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Halide perovskites have risen in popularity as appealing light absorber materials, owing
primarily to their wide range of applications in solar cells, lasers, photodetectors. However, lead-
containing perovskites have the potential to cause substantial environmental damage. As a result,
there is a significant need to produce environmentally acceptable lead-free perovskites. In this
work, we studied the single, double and triple halides perovskite by numerical simulator SCAPS-
1D for maximum performance. We have optimized the absorber layer thickness, Na/Np/N: and
interface defect density, back contact electrodes, and temperature effects in a single absorber
layer structure. Further, we have optimized the double and triple-layer absorbers for perovskite
solar cell structures. The maximum efficiency achieved in the double halide perovskite solar cell
is Voc = 1.54 V, Jsc = 24.04 mA/cm?, FF = 82.72 %, and PCE = 30.06 %. Such performance is
due to the absorption coefficient spectrum with a wide range of energy band gaps. This has
proved its suitability for photovoltaic devices. Overall, our findings reveal that Cs,TiXs (X = Br,

Cl, I) Pb-free perovskites have promising and potential features for device performance.
Keywords: Cs,TiBrs, Cs2TiClg, Cs2Tils perovskite, inorganic HTL & ETL, SCAPS-1D

1 Introduction
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In recent years, organic-inorganic hybrid perovskite solar cells (PSC) have received a lot of
interest due to their remarkable optical and electrical characteristics [1]. PSCs have a maximum
conversion efficiency of more than 30 %, beating numerous other types of 3™ generation
photovoltaic cells [2, 3]. After traditional silicon solar cells, perovskites emerge as the most
promising contender for the next generation of devices. The main issues for the
commercialization of conventional ABXs structures with cation (A) = (NH2)2CH (FA), CHzNH3
(MA), Cs, metal (B) = Ti, Sn, Pb, and halide (X) = Br, Cl, I, are toxicity and stability. Their
band gap is tunable between 1.2 - 2.3 eV via changing the composition of cation, metal and
halide [4]. Titanium is a key component in lead-free PSCs because it has a comparable valence
and diameter to lead. This led researchers to replace lead with titanium to create ATiXs
perovskite films [5]. The titanium-based structure is most stable than other perovskite structures.

Titanium is earth-abundant, biocompatible, thermally stable and nontoxic [6].

The organic materials in the absorber layer, or used as electron and hole transport layer, also
suffer from instability in the presence of environmental moisture, light and oxygen [7].
Furthermore, numerous organic charge transfer materials react with the absorber material,
exhibiting hostile behaviour due to hygroscopic features, and are expensive to prepare [8]. In
order to overcome these drawbacks, scholars are looking forward to inorganic charge transfer
materials which offer improved transparency in the ultraviolet, infrared, and visible spectrums,
as well as chemical stability, superior thermal properties, high charge carrier mobility, wide

bandgap, and a simple synthesis process [9].

The experimental synthesis and theoretical prediction of lead-free Cs,TiXs: X = Br, ClI', I based
PSCs have shown changes in the band gap and vacancy-ordered structures [10, 11]. These

materials can be used in stable and highly efficient PSC. The theoretical performance of CsTiBrs



based PSC using hole and electron transport material such as CuSbS; and La doped BaSnO3z was
investigated at 29.13 % [12], which is higher than Pb-based PSC. Our group also studied the
theory of the CsTiBre-based PSC using the different hole and electron transport material, doping
density, interface layers, back contact and temperature effect (under review). We have optimized
the best electron and hole transport material for CsTiBre-based PSC due to the maximum
electron and hole extraction from the absorber layer with lower energy level mismatch between

HOMO and VBM.

In this study, we have found an optimized electron transport material (IZGO) and hole transport
material (CuSbS,) for PSCs. These HTL and ETL show excellent band alignment with the
absorber layer. We have investigated the single, double and triple-layered perovskite absorbers
with different thicknesses, doping concentrations and interface layers. We reached an optimized
perovskite solar cell with high efficiency by a combination of a single, double and triple layer of
absorber material. We report the PVSc performance parameters, including open circuit voltage
(Voc), short circuit current density (Jsc), fill factor (FF), and power conversion efficiency (PCE),
which will aid in designing stable and environmentally friendly Ti-based cells for future

exploitation.

