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 ملخص 

في استخراج ونقل الإلكترونات المتولدة ضوئيًا. لتحديد تأثيرها   امهم ادور ( ETL) ات تلعب طبقة نقل الإلكترون

( باستخدام برنامج  ETLقمنا بدراسة تأثير طبقة نقل الإلكترون )  .شمسية بيروفسكايت على سلوك وأداء الخلايا ال

،  التطعيم تركيز  (، حيث استعمل لمحاكاة تأثير معلمات فيزيائية مختلفة مثل السمك و SCAPS-1Dالمحاكاة )

لـ  الأ وكثافة العيوب وكثافة العيوب  البينية  خصائص الكهربائية للخلية  على ال  ETM / Perovskiteسطح 

تيارالشمسية ) ) كثافة  الحالية  القصيرة  )Jscالدارة  المفتوحة  الدائرة  وجهد   ،)Voc( التعبئة  معامل   ،)FF ،)

يجدر .  )ETM) كنوعين من مواد نقل الإلكترونات   ZnOو  2TiO((، باستخدام  PCEوكفاءة تحويل الطاقة )

   ETM / Perovskite ة سطح البينالعيوب الأتركيز التطعيم وكثافة العيوب وكثافة  السمك   إلى أن زيادة  الإشارة

مستعملة في طبقة  المقارنة أداء المواد  ، تمت أداء الخلايا الشمسية. وفي الأخير تلعب دورا مهما فييمكن أن 

 إلكترونات. كطبقة نقل   ZnOمن مادةأفضل أداء  2TiOمادة  أن دناجحيث و ( ETLالإلكترون )نقل 
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Abstract 

The electron transport layer (ETL) plays a vital role in extracting and transporting photogenerated 

electrons. To determine their impact on perovskite solar cell behaviour and performance, we have 

studied the effect of electron transport layer (ETL) using simulation program (SCAPS-1D). A 

simulation is carried out to study the effect of different physical parameters such as thickness, 

doping concentration,  defect density and interface trap density of ETM/Perovskite on the electrical 

properties of a solar cell (the short-circuit current density (Jsc), open-circuit voltage (Voc), fill 

factor (FF), and power conversion efficiency (PCE)), using TiO2 and ZnO as two types of electron 

transport material (ETM). It is also indicated that an increase in the thickness, donor concentration, 

defect density and interface trap density of ETL/Perovskite may have a great effect on the 

performance of solar cells. Another important result of this study is  TiO2 has better conversion 

performance than ZnO material as electron transport layer. 
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Résumé 

La couche de transport d’électrons (ETL) joue un rôle vital dans l’extraction et le transport 

d’électrons photogénérés. Pour déterminer leur impact sur le comportement et les performances 

des cellules solaires perovskites, nous avons étudié l’effet de la couche de transport d’électrons 

(ETL) à l’aide d’un programme de simulation (SCAPS-1D) pour simuler l’effet de différents 

paramètres physiques tels que l’épaisseur et la concentration de dopage, la densité des défauts et 

la densité des défauts d’interface de l’ETM/Perovskite sur les propriétés électriques d’une cellule 

solaire (densité de courant de court-circuit (Jcs), tension en circuit ouvert (Vco), facteur de 

remplissage (FF) et efficacité de conversion d’énergie (PCE)), utilisant TiO2 et ZnO comme deux 

types de matériel de transport d’électrons (ETM). Il est également indiqué qu’une augmentation 

de l’épaisseur ou la concentration des donneurs, de la densité des défauts et de la densité des pièges 

d’interface de l’ETL/Perovskite peut affecter la performance des cellules solaires. Un autre résultat 

important de cette étude est que le matériau TiO2 a de meilleures performances de conversion que 

le matériau ZnO comme couche de transport d’électrons. 
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Introduction 

Energy is one of essential elements for modernization and urbanization. Due to industrialization 

and increasing wealth in emerging markets, there is a rapidly growing demand for energy. The 

standard choice to satisfy these demands is fossil fuels, the increase in energy demands entails the 

depletion of world fossil fuel resources. Moreover, the consumption of fossil energy has a 

detrimental side effect which is producing greenhouse gases, which has already resulted in an 

increase of the atmospheric CO2 concentration and the global warming. Exploring renewable and 

environmentally friendly alternatives to fossil fuels is one of the most important objectives in 

energy production. One of the most promising renewable energy sources is solar power, especially 

solar photovoltaic. Photovoltaic (PV) is a technology that uses semiconducting materials that 

exhibit photovoltaic effects and convert sunlight into usable electricity, and it is particularly the 

most promising as the solar power is pollution-free during daily consumption. 

Solar cells have received great attention lately. In order to reduced its manufacturing cost and 

convert sunlight in a more efficient manner than the current-state-of-the art. In this context, a new 

promising type of solar cells has emerged, which is the Perovskite solar cells. It was named after 

the main material it is made of. Perovskite are materials described by the formula ABX3. It has 

been deemed to have advantageous electrical, structural, optical, and ferroelectric properties which 

makes it to be an excellent photovoltaic material. The organometal trihalide perovskite as light 

absorber in solar cells has amazed everyone by obtaining in a short time span significant 

improvement in power conversion efficiency (PCE). Since the first trying on a sensitized solar cell 

based on perovskite nanocrystalline particles self-organized in 2009, the PCE of perovskite-based 

solar cells has rapidly improved from 3.8% to 25.2% over the past 10 years. Compare to 

conventional silicon solar cell, perovskite-based solar cell has higher energy return on investment 

due to low material utilization and ability to solution process. Several architectures have been 

developed for this type of solar cells. Planar junction architecture enabled researchers to achieve 

a high PCE. Generally, a usual planar perovskite solar cell includes three main layers, where a 

perovskite film is embedded between an n-type electron-transport layer (ETL) and a p-type hole-

transport layer (HTL). The understanding of device operation mechanism is essential for the 

optimization of the device structure, which leads to the efficiency improvement. 

In order to understand the mechanism of the device, it is necessary to study each layer separately 

and know its effect on the performance of the device. The perovskite solar cell with a n-i-p 

structure the electron transport layer is the front side of the solar cell, and it may have an impact 
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on its performance. The work here presented has its focus on the effect of the electron transport 

layer on the photovoltaic (PV) parameters of the solar cell using the solar cell capacitance 

simulator (SCAPS) in one dimension. 

The first chapter gives an overview of solar cells, their various generations, the most important 

parameters of a solar cells then focuses on perovskite solar cells in particular.  

Chapter 2 offers an outlook over organic inorganic halide perovskite the structure, along with 

impact over the optical and electrical properties, different fabrication techniques are considered. 

The materials used as a hole and electrons transport layers. And the different issues in perovskite 

solar cells. 

Chapter 3 summarizes the simulation software and the main parameters used. And discusses the 

results obtained in this work, drawing the conclusions. 
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Chapter 1  

Technology of solar cells 

1.1 Introduction  

Solar energy, as a part of renewable energy sources, plays an increasingly important role to meet 

the world’s energy demand, especially in dealing with the climate change issue. Today, 

photovoltaic (PV) is one of the fastest-growing renewable energy technologies, and is ready to 

play a major role in the future global electricity generation mix.  Based on renewable energy data 

in 2018 According to international renewable energy agency (ARENA), solar cell or solar 

photovoltaic (PV) installed capacity is recorded at 480984 MW, came third after hydro and wind 

power with 8.3% of total Technologies (electricity generation 549833GWh). 

 

1.2 Solar cells 

Solar cells are devices which convert solar energy directly into electricity by the photovoltaic 

effect [1]. The Conversion of solar light into electric power requires the generation of both negative 

and positive charges as well as a compelling force to drive these charges through an external 

electric circuit for charge collection. The external circuit can be later connected to any electrical 

equipment to utilize the generated electrical power. In fact, the photon striking the electron in the 

solar cell must possess enough energy to excite a valance electron to jump to the conduction band. 

The energy gap between the conduction band and valance band with the energy supplied to the 

valance electron by the photon defines the probability of an electron to be in the conduction path 

and be beneficial for the power generation. The maximum current is determined by the number of 

electrons being excited to jump to the conduction band per second (see Figure 1.1) [2]. 
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Figure 1.1: Basic Working Mechanisms of solar cell device [3]. 

 

In organic semiconductors, with the photon absorption, an exciton is created which is a bound pair 

of electron and hole. The excitons are neutral in charge and dissociate and diffuse at certain areas 

called hetero-junctions. The electron carrying the negative charge travels towards the anode and 

the hole with the positive charge is attracted towards the cathode. After reaching the respective 

electrodes they are injected into the external circuit and hence fulfilling their purpose to form 

electrical power and get utilized [2]. 

 

1.3 Solar Cell Characteristics 

The J-V characteristic of an illuminated solar cell that behaves as the ideal diode is given by 

equation (1.1). 

