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ABSTRACT

Dye-sensitized solar cell (DSSC) and Perovskite Solar Cell (PSC) are categorized as the
third generation in solar cell technology. Both solar cells are known for its low production
cost, simple preparation methodology, low toxicity, substrate flexibility and suitability for
indoor use. In the previous two decades, PSC has shown a very encouraging rate of
improvement in performance, rising from single digits to double digits rapidly. The Electron
Transport Layer (ETL) plays an important role in PSC through charge extraction. TiO2
material has been used as an ETL conventionally, but the process of further improving the
performance of PSC-based TiO2 ETL is nearly saturated and deadlocked. In theory, the ZnO
material possesses an energy band gap value similar to the TiO2 material, but with superior
electron mobility. This clearly shows the potential of ZnO material to replace TiO2 material
acting as photoanode and ETL for DSSC and PSC, respectively. However, previous articles
have reported that pure ZnO is still insufficient in improving the performance of solar cells.
Herein, small amounts of Al and Ni dopants are added into the ZnO layers, believed to
passivate the widely known Zn?" lattice defect in the ZnO bulk layer. In addition, the
structural features of ZnO nanorods also imply providing a higher surface aspect ratio
allowing a greater charge carrier reaction mechanism. Initially, this work started with the
simulation of complete DSSC and PSC utilizing the ZnO layer as the photoanode and ETL,
respectively using SCAPS software. The Al and Ni dopant concentrations are varied in
enhancing cell performance. Power conversion efficiency (PCE) as high as 3.96% and 3.9%
were obtained using concentrations of 3 mol% and 4 mol% for ZnO:Al and ZnO:Ni
photoanodes in DSSC, respectively. Meanwhile, PCE values of PSC reaching 17.6% and
17.58% were recorded from dopant concentration of 1 mol% for both ZnO:Al ETL and
ZnO:Ni ETL, respectively. Compatibility with other layers was also studied, suggesting the
use of Cu20 as the HTL and Pb-free CH3sNH3sSnls perovskite material as the absorber layer.
It has been discovered that the combination of Al-doped ZnO ETL with Cu20 HTL and
CHsNH3Snls absorber layer in PSC has successfully produced considerable PCE values as
high as 27.72% and 21.18% for ZnO:Al ETL and ZnO:Ni ETL, respectively. Based on
simulations and experimental evidence, the combination of a small amount of dopant into
the ZnO layer with appropriate inorganic HTL and Pb-free perovskite layers is shown to be
promising in enhancing the performance of the PSC. This study clearly has an impact in
providing guidance to researchers and industry before the full fabrication process of solar
cells is carried out.



ANALISIS BERANGKA DAN SINTESIS ZnO NANOROD DENGAN PELBAGAI
KEPEKATAN BAHAN DOP UNTUK PENAMBAHBAIKAN PENGANGKUTAN
ELEKTRON DALAM APLIKASI SEL SURIA

ABSTRAK

Sel Suria Disensitasi Pewarna (DSSC) dan Sel Suria Perovskite (PSC) dikategorikan
sebagai generasi ketiga dalam teknologi sel suria. Kedua-dua jenis sel suria ini terkenal
dengan kos pengeluarannya yang rendah, metodologi penyediaan yang mudah, ketoksikan
yang rendabh, fleksibiliti subtrat dan kesesuaian untuk kegunaan dalaman. Dalam dua dekad
sebelum ini, PSC telah menunjukkan kadar peningkatan prestasi yang amat
memberangsangkan, meningkat daripada satu digit kepada dua digit dengan pantas.
Lapisan Pengangkutan Elektron (ETL) memainkan peranan penting dalam PSC melalui
pengekstrakan cas. Bahan TiO2 telah digunakan sebagai ETL secara konvensional, namun
proses meningkatkan lagi prestasi PSC berasaskan TiO2 ETL hampir tepu dan buntu. Secara
teori, bahan ZnO memiliki nilai julat tenaga yang serupa dengan bahan TiO2, namun dengan
mobiliti elektron yang jauh lebih baik. Ini jelas menunjukkan potensi bahan ZnO untuk
menggantikan bahan TiO2yang bertindak sebagai fotoanod dan ETL untuk DSSC dan PSC.
Walau bagaimanapun, artikel sebelum ini telah melaporkan bahawa ZnO tulen masih tidak
mencukupi dalam meningkatkan prestasi sel suria. Di sini, sejumlah kecil dopan Al dan Ni
ditambah ke dalam lapisan ZnO, dipercayai memasifkan kecacatan kekisi Zn?* yang
diketahui secara umum dalam lapisan pukal ZnO. Di samping itu, ciri-ciri struktur nanorod
ZnO juga menyifatkan dalam menyediakan nisbah aspek permukaan yang lebih tinggi yang
membolehkan mekanisme tindak balas pembawa cas yang unggul. Pada mulanya, kerja ini
bermula dengan simulasi DSSC dan PSC lengkap menggunakan lapisan ZnO sebagai
fotoanod dan ETL, menggunakan perisian SCAPS. Kepekatan dopan Al dan Ni adalah
berbeza-beza dalam meningkatkan prestasi sel. Kecekapan penukaran kuasa (PCE) setinggi
3.96% dan 3.9% diperoleh menggunakan kepekatan 3 mol% dan 4 mol% untuk fotoanod
ZnO:Al dan ZnO:Ni dalam DSSC. Sementara itu, nilai PCE daripada PSC mencecah nilai
17.6% dan 17.58% direkodkan daripada kepekatan 1 mol% untuk kedua-dua ZnO:Al ETL
dan ZnO:Ni ETL. Keserasian dengan lapisan lain juga dikaji, mencadangkan penggunaan
Cu20 sebagai HTL dan bahan Pb-bebas CHsNHsSnls sebagai lapisan penyerap. Gabungan
Al-didop ZnO ETL dengan lapisan penyerap Cu20 HTL dan CHsNHsSnls dalam PSC telah
didapati berjaya menghasilkan PCE yang besar setinggi 27.72% dan 21.18% untuk ZnO:Al
ETL dan ZnO:Ni ETL. Berdasarkan simulasi dan bukti eksperimen, gabungan sejumlah
kecil dopan ke dalam lapisan ZnO dengan lapisan perovskite bebas Pb dan HTL bukan
organik yang sesuai telah menunjukkan prestasi yang menjanjikan dalam PSC. Kajian ini
jelas memberikan impak dalam memberi panduan kepada para penyelidik dan pihak industri
sebelum proses fabrikasi penuh sel suria dijalankan.
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CHAPTER 1

INTRODUCTION

1.1  Introduction
The main purpose of this research is to provide a general understanding of the
mechanism of ZnO nanorods with various concentrations of Al and Ni-doped ZnO nanorods

as photoanode and electron transport layer (ETL) in solar cell.

Apart from introducing the background problems related to the research and its
development, this chapter also discusses the background study, statement of the purpose,

problem statement, research objectives, research scope, and outline of the thesis.

1.2 Background Study

Dye-sensitized solar cell (DSSC) and perovskite solar cell (PSC) are categorized as
the third-generation in photovoltaics technology. DSSC has attracted the interest of many
researchers due to its uniqueness in terms of physical flexibility and excellent photovoltaic
performance, particularly in low-light conditions (Shalini et al., 2015). Furthermore, DSSC
is also known for its simple fabrication process and relatively low cost. In the late 1960s,
research on electrodes to produce better performance for electrochemical cells was carried
out, and it was found that light organic dyes could generate electricity on oxide electrodes.
In 1988, Brian O'Regan and Michael Gratzel developed a modern DSSC, also called a
Gratzel cell. A DSSC typically consists of a thin layer of anode coated with a suitable metal

oxide on transparent conducting oxides (TCO) glass, followed by sensitization of the metal
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oxide film with dye. The thin layer of the cathode is on a TCO glass coated with a layer of

platinum (Pt) film and an electrolyte, preferably an iodide/tri-iodide (I~ /157) solution.

In addition, organic-inorganic halide PSC also has advantages including extended
carrier diffusion, flexible band gap, and strong light absorption potential (Nair et al., 2020).
PSC has recently gained much attention in the solar cell research community, since records
show a dramatic increase in cell efficiency, improving from 3.8% to 22.1% in less than two
decades (Nair et al., 2020). It is also considered to be comparable to Si-based solar cell due
to its high cell efficiency and inexpensive fabrication methods (Nair et al., 2020).
Furthermore, the DSSC device structure is where the structure of PSC originated. The word
"perovskites" basically referred to the calcium titanate (CaTiOgs) crystal structure, which was
discovered in 1839 by German mineralogist Gustav Rose and given the name of Russian
mineralogist Lev Perovski. Since then, any substances with the same crystal structure as
calcium titanate have been referred to “perovskite”. Moreover, the calcium titanate chemical,
which has a molecular structure of type ABXs, is the source of the perovskite substance.
Where A is an organic cation (methyl-ammonium CHsNHz"), B is a metal cation (Pb2"), and
X is the halide anion. Miyasaka et al. (2009) was the first researchers to introduce
perovskite-based solar cell, which managed to obtain merely around 3.8% in cell efficiency.
In general, the liquid electrolyte used as the hole transport layer (HTL) is the cause of poor
cell performance, due to the instability of its properties. A similar experiment was conducted
by Im et al. (2011) and achieved an efficiency of 6.5%, indicating that cell performance can
be improved by the optimization process of each layer. The electron transport layer (ETL)

as a photoanode also gives a great impact in increasing the percentage of cell performance.

Herein, the zinc oxide (ZnO) nanorods with different Al and Ni-doped concentration
is introduced as the ETL to further enhance the charge carrier conduction, thereby increasing

the efficiency of cell performance.



1.3  Statement of the Purpose

The purpose of the research is to investigate the performance of dye-sensitized solar
cell (DSSC) and perovskite solar cell (PSC) with Al and Ni-doped ZnO as electron transport
layer (ETL) using solar cell capacitance simulator (SCAPS) simulation software. A variety
of crucial parameters, including layer thickness, doping concentration, operating
temperature, and defect density, were examined to attain a desirable value of power
conversion efficiency (PCE) in DSSC and PSC structures. Then, the Al-doped ZnO nanorods
are grown on the indium-doped tin oxide (ITO) substrate by a low-cost hydrothermal method.
The grown layers are then analysed in terms of electrical, structural, and optical features. It
has been recognized that a modest amount of Al and Ni as dopant materials in ZnO nanorods

ETL are capable to boost their electrical conductivity.

1.4  Problem Statement

Recently, the increase in global energy demand, depleting oil reserves and
anthropogenic climate change have driven us to seek out alternative energy sources. There
is increasing interest in renewable energy, particularly in the harvesting of solar radiation
using photovoltaics as an inexhaustible energy source. Innovative efforts have been taken to
reduce the cost of photovoltaic cells and increase the incident of photons harvesting, thereby
yielding higher cell efficiency by employing thin films as absorber layers and incorporating
nanostructured semiconductors in second-generation solar cells. Multicrystalline Silicon (Si),
Cadmium Tellurite (CdTe) and Copper Indium Gallium Selenide (CIGS) are among the thin
film technologies that have surpassed 20% in PCE (Oubda et al., 2015). However, there are
limitations to the technology, where Si as an indirect bandgap material requires light trapping

and anti-reflection techniques to compensate for the loss of photocurrent in thin films, whilst



the latter uses rare materials such as Tellurium (Te) which disrupts the industrial scalability

due to its toxic nature.

Meanwhile, DSSC and PSC are emerging technologies categorized as third-
generation solar cells which have attracted the interest of researchers due to their capability
to produce high cell efficiency at a lower cost and also not from materials that are harmful
to humans and nature. DSSC and PSC are generally similar, which consist of several layers
such as absorber layer, ETL and HTL. One of the most important layers is the ETL which is
used for electron extraction. The conventional material used as ETL in DSSC, and PSC so
far is TiO2, however, it incurs a high processing temperature of up to 450 °C for the material
crystallization, and further causes an increase in its fabrication cost. Therefore, researchers
have explored the use of ZnO as an alternative, since it is a cheaper material, and
theoretically has a higher electron mobility compared to TiO2. The conventional method of
ZnO deposition is through Physical Vapor Deposition (PVD) technique, which requires
expensive and sophisticated machine equipped with high vacuum processing. In addition,
pure ZnO thin film layers have been proven to be unable to contend with TiO2 layersas ETL,
even though they are theoretically better. Therefore, an in-depth study needs to be done by
changing the original characteristics of the ZnO layer with the addition of additives to

improve the charge transport mechanism and also, with a more cost-effective method.

In this work, the performance of DSSC and PSC with Al and Ni-doped ZnO as ETL
were studied using simulation software called 1-D Solar Cell Capacitance Simulator (1D-
SCAPS). The highest PCE values of DSSC and PSC structures were successfully obtained
by optimizing several key parameters including layer thickness, doping concentration,
operating temperature, and defect density. Then, the Al-doped ZnO nanorods are grown on
the ITO substrate by hydrothermal method. The electrical, structural and optical properties
are then analysed using I-V measurement, SEM, XRD and UV-Vis spectroscopy.
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Theoretically, ZnO has proven to be the best substitute for TiO2 due to its almost
similar bandgap value, having higher electron diffusivity and higher electron mobility of 115
cm?V1s1to 155 cm? V1 st (Kaidashev et al., 2003), which is efficient for electron transport
and reduction of recombination rate. By introducing Al and Ni dopant elements into the ZnO
film, it is believed to further enhance the charge transport mechanism in the device structure.
First principle studies show that the quality of ZnO bulk deteriorated mainly due to the Zn?*
vacancies, which requires a layer modification process. The ion radius of Zn®* (0.74 A) is
larger than that of AI** (0.54 A) and Ni?* (0.69 A), therefore a small of AI** and Ni®* can
possibly enter the lattice and replace Zn?*, thereby passivating the ZnO lattice structure. In
addition, ZnO ETL also becomes more conductive while keeping outstanding transparency
in the visible light domain with the addition of other dopants (Rahman et al., 2012; Ali et al.,

2020).

1.5  Objectives

The main objective of this research is to study various concentrations of Al-doped
ZnO and Ni-doped ZnO materials as the electron transport layer (ETL) in dye-sensitized
solar cell (DSSC) and perovskite solar cell (PSC) using 1D-SCAPS simulation software.

Specifically, the objectives of this research are:

1. To design and analyse the performance of DSSC and PSC with Al and Ni-doped ZnO
as ETL using a 1D-SCAPS software simulation.

2. To vertically synthesize ZnO nanorods ETL with various concentrations of Al on
indium-doped tin oxide (ITO) coated glass via a low-cost, low-temperature and

solution-based process.



3. To analyse the structural, electrical, and optical properties of the synthesized Al-

doped ZnO nanorods ETL for solar cell applications.

1.6 Scope of the Research

Based on those objectives, there are several scopes of work carried out for this
research. The first scope of this research is the investigation of pure ZnO, Al and Ni-doped
ZnO as photoanode and ETL in DSSC and PSC by using 1D-SCAPS simulation software.
The difference molar concentration of Al and Ni dopant are investigated in the simulation
which are 1 mol% to 4 mol% for Al dopant and 1 mol% to 6 mol% for Ni dopant. Then, the
Al-doped ZnO nanorods layer with various molar concentrations are grown on the ITO
coated glass substrate using hydrothermal technique. Lastly, structural, electrical, and optical
characterization are performed using SEM, XRD, UV-Vis, J-V characteristics, and Raman

Spectroscopy for performance verification.

1.7  Thesis Outline

This thesis consists of six chapters describing the research titled Study of Electron
Transport Mechanism in ZnO Nanorods via Dopant Additive for Solar Cell Application.
The first chapter consists of an introduction, followed by a literature review, methodology,

results, and conclusion. A summary of each content chapter is listed below.

Chapter 1 overviews the research by introducing the studied area. The previous
research regarding Al-doped ZnO nanorods and Ni-doped ZnO nanorods are identified
leading to the objectives of this research. The scope of the research is then set according to
the research activities. This chapter covers the introduction of the research entitlement,

statement of the purpose, problem statements, the scope of the research, and thesis outline.
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Chapter 2 consists of a brief literature review of the current approach and method in

DSSC and PSC working principle.

Chapter 3 explains the methodology used to implement the research. The employed
methods are described in detail such that Al and Ni-doped ZnO were simulated using 1D-
SCAPS simulation and fabrication processes for pure ZnO nanorods ETL and various
concentrations of Al-doped ZnO nanorods ETL. The device and equipment used in

experiments were also described in this chapter.

Chapter 4 describes the results obtained from the simulation throughout the research.
SCAPS is a simulation software used for the optimization process of several key parameters
with different molar concentrations of Al and Ni on the ZnO. The main parameters studied

are layer thickness, doping density, operating temperature, and defect density.

