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ARTICLE INFO ABSTRACT

Keywords: Low-cost and environmentally friendly CuZnSnSSe (CZTSSe)-based solar cells suffer low conversion efficiencies.

Bi-absorber solar cell On the other hand, perovskite B-y-CsSnlz-based cells, may yield higher performance, but still lower than

g;/_l'g;snh anticipated, and involve the costly cesium. This study aims at lowering the B-y-CsSnlg perovskite solar cell costs,
€

without sacrificing performance, by adding a CZTSSe absorbing layer to a thinned perovskite layer. The proposed
lead-free cell structure is: ZnO-Al/i-ZnO/CdS/CZTSSe/B-y-CsSnls/MoSey/Mo. This strategy is novel and has not
been described for cost lowering in B-y-CsSnl3 based systems. Density Functional Theory is used to predict the
crystalline structure, the electronic and the optical parameters that are in turn used in the SCAPS simulation
software. Layer thicknesses are varied for CZTSSe (1-2 pm) and the perovskite (0.1-2 pm), while the doping
concentrations are varied from 1 x 10'® to 1 x 10'° em~3. With doping concentration 1 x 10'7 cm™3, the bi-
absorber cell exhibits high efficiency of 23.80 % at 0.1 pm perovskite thickness. At thickness 1.0 pm, the effi-
ciency is 29.20 %. These values are higher than literature B-y-CsSnl3 mono-absorber layer cells of similar
thicknesses. The results highlight the added value of CZTSSe layer inclusion, in costly solar cells, while exhibiting
higher efficiency.

Density functional theory (DFT)
SCAPS-1D software

absorption coefficient (>10* em™Y) [6-8]. Research must take advan-
tage of all of these characteristics and utilize them in higher solar cell

1. Introduction

Population growth and industrial development have contributed to
an increase in global energy demand. With this growth, research shifted
to renewable energies as sustainable sources. Among these renewables,
solar energy is a widespread free and green energy source. However, the
current research trends employed to harvest solar energy still need more
to do. Researchers use photovoltaic technology based on absorbers
(CIS), (CIGS) and CdTe, but they suffer from limitations such as toxicity,
non-abundance and cost. More eco-friendly solar cell materials are
needed. One such material is CusZnSn (S,Se)4 (CZTSSe) [1], where the
hazardous indium is replaced with Zn, and the scarce gallium by Sn.
CZTSSe comes with additional outstanding properties including the
direct band gap that is tunable in the range 1-1.5 eV [2-5] with the high

* Corresponding authors.

performance. Despite these features, CZTSSe cells exhibit power con-
version efficiencies no higher than 20 % in single-junction configura-
tions [9-12]. Recently, Hafaifa et al. [13] improved ZnO/CdS/CZTSSe
cells efficiency from ~13 % to ~18 % by optimizing layer thicknesses
and doping concentrations. Therefore, there is room for maneuvering in
the CZTSSe research.

Perovskite solar cells include inorganic-organic hybrids or tin halide-
based materials, as active layers to harvest light. The cells received
considerable attention for their high efficiencies, low production costs,
and flexibility in terms of material composition and manufacturing
processes [14]. Lead-based perovskite materials with high performance
were reported [15], but the presence of the hazardous lead is a
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Table 1
Lattice parameters for CZTSSe and B-y-CsSnl before and after optimization.
CZTSSe B-y-CsSnl3
Before optimization After optimization Exp [34] Before After optimization Exp [33]
Optimization
a(A) 5.465925 5.475169 5.43 8.677776 8.928713 8.688
b (A) 5.465925 5.475169 5.43 12.623894 12.516599 12.378
c(A) 10.910650 10.928220 10.85 8.729731 8.705584 8.643
cell volume (A*3) 325.970247 327.594927 956.318709 972.911087

