
 

Ion Doped Metal Oxide and its Power Conversion Efficiency Influence on 

Perovskite Solar Cells 

Dwayne Jensen Reddy 

20416564 

 

A dissertation submitted to 

Durban University of Technology, 

Faculty of Applied Sciences, 

in fulfilment of the requirements for the degree of 

Doctor of Applied Sciences 

 

Supervisor: Professor Ian Lazarus 

Department of Physics, 

Durban University of Technology 

February 2024 

 

Copyright © 2024 Dwayne Jensen Reddy 

All Rights Reserved 



I, Dwayne Jensen Reddy , declare that:

(i) The research reported in this dissertation, except where otherwise indicated, is my original
research.

(ii) This dissertation has not been submitted for any degree or examination at any other univer-
sity.

(iii) This dissertation does not contain other persons’ data, pictures, graphs or other information,
unless specifically acknowledged as being sourced from other persons.

(iv) This dissertation does not contain other persons’ writing, unless specifically acknowledged
as being sourced from other researchers. Where other written sources have been quoted,
then:

a) their words have been re-written but the general information attributed to them has been
referenced:

b) where their exact words have been used, their writing has been placed inside quotation
marks, and referenced.

(v) This dissertation does not contain text, graphics or tables copied and pasted from the Inter-
net, unless specifically acknowledged, and the source being detailed in the dissertation/thesis
and in the References sections.

Candidate: Dwayne Jensen Reddy

Signature:

As the candidate’s supervisor I agree to the submission of this dissertation for examination.

Supervisor: Professor Ian Lazarus

Signature:



ABSTRACT

Ion Doped Metal Oxide and its Influence on the Power Conversion Efficiency of
Perovskite Solar Cells

Dwayne Jensen Reddy
Doctor of Applied Sciences

This study focuses on the fabrication and characterization of Zinc-doped Titanium dioxide (Zn-
TiO2) as an Electron Transport Layer (ETL) in CH3NH3PbI3-based perovskite solar cells (PSCs).
A one-step spin coating technique under controlled ambient conditions (relative humidity < 65%,
room temperature ∼ 20oC ) for the development of PSC was applied to investigate the effects of
Zn-ion doping on the structural, morphological, optical, and photovoltaic properties. Numerical
simulations using SCAPS 1D were additionally performed to further investigate the influence of
ion doping on the power conversion efficiency (PCE) of PSCs.

Zn-doped TiO2 was successfully incorporated into the TiO2 crystal structure using the sol-
gel technique. Characterization through X-ray diffraction (XRD) and Energy Dispersive X-ray
Spectroscopy (EDX) confirmed the incorporation of Zn ions. The crystallite size ranged from
19.99 to 7.1 nm, depending on the Zn ion doping concentration. XRD results also indicate the
formation of a highly crystalline tetragonal perovskite (CH3NH3PbI3) phase. Fourier Transform
Infrared (FTIR) spectroscopy verified the presence of the anatase phase of Zn-doped TiO2, while
the formation of the adduct of Pb2 with dimethyl sulfoxide (DMSO) and methylammonium iodide
(MAI) was confirmed at 1015 cm-1. Scanning Electron Microscope (SEM) images exhibited fairly
smooth and uniform surface coverage for the Zn-doped TiO2 layers. The Root Mean Square (Rq)
values for surface roughness showed a decrease from 26.85 nm for undoped TiO2 to 23.4 nm for
the 5 mol% Zn-doped TiO2 layer. UV-Vis spectroscopy demonstrated low light transmission loss
characteristics from 300 to 790 nm, with the 2 mol% Zn-doped TiO2 showing slightly improved
light transmission between 550 and 800 nm. The bandgap energy of undoped and Zn-doped TiO2
ranged from 3.53 to 3.38 eV, while the perovskite layer exhibited a bandgap energy of 2.06 eV.

Experimentally, an optimum PCE of 5.67% was achieved with a 2 mol% dopant concentration.
However, increasing the Zn dopant to 5 mol% led to a slight deterioration in the PCE. Numeri-
cal simulations revealed that increasing the donor doping concentration in the ETL improved the
conduction band alignment at the ETL and perovskite interface, resulting in a PCE of 6.17%. Op-
timizing the absorber acceptor doping concentration and band gap improved the PCE to 10.79%,
however, created a pronounced conduction band offset at the ETL/perovskite interface. This was
mitigated by introducing an interfacial layer of Cubic Silicon Carbide (3C-SiC) between the ab-
sorber and ETL to minimize the conduction band offset, ultimately achieving a PCE of 12.09%.

Keywords: Perovskite, Titanium dioxide, Zinc ions, Doping, Power Conversion Efficiency
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Chapter 1

INTRODUCTION

This thesis studies the role of metal oxide electron-transporting material properties in perovskite

solar cells. The central research question is how ion doping of metal oxide semiconductors influ-

ences the power conversion efficiency of perovskite solar cells. This chapter provides the context,

thesis chapter outline, aims, objectives, justification, and hypotheses

1.1 Background

The introduction that follows describes pertinent background information that gives the research

perspective. This study focuses on designing, synthesizing, and studying novel materials with

potential uses in recent development of perovskite solar cells.

The current state of energy generation is still highly dependent on fossil fuels and nuclear en-

ergy, which supplies/contributes to nearly 45.2% of the total global energy usage according to the
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1 INTRODUCTION

latest distribution of global energy generation [1]. The carbon dioxide and greenhouse gases emit-

ted using this technology play’s a significant role in climate change, and many reported premature

deaths [2]. Furthermore, fossil fuel sources are available in limited supply and are expected to de-

plete within the next 100 years [3]. Nuclear energy is an unappealing choice due to the generation

of radioactive waste and the long-term storage of this waste which remains dangerous to human

health for thousands of years [4].

Renewable energy generation (solar, wind, biomass, hydropower, and geothermal) contributes

only 27.2% of the total global energy usage [1]. The installed renewable energy capacity increased

from 754 GW in 2000 to 2799 GW in 2020 [5, 6]. Solar photovoltaic has exhibited the fastest

growth rate due to the huge solar source of solar energy (i.e., the sun), with nearly 885 million

TWh available annually, compared to the annual energy consumption of 176 TWh in 2021, which

is enough to exceed the global energy requirements for years to come [7]. Due to an increased

population, urbanization, and the fourth industrial revolution, energy consumption is expected

to increase to 327 TWh by 2050 [7]. Although the cost of energy generated by solar cells has

reduced since its inception nearly forty years ago, it still remains significantly more expensive than

energy generated by fossil fuels [8]. This is primarily due to the high manufacturing costs which

require high vacuum and high temperature processes which require high energy consumption for

production [9].

As the world transitions to more sustainable forms of energy generation, the development of

more efficient and cost-effective semiconductor materials has become increasingly important. Per-

ovskite solar cells (PSC) have attracted much interest recently due to their low production costs and

high efficiency. PSCs can be fabricated using low-temperature solution processing techniques and

have unique properties such as high light absorption coefficient, long charge diffusion lengths, me-

chanical flexibility, and lightweight [10]. This allows for further applications on building facades
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and curve surfaces in urban areas with limited space for onsite energy generation. Additionally,

PSCs have tunable bandgaps, enabling them to be integrated with other solar technologies to de-

velop tandem cells and reach efficiencies beyond the Shockley Quiseer limit (30% at 1.1 eV) [11].

PSCs are crucial in developing photovoltaic (PV) technology and reducing carbon dioxide emis-

sions. However, challenges regarding lifetime, stability, and efficiency remain the impediments to

commercialization.

1.2 Research Question

The central research question is based on how ion doping of metal oxide semiconductors influence

the Power Conversion Efficiency (PCE) of Perovskite Solar Cells.

1.3 Hypothesis

It is hypothesized that doping TiO2 using varying molar percentages of Zn ions will introduce new

bandgap states into the TiO2 lattice structure, improving the ETL layer’s fundamental properties

and the overall PCE of Perovskite Solar Cells.

1.4 Justification

Due to their polycrystalline or semi-crystalline structure, ETL materials have restricted electron-

transporting properties (electron mobility and conductivity). Notably, the electrical characteristics
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1 INTRODUCTION

of TiO2 ETL materials fabricated at temperatures below 550°C have poorer electrical properties.

In this context, it becomes necessary to incorporate dopants into the TiO2 lattice structure to match

the electrical properties of hybrid organic–inorganic perovskite absorber materials to improve the

PSC performance.

1.5 Aim of the Thesis

The research aims to assess the potential to improve the power conversion efficiency of the per-

ovskite solar cell by doping TiO2 with Zn ions at molar concentration percentages of 0.5%, 1%,

2%, and 5%.

1.6 Objectives of the Thesis

• To develop each layer of the perovskite solar cell using affordable and simple processing

techniques.

• To synthesize TiO2 and Zn-doped TiO2 nanoparticles using sol-gel chemistry.

• To characterize (SEM, XRD, EDX, TEM, FTIR, Photoluminescence, and UV-Vis) the TiO2

and Zn-doped TiO2 electron transport layer of the PSC to explore the morphological, struc-

tural, and optical properties.

• To determine the experimental performance characteristics of the TiO2 and Zn-doped TiO2

PSCs developed.
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• To develop a reference model on SCAPS 1D using experimentally obtained data for numer-

ical analysis into the influence of ion doping of the electron transport layer.

1.7 Contributions

The contributions in this thesis can be highlighted as follows:

• Ion doping of the electron transport layer in Perovskite Solar Cells is critical in improv-

ing fundamental material properties and minimizing the conduction band offset at the ETL/

Perovskite interface to improve the PCE.

• A numerical analysis guide is proposed to enhance the Power Conversion Efficiency of ex-

perimentally developed Perovskite Solar Cell.

• The developed and simulated Perovskite Solar Cell provides a clear understanding of the

limitations and performance enhancement methods for implementation in various Perovskite

Solar Cell architectures.

1.8 Scope of Study

In this study, the electron transport layer was limited to 0.22 M titanium dioxide with a Zn ion

doping molar percentage of 0, 0.5, 1, 2, 5. The perovskite absorber layer was based on methylam-

monium lead iodide’s organic-inorganic metal halide composition.
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1.9 Thesis Structure

The thesis is structured as follows:

Chapter 2 initiates a concise literature review, delving into the core concepts of semiconductors

and the fundamental principles of solar cells.

Chapter 3 explores the architecture of Perovskite Solar Cells (PSC), elaborating on the unique

properties of the materials employed in constructing these devices.

Chapter 4 encompasses the methodologies used in this thesis, including the fabrication pro-

cess, experimental and numerical characterization techniques. The impact of Zn-doping on the

morphological and structural properties of TiO2 is examined through electron microscopy (SEM,

TEM) and X-ray diffraction. Meanwhile, the optical properties of Zn-doped TiO2 are investigated

using UV-Vis and photoluminescence. Additionally, FTIR analysis is employed to identify the

functional groups within the methyl ammonium lead iodide-based perovskite layer and the anatase

phase of Zn-doped TiO2. To quantify the elemental composition of each layer, EDX spectroscopy

is employed.

Chapters 5 and 6 discusses and analyses the experimental and simulation results.

Finally, Chapter 7 provides the conclusion of the thesis, along with recommendations that have

arisen from the research conducted.
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Chapter 2

SEMICONDUCTOR and SOLAR CELL

THEORY

This chapter provides a concise overview of semiconductor properties, particularly the band gap,

and its significance in solar cells. It discusses the role of semiconductors in solar cells, explaining

the absorption of photons and the creation of electron-hole pairs. The Shockley-Queisser limit

is introduced as a benchmark for solar cell efficiency. The fundamentals of solar cells, including

charge generation, separation, and recombination losses, are discussed. The chapter also covers

semiconductor hetero-junctions and presents an equivalent circuit model for solar cells. Finally,

it explores photovoltaic parameters such as current-voltage characteristics, short-circuit current

density, open-circuit voltage, fill factor, and power conversion efficiency.
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2 SEMICONDUCTOR and SOLAR CELL THEORY

2.1 Semiconductor

The band gap of a semiconductor shown in Figure 2.1 is a fundamental property that determines

its electronic conductivity and usefulness in electronic devices. It refers to the energy difference

between the highest occupied molecular orbital (HOMO) energy level, termed the valence band

(VB), and the lowest unoccupied molecular orbital (LUMO) energy level, termed the conduction

band (CB), in the semiconductor material. When the valence band is full of electrons, they can-

not contribute towards conduction unless they absorb enough energy to overcome the material’s

bandgap and get excited into the conduction band. The CB and VB in conductors overlap, meaning

they have no bandgap, thus allowing electrons to move freely through the material to conduct. This

is because conductors have a large number of free electrons that are not confined to specific energy

levels or bands within the material. The Fermi level is the energy level at which the probability of

finding an electron lies within this continuum of energy levels. The large number of free electrons

in conductors means that the Fermi level is typically very close to the conduction band, making

it easy for electrons to move through the material and conduct electricity [12–14]. For insulators,

the large bandgap prevents electrons from being excited from the VB to CB. The valence band

is completely filled with electrons, while the conduction band is completely empty. The energy

required to excite an electron from the valence band to the conduction band is very high due to the

large band gap. As a result, insulators do not conduct electricity under normal conditions [15, 16].

Semiconductor material, however, has a small band gap, implying that electrons can be ex-

cited from the VB to CB. When a photon of energy greater than the band gap is absorbed by a

semiconductor, it can excite an electron from the valence band to the conduction band, creating

an electron-hole pair. The photon’s energy must be greater than the band gap because the electron

needs to overcome the energy difference between the two bands. The absorption of photons by a

semiconductor is an essential property of solar cells. A semiconductor with a small band gap is
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Figure 2.1 Band structure of metal, semiconductor, insulator

more effective at absorbing photons with lower energies, such as those in the infrared region of

the spectrum. In contrast, a semiconductor with a more significant band gap is more effective at

absorbing higher energy photons, such as those in the visible and ultraviolet regions of the spec-

trum. William Shockley and Hans-Joachim Quiesser determined that at a wavelength of 925 nm

corresponding to the ideal bandgap of 1.34 eV shown in Figure 2.2 can convert 33.7% of the sun’s

energy into electricity [17].

Figure 2.2 The Shockley-Queisser limit for the efficiency of a solar cell [18]
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2 SEMICONDUCTOR and SOLAR CELL THEORY

2.2 Fundamentals of Solar Cells

A solar cell, also known as a photovoltaic cell, is an energy conversion device that generates

charge carriers by absorbing the incoming photons from sunlight. For electrons to be emitted from

a semiconductor material, the incoming photon energy (Eph) must be higher than the material’s

bandgap (Eg) energy [19]. The photon energy is given in Equation (2.1).

E =
hc
λ

(2.1)

Where:

h stands for Plank’s constant (h = 6.626 x 10-34Js),

c for the speed of light within a vacuum (c = 3 x 108 m/s), and

λ is the wavelength of the photon [20].

Figure 2.3 The electromagnetic spectrum illustrating photon energy increase with de-
creasing wavelength [21]

The electromagnetic spectrum shown in Figure 2.3 encompasses a broad range of frequencies
10



and wavelengths, ranging from gamma rays with very high frequencies and short wavelengths to

radio waves with very low frequencies and long wavelengths. Solar cells are designed to convert a

specific part of the electromagnetic spectrum, known as the visible light spectrum, into electricity.

This part of the electromagnetic spectrum includes all the rainbow colors and has wavelengths

ranging from about 400 nm (violet) to 700 nm (red).

2.2.1 Charge Generation

Charge generation in photovoltaics occurs when electrons in the valence band of a semiconductor

absorb the energy of the photons and are excited from their initial energy state (Ei) into their final

energy state (Eh) in the conduction band, as shown in Figure 2.4. A void is created in the valence

band when electrons are excited from Ei to Eh; this void is referred to as a hole. Hence, electron-

hole pairs are generated by photon absorption in the semiconductor material when Eph>Eg.

Figure 2.4 Absorption of photon energy
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2 SEMICONDUCTOR and SOLAR CELL THEORY

2.2.2 Charge Separation

A p-n junction is used in photovoltaics to separate charges. When a p-type and an n-type semicon-

ductor join, a p-n junction is formed. Because the n-type material has a higher electron concen-

tration and the p-type material has a higher hole concentration, electrons diffuse from the n-side

to the p-side. Holes diffuse from the p-type side to the n-type side, as shown in Figure 2.5(a),

resulting in a diffusion current Idif [22–26]. As a result of this diffusion, the p-side of the junction

becomes negatively charged, and the n-side becomes positively charged, resulting in a ’built-in’

voltage. The built-in voltage causes holes on the n-side to migrate to the p-side and electrons on

the p-side to migrate to the n-side, resulting in charge separation and drift current Idr. Because any

charge carriers present are quickly swept away, the region is known as a depletion region. The

diffusion and drift currents have the same amplitude in opposite directions at equilibrium, and the

dark saturation current I0 is equal, as illustrated in Figure 2.5(b). Idif = Idr =I0

Figure 2.5 p-n junction formation process [27]

The solar cell efficiency is dependent on a number of factors, including the quality of the

semiconductor material fabricated, the p-n junction design, and the film thickness of each layer

of the cell. The semiconductor absorber material must have a bandgap that allows for the broad
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absorption of the electromagnetic spectrum, and the p-n junction must be designed to maximize

the separation of charges and minimize the recombination of electron-hole pairs [28, 29].

2.2.3 Recombination Loss

In a solar cell, an incident photon produces an electron-hole pair known as charge carriers. These

newly formed charge carriers must first separate before recombining and emitting energy. This

recombination of charge carriers in a solar cell results in the loss of photon-generated carriers,

which reduces the solar cell’s power conversion efficiency. As carriers are created in different

regions of a solar cell, recombination occurs at distinct locations.

Figure 2.6 Types of recombination in solar cells [30]

Carriers formed in the depletion zone are separated by the depletion region’s electric field

whereas carriers generated at the front, bulk, and far end of the solar cell have a low chance of

separation. Thus, carriers created in these locations will recombine with absorbed energy emission
13



2 SEMICONDUCTOR and SOLAR CELL THEORY

and will not contribute to the photovoltaic process. The three significant types of recombination

losses are shown in Figure 2.6 [31]:

• Radiative (band to band) recombination, this occurs when an electron from the conduction

band combines with a hole in the valence band and emits a photon

• Auger recombination, occurs at high charge carrier concentrations caused by excessive dop-

ing limiting the electron-hole pair lifetime and efficiency

• Defect assisted recombination, previously referred to as the Shockley-Read-Hall recombina-

tion. This type of recombination occurs when an electron or hole gets trapped in an energy

state in the forbidden region due to defects in the crystal lattice.

2.2.4 Semiconductor Hetero-junctions in Solar Cells

The p-n junction formed with the same semiconductor material is referred to as homo-junction.

Additionally the p-n junction formed with different semiconductor materials with different bandgaps

is referred to as a hetero-junction. The properties of semiconductor hetero-junctions are deter-

mined by the band alignment at the interface between the two semiconductors. Hetero-junctions

can be classified into two types depending on the band alignment at the interface between the two

semiconductors: type-I and type-II, as shown in Figure 2.7.

In type-I hetero-junctions, the conduction band minimum (CBM) and valence band maximum

(VBM) of both semiconductors are aligned at the interface. This causes electrons and holes to be

confined to the same region, resulting in high charge carrier concentrations and recombination. In

type-II hetero-junctions, the CBM and VBM of the two semiconductors are staggered, resulting
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Figure 2.7 Type 1 and 2 hetero-junctions [32]

in a spatial separation of electrons and holes across the interface leading to a longer charge carrier

lifetime and lower recombination rates [33].

At the interface of a type-II hetero-junction, photo-generated electrons and holes are spatially

separated due to the staggered band alignment. Electrons are confined to the conduction band of

one semiconductor, while holes are confined to the valence band of the other semiconductor. This

separation results in a longer carrier lifetime and lower recombination rates, which can significantly

improve the power conversion efficiency of solar cells [32, 33].

2.3 The Equivalent Circuit Model

The equivalent circuit of a solar cell shown in Figure 2.8 can be modeled as a current source in

parallel with a diode and a resistor (Rsh), connected in series with another resistor (Rs).

The photocurrent (Isc) represents the current generated by the solar cell due to light absorption.

It is represented as a current source in the equivalent circuit and is proportional to the intensity

of the incident light. The diode saturation current (Id) represents the current that flows through
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2 SEMICONDUCTOR and SOLAR CELL THEORY

Figure 2.8 A single diode model demonstrating the origin of PV parameters [34]

the diode when it is reverse-biased and measures the recombination losses in the device [35, 36].

The series resistance (Rs) represents the electrical resistance of the metal contacts, the device’s

material, and the internal connections of the solar cell. The shunt resistance (Rsh) is represented as

a resistor in parallel with the diode, ISH refers to the leakage current that flows through the solar

cell due to defects or non-uniformities in the material [37, 38]. An ideal diode’s series resistance

is zero, and the shunt resistance is infinitely high around a few MΩ. Equation (2.2) represents the

net current output [39].

I = Isc − Io

{
e
(

q(Voc+IRs)
aKT

)
−1

}
− Voc + IRs

RSH
(2.2)

Where

Io = dark saturation current or diode leakage current when there is no light

Isc= short circuit current

q = electronic charge (1.6 x 10-19 C)

Voc = open circuit voltage
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K = Boltzmann’s constant = 1.38 x 10−23J/K

T = temperature in Kelvin

a = diode quality factor

2.4 Photovoltaic Parameters

The current-voltage (I-V) scan shown in Figure 2.9 is widely used to assess how well a solar cell

performs. This is performed under illumination, where the voltage is scanned while the current

response is recorded. The fundamental parameters that govern the PCE of a solar cell are the open

circuit voltage, short circuit current density, and fill factor.

Figure 2.9 The I-V and power characteristic curve of a solar cell [55]

The short circuit current density (JSC) is the maximum current a device can produce when short-

circuited in the dark or under the illumination of 1000 W/m2. The JSC is measured in units of A/m2

or mA/ cm2. At JSC, the voltage across the device will be zero. Short-circuit currents occur due to

the generation and collection of light-generated carriers. It is primarily determined by the number
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2 SEMICONDUCTOR and SOLAR CELL THEORY

of incident photons, as well as its spectrum, optical characteristics, collection probability, and solar

cell area. The open circuit voltage refers to the maximum voltage the solar cell develops when no

load is connected. This primarily depends on the energy difference between the conduction band

of the ETL and the valence band of the HTL. This open circuit or applied voltage cancels out the

cell’s built-in voltage, preventing the extraction of charge carriers from the device. The fill factor

(FF) of a solar cell describes the ability of the device to convert the incident light into electrical

power. The fill factor is the ratio of the maximum power that can be extracted from the solar cell

to the product of the open circuit voltage (VOC) and the short circuit current density (JSC). A high

fill factor indicates that the solar cell operates efficiently and can convert a large portion of the

incident light into usable electrical power. In contrast, a low fill factor suggests that the solar cell

is not operating efficiently and is wasting a significant portion of the incident light. The FF is also

dependent on the series and shunt resistances of the device; a low series and high shunt resistance

are required to minimize energy losses and maximize the device’s power output [40].