Chapter 5 explains the results obtained from the fabrication of various concentrations
of Al-doped ZnO nanorods in terms of electrical, structural, and optical properties. The
combination of these results concludes the potential of Al-doped ZnO nanorods as ETL in

DSSCs and PSCs.

Chapter 6 discussed the conclusion that obtained throughout the research. It is
followed by a brief recommendation for further action that can be taken to improve the study

in the future.



CHAPTER 2

LITERATURE REVIEW

This chapter discusses the literature review in this research work including the fundamental
of solar cells, dye-sensitized solar cells (DSSC), perovskite solar cells (PSC), Al and Ni as
doping materials with ZnO nanorods and summary of optimum parameter obtained through

SCAPS simulation.

2.1 Introduction

In recent years, DSSC and PSC have gained much attention from many solar cell
researchers due to their promising cell performance. DSSC are known for its outstanding
photovoltaic features, particularly in low-light conditions, and flexibility in color and appearance
(Shalini et al., 2015). In addition, DSSC are also known for low-cost solar cell that belong to the
group of thin film solar cells. It is based on a photoelectrochemical system in which the charge
carriers are conducted between a photo-sensitized anode and an electrolyte. Meanwhile, PSC
have advantages with long carrier diffusion, widely configurable band gap and high light
absorption potential. PSC has recently drawn a lot of interest from the research community
studying solar cells since data show a rapid rise in cell efficiency, going from 3.8% to 22.1% in
less than two decades. In addition, it is also known as an equivalent to Si-based solar cells due

to its low cost of fabrication techniques and high cell efficiency (Nair et al., 2020).



2.2 Solar Cells

Photovoltaic (PV) cells or much more widely known as solar cell generates electricity
by converting light energy into direct current electricity through the use of photovoltaic
semiconductors. The photovoltaic effect is a build-up of voltage between two electrodes that
is caused by the electron movement between different bands within a material, generally
from the valence bands to the conduction bands (Brabec, 2001). Furthermore, sunlight is the
major energy source in a solar cell, and it produces direct current (DC) voltage. The main
parameters that are used to characterize the performance of a solar cell are short circuit
current (Jsc), open circuit voltage (Voc), Fill Factor (FF), and solar energy conversion
efficiency (n) (Syed and Moiz, 2021). P-type and n-type silicon are the two types of
semiconductors used in the photovoltaic cells. A p-type semiconductor is responsible for
absorbing the material meanwhile n-type semiconductor transported the material of the
excited electron which is illustrated in Figure 2.1. A semiconducting material absorbs
photons as the initial stage in the operation of a solar cell. These absorbed photons endorse
electrons from the valence band (VB) of the p-type semiconductor to the conduction band
(CB), where it is then transported to the n-type semiconductor and incorporated into a circuit
that provides electrical energy. Difference potential in the p-n junction assures that these
electrons travel in one direction. Various types of band gaps in conducting material are

shown in Figure 2.1.
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Figure 2.1: Energy Band Gap Diagram of a Silicon p-n Junction Solar Cell

Generally, a cell is usually made up of an encapsulate either made of glass or any
other material that separates the cell components from the outside. An antireflection layer
coat helps prevent scattering incidental sunlight, hence enhancing absorption. A metallic
conductor that is the front contact grid of the next layer works as an electron collector. The
n-type semiconductor is placed next, followed by the p-type semiconductor, which both are
frequently doped silicon and other material. Finally, Ma et al. (2005) stated that the back
contact is a layer of metal that covers the rear surface of the cell. Figure 2.2 illustrates the

basic design of a solar cell.
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Figure 2.2: Basic Structure of Solar Cell

2.2.1 Summarization Structure of Solar Cell

Figure 2.3 depicts the entire construction of a typical solar cell. The various

components in solar cells are listed below (Askari et al., 2015).

J— Encapsule

—— AR Coating
Contact Grid
N-type Silicon J_
I Back Contact
P-type Silicon
Figure 2.3: Structure of Solar Cell
o Encapsule - Encapsulate that protects the cell from the environment which it is

constructed of glass or another transparent material, such as clear plastic.
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2.3

Contact Grid - Contact grid operates as an electron collector, and it is made of a
material that is a good conductor.

Antireflective Coating (AR Coating) — Light is guided into the solar cell with the
combination of a good refractive index and thickness. The light would reflect off to
the surface without this layer.

N-Type Silicon - Doping silicon (Si) with chemicals that have an additional valence
electron over Si, such as phosphorus (P) or arsenic (As) are produced by N-type
silicon. The fifth valence electron is accessible for conduction since four electrons
are required to form a bond with four nearby Si atoms.

P-Type Silicon - Chemicals like boron (B) consist of one fewer valence electron than
Si and it is usually used as doping material in p-type silicon. When Si is doped with
atoms, there are only three electrons available to form bonds with the four nearby Si
atoms, resulting in an incomplete bond that may draw an electron from a nearby atom.
As one-hole fills, a new hole develops in a different Si atom, and conduction can be
utilised by this hole movement.

Back Contact - The entire rear surface of the solar cell is covered by the metal back

contact, which serves as a conductor.

Classification of Solar Cell Technology Generations

To improve power efficiency and lower the cost of PV cell production, operation,

and maintenance, several unique types of PV cells, aside from silicon-based PV cells, are

continually being developed or improved. PV technologies are categorised into three

generations based on their technical features. The three generations of solar cell technologies

that are currently on the market are shown in Figure 2.7, and Figure 2.8 (NREL, 2022) shows

the conversion efficiencies of the best research solar cells produced in a variety of
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photovoltaic technologies from 1976 to 2020 that were approved by the global

agencies/laboratories.

2.3.1 First-Generation Solar Cells

Si wafer technology is the main component used in these first-generation PV cells.
This generation includes monocrystalline and polycrystalline silicon PV cells, and it is a
single-junction structure, which theoretically allows for a 33% efficiency. First-generation
PV cells offer the highest commercial efficiency and are used widely throughout the world
(Zhang et al., 2018). Their manufacturing process, on the other hand, is more expensive in
terms of energy usage and manpower, and their performance declines quickly at higher
temperatures. Single crystalline solar cells record for about 80% of the PV market share
(Xiao, 2017). In addition, efficiency as high as 19.8% were obtained in polycrystalline solar
cells with a honeycomb-like structure in 1998 (Zhao et al., 1998). Polycrystalline solar cells
are less efficient in comparison to crystalline solar cells. The first-generation solar cells are

currently effective and widely used among the three generations.

Figure 2.4: Examples of Multiple Crystalline and Single Crystalline Solar Cell
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2.3.2 Second-Generation Solar Cells

Despite still being single-junction devices, second-generation PV cells
manufacturing costs are much cheaper than their predecessor in terms of semiconductor
material usage. Thin-film PV technology is commonly used for the second-generation PV
cells. In contrast to first-generation solar cells, it is frequently constructed with incredibly
thin layers of semiconductor materials. Since their manufacturing procedures are
straightforward and consume fewer resources, these cells are more inexpensive than first-
generation solar cells. It is less efficient than the first-generation silicon-based cells because
it only requires fewer semiconductor materials and the main materials in this generation cell
are amorphous silicon, CdTe, and CIGS where their efficiency range from 9.4% to 13.8%
and 11% to 18.7% (Zhao et al., 2001). Second-generation PV cells contribute about 20% in
the global PV market share (Xiao, 2017). The manufacturing costs of thin-film technologies
are now the lowest for CdTe PV cells and the thin-film cells that are not silicon-based often
have a dark grey or black hue. Despite the lower cost, the production method produces

hazardous and environmentally harmful by-products (Vigil-Galan et al., 2015).
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Figure 2.5: Examples of CdTe and CIGS Films

2.3.3 Third-Generation Solar Cells

The development of high-efficiency devices that keep the thin-film technology
utilised in second-generation PV cells is the primary objective of third-generation PV cells.
These cells incorporate a variety of cutting-edge materials, including solar inks, nanotubes,
organic dyes, conductive polymers, and other novel materials to make solar PV technology
more effective and affordable. Most third-generation PV technology research and
development are currently being done in laboratories by university or industry research
organisations. Depending on the concentration ratio, single bandgap solar cells that can
outperform the Shockley-Queisser limit of 31% to 41% are referred to be the third generation
PV cell technology (Green, 2019). Thin film solar cells and crystalline Si solar cells face

several challenges in their pursuit of greater efficiency and to become a PV technology that
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fits the parameters of the golden triangle. The photons in incident sunlight must all be
absorbed to increase solar cell efficiency. However, a solar cell with a single connection is

unable to achieve this. As a result, researchers are looking into multi-junction solar cells as

a potential solution for this problem.

Figure 2.6: Examples of Dye-Sensitized Solar Cell and Perovskite Solar Cell Films
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2.4 Hybrid Solar Cells

A hybrid solar cell is a photovoltaic device that works by transferring charge between
two semiconductors such as organic and inorganic, respectively. This type of solar cell works
by transferring electrons between an inorganic semiconductor that serves as an acceptor and
an organic photosensitive dye that absorbs light as a donor of photons (Milliron et al., 2004).
These two substances are combined to form a heterojunction-type photoactive to gain a
higher PCE and lower product costs (Serap and Sariciftci, 2008). Moreover, the hybrid solar

cell also demonstrates a scalable solar power standard.

Future development of hybrid solar cells consists of some challenges even though it
has numerous advantages. Firstly, a hybrid solar cell provides a quantum efficiency of 70%
as the blue light absorbs thoroughly. Lower quantum is caused by the band gap of the
semiconductor, which seems to be larger for energy that contains red light. The contact
resistance between each layer in hybrid solar cells is produced by interfaces; this resistance
should be reduced to increase efficiency. Last but not least, Coakley et al. (2005) state that

the charge for transportation is inefficient.

2.5 Dye-Sensitized Solar Cell (DSSC)

The dye-sensitized solar cell (DSSC) employs sensitizers and wide-band-gap oxide
semiconductors to absorb electromagnetic (EM) waves in visible light. The chlorophyll-
sensitized zinc oxide (ZnO) electrode solar cell was the first DSSC reported in 1972
(Tributsch and Calvin, 1971). A more modern variation of the DSSC was introduced by
Grétzel in 1991 and is known as the low-cost thin film solar cell’(O'Regan and Grétzel, 1991).
The DSSC concept offered a technically and economically viable alternative to nowadays p-

n junction photovoltaic cells. Unlike typical solar cells, which combine photon absorber and
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charge carrier activities in a single semiconductor, the DSSC divides these two functions
into two independent materials. However, some challenges occur in DSSC where to increase
the power conversion efficiency (PCE) with better stability. The external circuit through
semiconductor photo-anode needs to be performed for the organic dye to absorb solar light.
This process capable the external circuit to generate and reached a steady flow of the current
which caused by the electrochemical effect. The main role of the semiconductor photo-
electrode in the performance of DSSC is the reduction of current in the recombination of the
photo-generated carriers where it effectively decreases the PCE of the cell. Nevertheless,
photo-anode needs to be very transparent for solar light to reach the dye molecules. DSSC
works similarly to a solar cell. The injection of an electron into the conduction band of oxide
occurs when a monolayer of organic dye is exposed to light. The organic dye is subsequently
given electrons by the electrolyte, which is typically an organic solution with redox couples,

to restore its initial electron configuration (O’Regan and Gritzel, 1991).

2.5.1 Construction and Working Principles of a DSSC

The schematic diagram working principle of a DSSC is shown in Figure 2.9. The
working electrode (WE), sensitizer (dye), redox-mediator (electrolyte), and counter
electrode (CE) are the four critical parameters for a DSSC. A sensitizer or dye-soaked
working electrode is sealed to a thin layer of an electrolyte-soaked counter electrode using

hot melt tape to avoid electrolyte leakage.
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Figure 2.9: Schematic Diagram Working Principle of a Dye-Sensitized Solar Cell (DSSC)

DSSC are typically consists of conductive transparent materials that serve as both a
substrate and current collectors during the deposition of the catalyst and semiconductor
(Mehmood et al., 2014; Andualem and Demiss, 2018). The two basic requirements for a
substrate utilised in a DSSC are that it possesses transparency more than 80% to allow most
sunlight to reach the effective area of the cell. High electrical conductivity is also necessary
for effective charge transfer and less energy loss in DSSC. Conductive substrates like
fluorine-doped tin oxide (FTO, SnO2:F) and indium-doped tin oxide (ITO, In203:Sn) are
frequently utilised in DSSC. These substrates are soda lime glass coated with indium-doped
tin oxide and fluorine-doped tin oxide layers. ITO films gain a transmittance of more than
80% and a sheet resistance of around 18 Q/cm?, whereas FTO films obtain a transmittance
of only 75% in the visible area, yet with sheet resistance of 8.5 Q/cm? (Mehmood et al.,

2014).
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The working electrode (WE) are formed by depositing a thin layer of semiconducting
oxide materials like TiO2, Nb20s, ZnO, SnO2, and NiO on a transparent conducting glass
plate composed of FTO or ITO layer. The energy band gap of these oxides is range between
3 —3.2 eV. An anatase allotropic TiOz2 is preferred over the rutile form in DSSC due to its
larger energy band gap of 3.2 eV (Grant, 1959; Roberts et al., 1978). However, other large
band gap oxides such as ZnO and Nb20s have also demonstrated a promising performance
(Sayama et al., 1998; Tennakoe et al., 1999). TiO: is frequently employed as a
semiconducting layer because it is non-toxic, affordable, and widely accessible. These
working electrodes are submerged in a mixture of a photosensitive molecular sensitizer and
a solvent since these semiconducting layers only absorb a tiny portion of ultraviolet (UV)
light. The dye is covalently attached to the TiO2 surface after soaking the film in the dye
solution. Nanocrystalline TiO2 contains a porous structure and a wide surface area, so it
absorbs light more readily than other semiconductor surfaces as a considerable number of

dye molecules start to bind there.

Dye is the part of the DSSC that has the greatest capacity to absorb incoming light.
The following photophysical and electrochemical qualities should be present in any dyed
material. First of all, the dye is luminous, including the ultraviolet-visible (UV-Vis) and near
infrared ranges (NIR) in absorption spectra dye. The lowest unoccupied molecular orbital
(LUMO), which is higher in respect to the TiO2 conduction band potential, should be placed
close to the surface of the TiOz conduction band as feasible. The highest occupied molecular
orbital (HOMO) should be farthest from the surface. Additionally, HOMO should be at a
lower concentration than redox electrolytes. The dye perimeter has to be hydrophobic to
enhance cell stability over the long term because it reduces direct contact between the
electrolyte and the anode. Otherwise, water-induced dye distortion from the TiO2 surface

may occur which decrease the cell stability. Co-absorbents such as chenodeoxycholic acid
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(CDCA) and anchoring groups like alkoxy-silyl (Fung et al., 2003), phosphoric acid (Zaban
et al.,1998), and carboxylic acid group (Nazeeruddin et al., 1993; Hagberg et al., 2008) were
located between the dye and TiOz2 to prevent the dye from aggregating on the surface. As a
result, dye aggregation is prevented, and the recombination process (Neale et al., 2005)
between redox electrolytes and electrons in the TiO2 nanolayer is limited, as well as the

development of stable linkage.

The five main elements that consist of electrolytes are redox couple, solvent,
additives, ionic liquids, and cations. The redox pair is efficiently replenishing the oxidised
and the chemical, thermal and electrochemical stability of the electrolyte is long-lasting.
DSSC components should be non-corrosive and allow rapid dispersion of charge carriers,
improves conductivity, and ensures effective contact between the working and counter
electrodes. Moreover, the absorption spectra of an electrolyte and a dye should not be
overlapped. Although 171 has proven to be a very effective electrolyte (Gao et al., 2008),
there are several disadvantages to employing it in DSSC. The 17/1° electrolyte exhibits poor
long-term stability, highly volatile, and corrodes glass/TiO2/Pt. 1t also causes
photodegradation and dye desorption (Toivola et al., 2006). As solvents with a high
dielectric constant, acetonitrile (ACN), N-methylpyrrolidine (NMP), and solvent mixtures
like ACN/valeronitrile have all been used. Then, the conduction band of TiO2 is commonly
pushed upwards by adding 4-Tert-butylpyridine (TBP), which results in higher open circuit
voltage (Voc), lower cell photocurrent (Jsc), and lower injection driving force. It is believed
that TBP on a TiOz2 surface reduces recombination by back transfer to an electrolyte (Kay
and Grétzel, 1996). The most significant disadvantage of ionic liquids (IL) is their leakage
factor. As a result, solid-state electrolytes have been introduced to overcome the

disadvantages of ionic liquid electrolytes (Wang et al., 2009). The studies on sealed cells of
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long-term light soaking have grown greatly over the years to assess the failure of the redox

electrolyte or the sealing under long-term illumination (Fakharuddin et al., 2014).