limitation. Among perovskite materials is CsSnlg [16]. Unlike organic
perovskites, this inorganic material is soundly stable [17]. Despite that,
the oxidation of Sn?* jons to Sn*" is still an issue in this material [18].
Using solid additive-assisted chemical vapor deposition (SACVD) tech-
nique effectively suppressed Sn?* oxidation to Sn**, reduced defect
density and enhanced CsSnls chemical and optical stabilities. This shows
a horizon to improve the perovskite stability [19]. Other methods were
also proposed to stabilize the perovskite in literature [20]. Thus, the
stability issue can possibly be solved out. Being lead-free, the material is
ecofriendly and is not restricted in solar cell applications [21]. CsSnlg
exists in several crystalline phases that vary according to external con-
ditions and temperature. These include: Cubic phase (a-CsSnls) with
Space group Pm3™ m, observed at high temperatures [14,15], tetragonal
phase (B-CsSnls) that is an intermediate phase between cubic and
orthorhombic [22], and orthorhombic phase (B-y-CsSnls) with space
group P-n-m-a, observed at room temperature [22] that is more stable
under natural conditions. The material is a direct band p-type semi-
conductor [23]. Despite the advantages of CsSnl3 materials, they still
involve the high-cost cesium constituent. The common wisdom is
therefore, to benefit from the advantages of these materials while
minimizing the production cost, without compromising performance.
Typically, mono-absorber B-y-CsSnls perovskite cells exhibited conver-
sion efficiencies in the range 15-18 %, higher than those of CZTSSe [24].
This is a good feature to start with.

The present cell structure furnishes a strategy to use the B-y-CsSnls
perovskite features at lower production cost. Combining the low-cost
CZTSSe layer with B-y-CsSnls layer together, is one way out, based on
the following assumptions. Firstly, both materials are ecofriendly, which
rules out any negative impacts on the environment. Secondly, by
minimizing the perovskite layer thickness, the total cost should be cut
down. Thirdly, using the two materials in a bilayer absorber mode
should enable a wider absorption spectrum, since the two materials have
different band gaps. The bi-layer absorber cell should yield higher
overall cell performance than either layer separately.

The choice for the two materials is not arbitrary. CZTSSe based solar
cells are promising with reported efficiency values of in the range
10.5-13.0 % [1,25-27]. On the other hand, B-y-CsSnls exhibited effi-
ciencies of up to 18 % when used as thin layers [24]. Values of ~24 %
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were reported when using special treatments for the perovskite [28].
Using 1.4 pm B-y-CsSnls layer yields even higher conversion efficiency
values [29]. Ti-based B-y-CsSnls solar cells also exhibited an efficiency of
~24 % when using a 1.0 pm thick absorber layer [30]. Low efficiency B-
y-CsSnl3/Cs2Sn/Ig (p-n) heterojunction was reported. The short-circuit
photocurrent was improved at higher B-y-CsSnls layer thickness [23],
which increases the production cost.

In an earlier communication, we have examined a bi-layer absorber
of CulnGaSe (CIGS) and CuZnSnSe (CZTSSe) together. In that report, the
costly CIGS layer thickness was minimized by adding the other CZTSSe
layer. The bi-layer arrangement showed lowered cost with improved
performance [31]. The CZTSSe/CsSnl; bi-layer absorber, proposed here,
was not described earlier to our knowledge.

The present study involves two main parts. The first part aims at
enhancing the optical and electronic properties of both materials sepa-
rately, using the density functional theory (DFT). The second part
studies the bi-layer absorbers combined together in the proposed cell
structure: ZnO-Al/i-ZnO/CdS/CZTSSe/B-y-CsSnl3/MoSes/Mo using the
SCAPS-1D simulator. Effects of thickness and doping concentrations in
the absorbing layers, on the cell overall performance and stability, are
the focal issues.

2. Density functional theory (DFT)

The Density Functional Theory, DFT, is a common method to study
various material properties. Recently, there was significant progress
both in theory and applications. This theory, along with computer tools
and the ability for rapid computing, makes modeling real vehicles close
to mimicking reality within acceptable computation times [23-25].

The DFT was subjected to the Perdew-Burke-Ernzerhof, PBE, ex-
change correlation potential within generalized-gradient approximation
(GGA). Additionally, the CASTEP code plane wave total energy pseu-
dopotential approach was applied [32]. Using the 3D atomistic window
in Materials Studio, to simulate the structure, a space group representing
the CZTSSe I-4 tetragonal structure and P-n-m-a space group with
orthorhombic structure [33] were used. Lattice parameters of CZTSSe
and B-y-CsSnls, before and after optimization, are summarized in
Table 1. The position of atoms are represented, Fig. 1(a). Cu atoms exist

(b)

Fig. 1. Crystal structures for the absorber materials (a) CZTSSe and (b) B-y-CsSnls.
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Fig. 2. Band structures for the studied layer materials: (a) CZTSSe and (b) B-y-CsSnls

at separate positions, 2a (0.00, 0.00, 0.00) and 2c (0.00, 0.50, 0.25). Zn
atoms are at position 2d (0.00, 0.50, 0.75). Sn atoms are placed at 2b
(0.00, 0.00, 0.50), while S atoms are at position 8 g (0.75620, 0.24340,
0.12821). The structure Se-doped CusZnSnS, involves S (12.5 %) and Se
(87.5 %).

