters (open circuit
potential Vo, short circuit current density Jyc, fill factor
percentage FF%, and efficiency percentage n%). The
optimum thickness of the ZnTe (absorber) layer (the
selected buffer layer), and the ZnO:Al (window) layer
thickness will be investigated in addition to assessing the
quantum efficiency. The band diagram will be
investigated as well.

The rest of the paper is organized as follows.

Section II explains the numerical modeling and the
materials input parameters. This section will describe the
methodology of the device simulation and modeling, the
input parameters, and the used mathematical equations.
Section III represents the results and the discussion
details with subtitles such as effect of buffer layers on the
J-V characteristics, optimization of the ZnTe (absorber)
layer thickness, modeling and optimization of ZnSe
(Buffer) layer thickness, and modeling and optimization
of ZnO:Al (window) layer thickness. Finally, the
conclusion is presented in the final section of this paper.

II. Numerical Modeling and the Materials

Input Parameters

The heterojunction solar cell devices layers general
are constructed by a glass substrate sheet.

A conducting molybdenum layer is deposited on the
glass substrate sheet, followed by the absorption layer,
which is usually a thick layer that absorbs enough
amounts of photons to excite electrons to the conduction
band.

Next, the suitable buffer layer is deposited on the
absorption layer and a transparent conductive window
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layer is deposited over the buffer layer. Finally, the
heterojunction is protected by a layer (glass) that is posed
as a front layer.

The suggested device is constructed from a ZnTe as an
absorption layer deposited on a molybdenum layer that is
deposited on the glass sheet substrate.

A buffer layer of different suggested semiconducting
materials (CdS, CdSe, ZnS, ZnSe, and In,S;) is deposited
on the absorption layer.

A window layer of Al-doped ZnO in the ration of 3%
is deposited on the buffer layer. Finally, the front glass
sheet is deposited. The schematic diagram of the
suggested Mo/ZnTe/Buffer layer/ZnO:Al is shown in
Fig. 1.

The SCAPS-1D software is used here for solar cell
efficiency numerical simulation calculation. It has been
developed for polycrystalline thin-film devices-based
solar cell and it has many parameters of the electrical
one, which can be studied or simulated including Vg,
Jsc, FF%, n%, QE% [39]-[42].

All these calculations are suitable for dark and light
conditions, with a change in illuminations, temperatures,
and the thin film structure (which can consist of many
layers up to seven layers).

The material properties for each layer of the suggested
device should be uploaded to the SCAPS-1D software
program.

The starting condition (bias voltage, working
temperature, illumination, etc.) should be set, as shown
in Table I. the properties of reflection and transmission of
the front (right) and back (left) contacts are shown in
Table II. SCAPS-1D can solve Poisson and continuity
equations for electrons and holes Equations (1) and (2)
[42], [43]:

d*y e
dx?

[P(x) —n(x) + Ny — Ny + pp — ps] (1)

€0y

where ¥ is the electrostatic potential, e is the elementary
electrical charge, ¢, , €, are the relative and the vacuum
permittivity, p and n are the hole and the electron
concentrations, Np, N, are the charged impurities of
donor and acceptor, p,and p, are the holes and the
electrons distribution, respectively:

% = % =G — (2)
dx dx
where ], and J, are the electron and the hole current
densities, R is the recombination rate, and G is the
generation rate.
Carrier transport occurs by drift and diffusion
according to Equations (3) and (4), respectively:

