The Nano-optimization of P- and E-type Semiconductor Films for

Efficient Perovskite Photovoltaics

-_-=-- — ,’-r A N

M

UNIVERSITY of the
WESTERN CAPE

A Thesis submitted in fulfillment of the requirement for the degree of
Magister Scientiae in Nanoscience (Chemistry)
Department of Chemistry: SensorLab
University of the Western Cape
April 2022
By
Tamsen Orange
Supervisor: Dr. N. Ross

Co-supervisor: Prof. C. Arendse



Perovskite Solar Cells

Power conversion efficiency
ITO glass substrate

Hole transporting material
Electron transporting material
Absorbing layer

J-V measurements

Keywords



Abstract

Perovskite solar cells (PSCs) have gained a lot of attraction due to the multiple existing,
inexpensive production methods, the flexibility of materials and structures that can be utilized,
and the outstanding optoelectric properties, which include the high carrier diffusion length and
strong absorption. Despite the multiple favourable characteristics, there are however
unfavourable characteristics that are preventing the commercialization of these solar cells,
namely, the scaling up of the spin-coating process, the stability of the cells, the toxicity because
of the lead compounds used in the cells, and hysteresis in current-voltage (I-V) curves.
Structural stability refers to the capability of the crystalline stage to resist degradation over a

wide range of conditions, namely, moisture, pressure, and heat.

This project involves the determination of the most efficient, stable, and cost-effective solar
cells using, MAPbI3, MAPbBr3, SnO2, ZnO, and rGO. The materials underwent a spin-coating
process to form the ETL, absorbing layer, and HTL before the device performance was

measured using J-V measurements.

The synthesized materials, MAPbI3, MAPbBr3, SnO., ZnO, and rGO, were characterized using
High-resolution scanning electron microscope (HRSEM), X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), Ultraviolet-
visible spectroscopy (UV-vis), Photoluminescence (PL), Cyclic voltammetry (CV), and
Electrochemical impedance spectroscopy (EIS).

The HRSEM images, were used to investigate the layer of the materials on the ITO coated
glass substrate and if the layers formed are uniform and free of irregularities. The crystalline
structure and elemental composition of the materials were investigated using XRD, XPS, and
FTIR.

The optical properties of the materials were investigated using UV-vis and PL, and the
electronic properties were investigated using CV and EIS. The data obtained in UV-vis
spectroscopy was used to calculate the bandgap of the materials, with values of 1.82, 2.30,
4.02, 3.40, and 1.67 eV for MAPDbI3, MAPDbBTr3, SnO», ZnO, and rGO, respectively.

Lastly, J-V measurements were done to determine which PSC produced the highest efficiency.
From the measurements, the PSC, SnO2/MAPDIs/Spiro, had the highest efficiency of 1.02%.
The PSCs employing the ETM SnO- displayed efficiencies four times greater than their ZnO

counterparts.
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CHAPTER ONE
Introduction
This chapter contains a brief introduction to solar cells, the introduction of perovskites in solar

cells, their structure, and the principle of the photovoltaic effect. It also contains motivation

and questions, aims and objectives of this investigation. The research approach is also detailed.



1.1. Background

The first organometal trihalide perovskite, was developed in 2009 when it was first introduced
into dye-sensitized solar cells displaying a power conversion efficiency (PCE) of 3.81%.[1]
After a decade, the PCE of perovskite solar cells (PSCs) has reached 25.5%, [2] which is
attributed to a tremendous effort by the perovskite research community. Solar cells with high
efficiencies require materials with superior light-absorbing properties. Within each cell
structure, the material follows the photovoltaic effect whereby the material absorbs photons
and generate free electrons [3]. A photocurrent arises from minority carriers generated by
photo-excitation of the semiconductor absorber. An electric field present at the p-n junction
separates the electrons and holes such that electrons flow to the n-doped layer and holes to the

p-doped material, resulting in a net current flow as illustrated in Figure 1.1 below.

| n-Type
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Figure 1.1: Schematic illustration of the photovoltaic effect. Ec, Er and Ev are the energy
levels of the conduction band minimum, the Fermi level and the valence band maximum,

respectively.

Photovoltaics is achievable using various semiconductor materials. Each material has its
unique strengths and characteristics which influence its suitability for specific applications. For
example, quantum dot sensitization, dye sensitization, thin-film silicon, organic heterojunction,
group 11/V/VI thin-film semiconductors, and other current light-absorbing materials have
intensively been studied for the fabrication of cells.[2] However, there is a gap in the market
for next-generation sustainable PV cell materials that are not solely highly efficient in light
absorption and conversion but also sufficiently inexpensive and environmentally stable.[4]
Specific PV cell materials exhibit varying operating performances on their crystallinity,
bandgap, absorption, and manufacturing complexity. As illustrated in figure 1.2, photovoltaics
is usually divided into three main generations, which are well-developed and utilized for

several years. The 1% Generation (traditional) photovoltaics belong to current generation and



are made of Silicon or Germanium, doped with phosphorous and boron in Pn-junction. The 2"
Generation photovoltaics, called thin-film solar cells, are made of many tiny crystalline grains
of semiconductor materials. The materials used in these cells have properties that are different
than those of silicon. Thin-film cells have advantages over their thick-film counterparts. The
3" Generation solar cells are made from variety of materials besides silicon. These include
solar inks using conventional printing press technologies, solar dyes, and conductive plastics.
More developed solar cells use plastic lenses or mirrors to concentrate sunlight onto a
minuscule area of high-efficiency PV material. These PV materials are more expensive and
therefore cannot be used for general purposes. Last but not least, perovskite-based solar cells
recently emerged as the fourth generation of photovoltaic technology which exceeded

expectations in terms of producing high power conversion efficiency in a very short period.[5]

Photovoltaics
Compound Small
Multi-
Junction

Polycrystalline
Si

B 1stGeneration . 2nd Generation . 3rd Generation @ 4 Generation

® morganic @ organic @ tybrid

Figure 1.2: Evolution of photovoltaic solar cells [6]

A significant amount of attention has been given to hybrid metal halide perovskites, with the
typical structure composed of five layers depicted in figure 1.1, due to the simple preparation
along with its magnificent optoelectronic properties[5]. This material has gone from power
conversion efficiencies (PCE) of 3.81% (X=I) and 3.13% (X=Br)? to recent following
improvement in performance in state-of-the-art devices; 22 %.[6] The most widely investigated
organolead halide perovskites are CH3sNH3Pblz and CH3NH3PblzxClx because of their long
carrier diffusion length in the order of 100 nm and over 1um, respectively. The long carrier
diffusion length plays a key role in allowing sufficient light absorption and efficient charge

transport/extraction to achieve high photocurrents. They have high carrier mobility of about 66



cm?/V.s which significantly reduces carriers recombination. The large-scale commercialization
of these perovskite solar cells is however impeded by the instability of the perovskite medium
and difficulty in reproducing the device [7]. Addressing this stability has thus become a hot
research topic over the past decade. Theoretically, thin-film solar cell performance is
influenced by characteristics of the absorber layer such as morphology, thickness, composition
of precursors, compactness, and deposition method. In this study, materials of the hole
transporting layer (HTL), electron transporting layer (ETL), and absorbing layer are
investigated to determine the combination of materials to fabricate efficient PSCs.
1.2. Research Aims and Objectives
1. Synthesis, characterization, investigation, and optimization of the HTMs, ETL
materials, and the Perovskite layers.
2. Perovskite device elaboration with studied p- and e-type semiconductor layers
3. To compare and determine which is the best combination of materials to develop an
inexpensive, efficient, and stable solar cell
4. To test the application of the solar cells by subjecting them to a simulation
5. To author a full-length research publication to present the main results and outcomes
from the synthesis, characterization, and application procedures
1.3. Hypothesis
The cells containing SnO2/MAPDIs will display better device performances than their
counterparts and can be determined using J-V curve testing.
1.4. Research Questions
1. Which combination of materials will yield the best PCE?
2. Will terephthalic acid (TPA) stop or reduce the degradation of MAPDbI3?
3. Will chlorobenzene (CB) stop or reduce the degradation of MAPbBr3?
4. s reduced graphene oxide a good alternative to its expensive counterpart spiro-
OMeTAD?
1.5. Research Approach
In this study, background knowledge was obtained by constructing a literature review, which
helped to determine the best-proposed materials and methods to fabricate cheaper alternative
PSCs, suitable for stable energy conversion processes. Experimental procedures were
designed, and the steps were followed to study The Nano-optimization of P- and E-type

Semiconductor Films for Efficient Perovskite Photovoltaics. These steps included:



A) The synthesis of ETMs (ZnO and SnO2), HTMs (rGO), and perovskites (MAPblz and
MAPDBF3).
B) The technique and its parameters to deposit these materials onto the ITO coated
substrate.
C) The characterization and optimization of the materials.
For the characterization of the materials, the materials were spin-coated onto ITO-coated
substrates. With regards to the spin-coating process, the amount of material used, the spin-
coating speed, deposition time, and the annealing temperature and time were taken into
consideration.
The ETMs (ZnO and Sn0Oz), HTMs (rGO), and perovskites (MAPblz and MAPbBr3), were
characterized using HRSEM, XRD, XPS, FTIR, UV-vis, PL, CV, and EIS. These
characterization techniques were employed to study the structural, morphological, electrical,
and optical properties of the synthesized materials. Consequently, these techniques were used
to optimize the different layers of the PSC.
J-V measurements were carried out during the application part of the project to determine the
efficiencies of the PSCs and the performance was analyzed.



1.6. Thesis Outline

The following thesis consists of six chapters detailed as follows:

Chapter 1: contains a brief introduction to
solar cells, the introduction of perovskites in
solar cells, their structure, and the principle
of the photovoltaic effect. Furthermore, the
questions motivating this project are asked,
as well as the aims and objectives laid out.

N\

Chapter 2: the motivation behind this project is
introduced, followed by the generations of solar
cells, before elaborating on perovskite solar cells.
The operating principle of perovskite solar cells is

Chapter 3 : consists of a list of materials used in
this project, along with the synthesis, and
characterization of the materials. The parameters
used for the fabrication of the PSCs are detailed

4 )

|/
N
f Zm

then discussed before the different materials
previously and currently used in the fabrication of
PSCs are presented, as well as the different
\deposition methods used in the fabrication process.
N
-

Chapter 4: the results and discussion section
detailing the outcomes of the characterization
techniques are presented. The characterization
techniques, include, HRSEM, XRD, FTIR, XPS,
UV-vis, PL, CV, EIS, and J-V curves. The
degradation of the perovskites and the application
of the PSCs are discussed.

within the chapter, as well as a brief description
of the characterization techniques and the
instruments used
NS
AN
-

Chapter 5: contains a summary of the outcomes
obtained in the thesis, concluding the work.

Furthermore, recommendations based on possible

future work are mentioned based on this study.

-




CHAPTER TWO

Literature Review
The following chapter illustrates the motivation behind this project, namely, the energy crisis,
followed by the previous generations of solar cells, before elaborating on perovskite solar cells.
The operating principle of perovskite solar cells is then discussed along with the different
materials previously and currently used in the fabrication of PSCs. Concomitantly, the various

preferred methods used for deposition in the fabrication process are highlighted.



2.1. Energy crisis

The energy crisis is one of the most critical issues that need attention in this 21% century. The
growing energy demand is undeniable and the non-renewable resources available to sustain
this demand are depleting. The best alternative solution has always been renewable energy.
Over the last decade, developing countries have been pressured into the increased
implementation of alternative sources of energy due to population growth and economic
development [8].

South Africa, in particular, having a developing and emerging economy, is currently faced
with a two-fold energy challenge; meeting the needs of millions of people who still lack access
to basic, modern energy services while simultaneously participating in a global transition to
clean, low-carbon energy systems [9].

According to Jain et al., South Africa is the 7" largest coal producer and the 5™ largest exporter
of coal in the world. Approximately 77% of South Africa’s energy needs are obtained from
coal, amajority of which is used for power generation. Consequently, the annual CO2 emissions
of 437.37 Mt or emissions of 8.10 t CO2 per capita per annum make South Africa the highest
contributor to greenhouse gas emissions in Africa [10].

