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ARTICLE INFO ABSTRACT
Keywords: To avoid Shockley-Queisser limit in single p-n junctions, tandem solar cells were proposed. A new
Tandem solar cells tandem cell is simulated here using the 1-dimensional SCAPS. The new cell combines two re-

CsPbIBr perovskite ported single solar cells together, aiming at achieving high performance by optimizing various

:g‘ﬁsﬁon layer characteristics. The bottom sub-cell is Mo/Si(p)/CZTSSe(p)/CdS(n)/ZnO(i)/ZnO(Al), where
CZTSSe/Si ZnO is an electrodeposited transparent-conductor oxide, with high UV transmittance, ZnO(i) is

intrinsic layer, CZTSSe/Si is bi-absorber layer of p-CuZnSnSSe and p-Si, Mo is back contact. The
optimized sub-cell exhibits a high fill factor of 85.18 % with overall efficiency 20 %. Based on
literature, a perovskite CsPbI,Br layer is included in the top sub-cell CupO(HTL)/CsPblI»Br)/
TiO2(ETL), where Cuy0 is a hole-transport layer and TiO» is electron-transport layer. The top sub-
cell layers have been carefully selected for best alignment. Matching and optimizing various
parameters in the two sub-cells is a simulation challenge. Therefore, layers in the two sub-cells
have been studied separately, keeping in mind the proper combinations between various
layers. With optimized layer thicknesses and band gaps, together with proper alignment of band
edges, the proposed tandem solar cell exhibits high characteristics of 80 % fill factor and higher
than 32 % overall efficiency.

1. Introduction

Solar cells, being among the major tools to utilize the clean solar energy, have witnessed tremendous research and development.
Solar cells first started with single junctions involving Si [1] or other materials such as CdTe [2] and Ge [3]. Nowadays, Si solar cells
show efficiencies of 25 % [4,5]. Solar cells further progressed through various generations, each of which exhibited higher stability and
performance at lower cost. Second generation solar cells, based on amorphous silicon, CdTe and CulnGaSe (CIGS), exhibited effi-
ciencies of higher than 9, 20 and 23 %, respectively [6]. Third generation solar cells based on perovskites are also known [6-8] with
soundly good performance. Perovskites have the advantages of suitably wide gaps and high absorption coefficients [9,10], in addition
to high charge-carrier mobility, thermal stability, long life span and ease of manufacturing [11,12]. CsPbI,Br perovskite shortcomings
were studied to improve its performance by various modifications [13-15].
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Despite earlier achievements, single junction solar cells still suffer the Shockley-Queisser limitation (30 %) in single junctions [11,
16-18]. To overcome this limitation, tandem cells were considered [9] with success, given that tandem cells consist of multiples
sub-cells stackings together [19]. Various materials are involved in tandem cells including perovskites [20-23].

In the present study, a new tandem solar cell is proposed. It is based on a perovskite CsPbIyBr layer in the top sub-cell [24,25] and
the CZTSSe/Si double absorber layer in the bottom sub-cell. The main assumptions to be tested are: 1) The materials have special
features as reported earlier for separate solar cells. 2) The perovskite has a good absorption coefficient which should yield high cell
performance. 3) Combining between CsPbI,Br with CZTSSe sub-cells should yield a tandem cell with improved performance once
optimized layer characteristics are well matched and optimized. 4) Inclusion of the Si in the double absorber layer CZTSSe/Si should
widen the absorption spectrum in the bottom sub-cell and improve the cell performance. All these assumptions will be tested here.

Although the bottom sub-cell involves the environmentally questionable Pb element, it is still widely considered in solar cell
research due to its stability [26-28]. Its environmental impact is being minimized by using thinner layers. On the other hand, the
CZTSSe/Si layer involves safe, environmentally friendly, stable and low-cost constituents, with a wide absorption range. The CZTSSe
itself is widely used in solar cells [29,30].

The simulation involves thicknesses of both sub-cell layers together with their band gap values. Matching between the perovskite
and CZTSSe layers are optimized. To our knowledge, combining these materials (CsPbI,Br with CZTSSe/Si) in a tandem solar was not
reported earlier, which highlights novelty of the present study. In fact, other closely related tandem cells, such as those involving
CsPbI,Br and CZTSSe, were reported [31] but with double absorber layer. Using the double absorber layer CZTSSe/Si is not arbitrary
here. The Si has a narrow gap while CZTSSe band gap is wider. This allows cultivation of photons with wider wavelength range in the
bottom sub-cell. Matching various parameters (thickness, band gap and doping concentration) between the two absorber layers, to
enhance performance was not described before.

Experimental results for the TCO and ZnO layer, and other literature values, are included in the present simulation study. In
separate cells of CZTSSe/Si about 20 % efficiency was earlier reported [32,33]. When used as a bottom sub-cell here, higher efficiency
can be achieved by optimizing the layer parameters as described here. Moreover, by adding the top sub-cell, an improved efficiency of
higher than 32 % can be reached here.

