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Abstract

The promising technology of CHaNH3Pbls perovskite solar cells is particularly interested
in increasing efficiency. Solar cells based on perovskite represent an innovative approach
to achieve the best possible photovoltaic performances. The main objective of this work
is to study the performance of CH3NH3sPbls perovskite-based solar cells, using the
SILVACO software. In this work, we examined the electrical characteristics (I-V) of the
primary modelled solar cell, and The electrical outputs of the primary PSC solar cell
obtained are the short-circuit current density Jsc, the open-circuit voltage Voc, the fill
factor FF and the conversion efficiency 1 are 21.33 mA/cm2, 0.88 V, 0.72 and 14.44 %,
respectively, agree with experimental data. On the other hand, the simulation enabled us to
study the effect of the ETM region thickness, the effect of HTM region thickness and the
last effect which is the replacing of the HTM region (Spiro-OMeTAD) with PEDOT: PSS
on the electrical characteristics of the perovskite solar cell. Through the obtained results
we noticed that the PEDOT: PSS material improved the characteristics (I-V) of the
perovskite solar cell and the optimum parameters of the thickness of ETL and HTL layers
which are 0.1 pum, in the two cases. the obtained output parameters of the solar cell
improved in the case of the optimum thickness of ETL are Jsc=27.91 mA/cm2, Voc= 0.88
V, FF=0.72 and n= 17.71% While in the case of the optimum thickness of HTL are Jsc=
27.2 mA/cm2, Voc= 0.88 V, FF=0.72 and n=17.61%.
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Introduction

“Semiconductor Devices save the Earth.” This unusually title of a scientific research called
attention to the potential of solar cells as one solution to the global energy and climate warming
problems. Suppose the rate of world consumption of energy does not grow with time but stays
at its present level. The confirmed global oil reserve will last about 35 years. It is 60 years for
natural gas, 170 years for coal, and 60 years for uranium. If our consumption rate increases by
only 3% a year, the projected energy consumption will deplete the fossil fuel reserves even
sooner. Although new reserves may be discovered from time to time, there is the additional
problem of global warming (greenhouse effect) caused by the emission of carbon dioxide from
burning fossil fuels [1]. It would be foolhardy not to aggressively conserve energy and develop
renewable energy sources such as solar cells. Solar energy can be converted into electricity
through many means besides photovoltaics. For example, it is converted into heat that drives a
thermal engine that drives an electric generator in a solar thermal-electric system. Wind
electricity generation harnesses the energy of the wind, which is created by solar heating of the
earth. Growing plants and then burning them to generate electricity is another way. They all
generate electricity without net emission of carbon dioxide [2].

Due to the increasing demand for clean energy, much research effort has been dedicated to the
improvement of solar energy technologies. As a result, in 2013 Griétzel’s group created a
mesoporous hybrid organic-inorganic perovskite solar cell (PSC) with certified power
conversion efficiency (PCE) of 15 % [1]. At the same time, Snaith’s group also succeeded in
creating a planar organic-inorganic perovskite solar cell with PCE of 15.4 % [2]. In the
prominent scientific journal “Nature”, these PSCs were described as one of the ten greatest
scientific achievements of 2013 [3]. Since the time of these achievements, the research into
PSCs has grown rapidly, which has been described as a “perovskite fever” [4], and in 2019 the
efficiency of the PSCs reached 24.2 % [5]. These astonishing efficiencies are attributed to the
very interesting electronic and optical properties of the perovskite layer [6], [7]. The most
studied compound for the perovskite solar cells is methyl ammonium lead triiodide (CH3NH3

Pbls). It has a charge carrier mobility of 8 cm?/ (V-s) in thin polycrystalline layers [6], but this



quantity is much higher for monocrystals, reaching 105435 cm? /(V-s) [7]. These perovskites
also have extremely low charge carrier recombination rates for both the monomolecular and
the bimolecular recombinations [6]. In addition, they feature an ambipolar charge transport
with a balanced electron and hole diffusion lengths, these being greater than 100 nanometers
in a polycrystalline CH3sNH3 Pblz layer [8], [9]. In monocrystals, though, the electron and the
hole diffusion lengths exceed 175 wm under illumination of nominal full sunlight intensity and
even 3 mm under 1000 times weaker illumination [7]. The aforementioned features of trihalide
perovskites provide long lifetime of photogenerated charge carriers [6], [7], [9]. These
perovskites have a broad absorption spectrum covering all the visible range up to 800 nm on
the red side, with a high absorption coefficient from 5-10% up to 5-10° cm™. Commonly, a
thickness of 300 - 400 nm is sufficient for such a perovskite to fully absorb the incident visible
light [8], [9].

This work presents a Study of CHsNH3sPbls perovskite-based solar cells performance, the first
chapter gives a general concept of Solar Cells, And solar cells' characteristics. Chapter Il
focused on perovskite solar cell material and its properties and Photovoltaic problems that
hinder their efficiency and stability have been the subject of extensive research in recent years.
Researchers have focused on developing hole transport layers and electron transport layers
using various materials. Chapter Il summarizes the simulation software and the main

parameters used. And discusses the results obtained in this work.



Chapter I:

General Concepts of
Solar Cells



1.1 Introduction

Solar cells are typically named after the semiconducting material they are made of. These
materials must have certain properties in order to absorb sunlight. Some cells are designed to
process sunlight reaching the Earth's surface, while others are optimized for use in space [10].
Solar cells can consist of just a single layer of light-absorbing material (single junction) or they
can use multiple physical configurations (multijunction) to take advantage of different

absorption and charge separation mechanisms.
1.2 Absorption of light

When light falls onto semiconductor material, photons with energy (Eph) less than the bandgap
energy (Eg) interact only weakly with the semiconductor, passing through it as if it were
transparent. However, photons with energy greater than the bandgap energy (Eph > Eg) interact
with electrons in covalent bonds, using up their energy to break bonds and create electron-hole

pairs, which can then wander off independently [10]. This is illustrated in Fig. I.1.

Figure 1.1: The creation of electron-hole pairs when illuminated with light of energy.



Higher energy photons are absorbed closer to the surface of the semiconductor than lower

energy photons, as illustrated in Fig. 1.2.

blue red

e-h ¢

semiconductor e-h

Figure 1.2: The light energy dependency of electron-hole generation.

The generation rate (G) of electron-hole (e-h) pairs per unit volume can be calculated using

the formula:

G = aNe ** (1.2)

Where N is the photon flux (photons per unit area per second), a is the absorption coefficient,

and x is the distance from the surface. The value of a as a function of the wavelength of light

is illustrated in Fig. 1.3 for silicon at 300 K.
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Figure 1.3: The absorption coefficient of silicon at 300 K as a function of the vacuum

wavelength of light.

