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Abstract

Copper-zinc-tin-sulfide (CZTS) solar cells are increasingly attracting researchers due to their low cost, non-
radioactive behavior, and environmental friendliness. A SCAPS simulation study of these solar cells with zinc
oxide (ZnO)/cadmium sulfide (CdS) core-shell nanowires and different thicknesses of absorber, buffer, and
window is described in this study. The study resulted in an optimized model with a CZTS absorber, a CdS buffer,
and a ZnO window with respective thicknesses of 830 nm, 90 nm, and 140 nm, efficiency (EFF) of 16.62%, a
factor of fill (FF) of 81.75%, open circuit voltage (Voc) of 0.61 V and short circuit current density (Jsc) of 6.3
cmA/cm?. These results are very close to those reported in the literature.
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1. Introduction

Thanks to the abundance in nature, the non-toxicity of its constituent elements, its very high absorption
coefficient (10* cm™"), an interesting bandgap of the order of 1.45 to 1.65 eV, CZTS has been the subject of
particular attention in the last ten years in the study of solar cells (Xiangbo Song et al. 2014; Jimbo et al. 2007;
Jyothirmai et al. 2019; Wang et al. 2011). During these decades, it has been shown that nanotechnology in
general and nanowires in particular improve the optical properties and the production cost of solar cells (Mayur
Padharia et al. 2015; Farzaneh Ghasemzadeh et al. 2020).

Considering their good conductivity, chemical stability, and long lifetime, ZnO nanowires become
interesting in the fabrication of nanowire solar cells, besides they can also improve absorption efficiency and
photo-conversion if they are covered with a thin layer of a semi-absorbent conductor such as CdS or graphene
(Michallon et al. 2014; Chonge Wang et al. 2022; Don et al. 2016; Chonge Wang et al. 2022).

On the other hand CdS and graphene under certain conditions can help improve the interface with the
absorbent such as CZTS (Wei-ChaoChen et al. 2019; Chuanhe Ma et al. 2019; Kauk-Kuusik et al. 2022; Tiago
José Marques Fraga et al. 2020).

Many studies have been carried out these decades on CZTS solar cells with ZnO/CdS core-shell nanowires
arrays but very few of them have focused on the optimization and adequacy of the thicknesses of the absorber,
the buffer, and the window that constitute these solar cells (Chonge Wang et al. May 2022; Chonge Wang et al.
January 2022; Weiwei Sun et al. June 2013). The motivation of this work is to investigate to what extent the
CZTS absorber, CdS buffer, and ZnO window can be applied to produce high-performance CZTS solar cells
with ZnO/CdS core-shell nanowires. In this work, we investigate the effect of CZTS absorber thickness, CdS
buffer, and ZnO window on the performance of solar cells with ZnO/CdS core-shell nanowires embedded in a
CZTS absorber to determine the optimal and adequate thicknesses of the absorber, the buffer and the window for
a solar cell with high electrical performance.

Molybdenum (Mo) is widely used as a back contact for CZTS thin film solar cells due to relatively better
stability at high temperatures, better ohmic contact behavior, lower resistivity, lower resistance, and good
conductivity (Nima Khoshsirat et al. 2018; Junbo Gong et al. 2019). Indium tin oxide (ITO) layers are widely
used as front contact layers in heterojunction thin-film solar cells due to their high conductivity, large refractive
index, low contact resistance, and transparency in the visible part of the solar spectrum (Siddiqui et al. 2018; Le
et al. 2019; Rached et al. 2008).

The model presented by Chonge Wang et al. (May 2022) which is a synthesis of other successful models
gave a very satisfactory result for the cell. We were therefore inspired by this model in this study.

2. Materials and Methods

This study mainly based on the optimization of the thicknesses of the CZTS absorber, the CdS buffer, and the
ZnO window, was carried out using the SCAPS simulation software. Indeed, the SCAPS software is a one-
dimensional solar cell simulation program, easy to use, developed at the Department of Electronics and
Information Systems (ELIS) of the University of Gent, Belgium, and whose main contributors to its development
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are Marc Burgelman, Alex Niemegeers, Koen Decock, Johan Verschraegen, Stefaan Degrave (Marc Burgelman
et al. 2004; Marc Burgelman et al. 2021).