2 Simulation Structure

The simulated PSC with a single, double and triple absorber layer structure is a one-dimensional
(1D) n-i-p planar hetero-junction configuration, as shown in Figure 1. The simulation platform
used is the Solar cell capacitance simulator (SCAPS) version 3.3.10. It is based on solving three
equations including the Poisson equation, and the continuity equations for electron and holes.

The equations are as follow:



Poisson equation: —:—x(—e(x)g—Z) =q[p(x) —n(x) + Ny (x) — Ny (x) + p(x) — n(x)] (i)

op _190]p

Continuity equation for the hole: % = 7 o +Gp — R, (i)
Continuity equation for electron: Z—’Z = 5 ‘% + G, — R, (iii)

Where q is the charge, ¢ is the dielectric permittivity, V is the potential, p(x) is the free holes
concentration, n(x) is the free electrons concentration, N (x) is the ionized donor concentration,
N, (x) is the ionized acceptor concentration, pt(x) is the hole trap density, n«(x) is the trap density
of electron, Jn is the current density of electron, Jp is the current density of hole, Gy is the
electrons generation rate, Gp is the holes generation rate, R, is the recombination rate of an

electron, Ry is the recombination rate of the hole.

In the single absorber layer structures, we used Pb-free inorganic Cs;TiBrs, Cs2TiCls, and Cs,Tils
as photoactive layers, inorganic n-1ZGO as ETL, and inorganic p- CuShS; as HTL. In the double
absorber layer structures, we have used Cs TiBre/Cs:TiCls, Cs TiCle/Cs2Tils, and
Cs2TiBre/Cs,Tils as photoactive layers. In the triple absorber layer structures, we have used
Cs2TiBre/Cs,TiCle/Cs2Tils as photoactive layers. The basic n-i-p structure of the proposed
simulation is depicted in Figure 1. Table 1 summarizes the input values extracted from literature
and theories for SCAPS-1D numerical simulation using the data in references [13-16]. In these

simulations, the interface defect layers are also important to consider.

Table 1 Input parameters of the CsTi-based PSCs

Properties CuSbS> Cs2TiBrs Cs2TiCls | Cs2Tils 1ZGO FTO
(HTL) (ETL)

Thickness (nm) 350 1000 1000 800 30 500
Eq (eV) 1.580 16 2.23 1.8 3.050 3.2
y(eV) 4.200 4.470 4.00 3.98 4.16 4.4

Nv (1/cm?®) 1x10'8 2.14 x10®° | 1 x10%° 1x10*8 5 x108 1.8 x10'8




Nc (L/cmd) 2.x1018 6x10%° 1x10° | 1x10® | 5x10® | 2.2 x10%
te (CM?Vs) | 4.9 x10! 44 x10° | 44x10° | 44x10° | 1.5x10% 2 x10°
up (cm?/Vs) | 4.9 x10° 25x10° | 2.5x10° | 2.5 x10° | 2 x10™ 1 x10°
Np (1/cm?) 0 107 107 10% 108 107
Na (L/cm®) 102 107 107 106 0 0

Nt (1/em®) 108 107 107 107 105 10%

Glass /

FTO 7 |

ETL (IZGO)

i Cs,TiXs (X = Br, CL, I) (Perovskite Layer)

HTL (CuSbS,)

Figure 1. schematic diagram of the proposed n-i-p structure

We have used the optimized thickness in the simulated structures in previous work of ETL and
HTL. In the current device, HTL is connected to the back metal contact and the ETL to a
transparent conductive oxide ITO. It should be noted that the construction is illuminated by an

AM1.5G solar spectrum with the density of incident power 100 mW/cm?.
3 Results and discussion
3.1  Optimization of Single Perovskite Layer Solar Cell

3.1.1 Effect of perovskite thickness on the performance




The perovskite layer is formed of Ti-based absorber material in solar cell devices and plays a
vital role in cell performance. The thin film thickness of the absorber material is essential in
optimizing device efficiency. Equilibration of photo-generated holes and electrons via known
recombination and absorption should be achieved. It is essential to perform an optimization

procedure for the absorber thickness in a PSC. We have fixed the thickness of ETL (20 nm) and

HTL(200 nm).
Glass Glass /
FTO ] FTO I/
I1ZGO |/ 1ZGO l
Cs,TiBrg ¢ ¢

CuSbs,

a C

Figure 2. schematic diagram of the single absorber layer perovskite structure.