 𝐼 = 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉

𝑛𝑘𝑇
) − 1] − 𝐼𝐿 (1.1) 

This behaviour can be described by a simple equivalent circuit in which a diode and a current 

source are connected in parallel. The diode is formed by a p-n junction. The first term in equation 

(1.1). Describes the dark diode current density while the second term describes the photo-

generated current density [4, 5]. 

The main parameters that are used to characterise the performance of solar cells are the short-

circuit current Isc, the open circuit voltage Voc, the fill factor FF, and power conversion efficiency. 
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These parameters are determined from the illuminated J-V characteristic. Quantum efficiency also 

be added. 

 

1.3.1 short circuit current 

The short-circuit current (𝐼𝑠𝑐) is the current through the solar cell when the voltage across the 

device is zero. The flow of 𝐼𝑠𝑐is due to the generation and collection of light generated carriers. It 

mainly depends on the number of incident photons as well as the spectrum, area of solar cell, 

optical properties and the collection probability of photo generated carriers [4]. The graphical 

representation of 𝐼𝑠𝑐 is given in Figure 1.2. 

 

 

Figure 1.2: I-V curve of a solar cell showing short-circuit current [3]. 

 

1.3.2 Open circuit voltage 

When a solar cell is an open circuited, and no load is connected across the solar cell then current 

will be at its minimum (zero) value whereas the voltage will be at maximum value. From solar cell 

equation, 𝑉𝑜𝑐can be derived by setting net current to zero and is given in equation (1.2). 

 𝑉𝑜𝑐 =
𝑛𝑘𝑇

𝑞
𝑙𝑛 (

𝐼𝐿

𝐼𝑜
+ 1) (1.2) 
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From the above equation, it is clear that open circuit voltage depends on 𝐼0 (saturation current) and 

𝐼L (light generated current). 𝐼0 depends on recombination in the solar cell. So, 𝑉𝑜𝑐 can be a measure 

of the amount of recombination in a solar cell [4]. The graphical representation of Vo𝑐 is given in 

Figure 1.3 

 

Figure 1.3: I-V curve of a solar cell showing the open-circuit voltage [3]. 

 

1.3.3 Fill factor 

One of the measurements that determines the quality of a solar cell is fill factor (𝐹𝐹), which is 

derived by equating the maximum power (𝑃MPP) to the theoretical power (𝑃t). Where power (𝑃t) 

would be output at both the open circuit voltage (𝑉𝑜𝑐 ) and short-circuit current (𝐼𝑠𝑐 ) as given in 

equation (1.3) [4]. Fill factor can be interpreted graphically as the ratio of the rectangular areas 

depicted in Figure 1.4. 

 𝐹𝐹 =
𝑉𝑀𝑃𝑃 .  𝐽𝑀𝑃𝑃

𝑉𝑜𝑐 .  𝐽𝑠𝑐
=

𝑃𝑀𝑃𝑃

𝑉𝑜𝑐 .  𝐽𝑠𝑐
< 1 (1.3) 
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Figure 1.4: Typical current density-voltage curve (JV curve) and corresponding electrical power 

output density from a solar cell. Denoted are the short-circuit current density (Jsc), the open 

circuit voltage (Voc), and the maximum power point at (VMPP), which generates the maximum 

power output (PMPP). Adapted from [6]. 

 

1.3.4 Quantum efficiency 

The ‘‘quantum efficiency’’ (QE) is the ratio of number of carriers collected by the solar cell to the 

number of photons of a given energy incident on the solar cell. The quantum certain wavelength 

is absorbed and the resulting minority carriers are collected, then the quantum efficiency at that 

particular wavelength is unity. A quantum efficiency curve for an ideal solar cell is shown in   

Figure 1.5. While quantum efficiency ideally has the square shape, the quantum efficiency for 

most solar cells is reduced due to recombination effects. The same mechanisms which affect the 

collection probability also affect the quantum  efficiency [3, 7, 8]. 
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Figure 1.5: The quantum efficiency of a silicon solar cell. Quantum efficiency is usually not 

measured much below 350 nm as the power from the AM1.5 contained in such low wavelengths 

is low [8]. 

 

There are two types of QE: external quantum efficiency (EQE) and internal quantum efficiency 

(IQE). EQE is the ratio between the number of charge carrier collected by solar cells with the 

number of incident photons while IQE only takes into account the absorbed photons. This explains 

why the value of IQE is always higher than EQE [7, 9]. Both of EQE and IQE are given by 

equations (1.4) and (1.5). 

 
𝐸𝑄𝐸(𝜆) =

𝐽𝑠𝑐(𝜆). ℎ𝜈

𝑞𝑃𝑖𝑛(𝜆)
 =

ℎ𝑐

𝑞𝜆
𝑆𝑅(𝜆) (1.4) 

 𝐼𝑄𝐸(𝜆) =
1

1 − 𝑅(𝜆)
𝐸𝑄𝐸 (1.5) 

 

Where SR is the spectral response, and it is a ratio between the current generated by the cell and 

the incident power. h is Planck’s constant, c is the light speed, q is the electronic charge, and 𝜆 is 

the wavelength [7]. 
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1.3.5 Power conversion efficiency 

Power conversion efficiency is the most frequently used parameter to relate the performance of 

two solar cells and is termed as PCE. It is defined as the ratio of output power from a solar cell to 

the input power from the sun. The PCE depends on parameters like incident sunlight intensity, 

solar cell working temperature and spectrum type [4]. Mathematically expressed in equations. 

 
𝑃𝐶𝐸 =

𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
 (1.6) 

 𝑃𝑚𝑎𝑥 =  𝑉𝑜𝑐𝐼𝑠𝑐𝐹𝐹 (1.7) 

 
𝑃𝐶𝐸 =

𝑉𝑜𝑐𝐼𝑠𝑐𝐹𝐹

𝑃𝑖𝑛
 (1.8) 

 

1.4 Generation of solar cells 

Many new kinds of solar cells have been developed in the recent decades. Solar cells are 

categorized into three generations [10]. The worldwide research-based different of PV 

technologies having the best power conversion efficiencies from 1976 to 2019 are shown in Figure 

1.6. This information chart was published by National Renewable Energy Laboratory (NREL) of 

the United State Department of energy. The power conversion efficiency of different types of solar 

cells has been improved with the passage of time. The classification is based on the nature of the 

material, the maximum efficiency reachable, and the cost of each type (Figure 1.7) [5]. 
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Figure 1.6: Best research-cell efficiencies for the multitude of different solar cell  technologies 

[11]. 

 

 

Figure 1.7: Classification of various solar cell technology. 
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1.4.1 First generation 

The first generation solar cells are silicon solar cells, including polycrystalline silicon solar cells 

and monocrystalline silicon solar cells. They have usually a Large area, high quality and single 

junction devices, their theoretical limit on efficiency for single junction is 33% [5, 12].  

 

1.4.1.1 Monocrystalline Silicon 

The monocrystalline silicon solar cell is made of a large single crystal of pure silicon. This single 

crystal is mostly fabricated owing to the Czochralski method [13]. The efficiency of mono-

crystalline silicon solar cells lies between 25% - 26% [14], but this type of solar cells is very 

expensive, because they are cut from cylindrical ingots, do not completely cover a square solar-

cell module without a substantial waste of refined silicon [5]. 

 

1.4.1.2 Multicrystalline Silicon 

Polycrystalline silicon solar cells are currently the most popular solar cells because the processing 

of polycrystalline Si solar cells is more economical, where the arrangement of the cell modules is 

typically rectangular, but Polycrystalline silicon is much less pure than the single crystalline 

silicon. The efficiency of this type of silicon solar cells lies between 20% - 22% [5, 9, 13]. 

 

1.4.2 Second Generation 

Second-generation solar cells are also known as thin-film solar cells because they are made from 

layers only a few micrometers thick. This generation is considerably cheaper to produce than first 

generation cells and does hold promise of higher efficiencies. There are basically three primary 

types of thin film solar cells that have been commercially developed [9, 12]. 

 

1.4.2.1 Thin-film silicon solar cells 

Both in the amorphous and the microcrystalline form, constitutes at present one of the most 

promising material options for low-cost, large-scale terrestrial applications of photovoltaic 

because it allows for low-temperature fabrication processes PECVD [15].  
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Amorphous silicon solar cells are not based on a p-n junction like wafer based c-Si solar cells. 

Instead, they are based on a p-i-n junction, which means that an intrinsic layer is sandwiched 

between thin p-doped and n-doped layers for create an electric field that helps moving the carriers. 

The performance of solar cell can be improved when using tandem and even triple layer devices 

that contain p-i-n cells. The best stabilized module efficiency is ~ 10% [4, 9]. 

 

1.4.2.2 Cadmium Telluride (CdTe) 

The CdTe thin film cells have gone through a rapid development in recent years. due to their 

competitiveness in terms of cost (the first PV technology at a low cost), high conversion efficiency, 

and the available manufacturing processes. The CdTe solar cells are generally constructed by 

sandwiching between cadmium sulphide layers to form a p-n junction diode [13, 16]. 