For B-y-CsSnls, Fig. 1(b) shows clearly the cesium (Cs) atom at the
position 4c (0.00502, 0.75000, 0.99060), the Sn atom at 4c (0.00, 0.00,
0.50), iodine (I) atoms at separate positions, I, at 8d (0.20241, 0.00828,
0.79725), and I3 at 4c (0.00041, 0.75000, 0.51981). In order to optimize
the present structures, the GGA is used, with the Perdew-Burke-
Ernzerhof (PBE) exchange correlation. All of the geometry optimiza-
tions and system property computations in this work are carried out
using 450 eV cut-off energy and 6 x 6 x 3 of k-points for CZTSSe, and
400 eV, 5 x 3 x 5 for B-y-CsSnls.

From Table 1, lattice parameters for CZTSSe are: a = b = 5.465925 A,
¢ =10.910650 A; and for B-y-CsSnl; are a = 8.677776 A, b = 12.623894
A and ¢ = 8.729731 A. The structural computations converged once the
geometry was optimized, producing the results a =b = 5.475169 A=
10.928220 A (for CZTSSe) and a = 8.928713 A, b = 12.516599 A, ¢ =
8.705584 A (for B-y-CsSnl3). The deviations for CZTSSe and B-y-CsSnls
are: 0.5 and 1.73 % respectively, and are lower than 5 % for both ma-
terials. This implies that the computational techniques and settings
employed have excellent accuracy.

3. Electronic and optical property analyses

In this part, the study is focused on simulating crystal structures,
optical and electronic properties for each of CZTSSe and B-y-CsSnls
materials. The electronic band structure and absorption coefficient are
calculated using B3LYP hybrid functionals to further increase the elec-
trical structure calculation accuracy. After that, the obtained results are
discussed.

3.1. Electronic properties

Eelectronic properties of a given material underline all the other
physical properties of the material. Analyzing and understanding the
nature of connections and interactions between the different elements in
this material, and then the various phenomena that play a role in
defining these physical properties, is thus relevant. Fig. 2 describes the
calculated band gap values for the studied materials. Both CZTSSe and
B-y-CsSnlz materials have direct bandgaps with values 1.27 and 1.10 eV,
respectevly, as shown in Figs. 2(a) and (b). Based on Fig. 2, each material
has an appropriate band gap to use as as an absorbing layer in solar cells.

1x10°

= B-y-CsSnl,
—— CZTSSe
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4x10* H
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Fig. 3. Absorption coefficient values vs wavelength for (a) CZTSSe mate-
rial and.

3.2. Optical properties

Absorption coefficient, which is an important parameter to choose
the material for photovoltaic applications, is described here. The ab-
sorption of radiation by a material is simply explained by the exchange
of energy between the atoms of the material and the corpuscles of light.
The absorption coefficients for the CZTSSe and B-y-CsSnls perovskite
materials are presented in Fig. 3.

(b) B-y-CsSnl3.

For each of CZTSSe and B-y-CsSnls, Fig. 3 presents plots of absorption
coefficient vs. wavelength. Both materials exhibit high absorption co-
efficients, of more than 5 x 10* cm ™! within the visible, which allows to
use them as the absorber layers in the cell.

3.3. SCAPS part

The simulation has been conducted using 3309 version of the nu-
merical SCAPS-1D software, which is a powerful program of hetero-
junction solar cells. It is based on solving a series of mathematical
equations such as: The Poisson, the continuity (eqs. (1) and (2)),
transport of electron and hole charge carrier equations (eq. (3)) [35-38].

& q
&‘P(X) = tot;

(p(x) —=n(x) + Np +Na +pp +p, ) @
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where ¢ describes electrostatic potential, p is the in-space charge
density, E is electric field, epand ¢,are the vacuum and relative permit-
tivity, n & p are free electron and hole concentrations, respectively, Na
and Np are acceptor & dopant concentrations, y, & i, describe mobil-
ities of electron and hole, respectively. G, and Gp are optical generation
rates, R, and Rp are the recombination rates, g represents charge. D, and
Dy are Diffusion coefficients for electrons and holes, K is Boltzmann’s
constant, and T is temperature (K).