The counter electrode (CE) in DSSC is typically consist of carbon (C) or platinum
(Pt). A syringe is used to inject an electrolyte after sealing the working and counter electrodes
together. The reduction of 17/1® liquid electrolyte is catalysed by the counter electrode,
which collects holes from the hole transport materials (HTMs). Pt is primarily employed as
a counter electrode because it has produced relatively greater cell efficiencies (Gratzel et al.,
2001), but its replacement was urgently needed due to its increased cost and scarcity.
Therefore, several Pt substitutes have arisen in DSSC, such as carbon, carbonyl sulfide (CoS),
AU/GNP, and alloy CEs like FeSe and CoNi0.25, although Wu et al. (2017) also proposed

various kinds of CE.

The four fundamental processes involved in the working principle of DSSC are light
absorption, electron injection, carrier transport, and current collection (Sharma et al., 2018;
Rondan-Gomez et al., 2019). The process whereby photons are transformed into the current
is shown in Figure 2.10. A photosensitizer absorbed the incident light (photon) and made the
electrons promoted from the ground state (S*/S) to the excited state (5*/S”) of the dye due to
the photon absorption. Most of the dye in absorption is range of 700 nm which resembles
the photon energy around 1.72 eV. Next, a lifetime of nanosecond range in excited electrons
are injected into the conduction band of nanoporous TiO2 electrode which is located under
the dye of excited state. A modest amount of the solar photons are then absorbed by TiO2

from the UV region (Sharmaetal., 2018; Hong et al., 2020). Therefore, the dye gets oxidized.
S*/S+hv—>S"/S" (2.1)

S*/S" > S*/S" + e (TiOy) (2.2)
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The injected electrons are spread out among the TiO2 nanoparticles and diffuse in the
direction of the back contact. The external circuit will provide the electrons to the counter
electrode and it will reduce 75 to I~. So, the ground state of the dye in the regeneration
occurs due to the acceptance of electrons from 1~ ion redox mediator, and I~ gets oxidized
to I-5.

S*/S"+e” » S*/S° (2.3)
The counter electrode will diffuse for the oxidized mediator (I~3) and reduces to I ion.

[T53+2e™ - 31 (2.4)
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Figure 2.10: Fundamental Principle of the Dye-Sensitized Solar Cells
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2.5.2 Summarization of DSSC Performance with Different Photoanode and

Electrolyte Pairs using Fabrication Methods or SCAPS Simulation

Table 2.1 below provides an overview of the previously reported cell efficiency of

DSSC with different fabrication techniques and as well as simulation results.

Table 2.1: A Summary of Fabrication and SCAPS Simulation of DSSC Performance using

various Photoanode and Electrolyte Types

Year Types of Types of Experiments/ PCE Ref. ()
Photoanode | Electrolytes Simulation (%)
method
2022 TiO2 Redox SCAPS 5.6 Noorasid et
al., 2022
2021 | TiO2NPs/ ZnO Redox Spin Coating 5.99 | Chamanzadeh
NRs Hydrothermal etal., 2021
2020 ZnO EL-HPE Spin Coating 148 Teng and
Dyesol Bitter leaf Ahmad, 2020
2019 TiO2 Liquid SCAPS 3.91 Azizietal.,
2019
2019 | ZnO Nr/TiO2 lodine/Tri Hydrothermal 3.7~ Chou et al.,
AZO lodide Doctor blade 4.73 2009
Nanosheets/TiO2
2019 ZBL TiO2 Spin Coating 4.34 Yeoh and
Chan, 2019
2018 Zn0O lodine/Tri RF Magnetron 2.46 Onwona-
lodide Sputtering Agyeman et
al., 2018
2018 ZnO:Ni lodine/Tri Flame Synthesis 3.53 Singh and
lodide Solution Kumar, 2018
Combustion
2017 ZnO:Al Redox Spray Pyrolysis 1.02 Dhamodharan
etal., 2017
2016 ZnO Liquid Wet Precipitation 3.88 Singh et al.,
iodidef/tri- 2016
iodide
2016 | TiO2/GO + ZnO | lodine/Tri Spin Coating 3.19 Chou et al.,
lodide 2016
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2012 | ZnO:All TiO2 redox RF Magnetron 2.9 Hirahara et
Sputtering al., 2012
2011 ZnO-NS lodine/Tri CBD 7.07 Linetal.
lodide Doctor Blade 2011
2010 ZnO lodine/Tri Chemical Etching 1.18 Han et al.,
lodide 2010

2.6 Perovskite Solar Cells (PSC)

The word "perovkite” was first used to describe the crystal structure of calcium
titanate (CaTiOs), which was found by German mineralogist Gustav Rose in 1839 and called
by Russian mineralogist, Lev Perovski. The remarkable optical, electrical, thermal, and
electromagnetic properties of perovskite materials, as well as their octahedral-layered
structure, have caught the attention of researchers. Miyasaka et al. (2009) employed organic-
inorganic hybrid halide perovskites, CHsNHsPbBrs and CHsNHsPbls materials in solar cells
to replace dye pigment in dye-sensitized solar cells (DSSCs) for the first time in 2009 where
the power conversion efficiency (PCE) recorded around 3.13% and 3.81%, respectively.
Perovskite is the most widely used material in the present PV market, with a record of 26%
in efficiency (Yoshikawa et al., 2017). Generally, the photovoltaic performance of
perovskite solar cells is related to intrinsic properties like high absorption coefficient,
variable band gap, large carrier diffusion length (Dong et al., 2015), ambipolar carrier-
transport ability, and carrier mobility (Stranks et al., 2013). Organic-inorganic hybrid-
perovskite (OHIP) materials, in particular, are promising prospects for constructing efficient
and cost-effective solar cells. The general molecular formula for the perovskite light
absorption layer is ABXs, where A represents an organic-cation group like Cs*, methyl-
ammonium (MA", CHsNH3s"), formamidine (FA", CH3CH2NH3"), B represents an inorganic
cation group such as Sn?*, Pb?*, and X represents a halide anion like I, Cl, Br, etc. (Hong et

al., 2016; Saparov et al., 2016; Liao et al., 2016; Xiao et al., 2017; Yu et al., 2017). The
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formula ABXs of perovskite was obtained from the Goldschmidt tolerance factor (t) where

A, B, and X are ions that obey size restriction quantified which can be seen in Equation (2.5).

ratry

t= V2(rp+rx

(2.5)

Where 14, 15, and ry are indicated as the ionic radii. The ideal aristotype of cubic
perovskite structure can develop when t is close to unity. It is made up of corner-shared BXe
octahedra with A-cations filling in the gaps. Perovskite motifs with an edge- and face-
sharing octahedra may be preferred over the corner-sharing structure when t deviates

sufficiently from unity.

2.6.1 Fundamental Operation of Perovskite Solar Cell

A systematic diagram of perovskite-based solar cells is illustrated in Figure 2.11.
Indium tin oxide (ITO) or fluorine-doped tin oxide (FTO) which is another substance from
a transport electrode layer (ETL) was placed between the glass and the perovskite structure.
Then, a hole transporting layer (HTL) and an ETL are deposited as the next layer. A complete
circuit is formed as HTL and ETL layers combined during perovskite generate charges due
to photon absorption. According to earlier studies, each layer in the solar cell contributes a
small percentage to the improvement of PCE. The ETL is a major role in the hole process
because it collects additional electrons and prevents electron-hole recombination that occurs
in the perovskite layer. Even though TiO2 contains various disadvantages including a high
deposition temperature and poor electron extraction which causes severe hysteresis, it is still
a commonly used material in ETL. Most of the research was focused on TiOz in terms of its
optimization, deposition processes, and morphologies (Miyazawa et al., 2018; Tang et al.,
2018). Experiments for blocking the holes are carried out where the compact TiO2 layer

(You et al., 2016) is placed beneath the mesoporous TiO2 layer. A high shunt resistance as
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well as low series resistance obtained without a compact TiO2 layer which help to prevent
electron-hole recombination and increases the PCE since the ETL collected more electrons
(Paola et al., 2017). There are various methods used for deposition of the ETL which are
spin coating (Zhang et al., 2018), evaporation (Meng et al., 2018), chemical bath deposition
(Wang et al., 2018), blade coating (Zhao et al., 2016), spray pyrolysis (Chen et al., 2015),
and much more. The deposition method that operates as a blockage in the Titania layer was
based on the performance of perovskite solar cells. Yates et al. (2016) claim that the ideal
thickness is 20 nm, but it is dependent on the deposition process. Other than TiO2 material,
ZnO and other metal oxide (such as SnO2,NiO and BaSnQOz) are considered as a promising
ETL materials used in the PSC due to its high electron mobility and good performance in
suppressing the electrical shunt between the transparent electrode and the perovskite layer.
Therefore, the impact of various metal oxide materials and architectures on the efficiency of
power conversion are the subject of several studies covered nowadays (Shaikh et al., 2016;

Mali et al., 2016; Park et al., 2016; Li et al., 2016).

A direct transition of electrons occurs in perovskite-based materials that require less
energy for their passage. Several combinations of perovskite-based materials are
investigated to increase the open-circuit voltage (Voc) and energy gap reduction caused by
the significant absorption region. As an absorption region expand, more light is captured
which leads to the formation of more electron-hole pair, and output power of the cell are
increased as well as Voc (Liu et al., 2013). HTL also is an important role in improving the
performance of solar devices. Apart from that, by altering the HTL with dopants, huge efforts
have been made to increase the conductivity of HTL and reduce charge carrier recombination
at the HTL and perovskite interface. There is various type of HTL that are used for
investigation, however, the most commonly utilised material is 22, 2, 7, 7'-Terakis [N, N-

di(4-methoxyphenyl)amino]-9,9'-spirobifluorene  (spiro-OMeTAD). The low charge
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conductivity in this material is the reason for employing it and the conductivity of spiro-
OMeTAD can improve more by doping. Nevertheless, raw spiro-OMeTAD shows poor PCE
due to insufficient oxidation. In perovskite solar cells, a high oxidation time is usually
necessary to get good photovoltaic performance (Kim et al., 2019). In this case, Kim et al.
(2019) used oxygen plasma to speed accelerate the oxidation time of spiro-OMeTAD. The
perovskite phase, however, breaks down into Pbl2 when exposed to plasma; it can be
rectified by doping trivalent (p-dopants) materials and improving the hole-transport of spiro-
OMEeTAD capabilities. Metal-organic complexes, metal-oxides, organic molecules, and

other p-dopant are effective p-dopants so far (Gao et al., 2003; Qi et al., 2009).

Thin Film Perovskite Solar Cell
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Figure 2.11: Schematic Diagram of Perovskite-Based Solar Cell
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2.6.2 Summarization of PSC Performance with Different ETL and HTL Pairs using

fabrication processes and simulation findings are shown in Table 2.2.

Fabrication Methods or SCAPS Simulation

A summary for the previous research reported of cell efficiency in PSC with various

Table 2.2: Summary of efficiency with Different Types of ETL and HTL in PSC with
various Methods in Fabrication and SCAPS Simulation

Year | Types of Types of Experiments/ PCE Ref. ()
ETL HTL Simulation methods (%)
2022 TiO2 P3HT 22.5 Chabri et
al., 2022
2021 ZnO Cul SCAPS 22.04 | Owolabi et
al., 2021
2021 | Zn(Ooz3, So.7) CuSCN 25.94 | Taraetal,
2021
2021 ZnO-NR Cu20 19.6 Hussain et
al., 2021
2019 TiO2 Spiro- 27.30 Zaman et
ZnO OMeTAD 2615 | al., 2019
2017 ZnO PEDOT:PSS Sol-Gel 18 Anetal.,
2017
2017 | mp-TiO2/c- Spiro- 18.1 Wang et
TiO2 OMeTAD al., 2017
2016 CuSCN Spray pyrolysis 16.6 Madhaven
etal., 2016
2016 FDT 20.2 Saliba et
al., 2016
2014 PTAA 16.1 Ryu et al.,
2014
2017 TiO2 CuGaOz2 18.51 Zhang et
al., 2017
2015 PTAA 17.2 Heo et al.,
2015
2014 TiO2 Spiro- Spin-Coated 154 Guo et al.,
OMeTAD 2014
2013 P3HT 12.4 Abrusci et
al., 2013

30



2015 TiO2 Spiro- Screen printing 11.7 Mahmood
OMeTAD C60 treatment et al., 2015
2016 TiO2 Carbon ALD 7.82 Huetal.,
2016
2016 | PCBM/TIO2 NiO ALD 8.8 Kimetal.,
2016
2017 TiO2 PTAA Sputtering 1588 | Malietal.,
2017
2017 | TiO2/ZrO2 spiro- Spin-coated 17.88 | Escobar et
OMeTAD al., 2017
2016 | TiO2/BaTiOs Spiro- TiCly treated 12.4 Okamoto
OMeTAD etal., 2016
2017 ZnO P3HT Spin-Coated 8.77 Mahmud et
al., 2017
2017 SnO2 Spiro- 15.13 Renetal.,
OMeTAD 2017
2017 Nb-SnO Spiro- 17.57 | Shinetal.,
OMeTAD 2017
2017 TiO2 Spiro- 21.3 Choetal.,
OMeTAD 2017
2014 PCBM NiO Vacuum evaporation 11.6 Wang et
Sputtering al., 2014
2016 PCBM NiO Spin-coated 13.43 Yinetal.,
2016
2017 NiO 15.15 | Islam et al.,
2017
2017 PEDOT:PSS 15.32 | Hendriks et
al., 2017
2017 Ceo PTAA Vacuum Evaporation 19.5 Linetal.,
2017
2018 | TiO2/r-GO Spiro- Spin-Coated 145 Shiand
OMeTAD Jayatissa,
2018
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2.7  Effect of Aluminium Doping and Nickel Doping on Nano-Structural ZnO Thin

Films

The main operation of doping is introducing impurities into the crystal structure of a
semiconductor to improve conductivity and affect some of its properties (Werner et al.,
2016). Boron (B), aluminium (Al), indium (In, trivalent elements), phosphorus (P), arsenic
(As), and antimony (Sh, pentavalent elements) are extensively used dopants for elemental
semiconductors like silicon (Si) and germanium (Ge) (Euvrard et al., 2021). The dopant is
integrated into the lattice structure of the semiconductor crystal during the doping process.
The amount of valence electrons in the dopant determines the type of doping that can be
accomplished (Fulay and Lee, 2016). P-type doping is achieved by doping a semiconductor
with a trivalent element, whereas n-type doping is achieved by employing a pentavalent
element. Electrons are the predominant charge carriers in n-doping, whereas, in p-doping,
holes are the main charge carriers. The conductivity of a suitably doped silicon crystal can

be improved by a factor of 10° (Devadiga et al., 2021).

ZnO or impurity-doped ZnO has been widely investigated as an alternative ETL due
to its chemical stability, lack toxic, low cost, and ease of availability in nature (Werner et al.,
2016). In addition, the band gap of ZnO can be changed by replacing the cation site with
divalent Cd, resulting in a band gap of 3.0 eV (Euvrard et al., 2021). Magnesium oxide
(MgO) can be added to increase the band gap (Fulay et al., 2016) and Al-doping in ZnO thin
films can also produce a tune-able band gap. Based on Rahman et al. (2012) research, nano-
structural Al-doped ZnO on the thin films were deposited with different morphologies and
it was place on a glass substrate using a spray pyrolysis method. The measurement was used
to analysis the spectrograms of the fabricated films of different concentrations of Al is X-
Ray Diffraction (XRD) (Tundermann et al., 2000; Rahman et al., 2012; Kabir et al., 2019).

The result that was found is the grown films are single phase except for the film of 4 mol%
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Al-doped. Moreover, the XRD result shows that no extra phases are present in the sample
up to 3 mol% of Al doping, which indicates AI** ion substitutes Zn?* sites. A new weak peak
occurs when the doping exceeds 3 mol% of Al and it is observed around ~22 Deg. of 26
scale leads to reveal the formation of the Al2Os phase. Therefore, the limitation of the
solubility needs to be 3 mol% of Al in ZnO. Figure 2.12 and Figure 2.13 (Rahman et al.,
2012) show the study of optical transmission spectra in films of pure ZnO (0 mol%) and Al-
doped ZnO consisting of several concentrations such that 1 mol%, 2 mol%, 3 mol%, and 4
mol%. The lower wavelength transmission region increases sharply at first, then decreases
slowly after the absorption edge in the higher wavelength region. It is also discover that as

the amount of Al-doped in ZnO increases, the anticipated band gap energies decreases.
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Figure 2.12: Variation of Transmittance with Wavelength (a) and (chv)? with
Photon Energy (b) for Al-doped ZnO
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Figure 2.13: Nano-belts, Stacked Nano-Belts, Nano-Walls, Nano-Rods, and Nano-
Nunchakus are some of the Morphologies of Al-doped ZnO Films

The Van-der Pauw method was used to determine the hall voltage on ZnO and Al-
doped ZnO thin films in a constant magnetic field of 9.75 kg. Throughout the study, Rahman
et al. (2012) state that up to a doping concentration of 3 mol% of Al decreases in Hall
coefficient and increases at 4 mol%. The samples in the carrier concentration increase slowly

with doping but begin to decrease at 4 mol% of Al.