This software needs to be provided with information on certain physical parameters of the layers of
materials that make up the structure of the model in order to analyze the overall performance of the cell. In our
study, considering its performances obtained previously in the literature, the initial 3D model of the structure of
the CZTS solar cell with ZnO/CdS core-shell nanowire arrays (Figure 1(a)) (Chonge Wang et al. May 2022) was
studied. This model has a square base with a side equal to 3000 nm. The ZnO/CdS core-shell nanowires with a
core diameter of 100 nm and a shell thickness of 30 nm are arranged so that the pitch is equal to 360 nm. The
indicated values of the thicknesses of the CZTS absorber, CdS buffer and ZnO window in the CZTS solar cell
structure with a single core-shell ZnO/CdS nanowire (Figure 1(b)) are tentatively given. These thicknesses are to
be optimized.
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Figure 1. Model of CZTS solar cell structures: (a) with ZnO/CdS core-shell nanowire arrays and (b) with a single
ZnO/CdS core-shell nanowire.

The exterior of the CZTS absorber containing the nanowires is 160 nm from the nanowires. This means that
the edges of neighboring nanowires are 200 nm apart. The model contains a total of 8x8, therefore 64 nanowires.

Although being a 1D simulation software, SCAPS showed performances close to 3D results. This 3D
software, even if they are close to reality, installations take up a lot of space on the disk of a computer, their
execution can also take several hours or several days and very often require a lot of parameters for the simulation.

Considering the geometric requirements of SCAPS, we considered the structure of the 2D model of the
CZTS solar cell with ZnO/CdS core-shell nanowire arrays depicted in Figure 2.

In this solar cell structure, CZTS whose ZnO/CdS core-shell nanowires are emerged therein is an absorber,
CdS is the buffer layer, and ZnO is the window layer. On top of that, there is an ITO layer on top of the solar cell.
Molybdenum (Mo) is the back contact. A Molybdenum disulfide (M0S2) layer is placed above the Mo layer. A 1
nm thick graphene above the MoS2 layer has also been considered.
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Figure 2. 2D structural models of the CZTS solar cell with ZnO/CdS core-shell nanowire arrays.

The simulation is in 1D, therefore according to the height of the model; we have considered per layer the
effective parameters of the materials. This led us to introduce the volume fractions or the geometric filling factor
( Gff ) which is the ratio between the photoactive surface and the total surface of the module (Rui Sun et al 2019;
Spyropoulos et al. 2014; Lucera et al. 2016; Enrique Pascual-San-Jose et al. 2020).

The effective permittivity, like the permittivity of other parameters in 2D, can approximately be calculated
through the equations of the effective dielectric models for multilayer materials by the following equation (Dott
etal):

n
gepr = 2 Gff} xg; (1)
]

Where foi is the geometric fill factor or volume fractions of i medium, &; is the permittivity of i medium,

and n is the number of medium.

In our model, the calculation of the effective parameters concerns the MoS2 layer, the graphene layer, and
the ZnO/CdS core-shell nanowire layer in which the geometric filling factors are calculated according to the
following equations:

2
Gffcore = % (2)
Gty = "aone 2 shelljlli:kness )> = (deore)?) (3)
Gffyjosn =1 (Gffcore + Gffgpen) 4)
fographene =1—(Gffcgre + Gifgpen) )
Gffcyrg =1-(Gff e + Gifgpen) (6)
Where Gff 1o , Gifgpen . Gffpros2 fographene= Gff71g are respectively the geometric fill factors of

core in ZnO, of shell in CdS, of MoS2, of graphene, and CZTS; dcore, shellnickness and P are the core diameter,
shell thickness, and pitch respectively.
- For the layer containing ZnO/CdS core-shell nanowires and MoS2, the effective permittivity is given by:

Eeff(MCS) = focore X&core T foshell X Eghell T foMoSZ X €MoS2 ()
- For the layer containing ZnO/CdS core-shell nanowires and Graphene, the effective permittivity is given by:
€eff (GCS) = focore X&core T foshell X Eghell T foGraphene X €Graphene ®)

- For the layer containing ZnO/CdS core-shell nanowires and CZTS, the effective permittivity is given by:

€eff(CCS) = focore X&core T foshell X Eghell T foCZTS XECZTS )
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For this study, we considered the air mass irradiance spectrum (AM]1.5) (Oriel Product Training 2015) with a
solar zenith angle of 48.2°, an illumination of 1000 W/m?, and a temperature of 250°C. The device and material
parameters used in this simulation are listed in Tables 1 and 2.