To avoid extra costs associated with experimental works, researchers use simulation study to predict the behaviors of solar cell
components [34-36]. Many studies on solar cells used the TCAD Silvaco [37,38], Afors program [34], the Comsol [39] and AMPS [40].
Other studies used the SCAPS program that proved to be a powerful software [41-45] and is being used here.

The present simulation study is conducted stepwise. An in-depth investigation is conducted to optimize some the bottom sub-cell
layer physical properties through a series of carefully designed calculations. Layer thickness, doping concentration and band gap have
been systematically varied while keeping all other factors fixed. Simultaneously, the parameters of the CdS layer (thickness, band gap
and doping concentration) were also optimized, keeping other layers fixed. This approach allows for a comprehensive analysis of the
CdS emitter layer and its impact on the tandem solar cell overall performance. The resulting data have then been analyzed, using
contour profiles and heat maps. These graphical representations provided valuable insights into the intricate interplay between
different parameters and their influence on the performance characteristics of both the CZTSSe and perovskite layers. Another issue
with CdS is its hazardous nature, as described my its MSDS information. Despite its hazardous nature, it is being widely used in solar
cells [46-48]. Minimizing the hazards of CdS is being considered. One strategy is to use minimal CdS layer thickness. Stabilizing the
solar cell is another important strategy to avoid environmental contamination with Cd ions. Moreover, research is active to recycle
solar cells that involve CdS and to avoid environmental contamination [49,50]. Replacing the CdS layers with other safer materials,
such as Ag BaTiSe [51], ZnS [52] or SnS [53] was also reported. Using a thin CdS layer here is necessary to make comparison with
earlier literature as shown in Table 4 below.

The simulation results yield a comprehensive understanding of the optimal parameters for the tandem solar cell. Identification of
the precise combination of layer-thicknesses, band-gaps and doping-concentrations, to exhibit highest tandem cell performance, is
described. The protocols followed here will induce further advancement in renewable energy technology.

Table 1

Major layer parameters in the bottom sub-cell based on literature [64,80,81].
Property Layer

Si CZTSSe Cds i-ZnO ZnO(Al)

Thickness (nm) 1000 Variable 40 100 150
Bandgap E; (Ev) 1.12 Variable 2.600 3.370 3.370
Electronic affinity y (eV) 4.05 4.100 3.750 4 4
Dielectric permittivity € r (relative) 11.68 7 8.730 9 9
Density of states of conduction band DOS. CB (cm~>) 2.82 x 10%° 2.2 x 108 3.3 x 10'® 3.6 x 10'® 3.6 x 10'®
Density of states of valence band DOS. VB (cm™%) 1.83 x 10" 7x10%1° 1.36 x 10'° 1.13 x 10 1.13 x 10"
Electron thermal
Velocity (cm/s) 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107
Hole thermal velocity (cm/s) 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107
Electron mobility (cmz/Vs) 1100 100 160 150 150
Hole mobility (cm?/Vs) 420 35 15 50 50
Donor density ND (cm’3) - - 1 x 10V - 8 x 108
Acceptor density, N (em ™) 10%° Variable - - -
Defect type (cm3) Neutral variable Neutral variable 1x 10 1 x 10 1 x 10'°
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Table 2

