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Abstract

Perovskite solar cells (PSCs) without a hole transport layer (HTL) are proposed in this
study as a more cost-effective and efficient alternative to PSCs with an HTL. The active
layer of these cells is CH;NH;Snl;. To optimize the performance of the proposed PSC,
different materials for Electron Transport Layers (ETLs) were simulated. Additionally, the
impact of thickness, doping concentration, and doping concentration profile on device
performance was investigated using a 1D-Solar Cell Capacitance Simulator. According to
the simulation results, the optimal thicknesses of the ETL and the absorber were 30 nm and
1000 nm respectively, resulting in a power conversion efficiency (PCE) of 31.08 %. The
proposed HTL-free CH;NH;Snl;.-based PSC attained an open circuit voltage of 1.1037 V,
a short-circuit current density of 31.749 mA/cm?, and a fill factor of 88.7 %. These results
may help in the creation of highly effective and reasonably priced solar cells by providing
insight into the design and optimization of HTL-free PSCs. Given that it provides a simple
and inexpensive method of producing high-performance solar cells, the suggested PSC
structure has the potential to be a viable replacement for traditional PSCs with HTL.

1. Introduction

With the growth of the global population, there has been a corresponding increase in energy
consumption. However, using non-renewable energy sources like fossil fuels has
contributed to environmental problems, prompting a greater focus on renewable energy.
One particularly important renewable energy source is solar energy, which is abundant,
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clean, and infinitely available [1]. Solar energy is an environmentally friendly energy
source that has garnered significant attention in recent years due to its potential to meet the
rising energy demand and prevent climate change. Using photovoltaic devices, such as
solar cells, sunlight is converted into electrical energy [2]. Silicon-based solar cells have
been the most extensively utilized form of solar cell due to their high efficiency and
stability. Nevertheless, the expense of silicon solar cells continues to be a significant barrier
to their widespread adoption [3]. Researchers have concentrated on creating alternative
solar cell materials and architectures that may provide more efficiency, cheaper cost, and
greater flexibility to overcome this problem. Perovskite solar cells (PSCs) are among the
most optimal choices for this purpose [4-5]. Over the last decade, the power conversion
efficiency (PCE) of PSCs increased dramatically from 3.13 % [6] to 25.8 % [7]. PSCs are
manufactured at a cheap cost utilizing solution-based techniques such as spin-coating,
inkjet printing, and spray-coating. PSCs are, therefore very scalable and ideal for large-
scale manufacture. Perovskite materials have several benefits, including an adaptable
bandgap and a high absorption coefficient [8]. Despite their promising potential, PSCs
encounter a number of obstacles that must be investigated in order to optimize their
performance. The use of toxic and costly materials, such as lead, in the perovskite layer is
one of the challenges [9]. To address this issue, researchers have concentrated on
developing lead-free perovskite materials with comparable effectiveness and less harmful
effects on the environment [10-11]. A solar cell's basic structure consists of a narrow layer
of semiconductor material sandwiched between two electrode layers. Typically, the upper
electrode consists of a narrow layer of metal, such as aluminium, while the bottom
electrode consists of a thicker layer of metal, such as copper. When sunlight impacts a
semiconductor material, electron-hole pairs are created, which are then separated by the
electric field produced by the p-n junction. The top electrode collects the electrons, which
then travel through an external circuit to generate an electric current. Between the
semiconductor layer and the bottom electrode lies a layer of material called the the electron
transport layer (ETL). Its purpose is to move the negatively charged carriers (electrons),
which are produced when sunlight hits the semiconductor material, to the bottom electrode.
Contrarily, the hole transport layer (HTL) is a material layer sandwiched between the
semiconductor layer and the top electrode. Its purpose is to move holes, the positively
charged carriers produced when sunlight hits semiconductor material, to the top electrode
[12]. HTLs are usually made of organic or inorganic materials that are often toxic or costly.
This makes it hard to use them in large-scale production. A free HTL in lead-free PSCs has
been indicated as an innovative technique to solve this problem. This technique reduces
the need for an extra HTL material and lowers the cost of the solar cell. Also, using this
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technique allows for more stability of the device, as well as making the process of
fabricating the device simpler.

