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Abstract

Perovskite solar cells have attracted a tremendous amount of research interest in the
scientific community recently, owing to their remarkable performance reaching up to 22%
power conversion efficiency (PCE) in merely 6 to 7 years of development. Numerous
advantages such as reduced price of raw materials, ease of fabrication and so on, have
contributed to their increased popularity. However, there are several factors that limits their
performance, among which is recombination process of charge carriers occurring at the
TiO,/Perovskite interface. Therefore, it is crucial to prevent charge carriers recombination at
the photo anode/electrode interface, in order to improve the overall efficiency of the

Perovskite solar cell (PSC) devices.

In the initial part of this work an attempt to reduce the recombination process occurring at the
electron transport layer (ETL) which in this work is compact-TiO, and the Perovskite
interface was initiated, through the elimination of defects such as pinholes which are for the
most part responsible for charge recombination at that interface. This was achieved by the
optimization of the spin-coating ‘conditions and parameters of the ETL. Secondly, an
investigation into the photo-absorptivity of Silver-modified anode (Ag-TiO, compact
composite films) was carried out. Finally a detailed manuscript describing how to fabricate
high performance PSC layer by layer and how to measure the performance of the cells by I-V

measurements was put together.

The first part of the fabrication process involved the preparation of the interface materials
which in this case consisted of Ag-TiO, and TiO, films , then the characterization via High-
Resolution Transmission Electron Microscopy (HR-TEM), via High-Resolution Scanning
Electron Microscopy (HR-SEM), X-ray Diffraction (XRD), Fourier Transform Infra-Red

Spectroscopy (FTIR), UV-visible spectroscopy, Cyclic Voltammetry (CV), to determine the



internal structure, morphology, microstructures, chemical compositions, optical properties

and conductivity, of the samples respectively.

From HR-SEM, it was found that the silver nanoparticles were uniformly spread and strongly
attached to the mesoporous TiO, matrix. The morphology of the composite film could be

controlled by simply adjusting the molar ratio of the silver nitrate aqueous solution.

Cyclic voltammetry (CV) was used to test for pinhole defects in the ETL/blocking layer; it
revealed that the TiO, compact layer had a good blocking capability which was observed by a
substantial decrease in the anodic and cathodic peak currents with respect to the bare ITO
electrode. This decrease also indicated that there was good surface coverage and the presence
of no pinholes which was also confirmed by the HR-SEM images. Furthermore, the addition
of the silver nanoparticles to the TiO, compact layer improved the electron mobility which
was observed by higher current collection suggested by the increase in peak currents with
respect to the non-modified TiO, compact layer. From these results, we were able to assume
that the electron transport layer could effectively not only reduce the recombination process
occurring at the interface in the middle of the electron: transport layer and the absorbing

material, but also allow for an easy transport of charges to and from the ETL.

UV-Vis results revealed an improvement in terms of the luminescent properties of TiO;
compact layer with the addition of the Ag NPs. The functionalization with Ag NPs induced a
red shift in absorption caused by a reduction in the band gap of the TiO,. This reduction in
band gap allowed for the absorption of more light, therefore also causing the perovskite layer
to absorb more light and therefore generate more charge carriers which can in turn allow for

more current to be generated.

Finally, from IV-measurements, the best PSC developed which had 1.5 % AgTiO, composite

compact film had the best PCE with a value of 0.14%. This low PCE was attributed to the



very low current generation of the cells as a result of the high thickness of the absorbing

layer.
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Chapter 1 Introduction

This chapter explains the reasons surrounding the research and investment into renewable energy
and photovoltaic technologies. Particularly, contextual information about perovskite solar cells is
given; the device structural design and operating principle of the cells are also discussed. Finally,
the aim which was to improve the power conversion efficiency (PCE) of the devices through the

addition of metallic nanoparticles, as well as the research framework of this project is laid out.

16



1.1 Introduction
1.1.1 Global energy crisis

With the constant growth in the worldwide population and economy, there has been a significant
increase in the demand for energy. The increase in energy demand has been accompanied by a
projected increase in energy consumption of ~28% going from 169 PWh in 2015 to 216 PWh in
2040 [1]. Countries with strong developing economies like China and India are the biggest
contributors to this increase [1]. Although renewable energy is currently fastest-growing energy
source in the world, most of the energy is still expected to be produced by the burning of fossil

fuels.