In the current simulation, to boost the device efficiency of single perovskite layer PSCs, we have
changed the thickness of the single perovskite layer from 0.1 um to 1.0 um. The JV and QE
characteristics of the three different single-layer structures are shown in Figure 3. The IV
parameters, such as Voc, Jsc, FF, and PCE have been determined with a variation of thickness, as
depicted in Figure 4. The Voc value increases with the rising absorbing layer thickness in
Cs2TiBrs and Cs2TiCls but slightly decreases in the Cs,Tils structure. The decrement in Voc is

due to the more carriers recombination rate. The Voc value increases in the Cs,TiBreg and



Cs2TiCle structures due to the improvements in recombination. The results of all structures reveal
that Jsc grows with the layers thickness, which shows the maximum current density at 1.0 um
thickness. This indicates that the high generation of hole-electron pairs with more photon
absorption can be achieved at the maximum thickness for the simulations performed. The Voc
and Jsc values linearly increase with the perovskite layer thickness due to the increasing ration
between carrier density versus recombination rate. This is clear since the Voc is dependent on the

device's dark saturation current and the photo-generated current, as stated in equation 1 [17].

KT ] .
VOC = nTln I:]LOC - 1] (lV)

Where n = ideality factor, nkT/e = thermal voltage, Jsc = current density from the light generator,
Jo = dark saturation current. The Jo depends on the charge carrier recombination rate in the cell.
The FF value has slightly reduced with the perovskite layer thickness rising due to high shunt
conductance and series resistance. The non-linear behavior of Voc and FF with absorber layer
thickness is due to two main reasons, the presence of carrier trapping centers in the absorber
layer and the changing of the bandgap profile. The PCE values of all structures increase with the
perovskite layer due to the reduced carrier recombination rate. We have optimized the high
efficiency in all the structures with a single absorber layer at 1.0 um, which are follows: for the
Cs2TiBrs structure Voc = 1.17 V, Jsc = 24.27 mA/cm?, FF = 84.45 % and PCE = 24.09 %. In the
CsTiCle structure Voc = 1.94 V, Jsc = 9.23 mA/cm?, FF = 57.45 % and PCE = 10.31 %. And
alst in the Cs,Tile structure Voc = 1.18 V, Jsc = 17.98 mA/cm?, FF = 76.20 % and PCE =

16.17%.
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Figure 3 JV and QE characteristics of the single layer perovskite Cs,TiXs (X = Br, Cl, 1) such as

(a & b) JV and QE of Cs,TiBrs (¢ & d) JV and QE of Cs,TiCls (e & f) JV and QE of Cs;Tils
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Figure 4. IV parameters of the thickness of single layer perovskite Cs>TiXs (X = Br, ClI, 1) solar

cell
3.1.2 Effect of acceptor and donor defect density on the performance

A p-type absorber layer with acceptable optoelectronic characteristics is very desirable. We will
delve further into the p-type absorber characteristics that impact the performance of the proposed
device. We study how the p-type perovskite doping concentration impacts the device
performance of Lead-free PSC since performance may be improved by controlling doping
concentration. Figure 5 shows the dependence of the IV parameters of the device for different

acceptors doping concentrations in the absorber layer in the range 10'°-10%? cm?,



The Auger recombination can be highly significant when the doping density is high (>10*° cm).
The internal electric field of the devices can also increase with doping density. A strong internal
electric field enhances the solar cell performance and the separation of photo-generated carriers.
Nevertheless, high doping levels cause Auger recombination to rise and Vo to drop. Due to this,
the highest doping level in the photo-absorber layer in our simulation was fixed at 10'° cm™,
Furthermore, extremely high p-type doping levels in the absorber layer can restrict hole transport
from the perovskite to the HTL due to increased impurity scattering and recombination rate in

the absorber layer. For further simulation, we used the acceptor density for the absorber Cs,TiBrg

