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Numerical simulation of CZTS/CZTSSe tandem solar cells utilizing Silvaco-Atlas was investigated.
Firstly, the performances of conventional CZTS/CdS/ZnO and CZTSSe/CdS/ZnO single solar cells with
thicknesses for both absorber layers at 360 nm and 3 nm, respectively, were studied independently. A wide
band gap CZTS thin-film cell and a narrow band gap CZTSSe-based cell present conversion efficiencies of
11.10% and 13.76% respectively. This agrees with experimental and simulation results previously pub-
lished. Furthermore, a CZTS/CZTSe tandem cell configuration is identified keeping the identical material
properties. A good conversion efficiency of 25.27% was obtained. Finally, the thickness of the CZTS adsorp-
tion layer of the top cell was optimized as a crucial factor to enhance the tandem performance. Optimal
thickness coinciding to a highest efficiency of 26.05% is 420 nm. The output parameters obtained are,
Jse = 28.46 mA/em?2, Voo = 1.27V and FF = 71.83%. This suggested results may help in the future research

and may lead to the fabrication of CZTSSe-based solar cells.
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1. INTRODUCTION

Although there are several problems in the world,
the energy crisis is what the scientific and intellectual
community cares about the most, especially renewable
energy, most importantly solar energy and how to ex-
ploit it. The sun has great potential to reply and satisfy
the global demand for electricity, its rays can be con-
verted using solar cells into electricity. Among the ob-
stacles facing the exploits of solar energy is the lack of
photovoltaic materials with a high conversion efficiency
in solar cells [1]. The CdTe and CIGS thin-film solar
cells possess good photo- conversion efficiency, though
they use rare earth metals as raw materials for the
absorbent layers, like Indium and Gallium, as well as
cadmium and tellurium which are toxic materials [2,3].
Kesterite Cu2ZnSn(S,Se)s (CZTSSe) quaternary semi-
conductor is a favored material for photovoltaic cells
that will replace the above materials, and due to its
good photovoltaic properties, high absorption coeffi-
cient, and direct band gap [4-7]. The bandgap energy of
the CZTSSe layers varies betwixt 1 and 1.5 eV, depend-
ing on the Sulfur/Selenium ratio [6,8—10]. The CZTSSe
based solar cells have a middle efficiency in comparison
to commerecial cells based on CIGS, where it is approx-
imately 11% for CZTS cells and it is about 13% for
CZTSSe [11]. A dual-junction solar cell consisting of
two sub-cells stacked together will have a higher con-
version efficiency because it absorbs a wide range of
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solar spectrum wavelengths. In this sense, we use tan-
dem solar cells, which are devices with two or more
absorbing layers of different optical band gaps.

Tandem solar cells are able to use incident sunlight
more effectively and greater than single junction solar
cells. To model and simulate the CZTS/CZTSSe tandem
solar cell, and to optimize its performance, this study
has been done. Tandem solar cells can capture the
maximum number of photons, where the top cell of the
tandem configuration employs high-band gap materials
to absorb high-energy photons, whereas the bottom
sub-cell uses low band gap materials to absorb low-
energy photons transmitted via the top cell [12]. Ac-
cordingly, CZTS and costs based solar cells were placed
at the top and bottom cells, respectively, in the pro-
posed tandem design. Recently, a series of
CZTS/CZTSSe based tandem solar cells about different
configurations have proven highly effective with differ-
ent conversion efficiencies (7). Where the CZTS
(Eg=1.5eV) was utilized as the absorber layer in the
top cell and the CZTSSe (Eg= 1.1 V) in the bottom cell,
the obtained efficiency 7= 15%. In aim to reduce the
recombination losses and enhance the optical behavior,
A.E. Benzetta et al. added in the back of CZTS top cell
layer of back surface field (BSF) and they obtained
n=19.25% [13]. U. Saha et al., and after optimizing the
band gap they got n7=21.74% [14].

Simulation studies on CZTS/CZTSSe tandem thin
film solar cells are reported insufficiently. In this
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study, single and tandem CZTS/CZTSSe based solar
cells were investigated using the Silvaco-Atlas simula-
tor. To start, a comparative study based on the simula-
tion results of CZTS and CZTSSe single solar cells
versus those formerly published was carried out. Next,
the numerical study will demonstrate how
CZTS/CZTSSe tandem thin film solar cells help to
achieve ultra-high efficiency. Tandem thin film solar
cell configurations appear to have a promising future.
Such a study will help the experimental scientist to
optimize this cell which exceeds the performance of
optimized single solar cell.