Contrarily, Nickel (Ni), which is a member of the 4" period and 10" group of the
periodic table, is a transition metal element along with Iron (Fe) and Cobalt (Co). Nickel is
a good heat and electrical conductor. It is also well known that transition metals gradually
lose their powerful metallic characteristics. Even though the oxidation states +3 and +4 are
known, the oxidation state +2 is the most relevant for nickel (Aboud et al., 2019). Nickel has
low electro negativity indicating that it has a good affinity for combining with other elements.
Ni%* (0.69 A) and Zn?* (0.74 A) have very similar ionic radii and have the same valence and

structure (Rashid et al., 2019). Ni?* is expected to be easily substituted by Zn?* in the ZnO
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lattice without affecting the hexagonal structure of the material. As a result, Ni-doped ZnO
thin films could be an effective material for getting excellent electrical, optoelectronic,
thermal, and visual luminescence properties. Figure 2.14 and Figure 2.15 (Ali et al., 2020)
show the previous result of optical transmission spectra obtained in films of pure ZnO (0
mol%) and Ni-doped ZnO that consists of several concentration of Ni such that 1 mol%, 2

mol%, 4 mol%, and 6 mol%.
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Figure 2.14: Transmittance (left scale) and Reflectance (right scale) of ZnO and Ni-
doped ZnO Thin Films as a Function of Wavelength
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Figure 2.15: SEM Micrographs at Magnification ff 15000X for ZnO (a), 1 mol%
(b), 2 mol% (c), 4 mol% (d), and ©% (e) Ni-doped ZnO Nano-Fibers. Inset shows the
SEM images at a Magnification of 40000X

2.8 Summary of Optimum Parameters from Previous Researcher

It is well known that ZnO, has higher electron mobility, a similar bandgap, and lower
processing temperatures than TiOz, thus it is a suitable material to replace TiO2 as a
photoanode and electron transport layer (ETL) in DSSC and PSC (Lin et al., 2019; Luo et
al., 2018). However, the cell performance was found to be constrained by substantial charge
recombination that can occur, which primarily relies on two fundamental semiconductor
equations, namely the Poisson equation and the continuity equation of electrons and holes
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under steady-state conditions (Samiul Islam et al., 2021). So, a small amount of doping
material with ZnO in DSSC and PSC is able to improve the physiochemical properties of
ZnO and further increase the PCE (Rahman et al., 2012; Ali et al., 2020). One of the simplest,
cheapest, and most highly regarded techniques to comprehensively analyse and optimize the
response of solar cells is simulation. A 1-dimensional solar cell capacitance simulator
(SCAPS-1D) was chosen by most previous researchers. The summary of various optimum

parameters from SCAPS simulation acquired by previous researchers were listed in Table

2.3.
Table 2.3 Summary Various of Optimum Parameters from Previous Researchers
Types of Thickness 3 o References
Solar Cells (nm) B (eV) No (em™) | PCE (%) 0
Magiswara
- 18
D)_/e_ 180 3.09 1x10 2.07 etal., 2022
Sensitized
Solar cell Teng and
(DSSC) 104 K T 1x10%8 1.73 Ahmad,
2020
Owolabi et
18
55 3.3 1x10 22.04 al., 2021
Tara et al.
18 ’
10 2.83 1x10 25.94 2021
Perovskite 17 Hussain et
Solar Cell 50 3.2 1x10 19.6 al., 2021
Son and
18
100 3.3 1x10 23.07 Jeong, 2022
Yang et al.
15 )
115 3.1 1x10 6.25 2023
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CHAPTER 3

METHODOLOGY

This chapter covers the methodology involved in this work, beginning with the simulation
of complete DSSC and PSC utilizing Al and Ni as dopants into ZnO, which serves as
photoanode and ETL. The simulation is performed using a well-established SCAPS-1D
software, optimizing key parameters in improving the cell efficiency performance. Then,
ZnO:Al which acted as ETL was synthesized using the hydrothermal method. The
synthesized ZnO:Al was then characterized in terms of optical, electrical, and structural
properties. The amount of dopant in Al for both simulation and fabrication were varied to

further understand the effect towards enhancing the cell performance.

3.1  Flow Chart of the Research

Figure 3.1 and Figure 3.2 shows the flow chart of simulation and fabrication
throughout the research. First of all, the simulation process was carried out using SCAPS
software by investigating pure ZnO and various concentrations of Al doped ZnO (ZnO:Al)
and Ni doped ZnO (ZnO:Ni) as electron transport layer (ETL) in dye-sensitized solar cell
(DSSC) and perovskite solar cell (PSC). It was found that concentrations 1 mol% of ZnO:Al
and ZnO:Ni was obtained the highest in PSC and the optimal parameters of 1 mol% of
ZnO:Al and ZnO:Ni were used to investigate various type of inorganic materials as hole

transport layer (HTL) and lead-free materials as absorber layer. Then, the fabrication for
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pure ZnO and various concentrations of ZnO:Al and ZnO:Ni ETL was performed using the

specific equipment mentioned in subtopic 3.5.

.| Simulation Parameters — Parameters for complete DSSC and PSC were
taken from previous work.

F 3

iYES

SCAPS — Parameters were investigated using SCAPS software
NO |

NO

ETL layer investigation —
various concentrations of ZnO:Al
(1 mol% - 4 mol%) and ZnO:Ni (1
mol% - 6 mol%) were investigated
in DSSC.

ETL layer investigation — various
concentrations of ZnO:Al (1 mol% - 4
mol%) and ZnONi (1 mol% - 6 mol%)
were investigated in PSC.

HTL and Absorber layer
investigation — various concentration
of inorganic materials as HTL and
lead- free as absorber layer were
investigated in PSC by using optimal
patameters of 1 mol% ZnO:Al and
ZnONI.

lYES

PCE Observation — Efficiency obtained
through the simulation were observed
with previous work.

Figure 3.1: Flow Chart of Simulation throughout the Research
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NO

NO

Simulation Process — Simulation was investigated as listed in Figure 3.1.

Y

Fabrication Method — Measuring
resistivity substrate, labelling ITO

substrate, seeding process. annealed
on hotplate, and growth process.

Equipment and Materials Setup — Specific equipment and
materials used for synthesis of Al-doped ZnO nanorods ETL.

Al doped ZnO growth optimization
— Pure ZnO nanorods and
Cocentrations of 1 mol% - 4 mol% of
ZnO:Al were annealed in the oven 9
hours at 90 °C.

Optical, electrical and structural
device characterization — Specific
equipment used for analysed all the
substrates like SEM, XRD. UV-Vis
and Keithley 2401 source meter.

Figure 3.2: Flow Chart of Fabrication of ZnO:Al ETL
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3.2 Introduction to SCAPS

In this study, the performance of solar cells was simulated using a one-dimensional
computer simulation program called Solar Cell Capacitance Simulator (SCAPS), developed
by several researchers from the University of Gent in Belgium, including Alex Niemegeers,
Marc Burgelman, Koen Decock, Johan Verschraegen, and Stefaan Degrave. This software
is one of the most reliable tools in simulating solar cell devices that produce Power
Conversion Efficiency (PCE). Simulation results provide reliable guidelines prior to cell
fabrication, enabling a fast, cost-effective, and simple procedure. Initially, the SCAPS
software was developed to design CulnSe2 and CdTe type of solar cell families. Over the
years, the program capabilities have been enhanced and it can now work with a numerous
type of solar cells including crystalline solar cells (Si and GaAs family, amorphous cells (a-
Si and micromorphous Si), including emerging solar cells of PSC and DSSC (Ahmed et al.,
2020). In addition, this software can be used to simulate the behaviour of multilayer solar
cells and its simulation results are illustrated in a variety of diagrams and outputs, including

the I-V curve, QE, C-V, and C-f.

Generally, the basic output in SCAPS software were open circuit voltage (Voc), short
circuit current (Jsc), fill factor (FF) as well as PCE (n). Here, Poisson's (3.1), continuity
equations for holes (3.2), and continuity equations for electrons (3.3) serve as the basis
equation in this simulation program. Where D is represented as diffusion coefficient, v is
electrostatic potential, g is electron charge, G is generation rate, ¢ is permittivity, and n, p,
n:, and p, are free holes, electrons, trapped holes and electrons. While, ionised acceptor-like
doping concentration stands for N, and ionised donor-like doping concentration stands for
N, (Chihi etal., 2017). Figure 3.3 shows the action panel (a) and the definition panel (b) for

the parameter investigation of the solar cell structure.
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Figure 3.3: Action Panel (a) and Example of Structure of Solar Cells (b) in SCAPS
Simulation
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3.3  Dye-sensitized Solar Cell (DSSC) Simulation

DSSC is categorized as the emerging solar cell, which consists of several layers. Here,
the DSSC with Aluminium doped ZnO (ZnO:Al) and Nickel doped ZnO (ZnO:Ni)
photoanode are analysed using SCAPS simulation software, where it is considered as a solid-
state device for simulation purposes. The basic structure of the simulated DSSC device
consists of five layers which are indium-doped tin oxide (ITO), ZnO:Al or ZnO:Ni as
photoanode, N719 dye as dye-sensitizer, redox as electrolyte and platinum (Pt) as back
contact. The structural layers and energy levels of each layer are as shown in Figure 3.4 and
Figure 3.5, respectively. In general, SCAPS software is capable to simulate each of the layers
in solar cell devices, yet the most impactful layers such as the absorber and buffer layer are
mostly analysed. The basic output parameter of the simulated cell are including open circuit
voltage (Voc), short circuit current density (Jsc), fill factor (FF), and efficiency (n). Herein,
the cell efficiency output parameters are studied at different concentrations of Al and Ni into
the ZnO photoanode, focusing on the optimal parameters of layer thickness, doping density,
operating temperature, and defect density. Various concentrations of Al and Ni in the ZnO
photoanode layer, varied in the range of 1 mol% to 6 mol%. The input parameters for the
simulated layers in SCAPS for basic ZnO-based DSSC and ZnO:Al and ZnO:Ni photoanode
DSSC are based on previous studies and are shown in Table 3.1 (Rahman et al., 2012;
Jahantigh and Safikhani, 2018; Mehrabian and Dalir, 2018; Aseena et al., 2020) and Table

3.2 (Rahman et al., 2012; Ali et al., 2020), respectively.

In this work, the layer thickness analysis of each concentration of ZnO:Al and
ZnO:Ni photoanode were varied in the range between 5 nm to 1000 nm, while other
parameters fixed. As for doping density analysis, it consists of difference values in each
concentration of ZnO:Al and ZnO:Ni due to the software capability, yet still within

acceptable values. The donor doping concentration (Np) for pure ZnO, ZnO:Al and ZnO:Ni
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are varied is a range as shown in Table 3.3 (Rahman et al., 2012; Ali et al., 2020; Aseena et
al., 2020), while keeping the other parameter. Next, as the solar cell is placed outside, under
the rays of the Sun, which is at a different temperature for each time and location. So, the
operating temperature analysis for both ZnO:Al and ZnO:Ni DSSC are performed in a
reasonable temperature, ranging from 300 K to 400 K. Lastly, the interface defect density at
the interface layer between DSSC/photoanode and electrolyte/DSSC was also investigated.
The interface defect density for pure ZnO, ZnO:Al and ZnO:Ni was varied from 1x10° cm-

2 to 1x10%° cm2, while the other parameters are fixed.

\_;"‘-;a
- AN -
".. '

Zn0O:Al or ZnO:Ni
Glass

Redox
Pt (metal contact) ———

Figure 3.4: Layer Structure of DSSC with ZnO:Al and ZnO:Ni in SCAPS
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Figure 3.5: Energy Level Diagram of Each Layer of Simulated DSSC

Table 3.1: Parameters for the DSSC Layer

ITO ZnO N719 Dye Redox
Thickness (nm) 60 220 500 100
Eg (eV) 3.6 3.28 2.37 1.9
X (eV) 4.1 4.4 3.9 3.79
& & 10 9 30 10
N¢ (cm™3) 2.2x1018 2x10'8 2.4x10%° 6.02x10%
Ny (cm3) 1.8x10%° 1.7x10% 2.5%x10%° 6.02x10%
pe (cM?/\Vs) 50 43.00 5 0.1
ph (CM2/Vs) 75 25 5 0.3
Np (cm™) 1x10%° Variable 0 1x10%°
Na (cm) 0 0 1x10Y 1x10%
Ve (cm s?) 1x107 1x107 1x107 1x107
Vh(cm s?) 1x107 1x107 1x107 1x107
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Table 3.2: Parameters for every Concentration of ZnO:Al and ZnO:Ni

Concentration of Al (mol%o)

Concentration of Ni (mol%o)

1 2 3 4 1 2 4 6
Thickness | 220 220 | 220 220 180 180 180 180
(nm)
Eg (eV) 325 | 3.1 3.08 | 3.05 3.18 | 3.16 | 3.14 | 3.13
X (eV) 4.4 4.4 4.4 4.4 4.4 4.4 4.4 4.4
& & 9 9 9 9 9 9 9 9
Nc(cm3) 2x 2% 2x 2x 2x 2x 2x 2%
10'8 108 10'8 10'8 1018 1018 1018 1018
Ny (cm3) 1.7x | 1.7x | 1.7x | 1.7x 1.7x 1.7x | 1.7x | 1.7x
1019 1019 1019 1019 1019 1019 1019 1019
e 14.03 | 13.84 | 13.35 | 15.02 | 36.73 | 37.01 | 35.49 | 55.39
(cm?/Vs)
Mh 25 25 25 25 25 25 25 25
(cm?/\Vs)
Np (cm®) | Varia | Varia | Varia | Varia | Varia | Varia | Varia | Varia
ble ble ble ble ble ble ble ble
Na (cm3) 0 0 0 0 0 0 0 0
Ve(cm s1) | 1x107 | 1x107 | 1x107 | 1x107 | 1x107 | 1x107 | 1x107 | 1x107
Vh(cms?) | 1x107 | 1x107 | 1x107 | 1x107 | 1x107 | 1x107 | 1x107 | 1x10’
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Table 3.3: Simulation Optimization Range of Donor Doping Density (Nb) of Pure ZnO,
ZnO:Al and ZnO:Ni

Samples Donor Doping Density (Np) (cm™)

Pure ZnO 2.9x10%? — 2.9x10%°
ZnO:Al (1 mol%) 7.25x10%2 — 7.25%10%°
ZnO:Al (2 mol%) 1.026x10% — 1.026x10%°
ZnO:Al (3 mol%) 1.463x10% — 1.463x10%°
ZnO:Al (4 mol%) 1.06x10* — 1.06x10%°
ZnO:Ni (1 mol%) 6.09x10'? — 6.09%x102%°
ZnO:Ni (2 mol%) 7.53x10%2 — 7.53x10%°
ZnO:Ni (4 mol%) 8.14x10'? — 8.14x10%
ZnO:Ni (6 mol%) 8.80x10*2 — 8.80x10%°

3.4  Perovskite Solar Cell (PSC) Simulation
Fundamentally, the PSC originated from the DSSC, by exchanging the organic
absorber layer and electrolyte with the perovskite layer and hole transport layer, respectively.

The ZnO layer acts as both the photoanode and ETL in DSSC and PSC.

Here, the ZnO ETL-based PSCs have also been simulated using SCAPS software.
The PSC structure consists of five layers; ITO, ETL (ZnO:Al or ZnO:Ni), absorber layer
(methylammonium lead halide (CHsNHsPbls) or methylammonium tin halide
(CH3NHsSnl3)), HTL (spiro-OMeTAD, copper (1) oxide (Cuz0), copper (1) iodide (Cul),
copper (I) thiocyanate (CuSCN) or PEDOT:PSS), and back contact (platinum (Pt)). The
structure of the simulated PSC and each of the energy band diagram materials were shown

in Figure 3.6 and Figure 3.7, respectively.
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Figure 3.7: Energy Level Diagram of Each Layer Simulated PSC
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3.4.1 Al and Ni Dopant Concentration Dependence in ZnO ETL-based PSC

Firstly, different dopant concentrations of ZnO:Al and ZnO:Ni ETL ranging from 0
mol% to 4 mol% and 0 mol% to 6 mol% were investigated using CHsNH3sPbls and spiro-
OMEeTAD as an absorber layer and the HTL, respectively. The main parameters focused on
this study are layer thickness, doping density, operating temperature, and defect density,
where the output results show the performance of the cell. The layer thickness for each
concentration of ZnO:Al and ZnO:Ni was varied between 5 nm to 1000 nm, while other
parameters remained constant. The doping density in each concentration of ZnO:Al and
ZnO:Ni were taken as shown in Table 3.3 (Rahman et al., 2012; Ali et al., 2020; Aseena et
al., 2020). Operating temperature analysis for both ZnO:Al and ZnO:Ni-based PSC were
performed in the range of 300 K to 400 K, to observe the real-world cell performance for
relevance. As for defect density, the analysis was carried out at the interface layer of absorber
layer/ETL and HTL/absorber layer. It is well known that the defect density affects the
interface layer quality, and thus has a significant impact on the performance of solar cells.
Therefore, the study of the interface layer is performed, where the defect density for the

simulated PSCs were investigated in the range from 10*° cm? to 10%° cm2.

