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Abstract

This study utilizes the SCAPS-1D to conduct a numerical simulation of lead-free solar cell device based
on Cs,Ptls. We aim to explore the impact of eliminating hole transport materials (HTL) on the device's
performance while ensuring high efficiency and stability. The investigated device structure includes
FTO/CdS/Cs,Ptlg with a back metal electrode, along with several performance variants. Our findings
reveal that the HTL-free Cs,Ptly solar cell maintains a power conversion efficiency (PCE) of 20.3% under
solar illumination. Additionally, we perform parametric studies examining how variations in absorber
layer thickness, doping density, and metal back contacts influence the solar cell's PCE.

1. Introduction

The energy crisis problem is spreading around the world because of the limitation of fuel energy
resources and the bad environmental effects from burning fuels. Perovskite materials are considered as
emerging materials for solar cell devices. Perovskites have outstanding electronic and optical properties
to make high efficiency solar cell devices. Perovskite is named after the minerologist Perovski who
discovered these materials. Perovskite structure has the chemical formula of ABX3; where A and B are
metallic cations and X is halide for solar cell applications. The first prototype synthesized perovskite
solar cell achieved a PCE of 3.8 in 2009 using CH3NH3Pbl; material [1]. The PCE of perovskite solar cell
devices increased until it reached up to 26.1%, recently [2]. However, the perovskite solar cell-based
devices have a high PCE, they suffer from two main problems. First, organic cation A is degradable
which has a bad effect on device stability. Second, the toxic cation B lead (Pb*). The organic cation A can
be replaced by inorganic cations like Cesium (Cs*) or Rubidium (Rb*) or Potassium (K*). One of the well-
studied perovskite material is CsPbl; [3],[4],[5] and has a PCE of around 21.53%, recently [6]. CsPbl; is
considered as a wide bandgap semiconductor material with a bandgap of 1.7 eV and contains toxic Pb
element. Another inorganic perovskite material is CsSnl; has a bandgap of ~ 1.3 eV which meets the
criteria for capturing most of solar light [7]. On the other hand, CsSnl; material suffers from instability

because of the Sn*2 element that oxidizes fast to Sn*# and forms the Cs,Snl, compound [8]. The
Cs,Snlg based solar cell device has an efficiency of 1.5% and the mixed halide Cs,Snl,Br, achieves a

PCE of 2.025% only [9],[10]. These challenges direct the research to find stable lead-free perovskite
material. One of the derived perovskite materials is the vacancy ordered A,BXg. Cs,Ptlg crystalizes in the

form of Fm3m K,PtClg cubic structure form [11]. It has an optical band gap of ~ 1.4 eV which is suitable
semiconductor material for capturing solar spectrum. In ambient conditions, the stability of Cs,Ptlg
material reaches one year [12], [13]. The material has a defect density of 2.5X10'2cm™3 and a 2 ps
lifetime carrier. A prototype of Cs,Ptlg perovskite solar cell device a PCE of 13.88% using ethylene
diamine treatment [13]. Cs,Ptly is also used as a photo anode for photo-electro chemical water oxidation