Table 1. Material parameters for different layers used for the simulation

Parameters Mo Graphene MoS: CZTS Cds ZnO ITO
Thick (nm) 200 1 170 730-1030 50-150 120-160 170
& - 3.3 10 13.6 9 9 9
Nc (cm™3) - 1x1018 0.7x10% 22x10% 22x10% 22x101® 2.2 %108
Ny (cm™) - 1 x 10" 0.3x10" 1.8x10"° 1.8x10"Y 1.8x10" 1.8 x 10"
pn (cm?/V+s) - 1x10° 100 100 30 100 100
x (eV) - 35 4.14 4.2 4.2 4.4 3.6
Eg(eV) 1.96 0-0.25 1.1 1.45 2.4 3.3 3.6
Na (cm™) - - 1 x 101 1 x 10'6 1 x108 1 x108 1x108
Np (cm3) - 1x10" 5x101%  5x10% 5x 10" 5x 108 1 x 10"
CB(cm?®)  22x10'8 1 x10? 22x10% 22x10% 22x10° 22x10Y 2.2 x 10"
VB (cm™) 1.8 x 10¥ 1 x10? 1.8x 10" 1.8x10Y 1.8x10"® 1.8x10Y 1.8 x 101
Tvn(cms™) 1 %107 1 x 107 1 %107 1 %107 1 %107 1 x 107 1 x 107
Tvp(cms™) 1 %107 1 x 107 1 %107 1 %107 1 %107 1 x 107 1 x 107
Ds (g-em™) 4.69 2.328 6.9 4.56 4.82 5.61 7.12
Kc (W/m-K) 138 140 103 2.95 6.2 234 10
Cp (Jg'K™) 0.277 0.7 0.12 0.41 0.21 0.404 0.36
/1p (n8) - 0.03/0.03 2.4/2.4 5.4/5.4  0.005/0.005 0.003/0.003 0.003/0.003
Ht (W/m?K) 363 x 10° 30 x 10? 605> 10 14 x10* 124 x 10* 468 x 10° 33 x 10°
Cn (cm®s7™) 0 0 0 1x102  1x10% 1x107% 1 x1072%
Cp(cm®s™) 0 0 0 1x10%  1x107% 1x107% 1 x107%
Coef (cm® s 0 0 0 5x107° 5x107° 5x107° 5x107°

(Mahbub et al. 2016; Cozza et al. 2016; Reya et al. 2018; Song et al. 2018; Cozza et al. 2016; Miao et al.
2012; Zhang et al. 2014; Zhong et al. 2013; Patel et al. 2015; Gangopadhyay et al. 2012; Zandi et al. 2020;
Cismaru et a/. 2013; Huang et 2020; Pop et al. 2012; Latrous et al. 2021; Jahan et a/. 1995; Jhuma et al. 2020;
Nakamura et al. 2014; Jabeen et al. 2019; Hanson et al. 2008).

Thick: Thickness. er: Dielectric permittivity. Nc: Effective conduction band density. Nv: Effective valence
band density. un: Electron mobility. y: Electron Affinity. Eg: Bandgap. CB: CB effective density of states. VB:
VB effective density of states. Na: Shallow uniform acceptor density. Np: Shallow uniform donor density. Tvn:
Thermal velocity of electrons. Tvp: Thermal velocity of holes. Ds: Density. Kc: Thermal Conductivity. Cp:
Specific heat. tn/tp: Lifetime electron/hole. Ht: Heat transfer coefficient. Cy: Auger recombination coefficient
for electron. Cp: Auger recombination coefficient for hole. Coef: Direct band-to-band recombination coefficient.
Table 2. Secondary device parameters used for simulation

Cell properties Value
Cell temperature 300K
Series resistance 1.50 Q cm2
Shunt resistance 6.00x10% Q cm2
Back metal contact properties
Electron work function of Mo 5.0eV
Surface recombination velocity of electron 1.00x107 cm/s
Surface recombination velocity of hole 1.00x107 cm/s
Front metal contact properties
Electron work function Flat band
Surface recombination velocity of electron 1.00x107 cm/s
Surface recombination velocity of hole 1.00x107 cm/s

(Chonge Wang et al. May 2022; Hanson et al. 2008).