The CdTe is most attractive material for designing of thin-film solar cells, because it has an 

excellent direct band gap of ~1.45 eV with high absorption coefficient, that make its efficiency 

operates in the range 21.4%. but this CdTe technology is limited because the main issues of the 

toxic Cd based materials [5, 14]. 

 

1.4.2.3 CIGS solar cells 

CIGS solar cells are receiving worldwide attention for solar power generation. They are considered 

as the most promising cells, because their conversion efficiency (23.35%) is coming close to the 

conversion efficiency of poly-Si cells, and they showed a very good stability in outdoor tests 

(without a considerable degradation) [14, 17, 18]. 

The compound semiconductor copper-indium-gallium-selenide (CIGS) as the basis material 

satisfies the requirements of thin film solar cells. It is a direct gap semiconductor with high 

absorption coefficient [18]. 

 

1.4.3 Third Generation 

Principally, due to high costs of first generation solar cells and toxicity and limited availability of 

materials for second generation solar cells, a new generation of solar cells emerged. This 

generation is inherently different from the previous two generations because they do not rely on 

the p-n junction design of the others [12]. 
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The goal of course is to improve the solar cells by making solar energy more efficient over a wider 

band of solar energy, less expensive and without any toxicity, in order to achieve these high 

efficiencies, many concepts have studied in this last years. This generation of solar cells includes 

organic thin film (polymer solar cells), dye-sensitized solar cells, perovskite solar cells and 

quantum dot solar cells [3, 12]. 

 

1.4.3.1 Organic / Polymer Solar Cells 

Organic solar cells are studied extensively for their potential as solution-processable, light weight, 

low cost, large area energy generators, and more flexible solar cells. Organic or polymer cells are 

classified as such because the active layers of the cell are made of completely organic materials 

such as polymers and small-molecule compounds [5]. 

Organic solar cells can have many typical architectures such as bilayer structure or a bulk-

heterojunction structure. OPV module efficiencies are now in the range 8% to 11% for commercial 

systems [14, 19]. 

 

1.4.3.2 Quantum Dot Solar Cells 

Also known as nanocrystal based solar cells, and it is just a name of the crystal size ranging 

typically within a few nanometers (exciton diffusion length). Quantum dots are a special  class of 

semiconductors composed of periodic groups of II-VI, III-V, or IV-VI materials [13, 20, 21]. 

Quantum dots (QDs) have the advantage of tunable bandgap as a result of size variation as well as 

formation of intermediate bands, and it can be moulded into a variety of different types, in two-

dimensional (sheets) or three-dimensional arrays. Generally, a photon creates one electron-hole 

pair. However, when a photon strikes a QD made of the similar semiconductor material, numerous 

electron-hole pairs can be formed, usually 2 or 3, also 7 has been observed in few cases. The 

theoretical efficiency limit of this technology is estimated to be 63% [13, 22, 23]. 

 

1.4.3.3 Dye-sensitized solar cells 

Cells are also known Grätzel cells named after the developer, the DSSC differs from other solar 

cells types both by its basic construction and the physical processes behind its operation, the typical 

DSSC configuration combines solid and liquid phases (photoelectrochemical  cells) [5, 24]. 
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The DSSC device consists of four components: semiconductor, a dye sensitizer, redox electrolyte 

and a counter electrode (see Figure 1.8). Dye-sensitized solar cells demonstrate specific 

advantages over other photovoltaic devices, because of their high efficiency (12%), low cost, 

simple fabrication procedures, environmental friendliness, transparency, and good plasticity. 

However, there are certain challenges like degradation of dye molecules under heat and UV light 

and stability issues because of liquid electrolytes. All these problems make the lifetime of DSSC 

very short (five years) [14, 25]. 

 

 

Figure 1.8: Structure and operation of a dye-sensitized solar cell. The incident light excites an 

electron in a dye molecule into a higher state. Such an excited electron tunnel onto a TiO2 

molecule. The electron then diffuses to the end of the electrode, enters the external circuit and 

re-enters the cell through the opposite electrode. The oxidized dye molecule is reduced by the 

electrolyte and the electrolyte is reduced by the re-entering electron [25]. 

 

1.4.3.4 Perovskite solar cells 

The past decade emerged a new type of solar cells that is called perovskite solar cells. perovskite 

solar cells are stem from dye-sensitized solar cells. The base technology for this type of solar cells 

is solid-state sensitized solar cells that are based on dye-sensitized Gratzel solar cells, perovskite 
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solar cells are a promising photovoltaic technology. Perovskite solar cells (PSCs) have attracted 

tremendous interest because of their rapid improvement in power conversion efficiency (PCE) 

from the initial PCE of 3.8% in 2009 for the first prototype to the certified PCE of 25.2% in         

2019 [3, 26-28]. 

The photovoltaics of organic–inorganic lead halide perovskite materials have shown rapid 

improvements in solar cell performance, surpassing the top efficiency of semiconductor 

compounds such as CdTe and CIGS (copper indium gallium selenide) used in solar cells in just 

about a decade, although they lag behind silicon photovoltaics, which hold a 26.6% record -

efficiency [28, 29]. 

Indeed, a number of companies and research centers are devoted to technology transfer from 

laboratory to market, working on device stability and reliability, up-scaling and compatibility of 

the cell manufacturing with industrial processes, such as roll-to-roll deposition. Recently, the U.S. 

Department of Energy (DOE) announced $20 million in funding to advance perovskite solar 

photovoltaic technologies. To be competitive in the marketplace, perovskite’s long-term durability 

must be tested and verified [30]. 

 

1.4.3.4.1 Working Principle of a Perovskite Solar Cell 

For Perovskite solar cells utilize perovskite structured light absorbers for photovoltaic activity. 

The photovoltaic system has three main functioning steps: (1) absorption of photons followed by 

free charge generation, (2) charge transport, and (3) charge extraction[31]. 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. 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 (usually metal). It means high 

mobility for electrons in the ETM layer, high mobility for holes in the HTM layer, and appropriate 

band offsets between ETM layer/perovskite layer/HTM layer that are necessary for high 

efficiency. The electrons and holes are collected by working and counter electrodes respectively 

and transported to the external circuit to produce current [3, 31-33]. 

The energy levels should be properly studied for each layer. Because the excited electrons and 

holes seeking to recombine in order to minimize the total energy. But the charge carriers are also 
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energy conservers, which mean they will always take the path of minimum resistance. This is done 

by having the level ETLs LUMO (lower unoccupied molecular orbital) a bit lower than the active 

layers LUMO which creates a more attractive way for the electron to go. The same is for the level 

HTLs HOMO (highest occupied molecular orbital) that needs to be a bit higher than the active 

layers HOMO which creates a more attractive way for holes to go. This is the same for every layer 

in the cell, each layer has either higher HOMO or lower LUMO for the charge carriers 

transportation chain (Figure 1.9) [34].  

 

 

Figure 1.9: Band diagram and operation principle of perovskite solar cell [31]. 

 

1.4.3.4.2 Device Structure for Perovskite Solar Cell 

The interest increased in perovskite solar cells and developed more, when the liquid electrolyte 

was replaced with a solid-state material which is called mesoscopic device structures [26, 35]. 

Where the planar architecture is an evolution of the mesoscopic structure, where the perovskite 

light-harvesting layer is sandwiched between the electron (ETM) and hole transporting materials 

(HTM) (see Figure 1.10.A).  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 
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perovskite light absorber layer, the electron transporting layer, the hole transporting layer, the 

electrodes) [36-38]. The planar device structure developed in which the perovskite absorber is 

sandwiched between the electron (ETM) and hole transporting materials (HTM), the n-i-p is called 

as normal device structure (see Figure 1.10.B) and p-i-n structure is also called as inverted device 

structure (see Figure 1.10.C). Simply, depending on the position of the ETM and HTM [39, 40]. 

Moreover, the optimization of each layer with maintaining their charge mobility, electron balance 

and optical transmittance becomes typically necessary steps in the fabrication of efficient n-i-p 

(regular planar) and p-i-n (inverted planar) hybrid structures of PSCs [41]. 

 

Figure 1.10: Generic structures conventional mesoporous(A), and n-i-p (B)/ inverted p-i-n (C) 

planar perovskite solar cells [42]. 

 

1.4.3.4.3 Transport layers Properties 

The ETL, HTL and the perovskite layers are the path that photo-generated carriers must travel 

before being collected. A good understanding of the effects of each of the layers in the performance 

of the devices is critical for optimization [43]. 