The results obtained provide useful information on solar cell per-
formance. There are many difficulties in solving basic equations in the
analytical way, and researchers turn to solving them in numerical ways
that require large numbers of repetitions. Researchers have thus devel-
oped several solar cell simulators that give accurate results from the
most important and widespread SCAPS software [39,40].

Journal of Electroanalytical Chemistry 996 (2025) 119369

set of thin semiconductor layers. The present solar cell, based on
simulated CZTSSe and B-y-CsSnls, is ZnO:Al/i-ZnO/CdS/CZTSSe/B-
y-CsSnlz/MoSey/Mo, (Fig. 4), where ZnO(Al) is the transparent-
conducting oxide (TCO) [41] and ZnO is the intrinsic layer. The CdS
layer is an n-doped buffer layer having a critical role in cell performance,
ensuring the electrical and structural transition between CZTSSe and
ZnO. Its presence allows for a considerable reduction in electrical losses
associated with recombination mechanisms at the interface [33-35].
CZTSSe and B-y-CsSnl3 form the bi-layer absorber. MoSe; functions as
the hole-transport material (HTM) which is important because it creates
internal capabilities. It creates a strong field within the back-
communication area. This minimizes the re-assembly of the carrier
and enhances collection and photovoltaic performance [36,37]. Mo-
lybdenum (Mo) is the back contact. Layer geometric and physical
properties are based on literature, as summarized in Tables 2 and 3.

4. Results and discussions
4.1. Optimized thickness and doping concentration of CZTSSe layer

The effects of thickness and doping concentration of CZTSSe absor-
bent layer on the ZnO-Al/i-ZnO/CZTSSe/B-y-CsSnl3/MoSeyz/Mo solar
cell performance, are first studied, while keeping the perovskite thick-
ness at 0.1 pm and doping concentration at 10*> cm 2. The thickness for
CZTSSe layer is varied in the range 1-2 pm, with different doping con-
centrations in the range 1 x 1011 x 10%° em 3, based on earlier
studies [45]. Fig. 5 summarizes how thickness and doping concentration
of CZTSSe layer affect the studied solar cell in terms of (a) short-circuit
photocurrent density (Jsc), (b) open-circuit potential (Voc), (c) fill-
factor (FF%), (d) photo-conversion efficiency (n%) and (e) quantum
efficiency (QE%).

Fig. 5 presents the results in the contour forms showing the corre-
lations between thicknesses and doping concentrations of same CZTSSe

Table 3
Parameters of interface defects used in the simulation.
CdS/CZTSSe CZTSSe/ B- B-y-CsSnl3/
y-CsSnlz MoSe,
Defects type neutral neutral neutral
Electron-capture cross 1.00E-15 1.00E-15 1.00E-15
section, cm?
Hole-capture cross section, 1.00E-15 1.00E-15 1.00E-15
cm?
Energy distribution single single single
Reference for defect-energy ~ above highest above highest above highest
level Et EV EV EV
Energy with respect to 0.6 0.6 0.6

Reference eV

To perform a simulation in the SCAPS environment, it is necessary to Integrated Total éensuy 2 1.00E+8 1.00E+8 1.00E+8
(Over all energies) 1/cm

clearly define the structure to be simulated. A solar cell is made up of a

Table 2

Material physical parameters used in simulations.
Parameters Zno-Al [42] Zno-i cds B-y-CsSnl3 [43] CZTSSe MoSe,

[44]