One of the most significant challenges humanity is currently confronted with is global warming,
which is happening as a result of the burning of fossil fuels. The immediate consequences that
emanate from the burning of fossil fuels could potentially be disastrous for the earth. As
exhibited by the historic success of the COP21 summit in Paris in 2015, there is a worldwide
motivation to tackle the issue and the international community is promising to join in efforts

against climate change.

The phenomenon called global warming was brought about by the accumulation of ozone-
depleting substances otherwise known as greenhouse gases (mainly CO,, CHy4, and N,O) in the
atmosphere, which traps the sun’s heat reflected by the earth’s surface [2,3]. Although these
gases occur naturally in the atmosphere, human activities have contributed huge quantities, since
the industrial revolution, therefore disturbing the natural equilibrium. CO; is the greenhouse gas,
which is responsible for a large portion of the global warming issues we are currently confronted
with [4]. It is for the most part emitted as a waste product of burning fossil fuels. In developing

countries such as South Africa, for instance, most of the energy consumed today still comes from
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fossil fuels. Fossil fuels energy consumption in South Africa was estimated to be 86.79 % as of
2014, and its highest value throughout the past 43 years was 90.51 % in 1982, whereas its lowest
value was 84.24% in 2000 [5]. This very high reliance on fossil fuels and non-renewable energy

sources, in general, is on its own a problem that will have to be tended to.

Humans as well are to blame for this situation, typically because of deforestation and the
consumption of fossil fuels. By doing so, they are disrupting the natural process of CO, capture.
Strong correlation exists between global temperatures and atmospheric CO; levels as shown in

Figure 1.1.
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Figure 1.1: Historic correlations between global temperatures and atmospheric CO, levels [6].

As the earth’s temperature rises, feedback loops accelerate the process (e.g. as polar ice melts the
earth’s surface becomes on average less reflective of the sun’s light thus absorbing more heat).
The two other major greenhouse gases, (CH, and N,O), while produced by humans in a lot lower

quantities, are unquestionably far more effective in trapping heat than CO,. The former is a by-
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product of livestock farming, while the latter is emitted by various agricultural and industrial

activities including the proliferation of nitrogen-based fertilizers and the burning of fossil fuels.

Other
energy
10%
Electricity and
heat production
25%

Agriculture, forestry
Transportation and other land use
24%

Figure 1.2: Global greenhouse gas emission by economic sectors [7].

The strategies to fight global warming are generally based on eliminating its root cause —
greenhouse gases. Three fundamental spheres of human activities are responsible for the vast
majority of the emissions or discharge of harmful gases in the atmosphere as shown in Figure
1.2. These are electricity and heat production, industrial production and agriculture. Of these
three, electricity and heat generation is marginally responsible for the biggest part of the
emissions. Despite the continuous effort to make these processes more environmentally friendly,
more than 80 % of the energy globally is still supplied by the burning of fossil fuels like coal, oil
and natural gases for instance [6]. Hence, the strategies to deal with global warming, very often
are centered on substituting fossil fuel-generated energy with one derived from carbon-free

sources such as nuclear, hydro, wind, geothermal, biomass and solar.

1.1.2 Renewable energy potential
While the world, in general, is severely being affected by the growing issues of global warming
and environmental pollution, developing clean and renewable energies able to supplant
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conventional fossil fuels has become an indispensable choice, making renewable energy sources
such as water, wind and solar power the best substitute to resolve the ever-increasing demand for
energy [7,8]. Setting environmental issues aside, it is imperative to understand that fossil fuels
are limited commodities and they will not be able to power the growing energy appetite of the
world economy for much longer. The world reserves of oil and gas are expected to be depleted
within several decades, while those of coal will most likely not last beyond the turn of the
century if the growing energy demand is not met with alternative energy sources. Pollution-free
renewable resources are gaining importance at an accelerated pace [9]. They will not necessarily
help reduce the devastating impacts that fossil fuels have had on the environment thus far, but

they will help diversify the means of energy generation.