A solar cell’s power conversion efficiency (PCE) is a measure of its ability to convert incident

light into usable electrical power. It is defined as the ratio of the electrical power output of the solar

cell to the incident optical power of the incoming light and is typically expressed as a percentage.

The PCE of a solar cell depends on several factors, including the efficiency of the light absorption,

charge separation, and charge collection processes within the device. It can be calculated using the

following equation:

PCE = (JSC ×VOC ×FF)/Pin (2.3)

where Pin is the input power into the solar cell (1000 W/ m2 at standard temperature conditions)

The PCE of a solar cell can be improved by optimizing the design and materials of the device, such

as by increasing the light absorption efficiency, improving the charge separation and collection

processes, and reducing resistive and recombination losses. Additionally, the PCE can be affected
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by external factors such as temperature and illumination intensity.
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Chapter 3

PEROVSKITE SOLAR CELLS

This chapter presents the perovskite solar cell history, architecture, working principles, and ma-

terial properties of the critical layers. Because this thesis focuses on the ETL of the PSC, the

properties of TiO2 and doping TiO2 will be discussed in more detail.

3.1 History of Perovskite Solar Cells

Gustav Rose discovered the first perovskite mineral, calcium titanium oxide, in 1839 and named

it after the Russian mineralogist Lev Perovski [41]. In 1926, Victor Goldschmidt analyzed and

characterized the crystal structure of this family of minerals [42]. Figure 3.1 depicts the crystal

structure of perovskite as ABX3, where A is a cation, B is a metal cation, and X is an anion.

The perovskite material is made up of organic elements such as methyl ammonium (MA) or for-

mamidinium (FA) as (A), metal elements such as lead (Pb) or tin (Sn) as (B), and halides such as

bromide (Br3), iodide (I3), or chloride (Cl3) as (X3). Christian Moller discovered a cesium lead
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halide perovskite structure with the chemical formula CsPbX3 in 1958 [43]. D Weber synthesized

the first organic-inorganic compound in 1978 by substituting methyl ammonium (CH3NH3) for

cesium [44].

Figure 3.1 Organic- inorganic halide perovskite unit cell [45]

Weber discovered that this particular subclass of perovskite materials could possess photoactive

properties. In 2009, Kojima et al. [46] constructed the first hybrid organic-inorganic perovskite

solar cell using MAPbI3 as the photo absorber. This first organic-inorganic PSC was created by

imitating the architecture of conventional DSSCs. A liquid electrolyte was used for hole trans-

port, and a TiO2 working electrode was coated with MAPbI3 and MAPbBr3. In 2009, Kojima

et al and his research group at Toin University of Yokohama reported the first use of perovskite

materials as a sensitizer in dye-sensitized solar cells [46]. They used a methyl ammonium lead

iodide perovskite material to replace the traditional organic dyes in the dye-sensitized solar cells.

The perovskite solar cells exhibited a much higher efficiency than the conventional dye-sensitized

solar cells, which sparked interest in the research community. However, according to Im et al.

in 2011, the stability of the solar cells was poor because the perovskite material dissolved in the

liquid electrolyte, causing the PSC to lose 80% of their initial PCE after 10 minutes of sustained

light exposure [47]. In 2012, Lee et al., in collaboration with Henry Snaith and his group at the
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University of Oxford, reported a perovskite solar cell with a power conversion efficiency (PCE)

of 10.9% was a significant improvement over the previous record for perovskite solar cells [48].

Around the same time, in 2012, Kim et al. also published the first solid-state PSCs with PCEs of

9.7% [49]. In both instances, the solar cell was modeled after the layers of a solid-state DSSC, in

which the photo-absorbing material is deposited in a mesoporous layer of TiO2 nanoparticles and

covered by a layer of the organic hole transport material (HTM) Spiro-OMeTAD. Fluorine-doped

tin-oxide (FTO), a transparent conductive oxide, was used as the front contact, and metallic gold

or silver as the rear contact.

Since then, a multitude of various layer architectures for PSCs have been published, but the

world record PSCs, which have produced a PCE of 22.7%, continue to use an architecture based

on TiO2 and Spiro-OMeTAD [50]. However, recent findings also indicate that the TiO2 layer can

be further enhanced through elemental modification to improve solar cell PCE [51, 52].

3.2 Architecture of Perovskite Solar Cells

In PV technology, the device configuration and architecture are crucial factors in obtaining high

power conversion efficiencies [53]. PSC’s architectures shown in Figure 3.2 can be classified as

regular (n-i-p) or (p-i-n) depending on the properties of the material (ETM or HTM) light is trans-

mitted through first. These two architectures can be either planar or mesoscopic. The mesoscopic

structure incorporates a mesoporous layer, adding additional manufacturing costs and generally

requiring high-temperature sintering processes that require thermal stability [54–56]. Planar struc-

tures consist of all planar layers, low-temperature processing, and high power conversion efficien-

cies of up to 25.2% [57]. However, this is not limited to a specific device structure. For this study,

the regular n-i-p planar device architecture was used.
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Figure 3.2 Schematic of various PSC’s structures (a) n-i-p mesoscopic (b) n-i-p planar
(c) p-i-n planar (d) p-i-n mesoscopic [57]

The following materials are commonly used in the development of PSCs [58]:

• A glass or quartz substrate with a front transparent conducting oxide (TCO) contact. TCOs

commonly utilized are fluorine-doped tin oxide (FTO) and indium tin oxide (ITO), allowing

light transmission and electron collecting in the PSC.

• Deposition of electron transporting material (ETM) on top of the TCO. The most popular

ETM is TiO2, which accepts electrons generated by the perovskite layer and transports them

to the front TCO contact. Additional metal oxides explored are aluminum oxide (AlO3), tin

oxide (SnO2), and zinc oxide (ZnO).

• The ETM layer is covered with a perovskite layer. This layer absorbs photons and produces

electrons and holes.

• A layer of hole transport material is placed on top of the perovskite layer to transport holes

to the back contact.

• Back contact is often made with a metal such as gold, silver, or platinum; however, carbon

has recently been employed [59].
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PSCs have a high absorption coefficient, requiring ∼500 nm thick films to absorb most incident

photons [60]. In comparison, silicon solar cells require a thick absorbent layer of tens to hundreds

of micrometers, signaling the necessity for a far purer and, hence, less expensive material [61].

Excitons in perovskites have low binding energy, making it easier to separate holes and electrons.

An efficient charge transport for electrons and holes was reported within perovskites, with carrier

diffusion lengths reaching 1 µm [62] which enables the development of incredibly thin devices.

3.3 Operating Principle of Perovskite Solar Cells

Light is transmitted through the FTO and electron transport layer (TiO2) and absorbed by the

perovskite layer to create charge separation, as seen in Figure 3.3(a). This procedure introduces

an electron into the conduction band and a hole (positive charge) into the valence band, creating

electron-hole pairs. While the electrons are injected into the electron-transport layer and the holes

into the hole-transport layer (Spiro-OMeTAD), the electrons fill the positive holes in the cathode

layer after passing through an external circuit. A closed circuit cell is formed by connecting the

transparent FTO electrode with the back contact metal electrode [63, 64]. To achieve high efficien-

cies, the ETM’s conduction band (CB) must be aligned with the CB of the perovskite as shown

in the energy level diagram in Figure 3.3(b) measured from vacuum level, to ensure the potential

difference and electric field build-up at the interface are large enough for electron injection while

keeping the difference between the ETM’s CB and the VB of the HTM as large as possible to

maximize VOC [65].
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Figure 3.3 (a) Operating principle of perovskite solar cell (b) Energy level diagram of
perovskite solar cell [19]

3.4 Material Properties

This section will expand on the material properties of each layer in PSCs used in this study, which

include transparent electrodes, perovskite absorber layer, titanium dioxide, Spiro-OMetaD and

carbon electrode.

3.4.1 Transparent Electrodes

The front contact, or current-collecting electrode, of most thin film solar cells and PSCs is made of

transparent conductive materials (TCMs), predominantly transparent conductive oxides (TCOs).

They are part of a material class that simultaneously displays optical transmission and electrical

conductivity. TCOs are primarily n- and p-type semiconductors with band gaps more significant
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than 3 eV to be transparent in the visible range. Extrinsic doping of the oxides is frequently used

to get high conductivity. The three most important n-type TCOs at the moment are indium oxide

(In2O3), ZnO, and SnO2 [66].

Tin oxide doped with Florine atoms (FTO) was the first TCO to be widely used, especially

for high optical transmission up to 90%, low absorption, high-temperature resistance, mechanical

hardness, wide bandgap from 3.2 to 4.6 eV and low-emissivity coatings on glass [67, 68]. They

have a resistivity that is greater than TCO based on aluminum zinc oxide (AZO), in the range of

3-4 x 10−5 Ω.cm [69]. In contrast to In2O3 and ZnO, which are both manufactured using more

expensive vacuum-based sputtering processes, SnO2 can be made using less expensive chemical

procedures such as spray pyrolysis with inexpensive basic ingredients like tin chlorides [70]. Thus,

transparent electrodes made of SnO2 are often used in perovskite solar cells. This study used FTO

substrates with a sheet resistance of 8.3 Ω / square and a film thickness of 100 nm substrates to

fabricate PSCs.

3.4.2 Perovskite Absorber Layer

Halide perovskites constitute a new class of optoelectronic materials with interesting optical and

electronic properties. Most halide perovskites are direct-bandgap semiconductors with a bandgap

spanning the entire visible spectrum [71]. This is significant because charge carriers in perovskite

layers can be generated efficiently in a photovoltaic device. The bandgap of methylammonium

lead iodide (CH3NH3PbI3) is ∼ 1.5 eV, corresponding to an absorption edge of ∼ 830 nm for

visible light. The Pb and I orbitals are used to construct the valence and conduction bands of

the CH3NH3PbI3 compound, indicating that the optical properties can be altered by varying the

cation or halogen content [72–75]. The bandgap’s tunability enables device applications requir-
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ing a specific bandgap and distinguishes perovskites from other semiconductor photon absorber

materials.

There exist three different phases of MAPbI3 at different temperatures: orthorhombic below

162 K, tetragonal between 162 – 372 K, and cubic above 327 K [76]. The tetragonal phase of

methylammonium lead iodide (MAPbI3) is a perovskite crystal structure in which the methylam-

monium cation (CH3NH3+) occupies the A-site of the perovskite structure, and the lead and iodine

ions occupy the B-site. The orientation of the methylammonium cation in the tetragonal phase of

MAPbI3 is one of the fascinating properties, as opposed to the cubic phase where the cation is

isotropically oriented. This orientation has been shown to affect the optical and electronic prop-

erties of the material, prompting extensive research into the effect of cation orientation on photo-

voltaic device performance [77, 78]. The MAPbI3 tetragonal phase has been demonstrated to have

numerous desirable photovoltaic features, including strong carrier mobility, long carrier lifetimes,

and low recombination rates [77, 79, 80]. These characteristics are attributable to the material’s

unusual crystal structure, which provides a highly ordered and defect-free environment for charge

carriers to transport through. In this study, the CH3NH3PbI3 precursor solution was deposited via

the one-step spin coating technique and annealed to form a highly crystalline tetragonal phase of

CH3NH3PbI3 developed confirmed by X-ray diffraction characterization in section 5.1.

3.4.3 Titanium dioxide

The electron transport layer (ETL) is crucial in many types of solar cells and other optoelectronic

devices. The primary function of solar cell applications is to improve the extraction of electrons

from the light-absorbing material (perovskite). Titanium dioxide (TiO2) is commonly used as a

low-cost material for ETLs due to its large bandgap, chemical stability under ultraviolet light, low
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toxicity, photo corrosion resistance, and suitable band edge position with the perovskite material

[81–83]. TiO2 is an n-type semiconductor material that has a bandgap of about ∼3.3 eV in the

anatase phase, resistivity is 1015Ω.cm [84], and mobility <1 cm2 V−1S−1 [85]. This means that it

has relatively low electron mobility, is transparent to visible light, and absorbs mainly in the ultra-

violet region of the electromagnetic spectrum. Titanium dioxide (TiO2) occurs in nature in three

different crystalline forms: anatase (tetragonal), rutile (tetragonal), and brookite (orthorhombic)

[86, 87]. Table 3.1 shows the crystal structure properties of the three phases of TiO2.

Table 3.1 Crystal structure properties of TiO2 [88]

Properties Rutile Anatase Brookite

Crystal structure Tetragonal Tetragonal Orthorhombic

Ti-O bond length (A)
1.937(4)

1.965(2)

1.949(4)

1.980(2)
1.87-2.04

O-Ti-O bond angle
77.7o

92.6o

81.2o

90o
77o-105o

Latice constant (A)
a= 3.784

c= 9.515

a= 4.5936

c= 2.9587

a= 9.184

b= 5.447

c= 5.154

Space group I41/amd P42/mm Pbca

Molecule 2 2 4

Density (gcm−3) 3.79 4.13 3.99

Volume/molecule (A3) 34.061 31.2160 32.172

Because of its superior charge transport capabilities, anatase is the phase that is most commonly

used in PSC applications [89–91]. The anatase crystal structure of TiO2 is a tetragonal crystal

structure with lattice parameters a = b = 4.5936 Å and c = 2.9587 Å [88]. Figure 3.4 shows the
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tetragonal anatase structure which consists of a chain of distorted TiO6 octahedrons, resulting in a

unit cell that contains four Ti atoms in positions [0, 0, 0]. [½, ½, ½ ], [0, ½, ¼ ] and [½, 0, ¾ ] and

six O atoms [92–94]. The oxygen atoms are arranged in a distorted octahedron around the titanium

atom, with two oxygen atoms forming a Ti-O-Ti bond angle of 145° and the other four forming a

bond angle of 90°. This arrangement results in the formation of a three-dimensional network of

octahedrons that are interconnected through the sharing of corners.

Figure 3.4 The TiO2 anatase unit cell; titanium atoms are grey and oxygen atoms are red.
Six oxygen atoms form a distorted octahedron with a titanium atom at the center, which
is clearly illustrated for the central titanium atom [95]

Additionally, TiO2 formed by sol-gel processes is amorphous. As a result, it must be annealed

at high temperatures of 550°C to achieve the desired anatase crystal structure as confirmed by XRD

and FTIR in this study. When the anatase-rutile transition occurs, the crystallization temperature

may be limited. Given that rutile is the most thermodynamically stable polymorph of TiO2 at all

temperatures, the temperature at which anatase transforms to rutile is highly reliant on the condi-

tions under which it was generated in [96]. Due to their unique band topologies, combined anatase
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and rutile phases frequently trap charge carriers and promote recombination processes when they

are present in conjunction with other elements [97]. The majority of research has discovered that

rutile nanoparticles are harmful to the performance of TiO2 electrodes; nevertheless, other studies

have found that a small amount of rutile nanoparticles can increase device performance [98, 99].

Devices employing rutile TiO2 generally have a lower CB energy as compared to devices utilizing

anatase, leading to a drop in VOC, reducing JSC and FF. Therefore rutile phase is not recommended

to be used in PSCs.

In this study, a planar layer of anatase phase TiO2 consisting of a precursor solution of titanium

isopropoxide, ethanol and hydrochloric acid was deposited onto the FTO layer via spin coating

and used as the reference ETL material.

Electron Trapping and De-Trapping in Titanium dioxide

The lower conduction band edge of TiO2 is composed of empty Ti4+ 3d bands, whereas the up-

per edge of the VB is composed of filled O2- 2p bands [100]. Bulk oxygen vacancies, titanium

interstitials, and reduced crystal surfaces generate shallow electron traps that can increase the con-

ductivity of TiO2. The Ti3+ species, which form a band of ∼ 0.5 eV below the TiO2 CB, are of

particular significance in this case [101, 102]. These defects function as n-type dopants, increasing

the number of unbound electrons in TiO2 and, consequently, its conductivity and current. These

defects may also act as charge traps and are recombination centers, resulting in a degraded device

performance [103].

Trapping typically occurs at surface and bulk abnormalities produced by lattice defects [104].

Based on the energy connected with the trapping sites, it is classified as shallow or deep trapping.

Shallow trapping spots can be found slightly below or above the CBM. The energy associated
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with these trapping sites is similar to thermal excitations. Thermal excitation at room temperature

causes charge carrier de-trapping (the release of trapped carriers) in shallow sites. Surface states

are one type of shallow trapping site that occurs naturally due to dangling bonds at the surface.

There are bulk trapping sites in the bandgap, and the energy associated with them about the CBM

or the VBM is frequently more than thermal excitation at a given temperature [105]. Trapping

sites are confined, and preparatory methods heavily influence their occurrence. When TiO2 is

reduced or annealed in a vacuum, oxygen vacancies or localized Ti3+ sites form at the surface

[106–108]. In TiO2 thin films, these oxygen vacancies serve as the primary trapping sites for

electrons. These surface trapping sites substantially impact the performance of TiO2 under various

situations, particularly when the surface is entirely bound with or blocked by organic molecules.

TiO2’s electron transport is complex and challenging to study due to its numerous defects and

the resultant sub-bandgap states shown in Figure 3.5(a). This is especially challenging in the case

of devices because parameters about a single device property cannot be investigated separately

without significantly altering other material properties. Figure 3.5(a) also depicts significant ex-

perimental and theoretical evidence indicating that charge transport in TiO2 occurs by de-trapping

from sub-bandgap states. These states are located deep in the density of states (DOS, number of

available states at a given energy), shown in Figure 3.5(b), where electrons can be de-trapped into

the CB. The film’s conductivity is dictated by the probability of electrons being in the CB, which

increases as the quasi-Fermi level approaches the CB. Therefore, any change that eliminates deep

trap states will increase the conductivity of the film [109].

These factors result in a complex situation in which shallow traps are necessary for charge

transport and can even improve conductivity. In contrast, deep traps lower the quasi-Fermi level,

making it more challenging to detrap electrons, thereby reducing conductivity and increasing re-

combination. The VOC of the device, which is dependent on the energy difference between the CB
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Figure 3.5 (a) Trapping and de-trapping process occurring in TiO2. The Fermi en-
ergy level (EFn) is represented by the dotted line; the longer dash lines represent vacant
sub–bandgap sites, the circles represent the electrons, with the vertical arrow represent-
ing trapping and de-trapping and horizontal arrows representing transport. (b) Density of
states (DOS) distribution in thin films [109].

of TiO2 and the VB of the HTM, is also affected by the trap states, with shallower traps leading to

a greater VOC. In addition, traps can serve as electron and hole recombination sites [110], reducing

current and voltage.

Due to forming a space charge region at the interface between TiO2 and perovskite, band bend-

ing occurs, indicating that the CB in bulk and at the surface have different energies. The space

charge region produces an electric field separating electrons and holes. An external voltage can

counteract band bending and reduce the space charge region. This particular voltage is known as

the flat band potential (VFB) [111]. Because trap states are predominantly located on the TiO2

surface, they significantly impact VFB and, by extension, the electron-hole separation efficiency.

When VFB is negatively shifted (indicating an upward shift of the CB and the Fermi level), electron

injection from the perovskite into TiO2 becomes less efficient, resulting in a current loss. Some

defects increase injection efficiency by positively shifting VFB, resulting in a downward displace-
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ment of the CB and Fermi levels. Given the interconnectedness of so many processes, it is evident

that devising a method to enhance the electronic properties of TiO2 is not simple.

Doping Electron Transport Layer

Doping the electron transport layer (ETL) of titanium dioxide (TiO2) is a common technique used

to improve the performance of perovskite solar cells. This can be achieved by the purposeful

introduction of impurities into the TiO2 lattice by sol-gel, hydrothermal, solvothermal methods,

etc., which have been shown to alter the electrical, morphological, and optical characteristics of

titanium dioxide [112–114].

Doping of titanium dioxide (TiO2-) can be achieved by either substitution of Ti4+ cation (n-

type doping) or O2- anion (p-type doping) with dopant ions. Both methods have advantages and

disadvantages, and the choice of doping method depends on the type of dopant and the desired

doping concentration. The Ti4+ cation substitution method involves the substitution of Ti4+ cations

with dopant ions in the TiO2 lattice. The dopant ions can be of lower valence than Ti4+ (e.g., Fe2+,

Zn2+, Cu2+, Ni2+) or of higher valence than Ti4+ (e.g., Nb5+, Ta5+, Zr4+) [115]. Because the ion

sizes of Ti4+ and Zn2+ are comparable [116, 117], lattice deformation is minimal when Zn2+ is

introduced into the TiO2 lattice, as demonstrated by XRD in this study with the weight percentage

composition quantified by EDX.

The O2- anion substitution method involves the substitution of O2- anions with dopant ions in

the TiO2 lattice. The dopant ions can be of lower valence than O2- (e.g., N3-, S2-, F-) or of higher

valence than O2- (e.g., Zr4+, Nb2-) [118]. The VB upper edge comprises O2- 2p bands, which can

be replaced by different anions. This method has also been shown to modify the energy levels

of TiO2, reduce the energy barriers for electron transport and injection, and improve the charge
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transport properties.

The color red in Figure 3.6 shows the doping-induced states. In pristine TiO2 shown in Figure

3.6(a), electrons are transferred from one shallow trap to another until they reach the electrode by

’hopping’ from shallow trap to shallow trap. As a result, the shallow trap density will affect the

electron transport rate and the JSC. Deep traps have the potential to permanently capture electrons

and operate as recombination sites, which can have an impact on VOC. As previously stated,

another crucial component affecting VOC is EF because VOC is defined as the difference between

the EF of TiO2 and the HTM.

Doping can reduce the deep trap density, resulting in an upward shift of the EF as shown by

the n-type doping in Figure 3.6(b), resulting in an improvement in VOC produced. Removing deep

traps causes recombination to be delayed even more, increasing the value of VOC produced. A

drop in driving force for electron injection is achieved via shifting the CB to a position closer to

the LUMO of the absorber. This, in combination with a decrease in trap density and the resulting

electron transport, results in a fall in JSC.

As a result of the creation of deep traps due to p-type doping shown in Figure 3.6(c), the

conduction band and EF are lowered. In conjunction with increased recombination via the deep

trap states, the amount of VOC produced reduces. Since the CB and absorber LUMO are located

farther apart, electron injection is better, and the greater trap density increases electron transport,

leading to an improved JSC.

TiO2 doped with Mg, Nb, Y, Al, and Zr has previously been used in perovskite solar cells. Mg-

doped ETL has improved VOC because of its strong conduction band and low recombination [119].