dn do
= — — 3
Jn = Dn + 3)
dp dy
= — — 4
Jo =Dy + koD 7 “)
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TABLE I
ELECTRICAL AND OTHER PROPERTIES OF THE THIN-FILM SOLAR CELL DEVICE LAYERS USED IN THE SIMULATION
Parameter p -ZnTe n- CdS n- CdSe n- ZnS n- ZnSe n-In,S;  ZnO :Al
Thickness (um) 1.5 0.025 0.025 0.025 0.025 0.025 0.015
Band gap (eV) 2.26 2.4 1.74 35 2.9 2.8 33
Electron affinity (eV) 3.5 45 4.95 45 4.09 47 435
Dielectric permittivity (relative) 9.67 10 6.1 10 10 13.5 9
CB effective density of states (cm™) 7x10'° 1.5x10" 1.75x10'® 1.5x10"%  1.5x10"  1.8x10"°  2.2x10"
VB effective density of states (cm™) 2x10" 1.8x10" 2.1x10" 1.8x10"®  1.8x10" 4x10%  1.8x10"
Electron thermal velocity (cm/s) 1x107 1x107 1x107 1x107 1x107 1x107 1x107
Hole thermal velocity (cm/s) 1x107 1x107 1x107 1x107 1x107 1x107 1x107
Electron mobility (cm?/Vs) 330 50 650 50 50 400 100
Hole mobility (cm?/Vs) 80 20 100 20 20 210 25
Shallow uniform donor density ND (cm™) 0 1x10% 1x10% 1x10% 1x10% 1x10% 1x10%
Shallow uniform acceptor density NA (cm™) 2x10" 0 0 0 0 0

TABLE II
BACK AND FRONT CONTACT PARAMETERS PROPERTIES

Left Contact(Back) Right Contact(Front)
Thermionic emission surface recombination Electron 1x107 1107
velocity (cm/s) Holes 1x107 1x10°
y Metal work function (eV) 5 4.1
. . . . Relative to EF 0.4 0.1
Majority carrier barrier height (cV) Relative to EV or EC - 0.068 0.0571

hv

Front layer
Widow layer (ZnO:Al)
Buffer layer

y

Absorber layer (ZnTe)

Back contact (Mo)

Glass substrate

Fig. 1. Schematic arrangement of a thin film- based solar cell layers

The short current density (Jsc) can be found by
Equation (5) [44]:

?;(4;)
hv;

i

Jse =4 ) T = En()a% 5

where q is the elementary charge, T(A1) is the optical
transmission, @; is the spectral power density, and A4; is
the interval between the two neighboring values of
wavelength. The open-circuit voltage (Vyc) can be
expressed by Equation (6) [45]:

kT
Ve = nTln (ﬂ + 1) ©6)

Jo

The fill factor percent (FF%), finds out the maximum
power of a solar cell and it can be expressed by Equation
(7) [46]:

VOC - ll’l(VOC + 072)
VOC + 1

FF% = N
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The energy conversion efficiency percent (n%) of thin
film can be expressed by Equation (8) [45]:

Voc X Jsc X FF%
P;

n% = ®)

The incident light (photons) illumination is AM1.5G
spectra through the calculation of the J-V characteristics
in this numerical simulation analysis [46]. The input
power, P;,, from the sun is considered as 1000 W/m?,
and its properties are summarized in Table III.

I11.
1II.1. Effect of Buffer Layers on the J-V Characteristics

Fig. 2 shows the J-V profiles for the different
simulated buffer layers. CdTe and In,S; buffer layers
have showed very poor J-V profiles. This behavior
discourages using such semiconducting compounds as a
buffer layer in ZnTe heterojunction thin-film solar cells.

Table IV represents the solar cell efficiency
parameters for the different used buffer layers. CdS, ZnS,
and ZnSe have showed higher efficiency parameters (the
difference is very low and not significant). Fig. 3 shows
the QE% profiles for the studied buffer layers. The
profiles have showed no significant difference in the
wavelength range of 300-530 nm. An insignificant
difference has been shown at a wavelength of less than
300 nm. ZnSe, CdS, and ZnS show a higher efficiency in
the wavelength higher than 530 nm.

Results and Discussion

TABLE IIT
THE INCIDENT ILLUMINATION (PHOTONS) SOURCE PARAMETERS

Spectrum AM 1-5G1 sun. Spectrum
Wavelength range (nm) 200 - 4000
Transmission% 100
Ideal light current G(x) (mA/cm?) 20
Transmission of attenuation filter % 100
Ideal light current cell (mA/cm?) 0

International Review on Modelling and Simulations, Vol. 14, N. 2
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Fig. 2. J-V current curves for the cell. ZnTe layer (acceptor) with

different buffer layers. 7= 300K
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Fig. 3. QE% spectral profiles of solar cell
with different used buffer layers

The results have confirmed that ZnSe and ZnS based
buffer layers show the highest and the best conversion
efficiency of 25.34% and 24.20%, respectively.