In principle, the amount of renewable energy available for harvesting is in many orders of
magnitude larger than the energy currently consumed by humanity. An old cliché is that the
amount of sunlight reaching the earth in just one hour is enough to power the world economy for
a full year. However, the technical potential is only a fraction of that. Practically speaking, for
renewable energy to be fully embraced, it has to be cost-competitive against the energy derived

from conventional sources.

One big issue that emerges from the utilization of renewable energy is the fact that they require
very specific locations for the production of the required energy, which is not the case with non-
renewable energy sources such as gas, coal, and oil. Each of the renewable energy sources has its
limitations; for instance, the availability of hydroelectricity is limited geographically and it is
often concentrated in remote areas, from where it is costly to transport it to consumers.
Additionally, it has a major environmental footprint as large areas of land have to be flooded,

and it is highly dependent on precipitations. Then again, the amount of geothermal, wave and
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biomass energy theoretically available for harvesting is too little to realistically contribute a
significant share into a global energy mix [10,11]. This leaves wind and solar energy as the main
contenders to substitute the fossil-fuel energy production and to satisfy the rising energy demand.
They have their disadvantages though; the relatively high price aside, they are sporadic by nature
as wind and sunlight are not available on demand. Hence, a power grid, which integrates a
substantial amount of wind and solar power, will inevitably have to contain storage capacity,
large overcapacity backed up with conventional power plants or a very efficient way of energy
redistribution between remote areas. Regardless of this, wind and solar power will very likely be

able to supply the vast majority of the energy in the future if they are used jointly.

In this thesis, the emphasis will be on-one particular type of energy conversion system: Solar

Photovoltaics (PVs) that convert sunlight directly into electricity.

1.1.3 The case for solar power

The solar power industry is gaining worldwide interest [7]. Being one of the renewable sources
of energy, solar energy is becoming a primary source of energy considering that fossil fuel
resources are limited and harmful to the environment [12]. The sun is the fundamental driving
force behind most natural processes on earth. It is, therefore, an obvious source from which to try

to artificially extract heat or light energy and convert it to a useable form.

There are various ways in which solar energy can be harvested that have proven to be extremely
efficient. A more direct approach is to convert the light energy incident on materials to electricity
using photovoltaics. In principle, this requires lower arable land usage, less infrastructure and a
reduced visual impact than many of the other renewable technologies. It is also suited to
developing regions of the world, such as Africa, where the growing of energy crops or the

utilization of hydroelectricity or wind power is not as feasible. In theory, it is possible to produce
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electricity at the point of use, with solar panels mounted on buildings, thus minimizing losses

associated with the long dsitance distribution of power.

There are still several issues that must be addressed when it comes to solar and other renewable
energy technologies. These include the incorporation of several technologies to eliminate
potential shortfalls such as in higher latitudes where solar insolation is lower. Energy storage is
also another challenge that must be overcome to help deal with the inherent intermittency of

solar power; i.e. generation only during the daytime, but power needed at night.

What is clear is that solar power has the potential to provide much of the world’s energy demand
[13,14], as shown in Figure 1.3. Relatively small areas of land would have to be covered in solar
panels to generate sufficient electricity to meet the global demand, particularly if this was done
in deserted regions. In practice, it would be more sensible to produce this power nearer to where

it is utilized, but it nonetheless emphasizes the potential of solar power.

Total Renewable Power Generation Capacity, 2011-2017 @ IRENA
2,500 oW

2,000

1,500 =

1,000

500
20m 2012 2013 2014 2015 2016 2017
Hydropower and Ocean Solar @ Wind Bioenergy  # Geothermal

Figure 1.3: Total renewable power generation capacity, 2011-1017 [16]
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1.1.4 Solar cells

The sun is one of the most prominent resources on the earth, as it provides the necessary energy
for life to subsist and grow. Solar cells or photovoltaic cells (PV cells), were developed to
capture the energy radiated by the sun and convert it into usable energy. Photovoltaic cells (PV)
are one of the key solar energy technologies, where photoelectric devices of which electrical
properties like current, voltage or resistance, are changed once exposed to the radiation of the
sun, to directly convert the harvested solar light into electricity [9]. These devices need to
accomplish mainly two tasks: photo-generation of charge carriers (electrons and holes) in a light-
absorbing material, and separation of the charge carriers to a conductive contact that will
transmit the electricity. This conversion is called the photovoltaic effect, these solar devices are

regarded as one of the main technologies towards a sustainable energy generation [7].