1.3 The solar spectrum

The radiation from the sun may be modeled by that of a black body at a temperature of about
6000 K. Measurements of the solar radiation are made at the earth (not at the surface of the sun)
so are lower intensity than that given by the Planck spectrum by the ratio (Rs/res), where Rs is
the sun's radius and rs is the mean distance between the earth and sun. Moreover, the sun's
radiation has to pass through the earth's atmosphere before reaching the surface which slightly
reduces its intensity [11]. The spectrum is plotted in the figure below reduced by the appropriate
geometric factor. The blue curve is the theoretical spectrum and the green curve is the actual
measured spectrum. Note that absorption in the atmosphere removes certain wavelengths nearly

entirely [12].
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Figure 1.4: The blue curve (smooth) is calculated from the above formula for a temperature
T = 6000 K. The green curve (jagged) is the measured solar spectrum. Both curves are
adjusted for distance from the sun. The dashed vertical lines indicate the visible

spectrum, 400 nm - 700 nm.

1.4 Semiconductors

Semiconductor is a substance with a certain degree of conductivity between a conductor and an
insulator. Physical conductivity is tied to its resistance to current flow. In other words, the higher
the conductivity level and the lower is the resistance [10]. Fig.l.5 illustrates the electrical
conductivityo of certain materials from the three parts (and the corresponding resistivity

p = 1/). Insulators have very low conductivity and high resistivity in the range of 108-108
S/cm such as a diamond (pure), fused quartz, and sulfur; and conductors have low resistivity
and high conductivity such as copper and platinum, typically between 10* and 10° S/cm.

Semiconductor’s conductivities occur between insulators and conductors [13]. The temperature,
8



illumination, magnetic field, and minute amounts of impurity atoms affect a semiconductor’s
conductivity, the semiconductor becomes one of the important materials in conductivity for that

purpose [1].

Insulators Sermaconductors  Ivietals

Conductivity (ohri’ -cra’ )

| -20 | -16 | -12 l -8

| |
10 10 10 10 10 10 10 10

g F 4 g 5 g
= § © 3 2
& &) L g (]
4 = =
& ™ E

Figure 1.5: Electrical conductivity at room temperature of some solid bodies; boundaries

between semiconductors, metals and insulators.

1.5 Different types of doping

Intrinsic semiconductors are of little use. In fact, the semiconductor materials’ properties can
be substantially altered by adding impurity atoms to the proportionally pure semiconductor
content. Though added, these impurities will reasonably alter the band structure to fully
transform the material's electrical properties [2]. There are two types of semiconductors: N-

doped semiconductors and P-doped semiconductors.

1.5.1 N-doped semiconductors

N-type doping is about amplifying the semiconductor electron density. Thus, the acceptor
concentration will be lower than the donor concentration (Na<Nb). For this, we include several
9



rich atoms in electrons in the semiconductor.

1.5.2 P-doped semiconductors

P-type doping is designed to increase the density of holes in the semiconductor, the
concentration of acceptors would be higher than that of donors (Na> Nb). For this reason, we

include several poor atoms in electrons in the semiconductor [2].

1.6 PN Junction

A p-n junction is formed by joining n-type and p-type semiconductor materials, as shown in

Fig. 1.6.

p ]
many holes, many electrons,
few electrons few holes

Figure 1.6: Formation of a p-n junction.

When joined, the excess holes in the p-type material flow by diffusion to the n-type material,

while electrons flow by diffusion from the n-type material to the p-type material as a result of

10



the carrier concentration gradients across the junction. The electrons and holes leave behind

exposed charges on dopant atom sites, fixed in the crystal lattice. An electric field E therefore

builds up in the so-called depletion region around the junction to stop the flow [14]. Depending

on the materials used, a ‘builtin’ potential (Vbi) owing to E will be formed. If a voltage is

applied to the junction, as shown in Fig. 1.7, E will be reduced.

holes >

lelectrans

Figure 1.7: Application of a voltage to a p-n junction.

Once E isno longer large enough to stop the flow of electrons and holes, a current is produced.

The built in potential reduces to Vbi — V and the current flow increases exponentially with the
applied voltage [14].

As illustrated in Fig. 1.8, a PN junction can be fabricated by implanting or diffusing donors into
a P-type substrate such that a layer of semiconductor is converted into N type. Converting a
layer of an N-type semiconductor into P type with acceptors would also create a PN junction.
A PN junction has rectifying current—voltage (I-V or IV) characteristics as shown in Fig. 1.9.
As a device, it is called a rectifier or a diode [15]. The PN junction is the basic structure of solar
cell, light-emitting diode, and diode laser, and is present in all types of transistors. In addition,

11



PN junction is a vehicle for studying the theory of the depletion layer, the quasi-equilibrium

boundary condition, the continuity equation, and other tools and concepts that are important to

the understanding of PN junction.

Donor 1ons

Figure 1.8: PN junction can be fabricated by converting a layer of P-type semiconductor into

N-type with donor implantation or diffusion.

N — T
| W)
| iy
I|
f — N |
- = |/
Reverse hias s—|—= Forward bias Dhode

Figure 1.9: The rectifying IV characteristics of a PN junction.
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1.7 Solar cell

Solar cells are semiconductors that convert sunlight into direct current electricity (DC). Humans
have a long history of utilizing solar energy for heat, but producing electricity is much more
recent. It is closely linked to modern solid- state physics. A solar cell performs the photovoltaic
influence; "photo” — light; "voltaic™ — electricity (Fig 1.10). In the PV effect, photons hit the
surface of a semiconductor material such as silicon and release electrons from the material’s
atoms. Adding chemical compounds to the material’s composition is very helpful for releasing
electrons. This generates an electrical current. Over the photovoltaic influence, a typical 4-inch
silicon solar cell can produce about a watt of DC electricity. Groups of photovoltaic cells can
be electrically ordered into arrays and modules, which could be utilized to fresh batteries,
motors, and supply energy of any number of electrical appliances [18]. Thin-film (PV) materials
promise to decrease material requirements and manufacturing costs for photovoltaic modules
and systems. Photovoltaic systems have unrivalled advantages over common power-generating
technologies. PV systems could be designed for different sets of applications and operational
needs and can be utilized for distributed power generation. It include no moving parts, are
modular, easy to expand and even able to be carried in some cases. The features of photovoltaic
systems are energy independence and environmental protection, which are both important.
Firstly, sunlight is accessible and friendly to the environment, with no noise and pollution.
Generally, if a photovoltaic system is designed well, it requires maintenance, which extends its
long service life. Nowadays, the primary factor in constructing a PV system is the cost of

photovoltaic modules and equipment compared to other energy sources [19].