Additionally, CdSe and In,S; based buffer layers have
achieved less efficiency of 8.83% and 12.32%,
respectively. Hence, the hazardous properties of CdS
have limited its uses in such devices, while ZnSe and
ZnS are highly promising candidates as buffer layers in
ZnTe heterojunction thin-film solar devices. The spectral
response has been evaluated based on the quantum
efficiency measurements. QE is defined according to the
following Equation (9):

Number of collected electrons

QEQ) =

Number of incident photons

I(A
_ ( )/q
¥p(A)

)

where q is the elementary electrical charge, I(1) is the
photogenerated current, and ¢,(4) is the photon flow.
Fig. 3 represents the quantum efficiency QF(%) for
different buffer layers on the light spectrum.

TABLE IV
THE SOLAR CELL EFFICIENCY PARAMETERS FOR DIFFERENT BUFFER
LAYERS. T=300 K, ZNTE (ACCEPTOR) LAYER

Buffer Layer Voc(V)  Jse(mA/em®)  FF% N (%)
Cds 1.45 23.37 78.18 26.60
ZnSe 1.46 23.30 74.40 25.34
ZnS 1.47 23.36 70.99 24.20
In,S; 0.90 22.79 36.07 12.37
CdSe 0.69 22.40 37.54 8.83
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1I1.2. Optimization of the ZnTe (Absorber)
Layer Thickness

The goal of this section is to get a thinner ZnTe layer
without affecting the cell performance. The thickness of
the ZnTe (absorber) layer has been numerically marked
in the ranges of 600 to 4000 nm, and the parameters of
the other materials have been kept constant. The
thickness of the ZnSe (buffer) layer is 40 nm, and the
thickness of the ZnO:Al (window) layer is 60 nm. As a
result, the manufacturing cell cost reduction can be
achieved by reducing the amount of manufacturing
material used. Table V represents the solar cell efficiency
parameters of different chosen thickness. The variation
performance of the thin-film at different thicknesses of
the ZnTe (absorber) layer has been calculated using the
SCAPS-1D simulator. The best photovoltaic parameters
are acquired between 1200 - 1500 nm thicknesses of the
ZnTe (absorber) layer. Voc and Jsc results show no
significant increase with the increase in ZnTe thickness.

However, there is a significant increase in the cell
FF% and 1% with the increase in ZnTe absorber layer
thickness as shown in Figs. 4(a) and (b). The increase in
the solar cell FF% and n% with ZnTe layer thickness has
achieved the steady-state values at 1200-1500 nm, Figs.
4(c) and (d).

The absorber thickness remains one of the major
challenges in ZnTe large-scale solar cells industry and
mass production. FF% has showed a slight decrease with
ZnTe layer thickness higher than 2000 nm. This
reduction is attributed to the reduction of bulk resistance
of ZnTe material, Fig. 4(c).

The 1200 nm ZnTe thickness shows an acceptable
conversion efficiency of 24.47% (with Voc=1.46 V, Jgc=
22.58 mA/em?, and FF%=74.16%). Simulation results
indicate that the optimum thickness of ZnTe absorption
layer will be in the range of 1200-1500 nm. The
fabrication of the cell with the thickness of the absorber
layer higher than 1500 nm is unreasonable due to the
consumption of more materials without any significant
impact on the cell's performance and efficiency.

Although these results are very important to fabricate
thin-film solar cell, other parameters can influence the
performance of cell and they need to be investigated. The
effect of ZnTe thickness on quantum efficiency (QE%) is
presented in Fig. 5.