The bottom layer defects used in SCAPS-1D.
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Defect type Total Density Capture cross section Capture cross section Energetic Energy level with respect to
Properties (Np electrons (cm?) holes (cm?) distribution reference
p-Si SCAPS SCAPS model SCAPS model SCAPS model SCAPS model SCAPS model
model
p-CZTS Donor 1x 10 5x 10718 1x 1071 single 0.1-0.4 eV
Acceptor 5 x 10 1x10°1° 1x10°1° single 0.5-0.3eV
n-CdS SCAPS SCAPS model SCAPS model SCAPS model SCAPS model SCAPS model
model
n-ZnO SCAPS SCAPS model SCAPS model SCAPS model SCAPS model SCAPS model
model
CZTSSe/ Neutral 1 x 10" 1x10™ 1x10 ™ uniform 0.6
Cds
Table 3
Major layer parameters for the top sub-cell used in SCAPS-1D [82].
Layer
Property TiO, (ETL) CsPbl,Br Cu,0 (HTL)
Thickness (pm) 0.04 1 0.250
Bandgap (eV) 3.2 1.5 2.170
Affinity (eV) 3.9 3.7 3.200
Dielec. Perm 9 8.6 7.11
Density of states in conduction band DOS CB (em™) 1 x 10* 1.9 x 10%° 2.02 x 10"
Density of states in valence band DOS VB (cm’s) 2 x 10%° 2.37 x 10%° 1.1 x 10"
Electron mobility pe (cm?/Vs) 20 25 200
Hole mobility ph (cm?/Vs) 10 25 80
Donor concentration Nd (cm’s) 2 x 1071 — -
Acceptor Concentration Na (cm ™) - 1 x 10 1 x 108
Absorption - SCAPS model SCAPS model
Nt defect (cm™>) 3.6 x 10'° 1 x 10" 1 x 10"
Table 4
Summary of characteristics for tandem solar cell and separate bottom sub-cell.
Entry No. Structure Voc (V) Jsc (mA/cm?) FF (%) 1 (%) Ref.
1 Bottom layer 0.742 37.18 85.18 20.94 This work
Sub-Cell with (CZTSSe/Si absorber)
2 Top sub-cell with CsPbI,Br 1.06 27.4 83 % 11.51 This work
3 Tandem with both CZTSSe/Si and CsPbl,Br perovskite 1.81 27.79 79.89 32.41 This work
4 “CZTS/PSC/CZTS/CdS/ZnO/FTO” 1.18 24.7 88.36 % 25.95 % [21]
5 CsPbl3/CZTSSe tandem solar (four-terminal solar cell) 1.5 15.75 87 32.35 % [31]
6 Perovskite/CIGS tandem 2.01 19.9 80 32 [101]
7 Perovskite-CIGS Monolithic Tandem Solar Cells 1.92 20.04 77 % 29.7 [102]
8 Perovskite and CIGS Tandem Solar Cell 2.25 25.8 73.02 30.71 [103]
10 (FTO/ETL/CH3NH;3SnI3/HTL/Back contact) 1.12 29.44 88.82 29.24 [104]
11 Glass/TCO/TiO5/CZTSe;_,Syx/CH3NH3Snl3/Back contact 0.85 29.22 70.47 17.57 [105]
12 Spiro-OMeTAD,/CH3NH;3PblI3—xCIx (without ETM)/CIGS 1.23 28 80.71 27.74 [105]

2. Materials and methods

The Al-doped ZnO films have been prepared as described by literature [54,55]. Details of preparation are described in Supple-
mentary Sections S2.1-2.3.
The prepared ZnO films have been characterized by transmittance spectra, X-ray diffraction, scanning electron microscopy as
described in Supplementary Section 2.4. Supplementary Figs. S1-S3 confirm the nature of the prepared films, by comparison with
literature [56-64].

2.1. Structure description and simulation details

In this study, the SCAPS program, an excellent 1-dimensional program for simulating heterojunction cells, has been used. The
SCAPS predicts the electrical behaviours for most semiconductors and structures. It is based on differential equations such as: Poisson
and continuity equations (Equations (1) and (2)) [65-67] together with transport of holes and electrons (Equation (3)) [68,69],
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where J,, & J, are current densities of holes and electrons, respectively. ¢ is potential, £, and ¢, are the vacuum and relative permittivity,
q is elementary charge, Np & N4 are donor & acceptor impurity atom concentrations that are the same with ionized atoms at room
temperature, the difference p,-p, corresponds to the density of deep defect centers [70,71], R, G, recombination and generation rates
of electrons, respectively, Ry, G, are recombination and generation rates for holes, respectively. The Dy, pin, Dp, jip represent diffusion
coefficients and mobility of electrons and holes, respectively. The relation between the two coefficients is the Einstein relation
(Equation number 3.c) [72,73], where k is the Boltzmann constant, T is the Kelvin temperature and q is the electron charge.

The simulated structure includes two sub-cells. The bottom sub-cell involves Mo/Si(p)/CZTSSe(p)/CdS(n)/Zn0O(i)/ZnO(Al) where
the ZnO(Al) is a transparent conductor oxide, and ZnO is an intrinsic layer. CdS is an n-doped emitter layer that formulates the
heterojunction with the double absorber p-Si/p-CZTSSe. The inclusion of CZTSSe is to improve absorption of incident photons. The
back contact is the molybdenum (Mo). The top sub-cell involves precise layers each for a specific purpose, namely CusO(HTL)/
CsPbI,Br)/TiO(ETL), where TiO,(ETL) is the electron-transport layer [74], CsPbIyBr is the inorganic perovskite [15] and the
hole-transport layer is CupO(HTL) [75]. The tandem structure which combines the top and the bottom sub-cells is summarized as
Mo/Si(p)/CZTSSe(p)/CdS(n)/ZnO(i)/ZnO(Al)/CupO(HTL)/CsPbIBr)/TiO(ETL), Fig. 1. All physical and geometric properties of
layers are based on the present experimental results (described in the Supplementary Materials) and earlier works described in Tables 1
and 2 The Tables show layer thicknesses, band gaps, doping concentrations together with defect densities and interfaces. Controlling
defect density is necessary for cell performance improvement, and should be carefully made. Otherwise, the defect value may affect the
layer type itself, or may reverse the population type at the interface that may change the electrical behaviour of the structure. The
CZTSSe/CdS interface is taken of neutral type with uniformly distributed estimated density 1 x 10'2 cm ™3, The same remark applies to
other structure layers CZTS, CdS, ZnO and Si, in the bottom sub-cell. The TiO3(ETL), CupO(HTL) and CsPbl,Br layer properties and
defects of the top sub-cell are described in Table 3. The layer defect types and densities are kept fixed, while thicknesses, doping