13
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Figure 1.10: Schematic of a typical solar cell.

1.8 Characteristic parameters of a photovoltaic cell

A solar cell is most often a p-n (or n-p) junction to which contacts are added to collect the
current [19]. Once the solar cell is exposed to light, pairs of electron- hole are formed and thus
the photogenerated Iph current is created which depends on the amount of incident light. Fig.1.11

shows the solar cell’s two I-V characteristics in the dark and under the illumination.

14
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Figure 1.11: 1-V characteristics of the PV cell and its equivalent electric circuit.

1.8.1 Short circuit current Isc
It is noticed that the curve under illumination is displaced concerning the first value of Isc which
explains the constant generation of current by light. This value is known as the short-circuit

current, or it is the current that generates the cell under zero voltage under light.

Figure 1.12: Short circuit current Isc.

15



1.8.2 Open circuit voltage in Voc

This is the open-circuit voltage, the voltage of the cell under zero current. In the ideal

case, the short circuit current Isc is equal to the photogenerated current Iph.

inverse of slope is characteristic
resistance

Current

Figure 1.13: open-circuit voltage.

1.8.3 Fill factor FF

The fill (form) factor indicates the cell quality that it develops the maximum power

Pmax at a voltage Vmand a current Im, and it is handy to define the fill factor FF.

Figure 1.14: Fill factor FF.
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1.8.4 Energy conversion efficiency n,

The energy efficiency or the conversion efficiency is defined as the ratio between the maximum
power produced by the cell and the incident power Piof the solar radiation that arrives on the

photovoltaic cell, which is normalized to 1000 W/m2 for an AM1.5 spectrum [19].

Pm _ FFVoclsc

== (1.2)
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I11.1 Introduction

PVSCs have received much attention from academia and industry owing to their low material
cost, high absorption coefficient, high carrier mobility, and high conversion efficiency [20]. In
2009, a perovskite material was first introduced into solar cells, and solar cells with this kind
of material exhibited a conversion efficiency of 3.9% [20]. In recent decades, great efforts have
been contributed to optimize the carrier transport layers, chalcogenide layers, and interface
issues to improve the conversion efficiency of PVSCs, reaching the current world record of

26.4% [20], [21].

11.2 CHsNHsPDbls perovskite structure

The terms ’perovskite’ and’’ perovskite structure’” are often used interchangeably.
Technically, perovskite is a mineral first discovered in the Urals and named after lev perovsky
(founder of the Russian Geographical Society). A perovskite structure is any compound that
has the same structure as the perovskite mineral. Methylammonium lead iodide (CH3sNHz3Pbls)
perovskite solar cell has produced a remarkable breakthrough in the photovoltaic history of
solar cell technology because of its outstanding device based performance as a light-harvesting

semiconductor. The general crystal structure of perovskite is cubic.
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Figure 11.1 : CH3sNH3Pblz perovskite structure.

11.3 Perovskite solar cell

Halide perovskites are a family of materials that have shown potential for high performance
and low production costs in solar cells. The name “perovskite” comes from the nickname for
their crystal structure, although other types of non-halide perovskites (such as oxides and
nitrides) are utilized in other energy technologies, such as fuel cells and catalysts. Perovskite
solar cells have shown remarkable progress in recent years with rapid increases in efficiency,
from reports of about 3% in 2009 to over 25% today. While perovskite solar cells have become
highly efficient in a very short time, a number of challenges remain before they can become a

competitive commercial technology [21].

11.3.1 General Structure of Perovskite Solar Cells

An archetypal PSC comprises an n-type compact layer, a mesoporous oxide layer, a light-
harvesting perovskite layer, a hole-transporting layer and two electrodes [22]. The generic
structure of a PSC is as shown in Fig 11.2 and the different layers are deposited as indicated

stepwise.

20


https://www.nrel.gov/pv/cell-efficiency.html
https://www.sciencedirect.com/topics/materials-science/perovskite-solar-cell
https://www.sciencedirect.com/topics/materials-science/oxide-compound
https://www.sciencedirect.com/topics/materials-science/perovskite

> Metallic counter electrode

~ Hole transporting layer

» Organic-inorganic hybrid perovskite

. FElectron transporting layer

i

~ Hole blocking layer

= FTOATO coated glass

\/

Figure 11.2: Structure of Perovskite Solar Cells.

11.3.2 Operation principle of perovskite solar cell

A schematic representation of the operation principle of PSCs is illustrated in Fig 11.3.
Perovskite solar cells utilize perovskite structured light absorbers for photovoltaic activity like
dyesensitized solar cells utilize the dye/semiconductor interface for light harvesting [23]. The
photovoltaic system has three main functioning steps: (1) absorption of photons followed by
free charge generation, (2) charge transport, and (3) charge extraction. When sunlight falls on
a PSC, the perovskite absorbs light, excitons are generated, and charge carriers (electrons and
holes) are produced upon exciton dissociation. Exciton dissociation occurs at the interface
between the perovskite layer and the charge-transporting layer [23]. When the electron is
separated from the hole and injected into the electron transporting layer (ETL), it migrates to
the anode which is in most cases fluorine-doped tin oxide (FTO) glass. Simultaneously, the

hole is injected into the hole transporting layer (HTL) and subsequently migrates to the cathode
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(usually metal) [24]. The electrons and holes are collected by working and counter electrodes

respectively and transported to the external circuit to produce current [25].

A
E PSC
2 A
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3 A |
/\ e
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FTO ETL Perovskite HTL Metal

Figure 11.3: Band diagram and operation principle of perovskite solar cell.

1.4 Device architecture

The device configuration is one of the most crucial factors for evaluating the overall
performance of perovskite solar cells. PSCs can be classified as regular (n-i-p) and inverted (p-
i-n) structures depending on which transport (electron/hole) material is present on the exterior

portion of the cell/encountered by incident light first [26]. These two structures can be further
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divided into two categories: mesoscopic and planar structures. The mesoscopic structure
incorporates a mesoporous layer whereas the planar structure consists of all planar layers.
Perovskite solar cells without electron and hole-transporting layers have also been tested. In
summary, six types of perovskite solar cell architectures have been studied by various
researchers thus far: the mesoscopic n-i-p configuration, the planar n-i-p configuration, the
planar p-i-n configuration, the mesoscopic p-i-n configuration, the ETL-free configuration, and
the HTL-free configuration [26], [27].