While solar collectors can have multiple applications, the. most common use is for electricity
generation as previously mentioned. By absorbing the sun’s ‘radiation, a solar cell can generate a
current, which is typically sent into the electricity grid. The primary function of a solar cell is to
absorb energy through sunlight. A semiconductor is used as the absorber layer. The nature of the
material allows the free flow of electrons as energy is introduced. There are specific materials
that are selected for these layers based on their band gaps, the energy difference between an
excited electron and an electron at its low energy state. The band gaps need to be selected
properly to ensure an electron will reach a specific energy level when exposed to the sunlight.
Once electrons are excited and reach a higher energy state, additional conductor layers are
needed to carry the electrons out of the cell. One layer allows the electrons to move away from
the original layer, while the other allows the leftover positive charge, or a ‘hole’ for better

visualization, to also move away. The combination of moving electrons and the holes generates
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the output current that allows for usable electrical power. Since these layers are conductors, the
electrical conductivity is crucial to provide sufficient current. One must be careful to factor the
change in conductivity as both temperature and shape (and thus cross-sectional area) change,

which both vary with different applications of a solar cell.

1.1.5 Types of solar cells

The prototype solar cells were first developed in the 1950s. Since then, three distinct generations
of solar cells have emerged, each with a different type of architecture and purpose. The future of
solar energy technologies needs to develop systems with the highest efficiencies while
minimizing their cost of production and installation. Each generation fulfills a specific need for
commercial use and production. Through research and application, there is an opportunity to

maximize the efficiency of each generation or combine their benefits.

The first-generation of solar cells includes cells made of silicon wafers. These cells require a
substantial amount of material to manufacture and significant effort to transport and install. The
manufacturing process involves creating molten silicon at temperatures above 1400°C to form
the necessary crystal structure. Although they are costly to manufacture and install, and despite
being the first to be developed, these cells are still the most common type of solar cell used
today. A single-junction solar cell with an indirect bandgap has a theoretical maximum
efficiency of approximately 35 % [14]. However, typical efficiencies of first-generation cells fall

within the range of 15-25% [15].

Second-generation solar cells are categorized as thin-film cells. To achieve thin films, more
amorphous and organic materials are utilized. Though not as efficient as the original crystalline
silicon, the organic material layers still allow for reasonable efficiencies ranging from 15-20 %

[16]. With a thin-film cell, far less material is required to fabricate the layers and the cell can be
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annealed at room temperature. With shorter processing time and lower material costs, these
second-generation cells have the potential to drastically reduce the total cost of solar cell

production while only being slightly less efficient than the top of the line first-generation cells.

The most recent generation of cells is called heterojunction cells. This third-generation, although
it is the youngest class of solar cells, has already had example prototypes that have achieved
efficiencies higher than the theoretical maximum of the previous single-junction cells. As more
layers (and junctions) are added with different bandgaps, it is possible to capture more of the
excited electrons. The maximum theoretical efficiency of a cell with an infinite number of

junctions can reach values over 45 % [17].

PV Technology
Wafer-based Thin-film cell
1 Generation PV (Based on thin-film
(Fabricated on technologies)
semiconducting wafers)
o | Conventional Thin-Film Emerging Thin-Film
Crystalline Silicon GaAs & IV 2 generation PV 3rd geEeragtion PV
single junction
Multi
crystalline .
silicon ~ 55% Cadmimum Copper zinc Perovskite Quantum
Telluride ~ 5% tin sulphide Dot PV
Single Hydrogenated Dye- sensitized
crystalline Amorphous Copper indium gallium solar cell (DSSC) Organic
silicon ~ 35% Silicon ~ 2% diselenide ~2% Photovoltaic (OPV)

Figure 1.4: Classification of photovoltaic technologies with their current market share in

percentage [10].