Thus, the need to move towards solar energy conversion at a progressive pace cannot be over-
emphasized. The use of solar energy is a favourable option for multiple reasons:

I.  Solar energy is the most abundant renewable energy as the sun emits approximately
3.8x102% kW of which the earth intercepts 1.8x10* kW. It reaches the earth in forms
such as light and heat, however, the majority is lost due to absorption, scattering, and
reflection by clouds [11].

Il.  Solar energy is an auspicious energy, as it is inexhaustible and presents solid and
increasing output efficiencies. Two factors that determine efficiency in the solar PV
industry are solar radiation intensity and distribution. Most developing countries
receive solar radiation in advantageous quantities [12], as shown in Figure 2.1.

I1l.  The application and pursuit of solar energy do not have a damaging effect on the
ecosystem [13].
IV. A solar system can be used for village systems, industrial operations, and homes, as it

is affordable, reliable, and applicable [14].
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Figure 2.1: Illustration of Africa’s photovoltaic power potential[15]
The growing demand experienced in many developing countries including South Africa can be
fulfilled with the use of solar energy as it is abundant in nature and freely accessible at no
additional cost [8]. South Africa has the 3" largest solar resource in the world, with an average
of more than 2500 hours of sunshine per annum, with daily solar radiation levels between 4.5
and 6.5 kWh/m? [16]. Photovoltaic cells are the most rational choice to resolve the world's
energy crisis. However, the cost of photovoltaic cells is quite high, but have high energy
outputs due to the relatively high solar intensities, making solar power the option of interest
[17].
2.2. Solar cells
Solar cells are designed to convert sunlight into electrical energy using their photovoltaic
properties. They are nearly permanent as they have an uninterrupted source of power, with
minimal operating costs. Solar cells convert solar energy directly into electricity without an
intermediate energy form [18].
As mentioned in section 1.1 and illustrated in figure 2.2., there are three generations of solar
cells, each having a specific chemical composition, structure, corresponding efficiencies, and

cost [19]. These three generations of solar cells are briefly discussed in the subsections below.
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Figure 2.2: The different generations of solar cells[20].

2.2.1. 18t Generation cells

First-generation cells are made of crystalline silicon, as illustrated in figure 2.3. These cells can

either be monocrystalline or polycrystalline. Monocrystalline solar cells consist of silicon

positive-negative (Si p-n) junctions and managed to attain an efficiency of 25%, whereas

polycrystalline solar cells are produced by melting silicon and solidifying it to position crystals

in a secured direction to develop multi-crystalline Si, which is carved into thin wafers.

Polycrystalline solar cells' efficiency is less than that of monocrystalline solar cells, but has

low production costs and less number of defects in the crystal structure. Monocrystalline and

polycrystalline solar cells are an established and commercial technology for the broad

absorption of the solar spectrum, with high carrier mobility. However, the production of these

cells is quite expensive with complicated processing impeding the global application of these

solar cells [20].
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Figure 2.3.: Diagram of a first-generation solar cell [21]
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An alternative to crystalline silicon cells has been proposed, such as emitter wrap-through
(EWT) cells, which consist of laser-drilled holes in the front and back surfaces of the cell to
increase the surface area, resulting in the enhancement of the absorption of solar radiation. This
cell design results in higher efficiency and lower production cost. The EWT cells are more
efficient at lower temperatures and require less area for a given unit, however, the performance

decreases at high temperatures [22].

2.2.2. 2" Generation cells

Figure 2.4. below, illustrates a second-generation PV cell which consists of thin-film cells.
They are cheaper than first-generation cells as they use less silicon material. However, they
make up less of the PV market due to them having a lower efficiency than first-generation cells.
There are multiple variations of thin-film cells; one of those being amorphous silicon (AS)
solar cells. AS cells are inexpensive due to the small amounts of material used and the ability
of roll-to-roll production of modules. However, they have significant disadvantage, such as
low efficiency with instability affecting the electrical output with time [22].
Second-generation solar cells are produced using methods such as, chemical vapour or vapour-
assisted deposition. Other than AS solar cells, second-generation solar cells include copper-
indium-gallium-selenide (CIGS) technology. These materials have the potential to be made

thinner and lighter which is an advantage that the silicon counterpart does not have [23].

Copper Indium
Gallium Selenide

CIGS
( ) | P Zn0, ITO - 2500A

> CdS - 700A
2 CIGS - 1-25m
Mo - 0.5-1ym

P~ Glass, Metal Foil,
Plastics

Figure 2.4: Diagram of a second-generation solar cell [24].
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2.2.3. 3" Generation cells

The improvement of second-generation solar cells led to the development of third-generation
low cost, environmentally friendly solar cells with higher efficiency. These solar cells use
nanostructures to optimize absorption, carrier generation, and separation [22]. Figure 2.5
displays a typical third generation solar cell.

Third-generation solar cells focus on minimizing the use of materials and minerals that require
a lot of refinement, such as silicon. These solar cells employ organic molecules with high
molecular weight, such as perovskite, as semiconductors. Perovskite photovoltaics use metal-
halide or organometallic materials which produce power conversion efficiencies comparable
to those produced by silicon solar cells and at a cost lower due to the simplified production

process [25].
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Figure 2.5: Diagram of a third-generation solar cell [26]

2.3. Perovskite

Perovskite solar cells (PSCs) have gained a lot of attraction due to the outstanding optoelectric
properties, such as, the high carrier diffusion length and strong absorption. They can be
produced via the multiple existing, inexpensive production methods using flexible materials
[27].

Perovskites are compounds that are defined using the formula ABXs3, in which X represents a

halogen such as Br-, I" or Cl" and A and B are different sized cations as illustrated by figure 2.6.
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PSCs hold multiple advantages over the conventional thin film and silicon solar cells, such as
low cost, simple processing steps at low temperature and enhanced efficiencies up to 31%. The
main advantage, however, is that PSCs can perform all three tasks required for the operation
of solar cells, which include; light-harvesting, charge generation, and transport [28, 29].
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Figure 2.6: Schematic illustration of a perovskite nanoparticle, in our case, ‘A’ is
methylammonium, ‘B’ is Pb and ‘X’ is a halogen [30].

Despite the multiple favourable characteristics, unfavourable characteristics are preventing the
commercialization of these solar cells. These include the scaling up of the spin-coating process,
the stability of the cells, the toxicity because of the lead compounds used in the cells, and
hysteresis in J-V curves. Structural stability refers to the capability of the crystalline stage to
resist degradation over a wide range of external factors, moisture, pressure, and heat [23, 27].
For instance, MAPbI3 is much more sensitive to environmental factors compared to MAPbBr3
[31]. The material decomposition, degradation study linked the stability of MAPbBr3 to a
prevalence of a reversible decomposition reaction;

CH3sNH3PbX3 (s) & CH3sNH2 (g) + HX (g) + PbX2 (S), (Reaction 1)
in comparison to the irreversible decomposition pathway

CH3NH3zPbX3 (s) = NHaz (g) + CHzX (g) + PbXz (s), (Reaction 2)
compared to MAPbIs which displays both decomposition types. The decomposition reaction,

4CH3NH3PbX3 + Oz = 4PbX; + 2X2 + 2H20 + 4CH3NH2  (Reaction 3)
indicates that it slows down upon the substitution of iodide with bromide [31].
According to Olaleru et al., working principles of the PSCs are crucial to pinpoint the physical
procedures that restrict the performance of the photovoltaic device. Unfortunately, the acquired
knowledge from predecessor solar cell technology cannot always be applied to the perovskite
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equivalents. MAPDIz is one of the first perovskite compounds that excited the PV research
field, due to its favourable optoelectric properties which are rarely seen [32], in comparison to
MAPDBTr3, which has not received much attention. According to Riet et al., the investigation
of the optical properties of MAPbBrs could play a key part in solving the low-efficiency
problem displayed by the material in solar cells [33].

Therefore, knowing the working principle of the PSCs will make it possible to determine the
photovoltaic parameters necessary to define the efficiency, such as the fill factor (FF), open
circuit potential (Voc), and short circuit current (Jsc).[23]

Table 2.1 depicts the photovoltaic parameters of MAPblz and MAPDBTr3, in which the cell
containing MAPDI3 generates a Voc of 1.00 V, FF of 0.681, and short-circuit photocurrent
density of 21.7 mA.cm2, compared to MAPbBr3 generating a Voc of 1.082 V, FF of 0.59 and
short-circuit photocurrent density of 10.85 mA.cm? which is double that of MAPbDIs.
According to Wu et al., this generally occurs for thick planar perovskite layers which are
associated with the dielectric properties of the ionic crystal [34].

Table 2.1: Photovoltaic parameters of perovskites in PSCs

Sample Open circuit Fill Short circuit Power References
potential Factor current (Jsc)  Conversion
(Voc) (FF) Efficiency
(PCE)
MAPDI3 1.00 V 0.681 21.7 mA.cm? 14.8 % [34]
MAPbDBr3 1.082V 0.59 10.85 mA.cm™ 6.93 % [35]

2.3.1. Operating principle

As illustrated in figure 2.7. below, when a light source emits photons, it reaches the perovskite
layer through the glass and transparent electrode. The photon is then absorbed by the active
layer and if the photon energy is higher than the energy gap of the perovskite material, the
creation of exciton will occur. The exciton will be separated by the internal potential to free
charge carriers from the work function difference between the metallic electrode and
transparent electrode. The holes will be transported to the HTL and the electrons to the ETL,
and eventually the holes to the metallic electrode and the electrons to the transparent electrode
[36].
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Figure 2.7: Schematic of an energy band diagram illustrating how PSCs operate [36].

Two of the crucial characteristics of PSCs that explain their achievements are the low exciton
binding energy and absorption properties. The first physical phenomenon in the generation of
photovoltaics is light absorption. The photon, with energy greater than the bandgap, excites the
active material creating an electron-hole pair. When the generation of the holes and electrons
are completed in the perovskite, they will be collected by the contacts after it reaches the
contacts, which is a process related to the charge-transfer properties of the halide perovskite.
The power conversion efficiency (PCE) of perovskite solar cells containing metal halides is a
result of the materials' charge-transport properties with a long charge carrier diffusion length
[23].
There are four cases related to the morphology of the sample that can coincide within the
perovskite device, namely;

i.  The perovskite is generally deposited onto the metal oxide with a thickness of a few

nanometres (200 — 400 nm) as a thin light-harvesting film.
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ii.  The perovskite is partially not in direct contact with the oxide substrate, however, is
present in the pores and capping layer which is situated above the mesoporous network
in the form of isolated crystalline domains.

With the addition of the hole-transporting material (HTM), the previous two cases can be paired
with the following cases:
iii.  The HTM is deposited into the pores, creating a continuous union with the perovskite
material.

iv.  There will be limited HTM present in the pores or the interfacial contact located

between the HTM and perovskite is only limited due to infiltration problems [37].
The perovskite film morphology is linked to three competing mechanisms: (i) the formation of
the photo-induced trap state, (ii) the passivation of these trap states, and (iii) the perovskite
degradation. In order to improve these mechanisms an anti-solvent can be utilized such as
chlorobenzene in the case of MAPDBTr3 [33]. However, according to Hou et al., in the case of
MAPbI3, terephthalic acid (TPA) was utilized as an additive to promote lateral growth of the
perovskite grains to lower the nucleation free-energy to better the competing mechanisms [38].
The highest PCEs achieved by PSCs with the formula ABXs, which mainly uses iodide
derivatives, have bandgaps of approximately 1.5-1.6 eV. On the other hand, PSCs using
methylammonium lead bromide material have a bandgap of 2.3 eV, which can produce higher

open-circuit voltages (Voc)[39].

