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Abstract: The development of lead-free perovskite solar cells, is indeed a promising solution to the toxicity
issue associated with traditional lead-based perovskites. These lead-free alternatives aim to maintain high
efficiency while being environmentally friendly. In this context, we aim to propose a novel lead-free double
perovskite solar cell with IGZO as electron transport layer (ETL). It has been demonstrated recently that this
inorganic halide double perovskite with the structure A;BXs is more stable compared to the lead-free perovskite
with the structure ABXs. We design our solar cell with the planar architecture where the perovskite layer is
sandwiched between an electron transport layer IGZO and a hole transport layer MoSe,. This contributes to
efficient charge separation and collection, which is crucial for the performance of the solar cell. Our work
focuses on the optimization and analysis of various key parameters governing perovskite solar cell performance,
including the thicknesses of all layers, the acceptors Na and defects N; charge carrier densities, parasitic series
resistance Rs and the working temperature T. The current-voltage characteristics (J-V), and quantum efficiency
(QE) are analyzed via these key parameters. Our final optimal results, gives an impressive Power Conversion
Efficiency (PCE) up to 25%. These findings represent a significant advancement and proposes the perovskite as
a potential photoactive material in the renewable energy technology.

Keywords: Lead-free halide double perovskite solar cell SCAPS simulation, 1GZO, Acceptors density Na,
Defect density N, Series resistance Rs, Working temperature T.

Introduction

Recently, researchers have turned their attention to investigating the ABX; perovskite alternative structure
known as inorganic halide double perovskites (IHDP) A,BXs (A= K*, Rb*, Cs*, B= Sn?*, Pd®*, Pt?*, X=CI', Br,
I") (Tranka et al., 2018; Bartel et al., 2019). These IHDP structures are being studied for their strong covalency
within the [BXg]? cluster, offering a potential solution to the stability challenges faced by conventional Pb-
based perovskites (Nair et al., 2022). In fact, in addition to the toxicity problem, APbX3 perovskites suffers from
long-term instability caused by degradation after exposure to light, oxygen, moisture or heat, attributed to
polymorphic transformation, hydration or decomposition. Both of these problems hamper their development and
commercialization. (Ji et al., 2023).

Recently, Schwartz et al. (2020) synthesized a promising solar cell based on the IHDP Cs,Ptls with excellent
stability and oxidation resistance, high absorption coefficient (4 x 105 cm™! superior than MAPbI3’ one
105 cm™1) and long carrier life time (superior than 2 us as long as that of MAPbI3). The power conversion
efficiency (PCE) of their adopted structure FTO/CdS/Cs,Ptls (10 — 15 um)/ElectroDAG440B/Cu is about
10.7 % and can enhance to 13.88 % when ethylene diamine EDA (a chemical treatment) is added. This result
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makes Cs,Ptlg one of the most promising photovoltaic (PV) materials for such a first attempt. Furthermore,
Yang et al. (2020) have confirmed the stability (experimentally and using ab initio calculation) of their
synthesized IHDP Cs;Ptlg even when exposed to extreme condition such high humidity, high temperature and
UV-light irradiation.

Using the one-dimensional solar cell simulator capacitance software SCAPS-1D (Burgelman et al., 2021).
CsyPtlg was also theoretically studied by Shamna et al. (2022), AbdElaziz et al. (2022), Amjad et al. (2023).
They showed that the PCE of their optimized structure  FTO/ZnO/Cs;Ptle/M0oOs/C,
FTO/WS,/Cs,Ptlg(0.4 um)/Cu,O/C and FTO/SnO,/Cs,Ptls(0.4 um)/MoOs/C can reach 20.45 %, 22.4 % and
23.52 % respectively.

In the ab initio papers of Cai et al. (2017) and Zhao et al. (2021). The co-workers have investigated the
structural, electronic and optical properties of Cs;Ptls and Rb,Ptls. Their results affirmed that RbPtlg is stable
(formation enthalpy equal to —0.92 eV /atom), has suitable indirect band gap (1.3 eV (Cai et al., 2017). And
1.15 eV (Zhao et al., 2021). In the cubic structure) and high absorption in the photon energy range from 0 to
12 eV. Then, as CsPtls, Rb2Ptls can be highly desirable candidate, as lead-free double perovskite for
photovoltaic (PV) applications.