The simulation procedure is given below: Keeping the thicknesses of the CdS buffer layer at 100 nm and
the ZnO window layer at 120 nm fixed, we varied the thickness of the CZTS absorber layer from 730 nm to
1030 nm in steps of 100 nm. Thus, the thickness Th CZTS of the CZTS absorber is obtained from the best
performances (Jsc, Voc, FF, EFF). The Th_ CZTS thickness and the 120 nm thickness of the ZnO window were
kept fixed while varying the thickness of the CdS buffer from 50 nm to 200 nm in steps of 50 nm in order to
obtain, as before, the thickness optimal Th CdS of the CdS buffer. Finally, the Th CZTS and Th_CdS
thicknesses were kept fixed, while varying the thickness of the ZnO window from 120 nm to 180 nm in steps of
20 nm; as for the two previous ones, an optimal thickness of the Th ZnO thickness of the ZnO window was
obtained.
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However, one can resort, if necessary, to the method of increasing values on the interval to determine the
optimal thickness, since it is about continuous numerical functions on the intervals of thicknesses (Entisar
Alrasheed Sidahmed et al. 2015).

Indeed, according to this method, if a maximum M of a continuous numerical function is likely to exist

between two different points a and b such that a<b, then VX € [a; b] f(x) <M.

This method was used in our study by choosing two points X; and X i belonging to [a;b] such

asX;j = Xj + AX.

M= f(Xj) if f(x;) < f(Xj) else M = f(X;) ; where AX is the value of the layer thickness step

The value of AX = 10 nm was chosen for reasons of implementing layer thicknesses.

To further verify the performance of the solar cell, the curves of the total generation rate and total
recombination rate of electron-hole pairs in the model with the optimal thicknesses Th CZTS, Th CdS, and
Th_ZnO were evaluated. Indeed, the generation g(x) and recombination r(x) rates, as well as the total generation
rates G, and total recombination rates R, of the hole-electron pairs are defined by the relations below (PV
Education 31 October 2022; Hingerl 2013; Elsayed Ghitas 2012):

G =Nye ** (10)
n(x)p(x)—n?

M) = G0+ 1+ () + 1] .
G= fgg(x)dx (12)
R= fgr(x)dx (13)

Where NO , 0, X, N=np+ An, p = po + Ap, no, and po are the photon flux at the surface (photons/unit-

area/sec.), absorption coefficient, the distance into the material, the densities of carriers at equilibrium
respectively, An and Ap are the densities of excess carriers, 7, and 7p are the dangling bond state carrier
lifetimes, n; is the intrinsic density of carriers and d is the thickness of the model.
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3. Results and Discussion
3.1. Characteristics Current density - Voltage (J-V)

3.1.1. According to different CdS buffer thicknesses (CZTS thickness=830 nm; ZnO thickness=120 nm)
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Figure 3. Current density - voltage (J-V) curves for different CZTS absorber layer thicknesses (a) 730 nm, (b)
830 nm, (c) 930 nm, and (d) 1030 nm.

We notice that through the current density curves - voltage (J-V) for different CZTS absorber layer
thicknesses (Figures 3(a), 3(b), 3(c), and 3(d)), the more the CZTS thickness increases, the more the performance
of the cell increases, due to a high absorption coefficient of CZTS. The pick is reached at 830 nm. From this
value, the distance to travel becomes long for the charge carriers and as the lifetime of the charge carriers is
known, the thickness of the absorber becomes greater than the diffusion length of these charge carriers, the
generated carriers recombine before reaching the electron transport layer leading to a drop in the electrical
performance of the solar cell (David Kiermasch et al. 2016; Vishesh et 2018). Thus, the best performance (Voc =
0.5872 V, Jsc = 6.0301 mA/cm?) is obtained for the CZTS thickness of 830 nm.
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3.1.2. According to different thicknesses of CdS buffer (Thickness CZTS=830 nm,; Thickness ZnO=120 nm)
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Figure 4. Current density - voltage (J-V) curves for different CdS buffer layer thicknesses (a) 50 nm, (b) 150 nm,
(c) 200 nm, and (d) 90 nm.