TABLE V
SOLAR CELL EFFICIENCY PARAMETERS FOR DIFFERENT ZNTE
(ABSORBER) LAYER THICKNESS. ZNSE AND ZNO:AL; LAYERS
THICKNESS WERE 40 nm AND 60 nm RESPECTIVELY AND 7=300 K

Thickness ZnTe, nm _ Voc (V) Jsc(mA/cm?) FF% n%
600 1.42 21.50 63.85  19.50
800 1.44 22.22 68.74  21.98
1000 1.45 22.42 7224  23.51
1200 1.46 22.58 74.16  24.47
1400 1.47 22.79 74.82  25.06
1500 1.47 22.88 7493 2526
1600 1.48 22.96 7496 2543
2000 1.49 23.17 74.63  25.63
3000 1.51 23.33 73.32  26.01
4000 1.52 23.37 74.93  26.05
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with different ZnTe (absorber) layer thickness. ZnSe and ZnO:Al;
layers thickness are 40 nm and 60 nm respectively, 7= 300 K
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Fig. 5. QE% spectral profiles of solar cell
with different ZnTe layers thickness

QE% has been calculated for different selected ZnTe
thicknesses (600, 800, 1200, 1600, and 2000 nm). QE%
has been increased by increasing the ZnTe layer
thickness. Increasing the thickness of the absorber layer
leads to an increase in solar cell quantum efficiency.

However, the rate of increasing quantum efficiency
has been slowly affected by the layer thickness higher
than 1200 nm. This means that the thickness of 1200 nm
is enough to absorb most of the incident photons. The
effect of the ZnTe absorber layer on the quantum
efficiency occurs in the region extended from A = 300-
800nm as shown in Fig. 5.

The generation region in thinner absorber cell is near
the high recombination back contact region. This will
reduce the number of the generated electron-hole pairs
and the quantum efficiency. On the other hand, in a
thicker absorber cell, the generation process occurs far
from the back contact region, which in turn, increases the
quantum efficiency. The increase in QE% with
increasing the absorption layer thickness has been
applicable to a specific thickness limit. Understanding
the relation between the cell performance and the
absorber (ZnTe) layer thickness requires studying the
solar cell energy band diagram. The energy band diagram
alignment is one of the most important parameters
affecting the current heterojunction transmission and the
performance of solar cells. Fig. 6 shows that the band
diagram is in a good alignment; and the recombination
regions are shown. When the absorber layer is thin, the
back contact is near the depletion region. This leads to a
noticeable increase in the recombination of the back
contact. Thus, at the back contact, a large number of
photogenerated carriers are recombined and the rest can
contribute to quantum efficiency. Therefore, the back
contact recombination current decreases as the
absorption layer thickness increases, resulting in an
increase in solar cell performance. Increasing the
absorber layer thickness can improve cell performance,
but it cannot be increased excessively, as shown in Figs.
4. This is evident in the case of the absorber layer
thickness being more than 2000 nm. V¢, Jsc, FF%, and
n% will only increase slightly and reach the steady-state.

International Review on Modelling and Simulations, Vol. 14, N. 2



S. H. Zyoud et al.

This can be attributed to the fact that photons with a
higher wavelength (> 550 nm) are absorbed in the bulk
absorption layer away from the depletion region. The
QE% profiles for selected ZnTe thickness (600, 800,
1200, 1600, and 2000 nm) are shown in Fig. 5. The
profiles have showed an increase in the number of
absorbed photons with a wavelength longer than 550 nm
up to a limit. The QE% profiles of 1600 and 2000 nm are
fit together. The increase in the absorber layer thickness
can increase the possibility of Quasi-neutral
recombination, Fig. 6. The recombination’s process falls
in three positions: the photo-generated carriers
recombine before reaching the depletion region (Region
2), the space charge (Region 3), and the absorber/buffer
interface (Region 4). It cannot be denied that increasing
the thickness of the absorber layer causes the photon to
absorb particularly at the high wavelength, but the
resulting carriers cannot be used to enhance the
performance of the cell and recombination before
reaching the depletion region.