Sun light

Sun light

1-Zn0O (AZOY0.2um)

n-CdS (0.05um)
P-CZTSSe (1.5um)

Mohbdenum

+ZnQ (0.05pm)
n-CdS (0.05um)

P-CZTSSe (1.5um)

Molvhdenum

(@) (b)

Fig. 1. Schematic showing proposed solar cell structures with double absorber layer CZTSSe/Si for (a) separate bottom sub-cell, and (b) tandem
solar-cell.
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concentrations and band gaps are varied for optimization, while carefully matching the bottom and top sub-cells. In simulations, the
incident power density used here is 1000 mW/cm~2 with AM 1.5 spectrum.

The front aluminum-doped zinc oxide layer, denoted as ZnO(Al) or AZO, which is electrochemically prepared, is added at the top of
the bottom sub-cell in its separate state. The ZnO(Al) layer, considered as a window for incident photons, is important as it combines
between transparency and conductivity. The transparency is due to the wide band gap (~3.3 eV), while the high conductivity (re-
ported from 20 to 1000 Q lem™!) depending on concentration, is ensured by the aluminum doping, based on literature [76-78].

Next, is the n-CdS emitter layer, with a wide band gap of 2.6 eV [79], to form the junction with the p-CZTSSe layer. Both p-CZTSSe
and p-Si layers together form a double absorber layer, to improve the solar cell performance. The double absorber layer is responsible
for photon absorption in a wider range to generate more electron-hole pairs, and is expected to yield higher photo generated current.
Finally, the Mo back contact collects the holes that go to the external circuit, Fig. 1.

3. Results and discussions
3.1. Effects of bottom sub-cell layer parameters

Some physical parameters of bottom sub-cell important layers, CZTSSe and CdS, are studied together to see the effects on the solar
cell performance. The studied parameters are: thickness, doping level and band gap. Other parameters are kept fixed, including Si layer
thickness and doping concentration.

3.1.1. Effect of CZTSSe layer thickness

CZTSSe layer thickness effect on the performance of the bottom sub-cell Mo/Si(p)/CZTSSe(p)/CdS(n)/ZnO(i)/ZnO(Al) has been
studied. The thickness varies from 1 to 2 pm with Si layer thickness fixed at 1 pm. Other parameters are kept constant, as outlined in
Table 1.

As expected, layer thickness affects cell performance, by affecting other phenomena, such as diffusion length. With increased p-
CZTSSe layer thickness, Fig. 2b, open-circuit potential V¢ increases from 0.61 to 0.71 V, and short-circuit current density Js¢ increases
from 28.7 to 36.3 mA/cm?. The Jgc increase is justified by the increased photon absorption with higher thickness, which leads to
generation of more electron-hole pairs, and consequently increased Jsc.

Moreover, the increased p-CZTSSe layer thickness to an extent, lowers the recombination probability. That is because larger space
for charge carriers allows more opportunity for diffusion without encountering recombination. Consequently, Vo¢ increases.

Similar logic applies to fill factor and efficiency improvement. FF increases from 76.7 to 84.2 % by increasing CZTSSe layer
thickness from 1 to 2 pm. With higher Js¢, Voc and FF values, the conversion efficiency increases from ~13.5 % to ~18.4 %, as
described in Fig. 2a.

Despite the findings, the CZTSSe layer thickness should not be too high, for more than one reason. Firstly, to avoid reversible effects
associated with possible trap formation that may increase recombination. Secondly, to avoid photon screening of the Si layer when
using a thick CZTSSe layer, as the wider band gap CZTSSe is a window for the narrower band gap Si layer.

3.1.2. CZTSSe layer doping concentration effect

Keeping the CZTSSe layer thickness at optimal value 2 pm, and the Si layer at 1 pm, the CZTSSe doping concentration is varied from
1 x 10'% to 1 x 10'® em™3. All other parameters are kept fixed. Effects of varying the CZTSSe doping concentration, on cell perfor-
mance, are summarized in Fig. 3. Fig. 3a summarizes photo-current density vs applied bias (J-V) plots for various layer concentrations.
Fig. 3b shows that the cell efficiency increases with increasing doping concentration up to a maximum value 19.07 % at 1 x 10* em 3
concentration. With increased doping concentration, the conductivity and charge carrier transportation increase yielding higher
current density [83]. This is observed by the Jsc maximum value 36.9 mA/cm? at the 1 x 107 ¢cm—3 concentration, Fig. 3c. The
improvement in charge carrier transport increases the FF value, with a maximum value 81.4 % at 1 x 1017 cm > concentration, Fig. 3b.
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Fig. 2. CZTSSe layer thickness effect on bottom sub-cell characteristics. (a) n% & FF%, (b) Jsc and Voc.
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Fig. 3. CZTSSe layer doping concentration effect on bottom sub-cell performance. (a) J-V plots, (b) n% & FF%, (c) Jsc & Voc, (d) Quantum efficiency
variation with wavelength.