2. STRUCTURAL AND
TION

In order to get higher efficiencies, CZTS/CZTSSe
tandem thin film solar cell comprised seven layers was
constructed by stacking together two single solar cells.
Starting with the top cell, the layers are as follows:
ZnO/m-CdS/p-CZTS/ZnO/n-CdS/p-CZTSSe/Mo,  where
Molybdenum (Mo) is a back contact (Ohmic contact)
and the top ZnO is used as a transparent conducting
oxide layer (TCO). Fig. 1 shows the schematic of inves-
tigating tandem thin film solar cell configuration, ac-
cording to the design reported by other research, such
as CIGS/CIGS tandem solar cells [15,16].

Therefore, the final tandem cell consists of two sin-
gle cells, CZTS as the top cell and CZTSSe as the bot-
tom one. Wide band gap absorber layer CZTS
(Eg= 1.5 €eV) has a teeny thickness, and weak band gap
(Eg=1.13eV) CZTSSe thicker absorber layer, which
correspond to the optimal experimental values [6,17].
The structure was studied under the solar spectrum
AM1.5, with an incident power density of 100 mW/cm?
at room temperature T = 300 K.

Table 1 shows different values of the physical pa-
rameters of the all materials were used as inputs in
Silvaco-Atlas software. These photovoltaic parameters
were adopted from the literature [17-24].

Silvaco—Atlas physically- based on main basic semi-
conductor equations to simulate semiconductor devices,
such as Poisson’s equation and the continuity equation
for holes and electrons [15,23,25].

The current-voltage (I-V) equation of a solar cell is
the superposition of the photo-current I,» and the
dark current. It is expressed following the famous
Shockley equation as follows:

NUMERICALSIMULA-

=1, (exp(;:_/l_)—lj (1)

where Ipn is the photo-current, Io is the reverse satura-
tion current, q is the absolute value of electron charge,
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a is the ideality factor, & is Boltzmann’s constant and 7'
is absolute temperature.

The main solar cell parameters characterize its per-
formance are ordered as follows [26,27]:

- The short-circuit current (Isc)

I =1, (2)

Is the current that flows through the solar cell,
when there is no voltage across it: Isc = I (V=0). In the
ideal case, Is is equal to the photo-current Iph.

- The open-circuit voltage Vo

It is the highest voltage available from a solar cell,
and this occurs when there is no current.

Ve can be calculated based on equation (3):

kT, I
Voc = L |n(ﬂ) (3)
q Iy
- The fill factor FF
It is defined as follows:
EE = L (4)
VOC I sSC

Prax 1s the maximum power

- The conversion efficiency (7)

It is the most significant parameter in solar cell de-
sign. Equation (5) represents the efficiency relationship
in relation to other parameters:

_ P _ Vel FF (5)
P P

in in

Pi, 1s the incident optical power.

p-CZTS Absorber layer

p-CZTSSe Absorber layer

Back contact Mo

Fig. 1 — Tandem solar cell CZT'S/CZTSSe design

Table 1 — Material parameters for CZTS/CZTSSe tandem solar cell used in simulation

Parameters p-CZTS p-CZTSSe n-CdS n-ZnO
Electron affinity (eV) 4.5 4.2 4.2 4.5
Band gap (eV) 1.5 1.138 2.4 3.3
Permittivity (F cm) 10 13.6 10 9

CB effective density of states (cm-3) 2.2x1018 2.2x1018 2.2x1018 2.2x1018
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VB effective density of states (cm-3) 1.8x1019 1.8x1019 1.8x1019 1.8x1019
Electron mobility (cm?2/V s) 100 100 100 100
Hole mobility (cm?/V s) 25 25 25 25
Defect density (cm) 1014 1014 1017 /

3. RESULTS AND DISCUSSION

Firstly, CZTS and CZTSSe individual junction solar
cells were simulated independently adopting the sever-
al simulation parameters mentioned in Table 1. Con-
version efficiency (7), short circuit current (Js), open
circuit voltage (Voe), and fill factor (FF) are the primary
factors affecting solar cell achievement and its perfor-
mance. So in this work we’ll focus on these parameters.