In this context, we aim to investigate numerically, the photovoltaic (PV) performance of a new solar cell (SC)
based on the IHDP Rb.Ptls. At the first step of our study, we try to constitute the experimental solar cell of
Schwartz et al. (2020) based on CsyPtls . We adopted their same architecture FTO/CdS/Cs;Ptls/Spiro-
OMeTAD/C in the same conditions (at T = 300K, f = 1 MHz, R, = 14 2 cm?). Since we are arrived to
reproduce their experimental PV performance, we are encouraged to study this SC replacing the cadmium
sulfite CdS by another nontoxic ETL like Indium Gallium Zinc Oxyde IGZO and replacing the Spiro-OMeTAD
by another non degradable inorganic ETL like molybdenum diselenide MoSex.

In order to enhance the power conversion efficiency of our novel Rb.Ptlg based solar cell (FTO/IGZO
/RbyPtls/Mo0Se,/C), we studied the effect of the absorber thickness, of its acceptors density Na, of its defect
density N, of series resistance (Rs), and of working Temperature T.

Devices Modeling and Simulation Parameters

We used SCAPS-1D code (Burgelman et al., 2021). Which is based theoretically on the fundamental equations:
Poisson’s equation (1) and continuity equation for holes and electrons equation (2):

dz_w—%r[p(x) —n(x) + Np — Ny +p, _Pn] M

dx? £

Where v is electrostatic potential, n and p are electron and hole concentrations, &, is vacuum and ¢, is relative
permittivity, N and N, are donor and acceptor doping density, p,,, p,, are electrons and holes distribution,

Yp _dn _ » _
dx_dx_G R (2)

Where G is generation rate and R is recombination rate, J, and /,, are holes and electron current densities.

Carrier transport occurs according to the following drift and diffusion equations:

de dn

In = ﬂnna + D, dx 3)
_ do dp
]p _ﬂppz'l'DpE (4)

The initial device architecture model FTO/ETL/A2Ptls/HTL/C is depicted in (Figurel.a). The cadmium sulfite
CdS is used as an electron transport layer (ETL). The absorber or active layer is formed by the vacancy ordered
double perovskite A;Ptls material (where A=Cs/Rb). The 2,2°7,7’-tetrakis (N, N-di-p-methoxyphenyl-amin)-
9,9’-spirobifluorene (Spiro-OMeTAD) is used as a hole transport layer (HTL). The Fluorine-doped tin oxide
FTO is use in the front side and the carbon C is used as contact in the back side.
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Our studied devices are a n-i-p type, for that, the n part is the ETL, the i part is the absorber A,Ptlsand the p part
is the HTL. In order to make our model more realistic, we have considered the interface layers: interface 1
(ETL/A2Ptlg) and interface 2 (A2Ptlg/HTL), with a thickness of 5nm and keeping the same physical parameters
as those of the perovskite.

Figure 1(c) illustrates the band gap alignment of HTL, ETL, and AzPtls with A=Cs/Rb, as well as the back and
front device contacts of the initial and the alternative novel devices. The lowest unoccupied molecular orbital
(LUMO) of IGZO (ETL) is in excellent alignment with the conduction band of Rb,Ptle. Likewise, the highest
occupied molecular orbital (HOMO) of MoSe, (HTL) is well-aligned with the valence band level of an
absorbing material.

Back contact
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Figure 1. Architecture of (a) initial devices and (b) optimized device based on the platinum iodide perovskite
where A=Cs/Rb. (c) Energy level diagram

To assess how the performance of PSCs is affected by operating temperature, we conducted simulations at
approximately 300 K in an environment with an incoming power density of 100 mW/cm? and a frequency of 1
MHz. These simulations were conducted under the AM 1.5 G solar spectrum. We report in (Table 1) the input
parameters for all HTL, ETL, AzPtlg and FTO adopted for this study. Some of these parameters are derived from
the literature and the others are obtained with our calculations since some parameters are not yet available in the
literature for Rb.Ptls. For that, we have opted to the theoretical determination of such parameters based on the
following equations:

- otVip (5)
Dn/pq

Un/p = ;/.11? (6)
ln/p”

Dn/p = (7

T
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Where N, is the defect density, u is the electron and hole mobility, D is the diffusion coefficient, K is
Boltzmann’s constant, 7 is the charge carrier lifetime, L, ,, is the electron/hole diffusion length; o is the capture
cross-section of electron/hole and V,, is the thermal velocity of electron/hole. Also, the absorber layer effective

conduction band density of states, N, and effective valence band density of states, N,, are determined using the
two following expressions:

3 3
2mmpKT)2 2mmyKT\2
Ne=2(%535)" and N, =2(=57) ®)
Where m;, and my, are the effective masses of electrons and holes, respectively.
Table 1. The input parameters of the adopted devices collected from our calculation and available data
HTL Absorber ETL Front side
Input parameter Spiro-
oMeTap  MoSe: CsPtls RboPtls cds 1GZO FTO
Band gap, E, (eV) 3.06= 1.35¢% 14° 13° 241 3050 352
Affinity. y (eV) 2.05= 405° 4444 4434 42i 416° 42
Relative Dielectric permittivity. £, 3a 11.9% 18" 434° 10i 0% 92

CB effective density of states, N, (cm?) 281012 2 8Bx101%k  gx]QlEd TAa=10Ed 2 2x1018L 510180 9. 2x10=
VB effective density of states,

_3 1019 2.65x10198  4x10194 3.5%10194 1.8x1019: | §x10198 1.8x1019=
N, (em™) N
Electron mobility, u, (cm*V™""s77) 104 1450¢ 0.194 065" 100 15¢ 202
hole mobility, pz, (cm*V s ™) 2x104s 50b 62.6¢ 325n 251 0.1b 10°
Electron effective mass, m,, . _ 051" 045" . _ .
hole effective mass, m,, - - 145° 1245° ; - -
Density of n-type doping, Np (em™%) 0 0 0 0 10181 1018t 101%a
Density of p-type doping, N, (cm™*) 10182 4x1018b 10154 10154 0 0 0
Density of defect, N, (cm™%) 1014 1014b 25x1012  35x10Bd 101 1015b 1015s

2 data from Jahantigh et al. (2019)

b data from Teyou Ngoupo et al. (2022)

¢ experimental data from Schwartz et al. (2020)
dour calculation

¢ experimental data from Yang et al. (2020)
fab initio data from Cai et al. (2017)

9 ab initio data from Zhao et al. (2021)

" from Yang et al. (2019)

i from Nykyry et al. (2019)

Results and Discussion

Verification of the Devices Model
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Figure 2. Initial PV simulation results of Cs,Ptls and Rb,Ptlg based solar cells for (R, = 0 and R, = 14 2 cm?)
(a) J-V curves (b) QE versus wavelength

The initial PV simulation of FTO/CdS/A;Ptle/Spiro-OmeTAD/C with A=Cs/Rb based solar cells is conducted
for (R = 0 and Ry = 14 2 cm?). Figure 2 illustrates the photovoltaic characteristics, such as the current
density curves (J-V curves) and the quantum efficiency (QE). Our obtained PV values of
FTO/CdS/Cs;Ptle/Spiro-OmeTAD/C solar cell (Figure 1.a) align with experimental outcomes reported by
(Schwartz et al., 2020). (Table 2) thereby reinforcing the integrity of the numerical simulation. As a result, the
chosen material parameters for the device model are justified. As a second step, we have taken our novel solar
cell model (FTO/IGZO/Rb,Ptls/M0Se,/C) and proceeded our optimization by varying the thicknesses of all
constructing layers. The optimized solar cell based on the platinum iodide perovskite with the optimal
thicknesses is depicted in Figure 1.b.

Table 2. J-V characteristic of initial Rb,Ptls and Cs;Ptls based solar cells compared with other simulation and
experimental available results for (R; = 0 and R, = 14 2 cm?)

Structure R, Voe Ise FF PCE
@cm®) (V)  (mAfan®) (%) (%)

FTO(0.5um)/CdS (0.1um)/ Rb:Ptls (1um)/Spiro-OmeTAD 0 0.79 3233 46.15 11.83

(0.1ym)/'C

FTO (0.5um)/CdS (0.1um)/ RbsPtlg (1um)/Spiro-OmeTAD 14 0.79 28.95 2223 5.10

(0.1um)/'C

FTO (0.5um)/CdS (0.1um)/ Cs;Ptl; (1pum)/Spiro-OmeTAD 0 0.99 29.95 61.69 1845

(0.1um)/'C

FTO (0.5um)/CdS (0.1um)/ Cs;Ptl; (1pm)/Spiro-OmeTAD 14 0.99 29.60 36.19 10.70

(0.1uym)/C

FTO/CAS (0.08-0.1um)/ Cs:Ptl; (10-15um)/ElectroDAG 14 0.9= 1983= 5985= 10.70=

440B/Cu

FTO/CdS/ Cs:Ptls/Spiro-OmeTAD/C 14 1.12¢% 201°® 440 10.16¢%

a: Experimental results from Schwartz et al. (2020)
b: SCAPS-1D simulation results (Abdelaziz et al. 2023)