The V¢ value decreases to 0.71 V, as expected with increased doping concentration, but the overall efficiency is compensated for by
the increased current density and fill factor values.

Excessive doping concentration, at higher than 1 x 107 ecm™3, shows negative effect on the cell performance. This is under-
standable, as higher concentration leads to higher defect density and more trap formation that encourage recombination. This is
clearly observed in Jg¢ significant lowering at concentrations higher than 1 x 107 cm™3. On the other hand, the value for V¢ remains
the same or slightly lower.

The Si layer doping concentration is kept constant at 10'° cm ™3, and higher than the CZTSSe layer. The doping concentration
difference makes depletion region extend in the side of CZTSSe which is important to create a high electric field at the CZTSSe/Si
interface [84]. This helps in charge carrier separation. Same logic applies to the CZTSSe/CdS interface as well, vide infra.

Fig. 3d shows that the quantum efficiency value systematically increases with increased CZTSSe doping concentration from 1 x
10 to 1 x 107 em 3. The wavelength range is also further expanded to the infra-red range. It can be noted that further increase in
doping concentration from 1 x 10 to 5 x 107 cm™ yields only modest increase in quantum efficiency.

3.1.3. CZTSSe layer band gap effect

The CZTSSe layer band gap value is another major parameter to study, as it may affect the cell performance. The band gap controls
the light absorption behavior. Normally, high absorption coefficient covering most incident photons, in the visible and near inferred
wavelengths, is favored. In the present study, the CZTSSe layer band gap value has been varied in the range 1.00-1.50 eV, while fixing
the Si layer band gap at 1.12 eV. The results are summarized in Fig. 4.

Larger CZTSSe band gap yields a higher Vo, Fig. 4c. That is understandable as a larger band gap creates a higher energy barrier,
preventing charge carriers from easy passage [85]. As a result, the charge carriers experience enhanced separation and reduced
recombination, leading to a higher Voc.

Jsc value increases, with increased bandgap, until a maximum value 37.1 mA/cm? is observed at band gap 1.40 eV, Fig. 4c.
Similarly, FF exhibits a maximum value of 84.7 % at the same doping concentration, Fig. 4b. The bottom sub-cell exhibits a maximum
conversion efficiency 20.23 at CZTSSe band gap value 1.40 eV, Fig. 4b.

With band gap larger than 1.40 eV, the cell parameters Jsc, FF and conversion efficiency all decrease. Only V¢ remains nearly
constant at higher band gap values. At a very high band gap, the photocurrent is lowered due to increased recombination in the
absorber layer, and lowered probability to create electron-hole pairs. Higher band gap does not allow absorption of photons with lower
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energy [86]. Naturally, Jsc and other cell parameters such as efficiency and FF are lowered.

Therefore, an optimal CZTSSe band gap 1.40 eV ensures highest FF and efficiency, Fig. 4b. The need for the Si layer with band gap
1.12 eV is also justified. The Si behaves as a bridge that permits the free passage of hole carriers to the back contact (Mo). With no Si
layer, the work functions of the interface CZTS/Mo are 5.32 and 4.80 eV respectively, with a built potential of 0.52 eV. The Si layer
bridge lowers the potential difference value to obtain a band gap alignment or a flat band mode. Furthermore, the graded band gaps of
CZTSSe and Si layers maximize the absorption and generate more hole-electron pairs. The bi-absorber layer covers the entire visible
radiations, as the CZTSSe layer covers the shorter wavelengths and the Si layer covers the longer wavelengths [87]. The result is more
photon absorption.

3.1.4. CdS emitter-layer thickness effect

The n-CdS layer complements the junction formation with CZTSSe absorber layer. Its physical parameters should thus be opti-
mized. The CdS layer thickness is carefully chosen in the range 0.04-0.10 pm, based on earlier literature [88,89]. Earlier studies used a
layer thickness range 0.04 and 0.05 pm [89,90]. The idea was to make charge-carrier life time longer, by making diffusion length
greater than the layer thickness, to ensure free passage to the contacts. The simulation results corroborate this logic. Fig. 5 shows that
all cell performance characteristics decrease with increased CdS layer thickness. Among various thicknesses, 0.04 pm exhibits highest
efficiency of 20.67 % and FF 84.6 %, Fig. 5a, in congruence with literature [90,91]. Same behavior is observed for Jg¢ and V¢ as shown
in Fig. 5b.

3.1.5. CdS layer doping concentration effect

Effect of varying CdS doping concentration on bottom sub-cell performance is described in Fig. 6. From the Figure, all cell char-
acteristics (efficiency, FF, Js¢ and V() increase with concentration up to a limit (~1 x 107 em™3). At higher concentrations, all
characteristics decrease.