process [14],[15] for its stability in acidic environment. The n-i-p planar perovskite solar cell device
structure consists of a glass layer like fluorine tin oxide (FTO), or indium tin oxide (ITO) followed by
electron transport layer (ETL). The next layer is the perovskite layer followed by the hole transport layer
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(HTL) and back electrode. ETL materials should meet the criteria of high chemical, photostability and
electron mobility to facilitate electrons transport. HTL materials have an important role in the perovskite
solar cell device. HTL material facilitates the hole extraction of the perovskite to the electrode and ban
electrons from moving to the anode [16]. Thus, it increases device efficiency. Spiro-OMeTAD material is
widely used as an efficient HTL material in perovskite solar cell devices. On the other hand, Spiro-
OMeTAD degraded fast as it is organic material and is expensive [17]. The challenge is to produce HTL-
free perovskite solar cell device while maintaining high efficiency. In this study, the Cs,Ptlg material is
simulated as the main absorber layer of solar cell. We investigated the effect of removing HTL material
layer on the PCE of the device by numerical analysis using one dimensional solar cell capacitance
simulation program (SCAPS-1D) [18], [19]. SCAPS-1D simulator works by solving the semiconductor
Poisson and continuity equations for specific boundary conditions. SCAPS-1D accepts up to 7 layers of
materials and the simulation is performed by entering the material parameters of each layer. CdS is used
as the ETL materials for the simulation to verify the experimental results and it has good bandgap
alignment with Cs,Ptl¢. The effect of metal back contact electrode material (like C, Au, Pd, Pt, Se) on PCE
is studied. Other parameters that affect the PCE of solar cells like Cs,Ptlg thickness, concentration

doping, and defect density are studied. Table S1 (supporting information) lists the previous studies of
Cs,Ptlg- based solar cell device structures and parameters. Till date, there is a single experimental study
of Cs,Ptlg based solar cell device with PCE of 10% with CdS as ETL and Spiro-OMeTAD as HTL [13]. The
other studies concentrate on the numerical simulation of the device with the choice of different ETL and
HTL materials. The highest PCE of Cs,Ptlg solar cell device is achieved with a structure of
(FTO/SnS,/Cs,Ptlg/MoTe,/Au) ~ 33%. To our best knowledge, till date there is no numerical analysis of
HTL-free Cs,Ptl based perovskite solar cell device.

2. The Simulated Structure

Table S2 (supporting information) lists the properties of materials used in this simulation study. The data
are collected from previous experimental and numerical research studies. The front contact is modeled
by flat bands. The back electrode is varied by different metals like carbon C work function = 5 eV, gold Au
work function = 5.1 eV, palladium Pd work function = 5.6 eV, platinum work function = 5.7 eV [20], [21].
The series resistance Rs = 14 Q. Front interface defect layer (IDL) between ETL and perovskite is used.
IDL is modeled like perovskite absorber layer with small thickness ~ 5 nm. For Cs,Ptlg active layer, the

thermal velocity of electrons and holes is 107 cm/s. The capture cross section of electrons and holes are

estimated to be 2X10™ '* cm?. A neutral defect distribution with different concentrations for every
material N, is used. The defect density is calculated as follows: -

1

Ny= ———
t o1 Vi

Where V7, is the thermal velocity of carriers, 7 is the carrier lifetime and o is the capture cross
section of electrons and holes. The 7 value of Cs,Ptlg is > 2 ps, then the estimated N, of Cs,Ptl¢ is

Page 3/10



2.5X10"2 cm™3.

Figure 1 (a) shows the band gap alignment of the HTL-free Cs,Ptl¢ perovskite solar cell device structure.

The simulation structure consists of FTO layer followed by an ETL, perovskite layer, and metal back
contact as shown in Fig. 1(b).

3. Results and Discussion

3.1. Variation of Metal Contacts

To investigate the impact of different metal contacts on the performance of the simulated solar cell
device (FTO/CdS/Cs,Ptl¢/metal contact), four materials were analyzed, each with distinct work
functions: carbon (C) at approximately 5 eV, gold (Au) at around 5.1 eV, palladium (Pd) at roughly 5.6 eV,
and platinum (Pt) at about 5.7 eV. As illustrated in Fig. 2 (a), the J-V characteristics of the HTL-free
Cs,Ptlg perovskite solar cell reveal that the lowest short-circuit current (Jsc) and open-circuit voltage
(Voc) occur with the carbon back contact. An increase in work function correlates with enhanced Voc
values, with the optimal performance achieved using Pt as the metal back contact. The power
conversion efficiency (PCE) of the structure FTO/CdS/Cs,Ptl¢/metal contact rises from 4.4% with carbon
to 14.1% with Pt.