Nb doping boosted electron injection and transport, resulting in greater JSC [120], and Y doping

improved performance due to increased perovskite loading, resulting in significant increases in JSC
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and marginally reduced recombination [121]. It has been found that Al-doping reduces the num-

ber of oxygen vacancies and the associated deep trap states, lowering recombination and increasing

film conductivity. As a result, JSC increased overall [122]. Doping TiO2 with Zr4+ reduced hys-

teresis while pushing the CB upward and reducing recombination, increasing VOC [123]. However,

reports on the effect of Zn doping of TiO2 have been inconsistent. It was reported to negatively

shift the flat band potential in some [124, 125] but to positively shift VFB in others [126].

In this study, varying molar percentages (0-5 mol%) of Zn ions as a dopant for TiO2 thin film

were investigated to assess the effects on the morphology, structural and optical properties, and

performance of the perovskite solar cells.

Figure 3.6 The effect of TiO2 doping on the CB and EF [127]

3.5 Hole Transport Layer

Spiro-OMeTAD has been the most commonly used and state-of-the-art material for perovskite hole

transport layers (HTLs). It consists of a spirobifluorene core and is a highly efficient hole trans-

port material due to its bandgap of ∼2.99 eV, excellent charge transport properties, high melting

point, appropriate energy level alignment with the perovskite layer (CH3NH3PbI3) and high hole

mobility of ∼ 10−4 cm2V−1S−1 [128, 129]. Lithium and 4 tert-butyl pyridine doping of Spiro-
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OMeTAD is employed to efficiently extract the photogenerated holes in the perovskite layer and

transport them to the back electrode and block electrons [130, 131]. Spiro-OMeTAD has been

found to significantly improve PSC device performance, with power conversion efficiencies of

up to 25.7% reported in some of the best-performing devices. Spiro-OMeTAD does, however,

have some drawbacks, including cost, efficiency, temperature- and additive-related deterioration,

long-term stability, film quality, additive dependence, and hysteresis. Therefore, it appears that the

development of alternative HTMs without these fundamental disadvantages is required to commer-

cialize PSCs [132].

3.6 Back Metal Contact

A back contact is fundamental to complete the internal circuit and serves as an electrode supplying

current and voltage for the external electrical work. The work function is an important property

that refers to the minimum amount of energy required to remove an electron from the surface of a

metal and move it to a point just outside the metal. Metals (Ag, Au, Al, Cu, Ni, Pt, etc.), transpar-

ent conductive oxides (FTO; fluorine-doped tin oxide), (ITO; Indium tin oxide), (IZO; indium zinc

oxide), (AZO; aluminum zinc oxide) are some of the most frequently used back electrodes. Among

the back contacts mentioned, devices with Au/Ag have demonstrated excellent performance, but

both have drawbacks. Au is expensive and deposited by thermal evaporation at higher temper-

atures, increasing the sample temperature [133], which could lead to defects and affect the PSC

device performance, while Ag is chemically unstable. Recent research by Chang et al. on cost

variables in perovskite modules revealed that using a Au electrode accounts for more than 70% of

the module’s expense [134]. In PSCs, the back electrode should have appropriate energy levels, a

high work function typically between 5 - 5.7 eV, high electrical conductivity, excellent chemical
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resistance, and environmental stability, and be cost-effective [135]. Carbon materials with a work

function of approximately 5 eV have demonstrated to be appropriate alternatives to Au back elec-

trodes having a work function of 5.1 eV, enabling decreased expense and use of expensive thermal

evaporation equipment for the deposition of metal contacts[136]. Carbon-based back electrodes

can be applied by simple deposition techniques, such as doctor blading, screen-printing, and drop-

casting [137, 138]. In this study, activated carbon black with an FTO layer was placed on top

of the HTL and used as the back contact. Using activated carbon as the back contact has shown

promising results, and further research is required to fully understand its benefits and limitations.
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Chapter 4

METHODOLOGY

This chapter will provide an overview of the synthesis procedure for the Zn-doped TiO2 nanopar-

ticles, device fabrication using the spin coating depostion technique, experimental characterization

methods and describe it’s working principles. In addition, the numerical analysis method used for

the fabricated PSCs is briefly explained within the context of the results presented in this thesis.

4.1 Sol-Gel Technique for Nanometal Oxide Synthesis

The sol-gel method uses a liquid precursor solution known as sol which is converted into a solid gel

through a series of chemical reactions, making it a versatile and widely used method for synthesiz-

ing nanometal oxides. Typically, the sol-gel process begins with preparing an alcohol solution of a

metal alkoxide precursor solution (M-OR), such as titanium isopropoxide or aluminum isopropox-

ide. Water is added to the alkoxide precursor solution, and a catalyst is added, such as hydrochloric

acid or acetic acid, to hydrolyze it, as shown below in the hydrolysis reaction. The hydrolysis re-
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action breaks metal-alkoxide bonds, forming a metal hydroxide solution. This metal hydroxide

colloidal solution is allowed to age, which then undergoes a condensation reaction between two

metal hydroxyl/alkoxy leading to M-O-M (metal-oxygen-metal) bonds with the release of H2O/ R-

OH [139]. The condensation continues, resulting in a sol-gel transition, an interconnected, rigid,

and porous inorganic network in the liquid phase. This liquid phase can be dried under ambient

conditions to produce a xerogel. The gel can be dried by removing the liquid solvent under hyper-

critical conditions without destroying the gel network to form an aerogel. Finally, the gel can be

sintered at a high temperature (800° C) to collapse the gel network into a powder [140, 141].

The reactions involved in the sol-gel process are shown below:

• Hydrolysis Reaction

M-OR + H2O (Metal alkoxide) → M-OH + ROH (Metal Hydroxide)

• Condensation Reaction

M-OR + H O-M → M-O-M + R-OH

By modifying the precursor concentration, solvent, pH, and use of an acid for the hydrolysis

reaction, the size and properties of the resulting metal oxide nanoparticles can be altered [142].

4.2 Spin-Coating Method

Spin coating is currently the standard laboratory solution deposition technique for thin film for-

mation on substrates due to relatively low costs, high repeatability, film uniformity, and simplicity

of the process. It involves depositing the precursor solution onto a static or spinning substrate at

speeds around 500 – 5000 rpm. The rotation of the substrate throws off a large portion of the
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solution and spreads the remaining solution due to the centrifugal force into a thin, uniform film

that dries via evaporation and adheres to the substrate surface typically over a period of 5- 60 s.

The film thickness t is determined primarily by the solution concentration (c), viscosity (η), and

the speed of the substrate rotation (ω) according to the relation [143].

t ∝
cη√

ω
(4.1)

By adjusting the spin speed and concentration of the precursor solution, it is possible to control

the film’s thickness. Based on the precursor solution’s composition, morphology, and structure,

the resultant thin film may display various properties. For instance, the thickness and texture of a

film can influence its optical, electrical, and mechanical properties [144]. When considering the

industrialization and commercialization of solution-processed solar cells, it is essential to consider

alternative deposition techniques due to the high solution loss, requirement for flat and smooth

substrate surfaces, and inherent batch-to-batch nature of the process. Nonetheless, spin coating

continues to be a valuable and extensively employed method for depositing high-quality thin films

with precise control over their thickness, morphology, and properties.

4.3 Device Fabrication

The following chemicals were used to fabricate Zn-doped TiO2 perovskite solar cells. Methyl

ammonium iodide (MAI, 99%), lead (II) iodide (PbI2, 99.9%), titanium isopropoxide (TTIP), 2, 2’,

7, 7’-Tetrakis (N, N-di-p-methoxyphenylamino)-9, 9’- Spirobifluorene (Spiro- OMeTAD powder),

4- tert – butylpyridine (TBP, 96%), bis (triflouromethane sulfonimide lithium salt (LiTFSI), ethanol

(EtOH, super dehydrated), chlorobenzene, dimethylformamide (DMF, super hydrated), dimethyl-
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sulfoxide (DMSO, super hydrated), hydrochloric acid (HCL), di-ethyl ether, zinc chloride, were

purchased from Sigma-Aldrich Co. The fabrication steps in the development of undoped and Zn-

doped TiO2 perovskite solar cells are shown in Figure 4.1d.

Figure 4.1 (a) TiO2 spin-coated on FTO glass substrate (b) Methyl ammonium lead iodide
spin-coated and annealed on TiO2 layer (c) Completed PSC (d) Fabrication steps of PSC

4.3.1 Substrate Preparation

Fluorine-doped tin oxide (FTO) coated glass substrates of 25 mm x 25 mm with a thin film thick-

ness of 100 nm and sheet resistance of 8.3 Ω/ square were cleaned in a beaker containing detergent

and deionized water. Each substrate was then rinsed in an acetone before being placed in the ultra-
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sonic cleaner. The substrates were then immersed for 20 minutes at 80°C in the ultrasonic cleaner

containing ethanol. The substrates were removed and put into a beaker containing deionized water

before being placed on a hotplate at 60°C for 10 minutes or until totally dry. The substrates were

then placed for 20 minutes in an Ultra Violet Ozone (UVO) cleaner to break down organic surface

impurities and provide an ultra-clean surface for the deposition of the ETL layer.

4.3.2 Zn – doped TiO2 Preparation and Deposition

In a volumetric flask, 40 ml deionized water was combined with 7.29 ml HCL and mixed for

3 minutes before adding additional de-ionized water up to 100 ml to obtain a 2M HCL stock

solution. To prepare the 0.22 M TiO2 precursor solution with Zn doping of 0.5, 1, 2, 5 mol%, the

required amount of zinc chloride was added to 14.29 ml ethanol and stirred vigorously at 6000

rpm for 30 minutes, then 0.28 ml of the 2M HCL stock solution was slowly added and stirred

vigorously at 6000 rpm for an additional 30 minutes, after which 1 ml of TTIP was slowly added

and stirred for 2 hours. The resulting solution was then filtered using a 0.45 micrometer Teflon filter

before spin coating to ensure the removal of small particles to obtain a smooth and uniform surface

coverage. The FTO substrates were then pre-heated to 60°C before dynamically spin coating 300

µL of the Zn–doped TiO2 precursor solution at 1000 rpm for 15 seconds and annealed on a ceramic

digital hotplate at 550°C for 30 minutes to form the clear and transparent Zn-doped TiO2 thin film

layer shown in Figure 4.1a. This layer was then UVO treated for 15 minutes before the methyl

ammonium lead iodide precursor solution deposition.
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4.3.3 Perovskite Layer Preparation and Deposition

To prepare the perovskite precursor solution, 0.16 g of methyl ammonium iodide and 0.46 g of lead

iodide were added to 0.08 ml of dimethyl sulfoxide (DMSO) and 0.6 ml of dimethylformamide

(DMF) and magnetically stirred at 3000 rpm for 24 hours. After filtering the perovskite precursor

solution using a 0.45 micrometer Teflon filter, 250 µL was statically spin-coated at 5000 rpm for

15 seconds, with 350 µL of di-ethyl ether slowly dripped from a distance of about 2 cm from the

revolving substrate during the final 5 seconds. To develop the dark brown and semitransparent

perovskite layer shown in Figure 4.1b, the coated surface was placed on a digital hotplate at 65 °C

for 30 seconds, then slowly ramped up to 100°C and annealed for approximately 1 minute. This

was placed in a vacuum desiccator for 3 hours before the deposition of the hole transport layer to

minimize exposure to oxygen and humidity.

4.3.4 HTL Preparation and Deposition

The hole transport layer was prepared by dissolving 0.52 g of LiTFSI in 1 ml acetonitrile and stir-

ring vigorously for 10 minutes to form the LiTFSI stock solution. Then 0.07 g of Spiro-OMeTAD

powder was added to 1 ml chlorobenzene and stirred vigorously for 10 minutes to form the Spiro-

OMeTAD solution. After which, 0.03 ml of TBP and 0.02 ml of the LiTFSI solution were added

to the Spiro-OMeTAD solution and stirred for 30 minutes. After that the Spiro-OMeTAD solution

was filtered using 0.45 micrometer Teflon filter, 200 µL was dynamically spin-coated at 1000 rpm

for 15 seconds and placed in a vacuum desiccator overnight before applying ∼8 mg of activated

carbon powder and FTO and held together using binder clips to form the back conductive electrode

shown in Figure 4.1c.
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4.3.5 Synthesis Zn-doped TiO2 Nanoparticles

To synthesize the Zn-doped TiO2 nanoparticles, the Zn-doped ETL precursor solution was aged 72

days to form a clear and transparent gel. The gel was then dried for 12 hours at 80°C in a hot air

dryer to obtain dry TiO2 powder. After drying, the TiO2 powder is heated for 30 minutes at 550°C

in a furnace to produce anatase TiO2 nanoparticles for FTIR, XRD, and TEM investigation.

The PSC fabrication and nanoparticle synthesis equipment setup is shown in Figure 4.2. The

POLOS 200 advanced single substrate spin processor was used for spin coating of the ETL, per-

ovskite, and HTL thin film layers.

Figure 4.2 The thin film research PSC laboratory fabrication setup
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4.4 Characterization Techniques

This section provides an overview of the characterization techniques including a concise descrip-

tion of the working principles of some of the less straightforward techniques.

4.4.1 Scanning Electron Microscope

Scanning Electron Microscopy (SEM) is an effective method for microscopic surface imaging of

samples and is an effective characterization tool. Nanomaterial surface structure research benefits

greatly from SEM analysis. Images are created by scanning a material with a beam of electrons.

Electrons collide with sample atoms, creating a variety of signals that can be utilized to reconstruct

an image of the sample’s topography and composition [145]. In this study, secondary electrons

serve as the relevant signal. These electrons are emitted from the sample and captured by a detector

seen in Figure 4.3 as a result of inelastic beam scattering interactions with beam electrons. High-

resolution pictures of surface features as small as 0.5 to 5 nm can be recovered by connecting the

number of secondary electrons with the beam position [146, 147]. A Zeiss SEM operating at 40

kV and 40 mA was used for the SEM analysis of the ETL and perovskite surface layers. ImageJ’s

version 1.48 image processing software was used for image measurements.

4.4.2 Energy-Dispersive X-Ray Spectroscopy

Scanning electron microscopy’s incorporation of X-ray or photon radiations is the foundation of

Energy-Dispersive X-ray spectroscopy (EDX). In tandem with SEM, the characterization instru-

ment EDX allows for qualitative and quantitative investigation of constituents inside a sample.
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Figure 4.3 Electron-matter interactions resulting from the impact of an electron beam on
a sample [148]

Emissions of X-rays occur when atoms in a substance undergo electronic transitions from higher

to lower shells. The K, L, and M shell electrons of the atoms that make up the sample shown in

Figure 4.4 are excited by the high-energy incident electron beam in EDX, leaving behind holes.

X-rays are produced as electrons from the upper shells of the atom move into empty shells lower

down the atomic structure. Each element in the sample leaves a unique fingerprint at each tran-

sition. Each chemical element in a sample can be identified and quantified with the help of an

X-ray spectrum [149, 150]. This allowed us to quantify the weight percentage contribution of each

element present in the FTO, ETL and perovskite layers.
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Figure 4.4 Illustration principle of EDX [151]

4.4.3 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) utilizes infrared radiation to determine the chem-

ical bonds and functional groups present in organic and inorganic molecules. Infrared radiation

has longer wavelengths than visible light and is absorbed by molecules vibrating at particular fre-

quencies. When infrared radiation is transmitted through a sample, the energy absorbed by the

sample causes the molecules to vibrate, resulting in a distinct spectral pattern [152]. Mirrors and

lenses direct IR radiation to a sample during sample analysis, as shown in Figure 4.5. The sample

emits an IR spectrum between 4000 and 400 cm−1 in wavelength. The FTIR spectrum reveals the

sample’s characteristic peak positions corresponding to specific functional groups and chemical

bonds. These peaks can be used to determine the sample’s structure and composition. The peaks’

position and shape reveals the categories of bonds present and their vibrational modes. Figure

4.5 represents the FTIR instrumental arrangement. The functional groups present in the ETL and

perovskite layers were determined using an Agilent Cary 630 ATR-FTIR with a diamond crystal

operating between 400 and 4000 cm−1.
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Figure 4.5 Typical FTIR instrument setup [153]

4.4.4 Transmission Electron Microscope

Transmission Electron Microscopy (TEM) is a technique used for imaging the internal structure

of materials at a very high resolution, typically in the range of a few angstroms (Å). TEM works

by directing a beam of electrons through a thin sample and analyzing the interactions between the

electrons and the atoms in the material [154]. The TEM consists of an electron source, a condenser

system, a series of electromagnetic lenses, and a detector shown in Figure 4.6. The electron source

produces a beam of electrons that is focused onto the sample using the lenses (objective, aperture,

and projective). The electrons are accelerated to high energies, typically 100-300 kV, to achieve

high-resolution imaging [155]. As the electron beam passes through the sample, it interacts with

the atoms in the material. Some electrons are scattered or absorbed, while others pass through

the sample and are collected by the detector. The collected electrons produce an image on a

fluorescent screen or a detector that can be analyzed to determine the material’s particle size and

morphology. The TiO2 and Zn-doped TiO2 nanoparticles were dispersed in ethanol to form a

colloidal solution and placed on the TEM grid for imaging. The TEM images were captured using
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the JEOL 1010 Transmission Electron Microscope which allowed for the analysis of the size, shape

and distribution of TiO2 and Zn-doped TiO2 nanoparticles.

Figure 4.6 Schematic of TEM setup [156]

4.4.5 X-Ray Diffraction

X-ray diffraction (XRD) is a material characterization technique to identify the crystal structure.

XRD works by projecting an X-ray beam onto a material and measuring the scattered X-rays.

The crystal structure of a material can be identified by analyzing the pattern of scattered X-rays.
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The Rietveld refinement approach provides for a deep study of the XRD-generated spectra by ap-

proximating the measured diffractogram with a least-squares fitting algorithm [157]. The Scherrer

formula [158, 159] can be used to calculate the average crystallite size D in this manner. The

Scherrer formula is as (4.2):

D =
Kλ

Bcosθ
(4.2)

where D is the size of the crystalline particle, K is a dimensionless shape factor that depends on

the shape of the particle (typically between 0.89 and 1), λ is the wavelength of the X-ray radiation

used, B is the diffraction peak’s full width at half maximum (FWHM) in radians, θ and is the Bragg

angle. From the angle of diffraction and the wavelength of the X-rays employed in the experiment,

Bragg’s law [160] can be used to calculate the interplanar distance, d, between the lattice planes of

a crystal.

Bragg’s law is expressed as:

d =
nλ

2sinθ
(4.3)

where n is the diffraction peak order, λ is the X-ray wavelength, d is the interplanar spacing,

and θ the diffraction angle. For the first-order diffraction peak, n is commonly assumed to be

1. Once the value of d is determined, it can be utilized to determine the material’s crystal struc-

ture. Different crystal forms with different interplanar spacings exist in different materials. The

material’s crystal structure can be recognized by comparing the computed value of d to known in-

terplanar spacings for different crystal structures [161]. In this investigation, XRD was performed

using a type D8 Advanc produced by M/s Bruker AXS, Germany, to identify and evaluate the

crystal structure and orientation of Zn-doped- TiO2 and CH3NH3PbI3 layers.
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4.4.6 UV-Vis Spectroscopy

UV-vis spectroscopy is a non-destructive quantitative characterization technique used to evaluate

a sample’s optical properties, such as absorption, transmittance, and reflectance. UV/Vis spec-

troscopy determines a semiconductor material’s absorbance and bandgap. The intensity of light

flowing through a sample (I) is compared to the intensity of light before it goes through the sample

(I0) in UV/Vis spectroscopy. The transmittance (T) is defined as I/I0, and the absorbance (A) is

defined as:

A =−log(T ) (4.4)

Absorbance is often displayed against the wavelength of the entering light, indicating which

portion of the spectrum is absorbed by the substance [162]. The bandgap energy of semiconduc-

tors can be calculated from the absorption onset or Tauc plot presented below. The absorption

properties were measured using an Agilent Cary 60 UV-Vis-NIR spectrophotometer.

Tauc Plot

The Tauc plot is a popular technique for determining the optical bandgap of thin films from ab-

sorbance spectra. The Tauc plot is based on the idea that a material’s absorption coefficient at its

absorption edge can be expressed as (4.5):

(αhv)n = A(hv−Eg) (4.5)

where:

α is the absorption coefficient

hv is the incident light’s photon energy

A is a constant related to the material’s qualities,
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Eg is the bandgap energy, and

n is a constant that varies depending on the type of transition (n=2 for direct transitions, and n=1/2

or 3/2 for indirect transitions). Plotting (αhv)2 vs hv yields a straight line with a slope of 2 and

an intercept of A(Eg)n [163]. The intercept of the linear fit can be used to calculate the bandgap

energy. To determine the Tauc plot of thin films the absorbance spectra is required to be measured

using techniques such as UV-Vis spectroscopy. The Tauc plot of the TiO2, Zn-doped TiO2 and

perovskite layers were determined by measuring the absorbtion spectrum across a range of photon

energies and plotting (αhv)2 or (αhv)1/2 against hv. The bandgap energy of TiO2, Zn-doped TiO2

and perovskite layers were determined from the intercept of the tangent line on the x-axis from the

linear region of the Tauc plot using Origin software.

4.4.7 Photoluminescence

Photoluminescence spectroscopy (PL) is a non-destructive characterization technique used to in-

vestigate materials’ electronic structure, particularly in semiconductor physics. Material param-

eters such as bandgap energy, impurity levels, defect states, and recombination pathways are de-

termined using the acquired PL spectrum [164]. As shown in Figure 4.7, a light source is used

to illuminate a sample and provide the excitation photons. The sample material absorbs photons

with appropriate energy from the light source. The absorbed photon energy moves electrons from

the valence band to the conduction band. Photoexcited electrons typically lose extra energy by

occupying the lowest energy level in the conduction band. These electrons eventually return to the

valence band’s maximum energy level. The energy produced during inter-band transitions from

the conduction band to the valence band is directly related to the material’s bandgap energy, also

known as the forbidden gap, resulting in the emission of luminescence photons from the sample

[165]. As a result, photoluminescence refers to photoexcitation and emission in a sample. The
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photoluminescence intensity measurements were carried out using the Perkin Elmer Lambda 35

spectrometer. This allowed for the identification of the peak position, intensity and bandwidth to

provide insight into recombination dynamics and analysis of the photoluminescence spectrum of

Zn-doped TiO2/ perovskite layers.