Layer thickness, pm 0.3 0.05 0.05 0.1 Variable 0.350
Energy band gap (Eg), eV 3.3 3.3 2.4 1.1 DFT 1.27 DFT 1.1
Electronic affinity, eV 4.4 4.4 4.2 3.620 4.10 4.140
Permittivity (er) 9.00 9.00 10 48.2 13.6 13.6
Effective density of states (CB) 1/cm® 1.0E+18 1.0E+18 1.0E+18 1.57E+18 2.2E+18 2.2E+18
Effective density of states (VB),1/cm® 1.0E+19 1.0E+19 1.0E+19 1.47E+18 1.8E+19 1.8E+19
Thermal velocity electron, cm/s 1.0E+7 1.0E+7 1.0E+7 1.0E+7 1.0E+7 1.0E+7
Thermal velocity of holes, cm/s 1.0E+7 1.0E+7 1.0E+7 1.0E+7 1.0E+7 1.0E+7
Mobility of electrons, cm?/Vs 1.0E+2 1.0E+2 1.0E+2 4.0E+2 1.0E+2 1.0E+2
Mobility of holes, cm?/Vs 2.5E+1 2.5E+1 2.5E+1 5.0E+1 2.5E+1 2.5E+1
Donors density (ND), 1/cm® 1.0E+18 1.0E+17 1.0E+18 0 0 0
Acceptors density (NA), 1/cm® 0 1.0E4+17 0 1.0E4+15 Variable 1.00E16
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Fig. 5. Effects of CZTSSe layer thickness and doping concentration on the studied solar cell performance.
layer on its characteristics. In Fig. 5(a), the Js¢ plot color continually density increases to 43.41 mA/cm?, while an increase in impurity con-
changes from blue (lower values) to red (higher values). The Js¢ values centration lowers the value to 32.56 mA/cm?>.
range from 32 mA/cm? (blue color) to 43 mA/cm? (red color). It also In Fig. 5(b), Voc values continually change from 0.67 V (blue) to
shows that with increasing CZTSSe absorber layer thickness, the current 0.79 V (red), passing through the intermediate values (green, yellow,
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Fig. 6. Effects of B-y-CsSnl; layer thickness and doping concentration on the studied cell characteristics.

orange). Fig. 5(c) shows how FF value changes. The values continually
vary in the range between ~74 % (blue) to 81.50 % (dark red). FF values
are higher in the orange to red areas, moderate in the green area and
lower in the blue area. The highest FF (~80.85 %) is achieved at ideal
thickness of 2 um and doping concentration of 1 x 10'® em ™3,

Fig. 5(d) describes the efficiency value variation. The highest effi-
ciency (23.36 %) is observed in the yellow region corresponding to a 2
pm thickness and a 1 x 10*® cm ™3 doping concentration. Moving away
from this region towards a lower thickness or higher doping levels re-
sults in a decrease in efficiency, as evidenced by the transition from
yellow to green, then to light blue and finally to dark blue.

With a band gap 1.27 eV, the first absorbing layer (CZTSSe) is
responsible for absorbing higher energy photons (with shorter wave-
lengths) and converting them into charge carriers (electrons and holes).
As the first absorbing layer thickness increases, more photons will be
absorbed, thereby increasing the cell efficiency to 36 %23.. On the other
hand, with increased doping concentration in the same layer, recombi-
nation increases between electrons and holes before they move to other
electrode terminals. This leads to lower number of charge carriers
(electrons and holes), and consequently to lower cell efficiency. For
CZTSSe mono-absorber cells, much lower efficiencies of less than 13.0 %
are known [1,16,17,27]. The present results thus highlight the bi-
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Fig. 7. The Optimal J-V characteristics and quantum efficiency for the solar cell at perovskite thickness 1.0 pm.

absorber layer value here.

The results indicate that the optimal thickness and doping concen-
tration are 2 pm and 1 x 10'® cm ™3, respectively. These parameters yield
values of open circuit potential (Vo¢), short circuit current density (Jsc),
fill factor (FF) and conversion efficiency (i) of 0.67 V, 43.41 mA/cmZ,
86 % and 36 %23., respectively, for the solar cell.

Figure (e) shows that QE values. The value increases with increasing
CZTSSe layer thickness in the range 1-2 pm within the wavelength range
300 3to more than 900 nm, at fixed doping concentration of 1 x 10'°
cm™ .

4.2. 4.2. Optimized thickness and doping concentration of B-y-CsSnls
layer

Using the optimal CZTSSe layer thickness and doping concentration
(2 pm and 1 x 10'% em ™3, respectively) the thickness and doping con-
centration of the B-y-CsSnls absorber layer are simulated. Based on
earlier reports [46], B-y-CsSnl; layer thicknesses are varied in the range
0.1 and 2.0 pm, while its doping concentrations are varied between 1 x
10'% and 1 x 10%° em 3. The results are summarized in Fig. 6.