1I1.3. Modeling and Optimization
of ZnSe (Buffer) Layer Thickness

The Mo/ZnTe/ZnSe/Al:ZnO heterojunction solar cell
is investigated here in order to achieve a high cell
performance and efficiency. The absorber ZnTe and the
buffer ZnSe layers should have their conduction bands
aligned [47]. ZnSe with (2.7 eV bandgap) has been found
out to be a suitable buffer layer for ZnTe (with 2.3 eV
bandgap) absorber layer. They have good band alignment
to each other [48]. One of the aims of this section is to
reduce optical and electrical losses caused by the
interface between the absorber and the buffer layers.

ZnSe is a remarkable material due to its prospect
applications in several optical and electronic devices, as a
buffer/window material for heterojunction thin-film solar
cells. Various methods have been employed for the
deposition of ZnSe thin films. ZnSe can be prepared by
simple and inexpensive techniques like electrodeposition,
chemical bath deposition, solution growth, and thermal
evaporation. Fig. 7 shows the J-V profiles of different
ZnSe (buffer) layers thickness. The simulation
calculation of ZnSe layers thickness has been in the
range of 10-200 nm. The ZnTe (absorption) and Al:ZnO
(window) layers thicknesses have been chosen to be
1500 and 60 nm respectively, and the operating
temperature has been 300 K.
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Fig. 6. The cells band diagram: (R1) Back contact recombination, (R2)

Quasi-Neutral recombination, (R3) space charge region recombination,
(R4) Buffer/Absorber interface recombination
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Fig. 7. J-V current curves for the cell. ZnSe buffer layer
with different thickness, 7= 300 K

Table VI reveals that the cell efficiency parameters
have been high in the case of thin buffer layers. This
means that the cell parameters performances are lowered
in case of increasing the ZnSe (buffer) layer thicknesses.

The Jsc and 1% values have been affected by the ZnSe
thickness more than FF% and V¢ values. This lower
effect in Vyc and FF% is attributed to the valance band
curtain at the interfaces that appear as spikes and the
photon loss that occurs in a thicker ZnSe layer. As the
thickness of the ZnSe layer increases, the number of
absorbed incident photons in the buffer layer will
increase. Thus, the number of photons that can pass
through the buffer layer to the absorbed by the ZnTe
(absorber) layer will be reduced. The QE% profiles have
showed a decrease in the number of absorbed photons in
the wavelength range shorter than 550 nm, Fig. 8. This
will lead to a reduction in the production of the electron-
hole pairs.

A severe decrease has been observed in the Jg- and
n% in the thicker ZnSe layers. On the other hand, the
thinner ZnSe layer shows higher performance and an
increase in cell efficiency parameters. A thin ZnSe layer
will lead to a reduction in the depletion layer thickness.
The depletion layer appears to compensate for the effect
of misfit dislocation due to the lattice mismatch between
the ZnSe and ZnTe layer, Fig. 6. The thinner buffer layer
may be resulting in current leakage and the thicker one
could lead to a low carrier separation rate. Due to
manufacturing techniques and tool limitations, it is not
possible to reach a buffer layer thickness of less than 25
nm [49]. Thus, the suggestion is to keep the optimum
buffer layer thickness in the range 25-50 nm.

TABLE VI
IMPACT OF ZNSE (BUFFER) LAYER THICKNESS ON THIN FILM
PARAMETERS. ZNTE AND ZNO:AL; LAYERS THICKNESS ARE 1500 nm
AND 60 nm RESPECTIVELY, 7= 300 K

Thickness ZnSe, nm  Voc (V)  Jse (mA/ecm?) FF% N (%)
10 1.47 24.29 75.35 26.68

20 1.47 23.77 75.20 26.35

25 1.47 23.53 75.13 26.06

30 1.47 23.30 75.06 25.78

40 1.47 22.88 74.93 25.26

60 1.47 22.14 74.70 24.37

100 1.47 21.02 74.32 23.01

200 1.47 19.45 73.74 21.12
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The impact of the buffer (ZnSe) layer thickness on
quantum efficiency (QE%) has been calculated; the
results are shown in Fig. 8. The figure reveals that QE%
is decreased by increasing the ZnSe layer thickness. The
variation in ZnSe thickness and QE% is minimal in
thicker layers while the variation is observable in thinner
layers. The range 25 nm to 40 nm has been chosen here
as an optimal buffer layer thickness for manufacturing
proposes because it is difficult to prepare a very thin
layer lower than ~25 nm.