Figure 4.7 Photoexcitation and emission in a sample

4.5 Performance Testing Setup

The solar simulator is a research tool used to characterize the performance of solar cells. The illu-

mination spectrum and intensity should approximate that of the sun. In this study, an Ossilla solar

simulator equipped with an LED light source of 1000 W/ m2 coupled with an AM 1.5 filter and
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Keithley 2460 source measuring unit was used to determine the J-V characteristics on cells with

an active area of 0.1 cm2 defined by a masked aperture. The devices were measured immediately

after fabrication under ambient conditions of a controlled temperature of ∼20°C with the relative

humidity maintained at < 65%

Figure 4.8 Performance testing setup

4.6 Numerical Method

Numerical simulations save time and cost and optimize experimental design problems without

implementation in an experimental laboratory environment. These are the main reasons computer-

based learning is emphasized in universities worldwide. To analyze solar cells numerically, the

software must be capable of solving three coupled differential equations namely, Equation (4.6)

Poison’s equation, (4.7) continuity equation for holes and (4.8) continuity equation for electrons

as follows:

d
dx

(
r(x)

dΨ

dx

)
= q

[
p(x)−π(x)+N+

D (x)−N−
A (x)+ pl(x)−nt(x)

]
(4.6)
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1d jp

dx
+Rp(x)−G(x) = 0 (4.7)

−1∫ d
dx

+Rn(x)−G(x) = 0 (4.8)

Where:

q = electron charge

Ψ = electrostatic potential

nt = electron concentration

pt = free hole concentration

ND
+ = ionized donor like doping

NA
- = ionized acceptor like doping

Rn (x) and RP (x) = electron and hole recombination rate

G(x) is the generation rate

JN and JP = electron and hole current densities.

Numerical analysis of solar cells is an imperative tool for improvement in design and to as-

sess the practicability of the proposed physical structure and its performance. In this section, the

SCAPS 1D simulation tool that was used to fit experimental data to develop a reference model will

be presented. This allowed for further investigation into the effects doping has on the PCE of PSCs

and improved the performance of the experimentally developed PSC.
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4.6.1 SCAPS 1D

The Department of Electronics and Information Systems (ELIS) at the University of Gent in Bel-

gium developed SCAPS (a Solar Cell Capacitance Simulator), a one-dimensional solar cell mod-

eling tool. It is an open-source tool with various functions for assessing and enhancing solar cell

performance. SCAPS diverse set of properties makes it an excellent choice for modeling perovskite

solar cells [166]:

1. Structure of the solar cell: Perovskite solar cells often feature complicated multilayer struc-

tures of various materials. SCAPS 1D allows users to simulate and model the layered struc-

ture of perovskite solar cells precisely. This enables the variable definition of the numerous

layers, thicknesses, and material properties.

2. Electrical simulation: SCAPS 1D uses complex electrical and optical models to forecast the

behavior of perovskite solar cells. Charge carrier generation, recombination, and mobility

inside the device can all be precisely reproduced. The solar cell’s optical performance can

also be investigated, with several optical characteristics, such as light absorption and reflec-

tion, taken into account.

3. Interface and contact effects: Interfaces and contacts significantly impact the performance

of perovskite solar cells. By modeling such interactions, SCAPS 1D users can examine how

the interfaces between different levels affect carrier recombination and transport. This also

enables the simulation of the electrical characteristics of various contact materials.

4. Parameter extraction and optimization: Users can use SCAPS 1D parameter extraction and

optimization tools to discover the material qualities and device attributes that best suit ex-

perimental data. This feature is extremely valuable for fine-tuning the simulation model to
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accurately depict the behavior of perovskite solar cells in real-world applications.

5. User-friendly interface: SCAPS 1D user-friendly interface allows researchers, engineers,

and anybody interested in solar cell technology to use it. It is not necessary to have prior

experience with other simulation tools. The software’s graphical user interface (GUI) simpli-

fies simulation setup, device parameter definition, and simulation result viewing operations.

4.6.2 SCAPS 1D Front Interface

The simulation software’s user interface is critical for users to engage with a tool and properly

utilize its capabilities. Even though SCAPS 1D is largely accessed via a command-line interface,

users can benefit from the program’s powerful modeling and simulation capabilities, notably those

for perovskite solar cells. It is easier to set up, execute, and analyze simulations with the help of

SCAPS 1D various capabilities, giving researchers and engineers insightful data about the opera-

tion and performance of their products. In this section, the SCAPS 1D interface panel, also known

as the action is depicted in Figure 4.9.

Section 1- This section of the action panel allows for the definition of the problem. This op-

tion was selected which defined the solar cell structure and material characteristics parameters, as

illustrated in Figure 4.10. This part of the action panel also allows access to the simulation results

selected from Section 2.

Section 2- The measurements to be simulated are selected in this section. The current voltage

for direct current analaysis and the external quantum spectral response measurements was selected.

The voltage (V1) is set to zero, while the voltage (V2) is set to two volts. The option to stop at
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Figure 4.9 SCAPS 1D action panel

open circuit voltage (VOC) is selected. Convergence failures are more likely to occur after the open

circuit voltage.

Section 3- This section contains the illumination panel for adjusting the spectrum and the di-

rection of sunlight entering the solar cell. The option of light entering the solar cell from left to

right with 100% transmission at an intensity of 1000 W/ m2 was selected.

Section 4- This section of the action panel displays the working point panel and allows the user

to configure the operational circumstances under which the simulation will run. Configuring the
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working temperature, voltage, frequency, series, and shunt resistances is possible. The working

point temperature was set to 300 K at 0 V with the series and shunt resistance initially set to 1 and

3 kΩ.cm2 respectively. This portion of the action panel also includes the ’Action List’ and ’All

SCAPS settings.’ Any action list or settings can be saved for future reference or loaded to use in

the simulation.

4.6.3 SCAPS 1D Solar Cell Definition Panel

Once the front interface settings are complete, the perovskite solar cell model structure (FTO/Zn-

TiO2/CH3NH3PbI3/Spiro-OmeTAD/Carbon) on the SCAPS 1D software can be defined by click-

ing the set problem option, which opens the solar cell definition panel interface shown in Figure

4.10. Section 1 allows loading saved SCAPS 1D files, saving already modeled structures, and cre-

ating a new structure. Section 2 provides for the setting of the front and back contacts and allows

for up to seven layer structures to be defined. In section 3, the illumination is set to enter from the

right-hand side, and the voltage is applied from the left-hand side. To add a layer, click on the add

layer option.

Clicking on the add layer option will open the layer properties setting interface panel as shown

in Figure 4.11. This is the main interface that allows for the parameter setting such as film thick-

ness, bandgap, electron affinity, dielectric permittivity, conduction band effective density of states,

valence band effective density of states, electron thermal velocity, hole thermal velocity, electron

mobility, hole mobility, shallow uniform donor density, shallow uniform acceptor density, and in-

terface defects and recombination. Once the parameter settings for each layer has been entered,

the simulation setup is completed.
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Figure 4.10 SCAPS 1D solar cell definition panel

Figure 4.11 SCAPS 1D layer properties interface
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4.7 SCAPS 1D Settings

The baseline parameter settings for the materials used for the electron transport layer, hole transport

layer, absorbing layers, front and back contacts are indicated in Table 4.1.

The fabricated planar n-i-p structure perovskite device (FTO/ Zn-doped TiO2/ CH3NH3PbI3

/Spiro /carbon/ FTO) was simulated using the Solar Cell Capacitance Simulator (SCAPS 1D) soft-

ware [167]. The simulation was performed at 300 K under one sun (AM 1.5 G, 100 mW cm−2).

The optical bandgaps of the FTO, ETL, and CH3NH3PbI3 layer included in the simulation were

determined from the Tauc plot in Section 5.5. Other parameters such as electron affinity, dielectric

permittivity (relative), CB effective density of states, VB effective density of states, electron and

hole thermal velocity, acceptor and donor doping densities, and defect densities were collected

from literature as given in Table 4.1. The FTO front contact and carbon back contact work func-

tions were taken as 4.4 [168] and 5 eV [169] respectively.
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Table 4.1 Material layer settings.

Parameters FTO TiO2 CH3NH3PbI3 SPIRO

Thickness(µm) 0.1 0.05 0.9 0.05

Bandgap (eV) 3.5*

Experimentally fit-

ted (3.53*,3.48*,

3.45*,3.38*, 3.41*)

2.030* 2.99

Electron affinity (eV) 4 4.1 3.9 2.05

Dielectric permittivity (relative) 9 9 6.5 3

CB effective density of states (1/cm3) 2.2x1018 2.2x1018 1.8x1018 2.5x1018

VB effective density of states (1/cm3) 1.8x1018 1.8x1019 1.8x1019 1.8x1019

Electron thermal velocity (cm/s) 107 107 107 107

Hole thermal velocity (cm/s) 107 107 107 107

Electron mobility (cm2/Vs) 20 200 5x10−1 2x10−4

Hole mobility 1 100 5x10−1 2x102−4

Shallow uniform donor density

ND(1/cm3)
2x1019 2x1019 0 0

Shallow uniform acceptor density

NA(1/cm3)
0 0 1015 1019

Defect density Nt (1/cm3) 1013 1016 1016 1019

References [170] [170–172] [173–175]
[176–

178]
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Chapter 5

EXPERIMENTAL RESULTS

This chapter aims to study the effects of doping TiO2 with Zinc on ETL material properties and the

performance of PSCs. Experimental characterization, including XRD, FTIR SEM, TEM, UV-Vis,

Photoluminescent, and J-V characterization, is presented and analyzed.

5.1 X-Ray Diffraction

For nanoparticles, XRD is typically employed to identify the crystal phase structure and estimate

crystallite size as well as crystallinity [179, 180]. The XRD results of perovskite films annealed at

65°C for 30 s and then annealed at 100°C for 30 s, 1 min, and 2 minutes are presented in Figure 5.1.

Strong peaks at 14.06° (110), 28.15° (220), and 31.68° (312) indicate the formation of tetragonal

perovskite (CH3NH3PbI3) phase [181, 182] with high crystallinity for the samples annealed for

30 s and 1 min. According to Figure 5.1, the lead iodide phase in the XRD pattern of the sample

annealed for 30 s may be due to the residual phase from preparation, which remains within the bulk
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of the material. In other words, the annealing time was insufficient to convert the precursors to the

perovskite phase completely. For the sample annealed for 2 min, the peaks at 13.59° (001), 27.58°

(101), 30.49° (102), 43.52° (111), 50.17° (201), and 73.57° (105) correspond to hexagonal lead

iodide phase (JCPDS No. 07-0235) [183]. The PbI2 phase is formed due to the decomposition

of the perovskite phase upon annealing at 100 °C, where methyl ammonium iodide (CH3NH3I)

breaks away from the perovskite film to form lead iodide by heating for a longer time (2 min). It

was found previously that during the annealing process, CH3NH3I can break away if annealed too

long, especially for some loosely bonded perovskite phases [184, 185].

Figure 5.1 XRD patterns of Perovskite thin films annealed at 65oC for 30 s and 100oC
for 30 s, 1 min, and 2 min

The average crystallite size of the under-studied samples was calculated by resolving the char-

acteristic peaks using Equation (4.2). The crystallite size for the perovskite phase was equal to

14.32 nm and 19.99 nm for the samples annealed at 65oC for 30 s and 100oC for 30 s and 65oC
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for 30 s and 100oC for 1 min, respectively. In addition, the crystallite size of the PbI2 phase in the

sample annealed at 65oC for 30 s and 100oC for 2 min was 12.21 nm. The more intense character-

istic peaks and larger average crystal size after 65oC for 30 s and 100oC for 1 min annealing time

attributed to the improved crystallinity or composition homogeneity with fewer low-dimensional

defects and less scattering between grain boundaries in the solvent-annealed perovskite film.

Figure 5.2 XRD patterns of Zn-TiO2 powder samples doped with (a) 0.5 mol%, (b) 1
mol%, (c) 2 mol%, and (d) 5 mol%

.

Figure 5.2 shows the XRD patterns of Zn-TiO2 powder samples doped with a Zn molar per-

centage doping of 0.5%, 1%, 2%, and 5%. The XRD peaks at 2θ = 25.1o (101), 37.8o (004), 47.1o

(200), 53.4o (105), 54.5o (211), and 61.8o (204) are typically characterized as the typical diffraction
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peaks of the anatase crystal phase of tetragonal titanium dioxide structure (JCPDS No. 21-1272)

with excellent surface performance [186]. All Zn-TiO2 samples show a pure anatase phase with no

rutile phase or ZnO phase. Due to the low Zn content, no additional diffraction peaks associated

with ZnO develop even at the greatest Zn dopant concentration (5 mol%). Furthermore, Figure 5.2

shows that the sample doped with 0.5% Zn was largely amorphous, and the half-width of the peak

(101) plane increases slightly as the doped Zn amount increases, indicating that the degree of crys-

tallinity of samples, as well as crystallite size, decreases while the surface defect content increases.

This could be attributed to the slight inhibition of TiO2 crystal formation by Zn doping during the

heat treatment process[187]. The peak intensity of the (101) plane increases with increasing Zn

doping up to 5%, which can be attributed to the influence of Zn2+ on the TiO2 lattice structure, as

previously found by Arunachalam et al. [188]. Additionally, with Zn ion insertion, XRD patterns

exhibited a slight shift to lower angles because the ionic radius of Zn2+ (i.e., 0.074 nm) is greater

than that of Ti4+ (i.e., 0.061 nm). It suggests that Zn2+ may enter the TiO2 lattice or interstitial

site [189]. The phase composition of Zn-doped TiO2 films is shown to be dependent on dopant

concentration. The crystallite size (D) for the samples containing 1%, 2%, and 5% Zn was ∼ 12.7,

10.8, and 7.1 nm, respectively, as determined by equation (4.2) from the half width (β ) of the peak

at 2θ = 25.1o.

5.2 Fourier Transform Infrared Spectroscopy

FTIR spectroscopy using the Agilent Cary 60 was conducted to identify CH3NH3Pb2I formation.

The FTIR spectra in Figure 5.3 feature vibrational modes at 3116 cm−1 (N-H stretch), 3116- 1569

cm −1 (C-H stretch), 1569 cm−1 (antisymmetric NH3
+), 1458 cm−1 (symmetric NH3+bend), 1015

cm−1 (MAI·PbI2, DMSO), 950 cm−1 (C-N stretch) and 907 cm−1 (NH3+/CH3 rock) which is
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similar to related literature [187–189]. The adduct of Pb2 with DMSO and Methyl Ammonium

Iodide (MAI) was confirmed by FTIR spectroscopy at 1015 cm−1 [190, 191].

Figure 5.3 FTIR spectra of perovskite thin film

The FTIR measurement of undoped and Zn-doped TiO2 nanoparticles calcined at 550°C is

shown in Figure 5.4. The absence of O-H hydroxyl groups in the wavenumber range 3100-3600

cm−1 can be explained by the high calcination temperature of 550°C and the elimination of hy-

droxyl groups. The interactions of the hydroxyl groups with the NH4 and CH3 in the perovskite

could reduce the performance of the PSC, resulting in the breakdown of CH3NH3PbI3 into PbI2

and CH3NH3I [192]. Sharp peaks related to O-Ti-O bonding between 528 and 408 cm−1 indicate

that the nanoparticles are crystalline. The prominent peak at 438 cm−1 is typical of Zn-doped-

TiO2 anatase [192–198].
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Figure 5.4 FTIR results of Zn-doped TiO2 nano particles annealed at 550°C

5.3 Transmission Electron Microscope

The synthesized nanoparticles’ size and shape were further investigated by TEM and are shown

in Figure 5.5(a-e), which shows the morphology and size distribution of the TiO2 nanoparticles

ranging from 15 to 20 nm. The Zn-doped TiO2 exhibits a homogeneous spherical morphology. The

TEM results summarised in Figure 5.5(f) illustrate an increase in the particle size from 15.91 nm for

undoped TiO2 to 20.31 nm for 5 mol% Zn-doped TiO2; this could be attributed to the incorporation

of Zn ions into the TiO2 lattice structure [199, 200]. The larger particle size reduces the bandgap

and recombination sites in the ETL layer as the space between the valence and conduction bands

narrows and electron–hole pairs are further apart, and the effect of the coulomb interaction between

them is reduced [201, 202]. This is confirmed by the Tauc plot in Figure 5.12, which shows

bandgap narrowing up to 2 mol% Zn doping as the particle size increases.
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Figure 5.5 TEM images of (a) undoped TiO2 (b) 0.5 mol% (c) 1 mol% (d) 2 mol% (e) 5
mol% (f) average particle size vs doping %

5.4 Scanning Electron Microscope and EDX

SEM was used to examine the morphology of the TiO2 and Zn-doped TiO2 thin films after an-

nealing at 550° C for 30 minutes. The top view of the SEM images of the TiO2 and Zn-doped

TiO2 layers is shown in Figure 5.6(a-e). A porous and fairly uniform surface covering with no

discernible pinholes is created on the surface. A dense, pinhole-free layer enables fast electron

movement in the PSC by blocking holes and reducing recombination [203, 204]. The Zn-doped

TiO2 nanoparticles on the surface exhibit an irregular morphology and a conical shape. Accord-

ing to the SEM images, TiO2 nanoparticle instability results in agglomeration, which causes the

particles to bond. The aggregation of the nanoparticles is further illustrated by the SEM images

showing the formation of clusters which appears to reduce upon increasing Zn doping concentra-

tion. This could also be attributed to the decrease in crystallite size upon increasing Zn doping

observed by the XRD characterization.
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Figure 5.6 SEM images of the (a) undoped TiO2 (b) 0.5 mol% (c) 1 mol% (d) 2 mol%
(e) 5 mol%

The surface profiles and the root mean square (Rq) values shown in Figure 5.7 indicate the

surface roughness of the samples. Figure 5.7(f) shows the highest surface roughness of 26.85 nm

for the undoped TiO2 sample and the lowest surface roughness of 23.4 nm for the 5 mol% Zn-doped

TiO2 layer. It can be seen that the surface roughness rate decreased gradually with increasing Zn

doping concentration from 0 to 5 mol%. The decrease in surface roughness and smoother surfaces

could be due to less aggregation upon the addition of Zn ions into TiO2. The surface smoothness of

the Zn-doped TiO2 compact layer has a critical role in the electron transport behavior by providing

an improved surface interface for the deposition and annealing of the perovskite layer, which is

essential for improving the performance of PSC .

Energy dispersive X-ray spectrometry analysis of Zn-doped TiO2 thin films was performed

using a Zeiss scanning electron microscope to determine and identify the elemental composition
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Figure 5.7 Surface roughness of (a) undoped TiO2 (b) 0.5 mol% (c) 1 mol% (d) 2 mol%
(e) 5 mol% (f) surface roughness vs doping %

and concentrations of the FTO\ Zn- TiO2 layers and is shown below in Table 5.1. It can be seen

that the wt% of Zn increases from 0 to 1.08 as the molar percentage concentration increases from

0 to 5 mol %. Figure 5.8 (a-e) shows peaks for Ti, O, Zn, Sn, and Si; no other impurities are seen.

The spectra include small carbon peaks, which may be due to the presence of carbon tape fixed on

the SEM stub during characterization. Overall, the EDX spectra indicate crystalline synthesis of

Zn-doped TiO2 nanoparticles.

The SEM image of the CH3NH3PbI3 thin film presented in Figure 5.9(a) shows non-uniform,

dense, and fairly well-interconnected layers with particle sizes ranging from 50 nm to 800 nm with

an average particle size of 397 nm shown in Figure 5.9(b). The dense, flat, and semi-transparent

CH3NH3PbI3 thin film was formed due to the rapid evaporation of DMF caused by depositing

an anti-solvent consisting of diethyl ether during the last 5 seconds of the spin coating cycle.

Anti-solvents have a critical role in controlling annealing time, and particle size in improving
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Table 5.1 Elemental composition and wt % concentrations of the FTO Zn- TiO2 layers.

Sample C O Si Ti Zn Sn

Spectrum 1: Undoped TiO2 0 27.2 2.75 3.05 0 66.9

Spectrum 2: 0.5 mol%-Zn DopedTiO2 2.11 29 2.33 3.95 0.29 62.3

Spectrum 3: 1 mol%-Zn Doped TiO2 2.56 27.1 2.5 3.85 0.38 63.5

Spectrum 4: 2 mol%-Zn Doped TiO2 2.02 27.9 2.79 3.82 0.49 62.9

Spectrum 5: 5 mol%-Zn Doped TiO2 1.74 28.8 2.22 3.24 1.08 62.8

Figure 5.8 Elemental weight percentage compositions of (a) undoped TiO2 (b) 0.5 mol%
(c) 1 mol% (d) 2 mol% (e) 5 mol%

the perovskite layer surface morphology. When di-ethyl ether was omitted and perovskite pre-

cursor solution annealed under the optimized duration and temperature settings, the films were

opaque, with a dark grey almost lead appearance with a visibly rough surface morphology. Such

a surface morphology is not suitable for the development of efficient thin-film solar cells. Hence

anti-solvents are necessary to ensure the full conversion of the precursor solution to perovskite
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and improve the development of dense flat films. The spin-coated film has a root mean square

surface roughness of approximately 27.26 nm shown in Figure 5.9(c). The roughness could be due

to the non-uniformity and pinholes observed in the SEM images. However, improved deposition

techniques such as vapor deposition could improve surface coverage and uniformity.

Energy dispersive X-ray analysis of FTO/TiO2/ CH3NH3PbI3 thin films was performed to de-

termine and identify the elemental composition and weight percentage (wt %). Figure 5.9(d) shows

peaks for Ti, O, Sn, I, and Pb. The presence of Si is due to the FTO-coated quartz substrate used;

no other impurities are seen.

Figure 5.9 (a) SEM image of the Perovskite surface layer (b) Perovskite particle size
distribution (c) Surface plot of Perovskite layer (d) Elemental composition of the FTO/
TiO2/ Perovskite layers
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5.5 UV-Vis Spectroscopy

The Cary 60 UV-Vis was used to collect UV-Vis transmission and absorption spectra. The UV-

Vis transmission spectra of various TiO2 and Zn-doped TiO2 thin films coated on FTO substrates

are shown in Figure 5.10. The transmission intensity of the Zn-doped TiO2 thin film samples

decreased between 380 and 550 nm when compared to the undoped TiO2 sample; between 550

and 800 nm a slight improvement is observed for the 2 mol% Zn-doped sample, other than that,

there is no discernible variation in transmission intensity. The transmission spectra of between 65

- 70% over this region show a slight light loss when compared to the transmittance of the FTO

substrate of between 70 - 80%. The slight improvement in optical transmission exhibited by the

2 mol% Zn-doped TiO2 could be due to a decrease in surface roughness by the incorporation of

Zn ion into the TiO2 lattice structure [205, 206], improvement in optical transmission will directly

increase the light absorption of the perovskite film.