& Cs;TiCls layers of 10'° cm™, and for the absorber (Cs;Tils) layer we chose 10 cm?,

After optimizing the acceptor doping density value of the absorber layer, we changed the donor
doping concentration of the perovskite layer. Figure 6 depicts the variation of IV parameters of
the solar cell for various donor doping concentrations in the perovskite layer in the range 10°-
1022 cm3. All the 1V parameter values remain the same with increasing the Np value from 10*°to
107 cm3. The IV parameters value variates with a further increase in the Np value due to
recombination and scattering processes. The recombination rate increase with increasing the Np
value from 10 cm™. In Figure 6, the fill factor value abruptly increases with an increase in
donor defect density, which may be due to the non-linear behavior of the solar cell at high Np
value. This could occur if the increased donor defect density causes a shift in the maximum
power point to a higher voltage, while the Voc and Jsc also slightly vary. In this case, the fill
factor values have increased, even though the overall efficiency of the solar cell have reduced
due to increased recombination losses. We have optimized the Np value of 102 cm™ for all the

structures. For further simulation, we used the optimized Na and Np values.
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Figure 5 the acceptor defect density of a single absorber Cs,TiXs (X = Br, Cl, I) solar cell
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Figure 6 the donor defect density of a single absorber Cs,TiXe (X = Br, Cl, 1) solar cell

3.1.3 Effect of defect density on the performance

The absorption, recombination and generation process in the perovskite layer depends on the
defect density and quality of the film. Figure 7 depicts the fluctuation in IV parameters with
changing the defect density (N:) of all the single absorber layer perovskite solar cells. The N; of
perovskite is the primary cause of carrier recombination rate, which reduces the efficiency of
PSCs and hence limits the scope of attaining the Shockley-Queisser limit [18]. According to the
Shockley-Read-Hall or Trap-aided theory, recombination is the major source of the loss process

in PSCs [19]. It may be lowered by enhancing the quality of the absorber layer, reducing grain



boundaries, and passivating the defect traps at the surface or bulk of the absorber layer, which is
directly related to the crystallization rate during the formation of the layering process [20]. The
Shockley-Read Hall recombination can be expressed by equations (v) and (vi), where on and op
represent the capture cross sections of electrons and holes, Vi represents thermal velocity, E:

represents the Nt level of the trap state, and E; represents the intrinsic level of energy [18].

RSRH = ¢, pVenNe np+n1§ —E; (v)
’ n+p+2n;cos(“F )
L=+vDxt (vi)
Where,
p="HKeT/ xp (vii)
=10 N, (viii)

Where, L is the diffusion length and depends on the D and 7. Equations (vii) and (viii) show that
the increasing N causes a high charge recombination rate. The increase in carrier recombination
is related to a decrease in diffusion length in the perovskite layer. The Vo, FF and PCE values
reduce with the rising N¢ value. The Js value remains constant until 106 cm= of all the structures
due to the internal electric field, then decreases with the N; value. Enhancing the carrier
recombination rate reduces carrier lifetime, decreasing device performance. Then we used the
acceptable range value (101° cm=) of Nt in all structures. This number sets an important device
manufacturing constraint. Researchers working on manufacturing Pb-free perovskite absorbers

thus must aim to obtain materials with at least this range of defect densities.
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Figure 7 fluctuation of IV parameters with changing the defect density of single absorber

Cs2TiXe (X = Br, ClI, 1) solar cell
3.1.4 Interface layer defect density

We have added the interface defect density between CuShSa/perovskite and Peroveskite/1ZGO
layers in all the single absorber layer structures for a more realistic structure. The interface defect
densities impact the stability of PSCs and efficiency. We have simulated the PSCs performance
by varying interface defect density between CuSbSa/perovskite and Peroveskite/IZGO layer from
101% cm to 10%° cm™ to estimate the effect of the interface layer on the device efficiency. We

have considered the defect position at the interface layer with uniform energy distribution. Figure