Fig. 6 indicates that B-y-CsSnl3 layer thickness and doping concen-
tration affect the studied solar cell performance. Fig. 6(a) describes how
the color scale changes, with layer thickness, from low Jg¢ values (blue),
passing through medium values (green and yellow), to higher values
(orange), and finally to maximum values (red). Increasing the layer
thickness increases Jgc to a maximum value of 43.61 mA/cm?.
Conversely, by decreasing the layer thickness and increasing the doping
concentration, the current decreases until it reaches the blue area.

Fig. 6(b) shows that at very low doping and thickness values in B-
y-CsSnls layer, the V¢ is lowered to the blue region. As the doping
concentration increases to 1 x 10'° em™3, the Voc value increases,
showing a maximum value of 0.83 V.

Fig. 6(c) describes how FF changes with layer thickness and doping
concentration. The color changes from lower FF (blue) to higher value
(red) with increased thickness. The highest value 88.48 % is obtained at
2 pm thickness and 1 x 10'° em~2 doping concentration.

Fig. 6(d) summarizes the conversion efficiency (1) results. The
highest nvalue is 29.37 % at thickness 2 pm and doping concentration in
the range 1 x 10'° - 1 x 10' em™3. The efficiency increases with
increased thickness, without lowering in the doping concentration
variation within the studied range.

To further confirm these results, the quantum efficiency (QE) is
studied against B-y-CsSnls layer thickness (from 0.1 to 2.0 pm) within
wavelength 300 to more than 900 nm with fixed doping concentration 1
x 10 ecm 2. Fig. 6(e) shows that QE value increases with increased B-
y-CsSnlg thickness.

Figs. 6(a) — (¢) indicate that Js¢, Voc and n increase with increased

layer thickness. The results are justified as follows. Very thin absorber
layers (<1 pm) physically mean that the depletion region and back
contact are too close, which encourages electron capture by this contact.
This type of recombination lowers the cell performance by lowering Voc,
Jsc and consequently n values. At larger thickness of absorber layer (>1
pm), longer wavelength photons may be collected in this layer, which
contribute to a higher probability of generating more electron-holes
pairs. This increases V¢, Jsc and consequently n values.

All-in-all, increasing thickness of each absorber layer to 2 pm im-
proves cell performance. This is due to more light absorption, leading to
more electron-hole generations, and consequently higher cell efficiency,
reaching a value of 29.37 %. The doping concentration contributed to
this result, where it allowed for an increase in the number of generated
electrons and holes, or reduced energy loss during the transfer of charge
carriers, thereby leading to higher efficiency. Here, the doping con-
centration works more positively by enhancing absorption and
improving charge carrier transport, thus improving the cell efficiency. In
addition to the gasket, it helps to create a strong internal electrical field
in the dual connection (PN junction) that helps to separate electric
carriers (electrons and holes) faster and more efficiently. This increases
the electric voltage of the open circuit. On the other hand, it can nega-
tively affect the cell, because at much higher doping concentration
excessively increases, the likelihood of recombination increases. Thus,
the carriers do not contribute to power generation, which lowers the cell
efficiency and the electric voltage of the open circuit. This happens
because the internal electric field becomes less effective in separating
electric carriers, resulting in reduced voltage.

The results show that as the perovskite layer thickness increases from
1 to 2 pm, only a slight improvement in performance (less than 0.2 %)
occurs. Based on this, the optimal cell thickness is 1 pm, with a doping
concentration at 1 x 10'7 ecm™3. This choice is to improve efficiency
while reducing the cost of raw materials, achieving an ideal balance
between performance and cost. Moreover, the results show that lower B-
y-CsSnl3 layer thicknesses may still achieve relatively high efficiencn-
cies. Fig. 6 shows that at perovskite thickness 0.1 pm a high conversion
efficiency 23.80 % is achieved. This value is higher than literature B-
y-CsSnl3 mono-absorber layers of comparable thicknesses [24].

The optimal simulated photocurrent density vs potential (J-V)
characteristics, together with quantum efficiency, for the solar cell are
shown in Fig. 7. Table 4 summarizes the present results in comparison
with literature values.