Figure 5.10 Transmission spectra of undoped and Zn-doped TiO2
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The absorption spectra of TiO2, Zn-doped TiO2, and TiO2/ perovskite samples are shown in

Figure 5.11. There are very slight variations in the optical absorption from 300 nm to 800 nm

for the Zn-doped samples. The perovskite films show strong light-absorbing properties from an

optical onset of 800 nm. The excellent absorption properties could be attributed to the dense

surface coverage and uniformity of the perovskite film.

Figure 5.11 Absorption spectra of undoped and Zn-doped TiO2

The band gap of the undoped TiO2, Zn-doped TiO2, and the perovskite layer was determined

by plotting (a/hv)2 as a function of photon energy, and extrapolating the linear region of the ab-

sorption curve as shown in Figure 5.12. The bandgap of the perovskite layer was determined to

be 2.03 eV. The bandgaps of undoped TiO2 and 0.5, 1, 2, 5 mol% Zn-doped TiO2 are respectively

3.53, 3.48, 3.45, 3.38, and 3.41 eV. As the mol% Zn doping concentration increased from 0 % to

5 %, the band gap gradually decreased from 3.53 eV for the undoped samples up to 3.38 eV for

2 mol%, then increased by 0.03 eV for the 5 mol% when compared to 2 mol%. By increasing
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Zn doping concentration, the band gap of Zn-doped TiO2 compact layers decreases and introduces

a new band in the TiO2 bandgap. Previous results indicate that bandgap narrowing can shift the

Fermi energy level up and lower the position of the conduction band, which can improve electron

injection from the perovskite layer to the Zn-doped TiO2 compact layer [202].

Figure 5.12 Tauc Plot

5.6 Photoluminescence

To gain insight into the charge transfer kinetics within the TiO2 and Zn-doped TiO2 perovskite thin

films, photoluminescence intensity measurements recorded at room temperature (300 K) was done

using the Perkin Elmer Lambda 35 UV/Vis spectrometer. The excitation wavelength of 525 nm

produced a photoluminescence peak at 735 nm (1.69 eV) corresponding closely to the bandgap of

the perovskite film. The peak position is slightly lower (0.37 eV) than the bandgap value (2.06 eV)
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estimated from the Tauc plot but relatively close to the bandgap value of 1.6 eV reported by Kong

et al for the tetragonal structure of CH3NH3PbI3 [207]. The tetragonal structure of CH3NH3PbI3

was also identified from XRD analysis shown in Figure 5.1. According to the corresponding shape

on the PL spectra for the undoped and doped TiO2 films, Zn doping does not introduce additional

PL signals. The broad photoluminescence peak observed at 735 nm is a result of the the radiative

recombination of electrons and holes near the band edges[208]. This depicts the direct bandgap

nature of the CH3NH3PbI3 film. In materials with a direct bandgap, the recombination of charge

carriers leads to the emmission of photons and in this case, it occurs at 735 nm. Additionally,

Figure 5.13 shows a decrease in PL intensity from the undoped TiO2 to the Zn-doped TiO2, with

2 mol% and 5 mol% Zn-doped TiO2 showing the strongest PL quenching indicating electrons can

be effectively transferred from the perovskite layer to TiO2 thus resulting in faster charge transfer

kinetics and less recombination. The low emission intensities of the Zn-doped TiO2 films confirm

that Zn doping can reduce electron-hole recombination reactions.

Figure 5.13 Photoluminescence spectra of undoped and Zn-doped TiO2
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5.7 Photovoltaic Properties

The J-V curves and best performance of the various PSCs developed are shown in Figure 5.14.

The open circuit voltage slightly improved from 0.90569 V to 0.92774 V when the Zn doping

concentration increased. Adding Zn ions into the TiO2 lattice structure raises the CB toward the

absorber’s LUMO level and enables electron injection from the absorber into the compact layer.

When compared to undoped TiO2, the lower conduction band of Zn-doped TiO2 improves electron

injection from the perovskite to the ETL layer and electron transport rate.

Figure 5.14 PV characteristics of TiO2 and Zn-doped TiO2 PSCs
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Due to bandgap narrowing and improved charge transport, the JSC increased from 12.21851

mA/ cm2 to 12.25594 mA/ cm2 when Zn doping concentration increased from 0 to 2 mol%. The

best PCE of the perovskite solar cell with undoped TiO2 was 5.199%. As Zn doping concentrations

were increased to 2 mol%, the PCE increased to 5.675% and FF from 48.0502% - 49.4823%. The

PSC with 5 mol% Zn-doped TiO2 has a slightly lower VOC, JSC, FF, and PCE. The PCE decreased

slightly to 5.5648% when compared with 2 mol% Zn-doped TiO2. A possible reason for the

reduction in the efficiency of cells with a doping level of 5 mol% is that this doping level moves

the CB of the ETL by ∼0.03 eV upward. The electron injection from the absorber layer toward

the ETL may be made easier by the proximity of the CB of the ETL to the LUMO of the absorber

layer. However, when the CB goes higher, it moves away from the CB of the FTO layer. As a

result, it would raise the recombination rate within the ETL while decreasing electron injection

from the CB of the ETL to the CB of the FTO layer. Additionally, the efficiencies are lower than

reported values because the PSC performance could have been affected by the humidity under the

ambient conditions of fabrication and characterization including the instability of the single cation

of perovskite CH3NH3PbI3.

SCAPS 1D numerical simulation was used to further investigate the influence of ion doping on

the performance of perovskite solar cells and better understand the difference in PSC performance

and behavior at the ETL/perovskite interface.
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Chapter 6

NUMERICAL RESULTS

This chapter focused on including experimentally obtained values into SCAPS 1D to develop a

reliable reference model for numerical analysis. This allowed for further investigation and analysis

into the effects of ion doping on the ETL and absorber layer. We also showed that the PSC device

performance can be enhanced by improving bandgap alignment by doping and adding an interfacial

layer at the absorber/ ETL interface.

6.1 Introduction

In this section, a reference model was developed to study the effects of ETL donor concentra-

tion doping, absorber acceptor concentration doping, and adding an interfacial layer between the

absorber/ETL interface. The reference model was developed from the experimentally obtained

bandgap values for the ETL and absorber layers.
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Ideal devices built without considering the effect of series and shunt resistance do not accu-

rately match the experimental performance. However, they reflect the influence of physical pa-

rameter variations such as bandgap, doping density, and film thickness. The development of ideal

devices is challenging to reproduce accurately using the spin coating method of fabrication; how-

ever, improved fabrication techniques employed by Husainat et al known as concurrent multi-beam

multi-target pulsed laser deposition, have significantly reduced the margin of error for photovoltaic

parameters [209]. Adding experimentally obtained series and shunt resistance to SCAPS 1D al-

lows us to more accurately match the simulation and experimental performance data gathered in

this study to develop a reliable reference model. The validation of the software tool used allows

for further investigation into the effects of ETL and absorber layer doping concentration, absorber

bandgap variation, and the effect of adding an interfacial layer to enhance the performance of the

PSC.

6.2 Reference Model Results and Discussion

Firstly, ideal perovskite devices are simulated without considering the series and shunt resistance

responsible for electrical losses. Although ideal devices are unrealistic, they serve as a good base

to evaluate the higher limits of device performance when considering an optimization approach.

Figure 6.1 displays the simulated PV characteristics of the five ideal Zn-doped TiO2 (0, 0.5,

1, and 2 mol% Zn-doped TiO2) PSC devices and is tabulated in Table 6.1 for comparison with

the experimentally developed PSC. As expected, the experimentally developed PSC performance

from Section 5.7 is less than the simulated performance for the five devices. This is because ideal

devices were simulated and compared against experimental non-ideal devices. One of the reasons

for this observation could be associated with the instability of CH3NH3PbI3 [210].
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Figure 6.1 Ideal simulation of PV performance characteristics for fabricated PSC

Experimental performance testing was carried out 24 hours after the HTL was deposited and

carbon contact applied; this was done to allow the Spiro-OmeTAD layer sufficient time to oxidize.

Under these fabrication conditions, minor defects to the perovskite layer are a challenge to avoid.

Additionally, the humidity level of the laboratory is associated with void formation in the active

absorber layer, which is responsible for the gradual degradation of the active layer properties,

resulting in lower PCE. The experimental devices suffer from phenomena such as defect states (at

the surface and interface), which lead to charge recombination or current leakage, which introduces

series and shunt resistances.
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Next, we introduce and analyze the effects of series and shunt resistances to obtain a more real-

istic approximation between the experimental and simulated results. We inserted series resistance

25 Ω.cm2 and shunt resistance 5 x 105 Ω.cm2 respectively, which was extracted from the J-V char-

acteristic curve in section 5.7. Figure 6.2 shows the corresponding changes in PV characteristics.

Figure 6.2 Realistic PV characteristics of simulated PSC with Rs& Rsh

The results clearly show that by including series and shunt resistance into the simulation model,

the FF and PCE reduce from 71.16% to 50.5% and 8.89% to 6.16%, respectively. Additionally,

JSC slightly reduced from 12.65 to 12.34 mA/ cm2 with VOC not being affected. While both JSC

and VOC are only slightly affected by the effects of Rs and Rsh the effects on FF and PCE are

significant in developing a realistic model that compares to the experimental results. A compar-
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ison of the experimental and simulated device performance is shown in Table 6.1. Based on the

simulation and experimental results shown in Table 6.1, the margin error for VOC, JSC, FF, and

PCE are 5.35%, 0.78%, 2.155%, and 8.1% when the best parameter results are compared. The

results show an acceptable margin of error and a reliable model developed for further investigation

into parameter optimization to reach the higher limits for this device architecture. The optimum

ETL doping density using the experimentally determined bandgap for the 2 mol% Zn-doped TiO2,

absorber layer doping density, absorber band gap, and interfacial layer was determined to develop

an enhanced simulation model.
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Table 6.1 Comparison of experimental device performance with simulated devices after
inserting Rs and Rsh

Doping % Data Voc (V) Jsc (mA/ cm2) FF % PCE %

0 Experimental 0.90569 12.21851 48.05 5.19

Ideal Sim 0.9892 12.6187 71.16 8.88

Realistic Sim 0.9887 12.3274 50.57 6.16

0.5 Experimental 0.90981 12.22852 48.49 5.32

Ideal Sim 0.9893 12.6349 71.17 8.9

Realistic Sim 0.9887 12.3429 50.55 6.17

1 Experimental 0.91082 12.2381 48.77 5.43

Ideal Sim 0.9893 12.6386 71.17 8.9

Realistic Sim 0.9887 12.3459 50.55 6.17

2 Experimental 0.92774 12.25594 49.48 5.67

Ideal Sim 0.9893 12.6489 71.17 8.9

Realistic Sim 0.9887 12.3465 50.55 6.17

5 Experimental 0.9231 12.2387 49.22 5.56

Ideal Sim 0.9893 12.6321 71.17 8.89

Realistic Sim 0.9887 12.3411 50.55 6.17

Margin Error % of the

best performing PV

parameters (Experimental 5.35 0.78 2.155 8.1

vs Realistic Sim)
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6.3 Influence of ETL Doping

In this study, the influence of increasing donor doping concentration Nd from 10e5 cm−3 to 10e25

cm−3 on the device’s (2 mol% Zn-doped TiO2 PSC) performance was investigated. Figure 6.2

shows the influence doping concentration on the ETL layer has on the device performance. In-

creasing doping concentration up to 10e10 cm−3 shows an improvement in the FF (47.42% to

50.73%) and PCE (5.58% to 6.2%) whilst a slight improvement in VOC (0.9634 V to 0.9884 V)

and JSC (12.10 mA/ cm 2 to 12.34 mA/ cm2) is also observed. The constant VOC after doping

concentration 1010 cm−3 implies that the rate of recombination is not affected, indicating that

recombination resistance has not changed. The findings agree with Jeyakumar et al [211], who

reported that high doping densities of the ETL layer improve electron conductivity by offering

a lower resistance to the flow of electrons. This also results in a strong electrical field build-up

at the ETL/perovskite interface, causing electrons to move more freely away from the perovskite

layer. The increased electric field strength generated at high doping concentrations effectively

collects electrons while blocking minority carriers from the ETL/perovskite interface, effectively

decreasing interface recombination.
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Figure 6.3 PV characteristics of varying ETL Nd doping concentration

6.4 Energy Band Alignment by ETL Doping

In this simulation study, the donor concentration of 2 mol% Zn-doped TiO2 was varied from 10e05

cm−3 to 10e20 cm−3. Figure 6.4(a) shows the CB of the absorber and ETL; the CB of the ETL is

lower than that of the absorber layer, creating a cliff structure at the ETL/absorber interface. This

conduction band offset is improved as the doping concentration increases from 10e05 to 10e20 cm−3

as shown in Figure 6.4(d). This alignment of CB between the ETL and absorber layer reduces the

electron trap states and recombination and increases the conductivity of the ETL, resulting in the

improvement of VOC and JSC produced as shown in Figure 6.3. As shown experimentally and via
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simulation, doping in TiO2 affects energy levels, conductivity, and material structure, making this

a suitable ETL for the perovskite absorber layer.

Figure 6.4 (a) Nd=10e05 (cm-3);(b) Nd=10e10 (cm-3);(c); Nd=10e15 (cm-3);(d) Nd=10e20

(cm-3)

6.5 The External Quantum Efficiency

A PSC’s external quantum efficiency primarily depends on the absorption properties of the ab-

sorber layer. The quantum efficiency of the PSC describes the conversion of incident photons to

charge carriers. The QE plot in Figure 6.5 has a relatively broad absorption from 300 to 620 nm.

The EQE cuts off sharply at 620nm (2 eV) due to the 2.03 eV bandgap of the experimentally ob-

tained perovskite layer. There is also a slight increase in the QE as the doping concentration of

the ETL layer increases from 10e05 to 10e20. This can be attributed to the increased charge carrier

concentration caused by doping and the slight increase in JSC (12.10 mA/ cm 2 to 12.34 mA/ cm2)
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observed in Figure 6.3.

Figure 6.5 Effect of Nd doping concentration on QE

6.6 Influence of Absorber Layer Doping

Introducing dopants into the absorber layer can alter the electrical, optical, and semiconductor

properties. This can be achieved by self-doping or doping via an external agent [212]. To enhance

the simulation model in this study, the absorber layer acceptor doping concentration was varied

from 1e15 cm −3 to 1e19 cm−3. Figure 6.6 shows the PSC photovoltaic characteristics as a function

of acceptor doping density. An increase in VOC, FF and PCE is observed as the Na doping con-

centration increases from 1e 15 cm −3 to 1e18 cm−3, beyound this all three parameters decrease.

Addionally a significant decrease in JSC from 12.34 mA/ cm2 to 8.15 mA/cm2 is observed from

1e15 cm −3 to 1e19 cm−3. This phenomenon can be explained by the fact that heavy doping nar-

rows the depletion zone, enhancing the recombination process at the absorber bulk and leading to

a drop in charge carrier mobility [213, 214]
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Figure 6.6 PV characteristics of varying absorber layer Na doping concentration

The decrease in JSC can be further explained from Figure 6.7(a-e), which shows the formation

of a cliff structure at the ETL/absorber interface, creating a potential barrier that hinders electron

transport. An increase in Na doping concentration up to Na=1e18(1/cm3) shows the VB of the

absorber layer align with the Fermi energy level for holes (EFP) which could be attributed to the

improvement in VOC, FF and PCE.
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Figure 6.7 (a) Na=10e15(1/cm3); (b) Na=10e16(1/cm3); (c) Na=10e17(1/cm3); (d)
Na=10e18(1/cm3); (e) Na=10e19(1/cm3)

6.7 Influence of Absorber Bandgap Variation

One of the key features of perovskite absorber material is that the bandgap can be tuned. The

bandgap of perovskites can be tuned by adjusting the halide ratio and the A site cations [215]

[Cesium, formamidinum (FA), methylammonium (MA)]. Here the bandgap was varied in five

steps from 1.55 eV to the experimentally obtained 2.03 eV.

Figure 6.8, shows a significant increase as expected in JSC from 8.5691 mA/ cm2 to 17.951

mA/cm2 and PCE from 7.27% to 10.79% as the bandgap of the perovskite layer decreased to
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Figure 6.8 Effect of absorber bandgap variation

1.5 eV. A slight decrease in VOC and FF is also noticed from 1.2545 V to 1.1424 V and 67.61%

to 52.18% respectively as the bandgap narrows. The drop in FF could be due to the significant

increase in JSC leading to an increased probability of recombination currents as voltage increases

from zero (short circuit conditions) to VOC (open circuit conditions ) at the interfaces and contacts

as shown in Figure 6.9(a-b).
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Figure 6.9 (a) Recombination currents at 2.03 eV (b) Recombination currents at 1.55 eV

6.8 Effect of the Interfacial Layer

The amount of energy released when an electron is added to a neutral atom to create a negatively

charged ion is referred to as electron affinity. Two types of conduction band offsets (CBO) can

be obtained in semiconductor structures based on the electron affinities (X). A spike or cliff band

offset could be the CBO in the PSC between the absorber and the ETL. When ETL’s conduction

band exceeds CBO (+), the conduction band of the perovskite absorber, the spike structure is

formed. The electrons trying to flow from the absorber layer to the ETL are blocked by this

configuration. Contrarily, if the conduction band of the ETL is lower than that of the absorber layer,

as shown in Figure 6.10 below, a cliff, i.e., CBO (-), like structure will form at the ETL/absorber

layer which has no potential barrier generated [216].

Accumulation of electrons at the ETL and absorber interface due to conduction band offset

(CBO) can negatively affect the performance of PSC. This increase in electrons at the interface

increases the probability of charge recombination, causing a decrease in current density and PCE.
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Figure 6.10 Conduction band offset between different PSC layers

By reducing the CBO, charge carrier extraction can be enhanced by reducing the effects of recom-

bination at the ETL absorber interface. The conduction band offset is defined as the difference in

electron affinity between the absorber and ETL (XABS - XETL ). By inserting an interfacial layer

with an electron affinity that reduces the CBO, electron transport to the ETL can be improved.

In this simulation, we added a range of interfacial layers between the ETL and absorber layer to

enhance the performance and demonstrate the benefits of adding an interfacial layer. The selected

materials explored were indium (III) sulfide (In2S3), cubic silicon carbide (3C-SiC), gallium ar-

senide (GaAs), and zinc sulfide (ZnS) which provide a conduction band offset with different levels

shown in Figure 6.11. The simulation input settings for the interfaces and references are given in

Table 6.2.

TiO2 has an electron affinity of -4.1 eV while the CH3NH3PbI3 absorber layer has an electron

affinity of -3.9 eV. Here, a cliff CBO (-) is formed as the conduction band of the ETL is lower than
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Figure 6.11 Energy level diagram of PSC with varying electron affinity of the interfacial
layers

the absorber. as shown in Figure 6.12(a). The difference in electron affinities will produce a -0.1

eV band offset. As obtained in the last section, this structure with no interface produced PV pa-

rameters of 1.1424 V, 17.951 mA/cm2, 52.18%, and 10.79% for Voc, Jsc, FF, and PCE respectively.

The CBO between the ETL/absorber was adjusted by adding an interfacial layer of In2S3 with an

electron affinity of -3.8 eV. This produced ∆X1 = +0.1 and ∆X2 = -0.3 eV where X1 and X2 are the

absorber/interfacial and interfacial/ETL interfaces respectively. Since the CBO of the interfacial

layer is higher than the absorber layer a spike (CBO+) is formed at the absorber/ interfacial layer

interface and a cliff (CBO-) is formed at the interfacial/ETL interface shown in Figure 6.12(b).

The inserted layer due to this structure at the interface produces a slight improvement in Jsc and

Voc however a slight drop in FF and PCE is observed. The PV parameters for the PSC are 1.153

V, 18.05 mA/cm2, 50.32% and 10.47% for Voc, Jsc, FF and PCE respectively.

The CBO was further adjusted by adding an interfacial layer of cubic silicon carbide (3C-SiC)
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Table 6.2 Simulation parameters settings of the interfacial layers

Interfacial layer In2S3 3C-SiC GaAs ZnS

Thickness (µm) 0.05 0.05 0.05 0.05

Bandgap (eV) 2.4 2.42 2.9 3.1

Electron affinity (eV) 3.8 3.83 4.07 4.27

Dielectric permittivity (relative) 10 9.72 13.18 10

CB effective density of states (1/cm3) 2.2E+18 1.553E+19 4.7E+17 1.56E+18

VB effective density of states (1/cm3) 1.8E+19 1.163E+19 9.8E+18 1.84E+18

Electron thermal velocity (cm/s) 1.000E+ 7 1.000E+ 7 1.000E+ 7 1.000E+ 7

Hole thermal velocity (cm/s) 1.000E+ 7 1.000E+7 1.000E+ 7 1.000E+ 7

Electron mobility (cm2/Vs) 50 650 2830 50

Hole mobility (cm2/Vs) 12 40 154 20

Shallow uniform donor density Nd (1/cm3) 1E+18 1E+18 1E+18 1E+18

Shallow uniform acceptor density Na (1/cm3) - - - -

References [217] [218] [219] [220]

instead of In2S3 with an electron affinity of -3.83 eV. This layer produces delta ∆X1 = 0.07 eV

and ∆X2 = -0.27 eV, this kept the spike-cliff band alignment but further reduced the offset value

compared to the In2S3 interfacial layer as shown in Figure 6.12(c). The 3C-SiC interfacial layer

with decreasing CBO resulted in the PSC parameters becoming 1.262 V, 18.22 mA/cm2, 53.97%,

and 12.09% for Voc, Jsc, FF, and PCE respectively.

It can be seen in Figure 6.12(c) that the inserted 3C-SiC interfacial layer further reduces the

CBO when compared to Figure 6.12(a) and Figure 6.12(b), leading to an improvement in the pho-

tovoltaic parameters shown in Table 6.4. This can be attributed to a decrease in recombination at
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Figure 6.12 (a)Energy band diagram for with no interface (b) Energy band diagram with
In2S3 interface (c) Energy band diagram with 3C-SiC interface (d) Energy band diagram
with GaAs interface (e) Energy band diagram with ZnS interface

the absorber/ ETL interface. Replacing the 3C-SiC layer with GaAs with electron affinity of -4.07

eV causes the CBO to become ∆X1 = -0.17 eV and ∆X2 = - 0.03 eV resulting in a transformation

from the spike-cliff structure to a cliff-cliff structure shown in Figure 6.12(d). The gradient devel-

oped by the cliff CBO between the absorber and ETL causes an increase in Jsc to 20.47 mA/cm2

however Voc, FF, and PCE decrease to 0.961 V, 40.58%, and 7.89% respectively. This could be
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attributed to the cliff cliff structure formed at the interface. To confirm this attribution an interfacial

layer of ZnS with an electron affinity of -4.27 eV was used between the ETL and absorber. This

produced ∆X1 = -0.37 eV and ∆X2 = +0.17 eV resulting in the formation of a cliff-spike structure

shown in Figure 6.12(e). This structure at the interface badly affected the PV parameters, decreas-

ing Voc, Jsc, FF, and PCE to 0.805 V, 17.61 mA/cm2, 38%, and 5.4% respectively. The impact of

CBO variation on the PSC performance parameters for the different interfacial layers in Table 6.3,

while Figure 6.13 illustrates the influence of the various interfacial layers on Voc, Jsc, FF, and PCE.

