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Copper-zinc-tin-sulfide (CZTS) solar cells have now become a topic of interest in the solar power generation industry. *ese are
used as an absorber in the zinc oxide (ZnO)/cadmium sulfide (CdS) core-shell nanowire arrays, in order to improve the
performance of solar cells.*e relationship between the average increase in absorption rates and CdS shell thickness (compared to
the thin film) reveals that the optimum thickness with the maximum average absorption rate (39.95%) compared to thin film is
30 nm. *e cells’ electrical and optical performance was significantly improved with the introduction of graphene between the
ZnO and CdS layers. *e shell thicknesses for a better performance of these nanowire solar cells were 30 and 40 nm, with almost
the same open-circuit voltage, the similar short-circuit current density, and efficiency, which were 630mV, 6.39mA/cm2, and
16.8%, respectively. Furthermore, a minimum reflection of 40% was obtained with these same shell thicknesses.

1. Introduction

In recent decades, copper-zinc-tin-sulfide (CZTS) has
emerged as an excellent absorber used in thin-film solar cells
[1–3]. *e use of nanotechnology has increased efficiency
while reducing the cost of solar cells [4]. In addition, CZTS
has a bandgap between 1.45 and 1.65 eV along with a high
absorption coefficient of more than 104cm−1 and a refractive
index of 2.72 [5–9]. It can be obtained by cospraying copper
(Cu), tin (II), sulfide (SnS), and zinc sulfide (ZnS) for the
deposition of precursors and followed by sulfurization in a
hydrogen sulfide (H2S) atmosphere [9], or by spraying metal
precursors Copper-zinc-tin (Cu-Zn-Sn) from a single target,
followed by vaporization of sulfur [10].

On the other hand, in recent decades, there has been an
increasing interest in nanowire solar cells because of their
ability to achieve high absorption and low reflection [11, 12].
At room temperature, shell-less ZnO nanowire arrays are
not very favorable for good absorption due to their wide
bandgap of 3.3 eV. However, these can help improve the
efficiency of photo-conversion if covered with an extremely
thin shell of semiabsorbent conductors, such as CdS and

graphene, owing to the fact that these ZnO nanowires have
good conductivity, chemical stability, and long service life
[11, 13, 14].

Photocatalytic studies have shown that the ZnO/CdS
core-shell nanorod arrays exhibit a strong enhancement in
degradation efficiency as compared to ZnO and CdS in the
individual form under simulated solar radiation [15]. CdS is
used for the core-shell, although it contains cadmium (Cd; a
toxic product) because it reduces the junction area [16] and
improves the interface with the absorber while ensuring a
strong transmission in the region of certain wavelengths. It
has a bandgap of 2.4 eV, efficient absorption in the wave-
length of 380 to 510 nm, and the advantage of wide bandgaps
of ZnO and CdS. In this process, the majority of the photons
are absorbed in the narrow-space p-type absorber (CZTS)
[17]. Meng Ding et al. has also shown that the photocurrent
in the ZnO@CdS heterostructure, with a core diameter of
100 nm and a shell thickness between 50 nm and 100 nm, is
102 times better than that in bare ZnO nanorods. On the
other hand, the photoelectrochemical study on nanowire
solar cells has shown that there are more free carriers
generated and transferred in the ZnO@CdS heterostructure,
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leading to high separation efficiency than bare ZnO nano-
wires [18]. Likewise, in another study, KimDinhHoang et al.
showed that for an unpolarized incoming wave, a maximum
weighted absorption efficiency of 90% is obtained with bare
ZnO nanowires having a diameter of 110 nm against 93% for
ZnO/CdS core-shell nanowires with a core diameter and
shell thicknesses of 88 and 20 nm, respectively [19]. Another
experiment on solar cells with arrays of ZnO/CdS core-shell
nanowires integrated into a Cu2ZnSnS4 absorber yielded a
short-circuit current density of 0.70mA/cm2, an open-circuit
voltage of 171.7mV, a fill factor of 29.41%, and an efficiency of
0.035%. According to the analysis of the results of this ex-
periment, the low efficiency may have resulted from the layer
of MoS2 developed during sulfurization, increase in recom-
bination of charge carriers at the rear contact (due to sec-
ondary phases in the interface), and a low thickness of the
CZTS film [10]. In more detail, Qian Li et al. showed by
surface analyzes of the CZTS that the high temperature
(580°C) of sulfurization leads to the complete disappearance of
the secondary phases (improvement of the performance of the
CZTS-based solar cell). As a result of this, a forbidden band of
1.48 eV close to the theoretical value of 1.5 eV, an open-circuit
voltage (Voc) of 583mV, a short-circuit density (Jsc) of
7.32mA/cm2, a factor fill (FF) of 48.86%, and a conversion
efficiency of 2.08% is obtained [20]. Furthermore, an exper-
iment conducted by *omas Edwards et al. [21] on the TiO2/
CdSe core-shell solar cell has shown that nanowire core-shell
solar cells, having a core diameter and shell thickness of
approximately 80 nm and close to 30 nm, respectively, can
have an absorption efficiency close to 100% [21].