2.4. Methods of perovskite film preparation

The two major mechanisms used in the preparation of perovskite films are vacuum deposition
and solution processing. Solution processing methods have a preferential advantage over
vacuum deposition because of the low cost and compatibility with roll-to-roll device
production. In both cases, researchers used various steps or procedures in the preparation of
the films that resulted in a difference in the quality of the film as well as in the reported power
conversion efficiencies. Common procedures in vacuum deposition are one-step precursor
deposition, sequential vapour deposition, and dual-source vacuum deposition processes. While
in the solution processing approach, one-step spin-coating, two-step spin-coating, vapour-
assisted solution processing, and spray-coating are some of the most common deposition
methods. A brief account of each deposition method will be discussed in the following

subsection.
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2.4.1. One-step method

The one-step spin-coating method consists of all perovskite precursors in a single solution,
which will be deposited onto the substrate before a thermal annealing is applied (see fig.
2.8)[40]. The spin-coating process involves the deposition of the perovskite solution onto the
necessary substrate, after which the substrate is rotated at high speed and following a drying
step. The thickness of the film is determined by the parameters, namely, the viscosity of the
solution, spinning velocity, and temperature. Once the spin-coating process is completed, the
substrate is generally annealed to promote the evaporation of the residual solvent and improve
the crystallinity [41]. This solution contains a mixture of organic and inorganic precursors, and
since these hybrid materials have rapid crystallization times, the method yields a high density
of pinholes in the resulting coated perovskite film, reducing the number of photogenerated
charges, which leads to a low short circuit density and PCE [42]. This method is quite simple
and is relatively common for particular perovskite compositions as the precursors might
undergo certain chemical reactions in the solution, which can influence the resulting film and
the performance of the devices.[40] To assist with the formation of easy high-quality perovskite
films, anti-solvents such as chlorobenzene or diethyl ether, can be added to the films during

the spin coating process [40-42].
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Figure 2.8: Illustration of the one-step deposition method [43].

2.4.2. Two-step method

In this method, one of the precursors is first deposited, after which, the second precursor is
deposited and thermally annealed. Generally, the first precursor is deposited using the spin-
coating method, whereas the second precursor can be deposited using the spin-coating method

or by dipping the substrate into a solution, as illustrated in figure 2.9 [40].
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The two-step method was developed to improve the film coverage, in which the organic and
inorganic precursors were coated sequentially and annealed at a temperature of 70-100 °C to

drive the inter-diffusion to form perovskite films.
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Figure 2.9: Diagram depicting the two-step or sequential deposition method [43].
In the two-step process, the in-solution conversion is suppressed. Therefore, after the
deposition of both solutions separately, full mixing and sufficient mass transfer between the
two precursor solutions are necessary. According to Habibi et al., the spin/dip combination is

an efficient procedure for the fabrication of the perovskite crystals in mesoporous scaffolds, as

the dipping process promotes the infiltration of the MAI solution into the scaffold pores [44].

2.4.3. Spray coating

Spray-coating employs solution-based deposition technique that results in a reduction of
material wastage, roll-to-roll compatibility, and high-throughput processing [45]. Spray
coating is commonly used in the synthesis of perovskite oxides, where the thin-film deposition,
as illustrated in figure 2.10, is achieved by spraying the solution onto the substrate, after which
a chemical reaction takes place between the constituents in the system forming the layer. The
solution used for coating is created in a way in which all unwanted products are volatile at

working temperatures [41].
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Figure 2.10: Illustration of the spray coating process [45].

In the spray coating process, the precursor solutions can be extra-dilute, allowing the
processing of poorly insoluble or soluble materials. This deposition process involves several
parallel and sequential steps, such as, the atomization of a liquid solution, droplet impingement
on the substrate surface, droplet flight and evaporation, crystallization, wetting, drying, and
film formation.[44]

Spray coating is the fastest method used to obtain scalable perovskite layers to provide a high
coating rate in a continuous process [46]. For instance, Yun et al. displayed a spray coating
technique based on the crystallization of the antisolvent. The spray antisolvent method
facilitates the fabrication of large-area perovskite films of high quality [47]. However, spray
coating is not generally used as it is performed under ambient conditions, which may disturb

sensitive precursor materials [48].

2.4.4. Vacuum Deposition

Thermal evaporation, also known as vacuum deposition, is a technique in which the material
is directly deposited from the vapour phase. As illustrated in figure 2.11, during the deposition
process, precursor is heated to a high evaporation temperature to induce vaporization, the
substrate is maintained at low temperature [41].

Multiple variations of deposition of perovskite layers using thermal evaporation have been
produced, which include single-source evaporation [48, 49], sequential evaporation [50, 51],
and multiple source co-evaporation [52]. Single-source evaporation is made possible by
combining the precursors of the perovskite in a crucible or by preparing the perovskite crystals
that are ground into a powder for evaporation. Sequential evaporation pursues a similar method

to that of the two-step solution-processed deposition, in which each precursor is separately

19



evaporated, followed by thermal annealing. Multisource evaporation is the most commonly
used method, in which each precursors are placed in separate crucibles and are co-evaporated

simultaneously along with the other precursors to form the perovskite layer [40].
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Figure 2.11: Illustration depicting a single-source thermal evaporation set-up [53].

The simplicity of fabrication has favoured the use of lab-scale solution-processing methods,
resulting in high-performance devices. However, most of these methods are not directly
relevant to a larger scale and volume preparations, impeding the incorporation and market entry
of these materials. Vacuum methods provide advantages in the deposition of perovskite thin
films, which include the intrinsic purity of sublimed materials, the low substrate fabrication
temperature, and the control over the film thickness [54].

The challenges that vapour deposition face includes, optimizing the source evaporation, the
rate, and growth processes and developing solutions that prevent source banter of volatile
substances [55].

Vacuum deposition techniques are intrinsically additive, meaning multilayer devices can be
built without the need for chemical modifications of the underlying layers or the need for
orthogonal solvents and can be utilized to deposit highly crystalline perovskite films at room
temperature [56]. The formation of thermal vacuum-deposited perovskite films, differs
significantly from solution-processed films due to the absence of solvents, intermediate
species, and the distinctive crystallization kinetics as a function of temperature and

stoichiometry [57].
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Organo-halide perovskites are generally prepared in a high vacuum chamber, utilizing three
different thermal sources, each source is equipped with a crucible and a quartz crystal

microbalance (QCM) sensor, as illustrated in figure 2.12 [58].

MAI
Pbl, PbCl,

e

Figure 2.12: Schematic of a three-source vacuum deposition of an organo-halide perovskite
[58].

The thickness and deposition rate of the layers are monitored using the quartz oscillator
microbalances. Experiments that utilize the vacuum deposition method maintain the
stoichiometry of the precursors during deposition, therefore, an annealing step is not required

to fully convert the as-deposited films to the perovskite structure [56].

2.5. Hole transporting materials (HTMs)

PSCs use hole transporting materials (HTMs) to effectively collect and transport the holes
extracted from the light harvest layer of the perovskite to the anodes [59].

The HTL plays a critical role in solar cell performance [60]. Spiro-OMeTAD remains the HTL
of choice with the best-reported performance until very recently. However, Spiro-OMeTAD is
prohibitively expensive. It is also a poor conductor, and thus, requires a complicated doping
process that is difficult to control [61]. There is a renewed interest in identifying alternative
HTMs, other than spiro-OMeTAD that can yield high PCEs [62]. HTMs utilized in PSCs are
mainly organic semiconductors due to their meeker processing conditions agreeable with
perovskites. However, HTMs display moderately low hole mobility, due to their organic
nature, therefore, the presence of a dopant is required [63].

Thermal stability enhancement in solar cells is crucial for the commercialization of PSCs. Jeon

et al. stated that most devices that would utilize spiro-OMeTAD as an HTM are linked to the
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severe degradation against thermal stress due to the additives resulting in an outstanding drop
in glass transition temperature (Tg) of the HTM [64].

Spiro-OMeTAD displays low electrical conductivity in its pristine form, as it has an amorphous
nature, therefore, doping is required to overcome this limitation to increase the hole charge
density. Tert-butylpyridine (TBP) is generally used for the doping process, increasing the
polarity of the HTM, and simultaneously improving the contact between the perovskite and the
latter. The doping strategy also happens to rely on the manipulation of lithium
Bis(Trifluoromethanesulfonyl)Imide (Li-TFSI) to accomplish low series resistances in the
solar cells, by oxidizing (p-doping) spiro-OMeTAD, in which the lithium ions will be
consumed while the reaction progresses, indicating that Li-TFSI acts a reagent [65].
However, doped spiro-OMeTAD tends to suffer degradation as well. Once Li-TFSI is exposed
to humidity or high temperatures, it generally dissociates from the spiro-OMeTAD, reducing
its desired effect. In the case of TBP, due to it being a polar solvent, as the nature of the solvents
used for perovskite deposition, the TBP would corrode the perovskite absorption layer,
affecting the PSCs stability. Therefore, a low-cost, doping-free HTM is needed to maintain the

cell performance over time, to further develop the PSC technology [65].

Table 2.2: Summary of HTMs performance parameters

HTM Performance Parameters References
FF Jsc Voc (V) PCE Band  Hole
(%) (mA.cm?) (%) gap mobility
energy (cm?V1is?)
(eV)
rGO 484 + 135+12 057 £+ 35 £ 3.09 123 [66], [67]
3.5 0.005 0.4 +0.04
Spiro- 84.81 22381 1.02 19.77 3 2x10* [68]
OMeTAD

Reduced graphene oxide (rGO) typically aids an efficient semiconductor with an adjustable
work function in the range of 4.4-4.9 eV, showing multiple functions such as an electron
transport material (ETM) and a hole-transport material (HTM). The optical and electronic
properties of rGO are easily diversified by chemical functionalization, enabling functionalized

rGO to meet certain demands [69]. rGO displays superior electrical properties compared to
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graphene oxide and can be dispersed in polar solvents, as opposed to hydrophobic graphene,
due to the presence of oxygen moieties. rGO displays outstanding mechanical, chemical, and
thermal stability. A crucial parameter that determines the selectivity of rGO is the work
function, which is regulated by the oxygen concentration, ranging from 4.35-5.28 eV. Due to
its high work function, rGO has frequently been used as a substitute for conventional HTMs
for stable PSCs. Kim et al. state that rGO has been found to minimize the defects of the
perovskite layer by participating in the perovskite formation process, while simultaneously
suppressing the recombination at the interface by passivating the defects [68, 69].

Huang et al. reported an environmentally friendly thermal reduction method using N2. The GO
was placed in a furnace filled with N2 and thermally reduced to 200 °C. The HTM increased
the open-circuit voltage to 0.95 V, with a relative power conversion efficiency of 10.5 % with
high reproducibility [59].

According to Feng et al, high-quality rGO can be produced using a sodium-ammonia (Na-NHz)
system. A Na-NHs solution can be employed to successfully reduce GO, resulting in the
restoration of the graphene structure at low temperatures, leading to the production of rGO with
high carrier mobility of 123 cm?Vs™ and low oxygen content of 5.6 wt%, within minutes. The
rGO film can be directly produced onto the substrate due to the low-temperature reduction
process, with a low sheet resistance by submerging the GO film in the Na-NHz3 solution for
several minutes. In comparison to alternative methods, this method produces rGO with high
conductivity in a short time, a low number of remaining functional groups, and low processing

temperatures, resulting in a more environmentally-friendly method [70].

2.6. Electron Transport Layer of Perovskite Solar Cells

ETLs is used to collect and transport electrons to the cathode. Semiconductors, such as TiO>
and ZnO, have been presented as favorable materials in the application of solar cells. SnO2 thin
films are spin-coated using crystalline NPs allowing efficient electron extraction without the
need for high-temperature post-treatment [71]. A variety of nanostructures of these materials
have been produced, including nanotubes, nanorods, nanofibers, and nanowires. Additionally,
other materials have been utilized as photoanodes, such as SnO- due to its wide bandgap and
high mobility [72].

TiO: is the conventional ETM that is commonly used for PSCs, however, due to its low
mobility, it is not an ideal material. In the fabricating process of TiO2, high annealing

temperatures are used to decompose the organic titanium precursor into anatase TiO2, but this
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leads to the decomposition of the perovskite layer and difficulty in tightly contacting the
compact layer to the mesoporous layer, which may result in the splitting of the TiO2 from the
substrate (FTO, ITO, etc.) [73].

According to Wang et al., low-temperature SnO2 has a wider bandgap, and high electron
mobility in comparison to high-temperature SnO2, resulting in low-temperature PSCs
performing better than high-temperature PSCs. To solve possible low voltage in SnO, PSCs,
as a result of the deep conductive band edge of SnOz, surface passivation of SnO2/perovskite
interface is carried out to maintain perovskite crystallinity [73].

The energy level of SnO: is less than that of ZnO and TiO2, suggesting that the electrons
injected from the absorbing layer to SnO; are faster than their counterparts. Due to its high
electron mobility, SnO2 could help extract and transport electrons from the absorbing layer to
the collecting electrode [74].