Figure 6.13 Perovskite solar cell PV parameters with and without interfaces
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The Voc changes from 0.805 V for the ZnS interfacial layer to 1.262 V for the 3C-SiC interfacial

layer down to could be due to the improved energy level alignment at the interface between the ETL

and absorber layer. The Voc for the other interfacial layers of around 1 V were relatively similar.

The maximum current density achieved was 20.47 mA/cm2 when the electron affinity was -4.07

eV, transformed into a cliff-cliff structure at the ETL/absorber interface, however, this resulted in

a decrease in FF and PCE to 40.58% and PCE 7.98% respectively. As the electron affinity went

beyond -4.07 eV, Jsc dropped to its lowest value of 17.61 mA/cm2 which could be attributed to the

increase in the recombination process as a result of the cliff-spike transformation at the interface.

This resulted in a further decrease of FF and PCE to 38.16% and 5.4% respectively. The findings

indicate that after the insertion of the 3C-SiC interface with an electron affinity of -3.83 eV the

reduced CBO and formation of a spike-cliff structure resulted in the best PCE of 12.09% with an

improvement of 12.04% from the initial PCE 10.79% with no interface material inserted.

Table 6.3 PV parameter values of simulated PSC with and without interfacial layers

PSC VOC (V) JSC (mA/ cm2) FF % PCE %

No interface 1.1424 17.951 52.18 10.79

In2S3 interface 1.153 18.05 50.32 10.47

3C-SiC interface 1.2291 18.2241 53.97 12.09

GaAs interface 0.961 20.47 40.58 7.98

ZnS interface 0.805 17.61 38.16 5.4

6.9 External Quantum Efficiency

The QE plot in Figure 6.14 shows a broad generation of charge carriers from 300 nm to 800 nm for

the enhanced model using the 3C-SiC interface layer when compared against the reference simu-
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6 NUMERICAL RESULTS

Figure 6.14 EQE of simulation mode with no interface vs. enhanced simulation model
with 3C-SiC interface

lation model developed. Between 310 to 600nm, the enhanced simulation model shows decreased

charge carrier generation. The decrease in charge generation in this region can be attributed to the

decrease in Jsc from 12.34 mA/ cm 2 to 8.5691 mA/cm2 when the absorber layer doping concen-

tration was set to Na=1e18(1/cm3) resulting in an increased PCE of 7.27% due to the improvement

in FF and VOC. However between 600 and 800 nm, the enhanced simulation model displays an

increased charge carrier generation which corresponds to the increase in JSC from 12.34 mA/ cm 2

to 18.22 mA/ cm2 which resulted in a PCE of 12.09%. The EQE cuts off at 800 nm corresponding

to the optimized CH3NH3PbI3 bandgap of 1.55 eV.
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Chapter 7

CONCLUSION and

RECOMMENDATIONS

7.1 Conclusion

The aim of the thesis was to empirically investigate the effect of ion-doped metal oxide on the

efficiency of PSCs. The intention was to improve the performance experimentally and utilize the

findings gained to further enhance the performance of the devices numerically using SCAPS 1D

simulation. We studied the structural, morphological, and optical properties of the perovskite,

TiO2 and Zn-doped TiO2 thin films before fabricating planar heterojunction perovskite solar cells

using the one-step method under controlled ambient conditions (relative humidity < 65%, room

temperature ∼ 20oC). We demonstrated that PSCs can be fabricated without expensive equipment

under ambient conditions by ensuring the ambient and process parameters are carefully considered.
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The comprehensive XRD analysis of perovskite films annealed at varying temperatures and

durations provided valuable insights into their structural characteristics. Strong peaks in the XRD

patterns indicated the optimized formation of a tetragonal perovskite (CH3NH3PbI3) phase with

high crystallinity for samples annealed at 65°C for 30 s and 100°C for 1 min. However, the emer-

gence of peaks corresponding to the hexagonal lead iodide phase (PbI2) in the sample annealed

for 2 min indicated the decomposition of the perovskite phase. The calculated average crystal-

lite sizes further highlighted differences between samples, with enhanced crystallinity and larger

crystal sizes observed for the perovskite phase in films annealed at 65°C for 30 s and 100°C for

1 min. Differences in crystallite sizes indicated that the optimized annealing conditions lead to

enhanced crystallinity, attributed to improved composition homogeneity and reduced defects. The

XRD analysis of Zn-TiO2 synthesized nanoparticles revealed a pure anatase phase with no rutile

phase. Trends in peak characteristics and crystallite sizes suggested that Zn doping influenced the

crystallinity and surface performance of TiO2, with a decrease in crystallite size from 12.7 to 7.1

nm as Zn content increased.

Investigation through TEM unveiled a consistent and homogeneous spherical morphology for

Zn-doped TiO2 nanoparticles, with particle sizes ranging from 15 to 20 nm. The incorporation of

Zn ions into the TiO2 lattice structure resulted in an increase in particle size, leading to a reduction

in bandgap and recombination sites in the ETL layer. The Tauc plot supported these findings,

illustrating bandgap narrowing with increasing Zn doping up to 2 mol%. These insights underscore

the potential for controlled manipulation of nanoparticle size and composition, particularly through

Zn doping, to optimize the electronic properties and performance of TiO2 nanoparticles across

diverse applications.

SEM analysis of TiO2 and Zn-doped TiO2 thin films post-annealing at 550°C showcased a

uniform surface without discernible pinholes, a critical factor for enhancing electron movement in
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perovskite solar cells (PSC). Zn-doped TiO2 exhibited irregular morphologies and conical shapes,

with reduced particle agglomeration as Zn doping concentration increased. Surface roughness

analysis revealed a gradual reduction, suggesting that Zn insertion mitigates nanoparticle aggre-

gation. Smoother surfaces are pivotal for enhancing electron transport behavior and optimizing

the interface for perovskite layer deposition. Energy dispersive X-ray spectrometry confirmed Zn

incorporation into TiO2, with higher concentrations correlating to increased Zn doping.

The SEM image of the CH3NH3PbI3 thin film demonstrated a non-uniform, dense layer with

well-interconnected particles, influenced by the use of anti-solvent during spin coating. This

played a crucial role in improving the perovskite layer’s surface for efficient PSC performance.

UV-Vis and photoluminescence analyses of TiO2 and Zn-doped TiO2 thin films elucidated key

optical and electronic properties. Band gap analysis revealed a concentration-dependent modula-

tion in the band gap of Zn-doped TiO2, with a minimum of 3.38 eV for 2 mol% Zn. This reduction

in band gap aligned with enhanced electron transfer efficiency, as supported by photoluminescence

quenching. Overall, Zn doping demonstrates promise for optimizing the optical and electronic per-

formance of TiO2 thin films in perovskite applications.

The experimental investigation into Zn-doped TiO2 for perovskite solar cells (PSCs) showcased

nuanced performance dynamics. The incremental increase in open circuit voltage (VOC) from

0.90569 V to 0.92774 V with escalating Zn doping concentrations was notable. Zn incorporation

into the TiO2 lattice structure effectively lowered the conduction band (CB), facilitating electron

injection from the absorber into the compact layer. Comparative analysis with undoped TiO2

highlighted the advantageous impact of Zn-doping on electron injection from the perovskite to the

electron transport layer (ETL) and electron transport rate. This was reflected in a rise in short-

circuit current density (Jsc) from 12.21851 mA/cm2 to 12.25594 mA/cm2 as Zn doping increased
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from 0 to 2 mol%. The power conversion efficiency (PCE) exhibited a moderate improvement

from 5.199% with undoped TiO2 to 5.675% at 2 mol% Zn doping, accompanied by an increase in

fill factor (FF) from 48.05 to 49.4823.

The simulation and analysis of perovskite solar cells (PSCs) presented in this study yield valu-

able insights into the factors influencing their performance and potential avenues for improvement.

Increasing the doping concentration of the ETL improved the PCE (6.2 %) by aligning the ETL

and absorber layer CB, reducing electron trap states, recombination, and increasing conductivity.

Increasing the doping concentration of the absorber layer up to Na=1e18(1/cm3) showed improve-

ments in the PCE (7.14%), FF, and VOC. However, a drop in PCE (5.92%), FF, and VOC was

observed at higher doping concentrations due to a cliff structure formation at the ETL/ perovskite

interface. Although the PCE improved to 10.79% by narrowing the bandgap of the perovskite

layer, the cliff structure was still present.

Various materials, including indium (III) sulfide (In2S3), cubic silicon carbide (3C-SiC), gal-

lium arsenide (GaAs), and zinc sulfide (ZnS), were investigated for their suitability as interfacial

layers. The electron affinity differences between the electron transport layer (ETL) and the ab-

sorber layer were manipulated to optimize the band alignment at the interfaces. The introduction

of an In2S3 interfacial layer with an electron affinity of -3.8 eV resulted in a spike-cliff structure,

improving the current density (Jsc) and voltage (Voc), but with a slight reduction in fill factor

(FF) and power conversion efficiency (PCE). Replacing In2S3 with 3C-SiC (electron affinity -3.83

eV) further improved the performance by reducing the conduction band offset (CBO). This led to a

spike-cliff structure and achieved the highest PCE of 12.09%, surpassing the initial PCE of 10.79%

without an interfacial layer. Introducing GaAs and ZnS interfacial layers caused variations in CBO,

resulting in cliff-cliff and cliff-spike structures, respectively. These changes negatively impacted

PSC parameters, notably reducing FF and PCE. The findings highlight the sensitivity of PSC per-
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formance to the interfacial layer properties. The 3C-SiC interfacial layer, with its specific electron

affinity, proved to be particularly effective in improving energy level alignment, reducing CBO,

and enhancing overall PSC efficiency.

The simulation study showed that proper band alignment at the ETL/perovskite interface by

doping and adding an interfacial layer is crucial in improving the performance of PSCs. This fur-

ther underscores the need to bridge the gap between theoretical modeling and practical application

in advancing PSC technology. Ideal models serve as a foundational framework, but the realities of

environmental conditions, material stability, and recombination must be considered in real-world

applications. By addressing these complexities, and optimizing material properties and deposition

techniques, PSCs can achieve higher levels of efficiency and reliability.

In the quest for more efficient and sustainable solar energy conversion, the experimental and

numerical findings presented in this study provide a valuable roadmap for future research and de-

velopment in the field of perovskite solar cells. Ongoing investigations into parameter optimization

and innovative material combinations are essential to push the boundaries of PSC technology and

move closer to realizing their potential as a clean and accessible energy source.

7.2 Recommendations

Further studies investigating the influence of process conditions on the structure of TiO2 is a good

starting point. Understanding how defects in the materials are created during fabrication is vital,

as this significantly affects the material’s properties. Synthesized anatase phase TiO2 nanopar-

ticles at 550oC consume high electrical energy during annealing and limit device fabrication to

solid substrates. Investigation and optimization into low-temperature annealing for TiO2 will al-
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low annealing onto more flexible substrates such as polyethylene (PET) and provide a way to

develop flexible PSC, allowing for numerous applications. Annealing the TiO2 thin films at vary-

ing temperatures and studying their influence on crystallinity, trap states, conduction band position,

elemental composition, electron transport, and recombination will allow linking of annealing tem-

perature, material composition, and device performance.

The DMF solvent used in the perovskite fabrication process is toxic, Stancu et al. [221] and

Doolin et al. [222] showed that less toxic alternatives such as N –methyl-2-Pyrrolidone (NMP),

ethyl acetate (EA) and DMSO, dimethyl propylene urea (DMPU), 2-methyl tetrahydrofuran re-

spectively showed promising results although the drop in PCE indicates further research into sol-

vent engineering is required.

Incorporating a surfactant such as Triton X-100 into the ETL, absorber, and HTL can improve

device performance. Rahman et al. [223] showed that the Cadium sulfide (CdS) based ETL layer

film quality, homogeneity, and material properties improved by incorporating Triton X-100 sur-

factant into the precursor solution. Additionally, Kim et al. [224] showed that incorporating a

passivation layer using a polyaniline polymer as an interfacial modifier inserted between the ETL

perovskite and ETL layer confined the Pb2+ ions at the passivation layer, thus maintaining an 84 %

efficiency in ambient air for one month. Paravazian et al. [225] also showed that introducing small

amounts of Triton X-100 surfactant into a triple cation mixed halide precursor solution improved

the film quality, surface coverage, wettability, and crystallinity, resulting in an improved PCE and

stability. Lee et al. [226] also showed that adding Triton X-100 into an HTL precursor solution

consisting of polyanile: poly (styrene sulfonate) improved the hole extraction, film quality, and

PCE, resulting in an alternate, less expensive, and low-temperature option for the HTL.

Carbon-based electrodes are attractive alternatives to high-temperature thermal evaporation of
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back metal contacts due to the cost-effective processability and stability for large-scale production

processes; however, issues related to inferior performance and poor interface contact between the

perovskite and carbon electrodes require further investigation [227]. Graphene, carbon nanotubes,

and carbon black are promising candidates that have shown excellent mechanical deformation

robustness as flexible carbon electrodes. However, the problem of interface contact remains the

main challenge facing carbon-based electrodes for PSCs.

Lastly, it’s clear that due to the fantastic optical properties of perovskites and their tunable

bandgap the engineering of metal oxides is critical to developing tandem and multijunction solar

cells. Exploration into alternative metal oxide combinations to align with the current state-of-

the-art single, double, and triple cation perovskite combinations is imperative in engineering the

ETL/perovskite interface to push the PCE beyond the Shockley Queisser limit.
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1. INTRODUCTION

Perovskite solar cells (PSC) has attracted much interest in recent years from researchers due to its 

potential as a next generation thin film solar technology. The attract features of PSC include high efficiency, 

low manufacturing costs, versatility and flexibility. This opens up the possibilities of applications in building 

integrated photovoltaics (BIPV), wearable electronics and integration into curved or irregular shaped 

structures. 

The absorbing material of PSC devices with the generic crystal structure ABX3 is referred to as 

perovskite [1]. So far, the most efficient PSC devices have been created using the following materials in the 

perovskite form of ABX3 with methyl ammonium (CH3NH3) as (A), metal like lead (Pb) or tin (Sn) as (B), 

and a halide bromide (Br3), iodide (I3), or chloride (Cl3) as X3 [2]. This perovskite material has the following 

attractive features: a low bandgap that allows lighter to be absorbed, a high carrier charge mobility that 

allows the created electron and hole to move through the material without much resistance, and a high 

diffusion length that prevents electron-hole pair recombination [3]. 
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As depicted in Figure 1, light is transmitted through the fluorine doped tin-oxide (FTO) and electron 

transport layer (TiO2) and absorbed by the perovskite layer to cause charge separation. This process excites 

an electron into the conduction band and creates a hole (positive charge) in the valence band. While the 

electrons are injected into the electron-transport layer and the holes into the hole-transport layer (Spiro-

OMeTad), the positive holes in the cathode layer are filled by the electrons after they have passed via an 

external circuit. As shown in Figure 1, a closed-circuit cell is created by connecting the transparent FTO 

electrode and the rear contact metal electrode [4], [5]. 

With a record PCE of 22.1%, metal halide perovskite (MHP) solar cells have shown the fastest rate 

of improvement in power conversion efficiency (PCE) among all photovoltaic technologies to date. MHP 

solar cells are now as efficient as silicon solar cells [6]. Additionally, earth-abundant compositions and 

inexpensive solution processing techniques can be used to create MHP solar cells. As a result, they have a 

stronger chance of realizing more competitive solar cell power technology from an economic perspective [7]. 

Much of the improvements to the performance of perovskite can be attributed to the refinement of 

the perovskite layer fabrications protocols. There have been several techniques developed such as the one-

step, two-step spin coating solution method, solvent engineering method, anti-solvent engineering method as 

well as vacuum and vapor-assisted methods. The spin coating solution method is considered the most 

affordable deposition technique for research purposes which allows for fairly uniform surface coverage. Both 

the one and two-step deposition techniques for CH3NH3PbI3 were investigated by Ahn et al. [8] and 

Im et al. [9]. Ahn et al. [8] showed that for the one-step method, the CH3NH3PbI3 perovskite precursor 

solution was annealed at 40 °C for 3 min and 100 °C for 5 min to obtain a PCE of 7.5%. For the two-step 

method under the same annealing setting Im et al. [9] achieved a PCE of 13.9%. For a similar CH3NH3PbI3 

perovskite precursor composition, Ozaki et al. [10] achieved a PCE of 20.3% using the one-step method with 

an annealing setting of 40 °C for 5 min, 55 °C for 5 min, and 75 °C for 5 min and 100 °C for 30 minutes. By 

applying an anti-solvent during the last 2 seconds of the perovskite spin coating stage the desired high 

crystalline formation of tetragonal crystal structure perovskite was formed. Regardless of the method, a high 

degree of crystallinity, flat and dense perovskite layers are critical for low surface defects, energy losses, and 

high-power conversion efficiency. These characteristics play a vital role in minimizing the formation of 

pinholes and short-circuiting of the PSC device. However high efficiency and reproducible PSCs are 

fabricated using expensive deposition equipment, a clean room, glovebox, and thermal evaporation 

equipment which can limit research in the development of PSCs. 

It is within this context of varying reports of annealing time at 100 °C that we focused on the widely 

used CH3NH3PbI3 as the perovskite material developed with the one-step spin coating method and anti-

solvent technique for an investigation into the crystal structure and performance under different annealing 

settings. The perovskite layer was annealed under three different settings of 65 °C for 30 s and 100 °C for 

30 s, 65 °C for 30 s and 100 °C for 1 minute and 65 °C for 30 s and 100 °C for 2 minutes under ambient 

conditions. Modified spin coating parameter setting, perovskite annealing setting, and vacuum storage are 

provided to reliably fabricate and reproduce PSCs. After applying these methods a maximum PCE of 5.199% 

was achieved with reliabilty and reproducibility. The paper structure is as follows; in section 2 the fabrication 

method is presented. In section 3 we present the perfomance results and discussion of the characterization 

techniques used to determine the structural, morphological and optical properties. Our observations and 

recommendations are concluded in section 4. 

Figure 1. Typical PSC planar architecture and operation 
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2. CHEMICALS AND FABRICATION METHOD 

2.1.  Chemicals 

The electron transport layer consisted of Titanium isopropoxide (TTIP), ethanol (EtOH, super 

dehydrated,) and hydrochloric acid (HCL). The perovskite absorber layer consisted of Methyl ammonium 

iodide (MAI, 99%), Lead (II) Iodide (PbI2, 99.9%), dimethylformamide (DMF, super hydrated), dimethyl-

sulfoxide (DMSO, super hydrated), di-ethyl ether.  The hole transport layer consisted of 2, 2’, 7, 7’-Tetrakis 

(N, N-di-p-methoxyphenylamino)-9, 9’- Spirobifluorene (Spiro- OMeTAD powder), 4- Tert – Butylpyridine 

(TBP, 96%), Bis (triflouromethane sulfonimide lithium salt (LiTFSI), chlorobenzene. All chemicals were 

purchased from Sigma- Aldrich Co.  

 

2.2.  Device fabrication 

All layers of the PSC shown if Figure 2 were fabricated under ambient conditions, relative humidity 

was maintained at < 65% at a controlled room temperature of (~20°C) and was adapted and modified from 

[8]−[10]. Step 1: Fluorine-doped tin oxide glass substrates (25 mm x 25 mm) were cleaned in beakers 

containing detergent and deionized water, and ultrasonically cleaned in ethanol for 20 minutes at 80 °C. 

Substrates were carefully removed and rinsed in deionized water, dried on a hotplate and then placed in a 

UVO cleaner for 15 minutes for further cleaning before depositing the TiO2 layer. A piece of tape was placed 

5 mm from the top edge, leaving the front FTO anode contact exposed and leaving 20 mm x 20 mm space 

available for the depositing of the precursor solutions.  

Step 2: the 0.22M, TiO2 electron transport layer precursor solution was prepared by vigorously 

stirring 14.29 ml of ethanol and 0.28 ml of 2M HCL on a magnetic stirrer for 30 minutes, 1 ml of TTIP was 

added dropwise to this solution and was allowed to stir vigorously for 2 hours at room temperature. The TiO2 

precursor solution was then filtered using a 0.45 µm Teflon filter before spin coating to ensure the solution 

was free of any undissolved particles thus ensuring a smooth and uniform surface coverage was obtained.  

The 300 µl TiO2 solution was dynamically spin-coated on the UVO-treated FTO at 1000 rpm for 15 seconds 

and annealed to 550 °C for 30 minutes to form a transparent, smooth, and homogeneous electron transport 

thin film layer as shown in Figure 2(a). 

For the synthesis of the TiO2 nanoparticles, the remaining 0.22 M solution was then left to age for 

~72 days until a clear and transparent gel is formed. The gel was placed in a hot air dryer for 12 hours at a 

temperature of 80 °C to form a dry TiO2 powder. The dried TiO2 powder is then placed in a furnace and 

heated to 550 °C for 30 minutes to form anatase TiO2 nanoparticles for Fourier transform infrared 

spectroscopy (FTIR), X-ray diffraction (XRD), and transmission electron microscopy (TEM) 

characterization. 

Step 3: the perovskite absorber layer was prepared by dissolving 0.16 g methyl ammonium iodide 

and 0.46 g lead iodide into 0.08 ml dimethyl sulfoxide (DMSO) and 0.6 ml DMF. This was stirred for ~24 

hours to ensure a homogenous solution before deposition onto the TiO2 layer. The TiO2 layer was UVO 

treated again for 15 minutes before spin-coating 250 µl of the perovskite solution at 5000 rpm for 15 seconds 

with 350 µl of di-ethyl ether slowly dripped from approximately 2cm away from the rotating substrate during 

the last 5 seconds. The coated surface was placed on a digital hotplate at 65 °C for 30 seconds then slowly 

ramped up to 100 °C and annealed for 1 minute to form the dark brown and transparent perovskite layer 

shown in Figure 2(b). This was then transferred immediately into a vacuum desiccator before deposition of 

the hole transport layer (HTL) to minimize the effects of degradation of the perovskite layer due to humidity. 