The conventional n-i-p mesoscopic structure was the first arrangement of perovskite
photovoltaics to be tested, in which the light-harvesting dye was replaced with lead halide
perovskite semiconductors in a traditional DSSC-type architecture [28]. The interest in
perovskite solar cells increased more when so-called mesoscopic device structures (Fig. 11.4a)
were formed by substituting the liquid electrolyte with a solid-state hole conducting material
[29]. The assembly begins with a transparent glass cathode followed by the electron
transportation material (ETM). The structure is then layered with a mesoporous metal oxide
containing the perovskite, followed by the hole transport material (HTM), and capped with a
metallic anode (Fig. 11.4a). this initial advancement in PSCs created an important field of
interest for photovoltaic researchers and consequently led to the development of other PSC
device configurations (Fig. 11.4b—d). The planar architecture is an evolution of the mesoscopic
structure, where the perovskite light harvesting layer is sandwiched between the ETM and
HTM. The absence of a mesoporous metal oxide layer leads to an overall simpler structure. It
is possible to achieve a high efficiency without the mesoporous layer by carefully controlling
the interfaces between the different layers that make up the PSC (the perovskite light absorber
layer, the electron transporting layer, the hole-transporting layer, the electrodes as well as the
perovskite layer itself) [29]. With the same materials and approach, a planar n-i-p PSC shows
increased Voc (open-circuit voltage) and Jsc (short-circuit current density) relative to a
mesoscopic PSC device; however, the planar configuration also had more severe J-V hysteresis
which calls into question the accuracy of the reported efficiencies [30]. The grain and thickness
of this buffer layer influence the J-V hysteresis behavior [30], [31]. Kim et al. also observed

that J-V hysteresis problem is significantly dependent on the p-type hole-transporting materials
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and found that the hysteresis behavior can become negligible with a reduced capacitance, which
can be done by replacing Spiro-OMeTAD with poly(3,4-ethylene dioxythiophene)-
poly(styrene sulfonate) (PEDOT:PSS) or any other inorganic hole-transporting materials [32].
However, the J-V hysteresis behavior is also dependent on voltage scan direction, scan rate,
and range [33]. To counter this problem, a thin mesoporous buffer layer was incorporated within
the planar n-i-p PSC structure [33]. To date the best mesoscopic n-i-p device has exhibited a
PCE 21.6% [34], whereas the highest reported efficiency of a planar n-i-p cell 20.7% [35].
Although mesoporous PSC shows better efficiency than planar structure, it is required to have
a thinner mesoporous layer (less than 300 nm) [35]. In addition, the planar device could be
fabricated with a low-temperature process unlike the mesoporous structure [36]. However,
better control of the perovskite-absorbing layer is required [37].

The p-i-n PSC structured is derived from the organic solar cell [38]. In the case of the p-i-n
planar perovskite architecture, the HTM layer is deposited first followed by the ETM layer. It
was discovered that perovskites are capable of transporting the holes themselves [39], which
led to Jeng et al. developing the first planar hetero-junction PSC with an inverted structural
design [40]. With this advancement, the inverted p-i-n configuration has expanded the options
to explore more for selective layer from organic to inorganic materials and the use of oxide
HTM allow for constructing mesoscopic p-i-n device architecture [41], [42]. Planar p-i-n PSC
offers low-temperature processing, negligible hysteresis behavior with high efficiency of 18%
[41]. The device configuration of the inverted p-i-n planar and mesoscopic PSC is shown in

Fig. 1l.4c, d.

24



(a) n-i-p mesoscopic (b) n-i-p planar (c) p-i=n planar (d) p-i-n mesoscopic

| Wealanode(Au) | [ Wiefalanode(AU""Y  Metal Cathode (A) Metal Cathode (A)

HTM (Spiro-MeOTAD) HTM (Spiro-MeOTAD) ETM (PCBM) ETM (PCEM)
- - ]
ETM (TiO,) ~ HTM (PEDOTPSS) ~ HTM(NiO)
* Transparent cathode (FTO)  Transparentanode (IT0)  Transparentanode (IT0)
Glass Glass Glass Glass
Sunlight

Figure 11.4: Schematic showing the layered structure four typical of perovskite solar cells (a)

n-i-p mesoscopic, (b) n-i-p planar, (c) p-i-n planar, and (d) p-i-n mesoscopic.

11.5 Electron-transporting layer-free structure

A compact n-type metal oxide on the transparent conductive oxide (TCO) is always required
for conventional planar perovskite solar cells, as it helps to achieve high open-circuit voltage
(Voc) and overall power conversion efficiency. However, Hu et al. developed a surface
modification technique utilizing a cesium salt solution to modify the indium— tin—oxide (ITO)
surface/optimize energy level alignment at this interface, which led to a PCE of 15.1% [43].
Later, Liu et al. developed a compact layer-free PSC which exhibited 13.5% efficiency by
directly depositing the perovskite layer on the ITO surface via a sequential layer deposition
method, demonstrating that including an ETL is not a necessity to obtain outstanding device
efficiencies [43]. Ke et al. also suggested that a TiO2 electron-transporting material may not be
an ideal interfacial material after developing an efficient ETL free PSC with a PCE of 14.14%
and a Voc of 1.06 V grown directly on an FTO substrate via a one-step solution process without

any hole-blocking layers [44]. The compact ETM layer-free planar perovskite solar cell

25



architecture is shown in Fig. I1.5. other studies have also proved that the compact layer-free
architecture can exhibit excellent performance when generated with different film-forming

methodologies [45], [46].

HTL
-5.22 eV

—_—

Figure 11.5: (a) Schematic illustration of the electron transport layer-free planar mixed halide
perovskite solar cell configuration and (b) energy level diagram of the planar PSC showing

collection and separation of photo-generated electrons and holes without an ETL.