*us, it is very important to emphasize that the si-
multaneous research on the control of the MoS2 layer de-
veloped during the sulfurization and the optimization of the
geometric parameters of the model structure has to be
deepened. To improve the performance of cell while taking
into account the above information, models based on the
CZTS thin-film solar cell and having ZnO/CdS as core-shell
nanowires have been compared in this research. *e models
studied are based on the ZnO/CdS/CZTS structure, and
recent studies on such a structure have shown that the se-
lection of the thicknesses of the different structural layers is
one of the determining factors for improving the perfor-
mance parameters of the cell [22]. *erefore, the current
study has focused on the optimization of the geometric
parameters, the design, and the composition of themodel for
the improvement of the performance of the solar cell.

2. Materials and Methods

To obtain the optical performances of the different models,
simulation was performed using the COMSOLMultiphysics
software on the thin-film solar cell and different nanowire
solar cells by modifying the shell thickness. Research studies
have shown that the best performance of solar cells was
obtained at the angles of incidence between 0° and 60°. So
this simulation was based on the angle of incidence of 0°.
*is work studied thin-film and ZnO/CdS core-shell
nanowire models of CZTS solar cells, focusing first on the
electric field distribution and optical properties, then on the

efficiencies and optimal CdS shell thickness. Since studies of
core-shell nanowire arrays have shown particular interest for
a shell thickness of 30 nm [15], our initial study also focused
on the CdS shell thickness of 70 nm for the model. With the
ZnO/CdS core-shell nanowires, the simulation study was
carried out with CdS shell thicknesses of 30 nm, 100 nm, and
without CdS shell (CdS shell thickness of 0 nm).

*e geometric fill factor was computed as FF � πD2/4P2,
where D is the sum of the diameter of ZnO nanowires,
double CdS shell thickness, and double graphene shell and P
is kept at 360 nm (the pitch of nanowires). *e two models
are based on a square base of 3× 3 μm. Graphene was also
used to improve the electronic mobility, conductivity,
photocurrent generation, and capacitance of the two fol-
lowing models: CdS and ZnO [23, 24]. In addition, to in-
crease the optical conductivity and the carrier mobility of the
cell, graphene thickness of one nm was selected for the
simulation [25].

Figure 1(a) shows the thin film device having a structure
in the direction Z, which is ZnO/graphene/CdS/CZTS with
the respective thicknesses of 100 nm, 1 nm, 100 nm, and
1,000 nm. Figure 1(b) shows the structure of nanowires
having ZnO (diameter of 100 nm, with 1,000 nm in length
and 360 nm spacing), covered with a graphene shell thick-
ness of 1 nm that is further covered with a CdS shell
(thickness of 30 nm, 70 nm, and 100 nm). *e free space
between the nanowires was filled with CZTS film. *e
thickness of the bottom CdS layer was100 nm. Figure 2
shows the solar cell architectures of the optimized global
thin-film (Figure 2(a)) and nanowire (Figure 2(b)) models.
Weiwei Sun et al. conducted an experimental study on these
two types of models (thin films and ZnO/CdS core-shell
nanowires), without graphene and with a CdS shell thickness
of 70 nm, *e values 171.7mV, 0.7mA/cm2, 0.035%, and
54% were obtained as open-circuit voltage, the short-circuit
current density, the efficiency, and the average absorption in
the nanowires, respectively, which are not very significant
[10].

In this work, for solar lighting, we considered the Solar
Irradiance Spectra of Air Mass (AM1.5) [26], having a solar
zenith angle of 48.2°.