In this context, the purpose of this study is to examine the efficiency of using a free hole
transport layer in lead-free PSCs. The study will concentrate on optimizing the structure of
the device and characterizing its performance, including its PCE, fill factor (FF), open-
circuit voltage (V,.,), and short-circuit current density (J,.). To accomplish this, various
materials for Electron Transport Layers (ETLs) will be emulated, and the impact of
thickness, doping concentration, and doping concentration profile will be investigated
using a 1D-Solar Cell Capacitance Simulator, with all simulations conducted under
AM1.5G at a temperature of 300 K. The optimization approach will involve using an initial
structure that utilizes TiO, as the ETL and Spiro-MeOTAD as the HTL, based on prior
experimental work [13]. Overall, the goal of this research is to investigate the possibility
of using a free hole transport layer in lead-free PSCs solar cells and to optimize the device's
structure to achieve superior performance.

2. Structure and material parameters of the device

SCAPS-1D is a program created by the University of Gent in Belgium that is commonly
utilized for modeling the electrical properties of solar cells. SCAPS-1D simulates the
performance of a solar cell by considering numerous physical characteristics and material
properties such as layer thickness, doping concentration, and charge carrier mobility. The
SCAPS program can compute the performance parameters of solar cells by using the
numerical solutions of the fundamental semiconductor equations [14]. These equations
include the electron (1) and hole (2) continuity equations as well as the Poisson Eq. (3).
These equations are presented below:

VJa=q(R-G)+q5 @)
V), =qR-6) +q% 0)
V.eVp = —q(p—n+ Np — Np) 3

In order to determine the necessary properties of the solar cells, the equations mentioned
previously are solved numerically with SCAPS-1D software by adjusting the material
parameters and appropriate boundary conditions. In this equation, N, and Nj, represent the
acceptor and donor doping concentrations, ¢ is the electric potential, p and n are the free
carrier hole and electron concentrations, /,, and /,, are the electron current density and hole
current density, and R and G are the recombination and generation rates of electron-hole
pairs. The experimental structure shown in Figure 1 was calibrated using a SCAPS-1D.
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Each layer in this multi-layered structure is essential to transferring charge carriers and
converting sunlight into energy.

Table 1. Simulation physical parameters (CB = conduction band, VB = valence band, DOS =
density of states) [15].

Parameters . Spiro-
TCO TiO2 CH3NH3Snl3 OmeTAD
Thickness (nm) 500 30 350 200
Bandgap (eV) 3.5 3.2 1.3 3.17
Electron affinity y (eV) 4 4.26 4.17 2.05
Relative Dielectric 9 9 8.2 3
permittivity ()
CB effective DOS (cm3) | 2.2x10%8 2x10'8 1x10'8 2.2x10%
VB effective DOS (cm ) | 1.8x10%° 1.8x10% 1x10'8 1.8x10%
Electron mobility i, 20 20 1.6 2x10*
(cm?/V. s)
Hole mobility 10 10 1.6 2x10*
Hp (cm?/V. s)
Donor concentration 2x10%° 1x10'® 0 0
Np (cm %)
Acceptor concentration Na 0 0 3.2x10%° 2x10%°
(cm )
Defect density N (cm ) 1x10% 1x10%° 10%6-10%° 1x10%°
Thermal velocities 1x10’ 1x10’ 1x10’ 1x10’
Vint (Ccm/s)

The glass basis is used as a support for the whole solar cell structure, starting at the lowest
layer. The Transparent Conductive Oxide (TCO) layer, which acts as a front electrode and
helps in the collection of electrons from the absorption layer, is placed next. After that,
ETL is responsible for facilitating the movement of electrons from the absorption layer to
the front electrode. Solar energy is turned into electrical energy in the perovskite absorption
layer. HTL is placed on top of the absorption layer and facilitates the movement of holes
from the absorption layer to the back electrode. Finally, the back electrode serves as the
other contact for the solar cell and helps in the collection of holes. The thermal velocities
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of the electrons and holes in this simulation were both set to 107 cm/s. The capture cross-
section for both electrons and holes were adjusted at 1x10°1> cm?, and the defect type in all
layers was neutral.