11.6 Hole transporting layer-free structure

Although various novel hole transport materials (HTMs) have been evaluated with good results
(including small molecules, polymers, and inorganic compounds), HTM-free PSC architectures
are a simpler cell configuration that is garnering increased attention in this field. This increasing
emphasis is because most of the reported highly efficient PSCs contain expensive HTMs like
fullerenes, which significantly increase the fabrication cost of the cells. As already mentioned,
organo-lead halide perovskite materials show outstanding semiconducting properties like long
charge transport lifetimes and an ambipolar nature which allows for the exclusion of the hole-
transporting layer [47], [48]. In 2012, Etgar et al. reported the successful fabrication of HTL-

free mesoscopic perovskite solar cells for the first time, indicating that MAPbI3 itself performed
26



the function of both a light harvester and hole conductor [49]. Aharon et al. found that the
performance of HTL-free PSCs was highly dependent on the depletion layer width because this
layer helps in charge separation and prevents the back-reaction of the electrons from the TiO2
with the MAPDI3 film [48]. A remarkable 12.8% certified efficiency with high stability was
obtained in a fully printable hole transport layer-free mesoscopic PSC by using a double layer
of mesoporous TiO2 and ZrO2 covered with porous carbon [49]. Enhancing the quality of the
perovskite film and further optimization of the ETL/perovskite interface is important for further
enhancement of the efficiency of HTM-free PSCs. The most straightforward hole-transporting
layer-free PSC structure is shown in Fig. 11.6. the different device configuration informs the
selection of charge-transport (ETM and HTM) and charge-collection materials (cathode and
anode). Recent advances concerning advanced materials for the electron and hole-transporting
layers, as well as new materials being developed for use in the perovskite layer, are discussed

in the forthcoming sections.
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Figure 11.6: Schematic illustration of the (a) structure and (b) energy level alignment of the

planar hole-transporting layer-free perovskite (CHsNH3Pbls) solar cells.
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1.7 Power conversion efficiency at scale of perovskite solar cells

In small-area lab devices, perovskite PV cells have exceeded almost all thin-film technologies
(except 111-V technologies) in power conversion efficiency, showing rapid improvements over
the past five years. However, high-efficiency devices have not necessarily been stable or
possible to fabricate at large scale. For widespread deployment of perovskites, maintaining
these high efficiencies while achieving stability in large-area modules will be necessary.
Continued improvement in efficiency in medium-area modules could be valuable for mobile,

disaster response, or operational energy markets where lightweight, high-power devices are

critical.
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Perovskites can be tuned to respond to different colors in the solar spectrum by changing the
material composition, and a variety of formulations have demonstrated high performance [50].
This flexibility allows perovskites to be combined with another, differently tuned absorber
material to deliver more power from the same device. This is known as a tandem device
architecture. Using multiple PV materials enables tandem devices to have potential power
conversion efficiencies over 33%, the theoretical limit of a single junction PV cell. Perovskite
materials can be tuned to take advantage of the parts of the solar spectrum that silicon PV
materials can’t use very efficiently, meaning they make excellent hybrid-tandem partners [51].
It is also possible to combine two perovskite solar cells of different composition to produce a
perovskite-perovskite tandem. Perovskite-perovskite tandems could be particularly competitive
in the mobile, disaster response, and defense operations sectors, as they can be made into

flexible, lightweight devices with high power-to-weight ratios.

11.8 Stability and durability of Perovskite Solar Cells

Perovskite solar cells have demonstrated competitive power conversion efficiencies (PCE) with
potential for higher performance, but their stability is limited compared to leading photovoltaic
(PV) technologies. Perovskites can decompose when they react with moisture and oxygen or
when they spend extended time exposed to light, heat, or applied voltage. To increase stability,
researchers are studying degradation in both the perovskite material itself and the surrounding
device layers. Improved cell durability is critical for the development of commercial perovskite
solar products [52].

Despite significant progress in understanding the stability and degradation of perovskite solar
cells, they are not currently commercially viable because of their limited operational lifetimes.
Commercial applications outside the power sector may tolerate a shorter operational life, but
even these would require improvements in factors such as device stability during storage. For
mainstream solar power generation, technologies that cannot operate for more than two decades
are unlikely to succeed, regardless of other benefits [52].

The perovskite PV research and development (R&D) community is heavily focused on

operational lifetime and is considering multiple approaches to understand and improve stability
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and degradation. Efforts include improved treatments to decrease the reactivity of the
perovskite surface, alternative materials and formulations for perovskite materials, alternative
surrounding device layers and electrical contacts, advanced encapsulation materials, and
approaches that mitigate degradation sources during fabrication and operation [53].

One issue with assessing degradation in perovskites is developing consistent testing and
validation methods. Research groups report performance results based on highly varied test
conditions, including different encapsulation approaches, atmospheric compositions,
illumination, electrical bias, and other parameters. While such varied test conditions can
provide insights and valuable data, the lack of standardization makes it challenging to directly

compare results and difficult to predict field performance from test results [53].
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Chapter 111 Results and discussion

I11.1 Introduction

Despite the considerable efforts made to improve the efficiency of solar cells, this still remains
lower than that of solar cells based on perovskite, the use of simulations for perovskite-based
solar cells is becoming increasingly important to reduce design time and costs. This approach
makes it possible to optimize the performance of cells, to achieve higher levels of performance.
Simulation is a technique for studying real dynamical systems by simulating their behavior
using a mathematical model of the system implemented on a digital computer.

Silvaco Atlas (Atlas User Manual, 2019) is one of various software incorporating this purpose
and used to produce the ultrafine model based on the experimental data and analyze the
behavior of optical and electrical devices under different constraints [54]. However, he must
include many physical processes in order to calculate the required characteristics. In using the
diffusion-drift model to model the transport of charge carriers in the device under light, wave
spectrum and polarization conditions. So, it is of a two-dimensional physics simulator where
all physical phenomena can be included possible such as the impact of grain size, type and
density of defects, different wave spectrum as sources of illumination (irradiance),
configurations and constituents of materials, as well as the fraction rate in all composite
materials.

In this work, Numerical simulation is carried out using the SILVACO, for studied the
performance of CH3NH3sPblz perovskite-based solar cells. In this study we focus on three
important effects on CHsNH3sPbls -based perovskite solar cells, which are the thickness of the
thickness of ETM region, the thickness of HTM region and the last which is the replacing of
the HTM region (Spiro-OMeTAD) with PEDOT:PSS .

I11.2 Features and Capabilities of ATLAS

111.2.1: Comprehensive Set of Models

ATLAS provides a comprehensive set of physical models, including [54]:
* DC, AC small-signal, and full time-dependency.
* Drift-diffusion transport models.
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* Energy balance and Hydrodynamic transport models.
» Lattice heating and heatsinks.

* Graded and abrupt heterojunctions.

* Optoelectronic interactions with general ray tracing.
* Amorphous and polycrystalline materials.

* General circuit environments.

* Stimulated emission and radiation

* Fermi-Dirac and Boltzmann statistics.

» Advanced mobility models.

* Heavy doping effects.

* Full acceptor and donor trap dynamics

* Ohmic, Schottky, and insulating contacts.