Higher doping concentration leads to improved conductivity and charge carrier mobility. This increased mobility contributes to
higher Jg¢ values. Similarly, for Vo the optimal concentration allows better energy level alignment at the n-CdS/p-CZTSSe interfaces,
with minimal band discontinuity caused by band gap difference.

The findings indicate that higher doping concentrations effectively lower recombination rates by passivating trap states. This leads
to improved FF and efficiency (). Consequently, the global current level in the J-V curve increases with higher CdS doping con-
centrations. However, all such improvements occur but to a certain concentration level. After that, the CdS layer is subjected to more
imperfections and traps that lower Jg¢c and other characteristics.

3.2. The tandem solar cell

Having studied the bottom sub-cell, it is time to investigate the complete tandem solar cell as a whole. An in-depth analysis, using
contour profile approach, to thoroughly investigate and understand the intricate effects of manipulating thickness and band gap for the
tandem solar cell layers, is presented. The objective is to optimize these parameters in order to maximize performance of the proposed
tandem cell. Heat maps are two-dimensional representations of data, where colors represent the values. Heat maps help understand
complex data sets. Color representation is the easiest way to present the data and to correlate data values, as proposed earlier [40]. The
change from blue to red indicates increased performance. Contour plots are also graphical presentations for 3-dimensional surfaces, by
drawing constant z-slices (contours) on two-dimensional formats. Thus, at a given z value, lines connecting the (x,y) coordinates are
drawn [41].

The focus here is on the top sub-cell involving CupO(HTL), CsPbI,Br (active layer) and TiO2(ETL), using optimized parameters
simulated for the bottom sub-cell described in Section 3.1 above.
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3.2.1. CZTSSe and CsPbI,Br perovskite layer thickness effects

Layer thicknesses for both CZTSSe and CsPbI»Br perovskite are varied simultaneously. That is to ensure calculation accuracy and
minimize errors associated with calculations made separately. The CZTSSe layer thickness is varied from 1.1 to 2.2 pm, while the
CsPbI,Br layer thickness is varied between 0.1 and 1.2 pm. Relatively wide ranges are used to find optimized values. For the CZTSSe
layer, the values are based on bottom sub-cell thicknesses described above. For the perovskite (top sub-cell), small layer thicknesses are
chosen to avoid any photon screening. All other parameters are kept fixed. By progressively increasing the thicknesses of both CZTSSe
and CsPblIyBr perovskite layers, within the tandem solar cell, the cell characteristics initially increase, as observed from varying colors
in Fig. 7. With thicker CZTSSe and CsPbI,Br perovskite layers, higher absorption of photons occurs. Thus, a higher number of electron-
hole pairs are generated, leading to an increased Jg¢ as observed in Fig. 7e and f.

Maximum values of efficiency (>30 %) and FF (>81 %) correspond to layer thickness combination of 1.8 and 0.9 pm for CZTSSe
and perovskite, respectively, as shown in Fig. 7a-d. The highest Jsc and V¢ values, 27.7 mA/cm?and 1.81V, respectively, occur at the
same layer thickness combination, Fig. 7e-h. One may question why the optimal combination occurs using thinner perovskite (0.9 pm)
than CZTSSe (1.8 pm). This is because the perovskite is placed at the top, and being thinner prevents photon screening away from the
CZTSSe layer.

As described above, thick absorber layers enable more absorption and higher number of electron-hole generation, leading to higher
Jsc, as reported earlier [92]. On the other hand, too high thickness values cause more recombination that lowers Js¢, FF and n.

It should be noted that the maximum Jg for the tandem cell ~27 mA/cm?, at optimal thicknesses, is smaller than the value for the
separate bottom sub-cell ~37 mA/cm?. This is not unexpected, as the two sub-cells in the tandem structure are connected in-series, and
the total current is determined by the smaller one. On the other side, the maximum Vj for tandem cell, at optimal thickness values, is
1.81 V, which is nearly the summation of V¢ value 0.80 V for bottom sub-cell and 1.00 V for top sub-cell.

3.2.2. CZTSSe and CsPbI,Br perovskite band gap effects

Band gaps affect the tandem cell performance. The present structure involves a larger band gap for CsPbI,Br perovskite layer that
absorbs shorter wavelengths, and allows passage of longer wavelength photons towards the bottom sub-cell absorbers [93]. In the
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Fig. 7. (continued).

present study, effects of band gaps of both CZTSSe and CsPbI;Br perovskite layers have been studied, as described in Fig. 8. In the
simulation, band gap values in the ranges 1.00-1.50 and 1.40-1.90 eV for CZTSSe and perovskite, respectively, are used. The optimal
layer thicknesses observed from Fig. 7, namely 1.8 and 0.9 pm for CZTSSe and perovskite, respectively, are used. Again, the perovskite
layer thickness is being lower than that for CZTSSe layer [94], as discussed above.