3.2. Active Layer Thickness of Cs,Ptlg

The thickness of the absorber layer significantly influences solar cell performance. While a thicker
semiconductor layer allows for greater light absorption, it can also lead to increased carrier
recombination, adversely affecting PCE. Consequently, optimizing layer thickness is crucial for device
efficiency. The thickness of Cs,Ptlg varied from 200 nm to 800 nm. Numerical analysis of the J-V
characteristics (Figure a) shows that as the thickness of Cs,Ptl¢ increases, the current density rises due
to improved light absorption. However, at 800 nm thickness, the current density levels off, indicating high
carrier recombination rates that negatively impact PCE. Figure (b) displays the quantum efficiency (QE)
of the device at different Cs,Ptlg thicknesses, showing that greater thickness leads to enhanced photon
absorption and QE. In terms of PCE, Fig. 3 (c) indicates a gradual increase from 14.1% at 200 nm to
15.75% at 600 nm thickness, followed by a slight decrease to 15.65% at 800 nm. The optimal thickness
for Cs,Ptlg is thus determined to be 600 nm.

3.3. Doping Concentration of Cs,Ptlg

Carrier density in the active material is critical for solar cell performance. Increasing doping density
generates a stronger electric field, enhancing carrier separation and current generation. However,
excessive doping can reduce the depletion region of the semiconductor and compress the electric field
at the interface with the electron transport layer (ETL), hindering carrier collection and ultimately

Page 4/10



lowering current density. Therefore, it is essential to optimize the doping concentration (N,) of Cs,Ptlg,
varying it from 107® to 1022 cm-3. As shown in Fig. 4 (a), the J-V characteristics of FTO/CdS/ Cs,Ptl
(600 nm)/Pt reveal that both J and V values increase with higher N, until a notable decline in Jsc occurs

at 10?2 cm-2. Figure 4 (b) shows that the optimal PCE is achieved with an N, of 102° cm-2,

3.5 Optimized structure

From the numerical analysis of the HTL-free Cs,Ptlg perovskite solar cell, the optimized structure is
identified as FTO/CdS/Cs,Ptlg (600 nm)/Pt. This configuration achieves high performance with an

acceptor doping concentration of 102° cm-2 and a defect density of 10'? cm-2. Figure S1(a) (supporting
information) presents the J-V characteristics of the optimized device, which exhibits a Voc of 1.25V, a
short-circuit current of 28.2 mA/cm?, a fill factor of 59.3%, and a PCE of 20.3%. The optimized solar cell
demonstrates excellent absorption across the solar spectrum, particularly in the visible and near-infrared
regions, as shown in Figure S1(b) (supporting information).

Conclusion

This study employs a SCAPS-1D numerical simulation to evaluate the performance of an HTL-free
Cs,Ptlg-based perovskite solar cell with a structure of FTO/CdS/Cs,Ptlg/metal contact. The
incorporation of a platinum metal contact significantly enhances the PCE of the solar cell. A parametric
analysis was conducted on the Cs,Ptlg active layer concerning thickness, doping concentration, and

defect density to optimize PCE. The maximum PCE achieved with the structure FTO/CdS/Cs,Ptlg/Pt is

20.3% at a thickness of 600 nm, a doping concentration of 102° cm-3, and a defect density of 10’2 cm-3.
The findings provide valuable insights for the design of a fully inorganic, lead-free, stable perovskite solar
cell.
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(a) Bandgap alignment of CdS/Cs,Ptlg (b) Proposed HTL-free solar cell device structure
(FTO/CdS/Cs,Ptlg/metal contact)
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The numerical analysis of FTO/Cs,Ptlg(different thickness)/Pt based solar cell device (a) J-V diagram,
(b) QE
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Figure 4

The simulation results of (FTO/CdS/Cs,Ptlg (600 nm)/Pt with different N, concentration (a) J-V, (b) PCE
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