Back electrode

HTL (Spiro-OmeTAD)

ETL (TiO2)

TCO

Glass substrate

Light

Figure 1 Basic lead-free PSCs structure

3. Device Model Verification

Our simulation results were calibrated with the experimental data [13]. Table 1 shows each
layer's simulation parameters [15]. The calibrated structure consists of a glass substrate, a
Transparent Conductive Oxide (TCO) layer, an ETL of TiO, , a CH;NH3Snl;. absorption
layer, and a spiro-OMeTAD HTL with a metal back contact. Figure 2 depicts the J-V curve
for the basic lead-free PSCs structure with various N; (trap density) values. Our
simulation's results were well-aligned with experimental measurements, as indicated in
Table 2. As shown in Figure 2, when N, increases, the J-V curves shift towards lower
current values, indicating a decrease in the efficiency of the solar cell. To enhance the
efficacy of the cell, the initial defect density N, must be decreased in order to increase the
diffusion length and reduce the recombination rate. Practically it is extremely difficult to
set N, below 1x10'.

Table 2. Comparison of Experimental and Simulated Results.

lead-free PSC Ve (V) | Jsc (mA/cm?) FF (%) PCE (%)
Experimental [12] 0.68+0.03 | 16.304+0.71 48+3 5.2340.18
Simulated (N,=5*10'7/cm?) 0.6767 17.450194 45.98 5.43
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Figure 2 J-V curves for basic structures with varying N, compared to experimental data.

4. Results and discussion

In this part, the proposed structure of lead-free PSC that is HTL-free was studied.
Electron Transport Materials (ETMs) were investigated, followed by an optimization
process to determine the optimal thickness and doping concentrations for both the ETL
and the absorption layer.

4.1 HTL-Free Structure for Lead-Free PSC

The HTL-free structure for lead-free PSC typically consists of TCO layer, ETL,
a perovskite absorber layer, a metal electrode, and a substrate, as shown in Figure 3.
The TCO layer serves as the bottom electrode. Its primary function is to allow light to pass
through to the perovskite absorber layer while simultaneously conducting electricity.
The ETL must be able to efficiently extract electrons from the perovskite absorber layer
and transport them to the back electrode. The perovskite absorber layer, which is the
device's active layer, absorbs sunlight and generates charges. Finally, the metal electrode
collects the electrons generated by the perovskite absorber layer and transports them out of
the device. The proposed HTL-free structure offers several benefits over traditional PSC
designs. Firstly, it simplifies the device structure, reducing production costs and
simplifying manufacturing processes. Secondly, it eliminates the need for HTL materials,
which are often unstable and can contribute to device degradation over time. Thirdly, the
HTL-free structure can improve charge extraction efficiency from the perovskite
absorber layer [16]. In traditional PSC designs, the HTL layer can impede the transport of
holes, leading to decreased device efficiency. By eliminating the HTL layer, the charge
extraction process can become more efficient, increasing overall device efficiency.
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The performance of lead-free PSC without a hole transport layer can be enhanced by
decreasing the trap density, as traps can act as charge carrier recombination centers,
therefore reducing the solar cell's efficiency, as indicated in Table 3. By decreasing the trap
density, there are fewer chances for charge carriers to recombine, which can increase the
solar cell's overall efficiency. In addition, removing the hole transport layer can reduce the
number of interfaces in the device, which reduces recombination and enhances the solar
cell's performance.