At the beginning, increasing band gaps of both layers, CZTSSe and CsPbI,Br perovskite, increases the efficiency values from 20 to
21 % (in blue color) to 22-23 % (in yellow color) till the highest value 32.27 % is achieved, Fig. 8a. The 1.40 and 1.65 eV band gaps for
CZTSSe and CsPbI,Br, respectively, show the optimal combination. Highest characteristics, expressed as efficiency (32.27 %), Jsc¢
(27.4 mA/ cmz), FF (81.8 %) and V¢ (1.81 V), are observed at these band gap values, Fig. 8a-h. A wider band gap typically results in a
higher Vo value [95], by enabling larger built-in potential and reducing recombination [96]. The Figure shows also that higher ef-
ficiency values are achievable when the band gap for the perovskite is wider than for CZTSSe, in congruence with literature [94] as
described above.

The relatively wide band gap (1.65 eV) for CsPbI,Br is useful in the CsPbI;Br/TiOy and CsPblyBr/CuyO (HTL) interfaces. The
discontinuity between the CsPbl,Br and the hole transport layer CupO(HTL) is lowered which allows a free passage for the holes with
no difficulty. Hole transport layers are normally carefully chosen based on that in perovskite solar cells [97]. The perovskite
conduction-band energy level must be higher than TiO2(ETL) layer to avoid electron recombination in the region [98]. Similarly, the
CsPbI,Br valence-band level should be aligned at lower than CusO(HTL). Moreover, the built potentials at the CsPbI,Br/TiO5 and
CsPbI,Br/CuyO(HTL) interfaces are responsible for the charge carrier collections at the two sides.

It should be noted that in both separate bottom sub-cell and tandem cell, the optimal CZTSSe band gap 1.40 eV is matching well
with the perovskite band gap 1.65 eV. Good matching between band gaps of perovskite and CZTSSe layers improves the performance
of the structure. At higher band gap values, the cell efficiency, Jsc and FF decrease, Fig. 8a—f. This is understandable as wider band gaps
limit photon absorption and lower charge carrier generation, which affects Jg¢ and consequently the efficiency. V¢ is not strongly
affected as observed from Fig. 8g and h. That is because the built-in potential increases with band gap values.
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3.2.3. CZTSSe and CsPbI2Br perovskite doping concentration effects

Effects of doping concentrations of both CZTSSe and perovskite layers have been studied. The doping concentration is responsible
for transportation of charge carriers and electrical conductivity in the semiconductor material. The doping concentrations have been
varied here in the ranges 1013 -10'7 and 10° - 10'® cm ™ for the perovskite and CZTSSe layers, respectively, Fig. 9. Other parameters
have been kept fixed.

Fig. 9 shows that with increased doping concentrations the tandem cell characteristics are improved. With higher doping con-
centrations, the semiconductors have higher conductivity which allows higher photocurrent [99]. The highest tandem cell charac-
teristics are observed at optimal doping concentrations 1 x 1017 and 1 x 10%® em ™3 for CZTSSe and perovskite, respectively. At these
concentrations, the efficiency and FF maximum values are 32.41 % and 79.89 % respectively, while Js¢ and Vp¢ assume maximum
values of 37 mA/cm? and 1.82 V, as observed from Fig. 9a-h.

At concentrations lower or higher than these (optimal) concentrations, cell performance decreases. Therefore, increased doping
concentration has two opposing effects, as it may increase or lower performance. Similar behaviors were also earlier reported [99]. At
doping concentrations other than the optimal ones, there is a decrease in motilities leading to increased recombination centers at the
interfaces TiOy/CsPbI,Br, CuyO/CsPbI,Br, CdS/CZTSSe and CZTSSe/CdS. Moreover, too high concentrations create crystal defects and
electron traps that further lower cell performance.

The cell performance is also greatly affected by the ETL conduction band offset (between ETL and absorption layers, and by defect
density at the interface. As known, the ETL/perovskite (TiOy/CsPbI,Br) are of different types and lead to the creation of the junction.
This is due to the resulting electric field that controls the carrier transfer to the two contacts. It may also lead to recombination in this
zone, especially if the ETL layer is not carefully chosen in terms of band gap value. Therefore, the band gap must be suitable for the
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Fig. 8. (continued).

perovskite, to facilitate the electron carrier free passage. The perovskite conduction band level must be higher than the ETL layer
conduction band. Moreover, the ETL, perovskite and HTL materials must be stable to heat and humidity to yield durable tandem solar
cells [100].

3.3. Tandem cell vs. separate sub-cell comparison

Fig. 10 shows that the top sub-cell, with the relatively wide-band gap CsPbI,Br perovskite, exhibits higher V¢ (1.06 V) but smaller
Jsc (27.4 mA/em?). With a relatively wide band gap, the low Jgc is expected as shorter wavelength photons are only involved, while the
Voc value is increased. All other longer wavelength photons go through to the CZTSSe and Si bi-absorber layer. The bottom sub-cell,
exhibits high Jsc 37.18 mA/cm? and low V¢ 0.746 V. This is expected from the relatively narrow band gap value for the bi-absorber
layer. Table 4 summarizes these results.