Step 4: the HTL was prepared by dissolving 0.52 g of LiTFSI in 1 ml acetonitrile and stirred 

vigorously for 10 minutes to form the LiTFSI stock solution. Then 0. 07g of Spiro-OMeTAD powder was 

added to 1 ml chlorobenzene and stirred vigorously for 10 minutes to form the Spiro-OMeTAD solution. 

Thereafter 0. 03 ml of tBP and 0. 02 ml of the LiTFSI solution was added to the Spiro-OMeTAD solution 

and stirred for 30 minutes to form the HTL precursor solution. Lastly, 200 µl of the HTL solution was 

dynamically spin-coated on top of the perovskite layer at 1000 rpm for 15 seconds and placed in a vacuum 

desiccator to oxidize overnight, before the immediate application of 8 mg activated carbon powder and FTO 

as the back conductive cathode contact (steps 5 & 6) with binder clips to hold the PSC together shown in 

Figure 2(c). This allowed minimum exposure of our cells to environmental conditions and performance 

reduction. The complete step-by-step fabrication is shown in Figure 2(d). 

 

2.3.  Characterization equipment 

The identification of the functional groups was acquired by Agilent Cary 630 attenuated total refl 

ectance-Fourier transform infrared (ATR-FTIR) using a diamond crystal operating between 400-4000 cm-1. 

The X-Ray Diffractometer, model: D8 Advanc, make: M/s Bruker AXS, Germany was used to determine the 

perovskite structure. The surface morphology properties and elemental percentage concentration was 
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characterized by the Zeiss scanning electron microscope (SEM) operating at 40 kV and 40 mA and energy 

dispersive X-Ray (EDX). Particle size was determined by TEM using Image J software. The optical 

properties were obtained by the agilent cary 60 UV-Vis-NIR spectrometer. Bandgaps were calculated using 

the TAUC plot with a direct bandgap power factor. The photovoltaic properties were measured with a 

Keithley 2460 source measuring unit and an illumination light source of AM 1.5 (100 mW/cm2). 
 

 

   
(a) (b) (c) 

 

 
(d) 

 

Figure 2. Perovskite solar cell fabrication; (a) TiO2 spin coated on FTO glass substrate, (b) methyl 

ammonium lead iodide spin-coated and annealed on TiO2 layer, (c) completed PSC, and (d) fabrication steps 

of PSC 
 

 

3. RESULTS AND DISCUSSION  

3.1.  X- Ray diffraction: structural properties of CH3NH3PbI3 

The XRD results of perovskite films annealed at 65 °C for 30 seconds and then annealed at 100 °C 

for 30 s, 1min, and 2 minutes are presented in Figure 3. Strong peaks at 14.06° (110), 28.15° (220) and 

31.68° (312) indicate the formation of tetragonal perovskite (CH3NH3PbI3) phase [11] with high crystallinity 

for the samples annealed for 30 sec and 1 min. This verified the annealing settings of the work done by  

Ahn et al. [8] and was used for further characterization of the material’s properties. According to Figure 3 the 

lead iodide phase in the XRD pattern of the sample annealed for 30 sec may be due to the residual phase 

from preparation which remains within the bulk of the material. In other words, the annealing time was not 

sufficient to completely convert the precursors to the perovskite phase. For the sample annealed for 2 min, 

the peaks at 13.59° (001), 27.58° (101), 30.49° (102), 43.52° (111), 50.17° (201), and 73.57° (105) 

correspond to hexagonal lead iodide phase (JCPDS No. 07-0235) [12] . The PbI2 phase is formed due to the 

decomposition of the perovskite phase upon annealing at 100 °C, where methyl ammonium iodide 

(CH3NH3I) escaped from the Perovskite film to form lead iodide by heating for a longer time (2 min). It was 

found previously that during the annealing process, CH3NH3I can escape if annealed too long ,especially for 

some loosely bonded Perovskite phases [13], [14]. 

The average crystallite size of the under-studied samples was calculated by resolving the 

characteristic peaks using Debye-Scherer’s formula [15]: 
 

D =  K λ/ βcos (θ) (1) 
 

where K is the shape factor (0.9), D is the average crystallite size, β is the half-width of the measured 

diffraction peak, θ is the diffraction angle, and λ is the X-ray wavelength (0.154 nm). The crystallite size for 

the perovskite phase was equal to 14.32 nm and 19.99 nm for the samples annealed at 65 °C for 30 s and  

100 °C for 30 s and 65 °C for 30 s and 100 °C for 1 min, respectively. In addition, the crystallite size of the 

PbI2 phase in the sample annealed at 65 °C for 30 s and 100 °C for 2 min was 12.21 nm. The more intense 
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characteristic peaks and larger average crystal size after 65 °C for 30 s and 100 °C for 1 min annealing time 

attributed to the improved crystallinity or composition homogeneity with fewer low-dimensional defects and 

less scattering between grain boundaries in the solvent-annealed perovskite film. 
 

 

 
 

Figure 3. XRD patterns of Perovskite films annealed at 65 °C for 30 s and 100 ˚C for 30 sec, 65 °C for 30 s 

and 100 ˚C for 1 min, 65 °C for 30 s and 100 ˚C for 2 min 
 
 

3.2.  Fourier transform infrared spectroscopy: identification of functional groups 

In the FTIR spectrums shown in Figure 4, it can be seen from Figure 4(a) that there is no presence 

of O-H hydroxyl groups, in the range of wavenumber 3100-3600 cm-1 which can be attributed to the high 

calcination temperature of 550 °C. The hydroxyl groups could interact with the NH4 and CH3 in the 

perovskite causing the decomposition of CH3NH3PbI3 into PbI2 and CH3NH3I which will lead to reduced 

performance of the PSC. The sharp peaks between 528-408 cm-1 indicate that the thin film is well crystallized 

and is assigned to O-Ti-O bonding. The sharp peak at 438 cm-1 is characteristic of TiO2 anatase [16]−[19]. 

FTIR spectroscopy was conducted to identify CH3NH3Pb2I formation. The FTIR spectra in  

Figure 4(b) feature vibrational modes at 3116 cm-1 (N-H stretch), 3116-1569 cm -1 (C-H stretch), 1569 cm-1  

(antisymmetric NH3
+), 1458 cm-1 (symmetric NH3

+bend) ,1015 cm-1 (MAI·PbI2·DMSO) 950 cm-1 (C-N 

stretch) and 907 cm-1 (NH3+/CH3 rock) which is similar to related literature [19]−[23]. The adduct of Pb2 with 

DMSO and MAI is confirmed by FTIR spectroscopy at 1015 cm-1. 
 

 

  
(a) (b) 

 

Figure 4. FTIR spectra (a) FTIR spectra of planar TiO2 thin film annealed at 550 °C and (b) FTIR spectra of 

perovskite thin film 
 

 

3.3.  SEM, TEM and EDX: morphological properties and elemental weight percentage compositions 

The surface morphology and particle size of the TiO2 layer shown in Figure 5. Figure 5(a) was 

observed by scanning electron microscope. The surface morphology of the thin films annealed at 550 °C 

under ambient conditions showed a relatively uniform surface coverage with densely packed TiO2 

nanoparticles confirmed by the TEM results shown in Figure 5(b). Figure 5(c) shows the morphology and 

size distribution of the TiO2 nanoparticles ranging from 5 to 30 nm. To characterize the surface roughness of 

the TiO2 and Perovskite layers, the image J software tool was utilized on the SEM images. The estimated root 
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mean square (RMS) roughness of 21.9 nm was obtained for the TiO2 layer indicating a fairly smooth layer 

coverage; however, an ultra-smooth surface is imperative to achieve better performance as reported by [24], 

[25]. This allows for a smoother surface for the deposition of the perovskite layer and minimizes the 

formation of defects.  The histogram in Figure 5(d) shows that the average particle size of TiO2 nanoparticles 

synthesized was ~ 17 nm. 

The SEM images of the CH3NH3PbI3 thin film and elemental composition is presented in Figure 6. 

Figure 6(a) shows a dense and well-interconnected layer with particle sizes ranging from 50 nm to 800 nm 

with an average particle size of 397 nm shown in Figure 6(b). The estimated root mean square (RMS) 

roughness of 31.75 nm shown if Figure 6(c) was obtained for the Perovskite layer. Highly dense 

CH3NH3PbI3 films were formed by the rapid evaporation of DMF with diethyl ether while spinning for the 

last 5 seconds [10]. Energy dispersive X-ray spectrometry analysis of FTO/TiO2/CH3NH3PbI3 thin films was 

performed to determine and identify the elemental composition and weight percentage (wt %) concentrations. 

Figure 6(d) shows peaks for Ti, O, Sn, I, Pb. The presence of Si is due to the FTO-coated quartz substrate 

used; no other impurities are seen.  
 

 

 
 

(a) (b) 

 

  
(c) (d) 

 

Figure 5. Surface and particle imaging of TiO2; (a) SEM image of TiO2 surface layer, (b) TEM image of TiO2 

nanoparticles, (c) surface roughness of TiO2 layer, and (d) TiO2 nanoparticle size distribution 
 

 

3.4.  UV-Vis spectroscopy: optical properties 

The UV-Vis transmission and absorption spectra shown in Figure 7 were obtained using a Cary 60 

UV-Vis. Figure 7(a) shows the UV-VIS transmission spectra of the FTO and TiO2 thin films. The UV–Vis 

transmission spectra for the TiO2 thin film indicate a ~10% drop in transmission from ~80% for FTO to 

~70% from the visible light to near-infrared regions. The TiO2 layer has a significantly lower absorbance in 

the 300 nm to 800 nm wavelength range as expected when compared to the perovskite layer. The UV–Vis 

absorption spectra in Figure 7(b) shows a redshift to near infrared in the absorption range with the 

introduction of the perovskite layer. The CH3NH3PbI3 shows good light absorption with a bandgap of ~2.06 

eV from the visible light to near-infrared regions. The decrease in bandgap and increase in fermi energy 

allows electrons to move more freely from the valence to the conduction band.  The bandgap (Eg) of the thin 

film samples was calculated using the Tauc plot method. The bandgap energy of 3.52 eV for TiO2 and 2.06 

eV for perovskite was measured by plotting (a/hv)2 as a function of photon energy, and extrapolating the 

linear region of the absorption curve as shown in Figure 7(c). 
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(a) (b) 

 

  
(c) (d) 

 

Figure 6. Perovskite surface and elemental composition; (a) SEM image of the Perovskite surface layer,  

(b) perovskite particle size distribution, (c) surface plot of Perovskite layer, and (d) elemental composition of 

the FTO/TiO2/Perovskite layers 
 

 

  
(a) (b) 

  

 
(c) 

 

Figure 7. UV-Vis spectra; (a) transmission spectra FTO and FTO/ TiO2 layer, (b) absorption spectra of FT0, 

FTO/TiO2 and FTO/TiO2/Perovskite, and (c) band gap energy of TiO2 and Perovskite material 
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3.5.  PSC performance 

The open-circuit voltage (when current is zero), short-circuit current density (when voltage is zero), 

the voltage at maximum power point (Vmpp), and current density at maximum power point (Jmpp) values serve 

as important electrical parameters in determining the efficiency of converting sunlight to electricity in a solar 

cell. The performance measurements shown in Figure 8 were taken using a Kiethley 2460 source measuring 

unit at one sun (100 mW/cm2). The solar cell device described was tested on an active area 0.1 cm2 and gave 

an open-circuit voltage (Voc) of 0.9057 V, short circuit current density up to 12.2185 mA/cm2, PCE of 

5.199% and fill factor of 48.05 was achieved in our device, compared to the fabrication of a vapour-assisted 

PSC solar cell under similar conditions of 0.972 V, 17. 5 mA/cm2, PCE of 11%, and fill factor of 65.2 [26]. 

The voltage and current density at the maximum power point were 0.5763 V and 9.8213 mA/cm2 

respectively, resulting in a maximum power output of 5.2 mW. Energy losses in voltage and current occur due 

to the method of deposition, surface defects, increasing internal recombination of charge carriers, and bandgap 

misalignment between the ETL- Perovskite-HTL interfaces limiting charge transport,Voc and PCE [27]. 

 

 

 
 

Figure 8. J-V curve for PSC 

 

 

4. CONCLUSION  

It has been shown that PSCs can be fabricated without expensive equipment under ambient 

conditions by carefully considering ambient and process parameters. In order to ensure the reliability and 

validity of our experimental setup, we replicated the results of our experiments to investigate how each PSC 

layer could be modified to address the problems identified. During spin coating, it is noted that tape 

protection of the FTO anode contact has limitations, including incomplete surface coverage, uneven surface 

coating, reduced active area, and edge effects, resulting in lower PCE and performance. For large cells and 

commercial viability, this leads to scalability issues. Optimization of the spin coating parameters (spin speed, 

duration, solution concentration), and etching off a small area of FTO, will decrease the active area and allow 

an exposed area for a back contact. This can reduce the effects mentioned and achieve a more even surface 

thickness and uniform coverage. Titanium dioxide annealed at a high temperature of ~ 550 °C consumes high 

amounts of electrical energy during annealing. Consequently, device fabrication is limited to solid substrates 

with good thermal properties. By investigating and optimizing low-temperature annealing materials for ETL 

layers, such as SnO2, we will be able to anneal onto flexible substrates like polyester (PET) and develop 

flexible PSCs allowing for a wide variety of applications.  

The optimum annealing temperature time of the perovskite layer at 100 °C using the anti-solvent 

method was verified and the corresponding material properties were presented and discussed. The structural, 

morphological, optical, and performance properties of the Perovskite absorber and TiO2 electron transport 

layers were systematically studied and presented.  

The results show the formation of a highly crystalline tetrahedral structure for CH3NH3PbI3 via a 

one-step method, a well-interconnected surface layer, significant light absorption and a bandgap of 2.06 eV. 

The anatase phase of TiO2 was confirmed via FTIR at wavenumber 438 cm-1. It had an average particle size 

of ~20 nm, uniform thin film coverage, optical transmission of ~ 70% and a bandgap of 3.52 eV. The PSC 

developed under the mentioned conditions achieved an open circuit voltage of  0.9057 V, short circuit current 

density of 12.2185 mA/cm2, and PCE of 5.199%. 

Perovskites are fabricated using toxic DMF solvents. Investigations into less toxic substitutes 

including N-methyl-2-pyrrolidone (NMP), ethyl acetate (EA) and DMSO, dimethyl propylene urea (DMPU) 

and 2-methyl tetrahydrofuran achieved promising results, although the drop in PCE indicates that solvent 
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engineering research is needed further. By looking at the effects of elemental doping on the ETL, absorber 

layer and HTL, fundamental properties of the ETL, absorber, and HTL layers can be improved. Through 

numerical analysis of SCAPS 1D improving fundamental PV properties can be achieved by including and 

optimizing the buffer layer between the ETL/Perovskite interface and the Perovskite/HTL interface. 

Additionally incorporating a surfactant such as Triton X-100 into the ETL, absorber and HTL, can 

improve film quality, homogeneity, material properties and device performance. Adding small amounts of 

Triton X-100 surfactant to a triple cation mixed halide precursor solution improves film quality, surface 

coverage, wettability, crystallinity, and stability. The HTL precursor solution containing polyanile poly 

(styrenesulfonate) can also be improved by adding Triton X-100, which results in an alternative, less costly, 

and low-temperature HTL option that improves hole extraction, film quality, and PCE.  

As a result of their cost-effective processability and stability in large production processes, carbon-

based electrodes are attractive alternatives to thermal evaporation of back metal contacts at high 

temperatures. There are, however, issues related to poor interface contact and inferior performance between 

perovskite and carbon electrodes that need to be explored in greater detail. As flexible carbon electrodes, 

graphene, carbon nanotubes, and carbon black have shown excellent resistance to mechanical deformation. 

Carbon-based electrodes for PSCs continue to face the challenge of interface contact. The recommendations 

and results indicate that further research into material combination optimization, surfactant engineering, 

elemental doping, and process optimization is required to further improve the fundamental properties of each 

layer of the PSC and its overall performance and stability for commercialization. 
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Abstract – The work focuses on the effects of Zn-doped TiO2 as the Electron Transport Layer in 

MAPbI3 based Perovskite Solar Cells with a carbon-based back electrode fabricated under 

controlled ambient conditions. Varying molar percentages of Zn-doped TiO2 of 0, 0.5, 1, 2, and 5 

mol% were successfully incorporated into the TiO2 crystal structure using the sol-gel technique. 

Characterization through X-ray diffraction and Energy Dispersive X-ray spectroscopy confirmed 

the incorporation of Zn ions. The crystallite size ranged from 19.99 to 7.1 nm, depending on the 

Zn ion doping concentration. Fourier Transform Infrared spectroscopy verified the presence of the 

anatase phase of Zn-doped TiO2 at wavenumber 438 cm-1. Scanning Electron Microscope images 

exhibited fairly smooth and uniform surface coverage for the Zn-doped TiO2 layers. The Rq values 

for surface roughness showed a decrease from 26.85 nm for undoped TiO2 to 23.4 nm for the 5 
mol% Zn-doped TiO2 layer. UV-Vis spectroscopy demonstrated low light transmission loss 

characteristics from 300 to 790 nm, with the 2 mol% Zn-doped TiO2 showing slightly improved 

light transmission between 550 and 800 nm. The bandgap energy of undoped and Zn-doped TiO2 

ranged from 3.53 to 3.38 eV. An optimum power conversion efficiency of 5.67% was achieved with 

a 2 mol% dopant concentration. However, increasing the Zn dopant to 5 mol% led to a slight 

deterioration in the PCE. According to the optimized ETL processing for the PSC, the Jsc 

increased from 12.2185 mA/cm2 to 12.25594 mA/cm2, the Voc increased slightly from 0.90569 V to 

0.9231 V, and the PCE from 5.199% to 5.67%. 
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I. Introduction 

Perovskite, which has the general crystal structure 

ABX3, is the absorber component used in perovskite 

solar cells (PSCs). The perovskite form of ABX3 with 

methyl ammonium (CH3NH3) as (A), metal such as lead 

(Pb) or tin (Sn) as (B), and a halide bromide (Br3), iodide 

(I3), or chloride (Cl3) as (X3) has so far been used to 

make the most effective PSC devices [1]. Perovskite has 

the following advantages: a low band gap that permits 

greater light absorption, a high carrier charge mobility 
that enables the generated electron and hole to move 

through the substance with little resistance, and a high 

diffusion length that inhibits electron-hole pair 

recombination [2]. 

Metal oxides such as zinc oxide (ZnO) [3], aluminum 

oxide (Al2O3) [4], tin oxide (SnO2) [5], and titanium 

dioxide (TiO2) have been used as the ETL to improve 
electron transportation and the PCE. TiO2 exhibits 

attractive characteristics such as chemical stability, low 

cost, and high transport ability [6]. This is attributed to 

the conduction band (CB) of TiO2 being lower than the 

conduction band of the perovskite absorber layer, 

facilitating the electron transport from the perovskite 

layer to the TiO2 layer [6].  

For the PSC to function effectively, the energy levels 

for each layer, as shown in Fig. 1, must be carefully 

aligned. This is accomplished by having the lowest 

unoccupied molecular orbital (LUMO) of the ETLs 
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slightly lower than that of the active layers, which 

provides an electron with a more desirable path to travel. 

The same applies to the HTLs HOMO (highest 

occupied molecular orbital), which must be slightly 

higher than the active layers HOMO to offer a more 

attractive path for holes. This is similar for each layer in 

the cell; each layer must have either a greater HOMO or 
a lower LUMO in order for the charge carriers' 

transportation chain to function [7].   

Materials are doped to increase charge carrier 

conductivity by adding an extra molecule to their 

structure. Doping changes the band structure and trap 

states of TiO2, altering important properties such as 

conduction band energy, charge transport, recombination, 

and collection [8]. TiO2 doped with Mg, Nb, Y, Al, and 

Zr has previously been used in perovskite solar cells. 

Mg-doped HBL/ ETL has improved VOC because of its 

strong conduction band and low recombination [9]. Nb 
doping boosted electron injection and transport, resulting 

in greater JSC [10], and Y doping improved performance 

due to increased perovskite loading, resulting in 

significant increases in JSC and marginally reduced 

recombination [11]. It has been found that Al-doping 

reduces the number of oxygen vacancies and the 

associated deep trap states, lowering recombination and 

increasing film conductivity. As a result, JSC increased 

overall [12]. Doping TiO2 with Zr4+ reduced hysteresis 

while pushing the CB upward and reducing 

recombination, resulting in an increase in VOC [13, 14]. 

These results suggest that doping is important in 
lowering surface trap states, reducing hysteresis, and 

enhancing current density. Overall, these results suggest 

that  TiO2 doping and co-doping are expected to play an 

important role in lowering surface trap states, reducing 

hysteresis, enhancing current density, and improving 

PSC efficiencies. Doping causes the CB to shift, hence 

increasing charge transfer and decreasing recombination. 

Additionally, it has the ability to increase perovskite 

loading, lengthen device lifetimes, and play a vital role in 

reducing hysteresis [15]. 

Recent advancements in perovskite solar cell 
technology have highlighted the need for improved 

electron transport layers. This research focuses on the use 

of Zn-doped TiO2 compact layer with variable doping 

concentrations of 0, 0.5, 1, 2 and 5 mol % as an electron 

transport layer. A number of n-i-p structure perovskite 

solar cells were developed. The Zn-doped TiO2 compact 

layers' structural, morphological and optical properties 

are also analyzed and discussed. The photovoltaic 

properties of perovskite solar cells with various Zn-

doped TiO2 compact layers as electron transport layers 

are discussed. The research addresses the need to 
improve the electron compact layer, which will aid in 

developing future highly efficient perovskite solar cells 

using carbon-based electrodes. 

 

 
Fig. 1. Energy level band diagram 

II. Materials 

All chemicals used in the fabrication of the ETL, 

perovskite and HTL are listed in Table I and were 

purchased from Sigma-Aldrich Co. 