The simulation result for the 60 nm, 70 nm and 80 nm thicknesses is given in table 3. Also note that the
curve for the 100 nm thickness corresponds to the curve in figure 3(b).

As the thickness of the buffer increases, short wavelength photons are absorbed before the buffer/absorber
junction; at a certain thickness of the buffer, the photogenerated carriers created can recombine before reaching
the absorber, the photogenerated carriers created recombine before reaching the absorbing layer (Chelvanathan
et al. 2010). On these current density - voltage (J-V) curves for different CdS buffer layer thicknesses (Figure
3(b) and Figures 4(a), 4(b), 4(c), 4(d)), there is therefore a decrease in performance with increasing buffer layer
thickness . Between 50 nm and 90 nm, there is very little recombination in the buffer considering the very short
distance to be traveled by the charge carriers (Kyung Soo Cho et al. 2020; Tariq AlZoubi & Mohamed Moustafa
2019). The optimized thickness of the buffer layer found by simulation with the performances (Voc=0.5875 V,
Js¢=6.04012 mA/cm?, FF=79.86, EFF=15.90) is 90 nm.
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3.1.3. According to different thicknesses of the ZnO window (Thickness CZTS=830 nm; Thickness CdS=90 nm)
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Figure 5. Current density - voltage (J-V) curves for different ZnO window layer thicknesses (a) 140 nm, (b) 160
nm, and (c) 180 nm.
Note that the curve for the 120 nm thickness of the ZnO window layer corresponds the curve in Figure 3(b).

We notice through the curves of current density - voltage (J-V) for different layer thicknesses of ZnO
Window (Figure 3(b) and Figures 5(a), 5(b), 5(c)) that between 120 nm and 140 nm, the thickness of the window
is considered to be very fine, and the number of photons crossing the window is high, which leads to an increase
in the electrical performance (Voc, Jsc, FF, EFF) of the solar cell; but beyond 140 nm, the window layer is no
longer thin enough and becomes wider and wider with the increase in its thickness favoring a decrease in
electrical performance due to a low number of photons completely crossing the layer of the solar cell window
(Cedrik Fotcha Kamdem et al. 2019; Meriem Chadel et al. 2017). The optimal window thickness with the
highest performance (Voc=0.6101V, Jsc=6.3023 mA/cm?, FF=81.75, EFF=16.62) is 140 nm.

The summary of the best electrical performance simulation results as a function of the variation in the
thicknesses of the different layers is given in Table 3.
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Table 3. Summary of the best simulation results (Voc, Jsc, FF, EFF)
Thickness Thickness

Thickness Abs CZTS (nm)  buffer Window Voc (V)  Jsc (mA/cm?) FF EFF
CdS (nm) ZnO (nm)

730 0.4103 4.500101 72.02 14.75

830 100 120 0.5872 6.030121 79.85 15.87

930 0.4303 5.021001 74.72 14.80
______________ 030 0470 5250021 7523 1480

50 0.5812 5.802011 79.82 15.87

60 0.5872 5.84012 79.83 15.88

70 0.5873 6.03100 79.85 15.88

80 0.5874 6.04001 79.85 15.89

830 90 120 0.5875 6.04012 79.86 15.90

100 0.5872 6.030121 79.85 15.87

150 0.5602 5.801201 79.04 15.75
____________________________________ 200 05823 6022121 7982 1552

120 0.5872 6.030121 79.85 15.87

230 90 140 0.6101 6.302321 81.75 16.62

160 0.5002 5.601032 78.15 14.75

180 0.4002 4.651013 73.01 13.78

In summary, the optimal dimensions of the solar cell model, obtained by simulation are 830 nm, 90 nm, and
140 nm respectively of the thicknesses of the CZTS absorber, the CdS buffer, and the ZnO window. These
values obtained are very close to those existing in the literature.

3.2. Efficiencies according to the thicknesses of the layers
The evolution of the efficiencies as a function of the thickness of the different layers of the CZTS absorber, the
CdS buffer, and the ZnO window is given in Figure 5.