 

Hole Transport Layer 

The use of a hole transport material (HTM) remains indispensable in perovskite solar cells [44]. 

the HTM Serves various purposes in PSCs: (i) it is a physical energetic barrier between anode and 

perovskite layer that blocks the electron transfer to anode [45], (ii) it improves the hole transfer 
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efficiency [46, 47], (iii) . The presence of an HTM layer has shown to improve surface coverage 

compared to that of a perovskite layer only [48]. For the efficient hole extraction at the perovskite-

HTM interface, is should be (i) high hole mobility to reduce losses during hole transport to the 

hole-collecting contact, (ii) compatible ionization potential with that of the perovskite (i.e. highest 

occupied molecular orbital (HOMO) or valance band maximum (VB) almost matching that of the 

perovskite absorber so as to minimize injection losses), (iii) high thermal stability and resistance 

to external degradation factors such as moisture and oxygen for a long term durable PV operation 

[47]. There is a wide range of HTMs employed such as organic (small molecules and polymers) 

and inorganic HTMs [45]. 

 

Electron Transport Layer 

For any material to be employed as electron transport layer in perovskite solar cells, the material 

must satisfy few important properties. Those properties are: (i) Conduction band of the ETL 

material should be less than the LUMO level of the perovskite material (ii) high electron mobility 

(iii) higher band gap [49]. Organic-Inorganic materials are used in perovskite solar cells as electron 

transport materials widely. With high electron mobility, they can effectively carry out the 

transmission of electrons. The nature of the material determines their strengths and weaknesses 

[50]. N-type semiconductor is usually used in electron transport materials, which can make the 

free electron concentration greater than hole concentration [49, 50]. 
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Chapter 2  

Perovskite solar cell 

2.1 Introduction 

The emergence of perovskite solar cell marks a revolution in the field of photovoltaics, promising 

the elusive combination of low cost and high efficiency. The perovskite solar cell are kind of solar 

cell which use perovskite based material as the light absorbing layer. In general, PSC consists         

of three parts of layers which include ETM, perovskite, and HTM. The charge-transporting        

layer plays an important role in enhancing selective charge collection in the perovskite solar                   

cells [51, 52].  

2.2 CuSCN as hole transport material 

Background on CuSCN 

CuSCN a molecular metal pseudo-halide (polyatomic groups that incorporate a pseudo-halogen 

anion such as thiocyanate) of singly ionized copper behaves like halide ions in chemical reactions 

[53, 54], it is an intrinsic semiconductor, which exhibit p-type conductivity. A material copper (I) 

thiocyanate can exist in two forms: α-phase and β-phase. The α- phase has an orthorhombic crystal 

lattice and β- phase more stable readily available can be as a hexagonal or rhombohedral structure 

(Figure 2.1) [53-56]. Structure β-CuSCN has layers of SCN ions separating the plains of Cu  atoms 

and a strong Cu-S bond that interconnects three dimensionally and this structure is more              

stable [57]. 
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Figure 2.1: Structure of β-CuSCN [54]. 

 

 Properties of CuSCN 

Copper(I) thiocyanate (CuSCN) demonstrated good potential as a hole transport material, in field 

optoelectronics research. The material CuSCN is readily available, inexpensive and can be 

processed at low temperatures [53]. It is well known that CuSCN is an inorganic intrinsic 

semiconductor which exhibit p-type conductivity. In addition to that it is distinguished high optical 

transparency over the visible to the near infrared region show in (Figure 2.2). Which facilitates 

photoactive materials to absorb more light for generating higher photo current in solar cells. In 

addition to its large bandgap (>3.4 eV), high hole mobility (0.01-0.1 cm2V-1s-1), and high chemical 

stability [58, 59], finally it possesses a deep valence band energy level, that can help to maximize 

open circuit voltage (VOC) [55, 60].  

 

 

Figure 2.2: Transmittance and absorbance spectra from a thin-film of CuSCN on a glass [53]. 
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2.3 Perovskite (Active layer) 

2.3.1 Structural properties of hybrid organic-inorganic perovskite 

The perovskite returns to the crystal structure of calcium titanate oxide mineral (CaTiO3), which 

was discovered by the German mineralogist Gustav Rose in 1839. From a rock sample of the Ural 

Mountains of Russia and who determined its physical properties and chemical composition. He 

gave the name perovskite as a tribute to the Russian count Alexeïevitch Perovski, who was also a 

mineralogist [51]. 

The general chemical formula of the perovskite structure is 𝐴𝐵𝑋3, A and B are two cations of very 

different sizes whereas “𝑋” is anion, often be oxygen or halogen. A is a elements monovalent 

cation which can be inorganic such as (Rb+, Cu+) or can be organic (CH3NH3 methylammonium, 

CH3(NH2)2
+ formamidinium). B is a bivalent cation (Cu2+, Ni2, Ge2+, Sn2+, Pb2+, Sr2+, Ba2+). In the 

ideal perovskite structure A+ cations are at the corners of a cube, the anions X are in the middle     

of each faces, and B2+cations are in the middle of the octahedral sites formed by the anions       

(Figure 2.3 ) [52, 61-64]. 

Organic-inorganic halide perovskite have attracted a great deal of attention to the field of solar 

cell, due to their unique structures and wide applications in electrical, mechanical, optical, 

magnetic and electronic devices. Organic-inorganic hybrid material has shown the possibility         

to combine the properties of organic component and the inorganic component, resulting in           

having marvellous characteristics with high efficiency, light weight, and low-temperature 

processability. In addition to that hybrid perovskites possess extremely high absorption 

coefficients [65-67]. For example, CH3NH3BX3 (CH3 NH+3, also called MA+) (B=Pb, Sn and 

X=Cl, Br or I), it was used in 2009 as the first working hybrid perovskite solar cell. By 

methylamonium lead iodide (CH3NH3PbI3)showing a surprising efficiency of about 3.8% [68], it 

is now considered a proven fact that methylamonium lead iodide behaves mostly as an intrinsic 

semiconductor, MAPbI3 is able to transport both electrons and hole [69]. 
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Figure 2.3: the general formula of the perovskite structure 𝐴𝐵𝑋3 on right [65]. 

 

The perovskite formation tendency can be depicted by using gold Schmidt tolerance factor (t) 

which is an indicator for the stability of Structure ABX3 and the degree of distortion of crystal 

structure [64]. It is the ratio of the distance between 𝐴 and 𝑋 to the distance between 𝐵 and 𝑋, 

which is given by in equation (2.1). 

 𝑡 =
𝑅𝐴 + 𝑅𝐵

√2(𝑅𝐵 + 𝑅𝑋) 
 (2.1) 

 

Where RA, RB and RX represent ionic radii of A, B cation and X anion respectively. The perovskite 

structure varies according to the tolerance factor, where the ideal cubic perovskite 𝛼 phase 

structure, would have a 0.89 < t < 1 therefore in order to satisfy the ideal tolerance factor (t ≈ 1), 

the A-site ion must be much larger than the B-site ion (RA > RB).  Lower values of t (t < 0.89), lead 

to less symmetric tetragonal (β phase) or orthorhombic (γ phase) structures. On the other hand, 

high values of t (t> 1) could destabilize the 3D B–X network, leading to a two-dimensional (2D) 

layer structure [3, 31, 65]. 

However, it is not enough to deduce the probable crystallographic structure of perovskite materials 

by only considering tolerance factors.  Therefore, the octahedral factor “µ” is used as an additional 

indicator to predict the formation of perovskite structure, should lie between 0.44 <μ<0.90 for 

stable perovskite structures and is given by equation(2.2) [65, 70, 71].  

 µ =
𝑅𝐴

𝑅𝑋
 (2.2) 
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Whereas the tolerance factor (t) and the octahedral factor (μ) are two important factors to quantify 

the structure and stability of perovskite [26].   

 

2.3.2 Opto-electronic properties 

The great interest in this class of perovskite lies in the remarkable opto-electronic properties of 

this material which can also be solution-processed. Numerous research efforts on both PSC 

efficiency improvements and deeper understanding about perovskite materials, outstanding 

electrical and optical properties, such as largely-tuneable band gaps for light absorption, high 

absorption coefficients, large carrier diffusion lengths, great carrier mobility, have been-

established during the past few years [72, 73]. 

Bandgap is a very important parameter for a photovoltaic material, this is because, according to 

Shockley–Queisser limit, the maximum theoretical efficiency that can be achieved is dependents 

on bandgap of the material. CH3NH3PbI3 is an intrinsic semiconductor with a band gap of 1.55 eV 

[73, 74]. Thus, the absorption onset is close to 800 nm (with absorption coefficient ~105 – 

106𝑐𝑚−1), with strong absorption of the visible spectrum. As a result, thin absorbing films (~300-

600 nm) are usually considered adequate to absorb the light in a solar cell and for good charge 

collection [74-76] . Additionally, the photo-induced excitons rapidly dissociate into free charge 

carriers at room temperature due to their weak binding energy (~50 meV). These free carriers have 

a small effective mass, therefore resulting in carrier mobilities of 24±7 cm2/Vs for electrons and 

105±35 cm2/V.s for holes. The recombination of these carriers occurs on a timescale of hundreds 

of nanoseconds, and thus resulting in long carrier-diffusion lengths ranging between 100 nm and 

1 µm [77, 78]. Another attractive property of perovskites is the possibility to tune their bandgap 

by varying the combination of the cationic and anionic components of the crystal structure. This 

is done to enable the realization of colorful solar cells for various building applications as well as 

increasing the coverage range of the visible solar spectrum [79]. 