As per the tandem solar cell, entries # 2 and 3 in Table 4 show that the Jg¢ value (27.79 mA/cm?) resembles the low value for the
top sub-cell. This is understandable as the two sub-cells are connected in series, where the lower current determines the total current,
as discussed in Section III.2.a above.

Table 4 also shows that the V¢ value (1.81 V) for the tandem cell approximately equals the summation of V¢ values for the bottom
and the top sub-cells combined, entries # 1-3. Again, this is due to the serial connection of the two sub-cells together in the tandem
cell.

Despite the fact that the tandem cell shows lower Js¢ than the bottom sub-cell separately, the overall conversion efficiency for the
former is much higher. The much higher V¢ in the tandem solar cell makes up for its relatively low Jg¢. Table 4, entries # 1-3, show
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that the tandem-cell conversion efficiency value approximately resembles the sum of values for the separate sub-cells.

Comparison of entry # 3 with entry # 5, shows that the inclusion of Si in the bottom sub-cell gives improvement in Js¢, Voc and
efficiency, despite that the reference used a four-terminal tandem cell. Inclusion of Si in the CZTSSe/Si double absorber layer allow
absorption of photons with a wider wavelength range. Comparison with earlier systems, those including CIGS layers (entries # 6,7 and
8) shows the that the present tandem solar cell has higher conversion efficiency while using the safe, abundant elements in the CZTSSe
layer.

The findings underscore the practical value of combining the CZTSSe/Si bottom sub-cell, with the top CsPbI,Br perovskite sub-cell,
in tandem solar cell design. A highly efficient tandem cell has been constructed by combining the two sub-cells, on the condition that
their layer thicknesses and band gaps are optimized and aligned together. The synergistic effect of these optimized parameters and
materials yields a substantial enhancement in solar cell efficiency, opening up new possibilities for the development of highly efficient
and sustainable energy technologies.

4. Conclusion

A novel tandem-solar cell structure is proposed here by simulation using the SCAPS numerical simulation software. The tandem cell
configuration involves two sub-cells. The bottom sub-cell, Al-ZnO/i-ZnO/n-CdS/p-CZTSSe/p-Si, has been optimized in layer thickness,
doping concentration and band gap. The optimized characteristics are: open-circuit potential 0.742 V, short-circuit current density
37.18 mA/cm?, fill factor 85.03 % and overall efficiency 20.94 %. The optimal bottom sub-cell parameters have been used in the
tandem-solar cell that involves the top sub-cell TiO5/CsPbI;Br/Cu0, utilizing parameters obtained from experimental results (Sup-
plementary materials) and earlier studies. The optimized tandem-solar cell exhibits a high efficiency of over 32.41 %, with a fill factor
of 79.89 %. Based on the present results, it is highly recommended to do more simulation and experimental study on tandem solar cells

13



N. Selmane et al. Micro and Nanostructures 194 (2024) 207940

(e) (f)

—_ Jsc(mA/cm?) Jsc(mA/cm?)
exp
27 IIETIEE 16.84 17.54 19.64 20.51 21.05 19.3 277
A % 26
= 25 E Sexpl6 70.32 5
b5 ~
2 24
B = 23
4 22 26.43 263 »
z 4
3 21 2
2 2 2 21
A 19 2, 20
™ —
& ol s 9 165 19.7 57 24.78 [l 2 : 19
g 17 E ‘ 18
‘g lexpl4 16 & lexpl4
& p 5 17
§*5expl3 ) % 16
& 15
(=]
lexpl3 L - 17.9 19.7 "

Dopage of CZTSSe layer (cm™

Dopage of CZTSSe layer (cm™)

&

(h)

<
I3
=
=

lexpl7
Sexpl6
lexpl6
Sexpl5

lexpl5

M_m_
Y 5 ¥ g
¢ & £ &
S A A
S w W o

Sexpl4

lexpl4

o

%
3

=

I
8
&

B
b

Sexpl3

Dopage of CsPbl,Br perovskite layer (um)
Dopage of CsPbl,Br perovskite layer (um)

lexpl3 lexpl3

© © © ~
o o o S,
= I3 % I3

1} 5 5}

Do;age of CZTSSe laye:(cm'

%)

Dopage of CZTSSe layer (cm™)

Fig. 9. (continued).

—O— Tandem solar cell
—@— Top sub-cell
—®— Bottom sub-cell

R RRRRRO~RRHE

i T s
1;11'111"11«11;1"'11'q'. ALl i

— (%] N
n =] 0
T T

Current density (mA/cm?)
B
T

0 1 1 1
00 02 04 06 08 1.0 12 14 16 1.8

Voltage(V)

Fig. 10. Simulated J-V plots for bottom and top sub-cells, together with the proposed tandem cell.

14



N. Selmane et al. Micro and Nanostructures 194 (2024) 207940

that involve safe and low-cost double absorber layers such as CZTSSe/Si.
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