3.1 Modeling of a CZTS single top cell

Conventional thin film solar cell CZTS is designed
by placing an absorber layer of CZTS on Mo-coated
glass substrate Fig. 2(a), above it a buffer CdS layer,
followed by a ZnO transparent conductive oxide layer.
As we mentioned above, CZTS thin film solar cell with
thicknesses correspond to suitable bandgap energy
(Eg=1.5eV). This design was optimized to enhance the
conversion efficiency. The obtained current-voltage
curve of basic CZTS solar cell is presented in Fig. 2 (b).

Table 2 summarizes the results of our simulations
alongside other published simulated and experimental
data. By comparison, it can be observed that our results
agree with the other simulation results [28] and the
experimental data [11], which validate our model simu-
lation and selected material’s parameters.

p-CZTS Na =10 cm-3 (0.36 pm)

Mo (0.5 pm)
a
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Fig. 2 — Basic CZTS single solar cell (a) structure, (b) Current-
voltage curve

Table 1 — Characteristics of the simulated CZTS single top solar
cell, as well as other experimental and simulated parameters.

Performance |This Experiment [Simulated
parameters work [11] [28]

Jsc (mA/cm?) 21.40 21.74 22.31

Voe (mV) 737 730 715

FF (%) 70.30 69.3 69.25
Efficiency 1 (%) [11.10 11 11.05

3.2 Modeling of a CZTSSe bottom cell

The standard CZTSSe thin film single bottom solar cell
structure is formed by an absorber layer of CZT'SSe (p-type)
deposited on Mo-coated glass substrate (back contact),
above it a buffer layer of CdS (n-type) with layer thickness-
es corresponding to bandgap energy of 1.13 eV, followed by
a ZnO transparent conductive oxide layer (contact) is the
top of the structure, as is shown in Fig. 3(a). Current-
voltage characteristics are given in Fig. 3(b)

We compare our simulation results with those of other
simulation and experimental results given in Table 3.
Whence, it is clear that all performance parameters of our
simulated cell show a higher value than those in the
simulated one [19] and very close to those of the experi-
mental cell [29]. Also, these obtained results validate our
model simulation and approve the chosen parameters.

p-CZTSSeNa =10 cm™ (3 pm)
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b
Fig. 3 — Basic CZTSSe single solar cell (a) structure, (b) Cur-
rent-voltage curve
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Table 3 — Performance parameters of the simulated CZTSSe
single bottom solar cell, as well as other experimental and
simulated parameters.

Performance This Experiment | Simulated
parameters work [29] [19]

Jse (mA/cm?) 36.98 36.18 35.32

Vo (mV) 529 537 536

FF (%) 70.25 69.8 68.94
Efficiency #n | 13.75 13.6 13.13

(%)

The obtained simulation results show that the CZTS
single top solar cell has a high Vi (737 mV) and a low Js
(21.40 mA/cm?2) mainly due to its large band gap. On the
other hand, and oppositely to the top cell, the bottom
single solar cell CZTSSe has lower Vi of 529 mV and
higher Jsc of 36.98 mA/cm? because of its lower band gap
energy, which allows absorption of low energy photons
(longer wavelength) and leads to increase the photocur-
rent [30]. Which supports our choice of this type of solar
cells compared to those of the CIGS thin film solar cells
as reported in [31], to achieve high efficiency.

Fig. 4 presents the External Quantum Efficiency
(EQE) spectrum of the CZTS, CZTSSe solar cells between
300 and 1110 nm. Both CZTS and CZTSSe EQE spectrum
response presents maximum value at 55 ym indicating a
high recombination rate. Significant decrease in CZTS
spectrum for wavelengths beyond 0.55 um, which signifies
very elevated recombination losses in the CZTS layer near
the Mo layer, hence a lower Js [32].

1.0

0.84

0.6 4

EQE

0.4

—o— CZTS
—o— CZTSSe

0.0+ T T T T T T
03 04 05 06 07 08 09 10 11 1.2

Wavelength (um)

Fig. 4 — External Quantum Efficiency for CZTS and CZTSSe
single solar cells versus wavelength.