3.4.2 Different Types of HTLs in ZnO:Al and ZnO:Ni-based ETL in PSC

To achieve better cell performance and stability, the selection of suitable HTL
materials plays an important and major role. Various organic HTL such as spiro-OMeTAD,
PTAA, and P3HT have been utilized to produce larger open-circuit voltages to achieve
greater efficiency. Therefore, these HTLs have been the subject of numerous studies and
reports. Industrial growth and the market potential of PSC are currently hampered by great
costs and an imbalance in water, heat, and light for organic HTL. An alternative HTL that is

both inexpensive and reliable in many kinds of environments is essential to overcome these
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limitations. Inorganic HTLs are among the most affordable, abundant, non-toxic, and
energy-efficient types that have been reported previously (Ma et al., 2005; Askari et al.,
2015; NREL, 2022). So, several inorganic HTL materials such that Cu20, Cul, CuSCN, and
PEDOT:PSS were studied in this work to find the best efficiency values using SCAPS
simulation software. The input parameters are based on previous reports and are listed in
Table 3.4 (Hossain et al., 2015; Hui-Jing et al., 2016; Chatterjee and Pal, 2016; Gharibzadeh
et al., 2016; Jung et al., 2016; Liu et al., 2018; Coulibaly et al., 2019). Here, the parameter
of ZnO:Al ETL and ZnO:Ni ETL-based PSC is obtained from previous optimization as
mentioned in subsection 3.3.1 using conventional CHsNH3sPbls as the absorber layer. Layer
thicknesses for all HTL materials for both ZnO:Al and ZnO:Ni ETL-based PSCs were
investigated in the range of 50 nm to 1000 nm. Then, the acceptor doping (Na) for all HTLs
were varied between 2.38x10%° cm™ to 2.38x10%° cm3, while the other parameters were
fixed. In addition, the operating temperature study was performed from 300 K to 400 K.
Finally, the interface layer defects between PSC/ETL and HTL/PSC were also investigated

from 1x10°cm to 1x10%° cm2.
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Table 3.4: Parameters for HTL Material, Absorber Layer and Optimum Concentration
1 mol% of ZnO:Al and ZnO:Ni

Spiro | Cu20 | Cul | CuS | PEDOT: | CH;NH; | ZnO:Al | ZnO:Ni

OMe CN PSS Pbl, (1 (1
TAD mol%) | mol%o)
Thickness | Varia | Varia | Vari | Vari | Variable 400 50 50
(nm) ble ble | able | able
Eg (eV) 3.17 | 217 | 298 | 34 2.2 1.55 3.25 3.18
X (eV) 2.05 3.2 21 | 1.9 2.9 3.9 4.4 4.4
& & 3 6.6 6.5 | 8.2 3.0 10 9 9
Ne(ecm?3) | 2.2x | 25x | 2.8x | 1.7x | 2.2x10'® | 2.75x | 2x10"” |3x10"
1018 1020 1019 1019 1018
Ny(cm3) | 1.8x | 25x | 1.0x | 25x | 1.8x10'® | 39x10" | 1.8x10"° | 1.7%
1019 1020 1019 1021 1019
e 2X 80 | 1.7x | 1x 0.02 10 14.03 36.73
(cm?/Vs) 104 g | D
Mh 2X 80 2x 0.1 0.0002 10 31 31
(cm?3/Vs) 104 10
Np (cm?) 0 0 0 0 0 0 7.25x 6.09x
1018 1018
Na(cm=?) | Varia | Varia | Vari | Vari | Variable 1x10° 0 0
ble ble | able | able
Ve 1x | 1x107 | 1x | 1x | 1x10’ 1x10° 1x10" | 1x10
(cms™) 107 107 | 107
Vh 1x | 1x107 | 1x 1x 1x10’ 1x10’ 1x10’ 1x10’
(cms?) 107 107 | 107

3.4.3 Different Types of Absorber Layers in ZnO:Al and ZnO:Ni-based ETL in PSC

The absorber layer has a significant impact on the effectiveness of the solar cell
device. Therefore, the study of different types of absorber layers, namely CHsNHsPbls and
CHsNHsSnls was conducted in this research. A concentration of 1 mol% ZnO:Al and
ZnO:Ni was employed as ETL, while the Cu20O material was used as HTL since it has
obtained the highest efficiency compared to other HTL materials, and the input parameters
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are shown in Table 3.5 (Hossain et al., 2015; Hui-Jing et al., 2016; Coulibaly et al., 2019).
The cell performance is studied in terms of the layer thickness, acceptor density, operating
temperature, and defect density of these absorber layers. The thickness of the absorber layer
was varied from 50 nm to 1000 nm to obtain the highest cell efficiency. The acceptor density
(NAa) of the holes in the absorber layer has a considerable impact on the device performance
of the solar cells. Thus, the acceptor density for each absorber layer was observed in the
range of 2.13x10° cm to 2.13x10%° cm3. The operating temperature in the simulation was
studied in the range of 300 K to 400 K while all other variables remained constant. The
photovoltaic efficiency of the generated solar cells was further examined about the defect
density at the absorber layer/ETL and HTL/absorber layer interfaces. The density of the

defects were varied from 10'° cm to 10%° cm.
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Table 3.5: Parameter for Optimum Cu20, Concentration 1 mol% of ZnO:Al and ZnO:Ni,
and Different Types of Absorber Layer

Cu0 Cu20 | CH3NH3sPbls | CH3NHsSnls | ZnO:Al | ZnO:Ni
(Zn0O: | (Zn0O: (1 mol%) | (1 mol%)
Al) Ni)
Thickness 1000 900 Variable Variable 50 50
(nm)
Eg (eV) 2.17 2.17 1.55 1.3 3.25 3.18
X (eV) 3.2 3.2 3.9 4.17 4.4 4.4
&€&, 6.6 6.6 10 8.2 9 9
N (cm) 2.5x | 25x10%| 2.75x 10 1x10%8 2x10% 3x10%8
1020
Ny (cm™3) 2.5x | 2.5x10% 3.9x10'8 1x108 1.8x10%° | 1.7x10%
1020
pe (cmM?/Vs) 80 80 10 1.6 14.03 36.73
ih (Cm?/Vs) 80 80 10 1.6 31 31
Np (cm®) 0 0 1x10° 0 7.25x10*® | 6.09x10'®
Na(cm3) | 1x10%° | 1x10% Variable Variable 0 0
Ve (cms?) | 1x107 | 1x10’ 1x10’ 1x10’ 1x10’ 1x107
Vi (cms?) | 1x107 | 1x10’ 1x107 1x107 1x107 1x107
3.5 Equipment and Materials used in Fabrication

In this work, there are specific equipment and materials used for the synthesis process

of Al-doped ZnO nanorods ETL layer by hydrothermal method. Details of the equipment

and materials are shown in Table 3.6.
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Table 3.6: List of Equipment and Materials used in the Synthesis of Al-doped ZnO
Nanorods Layer

Equipment Ultrasonic bath (GT Sonic)

Digital multimeter (ProsKit)

Ceramic magnetic stirrer (Brandon)

Precision Balance

Oven (Memmert)

Beaker

Syringe

Stainless steel tweezer

Diamond glass cutter

Magnetic stirrer bar

Spatula
Chemical Materials Ethanol (C2HsOH)

Acetone (C3HsO)

Deionized water (H20)

Zinc Nitrate Hexahydrate (Zn(NO3)2.6H20)

Zinc Acetate Dihydrate (Zn(CH3CO2)2:2H-0)

Aluminium chloride hexahydrate (AICIsH1206)
Sodium hydroxide (NaOH)

Hexamethylenetetramine ((CH2)sNa4)

For structural analysis, the fabricated Al-doped ZnO nanorods underwent several
characterizations including SEM and XRD. Then, the optical features of the samples were
analysed using UV-Vis spectroscopy. Lastly, the electrical properties of the fabricated layers
were then measured using Keithley 2401 source meter. Table 3.7 shows the listed equipment

its general functionality.
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Table 3.7: Equipment used to Observe the Quality Samples

Equipment Function
Scanning Images processed with SEM
Electron examine the intricate

Microscope structure of solar cells. SEM

(SEM) can reveal the layer structure

of Al-doped ZnO nanorods
more clearly down to the
nanometer  regime. The
structure of each nanorods
can be measured in terms of
the length and width.

X-ray Diffraction | XRD assists in determining

(XRD) the geometry or structure of
the molecules. Long-range
order  exists in  the
phenomenon  of  elastic
scattering of X-rays from
material atoms. It also helps
to understand the crystalline
phases present in the sample.

Ultraviolet-visible | The amount of light that can
spectroscopy be absorbed by each molecule

(UV-Vis) can be measured
quantitatively using UV-Vis.
This measurement is

performed by comparing the
amount of light passing
through the sample with the
reference blank sample.
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-V The electrical properties of
Characteristics | the synthesized ZnO
(Keithley 2401 | nanorods layers are
source meter) | determined by a Keithley
2401 source meter. The I-V
characteristic curve shows the
current and voltage
behaviour, providing
information on resistivity,
conductivity, and  other
electrical features.

3.6 Synthesis of Al-doped ZnO Nanorods ETL
3.6.1 Resistivity Measurement and ITO Labelling

In this research, indium tin oxide (ITO) which is a widely used transparent
conducting oxide (TCO) was used as the substrate. ITO performs the role of a transparent
electrical conductor, and it is transparent and devoid of color from a physical standpoint.
ITO is often referred to as a high quality TCO due to its conductivity, transparency, stability,
and simplicity in thin film deposition. Initially, the resistivity of the substrate was measured
using a Keithley 2401 source meter. The conductive side, which is ITO shows a resistance
value, whereas the glass side shows no resistance value, indicating that it is a non-conductive
side. In order to distinguish between samples with various total concentrations of Al-doped

Zn0O nanorods, the glass was labelled accordingly. The glass was marked using a diamond

glass cutter.

Figure 3.8: Substrates for Pure ZnO and ZnO:Al
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3.6.2 Cleaning the Substrate

Firstly, the substrates were cleaned in organic cleaning agents of ethanol and acetone.
All sample substrates were first soaked in a beaker containing ethanol before being placed
in an ultrasonic bath. The ultrasonic bath uses ultrasonic waves to emit through the liquid in
the bath with high and low pressure to remove unwanted contamination on the substrate. To
ensure the entire substrates are submerged, the ethanol level needs to be higher than the
substrates. The substrates were placed randomly in the beaker without any overlap. During
the cleaning process, the temperature of the ultrasonic bath was set at 70 °C for 5 minutes.
After 5 minutes, the step was repeated by immersing the substrate in a beaker filled with
acetone. Finally, the substrates were then rinsed with deionized (DI) water in an ultrasonic

bath for another 5 minutes. The substrates were dried for 10 minutes on a hot plate at 70 °C.

Figure 3.9: Cleaning Process using Ultrasonic Bath
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Figure 3.10: Substrate on a Hotplate for Dried

3.6.3 Preparation of Pure ZnO Nanorods and Al-doped ZnO Nanorods

Initially, a concentration of 1 mM zinc acetate dihydrate (ZnA), sodium hydroxide
(NaOH), and ethanol were dissolved in a beaker, and this combination is for the seeding
layer process. The mole units (M) for L mM zinc acetate dihydrate (ZnA) and 1 mM sodium
hydroxide (NaOH) is converted in gram for ease of calculation. The molecular mass for

converting moles to grams is based on the periodic table, as shown in Figure 3.11.
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Figure 3.11: Periodic Table

As shown in the equation 3.4 below, the concentrations of each chemical can be

resolved from the number of moles given and the calculation to convert the mole (M) units

of ImM ZnA and 1mM NaOH to grams (g) were shown in Table 3.8.

Mass(g) = Molecular mass (g/mol) x Concentration x VVolume of solution

Table 3.8: Calculations Convert Molar Units of ZnA and NaOH to Grams

(3.4)

Zinc acetate
dihydrate (ZnA)

ZnA = (219.49) x (1x1073) x (60x10%) = 0.0132 g

Molecular mass (g/mol) = 219.49 g/mol,

Concentration = 1/m?,
Volume of solution = 60/m?®

Sodium hydroxide
(NaOH)

NaOH = (40.00) x (1x107%) x (60x10°%) = 0.003 g

Molecular mass (g/mol) = 40.00 g/mol,

Concentration = 1/m3,
Volume of solution = 60/m?3
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Three beakers were prepared for various chemical solutions in the seeding solution.
1 mM Zinc acetate dihydrate [Zn(O2CCHz3)2.2H20] was dissolved in 60 ml of ethanol and
labelled as A. The second beaker was labelled as B, and it contains 60 ml of ethanol and 1
mM sodium hydroxide (NaOH). Last but not least, the third beaker labelled as C was filled
with 60 ml of ethanol. Those beakers are prepared accordingly and as shown in Figure 3.12.
The chemical solutions in beakers A and B were stirred using a magnetic stirrer at

temperature of 60 °C for 30 minutes with a speed of 300 rpm.

Figure 3.12: Three Beakers that Labelled as A, B, and C with their Chemical Solution

After stirring and heating using a ceramic magnetic stirrer, beaker A and beaker B
were set aside to cool down the solution. The chemical solution in beaker C was then poured
into beaker A and mixed (A+C), and now consists of a volume of 120 ml. Then, 1 ml of
chemical solution in beaker A+C was dropped every one minute into the chemical solution
in beaker B as shown in Figure 3.13. At the same time, the chemical solution was stirred at
300 rpm and heated to a temperature of 60 °C. The process of dropping the chemical solution

in beaker B was done continuously until the solution was finished.
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Figure 3.13: Chemical Solution of A+C was Dropped in the Beaker B at 60 °C

The double boiling process for chemical solution A+B+C was carried out at 60 °C
for 3 hours using a magnetic stirrer to mix the chemical solution as demonstrated in Figure
3.14. After 3 hours, the ITO glass was placed on a heated hot plate and the seeding solution
was dropped onto the ITO glass until it dried. The steps were repeated for ten drops and the
ITO glasses were then annealed on a hot plate for 3 hours at 90 °C. The purpose of this
procedure was to evaporate the solution substance and enhance the electrical properties

between the substrate and the ZnO seed layer.
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Figure 3.15: Drying ITO Glasses on the Hotplate for 3 Hours
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Subsequently, the seeding procedure is continued by the growing process of the ZnO
nanorods layer. 10 mM hexamethylenetetramine [(CH2)6N4] and 10 mM zinc nitrate
hexahydrate [Zn(NO3)2.6H20] were dissolved in deionized (DI) water, then mixed with
Aluminium chloride hexahydrate (AICIsH1206) to produce an Al-doped ZnO layer. The
amount of Aluminium chloride hexahydrate (AICIsH1206) was different in order to produce
a dopant range of 1 mol% to 4 mol% Al-doped ZnO layer. All chemical components used
in the growth process are converted to gram. The molar units (M) for 10 mM of
hexamethylenetetramine (HMT) and 10 mM of zinc nitrate hexahydrate were calculated and

presented in Table 3.9. Each concentration of Al-doped ZnO was also calculated.