8 shows the cell performance by changing the CuSbS,/absorber layer defect density interface
layer for all single perovskite layer structures. All the IV parameters for the Cs,TiXs (X = ClI, 1)
perovskite solar cell structure remain constant for all the values except the variation of Voc and
FF values for Cs;TiCls at 10%, 10* and 10%° cm. The IV parameters for the Cs;TiBrs PSC
structure decrease with increasing the interface defect density. The decrement of the device
efficiency with raising the interface defect caused to trapping, scattering and recombining of
holes at the interfaces during the travelling CuSbS; to the perovskite layer. We have used the
10 cm interface defect density between CuShS,/Cs,TiBrs layers for further simulation. We
have used the 10 cm™ interface defect density between CuSbSa/ Cs,TiXs (X = Cl, 1) layers for

further simulation.

Figure 9 shows the cell performance with changing the interface layer of absorber/IZGO layer
defect density for all single absorber layer structures. All the IV parameters for the Cs,TiXs (X =
Br, CI, 1) perovskite solar cell structure exponentially decrease with raising the defect density.
The decrement of all single absorber layer device efficiency with increasing the interface defect
is caused by trapping, scattering and recombining of an electron at the interfaces during
travelling perovskite to 1ZGO layer. We have used the 10*° cm interface defect density between
perovskite/IZGO layers for further simulations. We have simulated the following results with
optimization of interface layer density in Cs;TiBrs structure Voc = 1.175 V, Jsc = 24.27 mA/cm?,
FF = 84.45 % and PCE = 24.09 %. In Cs.TiCle structure Voc = 1.84 V, Jsc = 9.25 mA/cm?, FF =
64.24 % and PCE = 10.93 %. In CsTile structure Voc = 1.27 V, Jsc = 17.55 mA/cm?, FF = 85.6
% and PCE = 19.03%. Once again, the values of allowable defect densities found here should

indicate the requirements for experimental material manufacturing.
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Figure 8 illustrates the fluctuation of cell performance with the defect density of the interface

layer between HTM and the Peroveskite layer
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Figure 9 illustrates the fluctuation of device efficiency with the defect density of the interface

layer between the Peroveskite layer and 1ZGO

3.1.5 Metal back contact

Figure 10 shows the fluctuation of the IV parameters of the cell using the different back metal
contact with work function from 5.1 to 5.9 eV. The Vo value decreased from Au (5.1) to Ni (5.5)
for the structure using the C,TiCle absorber layer. But the Vo value increases from Au (5.1) to
Ni (5.5) for the structures using C>TiBrs & C,Tils absorber layer. All the 1V parameters remain
constant with changing the back metal contact from Ni (5.5) to Se (5.9). The maximum

performance of all structures for high metal work metal function is due to the reduction in



reverse saturation current from the increased field effect and extraction provided by the high WF.
The holes easily move towards the HTM to back contact, causing the reduction of the reverse
saturation current [13]. The high metal work function materials are not chemically reacted with
the CuSbS; and perovskite layer. We have optimized the maximum PSC performance with the
high work metal function of back contact, which is greater than 5.5 eV. We can use any back

metal contact such as Ni, Pd, Pt, Se.
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Figure 10 illustrates the fluctuation of IV parameters with different back contact metal work

function

3.1.6 Temperature dependent performance



To understand the effect of environmental temperature on device performance, the external
temperature of the optimum device structure is adjusted from 300 K to 420 K. Figure 11 shows
the linear fluctuation of IV parameters at different temperatures. It is observed that efficiency
and device performance steadily decline with increasing temperature, consistent with previous
results [16]. The loss in performance of perovskite materials at higher temperatures can be
attributed to the temperature dependence of material parameters, such as the recombination rate,
bandgap, and absorption coefficients. As the temperature increases, the recombination rate of
charge carriers in the material also increases, leading to a decrease in the efficiency of the
material. In addition to the recombination rate, other material parameters such as mobility and
carrier concentration may also be temperature-dependent and contribute to the loss in
performance. As the external temperature rises, so does the stress deformation, which affects the
performance of the device. The high temperature influences the diffusion length and results in

the series resistance rising, lowering the FF and PCE of the solar cell [21].
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Figure 11 illustrates the linear fluctuation in IV parameters with changing the temperature