COMSOL Multiphysics was used in this work for sim-
ulation studies. A finite element method was used to solve
the electromagnetic fields in the modeling field. It is one of
the best optical simulation software because it offers the
possibility of modeling with different dimensions (1D, 2D,
and 3D), by coupling with other physics, in particular op-
tical, thermal, reaction-diffusion, etc. [27, 28]. Assuming E
(λ) is a vector of the electric field in 3D; the absorption A(λ)
was obtained by Aghaeipour and Pettersson [29]:

A(λ) �
1
2


2πε0c
λ

|E(λ)|
2Im n

2
(λ) dV, (1)

where ε0 (8.85×10−12 F·m−1) is the vacuum permittivity,
c(299792458m/s) is the speed of light in vacuum, λ is the
photon wavelength, and n represents the complex refractive
index. *e incident light transmits T(λ) and the reflection
R(λ) on the substrate can be obtained by energy conservation
through the following relation [30]:
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Figure 1: Structure models of (a) thin-film solar cells of ZnO/graphene/CdS/CZTS and (b) nanowire solar cell of ZnO/CdS core-shell array
in CZTS film.
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Figure 2: Optimized full model architectures of (a) thin film, (b) core-shell nanowires of CZTS solar cells, and (c) single core-shell nanowire
architecture.
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R(λ) � 1 − A(λ) − T(λ). (2)

To evaluate the absorption in the ZnO/CdS core-shell
nanowires, we calculated for each shell thickness the ulti-
mate absorption efficiency η according to the following
formula [31]:

η �

λg

λl
I(λ)A(λ)λ/λgdλ


λu

λl
I(λ)dλ

, (3)

where I(λ) is the solar spectral irradiance, λl is negligible
solar irradiance (300 nm), λu (4,000 nm) represents the
upper limit of the available data for the solar spectrum, and
λg (460 nm) is the photon wavelength corresponding to the
average bandgap of the materials of the model. *e short-
circuit current and open-circuit voltage give an opportunity
to evaluate the electrical performance of the solar cell. By
Shockley’s diode equation as a function of voltage, the
current density J is defined as follows [32]:

J(V) � J0 exp
eV

K
T − 1  − Jsc, (4)

where j0 is saturation current density, V is the applied bias
voltage, kT/e is the thermal voltage equal to 25.69mV at
25°C, and JSC is the short current density under illumina-
tion. *e effective refractive index was computed with the
calculation of the refractive index in the nanowires. *e
effective refractive index of ZnO/CdS core-shell nanowires
having free spaces filled with CZTS was given by the fol-
lowing equation [30]:

neff � nCZTS(1 − FF) + nCSFF, (5)

where nCZTS represents the refractive index of CZTS and nCS
shows the refractive index of ZnO, CdS, and graphene block.

Figure 3 shows the schematic structures of both simu-
lation models. *e transverse magnetic (TM) field source
was done by setting the port limit and setting it as a “periodic
port.” Figures 3(a) and 3(b) show a schematic diagram of the
port location. *e upper limit creates a “harbor wave ex-
citation,” which means incident light. To reduce the
workload and complexity of calculations, “periodic condi-
tions” were defined to obtain data. As shown in Figures 3(b)
and 3(c), the two opposite limits were defined in the “pe-
riodic condition1.” Finally, the other two faces of the sim-
ulation region were also defined under boundary conditions.
*e periodic type selects the “Floquet period,” and its vector
k was derived from the periodic port. *e simulation region
was set as “swept mesh” for the air region and “freely divided
tetrahedral mesh” for other regions (Figures 3(e) and 3(f)).
For this physical interface, the maximum size of the cells of
the grid was preferably less than a certain fraction of the
wavelength. *e incident light wavelength range for the
current simulation model was 200 to 2,000 nm, so the
maximum cell size was 80 nm and the minimum cell size was
8 nm. All simulation models used the same grid cell size to
maintain computational rigor. In “Parameters1” of the

global definition, 0 nm (not CdS-shell thickness), 30, 70, and
100 nm were selected as the values of CdS-shell thickness. A
500 nm layer has also been added to each of the above
models to take an account of air parameters in the
simulation.