Table 4 summarizes the present simulation results in comparison
with literature values. Entries 1-4 show that literature CZTSSe thin
mono-absorber layers, in both simulation and experimental results,
exhibited lower than 15 % efficiency. Upon using low thickness B-
y-CsSnls layers here, the efficiency is improved to 23.8 % or higher,
entries 17-24.
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Table 4
Comparison between solar cell performance with previous studies
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a) CZTSSe absorber cell examples

Entry # Approach Structure Jsc Voc (V) FF (%) n (%) Refs.
(mA/s cm2)
1 Simulation ZnO(Al)/ZnO(i)/CdS/ 27.9 0.81 66.2 14.9 [10]
CZTSSe/Mo
2 Simulation ZnO:Al/ 35.2 0.51 69.8 12.6 [9]
i-ZnO/Cds/CZTSSe/Mo
3 Exprimental FTO/Zn0/CdS/CZTSSe/Au 19.5 0.66 65.8 8.4 [11]
4 Exprimental ZnO:Al/ 32.14 0.45 63.3 9.24 [12]
i-ZnO/Cds/CZTSSe/Mo
b) Single B-y-CsSnl; absorber layer cell examples
Entry # Approach Structure Jsc (mA/cm?) Voc (V) FF (%) n (%) Refs.
5 Simulation Spiro-OMeTAD/ 25.87 0.95 72.6 17.88 [24]
B-y-CsSnl3/ ZnO/FTO
(B-y-CsSnl3 = 0.2 pm)
6 Simulation Spiro-OMeTAD/ B-y-CsSnl3/ GaN/FTO 26.27 0.95 72.2 18.09 [24]
(B-y-CsSnl3 = 0.20 pm)
7 Simulation Spiro-OMeTAD/ B-y-CsSnlz/ Cgo/FTO 20.04 0.96 87.0 16.71 [24]
(B-y-CsSnl3 = 0.15 pm)
8 Simulation Spiro-OMeTAD/ B-y-CsSnlz/ PCBM/FTO 20.18 0.95 86.6 16.59 [24]
(B-y-CsSnl3 = 0.200 pm)
9 Simulation Spiro-OMeTAD/ B-y-CsSnl3/ SnO/FTO 24.16 0.98 65.8 15.5 [24]
(B-y-CsSnl3 = 0.10 pm)
10 Simulation ITO/PCBM/CsSnl3/CFTS/Se 34 0.87 83 24 [28]
(B-y-CsSnlz = 1.0 pm)
11 Simulation ITO/NiOx/B-y-CsSnI3/PCBM/BCP/Al 39.48 0.75 82.3 24 [30]1
(B-y-CsSnlj3 thickness 1.0 pm)
12 Simulation CuS/CsSnI3/Ti02/ITO 335 0.99 87 29 [29]
(B-y-CsSnlj3 thickness 1.4 pm)
¢) Bi-absorber cell examples
Entry # Approach Structure Jsc (mA/cm?) Voc (V) FF (%) n (%) Refs.
13 Simulation ZnO(Al)/ZnO(i)/CdS/ 43.7 0.6036 82.78 21.84 [471
CZTSSe/CIGS/Mo
14 Simulation Al/AZO/CdS/ ACZTSe/CZTSe (n/p/p +) solar cell 38.99 0.646 73.89 18.63 [48]
15 Simulation MAPbI3/CdS(nanorods)/ 42.03 0.786 84.39 27.91 [49]
CdS/ACZTSe
16 Experimental Ag/ ITO/ i-ZnO/ CdS/CZTSSe or CAZTSSe/Mo 36.19 0.493 62.86 11.23 [8]

d) ZnO-Al/iZn0/CdS/CZTSSe/B-y-CsSnls/MoSe2/Mo bi absorber cells (from this work). CZTSSe thickness = 2 pm, CZTSSe Doping concentration = 10'® cm >, B-y-CsSnl; Doping

concentration = 10'7 cm ™3

Entry B-y-CsSnl; thickness Jsc (mA/cm?) Voc (V) FF (%) n (%)
#
17 0.1 43.38 0.68 86.85 23.8
18 0.2 43.49 0.70 87.04 24.19
19 0.4 43.52 0.72 87.39 25.32
20 0.6 43.55 0.75 87.59 26.67
21 0.8 43.56 0.78 87.76 28.7
22 1.0 43.57 0.80 87.89 29.20
23 1.5 43.58 0.81 88.10 29.23
24 2.0 43.61 0.82 88.30 29.37

On the other hand, literature mono-absorber B-y-CsSnl3 exhibited
only low efficiencies of less than 18 % at low thickness, in simulation
studies, entries 5-9. With thicker layers, higher efficiency values (24-29
%) were reported by simulation studies, entries 10-12. The present
simulated bi-absorber cell with thin B-y-CsSnl3 layer, 0.1 pm, exhibited
efficiencies of ~24% or higher as described in entry 17, which is com-
parable to the earlier simulated thicker B-y-CsSnl; layers, entries 10-12.
These results confirm the added value of the CZTSSe layer as a second
absorber, where the efficiency is improved at lower B-y-CsSnlj thickness
and significantly lower production costs.