According to Song et al., SnO> thin films could present sufficient conductivity without the need
of high-temperature sintering process. This will benefit future fabrication of photovoltaic
devices on polymer substrates. SnO. is more effective in the collection of electrons with low
energy compared to TiOz resulting in an improved photocurrent in electrochemical cells. Low-
energy charge carriers of narrow band-gap perovskite absorbers which contain tin metal or
formamidium in their structure might not be efficiently collected by TiO2 or ZnO but be
collected by SnOz. Therefore, research regarding SnO2 as an ETM will provide important
information in the development of PSCs [75].

2.6.1. Titanium dioxide (TiOz2)

Titanium dioxide (TiO) is a crucial inorganic semiconductor, which has been explored in a
range of applications. The synthesis method of TiO> affects the conversion efficiency of the
solar cells. These synthesis methods include; the sol-gel method, chemical vapour deposition
(CVD), hydrothermal method, and flame spray pyrolysis (FSP) [72].

According to Shen et al., the best-performing solar cell devices, utilized TiO> produced via a
hydrothermal autoclaving method. However, this conventional hydrothermal fabrication
method is time-consuming and needs complicated processes. As an alternative microwave
synthesized TiO2 can be analyzed, due to its rapid heating to the required temperature and
crystallization, resulting in a simpler preparation procedure. Microwave-synthesized TiO>
offers similar photovoltaic performances to those produced by the hydrothermal process. The
reaction time needed for crystallization utilizing hydrothermal autoclaving compared to

microwave-assisted heating is significantly decreased from 12 hours to approximately 25
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minutes, resulting in crystals with a PCE of 8.2 %, which is amongst the highest ranked for
microwave-synthesized TiO; [76].

Xiao et al. reported a modified two-step in situ method to produce micron-level thickness, high-
performance perovskite-sensitized nanoporous TiO2 photoanodes. The in-situ method permits
an effective transmission and separation of the holes and electrons because of the outstanding
contact between the TiO> and perovskite. The diffusion length is less than the photoanode of
the perovskite for electrons, thereby decreasing the thickness of the photoanode, resulting in
an enhancement of photovoltaic performances. PSCs with a photoanode thickness at the micron
level indicated a higher cell efficiency of 12.22% without the addition of an HTM to the device
[77].

2.6.2. Zinc oxide (ZnO)

Zinc oxide (ZnO) is a metal oxide of interest due to its comparable high electron mobility,
energy level, and low-temperature fabrication. ZnO films can be produced through multiple
solution- or vacuum-based methods, which allow the mass production at low cost of
photovoltaic devices. Solution-processed ZnO-based PSCs have received outstanding
performances. However, there are still problems that need attention, which include; residual
acetate ligands and/or hydroxyl groups remaining on the ZnO surface, accelerating the
chemical deposition of the perovskite thin-film throughout the fabrication process [78].
Solution-processed ZnO nanoparticles have been implemented in the development of multiple
thin-film photovoltaic technologies. The ZnO-NPs synthesized can be processed without
additional annealing treatment at room temperature. Cheng et al. speculate that there are
disadvantages to using ZnO as the ETM in PSCs that only short annealing time and low
annealing temperature can be used, limiting the photovoltaic performance and the perovskite
crystal growth [79].

The probability of ZnO compact layer deposition allows the suitability of acquiring the
compact layer at low temperatures. Amid the multiple techniques that can be used to produce
the ZnO layer, the superior method seems to be chemical deposition. Semiconductors produced
via chemical deposition illustrate better charge transfer properties in comparison to alternative
methods, such as electrodeposition. The ZnO compact layer, which is in agreement with
solution-based PSC fabrication procedures, can be produced by a low-temperature chemical
deposition procedure [80].

Liu and Kelly illustrated that ZnO colloidal nanoparticles that are spin-coated can be used as
the ETL in perovskite devices, resulting in a PCE of 15.7 % [81]. However, most ZnO growth
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methods that have been reported, involve harmful chemical reagents, which include polymeric
coatings that might serve as impurities, elevated temperature systems, and sophisticated and
expensive equipment. Therefore, the challenge is the development of an inexpensive, energy-
efficient, and environmentally friendly technique to synthesize ZnO NPs that is amicable for
the sustainable production of PSCs on a large scale. Pelicano et al. establish that the simple
oxidation of zinc in water could fabricate high-quality ZnO NPs that may be used not only for

future photovoltaics but can be used in other ZnO-based electronics [82].

2.6.3. Tin dioxide (SnOz)

Tin dioxide (SnOy) is one of the most favorable alternatives to conventional metal oxides, such
as TiO2, in PSCs due to its larger bandgap and higher electronic mobility, indicating
outstanding long-term stability and a swifter transport of the photogenerated electrons [83].
There are multiple methods of SnO- synthesis available, namely, pulsed laser deposition, co-
precipitation, polymeric precursor method, solid-state synthesis, sol-gel, and spray pyrolysis
approaches. The sol-gel method is one of the best methods used for thin-film preparation of
high quality, based on the polycondensation and hydrolysis of metal alkoxides [84].
According to Matsui et al., SnO> exhibits perovskite materials and well-placed conduction
bands of SnO- in the planar configuration, which is crucial in fabricating PSCs with a highly
stabilized power output. SnO- electron selective layers produced via the solution-processing
procedure produce highly efficient PSCs with a PCE of approximately 21%. However, films
produced by chemical bath deposition result in blocking layers that have a high selectivity
which supports the highest voltages of 1214 mV with a bandgap of 1.62 eV [85]. Figure 2.13.
below, illustrates the bandgap difference between ZnO and SnO». SnO> has a wider bandgap
than ZnO, with higher electron mobility and low processing temperatures [85].
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Figure 2.13: Diagram illustrating the bandgap difference between ZnO and SnO>

Table 2.3 displays the different performance parameters of materials used in the ETL. TiOg, in
comparison to ZnO and SnO., displayed the highest FF, whereas ZnO displayed the highest Js,
Voc, and PCE. The PCE of ZnO can be attributed to it having a higher short-circuit density (Jsc)
of 21.60 mA.cm and open-circuit voltage (Voc) of 1.04 V in comparison to that of TiO, and
SnO:2 [74].

Table 2.3: Summary of ETMs performance parameters

HTM Parameters
FF (%)  Jsc (MA.cm?) Voc (V) PCE (%) References
TiO2 73.77 13.89 0.761 7.80 [86]
Zn0O 63.4 21.60 1.04 14.24 [78]
SnO> 41.8 18.8 0.647 5.12 [74]
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CHAPTER THREE

Materials and Methods
This chapter consists of a list of materials used in this project, along with the synthesis, and
characterization of the materials. The parameters used for the fabrication of the PSCs are
detailed within the chapter, as well as a brief description of the characterization techniques and
the instruments used.
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3.1. Materials

All chemicals that were used in this investigation are presented in table 3.1. These chemicals
were used to synthesize MAPDbI3, MAPDbBr3, rGO, ZnO and SnO: as discussed in the
following section and subsections.

Table 3.1: Materials, Supplier, and purity of materials used throughout the project

Chemical Name Chemical Supplier Purity
formula
Lead iodide Pbl> Sigma Aldrich ~ 99.999 %
Dimethylfomamide (CH3)2NCH Sigma Aldrich  99.999%
Methylammonium iodide CHsNH;sl Sigma Aldrich  99.99%
2-propanol (CH3).CHOH Sigma Aldrich  99.5%
Lead bromide PbBr; Sigma Aldrich ~ 99.999%
Methylammonium bromide CH3NH3Br Sigma Aldrich ~ >99%
Dimethyl sulfoxide (CH3)2SO Sigma Aldrich ~ >99.9%
Sulfuric acid H2SO4 Sigma Aldrich  99.999%
Graphite C Sigma Aldrich  >99.99%
Sodium nitrate NaNOs3 Sigma Aldrich ~ >99.0%
Potassium permanganate KMnO4 Sigma Aldrich ~ >99.0%
Hydrogen peroxide H202 Sigma Aldrich  >30%
Hydrochloric acid HCI Sigma Aldrich  37%
Zinc acetate dihydrate Zn(CH3COO0)> . Sigma Aldrich  99.999%
2H,0
Methanol CH3OH Sigma Aldrich  >99.8%
Potassium hydroxide KOH Sigma Aldrich  >85%
Chloroform CHCl3 Sigma Aldrich  >99.8%
n-butanol CH3(CH2)3:0H Sigma Aldrich  >99.4%
Acetone CH3COCHs3 Sigma Aldrich ~ >99.5%
Ethanol CH3CH>0OH Sigma Aldrich  99.8%
Spiro-OMeTAD Cs1HssN4Os Sigma Aldrich  99%
Bis(trifiuoromethane)sulfonimide C2FsLiNO4S> Sigma Aldrich  99.95%
(LiTFSI)
Chlorobenzene CeHsCl Sigma Aldrich  99.8%
Acetonitrile CHsCN Sigma Aldrich  99.5%
4-tert-butylpyridine CoHsN Sigma Aldrich  96%
Terephthalic acid CesHa(CO2H)2 Sigma Aldrich  98%
Tin chloride dihydrate SnCl, . 2H20 Sigma Aldrich  98%
Silver powder Ag Sigma Aldrich  99.99%
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3.2. Methylammonium Lead Triiodide (MAPbDI3)
3.2.1. Solution processing
The MAPDI3 solution was synthesized by dissolving 461 mg of Pbl> (Sigma, Aldrich 99.999%
trace metals basis, perovskite grade) in a 1 ml mixture of Terephthalic acid (TPA, 8 mg/ml)
and DMF (Dimethylformamide (CHs).NCH). The solution was stirred on a hot plate for 4 hours
at 70 °C [38] until the solute completely dissolved, which formed a transparent yellow solution
containing Pbl> crystals [91, 92]. A solution of methylammonium iodide (MAI) and 2-propanol
with a concentration of 10 mg/ml was used to make a solution of 25 ml. To make up a 25 ml
solution with a concentration of 10 mg/ml, 250 mg of the MAI was weighed and transferred
into a 25 ml volumetric flask and made up to the 25 ml mark with the 2-propanol solution. The
solution was then filtered using a syringe filter, with a pore size of 0.45 um [85, 92].

Pblz + CH3NHsl — CHsNHsPbls  (Rxn 3.1)

3.2.2. Spin-coating process and parameters

The Pbl, precursor solution was preheated along with the substrates at 70 °C. Once preheated,
the first layer was prepared by dropping 60 pl of the Pblz solution onto the substrate and spin-
coated for 30 seconds at 3000 rpm as illustrated in figure 3.1. The as-coated films were then
annealed for 1 hour at 100 °C.

Once the first layer was completed, 60 ul of the MAI/2-propanol solution was dropped onto
the substrates and allowed to penetrate the Pbl layer for 40 seconds before being spin-coated.
After the MAI/2-propanol solution was allowed to penetrate the Pbl. layer, the substrate was

spin-coated for 30 seconds at 2000 rpm and annealed for 20 minutes at 70 °C.

Pbl,/ DMF  CH3;NH,l / 2-propanol
CN;NH,Pbl,

spin coat dip coat

Figure 3.1: Schematic illustration of the spin-coating process for MAPbI3 formation
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3.3. Methylammonium Lead Tribromide (MAPbBr3)
3.3.1. Solution processing
The MAPbDBr3 solution was synthesized by dissolving 361 mg of PbBr, (Sigma, Aldrich
99.999% trace metals basis, perovskite grade) in 1 ml of DMF and stirred at 70 °C for 3 hours
until the solute dissolved [89]. The second layer’s solution was prepared by dissolving 0.2 g of
MABT in 10 ml of 2-propanol (IPA) [89]. The solution prepared was filtered using a syringe
filter, with a pore size of 0.45 um [35].

PbBr; + CHsNHz:Br — CH3NH3PbBr3 (Rxn 3.2)

3.3.2. Spin-coating process and parameters

The MAPDBr3 layer required the solution preparation. The first step required 60 ul of the
PbBro/DMF solution, which was dropped onto the ETL and spin-coated at 4000 rpm for 15 s
as illustrated in figure 3.2. The layer was subsequently annealed at 70 °C for 15 minutes. The
second step was performed by dropping 60 pl of the MABI/IPA solution onto the first layer
and allowing it to penetrate the PbBr; layer. Once the second layer was allowed to penetrate
the first, the solution was spin-coated at 3000 rpm for 5 s and annealed at 70 °C for 30 minutes.
[89]

MABr + PbBr,
in DMF/DMSO MAPDBBTr; Film

e - - -

-y -y ?