In the magnetic propagation wave, the diffusion pa-
rameters were determined by parameter S in terms of the
electric field. *e electromagnetic and electric fields acting
on the ports can be calculated after the excitation of port1.
*e electric fields E1 and E2, respectively, at ports 1 and 2,
are therefore transformed into a complex scalar quantity
corresponding to the voltage. It was assumed that the fields
are normalized with respect to the integrity of the energy
flow through each cross-section of the ports. *e electric
field Ec calculated at port 1 also contains the reflected field.
*e distribution of the electric field in the model was cal-
culated by setting the wavelength at 500 nm. *e coefficient
of reflection (S11) and transmission (S21) were automati-
cally calculated according to the equations (10) and (12),
respectively [33]. *e results of equation (1) were verified by
equation (2), and the margin of error between the two curves
from 200 nm to 2,000 nm is less than 1%.*e current density
was calculated and then plotted according to equation (4).
*e ultimate absorption efficiency was calculated by equa-
tion (3). To evaluate the improvement in the absorption ratio
due to the shell thickness of the CdS nanowires compared to
the thin film, the average absorption value was calculated
between the wavelengths λ0 and λl by using the equation as
follows [34]:

A �
1

λl − λ0

λl

λ0
A(λ)dλ, (6)

where λ0 � 200 nm and λl � 2000 nm.
Since the average absorption of CdS core-shell nano-

wires was greater than the average absorption of the thin
film. In order to assess this difference, the average increase in
absorption rate of CdS core-shell nanowires (with the in-
creasing shell thickness) compared to thin film p was de-
termined by the following equation [35]:

Ri �
Ai − Ap

Ap

, (7)

where Ai and Ap are the average absorptions in the core-
shell nanowires of CdS shell thickness and in the thin film of
respective indices i and p. Taking into account the simulation
data, interpolation was performed, in order to approach the
real function of the average absorption rate of increase. *e
Lagrange polynomial approach was used as one of the simple
methods of polynomial interpolation with a small margin of
error. *e Lagrange interpolation polynomial is a polyno-
mial of degree n, which passes through (n+ 1) points and is
defined by the following equation [36]:

P(x) � 
n

j�0
yjPj(x), (8)

where
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Figure 3: Schematic structure of simulationmodels: (a, b) schematic diagrams of the location of the port, respectively, of thin-film and ZnO/
CdS core-shell nanowire models; (c, d) schematic diagram, respectively, of the periodic conditions of thin-film and ZnO/CdS core-shell
nanowire models; and (e, f ) schematic diagram, respectively, of meshing of thin-film and ZnO/CdS core-shell nanowire models.
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Pj(x) � 
n

k�0;k≠ j

x − xk

xj − xk

  (9)

and

y0 � f x0( , y1 � f x1( , y2 � f x2( , . . . , yn � f xn( ,

(10)

where f(x) represents the real interpolated function. *e
curve of the average absorption rate of increasing (Ri) in the
ZnO/CdS core-shell nanowires of CdS shell thickness of
index i was calculated and plotted by the OriginPro sim-
ulation software. *is result allowed us to determine the
CdS shell thickness corresponding to the maximum av-
erage absorption rate of increase. Our basic model uses
8× 8 nanowires of 1,000 nm height distributed over a
square surface of 9 μm2 [10]. *e refractive indices of CdS,
ZnO, and graphene were obtained from the website of the
database of refractive indices of materials [37]. *e re-
fractive index of CZTS was extracted from the experience of
Nabeel A. Bakr et al. and processed by the WebPlotDigi-
tizer simulator [7, 38]. *e bandgap of graphene was very
weak, close to 0, as available on the Wikipedia site [39].

3. Results and Discussion

*e bandgap of the CdS is a little high; a reduction in its
shell thickness would favor the performance of the solar
cell, but a very thin shell thickness of CdS does not promote
an increase in optical transmission loss either and is
technologically difficult to achieve at certain values. *e
optimal thickness of the CdS shell for good absorption,
obtained by simulation, is 40 nm. *e multislice repre-
sentation was chosen to observe better behavior of the
parameters in 3D inside the model.