Entries 13-16 show that literature bi-absorber layers of various

simulated or experimental materials exhibited efficiency values lower
than the present bi-absorber B-y-CsSnls-based systems. The MAPbI3/CdS
(nanorods)/CdS/ACZTSe literature simulated cell, entry 15, showed
exceptionally high value of ~28 %, but the toxic nature of lead is a
serious drawback for this cell.

To further clarify the results, band diagrams are studied for all the
layers of the optimized cell, Fig. 8. In the CZTSSe/CdS interface vicinity,
the energy bands are bent by varying the electrostatic potential across
the p-n junction. The interface CZTSSe/buffer layer exhibits a positive
energy discontinuity at the conduction band level of CZTSSe. This
discontinuity must have an optimal height for the performance of the
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Fig. 8. Band diagram for the proposed solar cell structure.

device. If too high, it opposes the passage of photogenerated electrons,
reducing the photocurrent; and if too low (or negative), it increases the
dark current and recombination losses. The intrinsic ZnO layer com-
plements the buffer layer, avoiding direct contact with the electrically
degenerate ZnO:Al. Due to wide band gaps, the ZnO and buffer layers
allow visible radiations to go through [41,50]. The CZTSSe layer, with
1.27 eV band gap, becomes the main absorbing material. It absorbs the
penetrating higher energy photons and converts them into electron-hole
pairs. The other absorption layer B-y-CsSnls, with 1.1 eV band gap,
further expands the absorption efficiency and charge generation by
absorbing lower energy photons and generating more electron-hole
pairs. The MoSe; layer, placed at the back-contact, behaves as an elec-
trically conductive layer for the back contact, helping to inhibit surface
recombination and facilitating the hole transfer towards the back
electrode.

All in all, the results indicate that adding a CZTSSe absorber layer to
the perovskite B-y-CsSnlz layer lowers the production cost while
improving the solar cell performance. Other issues with the perovskite,
such as its inherent instability to oxidation deserves further study. It is
known that the perovskite may undergo Sn?* ion oxidation into Sn**
[51]. Solutions were proposed in earlier literature including coordina-
tion with organic materials [24], passivation with CsySnlg layers [20],
doping [52] or other treatments [18]. In the present study, the added
CZTSSe layer may behave as a protective layer for the perovskite layer.
This issue has not yet been investigated here, as the study is focused on
optimizing layer thickness and doping concentration. However, the
protective nature for the CZTSSe layer is worth to further study both
experimentally and by simulation.

5. Conclusion

A new lead-free solar cell, involving a bi-absorber layer with CZTSSe
and B-y-CsSnlg perovskite is proposed. The impact of adding the low-
cost and ecofriendly CZTSSe absorber layer on the cell performance is
studied, aiming at lowering the cost by using thinner perovskite layer
without sacrificing cell performance. The simulation involves two
stages: optimizing the optical and electronic properties of the two ma-
terials by DFT and then optimizing the bi-layer absorbing cell CZTSSe/B-
y-CsSnlz performance. Effects of layer thicknesses and doping concen-
tration of each layer are studied. The results confirm the higher per-
formance of the bi-layer absorber layer compared to separate absorbers.
Using CZTSSe layer (with thickness 2.0 pm and doping concentration 1
x 10'®) and B-y-CsSnlz layer (with doping concentration 1 x 107
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cm ™), the cell exhibits high conversion efficiencies at various perov-
skite thicknesses. Maximum efficiency of 29.37 % is achieved at 2.0 pm
perovskite thickness. At 1.0 um thickness, the efficiency is only slightly
lowered to 29.20 %, which is still higher than earlier reported values for
other similar solar cells. Further lowering the perovskite layer thickness
to 0.1 pm still yields high efficiency of 23.80 % that is superior to earlier
reported values for same perovskite mono-absorber cells. The results
confirm the possibility to use B-y-CsSnlz-based solar cells, with low
thickness, for lower cost without sacrificing cell performance, simply by
adding CZTSSe as additional absorber.
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