 

2.3.3 Deposition methods 

Techniques and various methods have been established to fabricate an improved quality                     

of perovskite film. Which relied on the same principle, the combination of an organic                        

and inorganic component. In the one-step deposition or spin coating method, is the most common 

in deposition methods due to its easier operation and low cost. The perovskite is prepared in a 
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common solution typically precursor solution was prepared with organic halide (MAI/FAI, 

methylammonium/formamidinium iodide) and inorganic halide Pb2 [80-82], dissolved in                 

gamma-butyrolactone (GBL), N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO) [83, 

84], or a combination of two or all three solvents, are then spin coated (Figure 2.4.a). 

The two-step deposition method was developed for deposition of perovskite films in a low 

temperature, as a second way to improve deposition in one step that results in poor surface 

coverage showing non-uniformity. The two-step deposition method does not required a complete 

precursor preparation but separates the coating of PbI2 and MAI, a thin film is first deposited using 

metal halide PbI2 precursor using spin coating process mostly and then the film coated substrate 

is dipped into the second precursor solution MAI the final perovskite films would be formed after 

proper baking  . Although steps become more complicated [3, 64, 80, 82, 85] (Figure 2.4.b). 

It has also been other kinds of modified deposition methods were developed used to deposit 

perovskite films, among them vapor-assisted solution method that can be considered as a modified 

two-step method assisted process to deposit perovskite film. The incorporation of MAI was done 

via vapor deposition technique over the PbI2 seed layer which is deposited by spin coating, where 

the MAI vapor was formed at 150 0C, without any problems of incomplete conversion and limited 

Solubility (Figure 2.4.d). Perovskite films with   full surface coverage, small surface roughness, 

and grain size up to microns were obtained [64, 81, 86]. As such vapour deposition method (dual-

source) which deposition of organic and the inorganic precursor at the same time produces superior 

uniformity for perovskite films, which subsequently results in substantially improved solar cell 

performance [82, 87] (Figure 2.4.c).  
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Figure 2.4: Fabrication methods of a perovskite films:(a) one-step spin-coating method; (b) two 

step deposition method; (c) dual-source vapor deposition; and (d) vapor-assisted solution 

process [88]. 

 

2.4 Zinc oxide as electron transport material 

Back ground for ZnO 

Recent studies have revealed that ZnO can be used as a proper substitute of TiO2 as the ETM layer 

without affecting the performance of PSCs significantly [89]. ZnO has material properties similar 

to that of TiO2 [90], but it has some advantages over TiO2: ability to be doped and higher electron 

mobility [36, 91].  

The stability of perovskite devices with ZnO as ETL has been poor due to high carrier 

recombination and chemical interaction at the ZnO/perovskite interface, because the basic nature 

of ZnO may react with the organic cation (CH3NH3 +) in perovskite [38, 40, 41]. 

 

Properties of ZnO 

ZnO is a II–VI compound semiconductor whose ionicity resides at the borderline between the 

covalent and ionic semiconductors [39], zinc oxide (ZnO) is n-type semiconductor, transparent 

metal oxide.it is the most prominent one due to its wide and direct bandgap  (3.37 eV), extremely 

high transmittance in the visible region, exciton binding energy (63 meV), easy to etch, nontoxic, 

and low cost [92, 93]. Undoped and doped ZnO thin films are widely used in transparent 



Chapter 2: Perovskite solar cells 

27 
 

conducting layers because of their thermal stability [94]. The optical absorption coefficient value 

of ZnO thin films was relatively high (up to 5 x 104 cm-1) [95]. Moreover, it can be easily solution-

processed at low temperatures to yield structures with different morphologies [96]. 

ZnO is an important technological material, which can be doped to modulate structure and 

composition to cover a wide variety of optical and electronic properties, especially for application 

in solar cells. The dopants used for the ZnO films using group III elements B, Al, Ga and In, rare 

earth metals (group IIIB), group IV elements Si, Ge, and Sn. The dopants of ZnO for carrier 

concentration which range between (1016 to 1021) cm-3 specific of experimental data, according to 

the method deposition. Figure 2.5 illustrates the various Carrier concentration of doped ZnO with 

different dopants [97-99]. 

 

 

Figure 2.5: Doping ratios for different materials with carrier concentration [98]. 

 

2.5 Titanium oxide as electron transport layer 

Background 

The material most commonly used as the ETL is TiO2, because Perovskite solar cells originated 

from previous dye-sensitized cells, and TiO2 was used as mainly electron transport material 

(photoanode) [50, 100]. TiO2 is one of the most extensively studied materials, and it is the ETL 

material most widely used by different research groups, the rising interest in its applications and 
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research in the last few years is due to its unique and outstanding structural, optical and electronic 

properties [101, 102]. TiO2 exists in three crystalline phases: anatase, brookite and rutile, shown 

in Figure 2.6. The most widely used crystallographic structures (tetragonal) are anatase and rutile 

[100, 102]. TiO2 thin films have been prepared by many techniques such as chemical vapor 

deposition, sputtering, sol–gel, pulsed laser deposition, plasma oxidation, oxidation of Ti metal, 

electron beam evaporation, and atomic layer deposition (ALD) [102, 103]. 

 

 

Figure 2.6: Crystalline structures of titanium dioxides (a) anatase, (b) rutile, (c) brookite [104]. 

 

2.6 Issues in Perovskite Solar Cells 

2.6.1 The issue of stability 

Although, all the exceptional optical and electronic properties of perovskite solar cells but a big 

challenge in the topic perovskite is the short-term and long-term stability. The degradation of PSC 

has been attributed to different factors (humidity, oxygen, temperature, and light). For describe 

these issues we will take methylammonium lead tri-iodide (MAPbI3) is a proto-typical example of 

a known perovskite material [105-107]. 

 

• Humidity and oxygen 

Humidity and oxygen will affect the chemical stability of perovskite solar cells, accompanied by 

the degradation of perovskite by changing the colour from dark brown to yellow [106]. 
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 The perovskite MAPbI3 is a black material and can also exist in white or yellow phases              

[108]. Perovskites are unstable and highly degradable upon exposure to moisture of air because of 

the water solubility of their organic constituent. In this reaction pathway, a single water molecule 

is sufficient to degrade the perovskite material. But to dissolve the hydrogen iodide (HI) and 

CH3NH2by products, an excess of water is required. As a result of this reaction in a closed system, 

traces of water will partially decompose the hybrid perovskite until the HI has saturated the HI and 

H2O or the vapor pressure of CH3NH2 has reached equilibrium. In exposure of sufficient water, 

the material can degrade completely to form PbI2. One method used to solve this problem is the 

creation of a mixed halide perovskite [26, 105, 106, 109]. 

But this problem has been rectified by researchers as they have addressed that if perovskite films 

are prepared in an inert atmosphere using boxes filled with nitrogen or argon then this problem 

can be overcome. Further this step is followed by the immediately encapsulating the whole device 

in an air tight sealant having the same inert gases [105, 110, 111]. 

• Temperature 

Thermal stability in normal practical condition, exposure of PSC to sunlight will increase 

temperature of solar panel. The accumulation of heat can get a temperature as high as 85°C. There 

are two kind of thermal degradation in PSC: one is the intrinsic thermal instability of the perovskite 

material and another comes from another unstable layer such as HTM [106, 109]. 

The degradation can result from the intrinsic thermodynamic instability of the perovskite crystal 

structure. Perovskite materials have different phases depending on their temperature [109, 112]. 

At around 55°C MAPbI3 experiences a phase transition from a tetragonal crystal structure into a 

cubic one which decreases the cell performance. The decomposition of MAPbI3 into PbI2 and 

CH3NH3I is exothermic, implying that the tetragonal structure is thermodynamically unstable at 

room temperature regardless of outside factors such as moisture or oxygen [105, 108, 113]. 

It has also been shown that perovskites exhibit similar degrading behavior in both air and vacuum, 

suggesting that the degradation mechanism may indeed be intrinsic and independent of 

environmental factors. It should also be remembered that the stability of each individual layer 

affects the stability of the whole cell [106, 114]. 

• Photo Stability 

The instability of the perovskite material include illumination, interaction with ETL and HTL 

materials. The degradation of perovskites by UV light could be originated at the TiO2 layer.  In 



Chapter 2: Perovskite solar cells 

30 
 

UV light the lead-halide parts of perovskites may decompose and form metallic lead Under 

illumination, any excess PbI2 in the perovskite layer can also result a faster degradation of the cell 

in an ambient atmosphere than that of cells with no excess PbI2  [22, 115, 116].  