Figure 3.2: Schematic illustration of the spin-coating process for MAPbBr3 formation

3.4. Reduced Graphene Oxide (rGO)

3.4.1. Synthesis

Graphene oxide was synthesized using a modified Hummers’ method [90]. Sulphuric acid (40
ml) was added to graphite powder (500 mg) and stirred, before the addition of sodium nitrate
(375 mg). The mixture was stirred inside a cool beaker for 2 hours, while potassium
permanganate (3 g) was slowly added. The mixture was then stirred for an additional 4 hours

and was allowed to reach room temperature before it was heated for 30 minutes at 35 °C. Once
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heated, deionized water (50 ml) was poured into the flask and the solution was stirred for an
additional 15 minutes at 70 °C. Once completed, an additional 250 ml of deionized water was
added while the unreacted potassium permanganate was removed with the addition of hydrogen
peroxide (2-10 ml). The resulting solution was filtered and washed with 1 M hydrochloric acid
and deionized water before being oven-dried [90]. The graphene oxide mechanism is displayed
in figure 3.3.

The prepared graphene oxide was reduced by placing the graphene oxide (50 mg) into a
crucible. The crucible containing the graphene oxide was placed in a furnace for 4 hours at 200
°C to remove oxygen-containing functional groups. The resulting reduced graphene oxide was

allowed to cool to room temperature [59].

Hummers
method
KMI’\O.:

H;S04/NaNO; H

Exfoliation
—_—1

COOH Ultrasonication
or
Ball milling

o
Hooo—< 3 Grpfiepuce (65}
Graphite 7

Graphitic oxide
(multilayer)

Figure 3.3: Graphene oxide formation mechanism

3.4.2. Spin-coating process and parameters

rGO dispersion was made by dispersing the rGO in 2-propanol at a concentration of 0.6 mg/ml
and sonicated for 1 hour.

The rGO dispersion was spin-coated over the perovskite photo-active layer for 60 seconds at
5000 rpm [65]. The substrates were annealed for 10 minutes at 120 °C [91].

3.5. Zinc Oxide (ZnO)

3.5.1. Synthesis

ZnO was synthesized by employing the sol-gel process. Zinc acetate dihydrate (2.95 g, 13.4
mmol) was dissolved in methanol (125 ml) while being stirred at approximately 65 °C. A
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solution containing potassium hydroxide (KOH) (1.48 g, 23 mmol) in methanol (65 ml) was
added dropwise over a 15 min period at 60-65 °C. The mixture was stirred at 65 °C for 2.5
hours while covered with parafilm. The mixture was then cooled down to room temperature,
the contents poured into centrifuge vials and the supernatant decanted. The precipitate was
washed thrice with methanol (5 ml) and centrifuged for 5 minutes. A solution containing
methanol (5 ml), chloroform (5 ml), and n-butanol (70 ml) was made, and the solution (10 ml)
was added to each vial. This solution was used to disperse the precipitate, producing a ZnO
nanoparticle solution. The ZnO nanoparticle solution was filtered using filter paper and filtered
once more using a syringe filter [81].
Zn(CH3C03)2.2H20 + KOH — Zn(OH), + C2H30:K — ZnO + H.0 (Rxn 3.3)

3.5.2. Spin-coating process and parameters

Prior spin-coating ZnO, the filtered solution obtained at the end of the synthesis was sonicated
for 5 minutes. This solution was then used for the spin coating process.

Approximately 100-200 pL of the sample was placed onto the substrate and spin-coated for 30
seconds at 3000 rpm. This was then repeated 2 times, before being allowed to dry in the fume

hood for 2 minutes to form the ZnQ layer [88].

3.6. Tin dioxide (SnOy)

3.6.1. Synthesis

For the synthesis of SnO2, 8.374 g of SnCl2.2H.0 was dissolved in 100 ml of absolute ethanol.

The mixture was stirred and refluxed at 80 °C for 3 hours. Subsequently, the mixture was

allowed to cool down to room temperature under continuous stirring for an additional hour.[92]
SnCl,.2H20 + C2Hs0H — Sn(OCH2CH20H)2 — SnO2  (Rxn 3.4)

3.6.2. Spin-coating process and parameters

The solution acquired from the synthesis was aged overnight, resulting in the SnO> organic sol

which was used for coating [93].

The SnO- film was deposited onto the ITO-glass substrate by spin-coating the above dispersion

for 30 seconds at 3000 rpm and annealed for 30 minutes at 150 °C [71].
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3.7. Spiro-OMeTAD

3.7.1. Solution processing

The solution was prepared by dissolving 180 mg of Spiro-OMeTAD in 1 ml of chlorobenzene
along with 37.5 ul of LiTFSI (170 mg/ml) in acetonitrile and 17.5 ul of 4-tert-butylpyridine
[35].

3.7.2. Spin-coating process and parameters
The Spiro-OMeTAD was deposited onto the perovskite photoactive layer by spin-coating for
20 seconds at 4000 rpm and allowed to dry overnight.

For the fabrication of the cells, the materials were spin-coated, following the process illustrated
in Fig. 3.4. The process requires the application of the solvent solutions onto the pedestal, the
pedestal was rotated causing the dispersion of the solution onto the desired surface; it was then

allowed to dry before being repeated to form the layers of the cell [69].

Figure 3.4: An illustration of the overview of the spin coating process

However, before fabrication of the cells ITO substrate was subjected to a cleaning process as
described below:

Substrate cleaning

I.  The ITO coated glass was ultrasonically cleaned using detergent, deionized water,
acetone, and ethanol, sequentially for 15 minutes.
Il.  Once cleaned, the substrate was removed using a pair of tweezers and dried under
nitrogen flow.
I1l.  After the use of the nitrogen flow, it was additionally dried by placing the ITO-coated
glass in the oven for 2 hours at 120 °C [91].
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The structures of cells generally have a planar device or inverted device structure. In planar
device architecture, the electron transporting layer (ETL) (e.g. SnO2 and ZnO) is spin-coated
onto a glass substrate followed by the perovskite photoactive layer (e.g. MAPDI; and
MAPDBT3), hole-transporting material (HTM) (e.g. rGO and Spiro-OMeTAD) and a metal
contact (e.g. gold) as depicted in Figure 3.5a and b, whereas, in the inverted device

architecture, the ETL and HTM are switched around, as shown in Figure 3.5¢c and d [94].

Metal Metal
HTM

Perovskite

) *{(.‘-Cc_«»—-}j' o
u.vv‘t AQ: &f“-d,

ETM ETM
TCO TCO
Glass Glass

(a) (b)

Metal

ETM
Perovskite
HTM HTM
TCO TCO
Glass Glass

(c) (d)

Figure 3.5: Schematic illustrations of common PSC device architectures, namely: a) n-i-p
mesoporous, b) n-i-p planar, ) inverted p-i-n mesoporous, and d) inverted p-i-n planar
structures
There are several possible ways in which to construct the cell based on the materials
synthesized. These possibilities are constructed to determine the best combination of materials
to use to assemble an efficient and stable cell. Comparisons are made with regards to the ETL,
HTMs, and perovskite photoactive layer, resulting in 8 different cell fabrications, as mentioned

below:

The following structures will be fabricated, namely;
i) glass/ ITO/ SnO./ MAPDIs/ rGO/ Ag,

ii) glass/ ITO/ SnO2/ MAPDI3/ Spiro-OMeTAD/ Ag,
iii) glass/ ITO/ ZnO/ MAPbIs/ rGO/ Ag,
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iv) glass/ ITO/ ZnO/ MAPDI3/ Spiro-OMeTAD/ Ag,

V) glass/ ITO/ SnO2/ MAPbBr3/ rGO/ Ag,

vi) glass/ ITO/ SnO2/ MAPDBr3/ Spiro-OMeTAD/ Ag,
vii) glass/ ITO/ ZnO/ MAPDbBr3/ rGO/ Ag and

viii) glass/ ITO/ ZnO/ MAPbBr3/ Spiro-OMeTAD/ Ag.

Figure 3.6. shows a typical illustration of the device architecture aimed for. The 8 device
fabrications previously mentioned will be following this type of architecture and the best

combination of materials will be determined.

Conducting layer (Back)
HTM

: skite Absorber (Active layer)
ZnO or SnO, ETL

Conducting layer (Front)
Substrate

Figure 3.6: Hlustration of the device architecture

Figure 3.7 illustrates a complete cell structure along with its corresponding energy band
diagram, for MAPbIs-based solar cells with Spiro-OMeTAD as the HTM, which is similar to

the device architecture aimed for in this study [35].
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/
CH;NH;Pbl5

Spiro-OMeTAD

Figure 3.7: The schematic illustration of a complete cell structure (left) with the

corresponding energy band diagram (right)

3.8. Characterization Methods

3.8.1. High-Resolution Scanning Electron Microscope (HRSEM)

The morphology and particle sizes of MAPbI3, MAPbBr3, SnO2, ZnO, and rGO, were analyzed
using HRSEM images. The samples were prepared by spin-coating and annealing the materials
onto individual ITO coated glass substrates. The images were obtained using the ZEISS
ULTRA and MIRA3 TESCAN microscopes with an acceleration voltage of 5.0 kV.

3.8.2. X-Ray Photoelectron Spectroscopy (XPS)

XPS is a method used to analyze the surface chemistry of a material by measuring its elemental
composition and the electronic and chemical state of the atoms within the material. A PHI 5000
Scanning ESCA Microprobe with Al-Ka radiation was used for analysis, with a photon energy
of hv = 1486.6 ¢ V.

3.8.3. Fourier Transform Infrared (FTIR) Spectroscopy

The structural differentiation and the determination of functional groups of the materials were
evaluated using FTIR. The data was obtained using a Thermo Fisher Nexus 670 FTIR
spectrometer equipped with an attenuated total reflection (ATR) attachment. The samples were
prepared by coating the materials onto ITO-coated glass substrates and placed underneath the
ATR attachment.

37

http://etd.uwc.ac.za/



3.8.4. UV-Visible Spectroscopy (UV-vis)

UV-visible spectroscopy is a quantitative method used to determine the absorption ability of
the materials. The materials, MAPbls, MAPbBTr3, SnO2, ZnO, and rGO, were coated onto the
ITO-coated glass substrates and analyzed using Thermo Fisher Scientific’s UV-Visible Double

Beam Spectrophotometer.

3.8.5. X-ray Diffraction (XRD)
XRD was performed to obtain information regarding the crystalline structure and phase
composition of the synthesized materials. A BRUKER AXS X-ray diffractometer with Cu-Ka

radiation was utilized for analysis, with a radiation wavelength of A = 1.54051.

3.8.6. Cyclic Voltammetry (CV)

Cyclic voltammetry was used to evaluate the electronic behaviour of the synthesized materials.
The analysis was performed using a PalmSens potentiostat, employing a three-electrode
system, consisting of a working electrode, counter electrode, and reference electrode. For this
project, MAPDbI3, MAPDbBr3, SnO, ZnO, and rGO were coated onto an ITO-coated glass
substrate and acted as the working electrodes, a platinum wire was used as a counter electrode,
and an Ag/AgCI reference electrode in 3M KCI.

3.8.7. Electrochemical Impedance Spectroscopy (EIS)
The electrochemical properties of the materials were determined using EIS. The analysis was
performed on the CHI706E Electrochemical Workstation, employing the same three-electrode

system used in the CV analysis.

3.8.8. Photoluminescence (PL)

The optical properties of the materials were analyzed using photoluminescence. The materials,
which were coated on ITO-coated glass substrates were analyzed using the HORIBA Jobin
Yvon NanoLog.
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CHAPTER FOUR

Results and Discussion
The following chapter consists of results and a discussion section detailing the outcomes of the
characterization techniques. The characterization techniques, include, HRSEM, XRD, FTIR,
XPS, UV-vis, PL, CV, EIS, and J-V curves. The degradation of the perovskites and the

application of the PSCs are discussed.
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4.1. Interface Characterization

4.1.1. Surface morphology

4.1.1.1. High-Resolution Scanning Electron Microscope (HR-SEM)

The surface morphology of the MAPbI3, MAPbBr3, SnO2, ZnO, and rGO thin films were
analyzed using HR-SEM. Figure 4.1(a-e) illustrates the HR-SEM images of MAPDI3,
MAPDBTr3, SnO,, ZnO, and rGO thin films, respectively, which were prepared on ITO

substrates using the spin-coating deposition method.