Figure 4 shows the results of the simulation of the electric
field in a 3D multislice with a wavelength of 500 nm and an
angle of incidence of 0°. *ese results are shown for the thin-
film model in Figure 4(a), for the nanowire model with a CdS
shell thickness of 30 nm in Figure 4(b), for the nanowire
model with a CdS shell thickness of 70 nm in Figure 4(c), for
the nanowire model without CdS shell thickness in Figure
4(d), and for the nanowiremodel with a CdS shell thickness of
100 nm in Figure 4(e). It is noted that the electric fields above
and below the model are, respectively, on an average of
0.46×103 and 0.44×103V/m for the thin film (Figure 4(a));
0.8×103 and 0.6×103V/m for the CdS shell thickness of
30 nm (Figure 4(b)); 0.6×103 and 0.5×103V/m for the CdS
shell thickness of 70 nm (Figure 4(c)); 0.47×103 and
0.43×103V/m for the CdS shell thickness of 0 nm
(Figure 4(d)); and 0.5×103 and 0.46×103V/m for the CdS
shell thickness of 100 nm (Figure 4(e)).

It is then observed that the values of the electric field
inside and outside the model are different. It is maximum at
the surface of the model. Its value increases as the core-shell
thickness decreases. *is might be due to the fact that as the
thickness of the CdS core-shell decreases, the volume of air
trapped in the model increases. Since the permittivity of air
is lower than that of CdS, the average permittivity decreases
[40]. Consequently, the electric field for the core-shell
thickness of 30 nm is greater than that of the core-shell
thickness of 70 nm. On the other hand, a very low, even
negligible, value of the core-shell thickness (example 0 nm)
results in a relatively weak electric field and less light
trapping. *is results in poor performance of the solar cell.
On the other hand, a very low, even negligible, value of the
core-shell thickness (example 0 nm) results in a relatively
weak electric field and less light trapping.*is results in poor
performance of the solar cell.

Figure 5 shows the absorption curves for CdS shell
thickness of 30 nm (blue curve), CdS shell thickness of
70 nm (green curve), CdS shell thickness (black curve), CdS
shell thickness of 100 nm (cyan curve), and thin-film (red
curve) models with an angle of incidence θ� 0° as a function
of the wavelength, from 200 to 2,000 nm. It was noted that
in the ultraviolet region from 200 to 400 nm, the absorption
for the thin-film model is, on average, highest among all.
*is can be attributed to the improvement in the ab-
sorption of the thin-film model compared to the nanowire
model. On the other hand, in the infrared region
(>700 nm), the small CdS shell thickness has the best ab-
sorption, which might be due to the lower fill factor (FF)
compared to the other nanowires and a large coefficient of
trapping of solar rays in nanowires [41–43]. *e maximum
absorption is 97% that was obtained at a wavelength of
500 nm for a CdS shell thickness of 30 nm.

Figure 6 shows the reflection for CdS shell thickness of
30 nm (blue curve), CdS shell thickness of 70 nm (green
curve), CdS shell thickness (black curve), CdS shell thickness
of 100 nm (cyan curve), and thin-film (red curve) models
with an angle of incidence θ� 0° as a function of the
wavelength, from 200 to 2,000 nm. It was found that having
greater CdS shell thicknesses and thin-film showed, on
average, the highest reflection due to a higher FF filling
factor [43]. According to Figure 6, the lowest maximum
reflection is obtained with the shell thickness of 30 nm,
which is 40%, due to more being light trapped in the
nanowires [11].

According to the relationship (7), the average ab-
sorption rate of increase was calculated for each of the shell
thicknesses 0, 30, 70, and 100 nm of the CdS core-shell
nanowires compared to a thin film, using integrated
function in Comsol by entering it in “Variables” of “Global
definition.” *e results presented in Table 1 were obtained
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using the “Global Evaluation” of “Derived Values” in the
“Results” section.

After having obtained the average absorption rate of
increase as a function of the thickness of the CdS shell, the

absorption ratio was approximated over the suitable poly-
nomial function. It was preceded to Lagrange polynomial
interpolation according to the relationships (7) and (8), as
given as follows:
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Figure 4:*e electric field of (a) thin film, (b) CdS shell thickness of 30 nm, (c) CdS shell thickness of 70 nm, (d) CdS shell thickness of 0 nm
(without CdS shell thickness), and (e) CdS shell thickness of 100 nm.
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Table 1:*e average absorption rate of increase for the shell thicknesses of 0 nm, 30 nm, 70 nm, and 100 nm of the CdS core-shell nanowires
compared to a thin film.