Absorber Acceptor Density N, Effect

The enhancement of the photovoltaic performance of a solar cell depends crucially on the optimization of the
absorber layer thickness as well as the acceptor doping density N,. To illustrate this effect, we have shown in
(Figure 3) the contour plot of the photovoltaic parameters as function of absorber thickness and N, of our
simulation for absorber thickness varying from 0.2 to 1.4 um and N, varying from 10%® to 10%° cm™. The figure
reveals that the highest PCE value is 23.75% for high thickness and high N,. it is evident that lower absorber
thickness leads to lower PCE. This is because for thin absorber layers, most incident photons are transmitted
through the material, leading to reduced generation of electron-hole (e-h) pairs and consequently, lower PCE.
However, increasing the absorber thickness leads to an increase in optical absorption and generation of (e-h)
pairs, which results in an improvement in PCE.
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Figure 3. Contour plot of photovoltaic parameters as function of absorber thickness and N,.

Absorber Defect Density N, Effect

The impact of the absorber defect density on the photovoltaic parameters of the PSC is illustrated in (Figure 4)
by a contour plot. As the defect density (or trap density) increases in the absorber material for higher thickness,
Jsc remains constant between 10'° cm and 10 cm and after that, it shows a gradual decrease up to 10* cm3.
This decrease occurs because the traps tend to trap charge carriers, preventing them from participating in the
current flow in the solar cell. The Voc decreases as the defect density increases. This phenomenon occurs
because the defects in the perovskite material serve as sites where electrons and holes recombine. This
recombination process decreases the amount of charge carriers available for collection by the solar cell, thus
reducing both the voltage and output current. The increased defect density facilitates the recombination of
electrons and holes, hampering their ability to generate current efficiently and leading to a decrease in VVoc.
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Series Resistance Rg Effect

The optimum performance of a solar cell corresponds to the ideal value of Rs which is equal to zero, but in
practical reality, this is not the case for R;. In fact, the series resistance is due to factors such as ohmic contacts,
metallic contacts, ITO sheet resistance, contact resistance inside the cell and manufacturing imperfections.
Figure 5 shows the impact of R on various photovoltaic parameters of PSC including PCE, Voc, Jsc and FF. As
R increases, PCE decreases significantly, from 28.14% to 16.7%, while the Voc and Jsc parameters remain
practically constant.
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Figure 5. Series resistance effect on the photovoltaic parameters.

Working Temperature Effect

One of major problems for PSCs is their degradation over time under exposure to high temperatures due to the
chemical and structural changes of perovskite materials at elevated temperatures. This can negatively impact
their performance. Indeed, the interfaces between different layers in the solar cell can be affected by
temperature, leading to increased recombination and reduced charge transport. Hence, to examine the behavior
of PSCs in a real-world setting, a performance study across a temperature range spanning from 270 K to 370 K
is conducted.
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Figure 6. Temperature effect on the photovoltaic parameters.

Figure 6 illustrates this effect. A constant decrease in PCE, Voc and FF values as the temperature increases,
while the Jsc remains stable up to 310 K and shows a smaller decrease up to 320 K and after that it continues its
stability up to 370 K.
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Conclusion

This work provides a valuable design of the planar architecture of the solar cell where the double perovskite
layer is sandwiched between an electron transport layer IGZO and a hole transport layer MoSe,. We have
optimized and analyzed of various fundamental parameters governing perovskite solar cell performance,
including the thicknesses of all layers, the acceptors Na and defects N; charge carrier densities, parasitic series
resistance Rs and the working temperature T. The current-voltage characteristics (J-V), and quantum efficiency
(QE) are analyzed via these key parameters. Our final optimal results, gives an impressive power conversion
efficiency (PCE) up to 28.14% for Na=10%° cm and N=10° cm. These predictive findings propose our novel
lead-free double perovskite solar cell as a potential candidate for non-toxic an environmentally friendly solar
cell applications.
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