Signal A= InLens
Mag= 2000K X

Figure 4.1: The HR-SEM images of a) MAPDIs, b) MAPDbBTrs3, ¢) SnO2, d) ZnO and e) rGO

Figures 4.1 (a) and (b) show the perovskite or absorbing layers, namely, MAPbIlz; and MAPbBr3
films. MAPbIs film in figure 4.1(a) depicts a uniform, densely packed layer with good surface
coverage. The MAPDI3 grain sizes were relatively large (~268-320nm), however, according to
a study performed by Ahmadian-Yazdi et al., MAPbIs film synthesized using DMF generally
have grain sizes averaging between ~100 — 650 nm [95]. In comparison to the other perovskite
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layer illustrated in figure 4.1(b), MAPbBr3 film shows a relatively rough and densely packed
surface without any pinholes, resulting in proper coverage over the entire surface. The surface
defects observed in the MAPDBTr3 film can cause leakage and consequently increase the dark
current, affecting the device performance [96]. The MAPDbBTr3 grain sizes (~300-420 nm) were
larger than that of MAPDI3. According to McGovern et al.,, MAPbBr3 grain sizes average
between ~200-500 nm [31]. Grain size controls the formation of grain boundaries in such a
way that small grain sizes lead to great grain boundaries. Since grain boundaries facilitate the
ion migration pathway, ion migration is easier in film with small grain sizes [97].
Consequently, MAPDI3 film is expected to display better device performance in comparison to
MAPbBr3 film. The thickness measurements for these layers were performed using the Veeco
Dektak 6M Stylus Profiler (USA), in which the average layer thickness of MAPbIs was found
to be 352 nm and MAPDbBTr3 film displayed a layer thickness of 373 nm. According to Guan et
al., the ideal thickness for the absorbing layer using halide perovskites is in the range of 350 —
500 nm [98].

Figures 4.1(c) and (d) show images of the electron transport layer materials, namely, SnO; and
ZnO films respectively. Figure 4.1(c) illustrates that SnO, formed a uniform layer. However,
clusters of the SnO> particles appear on the uniform layer. These clusters can be a result of the
rough surface of the ITO substrate, due to small irregular ITO grains which can lead to less
perovskite coverage [71]. The SnO. displayed grain sizes in the range of 245-380 nm with a
layer thickness of approximately 29.8 nm. The ideal layer thickness of SnO- film ranges from
20 —-100 nm. The smaller grain formation increases surface roughness, subsequently, according
to Xiong et al., SnO2 nanoparticles agglomerate and increase in size as film thickness increases.
Therefore, SnO2 cannot block holes leading to poor device performance. However, the problem
can be solved with the use of a thin ETL as presented [96], [97]. In comparison, figure 4.1(d)
illustrates that ZnO film had formed multiple layers on the ITO surface as the ZnO sheets can
be seen. Subsequently, the layers cover the entire surface of the ITO, displaying grain sizes of
~143 nm with a layer thickness of approximately 57.4 nm. The ideal layer thickness for ZnO
film is in the range of 40 — 100 nm, therefore, the prepared layer fell between the required
range. The layer thickness was obtained by forming two layers and could be altered by
increasing the number of layers.

Figure 4.1(e) illustrates the HTM, rGO film. The rGO particles can be seen on the surface of
the ITO, with grain sizes of ~240 nm and a layer thickness of approximately 39.3 nm. The ideal
thickness for the HTL using rGO is in the range of 20 — 60 nm [99].
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4.1.2. Phase Composition

4.1.2.1. X-Ray Diffraction (XRD)

The information regarding the crystalline structure and phase composition of the synthesized
materials were analyzed using X-ray diffraction (XRD). The results obtained by XRD analysis
were filtered with the crystal-impact software, known as MATCH, to remove excess noise and
the crystal structures from these results were constructed using the 3D visualization software,
known as VESTA. The XRD patterns of the absorbing layer materials, MAPbIz and MAPbBTs3,
are displayed in figures 4.2(a) and (c), respectively.
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Figure 4.2: XRD patterns of a) MAPbIz with the corresponding b) MAPDI3 crystal structure
and ¢) MAPbBTr3 with corresponding d) MAPbBI3 crystal structure

The XRD pattern displayed in figure 4.2(a), shows peaks at 20 = 14.78°, 28.51°, and 31.98° for
MAPDI3 perovskite films that can be indexed to (110), (220), and (310) diffraction of
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perovskite grains respectively, which agree with the values of ICSD ID 241477. The peak
which occurs at 20 = 14.78° is attributed to residual Pblp, which can be beneficial to the
photovoltaic performance by improving the carrier lifetime by contributing to the reduction in
recombination at the absorber electron selective surface interface [100]. Figure 4.2(b) shows
the tetragonal crystal structure obtained from the XRD patterns displayed in figure 4.2(a). The
corresponding crystal size for MAPbIsz was calculated to be 97.59 nm. This was calculated

using the Debye-Scherrer equation [101]:

092
- B cos6

(Eq. 4.1)

where d = d-spacing or crystal size, 0.9 is the value of the shape factor, A = the wavelength of
the X-ray diffraction, p = full width at half maximum of the peak in radians, and 6 = Braggs
angle in radians.

In comparison to figure 4.2(c), in which MAPDbBrz displays diffraction peaks at 26 = 14.9°,
30.2°, 45.9°, and 62.7° which can be indexed to (100), (200), (300), and (400) confirming the
formation of the cubic perovskite structure, as illustrated in figure 4.2(d), which agree with the
values of the ICSD ID 158306. The peak in the (200) plane, displaying a high intensity, can be
attributed to the PbBr. precursor, indicating that the precursor was in excess. However, the
peak in the (100) plane has a higher intensity than the peak in the (200) plane, indicating the
formation of MAPbBr3 despite one of the precursors being in excess [4].

The calculated crystal size for MAPbBrs amounted to 216.67 nm, which is more than double
that of MAPbDIs.
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The XRD patterns of the absorbing layer materials, SnO, and ZnO, are displayed in figures
4.3(a) and (c), respectively.
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Figure 4.3: XRD patterns of a) SnO> with the corresponding b) SnO; crystal structure and c)
ZnO with corresponding d) ZnO crystal structure

The SnO2 sample in figure 4.3(a), displays diffraction peaks at 26 = 26.8°, 34.2°, 37.8°, 51.9°,
and 57.4°, which corresponds to the (110), (101), (200), (211) and (220) crystal planes,
respectively. This shows that the material, as illustrated in figure 4.3(b), has a rutile structure
with a tetragonal crystalline system[84] corresponding with ICSD ID 9163. The crystal size for
the SnO2 XRD pattern is determined to be 63.30 nm, which is approximately double that of the
grain sizes determined from the SEM results.

Zn0O, in figure 4.3(c), displays diffraction peaks at 32.2° 34.3,° 36.4° and 47.7° which
corresponds to (100), (002), (101), and (102) crystal planes of a hexagonal wurtzite crystal
structure of ZnO as illustrated in figure 4.3(d), which corresponds to ICSD ID 26170. The
crystal size of the ZnO XRD pattern is determined to be 41.52 nm.
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Figure 4.4: XRD patterns of a) rGO with the corresponding b) rGO crystal structure

The XRD pattern of the HTM, rGO, is displayed in figure 4.4(a) with diffraction peaks at
20=26.5° and 44.8°, corresponding to the crystal planes (002) and (001), respectively.
This suggests that the rGO sample is well ordered with two-dimensional sheets due to the

removal of the functional groups. The d-spacing was calculated to be 17.33 nm.
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4.1.3. Elemental Composition

4.1.3.1. Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transform Infrared Spectroscopy (FTIR) was performed to determine the functional

groups present in the prepared materials, namely, MAPbI3, MAPbBTr3, SnO2, ZnO, and rGO

thin films.
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Figure 4.5(a-e) shows the FTIR spectra of MAPbI3, MAPDbBTr3, SnO., ZnO, and rGO thin films.
In figure 4.5(a), there are characteristic vibrational bands of MAPDIs occurring at 3482 cm™
which is attributed to the N-H stretching vibration, a peak at 3142 cm™ which is attributed to a
C-H stretching vibration, a peak at 1581 cm™ which can be attributed to N-H bending and the
two remaining peaks positioned at 1471 and 922 cm™ which is attributed to a C-H bending
vibration. In comparison to figure 4.5(b) which illustrates vibrational bands of MAPDbBTr; at
3460 cmt which is attributed to O-H stretching vibration, a peak at 3023 cm™ assigned to C-H
stretching, and a peak at 1587 cm™ which can be attributed to an aromatic ring. There are two
peaks at 1497 and 1257 cm™ which can be attributed to C-N amide bands and an additional
two peaks at 1406 and 920 cm™ which can be assigned to a stretching and bending -C=0
carbonate, respectively.

Figure 4.5(c) displays the vibrational bands of SnO,, with characteristic peaks at 3332 cm™
caused by stretching vibrations from OH which could be caused by the absorption of hydroxyl
groups of water molecules due to atmospheric moisture[102], with peaks at 2973 and 1383 cm"
! occurring due to CH stretching and bending, respectively, for the methyl group coming from
the preparation process and a peak 878 cm for the vibration bond of Sn-O in SnO.. In
comparison to figure 4.5(d) displaying the vibrational bands of ZnO, the characteristic peak at
3314 cm is assigned to the O-H stretching mode of hydroxyl groups, whereas the peak at 2930
cm is due to the C-H stretching vibration of alkane groups. The peaks observed at 1459 and
1029 cm? are due to the asymmetrical and symmetrical stretching of the zinc carboxylate,
respectively.

In figure 4.5(e), GO vibrational bands are compared to those of rGO. The characteristic peaks
at 2974, 1717, and 1056 cm™ correspond to CH and CHy stretching groups, C=0 and C-O
groups, respectively in the rGO. However, when compared to the GO, it can be noted that the

rGO peaks have significantly weakened because of the reduction process.
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4.1.3.2. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to measure the materials; MAPbDI3,
MAPDBTr3, SnO2, ZnO, and rGO, elemental composition as well as the electronic and chemical
state of the atoms within these materials to analyze their surface chemistry.

Figure 4.6 (a) and (b) displays the XPS spectra of |1 3d5 and Pb 4f, of the material MAPDbIs,
respectively.

Figure 4.6(a), the 1 3d5 peaks with binding energy at 618 and 630 eV for redox state 1-, which
corresponds to | 3d5/2 and | 3d3/2, respectively. The separation of 12 eV between the two
peaks, can generally be found in the case of I" species, indicating a well-separated spin-orbit
component. The | peak shift towards higher binding energies (blue line), according to Rittisut,
suggests that there are small improvements produced in the I oxidation state [103].

In figure 4.6(b), the Pb 4f peaks with binding energy 143 and 137.5 eV occur for the 2+ redox
state. These can be attributed to the moderate appearance of characteristically signature peaks
of Pbl> and metallic lead (Pb), which corresponds with the XRD results obtained [104].
Consequently, the Pb 4f XPS spectra can be used to detect the decomposition of MAPbI3z due
to the reformation of the Pbl, phase [105]. The decomposition is detected with the shift towards
higher binding energies (blue line) in the direction of the precursor Pbl,, which can be caused
by the loss of the MAI precursor [106].
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Figure 4.6: The XPS spectra of MAPbIz a) | 3d5 and b) Pb 4f
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Figure 4.7 (a) and (b) above displays the XPS spectra of Br 3d and Pb 4f, of the material
MAPbDBTr3, respectively.

Figure 4.7(a) displays a peak occurring at 68.2 eV with a should occurring at approximately 67
eV for Br 3d because of the surface Br ions. The peaks located in the Br 3d core level with
binding energies 68.2 and 67 eV correspond to Br 3d5/2 and Br 3d3/2, respectively [103].