Finally, we have optimized the physical parameters of a single absorber layer perovskite

structure with maximum efficiency. In all the CsTi-based perovskite solar cell structures, we

have improved the best absorber layer thickness, absorber and donor density of the absorber

layer, defect density and interface CuShS»/absorber and absorber/1ZGO defect density. We have

optimized the efficiency of the single absorber layer structure in Cs,TiBrs structure Voc = 1.33

V, Jsc = 24.28 mA/cm?, FF = 90.46 % and PCE = 29.19 %. In Cs,TiClg structure Voc = 1.54 V,

Jsc = 9.26 mA/cm?, FF = 88.77 % and PCE = 12.68 %. In Cs,Tils structure Voc = 1.43 V, Jsc =

17.57 mA/cm?, FF = 89.83 % and PCE = 22.56 %.



3.2  Optimization of Double Perovskite Layer Solar Cell

We have studied the double PSCs structure as shown in the schematic diagram in figure 12. We
have simulated three structures with a double perovskite layer. In these double perovskite
structures, we have added the already optimized parameters. For further optimization, we have
simulated the interface defect density between double perovskite from 108 to 10'° cm™. Figure
13 depicts the fluctuation in IV parameters with varying interface density between perovskite
layers. The solar cell performance remains the same with increasing interface density. We have
optimized the interface defect density value 10 cm™ for all three structures with double
perovskite. We have optimized the efficiency of the double absorber layer structure in
FTO/IZGO/Cs;TiBrs/Cs,TiClg/CuShS,/Se structure Voc = 1.54 V, Jsc = 24.04 mA/cm?, FF =
82.72 % and PCE = 30.06 %. In FTO/IZGO/Cs,TiBres/Cs2Tile/CuShS2/Se structure Voc = 1.37
V, Jsc = 2410 mA/cm?, FF = 8455 % and PCE = 2805 % In
FTO/IZGO/Cs;TiCle/Cs,Tils/CuShS2/Se structure Voc = 1.43 V, Jsc = 17.53 mA/cm?, FF =
89.52 % and PCE = 22.49 %. The efficiency increases with the double perovskite structure due

to increased absorption with different band gap layers.



Figure 12. schematic diagram of double perovskite solar cell (a) Cs.TiBre/Cs;TiCls (b)

Cs2TiBre/Cs.Tils (€) Cs2TiCle/Cs,Tile
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Figure 13 IV parameters of the double PSC by varying the interface defect density between both

absorber layer
3.3  Optimization of Tripple Perovskite Layer Solar Cell

As shown in the inset schematic diagram, we have numerically simulated the triple PSC
structure. The JV and QE properties of triple absorber layer PSC are shown in figure 14. We
have simulated the triple perovskite solar cell structure with absorber layer Cs>TiXe (X = Br, Cl,
). We have already used optimized parameters such as absorber and donor defect density of the

perovskite layers and interface defect density. We have numerical simulated the following



FTO/IZGO/Cs,TiBre/Cs,TiClg/Cs, Tils/CuShSy/Se structure: the Voc = 1.61 V, Jsc = 9.26

mA/cm?, FF = 88.50 % and PCE = 13.19 %.
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Figure 14 (a) the JV and (b) QE properties of the triple absorber layer PSC

4 Conclusion

In this study, a single, double and triple active absorber layer Cs,TiXe (X = Br, Cl, ) perovskite
solar cells have been simulated and analyzed using SCAPS-1D numerical simulator. CuSbS; has
been used as HTL and 1ZGO as ETL. The PCE of more than 30 % was achieved by carefully
designing the device parameters. In order to optimize efficiency, we found the suitable
parameters such as the thickness of the perovskite layer, acceptor and donor defect density and
defect density of the perovskite layer, interface defect density, back metal electrodes and
temperature effect. We have also optimized the interface defect density between absorber layers
in the double perovskite solar cell structure. This theoretical research will lay the groundwork for
new approaches to developing efficient lead-free single, double and triple PSCs with maximum
performance and stability. The results here will aid materials design and manufacture for future

photovoltaic devices.
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