Table 3.9: Calculations Convert Molar Units of HMT and Various Concentrations
of ZnO:Al to Grams

Molecular mass (g/mol) = 140.19 g/mol,
Concentration = 10/m?3,
Volume of solution = 1500/m?®
Hexamethylenetetramine

(HMT) HMT = (297.49) x (10 x 10°%) x (1500 x 107%) =
2.1029¢g

ZnO nanorod with dopant
AICI3H1206 + Zn(NO3)2.6H20 + CH2.6N4 — ZnO:Al +

HCL + NO + CO + CH4 + H20
Molecular mass (g/mol) = 241.43 g/mol

ZnO nanorod without dopant
1 mol% of Aluminium Zn(NOs3)2.6H20 + CH2.6N4 — ZnO + CO2+ CHs +

chloride hexahydrate H20 +NO
(AICI3H1206) Molecular mass (g/mol) = 189.36 g/mol

.. Assume Zn(NOs)2.6H20 =50 g
(50 g)/(189.36 g/mol) = 0.264 mol

If 1 mol% of Al
0.264 mol x 0.01 x 241.43 g/mol = 0.637 g
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2 mol% Aluminium
chloride hexahydrate
(AICI3H1206)

Molecular mass (g/mol) = 241.43 g/mol
~ Assume Zn(NOs)2.6H20 =50 g

— 309 0264 mol
189.36 g/mol

If 2 mol% of Al
0.264 mol x 0.02 x 241.43 g/mol =1.275 g

3 mol% Aluminium
chloride hexahydrate
(AICI3H1206)

Molecular mass (g/mol) = 241.43 g/mol

~ Assume Zn(NOs3)2.6H20 =50 g
— 399 -0.264 mol
189.36 g/mol

If 3 mol% of Al
0.264 mol x 0.03 x 241.43 g/mol =1.912 g

4 mol% Aluminium
chloride hexahydrate
(AICI3H1206)

Molecular mass (g/mol) = 241.43 g/mol
~ Assume Zn(NOs3)2.6H20 =50 g

599 ____ (264 mol
189.36 g/mol
If 4 mol% of Al

0.264 mol x 0.04 x 241.43 g/mol = 2.550 g

For the nanorods structure growth process of pure ZnO and various concentrations of
Al-doped ZnO layers, a solution containing 4.4624 g of ZnH and 0.03 g of 1 mol% Al-doped
ZnO was dissolved in 375 ml of DI water and labelled as beaker D. Meanwhile, 2.1029 g
HMT was also dissolved in 375 ml of DI water in a beaker labelled as E, and then mixed
with chemical solution D. All solution were stirred for 5 minutes before the annealing
process. To carry out the growth process, five seeded ITO glasses were placed in each petri
dish. A pair of rectangular glass sheet was used to act as a base that allows the growth
solution to flow on the bottom of the ITO part. Then, 50 ml of chemical solution D+E was
poured into the petri dish. The procedure was repeated for concentrations of 2 mol% to 4

mol% for the growth of Al-doped ZnO nanorods. Finally, the annealing process was

performed in an oven at a temperature of 90 °C for 9 hours.
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Figure 3.17: A Mixture of Chemical Solutions D and E
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Figure 3.18: Substrate of Pure ZnO Nanorods and 1 mol% - 4 mol% of Al-doped ZnO
Nanorods after the Annealing in the Oven at 90 °C for 9 Hours

Figure 3.19: Nanorods growth on substrate after annealing for 9 Hours
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CHAPTER 4

RESULTS AND DISCUSSION IN SCAPS SIMULATION

This chapter discusses the results obtained from SCAPS simulations of Al and Ni-doped
ZnO as photoanode and ETL in DSSC and PSC, respectively. To generate the highest value
of PCE in Al and Ni-doped ZnO-based DSSC and PSC structures, several key parameters
were examined, including layer thickness, doping concentration, operating temperature, and
defect density. It is clearly observed that the performance of ZnO-based DSSC and PSC is
enhanced by the addition of small amounts of Al and Ni dopants. The best cell performance
in DSSC was achieved with 3 mol% and 4 mol% Al-doped ZnO photoanodes, which yielded
a PCE of 3.96%. Similarly, Ni-doped ZnO photoanodes with dopant concentrations of 4
mol% and 6 mol% produced a PCE of up to 3.9%, which was higher than the PCE obtained
by ZnO photoanode without any dopant. Meanwhile for PSC, PCE as high as 17.6% and
17.58% were obtained for 1 mol% of Al-doped ZnO ETL and Ni-doped ZnO ETL,
respectively. In addition, various types of HTL materials were also studied such as Cu20,
Cul, CuSCN and PEDOT:PSS to determine their compatibility with Pb-free absorber layer
materials, and then the PCE were compared. It was found that the combination of Cu20O HTL

and Pb-free absorber layer (CHsNH3sSnls) produced the highest PCE of 27%.
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4.1  SCAPS Simulation of ZnO:Al and ZnO:Ni as Photoanode Layer in DSSC

4.1.1 Effects on the Thickness

The thickness of the layer plays a critical function in enhancing solar cell
performance. In SCAPS simulations, the layer thicknesses of ZnO:Al and ZnO:Ni
photoanodes were varied with different dopant concentrations ranging from 5 nm to 1000
nm. As seen in Figure 4.1, PCE for both ZnO:Al and ZnO:Ni photoanodes increased as the
layer thickness increased. However, PCE has begun to drop dramatically by 20% at 100 nm
thickness compared to 5 nm thickness for ZnO nanorods photoanodes with no dopant
addition. With a further increase in layer thickness, this tendency continues with no
substantial modification. It was also discovered that concentrations of 3 mol% to 6 mol%
ZnO:Al and ZnO:Ni photoanodes had greater PCE values for all layer thicknesses than
others with PCE values of 3.9%. Higher ZnO:Al and ZnO:Ni photoanode layer thicknesses
boost the cell efficiency due to the photon absorption increase, which also produces more
electron hole pairs, hence increasing the charge carrier conduction. However, the tendency
is different for pure ZnO nanorods without doping where PCE decreases as layer thickness
increases. This is most likely related to the development of surface troughs and peaks as the
thickness increases (Pietruszka, 2015). Furthermore, the probability of recombination is
significant resulting in a drop in PCE (Noorasid et al., 2022). This is because the charge

requires longer travel to conduct current and hence generate energy.
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4.1.2 Effects on the Doping Density (Np)

The doping density for various concentrations of ZnO:Al and ZnO:Ni photoanode
were varied from 1x10%2 cm™ to 1x10%° ¢cm3. Figure 4.2 (a) and (b) show a similar trend
curve where the PCE of ZnO:Al and ZnO:Ni photoanode rises gradually as the doping
density increases. The increase in photoanode doping concentration will enhance the
conductivity and reduce the reverse saturation current, thus leading to PCE growth (Lin et

al., 2019). Generally, the conductivity (o) in N-type doping is established as:

0 =nqp, (4.1)

where n is the electron concentration, u,, is the electron mobility and q is the electric charge.

The equation in low doping were obtained as:
o ~ Ngqpn (4.2)

where n = N; and Ny is the ionized donor concentration. The mobility in the case of low
doping does not significantly alter with N;, which accounts for the positive connection
between ¢ and N,. Additionally, as the doping density rises above 10'° cm=, PCE is seen to
develop slowly. The Moss-Burstein effect will create substantial doping effects if doping
density continues to rise to a certain point which cause limit in the DSSC performance

(Adhikari et al., 2016).

70



40 4.0

3.8 1

w
=
1

PCE (%)
w
@

PCE (%)
w
[$;]

—Zn0
— =ZnO:Ni Con. 1%
ZnO:Ni Con. 2%
ZnO:Ni Con. 4%
= + - ZnO:Ni Con. 6%

—Zn0 4!
— -ZnO:Al Con. 1% 3.3 ’
Zn0:Al Con. 2%
Zn0:Al Con. 3%
=+ - ZnO:Al Con 4%

3.0

T T T T T T T T T T T T T T T T
1013 1014 1015 1016 1017 1018 1019 1020 1013 1014 1015 1016 1017 1018 1019 1020
N, (Liem?) Np (L/cm?)

(a) (b)

Figure 4.2: Effects of Doping Concentrations on PCE in ZnO:Al (a) and ZnO:Ni (b)
Photoanodes DSSC

4.1.3 Effects in Different Working Temperatures

The operating temperature significantly affects the performance of the device in thin
film solar cell applications. The solar cell panels are expected to be functional at
temperatures above 300 K. So, in this investigation, operating temperatures for both ZnO:Al
and ZnO:Ni are analysed from ranged 300 K to 400 K to understand its effect on the cell
performance. It can be observed in Figure 4.3 below that all PCE performance slightly
decreases as the temperature rises, approximately by -0.02+0.01 %/K. Therefore, it proves
that an increase in temperature causes an impact on all parameters. Temperature increases
cause changes in all parameters, such as material carrier concentration, band gaps, electron
and hole mobility values, and these changes affect cell efficiency (Soucase et al., 2016).
Additionally, the efficiency of solar cells decreases with temperature due to the large energy
absorption by electrons at high temperatures. Before entering the conduction band, the
electrons are stimulated to enter to an unstable state and start recombination (Aliyaselvam

et al., 2021; Noorasid et al., 2022).
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4.1.4 Effects on Defect Density

The parameters of the interface layer have a great influence on the performance of
solar cells. The quality of the interface layer depends on defect density, where higher defect
density generates the recombination rate, thus decrease the quality of the interface layer. To
observe the effect in the interface layer of N719 Dye/ZnO:Al or ZnO:Ni, and spiro-
OMeTAD/N719 Dye defect density were varied from range 1x10%° cm2 to 1x10%° cm™2. At
a lower value of defect density, ZnO photoanode without doped obtained the lowest PCE
which is around 3.06% compared to photoanode with ZnO:Al and ZnO:Ni. Furthermore,
PCE for N719 Dye/ZnO:Al and N719 Dye/ZnO:Ni interface layer began to show a
downward trend at the value of 1x10'? cm2 which can be seen in Figure 4.4 (a). Lower
charge recombination rate and carrier recombination at the N719 Dye/ZnO interface led to
a reduction in PCE defect density, which was achieved by a reduction in the amount of
surface defects in ZnO material (Lou et al., 2013). Furthermore, the performance of the
DSSC will decrease if the interface layer defect density keeps increasing due to high defect
densities in N719 Dye/ZnO:Al or ZnO:Ni and spiro-OMeTAD/N719 Dye to expand the

traps and form the recombination centers (Tan et al., 2016).

The optimum PCE values for each ZnO:Al and ZnO:Ni p€otoanode in DSSC that
were obtained from layer thickness, doping density, operating temperature, and defect
density are shown in Table 4.1. It is observed that 3 mol% - 6 mol% concentration of Al and
Ni yield the highest PCE throughout the studies. This demonstrates that adding a small
amount of Al and Ni material can increase the performance of ZnO nanorods in their

electrical conductivity.
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Table 4.1: Optimal PCE in ZnO Photoanode for Al and Ni Dopant Concentration

PCE (%)
Pure ZnO 3.7
3.85
3.91
3.96
3.96
3.86
3.89
3.9
3.9

Concentrations of Al
(mol%)

Concentrations of Ni
(mol%)

OB, IWIDN|PFP

4.2 SCAPS simulation of ZnO:Al and ZnO:Ni as ETL in PSC

4.2.1 Effects on Thickness

The thickness of each concentration of ZnO:Al and ZnO:Ni ETL were adjusted
between 5 nm and 1000 nm. This range was chosen as a good fit due to its capabilities in
cell manufacture. At a thickness of 5 nm, PCE values for all materials were at peaked. A
concentration of 1 mol% Al and Ni have exhibited the highest PCE value up to 17.63% at
the latter thickness as well as throughout the whole range examined which is indicated in
Figure 4.5. At lower thicknesses, ZnO layers without Al and Ni doping had the lowest peak
value. Normally, the PCE value falls as the ETL thickness increases. The charge needs to
travel farther during diffusion since the chance of recombination rises as the thickness
increases and this led to a reduction in PCE. However, as thickness increases, its efficiency
falls at a particular pace, which is most likely owing to increased recombination (Correa-

Baena et al., 2016; Anwar et al., 2017).
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4.2.2 Effects on Doping Density (Np)

For doping concentration in the ETL is a critical part of accelerating the electron
transport and thereby generating the current. The replacement of Zn?* with n-type Al and Ni
dopant in the ZnO ETL substantially suppressed the ETL/perovskite interface defects,
increasing charge carrier conductivity. Furthermore, the Al and Ni dopants have increased
free carrier concentrations and introduced a donor level at 120 meV below the conduction
band, promoting proper band alignment (Mahmood et al., 2022). A high-performance solar
cell will have an ideal value with the lowest feasible doping concentration value. For each
device, the doping level was varied from 102 cm=to 102° cm. To ensure a fair comparison,
other parameters like as layer thickness, temperature, and defect density were fixed. Figure
4.6 (a) and (b) demonstrate that cell efficiency increased when doping concentrations
increased up to 10'® cm before showing a plateau trend for all materials. It is observed that
at low doping concentrations, material with 1 mol% ZnO:Al is prominent among other
concentrations, and it becomes almost equivalent to the device without Al-doping in ZnO.
Meanwhile in ZnO:Ni, the PCE obtained for all concentrations are most likely equivalent to
each other as the doping concentration increased. The higher electric field within the cell is
responsible for the improvement in cell efficiency. The charge carrier separation activity will
become more intense as the electric field increases, which will improve ’he sol’r cell's

performance (Liangsheng et al., 2021).
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4.2.3 Effects in Different Working Temperatures

The operating temperature was simulated between 300 K and 400 K to observe the
cell performance in the real world. As shown in Figure 4.7, the operating temperature has a
considerable effect on all materials. At high temperatures, several characteristics in
semiconductor devices including electron and hole mobility, carrier concentration, and
material band gap will react and impact. This will result in a reduction in electron flow which
will affect the efficiency of the cell. It can observe that all devices have a consistent
downward trend as the temperature increases by roughly -0.2 %/K. However, all materials
show a relatively less gradient at lower temperatures. The insertion of Al and Ni dopant
which delays the bandgap narrowing mechanism is most likely the cause. With the rising
temperature, the band gap narrows which likely promotes charge carrier recombination
within the valence band and conduction band. Furthermore, the decrease in cell efficiency
could be attributable to an increase in defect density inside the layers which affects

deformation stress (Slami et al., 2020; Noorasid et al., 2021; Noorasid et al., 2022).
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4.2.4 Effects on Defect Density

The defect density at the interlayer between the ETL/absorbance layer and
HTL/absorbance layer in PSC was evaluated by varying the interface density of state (Nit)
from 10%° cm to 10%° cm2. As illustrated in Figure 4.8, cell performance is not significantly
diminished or degraded at lower levels of the defect. However, all cells have started to show
consequences with the efficiency of all cells decreasing dramatically as the defect density
increases. On the other hand, PSC without Al and Ni-doped ETL experienced a rapid
reduction even at a lower defect density of 1x10'* cm2 as shown in Figure 4.8 (a), (b), (c)
and (d). The decrease in PCE at greater defect concentrations is due to an increase in
interface trap density which causes the recombination rate to rise, affecting charge carrier
conduction and hence lowering cell performance. On the other hand, a lower defect density
causes a longer carrier diffusion length, which results in a lower recombination rate and

improved cell performance (Nine et al., 2019; Alexandrov et al., 2020).
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Figure 4.8: Effects of Efficiency in Two Types of the Interface Layer,
CH3sNH3Pbls/ZnO:Al or ZnO:Ni ((a) and (c)) and spiro-OMeTAD/ CHsNH3Pbls ((b) and
(d)) with Various Dopants of ZnO:Al and ZnO:Ni

The maximum PCE values for each ZnO:Al and ZnO:Ni ETL in PSC were obtained
by optimising all parameters, including layer thickness, doping concentration, operating

temperature, and defect density, as shown in Table 4.2. Among the devices studied, ZnO:Al
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and ZnO:Ni with a 1 mol% Al concentration provided the highest PCE. The drop in PCE
with Al and Ni concentrations of more than 1 mol% can be explained using doping rules, in
which A" and Ni?* are hypothetically substituted at the Zn?* site, and this process occurs
up to the solubility limit of 3 mol% Al and 4 mol% Ni in ZnO. Thus, it makes sense to
increase the carrier concentration up to the solubility limit; however, if the solubility limit is
exceeded, a new phase of Al203 and NiO forms. Moreover, Al and Ni substitution is no
longer as effective as previously. Therefore, cell efficiency began to decrease at a 4 mol%
and 6 mol% Al and Ni dopant concentration. This demonstrates that by adjusting ETL

parameters, the PCE may be increased without having to reduce the layer thickness.

Table 4.2: PCE at Room Temperature for Varied Al and Ni Dopant Concentrations in ZnO
ETL at Optimal Settings of 50 nm Thick, Np 1x10%8 cm™3, Nit 1x10%° cm™

PCE (%)
Pure ZnO 17.46
17.6
17.56
17.56
1755
17.58
17.57
17.57
17.57

Concentrations of Al
(mol%)

Concentrations of Ni
(mol%o)

O | IN|IPIBAIWIDN|FP

4.3  Compatibility of Various HTL in ZnO:Al and ZnO:Ni-based PSC by SCAPS

Simulation Software

4.3.1 Effects on Thickness
Other than spiro-OMeTAD, materials such as Cu20, Cul, CuSCN, and PEDOT:PSS

are also investigated in this study as HTL for the simulation of PSC. The material utilised in
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the ZnO:Al and ZnO:Ni as ETL in PSc was spiro-OMeTAD HTL. The aim of analysing
various HTL materials is to find the highest PCE value in PSC and the majority of these
HTL materials have previously been classified as HTL by several publications. The
efficiency of the HTL materials is shown in Figure 4.9 regarding the influence on thickness,
doping density, operating temperature, and defect density. For both Al and Ni dopants, the
thickness of each HTL material was adjusted from 50 nm to 1000 nm. Cu20 material in Al
and Ni dopant materials is seen to have the highest PCE, which is 17.5% and 17.71%,
respectively. However, at 100 nm thickness, the PCE of the PEDOT:PSS material for both
dopant materials rapidly decreased. Due to the diffusion process lengthening the distance
between charges, a thicker HTL may increase the probability of recombination (Anwar et

al., 2017; Noorasid et al., 2022). Consequently, the PCE in the HTL will decrease.