Table 3. Simulation Results for lead-free PSC without HTL

Ne (/em?®) Voc V) | Jsc (mA/cm?) | FF (%) PCE (%)
5*10% 0.6837 18.207214 49.55 6.17
1*10%° 0.7945 28.471366 70.57 15.96

Back electrode
TiO2
TCO
Glass substrate
Light

Figure 3 HTL-free structure for lead-free PSC.

4.2 Optimizing ETL

In this section, we optimize the ETL by exploring different materials to determine the most
suitable Electron Transport Material (ETM) and the optimal thickness and doping
concentration. Table 4 presents the input parameters for the various ETMs considered. In
contrast, the energy band diagrams of the materials studied in this work are shown in Figure
4. Table 5 summarizes the device's performance for the different ETMs considered.
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Figure 4 ETM energy band diagrams
Table 4. Input Parameters various ETMs.
Parameters ZNO PCBM Sn0, CdznS Ws, STO ZnSe C60
[17] [17] [18] [17] [17] [19] [19] [17]
Thickness (nm) 30 30 30 30 30 30 30 30
Bandgap (eV) 3.3 2 35 3.2 1.8 3.2 2.81 1.7
Electron
4.1 3.9 4 4.2 3.95 4 4.09 3.9
affinity x (eV)
Relative
Dielectric 9 3.9 9 9.120 13.6 8.7 8.6 4.2
permittivity (er)
CB effective
4x10%® | 2.56x10%! | 2.2x10%" | 1.5x10'8 | 2.2x10%8 | 1.7x10%° | 2.2x10%® | 8x10%
DOS (cm3)
VB effective
1x10%° | 2.5x10%! | 2.2x10%6 | 1.8x10%° | 1.9x10'° | 2x10%° | 1.8x10'8 | 8x10%°
DOS (cm3)
Electron
mobility pn 1x102 | 2x101 | 2x10' | 2.5x10% | 1x10? | 5.3x10% | 4x10% | 8x10%
(cm?/V. s)
Hole mobility 3.5x10
2.5x10t | 2x10t | 1x10' | 4x10' | 1x10? | 6.6x10? | 1x10%
Up (cm?/V. s) 8
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Based on the simulation findings, Sn0, has been shown to be the most effective ETL
material in the proposed device resulting in an efficiency of 18.66 %, as is seen in Table 5.
It 1s likely the reason because Sn0O, has a large work function, which makes charge
extraction easier and reduces recombination losses at the perovskite/ETL interface.
Additionally, the energy level alignment between Sn0O, and the perovskite layer is
favorable, which allows for efficient charge transfer across the interface. These properties
of $Sn0, make it suitable for use as an ETL in lead-free lead-free PSC without an HTL,
leading to the highest performance among the ETMs considered in the study.

Table 5. The device's performance for serval ETMs

Material PCE (%) FF (%) Joe mA/cm?) [ V,. (V)
Ti0, 15.96% 70.57 28.4713 0.7945
ZNO 17.87% 72.44 28.7736 0.8571

PCBM 16.50% 71.74 27.0467 0.8504
Sno, 18.66% 74.27 29.1062 0.8633

CdznS 17.10% 71.1 28.6269 0.84
Ws, 17.23% 74.56 26.8459 0.861
STO 18.25% 73.4 28.8762 0.861
ZnSe 17.91% 72.83 28.6388 0.8588
C60 14.73% 69.48 25.751 0.8235