* SRH, radiative, Auger, and surface recombination.

« Impact ionization (local and non-local).

* Floating gates.

* Band-to-band and Fowler-Nordheim tunneling.

* Hot carrier injection.

* Quantum transport models

* Thermionic emission currents.

111.2.2: Fully Integrated Capabilities

ATLAS works well with other software from SILVACO [54]. For example, ATLAS
* Runs in the DECKBUILD interactive run-time environment.

* Is interfaced to TONYPLOT, the interactive graphics and analysis package.

* Accepts input from the ATHENA and SSUPREM3 process simulators.

* Is interfaced to UTMOST parameter extraction and device modeling software.

* can be used in experiments with the VWF AUTOMATION TOOLS.
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111.2.3: Sophisticated Numerical Implementation

ATLAS uses powerful numerical techniques, including [54]:

* Accurate and robust discretization techniques.

» Gummel, Newton, and block-Newton nonlinear iteration strategies.
« Efficient solvers, both direct and iterative, for linear sub problems.
» Powerful initial guess strategies.

« Small-signal calculation techniques that converge at all frequencies.

» Stable and accurate time integration.

111.3 Using ATLAS with Other Silvaco Software

ATLAS should only be used in conjunction with the VWF INTERACTIVE TOOLS. These
include DECKBUILD, TONYPLOT, DEVEDIT, MASKVIEWS, and OPTIMIZER.
DECKBUILD provides an interactive run time environment. TONYPLOT supplies scientific
visualization capabilities. DEVEDIT is an interactive tool for structure and mesh specification
and refinement. MASKVIEWS is an IC Layout Editor. The OPTIMIZER supports black box
optimization across multiple simulators.

ATLAS is often used in conjunction with the ATHENA process simulator. ATHENA predicts
the physical structures that result from processing steps. The resulting physical structures are
used as input by ATLAS, which then predicts the electrical characteristics associated with
specified bias conditions. The combination of ATHENA and ATLAS makes it possible to
determine the impact of process parameters on device characteristics.

The electrical characteristics predicted by ATLAS can be used as input by the UTMOST device
characterization and SPICE modeling software. Compact models based on simulated device
characteristics can then be supplied to circuit designers for preliminary circuit design.
Combining ATHENA, ATLAS, UTMOST, and SMARTSPICE makes it possible to predict the
impact of process parameters on circuit characteristics [54].

ATLAS can be used as one of the simulators within the VWF AUTOMATION TOOLS. VWF

makes it convenient to perform highly automated simulation-based experimentation. VWF is
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used in a way that reflects experimental research and development procedures using split lots.
It therefore links simulation very closely to technology development, resulting in significantly

increased benefits from simulation use [54].

I11.4 Physically-Based Simulation

ATLAS is a physically-based device simulator. Physically-based device simulation is not a
familiar concept for all engineers. This section will briefly describe this type of simulation.
Physically-based device simulators predict the electrical characteristics that are associated with
specified physical structures and bias conditions [54]. This is achieved by approximating the
operation of a device onto a two or three dimensional grid, consisting of a number of grid points
called nodes. By applying a set of differential equations, derived from Maxwells laws, onto
this grid you can simulate the transport of carriers through a structure. This means that the
electrical performance of a device can now be modeled in DC, AC or transient modes of
operation. There are three physically-based simulation. These are: « It is predictive. * It provides
insight. « It conveniently captures and visualizes theoretical knowledge. Physically-based
simulation is different from empirical modeling. The goal of empirical modeling is to obtain
analytic formulae that approximate existing data with good accuracy and minimum complexity.
Empirical models provide efficient approximation and interpolation. They do not provide
insight, or predictive capabilities, or encapsulation of theoretical knowledge. Physically-based
simulation has become very important for two reasons [54]. One, it is almost always much
quicker and cheaper than performing experiments. Two, it provides information that is difficult
or impossible to measure. The drawbacks of physically-based simulation are that all the
relevant physics must be incorporated into a simulator, and numerical procedures must be
implemented to solve the associated equations. These tasks have been taken care of for users
of ATLAS. Those who use physically-based device simulation tools must specify the problem
to be simulated. In ATLAS, specify device simulation problems by defining: * The physical
structure to be simulated. « The physical models to be used. * The bias conditions for which

electrical characteristics are to be simulated.
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1.5 ATLAS Inputs and Outputs

Figure I11.1 shows the types of information that flow in and out of ATLAS. Most ATLAS
simulations use two input files. The first input file is a text file that contains commands for
ATLAS to execute. The second input file is a structure file that defines the structure that will
be simulated. ATLAS produces three types of output files [54]. The first type of output file is
the run-time output, which gives you the progress and the error and warning messages as the
simulation proceeds. The second type of output file is the log file, which stores all terminal
voltages and currents from the device analysis. The third type of output file is the solution file,
which stores 2D and 3D data relating to the values of solution variables within the device at a

given bias point [54].
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Figure 111.1: ATLAS Inputs and Outputs.
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111.6 ATLAS Syntax

An ATLAS command file is a list of commands for ATLAS to execute. This list is stored as an
ASCII text file that can be prepared in DECKBUILD or using any text editor. Preparing an
input file in DECKBUILD is preferred, which can be made easier by using the DeckBuild
Commands menu in the DeckBuild Window [54].

111.6.1 Statements and Parameters

The input file contains a sequence of statements. Each statement consists of a keyword that
identifies the statement and a set of parameters. The general format is:

With a few exceptions the input syntax is not case sensitive. One important exception is that
commands described in this manual as being executed by DECKBUILD rather than ATLAS
are case sensitive. These include: EXTRACT, SET, GO, and SYSTEM. Also, filenames for
input and output under UNIX are case sensitive. For any, ATLAS may have four different types
for the parameter. These are: Real, Integer, Character, and Logical. An example of a statement
line is: DOPING UNIFORM N.TYPE CONCENTRATION=1.0e1l6 REGION=1
OUTFILE=my.dopThe statement is DOPING. All other items are parameters of the DOPING
statement. UNIFORM and N.TYPE are logical parameters. Their presence on the line sets their
values to true, otherwise they take their default values (usually false) [54]. CONCENTRATION
is a Real parameter and takes floating point numbers as input values. REGION is an Integer
parameter taking only integer numbers as input. OUTFILE is a Character parameter type taking
strings as input. The statement keyword must come first but after this, the order of parameters
within a statement is not important. You only need to use enough letters of any parameter to
distinguish it from any other parameter on the same statement. Thus, CONCENTRATION can
be shortened to CONC. REGION, but can’t be shortened to R, since there’s a parameter called
RATIO associated with the DOPING statement. Logical parameters can be explicitly set to
false by preceding them with the ~ symbol. Any line beginning with a # is ignored. These lines
are used as comments. ATLAS can read up to 256 characters on one line. But it is best to spread

long input statements over several lines to make the input file more readable. The \ character
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at the end of a line indicates continuation [54].

