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ABSTRACT
Perovskite solar cells have shown exceptional performance and significant
advancements in solar cell efficiency. For perovskite solar cells to conduct electrons
and generate current, one of the key components is the substance known as the
electron transport layer (ETL). Using the SCAPS 1D modelling program, ZnO: Al
Keywords: was used in this instance as the ETL material in a perovskite solar cell. Because of
Zn0, its interaction with the perovskite material, the ZnO: Al ETL demonstrated high cell
Al, efficiency. The performance of the ZnO: Al-doped-based solar cell achieved a PCE
Electron transport layer, as high as 23.5%. In the meanwhile, the greatest cell performance in terms of
Perovskite solar cell, enhancing the charge transport mechanism and raising cell efficiency was shown by
Power conversion perovskite solar cells doping the ETL with Al and having the right layer thickness.
efficiency, Thus, throughout the manufacturing process, the parameters used in this study may
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SCAPS 1D. serve as a guide.

INTRODUCTION

Global population growth is increasing annually,
leading to a rise in the need for energy. Furthermore, the
increasing use of technology in everyday life increases
the amount of energy used. Since fossil fuels like coal,
oil, and natural gas are not renewable, their supply of
conventional energy will eventually run out. One of the
most popular renewable energy sources for producing
electricity is solar energy. If sunlight reaches the earth,
this source has no limits. Numerous solar cell varieties,
including organic, thin-film, and silicon-based solar
cells, have been created and brought to market (N.
Noorasid et al., 2022; N. S. Noorasid et al., 2022).
Researchers have recently been interested in perovskite
solar cells (PSC) due to their remarkable power
conversion efficiency (PCE) growth within a short
period. An organic-inorganic perovskite layer, a hole
transport layer (HTL), and an electron transport layer
(ETL) make up a PSC's primary layers (Nizamuddin et
al., 2020). By guaranteeing quick charge transfer from
the perovskite active layer to the electrode without
being hampered by charge recombination, ETL material
plays a significant role in enhancing cell performance
(Ahn et al., 2015).
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A PSC with a PCE as high as 25.5% was created in
2020 by the Ulsan National Institute of Science and
Technology (UNIST) in South Korea. The fluorination
approach was used to chemically improve the HTL
layer of Spiro-OMETAD (Jeong et al., 2020). Oxford
PV, a prominent player in the perovskite solar cell
industry, recently announced that the highest PCE value
ever recorded to date 29.49 % had been reached (Vogt
et al., 2022). Nonetheless, TiO; is often used as the ETL
material in these traditional PSCs. TiO; is a good hole-
blocker at the perovskite interface and provides
excellent photostability and a suitable band gap for
effective electron transport from the perovskite layer
(Suhaimy et al., 2020). However, annealing at high
temperatures (over 500°C) is necessary to develop a
high-quality TiO, ETL, which compromises the
viability of flexible PSCs (Alias et al., 2022). An
alternate ETL material called ZnO has been suggested;
it offers a low thermal budget production procedure,
about the same band gap, and greater electron mobility
when compared to a TiO, ETL (Alias et al., 2022). The
work function (WF) of the ETL and conductivity are
two critical elements that affect the electron extraction
capabilities of the ETL in a PSC. By adding a little
quantity of impurity (Alias et al., 2022) of Al
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extrinsically, ZnO electrical conductivity may be
enhanced. Zn?* has a greater ion radius (0.74 A) than
AR+ (0.54 A), hence at the lattice site, a little quantity of
AIP* may inadvertently replace Zn%. Then, it may
function as an extra dopant, improving the ZnO ETLs
conductivity  while preserving its  outstanding
transparency in the visible light spectrum (Tseng et al.,
2016).

Here, the SCAPS 1D simulation program was used to
examine Al-doped ZnO as an ETL material in a PSC.
To find the ideal device structure, other important
factors were also changed, including layer thickness,
operating temperature, doping concentration, and defect
density (Ahmed et al., 2021). It was discovered that a
small quantity of aluminum enhanced the ZnO ETL's
electrical conductivity. When compared to Al-doped
with Zn0O, a standard ZnO ETL of PSC generated a
comparatively lower PCE because of the organic cation
(CH3NHs=") of perovskite interacting with the ZnO
(Bhoomanee et al., 2019). The greatest PCE was
achieved as high as 23.5 %. Numerous earlier
investigations (Rahman et al., 2012; Tseng et al., 2016)
found a limit to the solubility of AI®* substitution in
ZnO to confirm this conclusion.