It has been proposed the degradation mechanism which is related to the surface chemistry of TiO2, 

as shown in Figure 2.7. Many oxygen vacancies are existence in the TiO2, especially at the     

surface, which can adsorb molecule oxygen in ambient atmosphere to form charge transfer 

complex (O2
-–Ti4

+) (Figure 2.7.a). The excited electron–hole pair is generated on TiO2 upon UV 

light exposure. The hole in the valence band can recombine with the electron at the oxygen 

adsorption site, thus leading to the release of the absorbed oxygen. Then a free electron is left in 

the conduction band. Meanwhile, the unfilled oxygen vacancy site, which served as deep surface 

traps site, is left on the TiO2 surface (Figure 2.7.b) and (Figure 2.7.c). These remaining electrons 

will recombine with the excess holes in the p-doped transfer layer (Figure 2.7.d). As the increase 

of recombination of electrons and holes and trap sites, the device performance will be        

influenced [105].  

 

Figure 2.7: Schematic diagram of proposed degradation mechanism upon UV-light irradiation 

[105]. 

 



Chapter 2: Perovskite solar cells 

31 
 

2.6.2 Ions migration 

Organic–inorganic perovskite solar cells, consisting of a polycrystalline perovskite active layer 

sandwiched between electrodes, Perovskite is well known to be an ionic conductor. Perovskite can 

easily decompose and generate ions, these generated ions can migrate [117, 118]. 

The ion migration, proposed to be responsible for the formation of an internal field within the 

planar device with symmetric contacts, is observable not only under light illumination but also in 

the dark under polarization [119-121]. 

Before the ion migration process positive charged cations and negative charged anions are anions 

are uniformly distributed inside bulk perovskite. With influence of the internal electric field, the 

cations drift towards the interface between perovskite-hole transport (p-type) layer and anions drift 

towards perovskite-electron transport (n-type) layer. These ions change the internal electric field 

profile inside bulk perovskite and changes, the IV characteristics of the solar cell.  MA cations and 

iodine anions have lowest activation energy for migration and thus, it is easier for these two ions 

to move compared to other ions. From formation energy and activation energy calculations, it can 

be interpreted that MA cations and I anions are most dominant species in ion migration process 

inside bulk perovskite. When bias is applied across the device depending on the biasing direction 

ions can either accumulate towards the interfaces or migrate back towards the bulk. Thus, the 

internal electric field inside the material also changes. This change in internal electric                            

is responsible for switchable photovoltaic behaviour. Which results in the occurrence of                      

the well-known hysteresis in the current density–voltage curves of PSCs [69, 113, 119]. 

 

2.6.3 Toxicity issue 

Along with cell stability, one of the most commonly used material in perovskite based solar cells 

is lead, which is toxic in nature and overall environmental impact of perovskite solar cells, as well 

as the disposal and recycling of cells at the end of their service life. In fact  that lead has been a 

major constituent of nearly all highly efficient perovskite cells to date [122, 123]. 

Perovskite gets easily degraded when it is exposed to environment where it comes in contact with 

humidity and the ultra violet radiations. Lead can leach out from the panel of solar cell panel into 

the surroundings into the environment and can cause various ecological and health related 

challenges [124]. 
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The research now a days is basically focused to increase the use of these devices by focusing on 

their addressing the toxicity and degradation issues related to them, in order to realistically produce 

portable PSC devices with the current legislation, either the lead content had to fall under the limit, 

or it had to be completely replaced.  For this very problem an environmentally friendly and benign 

element like tin has been into the proposition as an alternate source to lead based perovskites. The 

tin cousins of MAPI, namely MASnI3, and CsSnI3 have shown a rather high potential for PV 

applications, but they present an extreme sensitivity to oxygen. A good encapsulation can be the 

solution to this issue [122, 125]. 

Additionally, the solvents used in the fabrication of PSCs (dimethylformamide or DMF and 

dimethylsulfoxide or DMSO) should be taken into account. These solvents are miscible with 

water, and thus, it is sensitive to the absorption through dermal contact and ingestion [122, 126]. 
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Chapter 3  

Numerical simulation, results and discussion 

3.1 Introduction 

In this work, we have implemented the simulation of ETL/CH3NH3PbI3/CuSCN perovskite solar 

cell, with two electron transport materials. Numerical simulation is carried out using the 

softwareSCAPC-1D (Solar Cell Capacitance Simulator). We studied the role of both ZnO and 

TiO2 as an electron transport material ETM. To discover its effects on perovskite solar cell 

parameters (Jsc, Voc, FF, and efficiency). 

  

3.2 SCAPS-1D modelling 

SCAPS (Solar Cell Capacitance Simulator) is a one dimensional solar cell simulation program 

developed by university of Gent, Belgium. It has been applied to the study of different types of solar cells 

such as CZTS, CIGS… etc. and it can be used to simulate PSC [127, 128]. Compared with other 

software, SCAPS has a very intuitive operation window and diversified models for grading, defects and 

recombination [129]. Once all parameters defined, it behaves like a real-life counterpart [130]. The 

main features of SCAPS including materials and defects properties can be defined in 7 

semiconductor layers. This software is designed to simulate and helps us to analyse the 

𝐽−𝑉characteristics curve, ac characteristics (𝐶−𝑉 and 𝐶−𝑓), spectral response (𝑄𝐸) of a device, 

power conversion efficiency (𝑃𝐶𝐸), fill factor (𝐹𝐹), short-circuit current (Jsc ), open circuit voltage 

(𝑉𝑜𝑐), energy bands of materials used in solar cell and concentration of different material used by 

solving the semiconductor basic equations [36, 127]. 

 

3.2.1 Basic Equations 

The SCAPS software numerically solves the basic equations of semiconductors, including 

Poisson’s equation, transport equation, and continuity equation for electrons and holes [131]. 

Poisson’s Equation  
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Poisson’s equation is used to describe the relationship between potential and space charges. 

 𝜕2𝜑

𝜕𝑥2
=

𝑞

𝜀
[𝑛(𝑥) − 𝑝(𝑥) − 𝑁𝐷

+(𝑥) + 𝑁𝐴
−(𝑥) − 𝑝𝑡(𝑥)+𝑛𝑡

(𝑥)] (3.1) 

where, 𝜑 is the potential, q is the elementary charge, 𝜀is the permittivity, n is the density of free 

electron,  p is the density of free hole, ND 
+ is the ionised donor-like doping density, NA

−is the ionised 

acceptor-like doping density, pt is the trapped hole density , nt is the trapped electron density. 

Continuity equations  

It is called governing equation because drift, diffusion, generation, and recombination are analysed 

simultaneously [127]. Equation (3.2) and equation (3.3) represent continuity equation for 

concentration change in electron and hole. 

 𝜕𝑛

𝜕𝑡
=

1

𝑞

𝜕𝐽𝑛

𝜕𝑥
+ (𝐺𝑛 − 𝑅𝑛) 

(3.2) 

 𝜕𝑝

𝜕𝑡
=

1

𝑞

𝜕𝐽𝑝

𝜕𝑥
+ (𝐺𝑝 − 𝑅𝑝) 

(3.3) 

Where, 𝐺𝑛(𝐺𝑝) is the electron (hole) optical generation rate, 𝑅𝑛(𝑅𝑝) is the electron (hole) 

recombination rate,  𝐽𝑛, 𝐽𝑝  are the electron and hole current densities given by Transport equations 

(3.4) and (3.5). 

 𝐽𝑛 = 𝑛𝑞𝜇𝑛𝐸 + 𝑞𝐷𝑛

𝜕𝑛

𝜕𝑥
 

(3.4) 

 𝐽𝑝 = 𝑝𝑞𝜇𝑝𝐸 − 𝑞𝐷𝑝

𝜕𝑝

𝜕𝑥
 

(3.5) 

q is the elementary charge, 𝜇𝑛(𝑝) is electron (hole) mobility, and 𝐷𝑛(𝑝)is diffusion coefficient of 

electrons (holes) and from Einstein relationship, the diffusion coefficient is depended upon            

the mobility of carrier with the product of carrier lifetime. Relation of 𝐷𝑛 and 𝐷𝑝 is show in 

equation (3.6) and (3.7). 

 
𝐷𝑛 =

𝜇𝑛𝑘𝐵𝑇

𝑞
 (3.6) 
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𝐷𝑝 =

𝜇𝑝𝑘𝐵𝑇

𝑞
 (3.7) 

Where, 𝑘𝐵 is Boltzmann constant, T is temperature. 

Diffusion Length 

Diffusion length describes the transport ability of carriers in a solar cell device. It depends on 

diffusion coefficient and carrier lifetime [127]. That is represented in equations (3.8) and (3.9). 