Figure 1.4 shows the various types of photovoltaic technologies developed to date, with
crystalline silicon solar cells being at the very top in terms of market shares estimated at around
90 %. Very few of these PV technologies are commercialized and most linger at the research
level. The solar PV market as previously mentioned is presently dominated by crystalline silicon

25



(c-Si) technology due to its increased power conversion efficiency (PCE) that went from about
15 % to 25 % over the last 40 years [18]. Silicon solar cells’ popularity on the market is also due
to their extended lifespan of nearly 20 years and the low manufacturing price of cells caused by
mass production by large business corporations. However, the technical hitches with silicon solar
cells come during the manufacturing process which necessitates a lot of heat energy in
manufacturing the crystalline silicon structures, the manufacturing process in turn also generates
large amounts of Co and CO; [19]. Besides, Silicon solar cells generally make use of rare and
poisonous constituents like cadmium telluride, copper indium selenide, cadmium indium gallium
di-selenide and silicon tetrachloride [20,21]. As a result, studies are currently being done to find
other structured solar cells that typically derived from organic and abundant materials such as

dye-sensitized-, organic-, and perovskite solar cells (PSCs).

Amongst the most promising alternatives to silicon solar cells, PSCs have shown the highest
power conversion efficiency (PCE) growth going from 9.7 % [22] to 22 % [23] over 5 to 7 years.
The rise of perovskite solar cells (PSCs) is evidences of a transformation in the field of
photovoltaics, assuring the combination of low cost and high efficiency. At the same time, as an
emerging photovoltaic technology with fast-developing speed, perovskite solar cells (PSCs) have
drawn broad attention [24]. But then again these cell loose efficiency during operation [20] due
to the unstable nature of its material constituents, so until that issue is dealt with it will not be
able to measure up with the conventional silicon solar cells. Nevertheless, it is still an attractive
area of research due to numerous factors: it does not necessitate a lot of heat energy to
manufacture, the ability to fabricate highly efficient devices via solution processing and it can be
applied on flexible surfaces like plastic [25]. PSCs consist of abundant materials and it is a

young area of research that presents unknowns to be discovered. Furthermore, the high power-
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conversion efficiency (PCE) levels (22 to 23 %) are the effect of exceptional material properties,
including strong and broad absorption, long carrier lifetimes and diffusion lengths, defect
tolerance and photon recycling [26-29]. An additional benefit is the versatility of the
optoelectronic properties, specifically, the bandgap, which can be reached by substitution and
alloying. This unfolds a huge chemical space from which a large number of material
combinations are conceivable. With attested PCE values of over 22%, this new type of solar cells
is set to contend with leading photovoltaic technologies, either as an improving tandem layer or

as a separate substitute [30-32].

The weak stability in air and moisture, particularly when compared with conventional solar
materials, is a major problem that is slowing the commercialization of perovskite solar devices
[33-36]. Therefore, much effort should continue to be invested in attaining higher PCE values; at

the same time, there should be efforts to improve the stability of the perovskite layer as well.
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1.1.6 Perovskite Solar Cells (PSCs)

The earliest article on perovskite solar cells came out in 2009. In that article, the power
conversion efficiency reported was 3.8% with very negligible stability [37]. In 2012 Kim et al.
[38] were able to fabricate a perovskite solar cell device with an efficiency of 9.7% and overall

stability of 500 h.

Metal Electrode

Hole transport layer

S _SC

. Electron transport layer

Transparant substrate

Sun
lHlumination

Figure 1.5: General schematic structures for a perovskite solar cell, with the sun as the illumination

source.

Figure 1.5 gives a general structural design of PSCs. In its structure the PSC device consist of a
transparent electrode, like indium tin oxide (ITO) or fluorine-doped tin oxide (FTO), coated on a
glass surface and on top of the ITO/FTO there is an electron transporting layer (ETL) which in
most cases may consist of a compact and a mesoporous layer (optional) of a metal oxide. Lying
on top of the ETL is the perovskite layer that acts as the active layer (absorbing layer) where the

light in the form of photons is absorbed and electron-hole pairs (exciton) are excited. Above the
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perovskite layer is the hole transporting layer (HTL) and lastly on it is a metallic electrode. To
make a closed-circuit system, the transparent electrode and the metallic electrode are connected

as depicted in Figure 1.5.