20 20
18 4 L —— W GEN .. _ 8 8 - -
16 - 16 -
\
144 144
_ 124 e
Sl g
104 - ~ 0 &
) \ i o —— Spiro-OMETADIZONi
o g4 - a g = Cu,0/ZnO:Ni
6 -\ = Spiro-Ometad/Zn0:Al \ C””Z”O:Ni_ )
- o G e,
] - Culizno:Al s : edotFoof 2N
\ CUSCN/ZnO:Al N
2 . =+ Pedot:PSS/Zn0O:Al 2 -
~ -,
04 2000 TN m i mi i = = - o4 T T == -
T T T T T T T T T ———tT——1r——"T——"1T—1T—T1 71
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000

Thickness (nm)

(@)

Thickness (nm)

(b)

Figure 4.9: Various Types of HTL in terms of Thickness for ZnO:Al (a) and ZnO:Ni (b)
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4.3.2 Effects on Acceptor Doping Density (Na)

In HTL materials, the acceptor doping (Na) was altered between 10%° cm™ to 10%°
cm3, It is observed that PCE for ZnO:Al and ZnO:Ni ETL derived from Cu20 at 10°° cm™
were the highest of all about 17.63% and 17.82%. The HTL resistivity is decreased as the
HTL acceptor doping (Na) concentration increases, which also boosts solar cell current and
eventually raises the PCE (Lin et al., 2019; Gan et al., 2020). Additionally, as demonstrated
in Figures 4.10 (a) and (b), the PCE for PEDOT:PSS, spiro-OMeTAD, and Cul HTL in
ZnO:Al and ZnO:Ni ETL develops gradually as the doping density approaches 10*° cm™,
This is because the Moss—Burstein effect (Adhikari et al., 2015; Devi et al., 2018) will induce
significant doping effects at a certain threshold when the doping density continues to rise,

causing PSC performance to suffer.
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Figure 4.10: Various Types of HTL in terms of Doping Density for ZnO:Al (a) and
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4.3.3 Effects on Temperature

Solar cells commonly operate temperature of more than 300 K in most cases. To
examine the impacts of operating temperature on cell performance, the operating
temperatures of the cell were validated from 300 K to 400 K. All HTL materials for ZnO:Al
and ZnO:Ni ETL exhibit a constant declining trend when the temperature increases by
roughly 0.2 %/K. The PCE value of Cu20 is the highest at initial temperature among all HTL
materials about 17.60% and 17.80% which can be seen in Figure 4.11. Devi et al. (2018) and
Adhikari et al. (2015) claim that electron and hole mobility, carrier concentration, and
bandgap also change at high temperatures; consequently, our simulation results demonstrate

that the ambient temperature significantly affects cell performance.
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Figure 4.11: Effects on Working Temperature for Various Types of HTL for ZnO:Al (a)
and ZnO:Ni (b)
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4.3.4 Effects on Defect Density

Solar cell performance is significantly influenced by the performance of the interface
layer. The defect density of CHsNH3sPbls/ZnO:Al or ZnO:Ni and HTL/CH3sNH3Pbls in the
interface layer was observed from the range 10'° cm to 10%° cm. Figure 4.12 (a) and (b)
and Figure 4.13 (a) and (b) shows that the PCE of Cu20 is higher compared to other HTL
by 17.60% and 17.80% at 10'° cm. The influence of defect density on J-V characteristics
worsens as the defect density at the CHsNHsPbls/ZnO:Al or ZnO:Ni interface layer
decreases. As PSC performance deteriorates, the defect density in the interface layer rises.
The reason for this is that more traps and recombination sites are present in the
CHsNHsPbls/ZnO:Al or ZnO:Ni layer due to its higher defect density, resulting in more traps
and recombination sites (Tan et al., 2016). Efficiency decreases when the interface defect
density increases due to an increase in charge carrier recombination at the interface layer
(Nine et al., 2019). The interaction of the perovskite/ETL and HTL/perovskite must be
thoroughly examined to produce highly effective PSC. The device exhibits a variety of
charge generation, electron transport, and inhibiting recombination behaviour in PSC but
depending on the material and interface. The perovskite/ETL interface produces the slowest
electron transfer rate than the hole transfer rate at the HTL/perovskite interface, which
affects device stability, such as ion migration, as well as hysteresis behaviour in efficiency

measurement and device recombination (Kim et al., 2020).
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Table 4.3 displays the best PCE value for each HTL for ZnO:Al and ZnO:Ni. This
concludes that Cu20 material is more efficient than other HTL materials and is confirmed
by Farhana et al. (2017), where Cu20 has the best performance and serves as a suitable HTL

for the manufacture of Pb-free solar cells.

Table 4.3 Different HTM Layer Optimum Efficiency in Terms of Thickness, Doping,
Temperature, and Defect

Types ZnO:Al ZnO:Ni
of HTL
Highest PCE (%) Paired with Optimized Parameter

Thick | Doping | Tempe | Defect | Thick | Doping | Tempe | Defect

ness rature ness rature
Spiro- 1747 | 17.55 1747 | 17.47 | 1758 | 17.66 17.58 | 17.58
OMeTA
D
Cux0O 1N 17.63 17.52 17.6 17.94 17.82 17.71 17.71
Cul 12.44 14.6 13.81 | 12.39 | 16.96 | 16.94 16.94 | 16.94
CuSCN | 17.17 17.49 1 jfd=f et 2.7 17.6 17.27 17.27
PEDOT | 12.49 1% bY 7.81 11.5 15w/8& 17.69 11.43 11.42
PSS

4.4  Different Types of Absorber Layers in ZnO:Al and ZnO:Ni-based PSC

The absorber layers of PCE, namely CHsNH3sPbls and CH3sNHsSnls, are compared to
each other. Based on the findings, it can be stated that Cu20 is the best material for HTL and
that a concentration of 1 mol% ZnO:Al and ZnO:Ni is the optimum for ETL. The PCE in
thickness, doping density, operating temperature, and defect density of this absorber layer
will surely be monitored. The absorber layer has a significant impact on how well a device
works. The thickness of the absorber layer has a significant impact on photovoltaic

characteristics such as Jsc, Voc, FF, and PCE. The thickness of the absorber layer was varied
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from ranged 50 nm to 1000 nm in order to get the ideal value of PCE in the device simulation.
The PCE simulation result in terms of thickness is shown in Figure 4.14. It is observed that
the PCE value of the absorber layer CH3sNH3sSnls is higher than CHsNH3sPbls for ZnO:Al
and ZnO:Ni ETL. PCE of the absorber layer CHsNHsPbls increases at first, peaks (18.67%
and 19.14%) at 700 nm, and then gradually decreases as the absorber thickness increases; in
contrast, the PCE of the absorber layer CHsNHsSnlz continues to climb, reaching 1000 nm.
The bulk of charge carriers reach the electrodes due to the absorber thickness initially being
less than the charge carrier diffusion length, thus, increasing the PCE. Recombination takes
place in thick absorber layers, and as the absorber layer thickness rises, PCE decreases
(Rahman et al. 2012; Lin et al., 2019). Aside from that, due to electron and hole
recombination in the CHsNHsSnls layer before reaching the contacts, PCE of CHsNH3sSnl3

practically reaches saturation as the thickness increases (Roy et al., 2021; Sunny et al., 2021).
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Apart from the thickness of the absorber layer, the Na of holes in the absorber layer

has a significant influence on photovoltaic cell device performance. The absorber layer

acceptor density was adjusted from 10*° cmto 10%° cm3. In Figure 4.15, it can be seen that

the PCE of the absorber layer CH3sNHsSnls was higher than CHsNH3sPbls. The PCE of the

absorber layer initially rises as the acceptor increases because the built-in electric field

becomes stronger. When Na exceeds 10" cm, the PCE of the absorber layer CHsNH3Pbls

rapidly decreased. This is due to the absorber layer's defective state, which resulted in a large

decrease in PCE (Rahman et al., 2012) and ionised scattering caused by strong doping.

Heavy doping also produces immobile ions, resulting in deep traps in the bandgap (Sunny

etal., 2021).
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The operating temperature was varied from 300 K to 400 K in the simulation while

all other parameters remained constant. At a low temperature of 300 K to 350 K, the absorber

layer CHsNH3sSnls for ZnO:Al produced the maximum PCE of ~27.05%. Meanwhile for
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ZnO:Ni produced a maximum PCE of 21.17% in the absorber layer CH3NHsSnls.
Temperature affects hole and electron mobilities, as well as carrier concentration (Roy et al.,

2021), resulting in a decrease in PSC PCE.
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The effect of defect density in the absorber layer/ZnO:Al or ZnO:Ni and
Cuz20/absorber layer interface on the photovoltaic efficiency of the produced solar cells was
also examined. The density of interface defects was varied from 10'° cm2to 10%° cm. The
PCE of the absorber layer CHsNH3Snls at the defect density interface was found to be higher.
The carrier recombination loss in the absorber layer is mostly caused by the high defect
density brought on by poor film quality, and it is also evident that raising the interface defect
density lowers all performance parameters. The charge carrier recombination rate in the
absorber layer/ZnO:Al or ZnO:Ni interface is enhanced by increasing the interface defect
density (Rahman et al., 2012; Ali et al., 2020), which could lead to a reduction in PCE.

Additionally, when the number of faulty interface layers increases, efficiency declines as a
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result of poor layer quality and higher recombination, leading to an increase in traps at the
interface (Sunny et al., 2021). As demonstrated in Figures 4.17 (a) and (b), the Sn-based
perovskite has a substantially higher and faster onset reliance on the defect concentration
than the Pb-based. It is reasonable that devices with low defect concentrations may degrade
quickly up to a certain order of magnitude, damaging an unprotected Sn-based perovskite
more quickly than its Pb-based equivalent and limiting the potential in PSC. Table 4.4 shows

a summary of the optimum PCE value for each absorber layer.
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Figure 4.17: Effects of Efficiency in Two Types of the Interface Layer, absorber
layer/ZnO:Al or Ni (a) and Cu20/absorber layer (b)

CHsNH3sSnls can absorb more sunlight, as illustrated in Figure 4.18, and has the
highest cell efficiency of 27% and 21%; in contrast, CHsNH3sPbls has an efficiency of
roughly 18%. Furthermore, the CH3sNH3sSnls absorber layer was able to consume a larger
spectrum of sunlight wavelengths with the highest quantum percentage from 300 nm to 900
nm. In conclusion, CH3NH3sSnls is the most likely option for a third-generation absorber

layer since it is extremely efficient, Pb-free, and affordable (Rahman et al., 2012; Yeoh and
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Chan, 2019). Tables 4.3 and 4.4 summarise the optimum PCE determined for each HTL and

absorber layer, respectively. Cu20 as the HTL and CHsNHsSnls as the absorber layer is

capable to achieve a higher PCE than other materials.
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Figure 4.18: Quantum Efficiency for the Variation of Absorber Layer for PSC

Table 4.4: PCE of the Absorber Layer at Optimal Thickness, Doping, Temperature, and

Defect
Types of the Highest PCE (%) Paired with
absorber layer Optimized Parameter
ZnO:Al ZnO:Ni
CH3NH3Pbl3 18.67 19.14
CHsNH3Snl3 271.72 21.18
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4.5  Summarization of the simulation results

In summary, the concentrations of 1 mol% to 4 mol% ZnO:Al and 1 mol% to 6 mol%
ZnO:Ni as photoanode (DSSC) and ETL (PSC) were investigated using SCAPS simulation,
including pure ZnO as photoanode and ETL. It is observed that concentrations of 3 mol%
and 4 mol% ZnO:Al and 4 mol% and 6 mol% ZnO:Ni obtained the highest PCE which is
around 3.96% and 3.9%. Meanwhile in PSC, PCE for the concentrations of 1 mol% ZnO:Al
and ZnO:Ni reached the highest which was 17.6% and 17.58%. Furthermore, inorganic
materials such as Cu20, Cul, CuSCN and PEDOT:PSS as HTL were examined in order to
further improved PCE of PSC since it was known as inexpensive, abundant, non-toxic, and
energy-efficient types (Ma et al., 2005; Askari et al., 2015; NREL, 2022). It found that Cu20
as HTL capable to develop more PCE which is 17.71% and 17.94% compared to other
inorganic materials. The absorber layer was also have significantly impact on the
effectiveness of the solar cell device. Thus, the materials of Pb-free which is CH3NHsSnls
was investigated as the absorber layer materials. Sn-based perovskites are becoming more
common in this area due to acceptable band gap, outstanding photovoltaic characteristics,
low manufacturing cost, excellent performance, and environmental friendliness (Rahman et
al., 2012; Yeoh and Chan, 2019). The optimum parameters for 1 mol% of ZnO:Al and
ZnO:Ni as ETL, Cu20 as HTL and Pb-free as absorber layer were listed in the methodology
in section 3.4. The highest PCE obtained throughout the simulation results were listed in

Table 4.5 and Table 4.6.
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Table 4.5: Summary for Highest PCE obtained from various concentrations of Al and Ni in
DSSC and PSC

Concentrations of dopant material DSSC PCE (%) PSC PCE (%)

PureZnO 3.7 17.46
1 mol% ZnO:Al 3.85 17.6
2 mol% ZnO:Al 3.91 17.56
3 mol% ZnO:Al 3.96 17.56
4 mol% ZnO:Al 3.96 17.55
1 mol% ZnO:Ni 3.86 17.58
2 mol% ZnO:Ni 3.89 17.57
4 mol% ZnO:Ni 2L 17.57
6 mol% ZnO:Ni 3.9 17.57

Table 4.6: Summary of Highest PCE obtained from various HTL and Absorber layer in PSC

ZnO:Al PCE (%) | ZnO:Ni PCE (%)
Spiro-OMeTAD 17.55 17.66
Cu,0 17.71 17.94
Types of HTL Cul 14.6 16.96
CuSCN 17.49 17.6
PEDOT:PSS 17.57 17.69
Types of CH3NH;3Pbl; 18.67 19.14
Absorber layer CH3NH3Snl3 27.72 21.18
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CHAPTER 5

RESULTS AND DISCUSSION IN FABRICATION

This chapter covers the results and discussion of the Al-doped ZnO nanorods (ZnO:Al) as
ETL for solar cell application. Various concentrations of Al dopants and Ni dopants were
used in producing the best ZnO nanorods ETL in terms of physical uniformity, crystallinity,
appropriate energy band and resistivity. However, Ni as a ZnO dopant was not synthesized
experimentally because preliminary simulation results showed that not much difference was
obtained for the variation of Ni concentration. Moreover, the obtained PCE is also lower
than that of Al-doped ZnO-based solar cells. The grown ZnO:Al layers were characterized
under structural, optical, and electrical characterization using specialized equipment such as
SEM, XRD, UV-Vis and Keithley 2401 source meter. It was observed that the ZnO:Al with
a dopant concentration of 1 mol% showed a compact nanorods structure, decent crystallinity,
and band energy values with comparable resistivity. The data obtained was then simulated
using SCAPS software as previously mentioned in chapter 4. Alongside fabrication of the
ZnO:Al ETL as described, pure ZnO nanorods have also been fabricated, using a

conventional hydrothermal technique as a control layer.
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5.1  Structural Characterization
5.1.1 Results and Analysis under Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is an advanced and widely used technique in
characterizing the structure of the grown layers. Structural features down to the nanometre
regime can be clearly observed in terms of density, nanorods physical structure as well as
layer uniformity. All the fabricated ZnO:Al ETL and pure ZnO nanorods layer were
observed under SEM for surface and structural characterization. Figure 5.1 demonstrates the
top images of the ZnO:Al and pure ZnO nanorods layers on ITO glass grown through the

hydrothermal technique with annealing temperature of 90 °C.