Shell thickness 0 nm 30 nm 70 nm 100 nm
Average absorption rate of increase, Ri (%) 20.14 39.25 32.33 20.55
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P0(x) �
x − 30
0 − 30

x − 70
0 − 70

x − 100
0 − 100

,

P1(x) �
x − 0
30 − 0

x − 70
30 − 70

x − 100
30 − 100

,

P2(x) �
x − 0
70 − 0

x − 30
70 − 30

x − 100
70 − 100

,

P3(x) �
x − 0
100 − 0

x − 30
100 − 30

x − 70
100 − 70

,

y0 � 20.14; y1 � 39.25; y2 � 32.33; y3 � 20.55.

(11)

After this, from relation (8), the following polynomial
function was derived:

P(x) � 0.000084x
3

− 0.0200048x
2

+ 1.16124286x + 20.14.

(12)

*e error generated was ε � |P(xj) − f(xj)| with
j ∈ 0; 1; 2; 3{ }. *e errors obtained are given in Table 2. In
Table 2, f(xj) � Ri the highest error was 0.33%. *e poly-
nomial approximation curve P(x) given in Figure 7 is
plotted using OriginPro.

*emaximum interpolating function P(x) of 39.95% was
obtained at the CdS shell thickness of 40 nm. *erefore, the
best CdS shell thickness for high optical absorption is 40 nm,
while the value at 30 nm is very lower than this. Figure 8
shows the transmission curve for CdS shell thickness of
30 nm (blue curve), CdS shell thickness of 70 nm (green
curve), CdS shell thickness (black curve), CdS shell thickness
of 100 nm (cyan curve), and thin-film (red curve) model
with an angle of incidence θ� 0°, as a function of the
wavelength, from 200 nm to 2,000 nm. It was clear that in the
visible light region the CdS shell thicknesses showed the
maximum absorption among all, while it was lowest in the
case of 30 nm, that is, the higher the shell thickness, the more
the transmission in the visible light region, which is in
conformance with the previous studies on the solar cells as
well [43]. *e curve of the thin-film model was close to that
of the 100 nm shell thicknesses. *e lowest transmission was
observed for the nanowires with a shell thickness of 30 nm,
having maximum transmission of 54% at a wavelength of
800 nm.

Figure 9 shows the current density as a function of
voltage under light illumination for CdS shell thickness of
30 nm (blue curve), CdS shell thickness of 70 nm (green
curve), CdS shell thickness (black curve), CdS shell thickness
of 100 nm (cyan curve), and thin-film (red curve) devices.
*e smallest CdS shell thicknesses have the best current
density. *is can be explained in terms of the drop in re-
flection parasitic losses and the photogeneration of the speed
profile of the electron-hole pairs excited in these CdS shell
thicknesses [44]. In this case, the average absorption and
reflection are, respectively, higher and moderate.

Table 3 shows the numerical values of short current
density (Jsc), open-circuit voltage (Voc), efficiency (EFF),
and FF for thin-film and core-shell nanowire devices.

*us, the best performance was obtained for the CdS
shell thickness of 30 nm, with efficiency (EFF) of 16.8%, a
short-circuit current density (Jsc) of 6.39mA/cm2, and an
open-circuit voltage (Voc) of 630mV. *e short-circuit
current density, the open-circuit voltage, and the efficiency

Table 2: Errors obtained by Lagrange polynomial approximation.

j 0 1 2 3
xj (nm) 0 30 70 100
f(xj) (%) 20.14 39.25 32.33 20.55
P(xj) (%) 20.14 39.24 32.22 20.22
ε (%) 0 0.01 0.11 0.33
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Figure 7: *e average absorption rate of increase as a function of
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for thin-film are, respectively, 6.88mA/cm2; 220mV; and
13.5%. An improvement in the performance of these models
was noted due to certain physical and chemical properties,
such as electronic mobility, conductivity, photocurrent
generation, the use of graphene in the models, and so on. In
the simulation, the layer of MoS2, which was developed
during the sulfurization of the back-contact interface of the
CZTS, was minimized, as it did not favor the recombination
of the charge carriers [15, 43]. Other experiments carried out
on ZnO/CdS (Jsc� 3.35mA/cm2 and EFF� 32%) and ZnO/
CdS/CuSbS2 (Jsc� 6.48mA, EFF� 52%) core-shell nano-
wires are not only similar to our work but our model proved
more effective than these are. *is might be due to the
voltage difference as in the previous studies the results were
obtained under Ag/AgCl voltage [45]. *ree years ago,
Gueddim et al. were able to obtain a conversion efficiency of
23.6% for the ZnO/CdS/CZTS structure with respective
thicknesses of 0.1, 0.02, and 1 μm and a band of 1.45 eV using
SCAPS [22], against 13.5% for the ZnO/graphene/CdS/
CZTS thin-film model and 16.8% for the ZnO/CdS core-
shell nanowire arrays model in a CZTS absorber that we
have proposed. But, according to the literature, SCAPS
cannot directly manage multijunction structures; the solu-
tion is to calculate the top and bottom cells separately [46].
Add to this that SCAPS, like 1D software, assumes a perfect