Efficiency being a performance parameter, the analysis of these curves is therefore the same as that given in
the paragraph on electrical performance as a function of the thicknesses of the various layers explained above.
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Figure 6. Efficiency curve as a function of the thickness of the layers of (a) CZTS absorber, (b) CdS buffer, and

(¢) ZnO window.
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3.3. Total generation rate and total recombination rate as a function of height.
Figure 7 shows the Curves of the Total generation rate and Total recombination rate of electron-hole pairs in the
cell as a function of its height. The rear surface of the cell is at 0 nm.

(b) (@)

354 35 4

30 4 30 4
254 25

20 20

Recombination rate (1/(cm3*s))
Generation rate (1/(cm3*s))

T T T T T T 1 T T T T T T 1
0 300 600 900 1200 1500 1800 2100 0 300 600 900 1200 1500 1800 2100

x - cordinate (nm) x - coordinate (nm)
Figure 7. Curves of (a) Total generation rate and (b) Total recombination rate of electron-hole pairs in the cell as
a function of its height.

Given the acquired values, the generation and recombination rates are on a decimal logarithmic scale. The
maximums of the generation and recombination rate totals are near the surface on the incident light side; as
witnessed by equations (10), (11), (12), and (13). Like any non-defective solar cell, the rate of generation on
average is greater than that of recombination.

These totals of generation and recombination of electron-hole pairs approach zero near the rear contact
(Mo).

The small difference observed, in certain results with those of other studies, at the surface, inside, and near
the rear contact of the model is probably due to the reduction of the 3D parameters into 1D parameters imposed
by this SCAPS simulation.

Table 4 is a comparison of the results obtained in the literature and those of our simulation study. Despite a
slight difference in some results, we can say that these results are satisfactory and close to the best results, giving
credibility to our study, even if the simulation is carried out in 1D, leaving some 3D aspects negligible and which
led on average to a slight increase in comparison results compared to similar models.

Table 4. Summary of comparative results with previous studies

Thickness Thickness Thickness

Physical Model of Date or Voc (V) Jsc (mA/cm?) FF (%) EOF F absorber buffer = Window
Year (%)
layer layer layer
Tak et al. 2009 1.55 7.23 64.51 3.530 - - -
Malek et al. 01/2013  0.195 5.32 2771  0.287 - - -
Weiwei Sunetal.  06/2013  0.17 0.70 29.41 0.035 1000 100 100
Saurdi et al. 2014 0.552 2.84 0.381 0,599 - -
Rouhi et al. 2015 0.680 12.2 0.49 4.070 - - -
Suetal 2018 - 6.48 - 52.000 - - -
Chonge Wang etal. 01/2022  0.630 6.39 41.20 16.800 830 100 140
Chonge Wang et al.  05/2022  0.630 6.20 81.70  16.600 1000 100 100
Current study 10/2022  0.610 6.30 81.75 16.620 830 90 140

3. Conclusions

This work was carried out using the SCAPS simulation software which is largely based on the study and analysis
of the electrical characteristics of the CZTS solar cell, based on ZnO/CdS core-shell nanowires with rear contact.
of Mo, generation, and recombination of charge carriers on and in the solar cell.

Through this simulation, the optimal values of the thicknesses of the CZTS absorber layer, the CdS
buffer layer and the ZnO window layer of the studied CZTS solar cell model with ZnO/CdS core-shell nanowires
arrays were obtained, which led to an optimized model with 830 nm, 90 nm, and 140 nm as respective
thicknesses of the absorbent layer, the buffer layer, and the window layer. This model obtained by SCAPS
simulation obtained electrical performances Voc = 0.61 V, Jsc= 6.3 mA/cm?, FF=81.75%, and EFF=16.62%
which are close to those existing and studied in Literature. Further studies on the generation and recombination
of charge carriers inside and on the surface of the solar cell model have confirmed the trend of these
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performances with those of previous simulation studies existing in the literature. The small difference noted with
certain reference models is due to the study of the parameters in 3D and not in 1D. To overcome this problem
and minimize these calculation errors for the simulation, upstream calculations were carried out on certain 3D
parameters. This optimized core-shell nanowire model, like the close models existing in the literature, is useful
in the regions of the visible spectrum and can play an interesting role in the fabrication of broadband solar cells
with high light absorption rates.
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