4.3The Effects of Varying ETL Thickness on the device Performance

This Section focuses on the optimization of ETL thickness in the proposed device. In this
work, we investigate the effects of varying ETL thickness on device performance, ranging
from 10 nm to 500 nm, and find that as the thickness of the ETL decreases, the solar cell's
performance tends to improve, as clearly from Figure 5. However, there is a lower limit to
how thin the ETL can be made due to manufacturing issues. In particular, ETL thickness
of less than 30 nm is difficult to achieve with current manufacturing techniques. This is
because very thin ETL layers are more prone to defects and inconsistencies, which can
negatively impact device performance. Therefore, decreasing ETL thickness can lead to
improved performance for several reasons. First, a thinner ETL reduces the distance that
electrons have to travel to reach the electrode, which can improve charge extraction
efficiency and reduce losses due to recombination. Second, a thinner ETL can reduce
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the energy barrier at the interface between the perovskite layer and the electrode, allowing
for more efficient charge transfer and reducing losses due to charge trapping or
recombination [19]. The proposed device considered an ETL thickness of 30 nm, resulting

in a PCE of 18.66% with FF of 74.27%, J,. of 29.106 mA/cm? and V. of 0.8633 V.
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Figure 5 The device's performance for serval SnO, thickness (a) J-V, (b) PCE-FF
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4.3.1 The Effects of ETL doping concentration on the device performance

In this section, the effect of ETL doping concentration in lead-free perovskite solar cells
that do not include HTL is studied. The doping concentration is varied from Np= 10 to
10! cm™ . The performance of the proposed device is strongly influenced by the doping
concentration of the ETL. The optimal doping concentration is found to be Np= 10%! cm?3,
which leads to the highest PCE of 20.05%. This increase in efficiency is primarily
attributed to the improved conductivity of the ETL material, which enhances the transfer
of electrons from the perovskite layer to the electrode, reducing losses due to
recombination. In addition, increasing the doping concentration also modifies the energy
level alignment between the ETL and the perovskite layer, facilitating more efficient
charge transfer across the interface. These combined effects result in higher open circuit
voltage, short circuit current density, and overall power conversion efficiency, as illustrated

in Figure 6.

PH33

72
500

FF (%)



Wael Abbas/Engineering Research Journal 179 (September 2023)PH24 — PH39

30.4 T T T T 0.869 20.2 T T T T 76.5

1 0.868

4 0.867

(mA/c mz)

1 0.866

V. (V)
oc

J.
Sc

1 0.865

1 0.864

0.863 18.6

g 10'° 107 10" 10" 102

Doping concentration of SnO, (cm's) Doping concentration of Sn()2 (cm's)

(a) (b)

10" 10" 10" 10° 10

Figure 6 The device's performance for variation of Sn0O, doping (a) J-V, (b) PCE-FF

4.4 Optimizing lead-free perovskite layer

The perovskite layer is a critical layer in the achievement of high-performance solar cells.
In this paper, we focus specifically on optimizing the lead-free perovskite layer
(CH3NH3Snl;) by determining the optimal thickness and doping concentration, while
keeping the defect type neutral with value of 1*10'¢/cm3.

4.4.1 The Effects of Varying the perovskite layer Thickness on the device
Performance

In this section, the optimal thickness of the perovskite layer (CH;NH;Snl3) in the proposed
lead-free PSC without HTL is investigated. We examine the impact of varying the
perovskite layer thickness within the range of 100 nm to 1300 nm on the proposed device's
performance. Our results reveal that as the thickness of the perovskite layer increases, the
performance of the solar cell generally improves, as evidenced by the data presented in
Figure 7. Specifically, we find that the optimal thickness for the perovskite layer is at 1000
nm, resulting in PCE of 21.56 % with FF of 74.4 %, ], of 33.11mA/cm? and V. of 0.8752
V, beyond which the performance of the solar cell becomes saturated. The reason for that
is that a thicker perovskite layer can absorb more light, generating a higher number of
electron-hole pairs, which in turn increases the current output and thus the efficiency of the
solar cell as shown in Figure 7.b. Additionally, the thicker perovskite layer reduces the
probability of charge recombination, which can occur when the electron and hole
pairs meet and neutralize each other before they can be collected as current [21]. This is
because a thicker perovskite layer provides a greater distance for the charge carriers to
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travel before they recombine, increasing the chances that they will be collected as current
instead as illustrated in figure 7.a. This improved performance continues until a certain
thickness is reached, beyond which the benefits of additional thickness become saturated,
and the performance of the solar cell levels off or even decreases.
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Figure 7 The device's performance for serval perovskite layer thickness (a) J-V, (b) PCE-FF