 𝐿𝑛 = √𝐷𝑛𝜏𝑛 (3.8) 

 𝐿𝑃 = √𝐷𝑃𝜏𝑃 
(3.9) 

Where, 𝐿𝑛(𝑝) is electron (hole) diffusion length, 𝜏𝑛(𝑝)is electron (hole) lifetime. 

 

3.2.2 SCAPS program interface 

SCAPS-1D simulation start-up panel interface is called action panel is the main window in SCAPS 

(Figure 3.1), in this panel all the external parameters of simulation can be controlled (such as 

temperature, voltage, frequency, solar light…etc). 

The action panel can be divided into six parts or sections which can be described as following: 

1) Section (A) “Set problem” is dedicated to define the problem of the structure, the materials, 

and all the physical properties of the simulated solar cell. 

2) Section (B) represented in “Action” where the external electrical conditions can be 

controlled. Such as the applied bias starting point, step and final voltage, the 

frequency…etc. 

3) Section (c) represented in “Illumination” which is dedicated for the selection of light and 

dark condition and the type of spectrum for simulation. 

4) Section (D) is the “Working point” for specify the working point of temperature values, in 

addition to the specification of series or shunt resistances if they are required. 

5) Section (E) represented by “calculate” which can start the calculation process of simulated 

device. 

6) Section (F) represented by “Result of calculations” with the role of Displaying curves and 

results of simulated device. 
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Figure 3.1: SCAPS − 1D simulator start-up panel interface. 

 

 

3.2.3 Solar cell structure Definition 

To define the problem, thus the geometry, the materials and all properties of the solar cell, we click 

on “Set problem” button on the action panel, a new window is opened which is the solar cell 

definition panel (Figure 3.2). This interface plays a significant role in device simulation, in this 

panel we can create different layers and define their physical parameters and properties, we can 

also have a visualization of the device structure. 

There are three parts of device definition interface and details in this panel: 

• Section (1), in this part we can define structures consisting of up to 9 layers.  The first layer 

is the back contact; the last one is the front contact. The user can specify the properties of 

all layers. 

• Section (2) is a display of defined photovoltaic device structure with back and front contact.  

There are also additional buttons for the selection of the device illumination either from 

back contact side or front contact side, the direction of the voltage applied to a device and 

finally a button dedicated to invert the structure layers order. 
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• Section (3) has buttons for saving definition file in SCAPS library or an external library, 

loading of previously saved device structure definition files. Cancel and OK buttons are 

for leaving or entering device definition interface and return to the start-up interface. 

 

 

Figure 3.2: Device definition interface 

 

3.2.4 structure layers properties 

We can define or add layers in SCAPS-1D program by clicking on the button “add layer” given           

in section 1 of (Figure 3.2) therefore, a new window will popup called “layer properties panel” 

(Figure 3.3). 

The layer properties panel can be divided into three main parts as following: 

• Section (1): to set or add the layer physical parameter values in layer properties interface. 

• Section (2): the definition of the material defects parameter by pressing the button “Add 

Defect”. 

• Section (3): defining the absorption factor for the substance. This factor can be defined 

either from internal calculation model or from file. 

• Section (4): has buttons for saving the definition of the material file in SCAPS library and 

loading files of material definition previously saved.  Cancel and OK buttons are for 

leaving the layer properties panel and return to the solar cell definition panel. 
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Figure 3.3: Layer properties panel. 

 

3.2.5 Calculate and display the simulated curves 

After introducing all the necessary data (configuration of the solar cell, layer properties, and 

material properties), the button “calculate” in the action panel interface can be clicked to start the 

simulation. Therefore, the Energy Bands Panel opens, and calculations begin (see Figure 3.4). In 

this window we can obtain the results curves. We select for example the (I-V) button in the energy 

band panel window we can obtain the (I-V) curve (see Figure 3.5). Do the same for the rest the 

curves (C-V), (QE), (gen-rec) …etc. 
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Figure 3.4: Energy Band-s Panel 

 

 

Figure 3.5: I-V curve obtained using SCAPS simulator 
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3.3 Results and discussion 

3.3.1 Structure simulation 

The simulation of lead-based perovskite solar cell is based on the n-i-p planar (Figure 3.6) which 

can be simulated using any thin-film simulator and therefore considered similar to the structure of 

thin film semiconductor based solar cell. Electrical characteristics of a perovskite cell are analyzed 

by simulating the device in SCAPS-1D software. In this study, zinc oxide (ZnO) and titanium 

oxide (TiO2) are used as an electron-transport material, CH3NH3PbI3 as an active layer (also called 

the absorber layer), and copper thiocyanate (CuSCN) as a hole-transport material. The simulations 

were performed under the Standard Test Condition (STC) AM1.5G, 1000 W/m2, and T=300 K. 

 

 

Figure 3.6: Perovskite solar cell structure used in this study. 

 

In order to simulate this type of solar cell a lot of parameters must be provided about device 

structure, materials, and physical properties to fine tune the simulation (band gap energy, electron 

affinity, relative permittivity, hole mobility, electron mobility, valence band effective density of 

states, conduction band effective density of states, acceptor and donor densities doping, and defect 

density). The obligatory physical input parameters show in (Table 3.1). 
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Table 3.1: Properties of the used materials for the simulation. 

 

3.3.2 Eefect of Zno as electron transport layer 

3.3.2.1 Effect of ZnO thickness on solar cell 

The electron transport layer thickness is one of the parameters that may have an important role to 

determine the performance of PSC. The effect of ZnO layer thickness on the PV parameters was 

calculated and it is varied from 10 nm to 100 nm, the results are shown in Figure 3.7. Although 

the increase in the ZnO layer thickness, the value of open circuit voltage (Voc) and fill factor (FF) 

Parameter TiO2 

(ETL) 

ZnO 

(ETL) 

CH3NH3PbI3 

(Absorber) 

CuSCN 

(HTL) 

Thickness, d(μm) 0.05 0.05 1 0.05 

Band gap, Eg(eV) 3.2 3.3 1.55 3.4 

Affinity, χ (eV) 3.9 4.1 3.9 1.9 

Permittivity, ɛ𝐫 9 9 6.5 10 

Effective density of states at CB, 

 Nc (cm-3) 

1 × 1021  4 × 1018 2.2 × 1018 1.7 × 1019 

Effective density of states at VB, 

Nv (cm-3) 

2 × 1020  1 × 1019 1.8 × 1019 2.5 × 1021 

Electron mobility, μn (cm2/Vs) 20 100 2 1 × 10−4 

Hole mobility, μp (cm2/V s) 10 25 2 1 × 10−1 

Donor concentration, Nd (cm-3) 1 × 1019  1 × 1018 5.21 × 109 0.0 

Acceptor concentration, Na(cm-3) 1.0 1 × 105 5.21 × 109 1 × 1018 

Defect properties 

Density of defects, Nt (cm-3) 1 × 1015 2 × 1017 2.5 × 1013 1 × 1014 

Capture cross section for 

electrons, 𝜎n(cm2) 

SCAPS 1 × 1015  SCAPS SCAPS 

Capture cross section for holes, 

𝜎p(cm2) 

SCAPS 1 × 1015 SCAPS SCAPS 
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remained unchanged. On the other hand, the short circuit current density (Jsc) and power 

conversion efficiency (PCE) are dropped with the increase of ETL thickness. 

 
 

Figure 3.7: Effect of change thickness of ETL on the J-V characteristics. 

 

Figure 3.8 shows the output parameters Jsc, Voc, FF and PCE of the solar cell versus increase in 

the thickness. The value of (Voc), (FF) remained unchanged. But the short circuit current density 

(Jsc) and (PCE) are dropped, (Jsc) decreases from 24.67 mA/cm2 to 23.94 mA/cm2, PCE 

decreases from 24.87% to 24.09% with the increase in ETL thickness. 

Firstly, we can explain the stability in FF; FF expresses the quality of the solar cell and it is related 

to properties of active layer. For the Voc the stability is due to the unchanged band gap of the 

perovskite layer because Voc is related to Eg. Secondly, the drop in the Jsc is due to the increase 

of light absorption in the ZnO layer with the increase of its thickness. Which affect the number of 

transmitted photons to the active layer (Perovskite in this case), and hence results a decrease in the 

photo generated carriers in these layers, more evidence can be concluded by analyzing the quantum 

efficiency curve (Figure 3.9). 

As zinc oxide thickness increases, the quantum efficiency decreases at short wavelengths           

(300-400 nm). It is known that the short wavelengths are absorbed near the surface of the solar 

cell and are far from the effective region (see Figure 1.5), this leads to a loss in the effective 
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generated carriers and thus a decrease in the short circuit current. Where there is a direct 

proportionality between the quantum efficiency and short circuit current density (show in equation 

(1.4)). Finally, the power conversion efficiency (PCE) of solar cell decreases by the drop of the 

Jsc. 

 

Figure 3.8: Influence of ZnO thickness on the solar cell performance. 
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Figure 3.9: Quantum efficiency of perovskite solar cell with change thickness of ETL. 