Perovskite Solar Cell Simulation

In this work, the electrical properties of PSC were
investigated using the SCAPS 1D simulation program.
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The University of Gent in Belgium's Department of
Electron and Information Systems (ELIS) created and
released the simulation software (Burgelman et al.,
2007). This program was first created for the thin film
group's cell architectures. However, the capabilities of
this program have been enhanced to the point that it can
now be used with crystalline solar cells (Si and GaAs
family), amorphous cells (a-Si and micromorphous Si),
and the newly developed perovskite solar cells. The
layer structure of the PSC used in the SCAPS simulation
and the SCAPS-1D definition panel with layers names
are shown in Figures 1 and 2, respectively. Using
CH3NH3Pbls as the perovskite layer and Al doped-ZnO
and Spiro-OMETAD as the HTL and ETL, respectively,
the PSC was simulated. To optimize the Al doped-ZnO
layer, this research examined and changed several

critical factors, including layer thickness, doping
concentration, operating temperature, and defect
density. In addition, to achieve the ideal overall

concentration, a little quantity of aluminum (Al)

extrinsically doped into the ZnO layer with 2.5 mol %.
Values of Voc and Jsc changed because of combining
different material properties into SCAPS for every part
of the study; this had an impact on FF and PCE. Table 1
provides an explanation of the simulation's parameters
as well as the foundation for the parameters used in this
investigation.

right contact

back

Figure 1: Perovskite solar cells layer architecture with SCAPS-1D
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Figure 2: SCAPS-1D definition panel with layers name

Table 1: List of parameter values of the device interface

Parameters ITO CH3NH3Pbls Spiro- Concentrations
(Du et al., 2016; (Aseena et al., OmeTAD ZnO:Al (mol %)
Liu & Kelly, 2021) (Bansal & 25
2014) Aryal, 2016) (Rahman et al,

2012)

Thickness (nm) 300 100 100 100

Band gap (eV) 3.6 1.51 2.9 3.25

Electron affinity (eV) 4.2 4.0 2.2 4

Dielectric permittivity 10 6.6 3 9

CB effective density of states (cm™3) 2x10% Ix2x10% 2x2x10% 2x3x10%

VB effective density of states (cm ) Ix8x10% 2x9x10% Ix8x10% Ix8x10%

Thermal velocity of electrons (cm/s) 107 107 107 107

Thermal velocity of holes (cm/s) 107 107 107 107

Electron mobility (cm2/Vs) 50 2.7 10* 300

Hole mobility cm2/Vs) 75 1.8 10* 25

Shallow donor density ND (cm_3) 10% 0 0 7x2x10%

Shallow acceptor density NA (cm™3) 0 Ix3x10% 10% 0
10% 4x10% 108 10

Defect density Nt (cm_3)
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Device architecture

The structure employed in this simulation is the n-i-p
planar structure which is the most basic and common
PSC Cell Structure (Khattak et al., 2020; Shen et al.,
2016). It consists of 4 main layers as shown in Figure.
1.The first layer is the Indium-doped tin oxide (ITO)
glass. It not only acts as the base for the cell structure to
be fabricated upon but also acts as the negative
electrode (cathode). On top of the ITO is the ETL. ETL
collects the negative charged ions from the cell. The
absorber layer made of perovskite material is placed on
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top of the ETL. This is where the charge carriers are
produced when the structure is exposed to light. On top
of the absorber layer is the hole transport layer (HTL)
which collects the positive charged ions from the
absorber. The final layer is the positive electrode
(anode) which collects the holes produced from the cell.
In this study, the Methylammonium lead lodide
(CH3NHsPbl3) was used as the perovskite absorber
material due to its better stability than Sn based
perovskite solar cell. The n-type tin oxide (ZnO:Al) is
used as the ETL and p-type Spiro-OMeTAD is used as
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hole transport layer. Whereas silver (Ag) is used as
anode material. The final structure of the PSC model is
(FTO/ZNnO:Al/ CH3NH3Pbls/Spiro-OmeTAD/AQ).