similitude of the behavior of the three components (x, y, and
z) of the parameters. 3D simulation, in particular with
COMSOL Multiphysics, makes it possible to process the
parameters according to the three axes, and the results
obtained are close to physical reality. *e difference in the
values of the two models of thin-film can probably be due to
the dependence of the axes (x, y, and z) of the evolution of
the components of certain parameters such as current
density, electric and magnetic fields, permittivity relative,
and so on. Recall that a few years ago, Qian Liu et al. were
able to obtain because of the 3D simulation software, Ansoft
HFSS14, an absorption rate of about 90% over the frequency
range of 300 to 750 THz, corresponding approximately to a
wavelength interval of 400 nm to 1,000 nm [47] in the study
of a periodic network of double-shell nanowire structures
(ZnO/CdS/CZTS) embedded in a thin multilayer film [48].
*ese results are close to those of our model with the ZnO/
CdS core-shell nanowires, but the introduction of a layer of
graphene between the ZnO core and the CdS shell allowed us
to obtain an absorption rate of 97% at a wavelength of about
500 nm. *is nanowire core-shell model proposed in this
work can therefore play an interesting role in the fabrication
of solar cells with broadband light absorption rate [47, 48]. It
also shows that this model is very cost-effective in visible
spectrum regions [49].

4. Conclusions and Recommendations

*is simulation study of the CZTS solar cell based on thin-
film, and ZnO/CdS core-shell nanowire arrays with a CZTS
absorber was carried out with the objective of defining the
optimal CdS shell thickness for better optical and electrical
performance of the solar cell. *e ZnO/CdS core-shell
nanowires with CdS shell thicknesses of 30 nm and 40 nm
obtained the best performance. For these nanowire models,
the short-circuit current density (Jsc) and open-circuit
voltage (Voc) are 630mV and 6.39mA/cm2, respectively,
with an average absorption rate of increase of 39.95%. *ese
improved functions are due to the significant trapping of
light in these nanowires of small shell thicknesses around
30 nm. *us, the minimum reflection and maximum
transmission of 40% and 54%, respectively, were obtained
for the shell thickness of 30 nm. *e relationship from the
Lagrange polynomial approach, based on the average ab-
sorption rate of increase as compared to the thin film and the
shell thickness, is proposed to be used in all models of ZnO/
CdS core-shell nanowires with a ZnO core having a diameter
of 100 nm, the height of 1,000 nm, and a nanowire pitch of
360 nm, in order to determine the optimal CdS shell
thickness. It will avoid the excessive use of the CdS material
and thus reduce the manufacturing cost of the solar cell.
*us, with the selection of optimal CdS shell thickness of the
nanowire model and the use of graphene between the CdS
and ZnO layers, an improvement in the efficiency of both
models (13.5% for thin-film and 16.8% for ZnO/CdS core-
shell nanowire models) was achieved. *e use of the
nanowire core-shell model proposed in this study would be
very cost-effective in designing solar cells with broadband
light absorption rate and useful in visible spectrum regions.
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Figure 9: Current density as a function of voltage for thin-film (red
curve), CdS shell thickness of 30 nm (blue curve), CdS shell
thickness of 70 nm (green curve), CdS shell thickness (black curve),
and CdS shell thickness of 100 nm (cyan curve).

Table 3:*e numerical values of Jsc, Voc, FF, and EFF for thin-film
and core-shell nanowire devices.

Model sol. cell Voc
(V)

Jsc
(mA/cm2)

FF
(%)

EFF
(%)

CdS shell
thickness

0 nm 0.38 6.17 6.60 15.7
30 nm 0.63 6.39 4.12 16.8
70 nm 0.61 6.54 4.10 16.6
100 nm 0.54 6.67 4.40 16.1

*in film 0.22 6.88 8.75 13.5
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