Based on observations, it was found that Al dopant with a concentration of 1 mol%
Al and 3 mol% Al were uniform, denser and less cracked compared to other layers. For ZnO
nanorods with Al dopant concentration above 3 mol%, a considerable inter-nanorods space
was witnessed, resulting in the surface not being completely covered. On the other hand, the
pure ZnO nanorods layer shows agglomeration features which may be possibly due to the
Zn?* vacancy defects (Rahman et al., 2012). The structural dimension of pure ZnO nanorods
and each concentration of ZnO:Al layers obtained through SEM device was shown in Table

5.1. The values were taken from 5 different samples grown on the ITO substrate.
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Figure 5.1: SEM Images Pure ZnO Nanorods (a) and ZnO:Al Thin Layers, 1 mol% (b), 2
mol% (c), 3 mol% (d), and 4 mol% (e)
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Table 5.1: Structural Dimension of Pure ZnO Nanorods and Various Concentrations of
ZnO:Al Nanorods Layer

) Nanorods Structural Dimension
Thin Layers i

Diameter (nm) Length (um)

Pure ZnO nanorods 722 + 35 3.878 + 0.180
1 mol% ZnO:Al 445 + 45 3.890 £+ 0.265

2 mol% ZnO:Al 286 + 50 1.281 + 0.165
3 mol% ZnO:Al 658 + 60 4.854 + 0.160
4 mol% ZnO:Al 662 + 50 3.026 + 0.120

5.1.2 Results and analysis under XRD

X-ray diffraction (XRD) patterns were used to analyze the crystal structure of the
grown ZnO:Al layer as well as the pure ZnO nanorods layer. All layers were scanned in the
20 range between 10° to 90° and the data obtained for each of the concentrations of Al doped
ZnO were in appendix section. It was observed that a strong diffraction peaks for 1 mol%, 2
mol%, 3 mol%, and 4 mol% in the 20 range of 17.6° to 18.3° as shown in Figure 5.2, which
are associated with the (1 0 1), (2 2 0), and (1 1 1) plane. The relative locations of the
diffraction peaks are consistent with the standard data for ZnAl20O4 provided by Joint
Committee for Powder Diffraction Standards (JCPDS) (Al Dahoudi et al. 2014), confirming

that the grown ZnO:Al layers were as expected and intact.
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Figure 5.2: X-ray diffraction (XRD) Patterns for Pure ZnO Nanorods, 1 mol%, 2 mol%, 3
mol% and 4 mol% of ZnO:Al Thin Layers

5.2  Optical Characterization
5.2.1 Results and Analysis under UV-Vis

The excitation of electrons from the valence band to the conduction band is governed
by the optical band gap energy value, which is crucial in solar cell applications. Here, the
optical energy bandgap was determined by a Shimadzu UV-Vis Spectrometer 1800, which
was further analysed using the Tauc method. The band gap energy is calculated using the

absorption coefficient as a function of the incident photon energy (eV) as shown in equation

5.1.
ahv = A(hv — E))" (5.1)

Where h is Planck’s constant, v is frequency, A is constant, and n is a variable that
depends on the nature of the transition; when n = 1/2, the band gap transition is allowed to

occur directly, and the optical band gap is derived by extrapolation of the linear region of
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(ahv)? vs hv curve at « = 0 (Kumarasinghe et al., 2017). However, when n = 3/2, the band
gap energy transition is forbidden. The absorption coefficient of ZnO:Al ETL layer was
calculated using the equation 5.2 (Kumarasinghe et al., 2017) based on optical transmittance

measurements.

2303
d

x log (5.2)

Where T is the transmittance and d is the thickness of the ZnO:Al layer. The band
gap energy were found to be 3.28 eV, 3.25 eV, 3.10 eV, 3.08 eV, and 3.05 eV for pure ZnO
nanorods, 1 mol%, 2 mol%, 3, and 4 mol% ZnO nanorods layers, respectively as shown in
Figure 5.3. These values are within the range as in previously reported results (Rahman et

al., 2012). The optical band gap of ZnO:Al layer is often correlated with variations in grain

size growth and free carrier concentration (Kadem et al., 2019).

It was found that the band gap energy decreases with increasing Al dopant
concentration as depicted in Figure 5.4. The optical band gap of ZnO:Al layer is often
associated with variations in grain size growth and free carrier concentration (Kadem et al.,
2019). Furthermore, an addition of Al into ZnO nanorods thin films causes lattice damage
or structural defects resulting in damaged energy levels below the conduction band, which
lowers the band gap energy of the layer. Since the lattice defects are inversely proportional
to the Al concentrations, the band gap gradually decreases as the Al content in ZnO nanorods

thin layers increases (Shah et al., 2019).
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Figure 5.3: Tauc Plot of Band Gap (Eg) for Undoped ZnO Nanorods, 1 mol%, 2
mol%, 3 mol% and 4 mol% ZnO:Al ETL
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Table 5.2: Value of Energy Band Gap (eV) of All Concentrations ZnO:Al

Thin Layers Band Gap (eV)
Pure ZnO 3.28
1 mol% ZnO:Al 3.2504
2 mol% ZnO:Al 3.102
3 mol% ZnO:Al 3.0809
4 mol% ZnO:Al 3.0514

Figure 5.5 and Figure 5.6 show the UV-Vis absorbance and transmittance
characteristics of pure ZnO nanorods and various concentrations of ZnO:Al correspondence
to wavelength. The absorption coefficients are higher in the ultraviolet region than those in
the visible region with increase in higher Al dopants concentration. Apart from the pure ZnO
nanorods, 1 mol% of ZnO:Al showed a low absorption value compared to the others. This
is due to the Al concentrations affecting the density of unsaturated bonds, resulting in
absorption effect. Generally, optical absorbance is expressed by transmission from the
valence band to the conduction band, but absorption in the visible range indicates that the
localised energy levels in the band gap are merely unchanged (Mishra and Sahay, 2012,

Kalidass et al., 2018)

It was also observed that the layer with a concentration of 1 mol% in ZnO:Al
demonstrates a good transmittance with an average value of around 50% compared to other
concentrations, indicating that a large amount of light can be penetrated into the layer. It is
believed that the higher transparency of 1 mol% ZnO:Al is due to the presence of larger
voids in the deposited film (Rahman et al., 2012). Furthermore, a significant decrease in
transmittance was seen in the near-infrared (IR) region of the wavelength range above 700

nm for all the layers, which is due to the length of structural parameters such as pore size,
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grain size and surface roughness. This causes a reduction in the amount of contact between

the IR radiation and the film, resulting in the light reflection (Oral et al., 2007).
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Figure 5.5: UV-Vis Absorption Spectra of Pure ZnO Nanorods and Various
Concentrations of ZnO:Al Thin Layers
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Figure 5.6: Optical Transmittance Spectra of Pure ZnO Nanorods and Various
Concentrations of ZnO:Al Thin Layers

104



5.3  Electrical Characterization
5.3.1 1-V characteristics

The electrical properties of each layer in a solar cell play an important role in
producing the efficiency of the cell. High sheet resistance can cause disruption of electron
flow and further degrade the cell performance. Herein, the current-voltage (I-V)
characteristics of each of ZnO nanorods layers were determined using a Keithley 2401
source meter. Figure 5.7 shows the linear trends of the 1-V curves for all layers, 1—4 mol%
ZnO:Al and pure ZnO nanorods, confirming that all grown layers have an ohmic
characteristic. Then, the resistance was calculated, where the resistance of pure ZnO
nanorods, 1 mol%, 2 mol%, 3 mol%, and 4 mol% of ZnO:Al was found to be 777.35 MQ,
762.94 MQ, 821.11 MQ, 886.08 MQ and 1115.54 MQ respectively, as shown in Figure 5.8.
The lowest resistivity was obtained by 1 mol% ZnO:Al sample, which is lower than that
obtained by the pure ZnO nanorods layer and others. This may be due to the small amount
of Al that has contributed in reducing the grain boundary scattering, resulting in enhanced
charge carrier flow. The results obtained was consistent with the previous report by Dubey
et al. (2022), which underwent an annealing treatment at 450 °C for 2 hours. On the other
hand, in this work, the annealing process is performed at a low-temperature conditions at
90 °C, which saves energy, time and most importantly cost. Meanwhile, it is also observed
that the resistivity surges with the increase in concentration of Al dopant. This behaviour
may be due to additional collisions with excessive dopant density, causing reduced electron
mobility. In addition, intrinsic defects such as vacancy defects and imperfect crystal lattice

are also responsible for the depletion of charge carrier (Van Toan et al. 2021).
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CHAPTER 6

CONCLUSION AND RECOMMENDATIONS FOR FUTURE RESEARCH

6.1  Conclusion

In conclusion, Zinc Oxide (ZnO) possesses a wide bandgap energy similar to
Titanium dioxide (TiOz), yet greater in electron mobility and can be produced at a lower cost.
Therefore, it is able to replace the conventional material TiO2 to be used as a photoanode or
electron transport layer (ETL) materials in DSSC and PSC, respectively. However, this effort
has been reported to be underwhelming, believed due to Zn?* vacancy defects but adding a
small amount of dopants may solve such problem. Herein, small amounts of Al and Ni
dopants were added into ZnO layers to further improve the efficiency of the DSSC and PSC.
The ion radius of AI** (0.54 A) and Ni?* (0.69 A), is less than that in Zn?* of 0.74 A, it is
theoretically believed that AI** and Ni?* are possibly to passivate or replace the lattice side

of Zn?* vacancy defects.

The performance of DSSC and PSC were investigated with difference concentrations
of Al and Ni doped into ZnO as photoanode and ETL materials. Concentrations were
investigated in the range of 1 mol% to 4 mol% ZnO:Al and 1 mol% to 6 mol% ZnO:Ni using
SCAPS simulation software. It was found that 3 mol% of ZnO:Al and 4 mol% of ZnO:Ni
photoanodes produced the best PCE in DSSC. Meanwhile, a similar dopant concentration
of 1 mol% for both ZnO:Al and ZnO:Ni ETL has yielded the highest in PCE for PSC. Then,
with the optimal parameters obtained for 1 mol% Al and Ni ZnO ETL, further investigations
was carried out with other inorganic materials such as Cu20, Cul, CuSCN, and PEDOT:PSS
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acting as HTL in further increasing the PCE in PSC. Last but not least, the optimum
parameters of ETL (1 mol% ZnO:Al and 1 mol% ZnO:Ni) and HTL (Cu20) were studied
for its compatibility with the conventional Pb-based and Pb-free perovskite material as the
absorber layer. The key parameters of layer thickness, doping density, operating temperature,
and interface defects have been extensively studied with the various concentrations of Al

and Ni as ETL, compatibility with various types of HTL and absorber layers.

Simulation investigation by SCAPS software has successfully produced PCE as high
as 3.96% and 3.9% with 3 mol% and 4 mol% for ZnO:Al and ZnO:Ni photoanode in DSSC,
respectively. The cell performance was found to be better than the pure ZnO photoanode in
DSSC, this finding shows that the addition of dopant can increase the charge carrier
conduction and further increase the PCE value. However, as the dopant concentration
increases above 6 mol%, the particle size increases and further causes the Burstein-Moss
Effect to become more pronounced and degraded the cell performance. Therefore, this work
clearly shows that by adding a small amount of Al and Ni into ZnO photoanodes and

optimised parameters can further improve the PCE values in DSSC.

Meanwhile, in the PSC simulation, PCE as high as 17.6% and 17.58% were obtained
using 1 mol% of ZnO:Al and ZnO:Ni ETL, respectively. According to previous reports, a
thickness as thinas 10 nm ZnO ETL is required to achieve a PCE above 15%, which required
a sophisticated and expensive control equipment. This investigation demonstrated that a
cost-effective PSC can be achieved by modifying and refining the important parameters of
the ZnO:Al ETL. The ideal layer thickness employed as the ETL for evaluation in various
HTL and absorber layers is 50 nm of 1 mol% ZnO:Al and ZnO:Ni. According to the
simulation data obtained in the research, the inorganic material Cu20O as a HTL has
succeeded in further increasing the PCE achieving 17.71%. Furthermore, PCE was also able

to increase as high as 27.62% using the CH3sNH3sSnls as a absorber layer. In addition, the
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CHsNHsSnls absorber layer is known as a Pb-free material, and it is also cheap and highly
effective in PSC. These results are worthwhile, which can be used as a guide in the

fabricating of PSC with appropriate HTL and absorber layer.

Based on the second scope of this research, the growth of pure ZnO nanorods and
Al-doped ZnO nanorods as ETL material were carried out on the indium-doped tin oxide
(ITO) coated glass using hydrothermal technique. The experiment for Ni as dopant material
of ZnO was not synthesize due to the PCE obtained from simulation were not much
difference and PCE was lower than Al as dopant material. The concentration of Al dopant is
in the range between 1 mol% to 4 mol%. Then, the structural, optical, and electrical
properties of the grown layer were characterized using SEM, XRD, UV-Vis, and Keithley
2401 source meter. It is observed that the trend of the photon energy absorbed and the PCE
simulation results generated from the bandgap values were matched with the bandgap values
from the experimental results. In the electrical characterization, the resistivity for 1 mol% of
Al doped ZnO nanorods obtained the lowest compared to other Al dopant concentration, and
this finding is consistent with the previous report by Dubey et al. (2022). This is most likely
due to the moderate amount of Al dopant has facilitated in reducing the grain boundary
scattering, resulting in greater charge carrier mobility. Hence, the obtained simulation results
confirmed with the experimental results are reliable, and the optimized parameters can be

used as a guide for the fabrication process.

6.2 Recommendations for Future Research
The full fabrication of DSSC and PSC utilizing ZnO can be completed by following
the guidelines outlined in this work. In the DSSC structure, Al and Ni dopant concentrations

of 3 mol% and 4 mol% Al and Ni, respectively are preferred as the ZnO photoanode.
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Meanwhile, a doping concentration of 1 mol% is desired for both Al and Ni doping into ZnO
ETL in the PSC structure. Next, the compatibility of other layers such as Cu20 as HTL and
Pb-free as an absorber layer is also recommended to be taken into account. Furthermore,
other doping materials such as Mg, Sr, La, and many more can be used for the investigation
of doping material into ZnO nanorods as ETL and photoanode in improving the performance

of DSSC and PSC.
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APPENDIX A

Graphics and peak list obtained from XRD equipment for substrate 0 mol% of Al-doped

ZnO nanorods.
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9 1 0 6 2.56400 22.490 100.0
10 1 0 7 2.47300 23.329 20.0
11 0 0 14 | 2.39200 24131 20.0
12 1 0 9 2.28300 25.302 5.0
13 1 0 10 | 2.18800 26.420 5.0
14 0 0 16 2.09400 27.629 5.0
15 1 0 12 2.00700 28.852 25.0
16 1 0 13 1.92200 30.157 25.0
17 1 0 16 1.69400 34.334 5.0
18 1 1 1 1.66600 34.930 40.0
19 1 0 18 1.56500 37.264 25.0
20 1 0 19 1.51100 38.648 5.0
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APPENDIX B

Graphics and peak list obtained from XRD equipment for substrate 1 mol% of Al-doped

ZnO nanorods.
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10 5 3 1 1.36700 42.909 1.0
11 6 2 0 1.27800 46.063 6.0
12 5 3 3 1.23300 47.847 9.0
13 6 2 2 1.21900 48.431 1.0
14 4 4 4 1.16700 50.738 1.0
15 7 1 1 1.13220 52.414 1.0
16 6 4 2 1.08030 55.140 9.0
17 7 3 1 1.05250 56.726 12.0
18 8 0 0 1.01040 59.320 4.0
19 7 3 3 0.98750 60.839 1.0
20 8 2 2 0.95270 63.313 5.0
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APPENDIX C

Graphics and peak list obtained from XRD equipment for substrate 2 mol% of Al-doped

ZnO nanorods.
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20 8 2 2 0.95270 63.313 5.0
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APPENDIX D

Graphics and peak list obtained from XRD equipment for substrate 3 mol% of Al-doped

ZnO nanorods.
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APPENDIX E

Graphics and peak list obtained from XRD equipment for substrate 4 mol% of Al-doped

ZnO nanorods.

LI I

Canis

No. | h k | d[A] | 20 [deg] | I[%]
1| 1 1 1 | 467000 | 12292 | 30
2 | 2 2 0 2.86100 | 20.130 | 84.0
3 | 3 1 1 2.43800 | 23.669 | 100.0
4 | 2 2 2 233500 | 24729 | 1.0
5 | 4 0 0 2.02100 | 28.648 | 8.0
6 | 3 3 1 1.85500 | 31.274 | 10.0
7 | 4 2 2 1.65000 | 35279 | 24.0
8 | 5 1 1 155600 | 37.488 | 40.0
9 | 4 4 0 142900 | 40962 | 43.0
0| 5 3 1 136700 | 42.909 | 1.0

143



11 6 2 0 1.27800 46.063 6.0
12 5 3 3 1.23300 47.847 9.0
13 6 2 2 1.21900 48.431 1.0
14 4 4 4 1.16700 50.738 1.0
15 7 1 1 1.13220 52.414 1.0
16 6 4 2 1.08030 55.140 9.0
17 7 3 1 1.05250 56.726 12.0
18 8 0 0 1.01040 59.320 4.0
19 7 3 3 0.98750 60.839 1.0
20 8 2 2 0.95270 63.313 5.0

144