In figure 4.7(b), the two peaks at 137.9 and 142.5 eV for Pb 4f can be attributed to Pb(0) in the
metallic state and the perovskite, respectively. According to Wang et al., the peaks located in
the Pb 4f core level with binding energies 137.9 and 142.5 eV, correspond to the peaks Pb
4f7/2 and Pb 4f5/2, respectively [107].
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Figure 4.7: XPS spectra of MAPDbBTr3 a) Br3d and b) Pb 4f
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Figures 4.8(a) and (b), illustrate the Sn 3d and O 1s spectra of the synthesized SnO..

In figure 4.8(a) the Sn 3d spectra show binding energies at approximately 487 and 496 eV,
which can be assigned to the emission of 3d levels of Sn?* and Sn 4* species. According to Xie
et al., there is a spin-orbit coupling corresponding to the Sn** valence state, which occurs due
to the core level of Sn 3d being spin split into a 3d5/2 and 3d3/2 doublet at the peaks observed
above [71].

The O 1s peak observed in figure 4.8(b) is relatively narrow with a binding energy of 531 eV.
This peak corresponds to the O? valence state observed in SnO2 and oxygen atoms that have
been chemisorbed. The peak observed in the O 1s spectra is asymmetrical and has a shoulder
located at higher binding energy, which is a result of surface contamination or an irregular
morphology of the SnO; thin film, which is confirmed by the SEM images. The irregular
morphology, according to Akgul et al., indicates that the material could contain components

that correspond to oxygen atoms bonding in different chemical environments [108].
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The XPS results of ZnO are illustrated in figures 4.9 (a) and (b), showing the spectra of Zn 2p3
and O 1s, respectively. The two peaks displayed in figure 4.9(a), the Zn 2p3 spectrum, with
binding energies of 1045 and 1022 eV, can be attributed to Zn 2p1/2 and Zn 2p3/2 of a wurtzite
ZnO, which corresponds with the results observed in the XRD patterns of ZnO [78]. The 23
eV difference between the two binding energies suggests that Zn is in a +2 redox state [109].

Figure 4.9(b), displays a peak at 530.3 eV with a shoulder occurring at 531.7 eV, relating to
the oxygen atoms, which include oxygen vacancies and surface hydroxyl groups, respectively,
in the ZnO structure [78]. According to Chen et al, the O 1s spectra are said to have three
binding energy components [110]. The peak with the lowest binding energy located at 530.3
eV, can be attributed to the hexagonal wurtzite structure of the Zn?* ion of the metal oxide
[111], which is supported by the XRD data obtained. The higher and medium (where the
shoulder begins) binding energy components, located at 531.7 and 531 eV, are attributed to an
oxygen-deficient region in the ZnO matrix. The asymmetrical nature of the peak observed,

according to Das et al., reflects the dissimilarity of oxidation numbers of oxygen [112].
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The XPS spectra of rGO are displayed in figures 4.10 (a) and (b), displaying its C 1sand O 1s
spectra, respectively.

The peak observed in figure 4.10(a) at 284.5 eV corresponds to a C-C stretching in the C 1s
spectra. A small tail is observed in the higher binding energy region at 289 eV, which according
to Feng et al. confirms the restoration of C=C bonds during the reduction of GO to rGO [113].
In figure 4.10(b), the peak observed at 530 eV in the O 1s spectra can be attributed to a quinone
group with the shoulder occurring at approximately 531.7 eV, which can be attributed to an

oxygen double bonded to a carbon.
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4.1.4. Optical Spectroscopy
4.1.4.1. UV-Visible (UV-Vis) and Photoluminescence (PL) Spectroscopy
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Figure 4.11: The absorption and PL spectra of a) MAPbI3, b) MAPbBr3, ¢) SnO., d) ZnO,
and e) rGO thin films on ITO substrates
In figure 4.11(a), the absorption and PL spectra for MAPbI; are observed. There is an
absorbance peak observed at 510 nm which can be caused by excess Pbl, and a peak at 750 nm
which can be attributed to MAPbIs perovskite formation. Whereas a PL emission peak is
observed at 760 nm which is consistent with the perovskite formation of MAPbIs. The peak

observed at 475 nm can be attributed to an additional valence band or a charge-transfer state.
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In comparison to figure 4.11(b), in which the MAPbBr3 spectra show a clear absorption peak
that corresponds to its characteristic absorption limit at 535 nm. The PL spectra of MAPbBTr3
show a peak at 538 nm caused by the emission exciton. The peak at 769 nm shows a slight
shift towards the longest wavelength relative to the peak of the absorptions.

The absorbance spectra of SnO> can be seen in figure 4.11(c), in which a peak can be seen at
260 nm before decreasing to 320 nm where it stabilizes. The PL emission spectra display a
band at 430 nm, which according to Marikkannan et al., can be attributed to the luminescence
centers developed by inertial bonds of tin [114]. The ZnO spectra observed in figure 4.11(d),
display a peak at 330 nm which is characteristic of the absorption limit of ZnO, with a PL
emission peak observed at 437 nm, which is a blue emission peak originating from the
transition of electrons from zinc to the valence band.

In figure 4.11(e), rGO displays an absorption peak at 240 nm before a constant absorbance is
observed from approximately 350 nm and above. The peak at 240 nm can be due to the
transition of electrons from n-n* of aromatic C-C bonds. Whereas the emission peak observed
at 435 nm is a blue emission peak, which is attributed to the recombination of electron-hole

pairs localized within small carbon clusters.
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Perovskites generally have bandgap energies ranging from ~1.55-2.3 eV and in the results
obtained in figure 4.12(a), the bandgap energies of MAPbBrz and MAPDI3, amounted to 2.30
and 1.82 eV, respectively. The range for n-type wide bandgap energy for ZnO ranges ~3.20-
3.43 and for SnO2 ~3.6-4.0 eV, and the bandgap energy calculated, as illustrated in figure
4.12(b) amounted to 3.40 eV and 4.02 eV for ZnO and SnO;, respectively. The bandgap of
SnO; being greater than that of ZnO can be related to SnO- having larger grain sizes, which is
observed in the SEM images.

According to Shen et al., the bandgap energy of rGO is in the range of 1.0 — 1.69 eV depending
on the degree of reduction. With the rGO synthesized, the bandgap energy, as illustrated in
figure 4.12(c), was 1.67 eV indicating that the GO was reduced. However, the XPS results

indicated that there were still functional groups present after reduction [115].

Table 4.1: The bandgap energy values of MAPbBr3, MAPbI3, SnO2, ZnO and rGO

Sample Eg (eV)
MAPbDBr3 2.30
MAPDI3 1.82
SnO; 4.02
Zn0O 3.40
rGO 1.67
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4.1.5. Electrochemistry

4.1.5.1. Cyclic Voltammetry (CV)

The electronic behaviour of the materials was evaluated using cyclic voltammetry, using 0.1
M PBS (pH=7) as an electrolyte. The materials investigated, namely, MAPbI3, MAPDBTrs3,
Sn03, ZnO, and rGO, were prepared on ITO substrates.
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Figure 4.13: Cyclic voltammograms of a) MAPDIs, b) MAPbBr3, ¢) SnO>, d) ZnO and e)
rGO coated ITO substrates. The analysis was recorded at scan rates of 10 to 100 mV.s in
0.1M of PBS (pH=7)
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The analysis was performed using a potential window of -1.0 V to +1.0 V for the materials
except for rGO, which was investigated in the potential window of -0.6 V to +0.6 V, with scan
rates ranging from 10 mV/s to 100 mV/s. A three-electrode system consisting of an ITO coated
glass substrate as the working electrode, a platinum wire as the counter electrode, and an
Ag/AgCI reference electrode in 3M KCI, was used. In figure 4.13(a), it can be seen that there
are two oxidation and two reduction peaks, resulting from the analyses of the spin-coated
MAPbDIs. The oxidation peaks displayed at 0.8 and 0.92 V can be attributed to the oxidation of
the iodide ions and the formation of the perovskite crystal, with the corresponding reduction
peaks at 0.53 and -0.35 V because of the reduction of the oxidized perovskite crystal and iodide
ions, respectively. Compared to figure 4.13(b), only one oxidation and reduction peak can be
seen for MAPDBr3. This oxidation peak observed at 0.9 V corresponds to halide oxidation in
lead halides with the corresponding reduction peak observed at -0.66 V. The peak observed for
halide oxidation is slightly shifted to the right and the reduction peak is slightly shifted to the
left in figure 4.13(b), in comparison to figure 4.13(a). This can be attributed to the weaker
solvation of iodide due to its larger size, leading to a larger adsorption enthalpy, in comparison
to its bromide counterpart [116].

In figure 4.13(c), small oxidation and reduction peaks are observed for SnO; in the range of
0.1to0 0.4 V. The voltammogram shows an oxidation peak at 0.34 V indicated by the oxidation
of Sn to Sn** and a reduction peak at 0.19 V. for the reduction back to Sn. The voltammogram
illustrated in figure 4.13(d), shows an oxidation peak at -0.8 V indicated by the oxidation of Zn
to Zn?* and a reduction peak at -0.83 V for the reduction back to Zn. The oxidation and
reduction peaks for ZnO in figure 4.13(d) are shifted to the left in comparison to those displayed
by SnO: in figure 4.13(c).

Figure 4.13(e) displays the voltammogram of rGO which was conducted from -0.6 to 0.6 V,

with no visible peaks, which corresponds to rGO.
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4.1.5.2. Electrochemical Impedance Spectroscopy (EIS)

The materials were further electrochemically characterized using EIS in 0.1 M PBS (pH=7).
The materials were coated onto the ITO substrate glass, which was once again utilized as the
working electrode. The Nyquist and Bode plots of the materials are plotted and discussed

below, with the fitted EIS results presented in table 4.3.
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Figure 4.14: The EIS spectra showing the Nyquist plot with its equivalent circuit models of
a) MAPbIsz and b) MAPDbBTr3

The Nyquist plots of MAPbIs (a) and MAPDBBTr3 (b) are illustrated in figure 4.14 above.

The EIS results depicted in figure 4.14(a), display a single semicircle that can be attributed to
the single-crystal nature of MAPbIs. Due to the appearance of the semicircle and lack of
diffusion characteristics, this could indicate that the charge transfer process is kinetically
controlled.

The semicircle in the high-frequency region and a straight line in the low-frequency region

reflects that the charge transfer process at the conductive matrix interface is observed in

figure 4.14(b).
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The spectra displayed in figure 4.15(a), depict a semicircle in which the semicircle in the

middle frequency is attributed to the charge transfer resistance.

The plot displayed in figure 4.15(b) depicts an arc, suggesting it is more efficient in

interfacial charge transfer. The semi-circle observed in ZnO could be attributed to the grain-

to-grain boundaries.
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Figure 4.16: The EIS spectra showing the Nyquist plot and its equivalent circuit of rGO

The Nyquist plot, displayed in figure 4.16, corresponds to the charge-transfer resistance-

limiting process that is generally associated with rGO. The linearity at the back end of the plot

suggests that, due to the diffusion process, has a particularity towards the electrode.
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Table 4.2: The EIS fitted results obtained from the circuit and EIS data

Materials EIS Fitting results
Rs Charge Max. Time constant (s)
Transfer (Ret) Frequency
(Ohm) (Hz)

rGO 116.3 665 38.3 4.16 x 10
MAPDI3 200.5 805 31.6 5.04 x 10
MAPDBT3 110.9 142 17.8 8.94 x 103
SnO2 325.7 910 2.15 7.40 x 102
ZnO 209.1 151 14.7 1.08 x 1072

In table 4.2, the solution resistance (Rs) and charge transfer resistance (Rc) values were
obtained from the software Z-View once the EIS data was used to determine its equivalent
circuit model and the maximum frequency was determined from the EIS spectra.

The time constant which is an indication of the electron transfer kinetics was calculated using:
1

T= (Eq. 4.2)

27 finax

, Where an increase in T relates to blocking of the electrolyte at the interface due to hindrance
of insertion/extraction of electrolyte ions. Here, fmax is the angular frequency at the maximum
impedance [83].

The fmax of SnO2 is 2.15 Hz, compared to the other materials with an fmax of 38.8, 31.6, 17.8,
and 14.7 Hz for rGO, MAPbIs, MAPbBr3; and ZnO, respectively, which is significantly
smaller, indicating that SnO- has a longer lifetime and consequently a lower recombination rate
[83].