111.7 CH3NH3Pbls -based perovskite solar cells structure

Over the past decade, lead halide perovskite materials have emerged as a promising candidate
for third-generation solar cells and have progressed extremely rapidly. The tunable band gap,
strong absorption, high power conversion efficiency, and low cost of perovskite solar cells
makes them highly competitive compared to current commercialized silicon-based and thin
film-based photovoltaic technologies. However, commercial products unavoidably result in
large amounts of waste and end-of-life devices which can cause serious environmental impacts.
To address this issue, recycle and recovery technologies of perovskite solar cells should be
researched and developed proactively. In this review, the development of perovskite solar cells.
The perovskite solar cell studied in this work is similar to the first n-i-p solar cell introduced
by [55] but with some different. The structure of our perovskite solar cell utilized in this study
is shown in (Fig I11.2). It is a one-dimensional devise with n-i-p planar heterojunction. The n
region is the ETL (TiO2), the i-region is the perovskite (CHsNH3Pbls) layer and the p region
is the HTL (Spiro-OMeTAD). When the cell is subject to light, excitons (bound state of an
electron and a hole) are created mainly in the perovskite i layer. According to their diffusion
length they can reach the n (p) region. At the n/i interface the exciton is dissociated and the
electron moves toward the n layer while the remaining hole migrates towards the player.
Similarly, at the i/p interface the exciton is dissociated and the hole moves to the p layer while
the remaining electron migrates to the n layer. The dissociation of excitons and the migration

of electrons and holes is favored by the electrical field between the n and p layers.
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Figure 111.2: Structure of CH3sNH3PDbls -based perovskite solar cell utilized in this study.
The input parameters of the structure and the different materials are summarized in Table 111.1

Table 111.1: Input parameters of CH3NH3Pbls primary modelled perovskite solar cell.

ETM(TIO2) Perovskite HTM (Spiro-OMeTAD)
d(um) 0.5 1.9 0.5
Eq(eV) 3.2 1.55 3.3
x(eV) 4.1 3.9 2.4
£, 9 6.5 9
N.(cm™3) 2 x 108 2.2 x 1018 1x 10%°
N,(cm™3) 1% 1018 1.8 x 10%° 1x 10%°
Ny(em™3) 2 x 108 5.21 x 10° 0.0
N (cm™3) 1 x 10Y7 5.21 x 10° 3.17 x 10%*
U, (cm?/Vs) 300 40 1x1073
10 10 1x107*
py(cm?/Vs)
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111.8 (I-V) Characteristic of primary modelled solar cell

The current-voltage (1-V) characterization of the cell is performed to derive important
parameters about the cell’s performance, including its maximum current (Imax) and voltage
(Vmax), open circuit voltage (Voc), short circuit current (lsc), and its efficiency (n).The figure
below shows the output characteristics of a primary modelled solar cell. This I-V curve

illustrates the relationship between the current and the voltage.
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Figure 111.3: (I-V) Characteristic of primary modelled solar cell.

The electrical outputs of the primary PSC solar cell are the short-circuit current density Jsc, the
open-circuit voltage Voc, the fill factor FF and the conversion efficiency n are 21.33 mA/cm?,
0.88V, 0.72 and 14.44 %, respectively. Good agreement with experimental data was found for

our results which are in the measured range of [55] and [56].
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111.9 Effect of ETL (TiO2) region thickness

The ETL in PSCs transports electrons generated from the perovskite layer [56]. It also serves
as a blocking layer to hinder direct contact between the holes and FTO [57]. Hence, the layer
should be pinhole free to prevent the recombination of electrons and holes at the front
electrodes. Compatible energy levels support the fast injection of photogenerated electrons
from perovskites and low-voltage losses. It also acts as a window layer for the perovskites;
thus, a bandgap above 3 eV is necessary. The layer should electrically be as thin as possible to
provide fast electron transport and low resistive losses. The titanium-oxide-based ETL is also
a crucial investigation area reported in a number of studies [58], [59], [60], [61] , [62]. During
the proposed solar cell simulation, all the input variables of the basic PSC are constant.

To study the effect of ETL (TiO2) region thickness on the perovskite solar cell parameters we

varied the TiO; region thickness from 0.5 pum to 0.1 pm.
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Figure 111.4: Effect of ETL (TiO2) layer thickness (um) on Jsc of the perovskite solar cell.

41



Chapter 111 Results and discussion

0.88 |
0.87 1 .
S
o
o
>
0.86 [ | .
0.85m [ | [ .
0.1 0.2 0.3 0.4 0.5

ETL (TiO2) layer thickness (um)

Figure 111.5: Effect of ETL (TiO2) layer thickness (um) on Voc of the perovskite solar cell.
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Figure 111.6: Effect of ETL (TiO2) layer thickness (um) on FF of the perovskite solar cell.
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Figure 111.7: Effect of ETL (TiO2) layer thickness (ium) on n of the perovskite solar cell.

The presented results clearly shows that the thickness of the compact TiO2 ETL clearly affects
the performance of CHasNH3sPblzperovskite solar cells.

More significant effects were observed for the current density—voltage characteristics of the
cells. We found that TiO> of thickness of 0.1 pmi s optimal, providing the best performance of
the devices. Thinner layers may result in worse efficiency of cells or difficulties with the
reproducibility of the devices. An ETL that is too thin may not be completely continuous and
contain pinholes, which may result in fast electron—hole pair recombination at the
FTO/CH3NH3Pblz interface. It can also provide an alternate current path for the light-generated
current, lowering the Shunt resistance of the cell. It is worth noting that even the very thin layer
of TiO2 markedly increases all basic photoelectric parameters compared to the device of
perovskite with thick layer of TiO2. On the other hand, a TiO layer that is too thick also has a
negative impact on the performance of PSCs, as it significantly reduces the short-circuit current

density (Jsc) and also the open-circuit voltage (Voc). Along with the thickening of the TiO2
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layer from 0. 10 pmto 0.5um, JSC decreased by 24 % (from 27.91 to 21.3 mA/cm?) and Voc
(from 0.88 V to 0.85V). Yet, for most cells, the FF remained at a similar level, between 0.7 and
0.72. In effect, we noticed a clear, gradual decrease in power conversion efficiency (PCE) from

17.71 % to 14.44 % along with the thickening of the TiO2 ETL.