The reduction of EQE spectrum in higher energy
photons (short wavelengths) part is attributed to the
absorption losses in the buffer and window layers (CdS
and ZnO) or to surface recombination at the top.

However, the EQE spectrum of CZTSSe shows high-
est value in large area of the visible range, owing to the
smaller band gap of CZTSSe, which allows photons to
participate in photocurrent generation, and consequent-
ly in the increase of CZTSSe single solar cell Js: [33].

Via these obtained results of CZTSSe and CZTS so-
lar cells, it is estimated that we can use them as a tan-
dem solar cell design, CZTS in a top cell and CZTSSe
as a bottom cell due to the promising value of quantum
efficiency in the range visible (> 90%).

J. NANO- ELECTRON. PHYS.16, 02018 (2024)

3.3 Modeling of a CZTS/CZTSSe tandem cell

CZTSS/CZTSSe tandem thin film solar cell configu-
ration is presented in Fig. 5. In the top cell, the cathode
and the anode were positioned at the front contact ZnO
and the transparent interconnect ZnO layer, respec-
tively. While, in the bottom cell, the cathode and the
anode contacts were placed at the interconnect ZnO
and the back Mo layer, respectively.

Fig. 6 shows the variation curves of the current density
JJ with the applied voltage V of the bottom, top, and tandem
cells. They are arranged together, and the Pv parameters
extracted from these curves are specified in Table 4.

p-CZTS Na=10%%cm-3 (0.36 um) .

p-CZTSSe Na =3 x 1014 cm-3 (4pm)

Mo (0.5 pm)

Fig. 5 — CZTS/CZTSSe tandem solar cell structure

The conversion efficiencies of the CZTS and CZTSSe
top and bottom solar cells are 13.88% and 10.48% re-
spectively. CZTS/CZTSSe tandem cell achieve a con-
version efficiency of 25.27%. The enhancement of the
CZTS/CZTSSe tandem cell configuration appears in
term of a better open circuit voltage (1.26 V) which is
equal to the summation of their top and bottom single
cells voltages (0.737V and 0.529V), and s
(27.33 mA/em2) which is limited by the lowest current
from CZTS top cell (Jsc=27.02 mA/cm2) [19]. These
values are consistent with the series-connected circuit
principles. So, the CZTS/CZTSSe tandem thin film
solar cell operates effectively. An improvement in the
efficiency of the CZTS top cell is observed, because it
receives the whole solar spectrum compared to CZTSSe
bottom cell in CZTS/CZTSSe tandem, however the
bottom cell is exposed to less sunlight, it receives only
the remaining solar spectrum transmitted by the top
cell. The conversation efficiency of the tandem cell is
better than those of the CZTS and CZTSSe single cells
(11.10% and 13.75%). By comparison with preceding
simulation works which used SCAPS-1D simulator,
CZTS/CZTSSe tandem cells achieve optimum conver-
sion efficiencies of 19.25% [19], using Silvaco-Atlas
software, the obtained conversion efficiency of 25.27%
for the non-optimized tandem thin film solar cell is
close to that obtained by A.E. Benzetta et al. (2021),
and by M.A. Green et al (2022) [19,29].

For an ideal tandem cell, the current matched condi-
tion should be achieved
(Jse (Tandem) = Jsc (Top) = Jsc (Bottom)) [8]. So, the CZTSe
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bottom cell absorber thickness was set at 3 um and the
CZTS top cell absorber thickness was varied from 0.2 um
to 0.6 um to achieve the optimal current of the ideal tan-
dem solar cell. The Js (Top) and Js (Bottom) versus the
thickness of CZTS absorber layer are presented in Fig. 7.
The intersection of the curves reveals a value of
Jsc=28.46 mA/cm? for both cell matches for a top cell
absorber thickness of about 0.42 um.

Fig. 8 shows the resulted J-V characteristics of the
CZTS top cell, CZTSSe bottom cell, and for the optimal
structure of the CZTS/ CZTSSe tandem cell. The opti-mized
thickness of CZTS top cell absorber yield to 14.90%, 10.61%
and 26.05% efficiencies of top, bot-tom and tandem cells,
respectively, with Voc=1.27 V, corresponding to the sum of
the single voltages of the CZTS and CZTSSe cells (0.75 V
and 0.52 V respectively) and the Jstandem) = 28.46 mA/cm?,
as can be seen in Table 4. These results are better than the
previous values before optimization.