 

3.3.2.2 Effect of doping concentration on performance of solar cell 

The effect of ZnO layer doping on the PV parameters was calculated and it is varied from               

1×10+16 cm-3 to 1×10+21 cm-3. Where the thickness of ZnO is fixed at 30 nm, the results are shown 

in Figure 3.10. The curves show that the increase in the ZnO layer doping concentration has 

different effects on the PV parameters: the value of Voc remained unchanged at 1.22 V. While 

there is very small decrease in Jsc which can be neglected. On the other hand, there is a relative 

remarkable increase in FF from 81.96% to 82.8% and power conversion efficiency from 24.45% 

to 24.75%. 
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Figure 3.10: Influence of ZnO doping concentration on the solar cell performance. 

 

The increase in PCE is mainly due to the increase in FF, as the doping concentration increases. 

that means the conductivity value increases and the Resistivity (Rs) decreases, which greatly 

affects the fill factor of the solar cell. Voc remains unchanged and independent of doping 

concentration in electron transport layer. Also, the open circuit voltage depends on the properties 

of the active layer. 

 

3.3.2.3 Effect of ZnO defects on the performance of solar cell 

We studied the effect of ETL (zinc oxide) defects on performance of perovskite solar cell, where 

the concentration of these defects changed from 1×1014 cm-3 to 1×1018 cm-3, taking into account 

the thickness of electron transport layer of 30 nm. Simulation results are shown in Figure 3.11. 

When increasing the defects density in the electron transport layer, we observe the stability of both 

open circuit voltage at the value 1.22 volt and fill factor at the value 82.33%, With a decrease in 

PCE from 24.88% to 24.56%, this is mainly due to the decrease in the short circuit current. The 
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decrease in the short-circuit current can be explained by the recombination in the active region 

extending in electron transport layer. As the defect density increases, the probability of capturing 

the photo-generated carriers at the surface (short wavelengths) increases, and thus a decrease in 

the photocurrent density, and this is evident in Figure 3.12. This can also be explained by the 

presence of series resistance Rs. 

 

Figure 3.11: Influence of ZnO defect density on the solar cell performance. 
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Figure 3.12: Quantum efficiency of perovskite solar cell with change ZnO defect density. 

 

3.3.2.4 Effect of interface trap density ZnO/perovskite 
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to the value 69.65%, with strange behaviour at Densities 1011 cm2 and 1012 cm2 where we notice 

an increase in FF, and this could be due to the shunt resistance Rsh and the ideality factor ɳ. 

 

Figure 3.13: Effect of change interface traps density ZnO/perovskite on the J-V characteristics. 
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Figure 3.14: Influence of interface trap density on the solar cell performance. 
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Figure 3.15: Effect of TiO2 thickness on the J-V characteristics. 
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Figure 3.16: Influence of TiO2 thickness on the solar cell performance. 

 

 

Figure 3.17: TiO2 thickness effect on quantum efficiency of perovskite solar cell. 
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3.3.3.2 Effect of TiO2 doping concentration on performance of solar cell 

The effect of electron transport material (oxide titanium TiO2) n-type doping concentration on the 

parameters of solar cell has been studied. The donor concentration was varied from 1016 to 1021 

cm-3, by fixing ETL thickness to the value 30 nm. The simulation results are shown in Figure 3.18, 

where we observe with doping concentration increase, the Jsc and Voc are almost constant. 

Whereas, there is increase in fill factor (FF) from 82.24 to 82.78% and power conversion efficiency 

(PCE) from 24.89 to 25.05% with increasing doping concentration. 

The increase in PCE is mainly due to the increase in FF, as the doping concentration increases. 

The conductivity value increase and the resistivity (Rs) decreases, which greatly affects the fill 

factor of the solar cell. Voc remains unchanged and independent of doping concentration in 

electron transport layer. Also, the open circuit voltage depends on the properties of the active layer.  

 

 

Figure 3.18: Influence of TiO2 doping concentration on the solar cell performance. 
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3.3.3.3 Effect of TiO2 defects on the performance of solar cell 

The effect of defects concentration in the electron transport material (oxide titanium TiO2)               

on the parameters of solar cell has been studied. Defects concentration was varied from 1014 to     

1018 cm-3, by fixing ETL (TiO2) thickness to the value 30 nm. The density of defects concentration 

simulation results is shown in Figure 3.19.  Although the increase of defects concentration, there 

is no change (almost constant) in open circuit voltage (Voc), short-circuit current (Jsc), power 

conversion efficiency (PCE) and fill factor (FF). 

 

Figure 3.19: Influence of TiO2 defect density on the solar cell performance. 
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thickness at the value of 30 nm. The simulated J-V characteristics are shown in Figure 3.20, where 

we observe with increase trap concentration, the Voc decreases from 1.22 to 1.12 V. 

The evaluated parameters of simulation results for increase interface trap concentration are shown 

in Figure 3.21. We observe that there is no effect on the parameters of solar cell for small defects 

concentrations. However, at high concentrations a decrease in the open circuit voltage Voc               

was observed starting from the value 1011 cm-2, this is due to the presence of shunt resistance Rsh. 

The same effect can be observed on power conversion efficiency which decreases from 25.01 to 

23.16 %. We see a similar effect in both Jsc and FF, where Jsc decreases but with small values 

from 24.70 to 24.58 mA/cm2. While the Fill factor FF shows a strange behaviour, where it 

increases at concentrations from 1011 to 1012 cm-2 then it decreases like other parameters, this may 

be due to the combined effect of shunt resistance Rs and the ideality factor ɳ. 

 

Figure 3.20: Effect of change interface traps density TiO2/perovskite on the J-V characteristics. 
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Figure 3.21: Influence of interface trap density on the solar cell performance. 
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Figure 3.22: The absorption coefficient of ZnO and TiO2 as a function of the vacuum wave 

length of light. 
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of “cliff-type” band alignment will break the barrier for transfer of electron leading to decrease EA 

and this affects directly the value of Voc, thus affecting the PCE of the solar cell. 

The effect of CBO on Voc can be illustrated according to the equation (3.10) and (3.11) 

 
𝑉𝑜𝑐 =

𝐸𝑎

𝑞
−

𝑛𝑘𝑇

𝑞
𝑙𝑛

𝐽00

𝐽𝑠𝑐
 (3.10) 

 𝐸𝐴 = 𝐸𝑔 –  𝐶𝐵𝑂 (3.11) 

 

Voc is open circuit voltage, EA is activation energy,𝑛 is diode ideality factor, K is Boltzmann 

constant, T is temperature, J00 is current pre factor and Jsc is short circuit current density. 

 

 

Figure 3.23: Energy levels diagram (relative to the vacuum level) of ZnO, TiO2, perovskite and 

CuSCN films. 
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Conclusion 

In this work, numerical simulation was carried out to estimate and analyze the parameters of 

different electron transport layer on performance of perovskite solar cells. Device modeling was 

performed on the dedicated simulation software “Solar Cell Capacitance Simulator” (SCAPS), to 

analyze the performance of a photovoltaic device with structure ETL/MAPbI3/CuSCN, the 

analysis was performed on two different materials (zinc oxide, titanium dioxide) with different 

physical parameters such as thickness, doping concentration, interface trap density ETL/perovskite 

and defect density of electron transport layer. 

The zinc oxide-based solar cell as the electron transport layer gave an initial power conversion 

efficiency of 24.60%. It was found that the increase in both of thickness and defect density of the 

electron transport layer did not have a significant effect on the performance of the solar cell, where 

the power conversion efficiency decreased to 24.09% for the thickness and 24.56% for the defect 

density. Also, by increasing of n-type doping concentration the PCE increased to24.75%. Contrary 

to the above, it was found that the defect trap density ZnO/perovskite had the largest effect on the 

performance of the solar cell. Where the PCE decreased by (30%) of its initial value and it gave 

the following results: power conversion efficiency of 17.13%, fill factor of 69.65%, short circuit 

current density of 24.18 mA/cm2 and open circuit voltage of 1.012 V at 1×1015 cm2. 

In contrast, the solar cell based on titanium dioxide as ETL gave an initial power conversion 

efficiency of 25.01%, higher than a solar cell based on zinc oxide. It also had the same behaviour 

as the previous solar cell when changing the thickness, defect density, and doping concentration. 

However, the interface trap density TiO2/perovskite was not that much effect on the performance 

of the solar cell, as the PCE decreased by 8% of its initial value. And it achieved the following 

results: power conversion efficiency of 23.16%, fill factor of 83.80%, short circuit current density 

of 24.58 mA/cm2 and open circuit voltage of 1.12V. 

Perspectives 

In this work an important role was revealed on the ETL, to determine their impact on 

perovskite solar cell behaviour and performance. In order to verify these results, an 

experimental study should be carried out. Explore other electron transport materials 

that may have a beneficial effect on perovskite solar cell. 
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