111.10 Effect of HTL (Spiro-OMeTAD) region thickness

Perovskite solar cells (PSCs) are one of the most promising emerging energy-conversion
technologies because of their high power conversion efficiencies (PCEs) and potentially low
fabrication cost. To improve PCE, it is necessary to develop PSCs with good interfacial
engineering to reduce the trap states and carrier transport barriers present at the various
interfaces of the PSCs’ architecture. In this subsction reports a facile method to improve the
interface between the perovskite absorber layer and the hole transport layer (HTL) by
minimizing the thickness of the Spiro-OMeTAD region. This method based on decreased the
thickness of Spiro-OMeTAD region from 0.5 to 0.1um.
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Figure 111.8: Effect of HTL (Spiro-OMeTAD) layer thickness (um) on Jsc of the perovskite

solar cell.
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Figure 111.9: Effect of HTL (Spiro-OMeTAD) layer thickness (um) on Voc of the perovskite

solar cell.
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Figure 111.10: Effect of HTL (Spiro-OMeTAD) layer thickness (um) on FF of the perovskite

solar cell.
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Figure 111.11: Effect of HTL (Spiro-OMeTAD) layer thickness (um) on n of the perovskite

solar cell.
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The result is shown that as the thickness of Spiro-OMeTAD (HTL) is decreased, the efficiency
of the solar cell increases up to a certain value which is considered as optimum thickness for
the solar cell. With decreasing thickness, the short circuit current (Jsc) increases the decreasing
Spiro-OMeTAD(HTL) thickness allows for an improved electrical contact, enhanced
collection of electrons, and reduced recombination losses at the interface between the

perovskite and Spiro-OMeTAD layers and, consequently, enhances the PCE.

111.11 Effect of replacing a Spiro-OMeTAD by PEDOT: PSS material

The perovskite solar cell simulated structure is built (shown in Fig 111.2) using PSCs that have
been generated experimentally. In this subsection we utilized TiO, as ETM and changed the
material of HTM were placing a Spiro-OMeTAD by PEDOT: PSS. The simulation is carried
out under AMG 1.5 solar spectrum with an incident power density of 100 / mW cm2 at room
temperature (300 K). Where, the input parameters of TiO, are extracted from [63]. The
perovskites and PEDOT: PSS parameters are taken from [64], [65] and [67], respectively. The
input parameters of the structure and the different materials are summarized in (Table I11.2) and
(Fig 111.12) present the effect of replacing a Spiro-OMeTAD by PEDOT: PSS material on J-V

characteristics of perovskite solar cell solar cell.
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Table 111.2: Input parameters of CH3NH3zPbls perovskite solar cell.

ETM(TIiO.) Perovskite HTM (Spiro-OMeTAD) HTM (PEDOT: PSS)
d(pm) 0.1 1.9 0.1 0.1
Eg(eV) 3.2 1.55 3.3 2.2
x(ev) 4.1 3.9 2.45 2.9
£, 9 6.5 9 3
N.(cm™3) 2x10®  22x10!8 1 x 1019 2.2 X 1015
N,(cm™3) 1x 1018 1.8 x 10° 1x10%° 1.8 x 1018
Ng(cm™3) 2x10®  521x10° 0.0 0.0
N, (cm™3) 1x 10 5.21 x 10° 3.17 x 101* 3.17 x 101*
W, (cm?/Vs) 300 40 1x1073
10 10 1x107%

Hyp(cm?/Vs)
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Figure 111.12: Effect of replacing a Spiro-OMeTAD by PEDOT: PSS material.
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As shown in Fig 111.12 a slight improvement is noticed in J-V characteristics of perovskite solar
cell solar cell. The PEDOT: PSS exhibited the best efficiency even if Spiro-OMeTAD exhibits
the best band alignment. This is due to the holes mobility in Spiro-OMeTAD which is much
smaller than holes mobility in PEDOT: PSS,when PEDOT: PSS is used as HTM in this case,

the solar cell exhibits a conversion efficiency of 18.30% and a high fill factor of FF 75 %.

111.12 Conclusion

This study is an optimization of a perovskite solar cell with an n-i-p configuration using
SILVACO simulator.  The structure was the primary modelled solar cell which is
TiO2/Perovskite/Spiro-OMeTAD. In this chapter we have studied the perovskite solar cell
performance, first, we examined the electrical characteristics (I-V) of the primary modelled
solar cell, On the other hand, we focused on the thickness effect of the regions ETL and HTL
effect which have the important attention in the research about the perovskite solar cells after
that, we replaced Spiro-OMeTAD (HTM) with PEDOT: PSS (HTM) material and we made
a comparison between them, through the obtained results we noticed that the PEDOT: PSS
material improved the characteristics (I-V) of the perovskite solar cell and the optimum

parameters of the thickness of ETL and HTL layers which are 0.1 pm.
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General Conclusion

Solar cells are typically named after the semiconducting material they are made of. These
materials must have certain properties to absorb sunlight. Some cells are designed to process
sunlight reaching the Earth's surface, despite the considerable efforts made to improve the
efficiency of solar cells, this remains lower than that of solar cells based on perovskite, and the
use of simulations for perovskite-based solar cells is becoming increasingly important to reduce
design time and costs. This approach makes it possible to optimize the performance of cells, to
achieve higher levels of performance. Simulation is a technique for studying real dynamical
systems by simulating their behaviour using a mathematical model of the system implemented
on a digital computer.

Numerical simulation is carried out using the SILVACO, to study the performance of
CH3sNHsPblz perovskite-based solar cells. In this study, we focused on three important effects
which are the thickness of ETM region, the thickness of HTM region and the last is the
replacing of the HTM region (Spiro-OMeTAD) with PEDOT:PSS, the result shows that as the
thickness of Spiro-OMeTAD (HTL) is decreased the performance of the solar cell increased,
and also the results clearly show that the thickness of the ETL (TiO2) is more effect on the
performance of CH3sNH3Pbls perovskite solar cells than Spiro-OMeTAD (HTL). In the last the
efficiency of the solar cell increased in the case of replacing Spiro-OMeTAD with PEDOT:
PSS. We also made a comparison between them, and through the obtained results we noticed
that the PEDOT: PSS material improved the characteristics (I-V) of the perovskite solar cell

and the optimum parameters of the thickness of ETL and HTL layers which are 0.1 pum.
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