A lot of research and development (R&D) has been done over the years, on the different layers in
the perovskite device structure, as all these layers contribute to some extent to the overall PCE
by a few percent. The electron transport layer which constitutes a very important part of the
device has been given a lot of attention [37-39] for its capability to augment the cell
performance considerably by gathering electrons more effectively which prevents electron-hole
recombination. Experimentations have been made using a compact TiO, layer before adding the
mesoporous TiO, layer to block the holes. The result indicated lower series resistance and higher
shunt resistance than without the compact TiO, layer. That means it prevents the recombination
of electrons-holes and it reduces resistance in the ETL which results in increased PCE because
the electrons are gathered without much resistance. The ETL layer is either formed by spin-

coating, spray pyrolysis or evaporation [38,40].

1.2 Thesis Synopsis

1.2.1 Aims and objectives

Thin-film solar cells based on hybrid organic-halide lead perovskites reached power conversion
efficiency exceeding 22%. However, one key problem for development of this technology even
further is to surmount the performance losses at both electron and hole transporting interface
layers without compromising low costs and stability. The proper choice of the architecture and
the interface materials, as well as their influence on the device performance and device

reproducibility, becomes of utmost importance.
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This project aimed to develop efficient and cost-effective solar cells through the process of
synthesis, fabrication and optical and electrochemical characterization of Ag-TiO,/Perovskite/
Spiro-OMeTAD-based PSCs which is depicted in Figure 1.6. The addition of Ag to the TiO,
electron transport layer (ETL) is expected to strengthen the optical absorption of the perovskite
solar cells in the visible light region. Additionally, the presence of Ag is expected to enhance the
efficiency of electron injection and photo-stability in the perovskite solar cell which in turn will

lead to the improvement of the overall performance of the device.

i
Al
WEST EIERT CAPE

Glass

Figure 1.6: Layout of the solar cells structure.
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1.2.2 Research framework
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1.2.3 Thesis Outline
The research work is mainly focused on material synthesis, device fabrication and employing
different materials and device characterization techniques to evaluate the photovoltaic

performance of the perovskite solar cells.

In Chapter 1, a well-elaborated depiction of the reasons behind the research and investment into
renewable energy and photovoltaic technologies is presented. Particularly, contextual
information about perovskite solar cells is given; the device structural design and operating
principle of the cells are also discussed. Finally, the aim, as well as the research framework of

this project, is laid out.

In Chapter 2, an introduction of the theory behind perovskite solar cells and their operation is
given. First, an overview of photovoltaics is discussed, followed by a description of perovskite,
its properties, device architecture, working principle and then some challenges are also
enumerated. The different fabrication processes of perovskite films are then described, together
with the different deposition method used for optimal efficiencies. Finally, the main technique

for the evaluation and the characterization of solar cells is described.

In Chapter 3, a summary of all the materials and characterization instruments used in this thesis
is given. The detailed fabrication parameters for both perovskite and interface materials are
summarized. Beside the comprehensive solar cell characterization techniques, detailed

description of the interface as well as device characterization techniques are also presented.

In Chapter 4, an introduction of the results obtained from the different characterization
techniques performed, their analysis and discussion is presented. Detailed explanation of the

equipment and set up used for the characterization techniques included HR-SEM, HR-TEM,
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XRD, EDS, FTIR, UV-Vis, CV and I-V curve measurements. The most important conclusions

made were based on calculated photovoltaic parameters.

In Chapter 5, a summary of the outcomes of the research done in this thesis are presented.
Recommendations with regards to some of the objectives that were not met and the way forward

in order to improve the results obtained from the I-V measurements of the solar cells are given.
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Chapter 2 Literature review

This chapter introduces the theory behind perovskite solar cells and their operation. First, an
overview of photovoltaics is discussed, followed by a description of perovskite, its properties,
device architecture, working principle and then some challenges are also enumerated. The
different fabrication processes of perovskite films are then described, together with the different
deposition method used for optimal efficiencies. Finally, the main techniques for the evaluation

and the characterization of solar cells are described.
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2.1 Overview of photovoltaics