 
TABLE I 

 LIST OF CHEMICALS 

Layer Chemicals 

 

Electron Transport Layer 

Zn-doped TiO2 

Titanium isopropoxide (TTIP), 

ethanol (EtOH, super dehydrated, ), 

hydrochloric acid  (HCL), zinc 

chloride 

 

 

 

Absorber Layer 

Perovskite 

Methyl ammonium iodide (MAI, 

99%), Lead (II) Iodide (PbI2, 

99.9%), dimethylformamide (DMF, 

super hydrated), dimethyl-sulfoxide 

(DMSO, super hydrated), di-ethyl 

Ether 

 

 

 

Hole Transport Layer 

Spiro- OMeTAD 

 

 

 

2, 2’, 7, 7’-Tetrakis (N, N-di-p-

methoxyphenylamino)-9, 9’- 

Spirobifluorene (Spiro- OMeTAD 

powder), 4- Tert – Butylpyridine 

(TBP, 96%), Bis (triflouromethane 

sulfonimide lithium salt (LiTFSI), 

chlorobenzene 

 

 

III. Device Fabrication 
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A.  Substrate Preparation 

Fluorine-doped tin oxide (FTO) coated glass 

substrates of 25 mm x 25 mm with a thin film thickness 

of 100 nm and sheet resistance of 8.3 Ω were cleaned in 

a beaker containing detergent and deionized water. Each 

substrate was then rinsed in an acetone before being 

placed in the ultrasonic cleaner. The substrates were then 
immersed for 20 minutes at 80 °C in the ultrasonic 

cleaner containing ethanol. The substrates were removed 

and placed into a beaker containing deionized water 

before being placed on a hotplate at 60 °C for 10 minutes 

or until totally dry. The substrates were then placed for 

20 minutes in an Ultra Violet Ozone (UVO) cleaner to 

break down organic surface impurities and provide an 

ultra-clean surface for the deposition of the ETL layer. 

B.  Zn – doped ETL layer preparation and deposition 

In a volumetric flask, 40 ml di-ionized water was 

combined with 7.29 ml HCL and mixed for 3 minutes 
before adding additional de-ionized water up to 100 ml to 

obtain a 2M HCL stock solution. To prepare the 0.22 M 

TiO2 precursor solution with Zn doping of 0.5, 1, 2, 5 

mol%, the required amount of Zinc Chloride was added 

to 14.29 ml ethanol and stirred vigorously at 6000 rpm 

for 30 minutes, then 0.28 ml of the 2M HCL stock 

solution was slowly added and stirred vigorously at    

6000 rpm for an additional 30 minutes, after which 1 ml 

of TTIP was slowly added and stirred for 2 hours. The 

resulting solution was then filtered using a 0.45 µm 

Teflon filter before spin coating to ensure the removal of 
small particles to obtain a smooth and uniform surface 

coverage. The FTO substrates were then pre-heated to   

60 °C before dynamically spin coating 300 µl of the Zn-

doped ELT precursor solution at 1000 rpm for 15 

seconds and annealed on a ceramic digital hotplate at   

550 °C for 30 minutes to form the Zn-doped ETL thin 

film layer. This layer was then UVO treated for 15 

minutes prior to the deposition of the methyl ammonium 

lead iodide precursor solution. 

C.  Perovskite layer preparation and deposition 

To prepare the perovskite precursor solution, 0.16 g 
of methyl ammonium iodide and 0.46 g of lead iodide 

were added to 0.08 ml of dimethyl sulfoxide (DMSO) 

and 0.6 ml of dimethylformamide (DMF) and 

magnetically stirred at 3000 rpm for 24 hours. Then 250 

µl of the perovskite solution was statically spin-coated at          

5000 rpm for 15 seconds, with 350 µl of di-ethyl ether 

slowly dripped from a distance of about 2 cm from the 

revolving substrate during the final 5 seconds. To 

develop the dark brown and semitransparent perovskite 

layer, the coated surface was placed on a digital hotplate 

at 65 °C for 1 minute, then slowly ramped up to 100 °C 

and annealed for 2 minutes. This was then placed in a 

vacuum desiccator for 3 hours before deposition of the 

hole transport layer to minimize exposure to oxygen and 

humidity. 

D. HTL preparation and deposition 

The hole transport layer was prepared by dissolving       

0.52 g of LiTFSI in 1 ml acetonitrile and stirring 

vigorously for 10 minutes to form the LiTFSI stock 
solution. Then, 0.07 g of Spiro-OMeTAD powder was 

added to 1 ml chlorobenzene and stirred vigorously for 

10 minutes to form the Spiro-OMeTAD solution. After 

this 0.03 ml of tBP and 0. 02 ml of the LiTFSI solution 

was added to the Spiro-OMeTAD solution and stirred for 

30 minutes. Thereafter, 200 µl was dynamically spin-

coated at 1000 rpm for 15 seconds and placed in a 

vacuum desiccator overnight before applying ~8 mg of 

activated carbon powder and FTO to form a metal-free 

back conductive electrode. 

E. Synthesis Zn- doped TiO2 nanoparticles 

To synthesize the zinc-doped TiO2 nanoparticles, the 

Zn-doped ETL precursor solution was aged for 72 days 

to form a clear and transparent gel. The gel was then 

dried for 12 hours at 80 °C in a hot air dryer to obtain dry 

TiO2 powder. After drying, the TiO2 powder is heated for 

30 minutes at 550 °C in a furnace to produce anatase 

TiO2 nanoparticles for FTIR, XRD, and TEM 

investigation. 

IV. Characterization Equipment 

The functional groups were identified using an 

Agilent Cary 630 ATR-FTIR with a diamond crystal 

operating between 400 and 4000 cm-1. The X-ray 

diffractometer, type D8 Advanc, manufactured by M/s 

Bruker AXS, Germany was used to determine the Zn 

doped- TiO2 crystal structure and orientation. The surface 
morphological qualities and elemental percentage 

concentration were determined using a Zeiss scanning 

electron microscope at 40 kV and 40 mA. The size of the 

particles was determined using a Transmission Electron 

Microscope and Image J software. The Agilent Cary 60 

UV-Vis-NIR spectrometer was used to measure the 

optical characteristics. The photoluminescence intensity 

measurements were carried out using the Perkin Elmer 
Lambda 35 UV/ Vis spectrometer. The TAUC plot with 

a direct bandgap power factor was used to calculate 

bandgaps. The photovoltaic characteristics were 

measured using a Keithley 2460 source measurement 

instrument and an AM 1.5 (1000 W/ m2) LED light 

source. 

 

V. Results and Discussion 
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A.  X-Ray Diffraction 

For nanoparticles, XRD is typically employed to 

identify the crystal phase structure and estimate 

crystallite size and crystallinity [16]-[17]. The XRD 
diffraction patterns of zinc-doped titanium dioxide 

powder samples are shown in Fig. 2. Fig. 2 shows the 

XRD patterns of Zn-TiO2 powder samples doped with 

0.5%, 1%, 2%, and 5% Zn. The XRD peaks at 2θ = 25.1° 

(101), 37.8° (004), 47.1° (200), 53.4° (105), 54.5° (211), 

and 61.8° (204) are typically characterized as the typical 

diffraction peaks of the anatase crystal phase of 

tetragonal titanium dioxide structure (JCPDS No. 21-
1272) with excellent surface performance[18]. All Zn-

TiO2 samples show a pure anatase phase with no rutile 

phase or zinc ions. Due to the low Zn content, no 

additional diffraction peaks associated to ZnO develop 

even at the greatest Zn dopant concentration (5 mol %).  

Fig. 3 shows the EDX spectroscopy confirming the 

weight percentage composition of Zn-doped TiO2. 

Furthermore, Fig 2 shows that the sample doped with 0.5 
% Zn was largely amorphous, and the half-width of the 

peak (101) plane increases slightly as the doped Zn 

amount increases, indicating that the degree of 

crystallinity of samples as well as crystallite size 

decreases while the surface defect content increases. This 

could be attributed to the slight inhibition of TiO2 crystal 

formation by Zn doping during the heat treatment 

process [19]. Furthermore, the peak intensity of the (101) 
plane increases with increasing Zn doping up to 5 %, 

which can be attributed to the influence of Zn2+ into the 

TiO2 lattice structure, as previously found by 

Arunachalam et al. [20]. Additionally, with Zn ion 

insertion, XRD patterns exhibited a slight shift to lower 

angles because the ionic radius of Zn2+ (i.e., 0.074 nm) is 

greater than that of Ti4+ (i.e., 0.061 nm). It suggests that 

Zn2+ may enter the TiO2 lattice or interstitial site [21]. 
The phase composition of Zn-doped TiO2 films is shown 

to be dependent on dopant concentration. The crystallite 

size (D) for the samples containing 1%, 2%, and 5% Zn 

was approximately 12.7, 10.8, and 7.1 nm, respectively, 

as determined by the Debye Scherrer's formula in (1) 

[22] from the half width (β) of the peak at 2θ = 25.1°. 

 

                                      (1) 

 
where k is the shape factor (0.9), D is the average 

crystallite size, β is the half-width of the measured 

diffraction peak, θ is the diffraction angle, and λ is the X-

ray wavelength (0.154 nm). 

B. Fourier Transform Infrared 

The FTIR measurement of undoped and Zn doped 

TiO2 nanoparticles calcined at 550° C was performed 

using an Agilent Cary 60. The absence of O-H hydroxyl 
groups in the wavenumber range 3100-3600 cm-1 

presented in Fig. 4 can be explained by the high 

calcination temperature of 550 °C and the elimination of 

hydroxyl groups. The interactions of the hydroxyl groups 

with the NH4 and CH3 in the perovskite could reduce the 
performance of the PSC, resulting in the breakdown of 

CH3NH3PbI3 into PbI2 and CH3NH3I [23]. Sharp peaks 

related to O-Ti-O bonding between 528 and 408 cm-1 

indicate that the thin layer is crystalline. The prominent 

peak at   438 cm-1 is typical of Zn doped- TiO2 anatase 

phase nanoparticles [19]-[25]. 

 

 
Fig. 2. XRD patterns of Zn-TiO2 powder samples doped with (a) 0.5%, 

(b) 1%, (c) 2%, and (d) 5% 

 
 

Fig. 3. Elemental weight percentage compositions of (a) undoped TiO2 

(b) 0.5 mol% (c) 1 mol% (d) 2 mol% (e) 5 mol% 
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Fig. 4. FTIR results of planar Zn doped TiO2 nano particles annealed at 

550 °C 

C.  Scanning Electron Microscope 

SEM was used to examine the morphology of the 

TiO2 and Zn-doped TiO2 nanoparticles after annealing at          

550° C for 30 minutes. The top view of the SEM images 

of the TiO2 and Zn-doped TiO2 layers is shown in Fig. 5. 

Fig. 5(a) shows a porous and fairly uniform surface 
covering with no discernible pinholes created on the 

surface for the undoped TiO2 sample.  The Zn-doped 

TiO2 nanoparticles on the surface exhibit an irregular 

morphology and a conical shape as shown if Fig. 5(b)-

(e). According to the SEM images, TiO2 nanoparticle 

instability results in agglomeration, which causes the 

particles to bond. The aggregation of the nanoparticles is 

further illustrated by the SEM images showing the 

formation of clusters which appears to reduce upon 

increasing Zn doping concentration. This could also be 

attributed to the decrease in crystallite size upon 

increasing Zn doping observed by the XRD 
characterization. The surface profiles and Root Mean 

Square (Rq) values shown in Fig. 6 indicates the surface 

roughness values of the samples. Fig. 6(a) shows the 

highest surface roughness of 26.85 nm for the undoped 

TiO2 sample and lowest surface roughness of 23.4 nm for 

the 5 mol% Zn doped TiO2 layer is shown Fig. 6(e). 

It can be seen in Fig. 6(f) that the surface roughness 

rate decreased gradually from 26.85 to 23.4 nm with 
increasing Zn doping concentration from 0 to 5 mol %. 

The reason for the decrease in surface roughness and 

smoother surfaces could be due to less aggregation due to 

the dispersion of TiO2 upon Zn doping [26]-[28]. The 

surface smoothness of Zn doped TiO2 compact layer has 

a critical role in the electron transport behaviour by 

providing an improved surface interface for the 

deposition and annealing of the perovskite layer which is 

critical for improving the performance of PSC [29]. 

 

 
Fig. 5. SEM images of the (a) undoped TiO2 (b) 0.5 mol% Zn 

(c) 1 mol% (d) 2 mol% (e) 5 mol% 

 

 
Fig. 6. Surface roughness of (a) undoped TiO2 (b) 0.5 mol% 

(c) 1 mol% (d) 2 mol% (e) 5 mol% (f) surface roughness vs doping % 
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D. Transmission Electron Microscope 

The synthesized nano particles size and shape was 

further investigated by TEM and are shown in Fig. 7 

which shows the morphology and size distribution of the 

TiO2 nanoparticles ranging from 15 to 20 nm. The Zn 

doped TiO2 exhibits a homogenous spherical 

morphology. The TEM results show an increase in the 
particle size from 15.91 nm for undoped TiO2 to 20.31 

nm for 5 mol % Zn doped TiO2, this could be attributed 

to the incorporation of Zn ions into the TiO2 lattice 

structure [30]-[31]. The larger particle size reduces the 

bandgap and recombination sites in the ETL layer as the 

space between the valence and conduction bands narrows 

and electron – hole pairs are further apart and effect of 

the coulomb interaction between them is reduced [32]-

[33]. This is confirmed by the TAUC plot in Fig. 8, 

which shows bandgap narrowing as the particle size 

increases from 0 to 5 mol % Zn doping. 
 

 
Fig. 7. TEM images of (a) undoped TiO2 (b) 0.5 mol% (c) 1 mol%  

(d) 2 mol% (e) 5 mol% (f) average particle size vs doping % 

 

 
Fig. 8 Tauc Plot 

E. Energy Dispersive X-Ray 

Energy dispersive X ray spectrometry analysis of TiO2 

thin films was performed using a Zeiss scanning electron 
microscope to determine and identify the elemental 

composition and concentrations of the FTO\Zn-TiO2 

layers and is shown below in Table II.  It can be seen that 

the wt % of Zn increases from 0 to 1.08 as the molar 

percentage concentration increases from 0 to 5 mol %. 

  Fig. 3 (a)-(e) previously shows peaks for Ti, O, Zn, Sn 

and Si.  The spectra include small peaks of carbon which 

may be due to the carbon tape fixed on the SEM stub 
during characterization, no other impurities are seen. 

Overall, the EDX spectra indicates crystalline synthesis 

of Zn doped TiO2 nanoparticles. 

 
TABLE II 

ELEMENTAL COMPOSITION AND CONCENTRATIONS OF THE 

FTO\ ZN- TIO2 LAYERS 

Sample C O Si Ti Zn Sn 

Spectrum 1 

Undoped TiO2 
0 27.2 2.75 3.05 0 66.9 

Spectrum 2 

0.5 mol%-Zn 

Doped TiO2 

2.11 29.1 2.33 3.95 0.29 62.3 

Spectrum 3 

1 mol%-Zn 

Doped TiO2 

2.56 27.1 2.50 3.85 0.38 63.5 

Spectrum 4 

2 mol%-Zn 

Doped TiO2 

2.02 27.9 2.79 3.82 0.49 62.9 

Spectrum 5 

5 mol%-Zn 

Doped TiO2 

1.74 28.8 2.22 3.24 1.08 62.8 
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F. UV-Vis Spectroscopy 

The Cary 60 UV-Vis was used to collect UV-Vis 

transmission and absorption spectra. The UV-Vis 

transmission spectra of various TiO2 and Zn-doped TiO2 

thin films coated on FTO substrates are shown in Fig. 9. 

The transmission intensity of the Zn doped TiO2 thin film 

samples decreased between 380 and 550 nm when 

compared to the undoped TiO2 sample; between 550 and 

800 nm a slight increase is observed for the 2 mol % Zn 

doped sample, either than that, there is no discernible 

variation in transmission intensity. The transmission 

spectra of between 65 – 70 % over this region show a 
slight light loss when compared to the transmittance of 

the FTO substrate of between 70 – 80 %. The slight 

increase in optical transmission exhibited by the 2 mol % 

Zn doped TiO2 could be due to a decrease in surface 

roughness by the incorporation of Zn ion into the TiO2 

lattice structure [34]-[35], this slight improvement in 

optical transmission will directly increase the light 

absorption of the perovskite film. 
 

 
Fig. 9. Transmission spectra of undoped and Zn-doped TiO2 

 

The absorption spectra of TiO2 and Zn-doped TiO2 
samples are shown in Fig 10, as can be seen from the 

results there is a clear improvement in the optical 

absorption from a range of 300 nm to 790 nm with the 

introduction of Zn ions into TiO2, this also has a direct 

influence on the bandgap of the TiO2 and the Zn doped 

TiO2 layers and is shown in Fig. 8 utilizing the TAUC 

plot. 

The band gap of the undoped TiO2, Zn doped TiO2, 
and the perovskite layer was determined by plotting 

(a/hv)2 as a function of photon energy and extrapolating 

the linear region of the absorption curve as shown in Fig. 

8. The bandgap of the perovskite layer was determined to 

be 2.03 eV. The bandgaps of undoped TiO2 and 0.5, 1, 2, 

5 mol % Zn doped TiO2 are respectively 3.53, 3.48, 3.45, 

3.38, and 3.41 eV. As the mol% Zn doping concentration 

increased from 0 % to 5 %, the band gap gradually 
decreased from 3.53 eV for the undoped TiO2 down to 

3.38 eV for 2 mol%, then increased by 0.03 eV for the 5 

mol% when compared to 2 mol%. By increasing Zn 

doping concentration, the band gap of Zn-doped TiO2 

compact layers decreased and introduced a new band in 

the TiO2 bandgap. Previous results indicate that bandgap 

narrowing can shift the Fermi energy level up and lower 

the position of the conduction band, which can improve 
electron injection from the perovskite layer to the Zn-

doped TiO2 compact layer [36]. 

G.  Photoluminescence 

To gain insight into the charge transfer kinetics within 

the TiO2 and Zn-doped TiO2 thin films, 

photoluminescence intensity measurements recorded at 

room temperature (300 K) was done using the Perkin 

Elmer Lambda 35 UV/Vis spectrometer at an excitation 
wavelength of 525 nm.  

The excitation wavelength of 525 nm produced a 

photoluminescence peak at 735 nm (1.69 eV) 

corresponding closely to the bandgap of the perovskite 

film. The peak position is slightly lower (0.37 eV) than 

the bandgap value (2.06 eV) estimated from the Tauc 

plot but relatively close to the bandgap value of 1.6 eV 

reported by Kong et al for the tetragonal structure of 
CH3NH3PbI3 [37].  

According to the corresponding shape on the PL 

spectra for the undoped and doped TiO2 films, Zn doping 

does not introduce additional PL signals. The broad 

photoluminescence peak observed at 735 nm is a result 

of the radiative recombination of electrons and holes near 

the band edges [38]. This depicts the direct bandgap 

nature of the CH3NH3PbI3 film.  
In materials with a direct bandgap, the recombination 

of charge carriers leads to the emission of photons and in 

this case, it occurs at 735 nm. Additionally, Fig. 10 

shows a decrease in PL intensity from the undoped TiO2 

to the Zn doped TiO2, with 2 mol% and 5 mol% Zn 

doped TiO2 showing the strongest PL quenching 

indicating electrons can be effectively transferred to the 

perovskite layer to TiO2 thus resulting in faster charge 
transfer kinetics and less recombination. The low 

emission intensities of the Zn-doped TiO2 films confirm 

that Zn doping can reduce electron-hole recombination 

reactions. 
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Fig. 10. Photoluminescence spectra of undoped and Zn doped TiO2 

H. PSC Performance 

The J-V curves and best performance of the various 

PSCs developed are shown in Fig. 11. The open circuit 

voltage slightly improved from 0.90569 V to 0.92774 V 
when the Zn doping concentration increased from 0 up to 

2 mol%, possibly due to the lower conduction band 

position. Adding Zn ions into the TiO2 lattice structure 

raises the CB toward the absorber's LUMO level and 

enables electron injection from the absorber into the 

compact layer. When compared to undoped TiO2, the 

lower conduction band of Zn-doped TiO2 improves 

electron injection from the perovskite to the ETL layer 
and electron transport rate. Due to bandgap narrowing 

and improved charge transport, the JSC increased from      

12.21851 mA/ cm2 to 12.25594 mA/cm2 when Zn doping 

concentration increased from 0 to 2 mol%.  

The PCE of the perovskite solar cell with undoped TiO2 

has a PCE of 5.199 %. As Zn doping concentrations were 

increased to 2 mol%, the PCE increased to 5.675 % and 

FF from 48.05 to 49.4823. The PSC with 5 mol% Zn 
doped TiO2 has a slightly lower VOC, JSC, FF and PCE. 

The PCE decreased slightly to 5.5648% compared to       

2 mol% Zn-doped TiO2. A possible reason for the 

reduction in the efficiency of cells with a doping level of 

5 mol% is that this doping level moves the CB of the 

ETL by ∼0.03 eV upward. The electron injection from 

the absorber layer toward the ETL may be made easier 

by the proximity of the CB of the ETL to the LUMO of 
the absorber layer. When the CB goes higher, it moves 

away from the CB of the FTO layer. As a result, it would 

raise the recombination rate within the ETL while 

decreasing electron injection from the CB of the ETL to 

the CB of the FTO layer [39]. Additionally, the 

efficiencies are lower than reported values because the 

PSC performance could have been affected by the 

humidity under the ambient conditions of fabrication and 

characterization including the instability of the single 

cation of perovskite CH3NH3PbI3. 

 

 
 

Fig. 11. PV characteristics of Zn-TiO2 PSC’s  

VI. Conclusion 

Finally, using the sol-gel technique followed by 

thermal annealing, several Zn-doped TiO2 compact 

layers with variable Zn doping concentrations are 
successfully produced. The impact of Zn doping 

concentration on changes in structural, morphological, 

optical, and performance photovoltaic properties was 

studied systemically. The data indicates an improvement 

in surface smoothness, particle morphology, and optical 

properties and induces band gap narrowing. This 

correspondingly improves the bandgap alignment with 

the perovskite absorber layer and the PCE. With a Zn 
doping concentration of 2 mol%, the structural, 

morphological, optical, and performance properties are 

optimum. The Jsc of perovskite solar cells increased 

from 12.2185 mA/cm2 to 12.25594 mA/cm2, VOC 

decreased from 0.90569 to 0.92774 V and the PCE 

increased from 5.199 % to 5.675 %. Importantly, the Zn-

doped TiO2 PSCs developed under the mentioned 

controlled conditions allow for reasonable reproducibility 
and reliability without using an expensive glovebox and 

thermal evaporation equipment for the back metal 

contacts. 

Further study to investigate the influence of process 

conditions on the structure of TiO2 is a good starting 

point to further improve TiO2 at an ETL in PSC’s. 
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understanding how defects in the materials are created 

during fabrication is vital, as this significantly affects the 

material’s properties. Synthesized anatase phase TiO2 

nanoparticles at 550 °C consume high electrical energy 

during annealing and limit device fabrication to solid 

substrates. Investigation and optimization into low 

temperature annealing for TiO2 will allow annealing onto 

more flexible substrates such as Polyethylene (PET) and 

provide a way to develop flexible PSC, allowing for 

numerous applications. Annealing the TiO2 thin films at 

varying temperatures and studying their influence on 

crystallinity, trap states, conduction band position, 
elemental composition, and recombination will allow 

linking of annealing temperature, material composition, 

and device performance. 
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