0.0304
(\‘/\
= 0.0251
L
$ 0.0204
2
3 0.0151
% —a— Tandem cell
S 0.010{ —e— Bottom cell
g —o— Top cell
3 0.005]
0.000 T T T
0.0 0.2 1.0 1.2

04 06 08
voltage (V)

Fig. 6— The J-V for the CZTS top cell, CZTSSe bottom cell,
and the CZTS/CZTSSe tandem cell.
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Fig. 7 — The Jsc versus the thickness of CZTS absorber layer for
both top and bottom cells.
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IToxkpameHHsa TPOAYKTUBHOCTI TAHAEMHOI TOHKOILIIBKOBOI couaaHol 0arapel CZTS/CZTSSe

Loumafak Hafaifal2, Mostefa Maache!3, Mohamed Wahid Bouabdelli%

L Department of Physics, FECS, Ziane Achour University, 17000 Djelfa, Algeria

2 Physico Chemistry of Materials and Environment Laboratory, Ziane Achour University of Djelfa, BP 3117, Djelfa, Algeria

3 PLTFA, Physical Laboratory of Thin Films and Applications, Mohamed Khider University, 07000 Biskra, Algeria

4 Laboratory for analysis and Control of Energy Systems and Electrical Networks, Faculty of Technology, Amar
Telidji University, BP 37G, 03000 Laghouat, Algeria

MeTomoM YKCeIFHOTO MOIEIOBAHHSA 3 BUKOPHCTAaHHAM Silvaco-Atlas mocimimskeHi mapaMeTpu TaHIEM-
unx cousunnx egemeHTiB CZTS/CZTSSe. Ilo-mepire, xapaxrepuctukn spuuaiiaux CZTS/CAS/ZnO Tta
CZTSSe/CdS/ZnO oxpeMux COHAYHUX €JIEMEHTIB 13 TOBITUHOI 000X IIapiB morjmHada 360 HM Ta 3 HM BiI-
ToBIHO OyJiu JocsimkeH]l HesasiesxHO. ToHKomuTiBKOBA Komipka CZTS 3 mumpoxoo 3a60pOHEHO 30HOI0 Ta
romipra Ha ocHoBI CZTSSe 3 Byabkoo 3a60pOHEHOI0 30HO MAlOTh eEeKTUBHICTEH mepeTBopeHHs 11,10 % 1
13,76 % Bigmosigwuo. Ile yaromxyerbesa 3 pe3yabraTaMy eKCIIEPHMEHTIB 1 MOJIEIIOBAHHS, OITyOJIKOBAHUME
pawmimre. Kpim Toro, imenTudikyerses koudgiryparris Taugemuol kiaituau CZTS/CZTSe, sika 36epirae imeHTH-
4Hi BiacTuBocTi Marepiaiay. Orpumana Brucoka edeKTHBHICTS mepeTrBopeHHs 25,27 %. ToBmmHa amcopOIriii-
Horo mapy CZTS BepxHBOI KOMIpKH OyJia OIITHMI30BaHA SK BUPIMIAIBPHUHN AKTOP IS IIIBUINEHHS IIPOIY-
KTuBHOCTI TaageMy. OnTruMabHa TOBIMUHA, STKA 30IraeThesl 3 HAUBUINOI edekTuBHICTIO 26,05%, CTAHOBUTH
420 um. Orpumani Buxigni napamerpu: Jsc = 28,46 mA/cm2, Vo= 1,27 B 1 FF = 71,83 %. 11i 3anpomnonoBani
pe3yJIbTaTH MOXKYTh JIOIIOMOITH B MaMOYTHIX JOCIIIJPKEHHSX 1 IPU3BECTH ][0 BUTOTOBJICHHS COHSIYHUX €Jie-

meHTiB Ha ocHoBl CZTSSe.

Kmmouosi cmosa: CZTS, CZTSSe, Consiuna 6arapes, Edexrusnicts, Silvaco-Atlas.
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