1I1.4. Modeling and Optimization
of ZnO:Al (Window) Layer Thickness

ZnO:Al window layer is used to provide optical and
electrical access. ZnO:Al as a window conducting oxide
transparency layer can penetrate the incident radiation
and, based on its conductivity, it can collect the charge
carriers. ZnO contains all the required features for the
window layer, including the bandgap of ~ 3.3 eV. This
bandgap gives the ZnO an advantage in releasing the
photons of wavelengths higher than 385 nm (Visible and
IR radiations) to pass completely through and reach the
absorption layer [50]. The simulation calculations have
been performed on ZnO:Al layer thickness range (5 - 200
nm) as shown in Table VII. The ZnTe and ZnSe layer
thicknesses have been chosen to be 1500 and 25 nm,
respectively, and the operating temperature has been 300
K. The simulation results show that there is no
significant decrease in the cell efficiency parameters
Voc» Jsc» FF%, and n%.) with increasing the ZnO:Al
layer thickness. Using a very thin layer of ZnO:Al may
result in current leakage and a too thick one could lead to
low carrier separation rate. In conclusion, the optimized
and preferred layer is selected to be 50 nm for
preparation and manufacturing purposes. The impact of
the thickness window (ZnO:Al) layer on the QE% has
been calculated. The QE% profiles are shown in Fig. 9.

The figure shows that there is no observable effect of
the ZnO:Al layer thickness on the QE% in the
wavelength ranged > 300 nm. The QE% values have
decreased with the increase in ZnO:Al layer thickness in
the wavelength <300 nm. This reduction will not affect
the cell efficiency parameters because solar light
radiation lacks such a range of radiations.

QE%

S0 600 700 G0 %00 1000 1100

460
Wavelenght, nm

1200

Fig. 8. Spectral response of thin film with different
thickness of ZnSe as buffer layer, 7= 300K
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Fig. 9. Spectral response of thin film with different
thickness of ZnO:Al as window layer. 7= 300 K

TABLE VII
THE EFFECT OF ZNO:AL (WINDOW) LAYER THICKNESS ON CELL
EFFICIENCY PARAMETERS. ZNTE AND ZNSE LAYERS THICKNESS ARE
1500 nm AND 25 nm RESPECTIVELY, 7= 300 K

Thickness ZnO:Al (nm) Vo (V) Jsc(mA/em®)  FF% 1 (%)
5 1.47 23.62 75.15 26.16

10 1.47 23.61 75.15 26.15

15 1.47 23.60 75.15 26.15

20 1.47 23.58 75.14  26.14

30 1.47 23.55 75.14  26.12

50 1.47 23.55 75.13 26.08

100 1.47 23.47 7512 25.99

200 1.47 23.33 75.09  25.82

IV. Conclusion

In this paper, the performance of the thin film -based
solar cells has been studied. Different buffers such as
CdS, ZnSe, ZnS, In2S3, and CdSe have been used. The
results have showed that ZnSe and ZnS as buffer layers
have provided cell efficiency parameters approximately
close to the cell that used CdS as a buffer layer. It has
been concluded that ZnSe or ZnS could be used as an
alternative material to CdS.

Numerical simulation shows that the highest
efficiency of p-n heterojunction of
Mo/ZnTe/ZnSe/ZnO:Al solar cell is equal to 25.34%
(with Ve of 1.4615 V, Jsc of 23.30 mA/cm® and fill
factor of 74.4%). This efficiency can be achieved with an
absorber ZnTe layer thickness equal to 1500 nm, a buffer
ZnSe layer thickness of 25 nm, and a ZnO:Al window
layer of a thickness of 50 nm. From the simulation
results, it is found out that the contribution of the space
charge region in the photocurrent density is dominant
compared to the ones of the neutral regions. These
findings are very promising and provide helpful guidance
for future thin and high performance of thin-film
Mo/ZnTe/ZnSe/ZnO:Al solar cells.
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