4.4.2 The impact of the doping concentration of the perovskite layer on the
performance of the proposed device.

This section focuses on studying the impact of the doping concentration of the perovskite
layer on the performance of the lead-free perovskite solar cell without HTL. We investigate
the effects of doping concentrations ranging from 10'® cm™ to 10! cm™ and observe that
the performance of the device generally improves as the doping concentration increases up
to a specific value, after which it begins to decrease, as shown in Figure 8. Low doping
concentrations limit the number of free charge carriers, leading to low current output and
poor device performance. As the doping concentration increases, the number of free charge
carriers also increases, leading to improved current output and higher efficiency. H While
a doping concentration of 10'® cm™ can result in a high PCE of 21.51%, it is essential to
note that beyond this concentration, the recombination rate of the charge carriers may
increase, leading to reduced efficiency and decreased device performance.
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Figure 8 The device's performance for variation of CH; NH;Snl; doping concentration
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4.4.3 The impact of the doping concentration profile of the perovskite
layer on the performance of the proposed device.

In this section, we investigate the impact of the different doping concentration profile of
the perovskite layer (CH;NH3;Snl3) on the performance of the proposed device. While the
previous results focused on a uniform doping type, we change the doping concentration
profile to a linear doping type to examine its effect on the device performance. The
difference between the two doping profiles lies in the distribution of free charge carriers
within the perovskite layer. In a uniform doping profile, the density of free charge carriers
is the same at all locations within the layer, while in a linear doping profile, the density of
free charge carriers varies across the layer. This can affect the transport of charge carriers
within the perovskite layer, as well as their recombination rate and overall efficiency.
Based on the data presented in Table 6, it appears that the linear doping profile enhances
the performance of the proposed device more than the uniform doping profile.
Furthermore, reducing the defect density from 10'® cm™ to 10" cm™ and using a linear
doping profile leads to the highest efficiency. The proposed structure has achieved an
efficiency of up to 31.7%
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Table 6. Comparison of Performance of Non-Toxic, HTL-Free PSC with Uniform and Linear
Doping Profiles Under Different Defect Densities

Doping Defect Ve (V) Jsc (mA/cm?) | FF (%) PCE (%)
Profile | Density (cm=)

Uniform 10 0.9036 31.972483 74.46 2151
Linear 1016 1.0892 26.041877 86.15 24.44

Uniform 10% 0.9601 33.225387 81.24 25.92
Linear 10% 1.1037 31.749028 88.7 31.08

5. Conclusion

This research presents a new design for lead-free perovskite solar cells (PSCs) that
addresses the toxicity concerns associated with traditional lead-based PSCs and eliminates
the need for a hole transport layer (HTL). The proposed structure has undergone extensive
simulations, incorporating investigations on suitable electron transport materials (ETMs),
optimization of the electron transport layer (ETL) thickness and doping concentration,
optimization of the absorber layer thickness and doping concentration, and analysis of the
impact of different doping concentrations on perovskite layer performance. The major
advantage of this new design lies in its toxic-free nature and elimination of the HTL,
resulting in reduced production costs and complexity, while still maintaining a high level
of efficiency. The following conclusions have been derived from the study:

= Proposal of a lead-free perovskite solar cell (PSC) design.

* FElimination of toxicity concerns associated with lead-based PSCs.

= Removal of the hole transport layer (HTL) requirement.

= Extensive simulations and optimization of various structural elements.

= (Calibration of simulation results using experimental data.

* Achievement of an efficiency of up to 31.08%.

= Lower production costs and complexity due to toxic-free and HTL elimination.
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