According to the calculations, it can be concluded that MAPbBr3 has the lowest R¢t, and SnO2
has the highest resistance, which should correspond to a fast and slow rate of charge transfer,
respectively, due to the blocking rate of electrolyte at the electrode/electrolyte interface evident
by a decrease/increase in time constant value (). SnO. displayed the largest time constant of

7.4x 1072 s, indicating the electron transport is much faster compared to the rest of the materials.
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Table 4.3: A summary of the materials performance parameters

Materials HOMO LUMO (eV) Optical Hole Diffusion
eV) Bandgap mobility coefficient

(eV) (cm?2.V-1is?t) (cm?.s?)

SnO2 -4.38 -0.36 4.02 2.4 x 10710 7.14 x 108
ZnO -3.45 -0.05 3.40 6.1 x 107 6.88 x 10
MAPDBF3 -5.16 -2.86 2.30 3.11x 107 8.11x10°
MAPDI3 -4.88 -3.06 1.82 4.92 x 107 7.39x 108
rGoO -5 -3.33 1.67 7.43x10° 1.37x 10°®

Table 4.3 displays the HOMO, LUMO, optical bandgap, hole mobility, and diffusion
coefficient performance parameters of the materials.
The HOMO and LUMO of the materials were calculated with ferrocene as a reference, using
a value of -4.4 eV. The energy levels of the materials were calculated using the following
equations:

E(HOMO) = -e [Eox®™ + 4.4 eV] (Eq. 4.3)

E(LUMO) = E(HOMO) + Eq4 (Eq. 4.4)

where Eox is the onset value of the oxidation peak and Egq is the bandgap value.

The hole mobility (pp) can be calculated as follows:

2

d
Up =5

STE (Eq. 4.5)
where d = sample thickness, V = the applied voltage, and tc = time constant.
The hole mobility of the perovskites, with values 3.11x107 and 4.92x10”" cm2.V1s? for
MAPDBrs; and MAPbIs, respectively, is greater than the HTM, indicating that they are good
absorbing layer materials with a fast hole transfer process [74].
The diffusion coefficient is the speed at which a material can diffuse through another material
and can be calculated using the Nicholson-Shain equation approach.
B (i}°")2RT
(0.4463 n cyAF)2nFv

(Eq. 4.6)

Where i, = the current of the forward peak, R = gas constant (8.314472 J.molK™?), T =
temperature in Kelvin, n = number of transferred electrons, co = the initial concentration, A =
the electrode area, F = Faraday’s constant (96485.339 C.mol ™) and v = the scan rate used.

Cyclic voltammetry was used to calculate the diffusion coefficients of the materials, while

electrochemical impedance spectroscopy was used to calculate the solution and charge transfer
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resistances of the materials. The MAPbDI; diffusion coefficient of 7.39x10® cm?s? is
approximately nine times greater than its bromide counterpart of 8.11x10° cm?.s™%. This can be
caused by the d-spacing in MAPDI3 being two times less than that of MAPDBTr3, resulting in a
shorter jumping distance between the particles [31]. Similarly, the diffusion coefficient of
Sn0O;, with a value of 7.14x10® cm?.s? is smaller than that of ZnO with a value of 6.88x107’
cm?.s’, which has a smaller d-spacing value than SnO2. The correlation between the d-spacing
value and diffusion is noticed, as the greater the d-spacing value, the smaller the diffusion
coefficient. In table 4.3, rGO has the greatest diffusion coefficient, corresponding to the

smallest d-spacing value of the materials with a value of 17.3 nm, as calculated from the XRD

4.2. Degradation studies of the perovskites

4.2.1. Methylammonium Lead Triiodide (MAPDI53)

To investigate the effect of aging on MAPbI3, the material without and with TPA was evaluated
using UV-visible spectroscopy for three days.

TPA is used to solve the exposed grain boundaries of the thin film, as TPA can act as a template
to promote lateral growth of the grains in grain boundaries due to heterogeneous nucleation
decreasing the nucleation free-energy barrier found in the grain boundaries [38].

Figure 4.17 illustrates the UV-visible spectra of MAPDbIz without (a) and with (b) TPA. The
light absorption intensity for MAPbIs without (a) TPA is slightly less than that of the MAPDI3
with (b) TPA, however, the light absorption intensity decreased much more significantly in
comparison to the perovskite containing the TPA. Subsequently, the enhancement in
crystallinity and an increase in grain sizes with the addition of TPA, led to a much more stable
perovskite, as the light absorption intensity showed minuscule change over three days, in

comparison to the perovskite without the addition of TPA.
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Figure 4.17: UV-Visible spectra of MAPbI3 a) without and b) with terephthalic acid (TPA)

4.2.2. Methylammonium Lead Tribromide (MAPbBYr3)

To investigate the effect of aging on MAPDbBr3, the material without and with chlorobenzene

(CB) was evaluated using UV-visible spectroscopy for three days.

CB is an antisolvent used to increase the performance of perovskite films by promoting
heterogeneous nucleation via supersaturation, simultaneously, improving the stability of
PSCs.

Figure 4.18 illustrates the UV-visible spectra of MAPbBrs without (a) and with (b) CB, in
which both spectra show a decrease in absorbance over three days. However, (b) shows a
significant increase in light absorption, in comparison to (a). This is due to the enhancement
in crystal quality and perovskite film thickness caused by the addition of CB to the spin-

coating process to maximize the supersaturation of the perovskite precursor [117].
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Figure 4.18: UV-Visible spectra of MAPbBr3 a) without and b) with chlorobenzene
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4.3. Device Characterization
4.3.1. Current-Voltage Measurements (J-V)
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Figure 4.19: The J-V characteristics based on PSCs containing an ETM of a) SnO2 and b)
ZnO under AM 1.5G irradiation (100 mW.cm)

The performance of the PSC devices was investigated under AM 1.5G irradiation (100 mW.cm-
2). For this study, a total of eight PSC samples, with a different combination of materials used
in the ETL, HTL, and absorbing layer, were fabricated and tested to determine the PSC with
the best efficiency. Figure 4.19 above illustrates the J-V curves of the eight PSCs fabricated,
with the PSCs using SnO2 in (a) and ZnO in (b) as an ETM and the corresponding photovoltaic
parameters tabulated in table 4.4.

Table 4.4: The photovoltaic parameters of the fabricated PSCs

Samples Voc (V) | Jsc (mMA.cm-2) FF (%) PCE (%)
SnO2/MAPDbBr3/rGO 0.70 1.47 4951 0.51
SnO2/MAPDBYr3/Spiro 0.61 1.39 71.80 0.61

SnO2/MAPbI3/rGO 0.93 1.39 64.16 0.83
SnO2/MAPDI3/Spiro 0.93 1.42 77.96 1.02
ZnO/MAPDbBr3/rGO 0.14 2.99 22.54 0.09
ZnO/MAPDbBFr3/Spiro 0.15 3.25 30.44 0.15
ZnO/MAPDIs/rGO 0.20 1.35 65.83 0.18
ZnO/MAPDI3/Spiro 0.34 1.23 55.51 0.23
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The data displayed in table 4.4 illustrates the correlation between the Voc, Jsc, and PCE of the
PSCs. The improved current density of SnO> can be caused by the reduction of recombination
due to improved charge transfer at the SnO/Perovskite interface [80]. The PSCs with the
highest Voc such as SnO2/MAPbIs/rGO and SnO2/MAPDIs/Spiro of 0.93 V displayed the
highest PCEs out of the eight samples fabricated with values of 0.83 and 1.02 V, respectively.
The PSC ZnO/MAPbBTI3/rGO had the lowest FF of 22% and PCE of 0.09 % in comparison to
SnO2/MAPbDIs/Spiro, which had the highest FF of 77.96% and PCE of 1.02%. The FF of the
devices, which is known to determine the quality of a solar cell, ranged from 22 to 77%, with
table 4.4 showing that as FF increases, the PCE of the PSC increases. The PSCs employing
SnO; as an ETM displays PCEs that are approximately four times greater than the PSCs,
employing ZnO as the ETM. According to Song et al., due to SnO; having a lower conduction
band energy (CBE) than ZnO, the Voc would be reduced, however, this can be solved using
surface passivation. It was discovered that using Pbl> in the grain boundaries upon annealing
could lead to prosperous surface passivation of the MAPDIs films, leading to the improvement
of device performance [75]. As discussed in section 4.1.5.2., SnO; displayed the largest time
constant of the materials synthesized, indicating that the electron transport would be much
faster in comparison to the other materials. The d-spacing calculated from the XRD data
showed that SnO, had a smaller d-spacing value in comparison to ZnO, resulting in a shorter
jumping distance between the particles. Similarly, MAPbI3 has a smaller d-spacing value in
comparison to MAPbBr3. Therefore, the PSCs using MAPbI3 and SnO-, displayed the highest
efficiencies in comparison to the other devices.

The low efficiencies obtained for the devices fabricated can be attributed to the degradation of
the perovskites back to their lead halide form, which is relatively insulating and has a lower
light absorption. The perovskite MAPbBr3 has a lower light absorption and degrades much
more rapidly in comparison to its iodide counterpart, therefore, it displays lower efficiencies
than the devices employing MAPDIs. The deposition of layers during the fabrication process
can be the cause of low performance, as this can be seen in the SEM images presented. The
irregularities in the layers, such as non-uniformity and clusters residing on a uniform layer.
MAPDBTr3 displays greater grain sizes, and consequently greater grain boundaries than that of
MAPDI3 as described in section 4.1.1.1 above, which explains the better performance in the
cells containing MAPDbI3.The deposition process of Ag, the back contact, showed signs of
burning on the substrates. These devices were fabricated in the open air with a high relative
humidity of approximately 65% without the use of any nitrogen glovebox, this hugely

contributed to the fast degradation of the films leading to poor device performances.
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CHAPTER FIVE

Conclusion and future work
The following chapter contains a summary of the outcomes obtained in the thesis, concluding
the work. Furthermore, recommendations based on possible future work are mentioned based

on this study.
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5.1. Conclusions

Over the past decade, significant progress has been made to simplify the fabrication of
perovskite thin-film solar cells and improve both efficiency and stability of inorganic and
inorganic-organic hybrid perovskites. However, poor structure stability that is affected by
environmental factors, such as moisture, oxygen, and heat are still hindrances in the large-scale
manufacturing process. Therefore, antisolvents, such as chlorobenzene and terephthalic acid,

and the doping of perovskites are methods used to increase the performance of the devices.

Research has been done to increase the efficiencies of PSCs, by investigating different
materials to be used in the ETL, HTL, and absorbing layer. The PCE of PSCs has reached
values as high as 25.5%, however, the stability of the PSCs has still posed a problem.

This project aimed to determine which materials were the most efficient, stable, and cost-
effective, by the choice of synthesis, fabrication, and characterization methods used. The
materials, MAPDbIl3, MAPbBTr3, SnO2, ZnO, and rGO, used in this study were fabricated using
eight different combinations and tested to determine which combination would produce the
most efficient and stable cell. The structural, optical, and electrical properties were investigated
using different characterization techniques, namely, HRSEM, XRD, EDS, FTIR, XPS, UV-
vis, PL, CV, and EIS.

The hypothesis, that the best combination of materials to produce efficient and stable PSCs
using J-V curves, was accepted. Observations indicated that SnO, was the best ETM, MAPbI3
the best absorbing layer material, and Spiro-OMeTAD the best HTM. However, with regards
to the HTM, the inexpensive alternative, rGO, came significantly close in efficiency. The PSCs
using SnO2 as an ETM, displayed efficiencies approximately four times greater than PSCs
using ZnO. The results indicated that the PSC SnO2/MAPbIs/Spiro displayed the highest
efficiency of 1.02 %.

5.2. Recommendations

This project indicated that although the efficiencies were not high, the PSCs worked. The
efficiencies can be improved if the stability of the PSC is dealt with. Improvements can be
made if the deposition method is improved, resulting in better layer formation, the fabrication
takes place in a moisture-free environment, as the moisture degrades the perovskite materials
and better attention is paid to the deposition of the metal back contacts, which can burn the
materials due to the high temperatures used.
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