Device modelling

The complete PSC structure of (FTO/ZnO:Al/
CH3NH3Pbls/Spiro-OmeTAD/Ag) is modelled layer by
layer on SCAPS. The required material parameters for
all the layers are obtained from multiple experimental
and theoretical published data (Bansal & Aryal, 2016;
Du et al., 2016; Karthick et al., 2020; Liu & Kelly,
2014; Stamate, 2003; Stanic et al., 2021).

RESULTS AND DISCUSSION

Influence of working temperature

To see how much the operating temperature affects cell
performance in the actual world, an operating
temperature between 300k and 350k was simulated.
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High temperatures will react and have an impact on
several characteristics in semiconductor devices,
including material band gaps, carrier concentration, and
electron and hole mobility (noorasid et al., 2021).
Consequently, there is less electron flow, which has an
impact on the cell's efficiency. It is evident that every
device had a consistent declining trend as the
temperature rose. At lower temperatures, all devices
showed a comparatively smaller gradient. This is most
likely because the bandgap narrowing process is slowed
down. The bandgap often narrows as temperature rises,
which  most likely encourages charge carrier
recombination between the valence band and the
conduction band. Furthermore, a rise in defect density
within the layers, which affects deformation stress,
might potentially be the cause of the decline in cell
efficiency (slami et al., 2020).
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Figure 3: (a) J-V curve with varied working temperature, (b) PCE and FF and (c) Jsc and V oc with respect to varied

working temperature

Influence of ZnO:Al thickness

There was a variation in the thickness of (ZnO:Al) ETL
between 100 and 600 nm. Given the capabilities of cell
manufacture, the range chosen was adequate. Every
device's PCE values peaked at a thickness of 100 nm.
Furthermore, as seen in Figure 4, the maximum PCE
value, or up to 23.5 %, was found at the latter thickness
and throughout the whole range under investigation. At
greater thicknesses, the ZnO:Al layers had the lowest
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peak value. When ETL thickness increased, the PCE
value dropped. Because the charge must diffuse over
greater distances, increasing the thickness of ETL
reduces PCE and raises the possibility of recombination.
But when thickness increases, its effectiveness drops
down at a given pace, most likely because of more
recombination (Anwar et al., 2017; Correa-Baena et al.,
2016).
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Figure 4: (a) J-V curve with varied ETL thickness, (b) PC
thickness

Influence of ZnO:Al doping concentration

ETL’s doping concentration is essential for speeding up
electron flow and, therefore, current generation. The
charge carrier conductivity is increased when n-type Al
dopant is inserted into the ZnO ETL to replace the Zn?".
This successfully suppresses the ETL/perovskite
interface defects. The Al dopants also introduce a donor
level at 120 meV below the conduction band, which is
promoted to the proper band alignment, and raise the
concentrations of free carriers (Mahmood et al., 2022).
An ideal value with the least amount of doping will
provide a solar cell with excellent performance. Here,
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Thickness (nm)

E and FF and (c) Jsc and Voc with respect to varied ETL

each device's doping level ranged from 10*2 to 108 cm™*
To provide for a fair comparison, the other parameters’
layer temperature and thickness were fixed. Figure 5
illustrates how, for all devices, cell efficiency rose with
doping concentration up to 1 x 10 cm? before
plateauing. At high doping concentration, it was found
that the device with 1 x 10*® cm™ performed the best.
The higher electric field within the cell is what causes
the improvement in cell efficiency. The performance of
the solar cell will be enhanced by the increased electric
field since it will further intensify the charge carrier
separation activity (Hao et al., 2021).
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Figure 5: (a) J-V curve with varied ETL doping, (b) PCE and FF and (c) Jsc and Voc with respect to varied ETL

doping

CONCLUSION

This study outlined the most effective method for
doping ZnO ETL with aluminum to boost PSC
efficiency. To attain ideal cell characteristics, PSCs
were simulated with the use of the SCAP 1D simulation
program. A thorough investigation and connection
between the layer thickness, doping, and operating
temperature of an Al-doped ZnO ETL were carried out.
Up to 23.5% of simulated PSC cell efficiencies were
achieved. ZnO ETL doped with Al, 100 nm-thick layers.
Previous publications state that thickness as thin as 10
nm ZnO ETL is necessary to produce PCEs over 15 %,
necessitating the work of complex and expensive
control equipment. Thus, our study has shown that it is
possible to increase PSC performance while maintaining
cost effectiveness by adjusting and fine-tuning the major
parameters of the Al-doped ZnO ETL. Furthermore, the
cell production procedure may be guided by these
factors.
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