Currently, the world is facing global warming mainly caused by the emission of greenhouse
gases resulting from burning coal and oil [1,2]. An important challenge for mankind is to find
affordable, clean and sustainable energy sources at large scale to meet today’s energy
requirements. The energy supplied on the earth by the solar radiation is an efficient and feasible
source to harvest and convert into electricity. Photovoltaic (PV) solar cells, capable of converting
solar energy directly into electrical energy, are an alternative that have potential to meet the
entire world’s energy demand [3]. The PV devices can be divided into three categories. (1) First
generation solar cell, (2) second generation solar cell and (3) third generation solar cell
frequently also termed as future generation solar cells [4]. First generation solar cell mainly
consists of silicon (Si) wafers (monocrystalline and polycrystalline). The monocrystalline Si
homo-junction and heterojunction cells have 25.1% and 25.6% efficiencies in that order, whereas
the polycrystalline Si cells have 20.8% efficiency [5]. Under thermodynamic consideration of
detailed balance, the maximum efficiency of Si based single junction solar cells (absence of non-
radiative recombination) is restricted to 33.5% for AM1.5G spectrum at 25 °C and referred to as
Shockley Queisser (SQ) limit [6]. The AM 1.5 Standard Spectrum describes to two standard
terrestrial solar spectral irradiance spectra. The two spectra define a standard direct normal
spectral irradiance and a standard total (global, hemispherical, within 2z steradian field of view
of the tilted plane at 38° from horizontal) spectral irradiance [7]. At present, silicon solar cells
(wafer technology) dominate and take up to 93% [8] of the global PV installation market with
PCE of commercial modules of around 20% and lifetime of around 20 years. The cost of silicon
modules was redeuced significantly from around 70$/WP in 1970s [9] to ~0.36 $/WP in 2017

[10]. Figure 2.1 shows the global cumulative photovoltaic installations from 2010 to 2019 [11].
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However, the major difficulty is that Si technology requires expensive materials with higher
manufacturing temperature, which means that the fabrication is still costly [5,12]. Second
generation solar cells are built based on ‘thin film’ technology that consists of semiconductor
materials such as copper indium gallium diselenide (CIGS-21.7%), single crystalline gallium
arsenide (GaAs-28.8%) and poly-crystalline cadmium telluride (CdTe-21.5%) showing
promising efficiencies [5]. Multi-junction solar cells exceed SQ limit due to several absorber
layers for harvesting light in different regions of the solar spectrum and have reached highest
power conversion efficiency (PCE) of 38.8% under one sun condition with a five junction

(GalnAs/GalnP/GaAs/AlGalnAs/AlGalnP) tandem geometry.

700

Rest of EU
600 — —
France

Italy

500 Germany

United Kingdom

400 —— m Rest of World
™ India
300 —— mChina
United States
200 —|™Japan

100

7- - =

2010 2011 2012 2013 2014 2015 2016 2017 2108 2019e
Year

Cumulative Installed PV Power [GWp]

Figure 2.1: Cumulative photovoltaic installations from 2010 to 2019 [11].

Nevertheless, a big challenge for the PV community with these solar cells is the elevated
manufacturing cost [5]. Figure 2.2 shows the best solar cell efficiencies reported so far [13].
Researchers have pushed towards new types of solar cells and developed ‘third generation’ solar
cells to overcome the limitations of the preceding solar cells and tried to decrease high
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production cost [4]. Even though, the efficiencies of third generation solar cells are relatively low
as compared to Si/multi-junction solar cells, they have low production cost due to cheap
fabrication processing techniques. This makes third generation solar cells interesting to the PV

community.
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Figure 2.2: Best solar efficiencies, taken from National Renewable Energy Laboratory (NREL)

website [14].

Fairly recently, solution processed photovoltaics have started to attract major interest owing to
their high power conversion efficiency (PCE), cost effective fabrication, and added functionality
such as flexibility, being aesthetic and light weight. In 1991, the first development was based on
dye-sensitize solar cells (DSSCs) [15], which now demonstrate 14.3% efficiency [16]. The most
recent advance in the field of third generation solar cells is the development of organic-inorganic

halide perovskite solar cells that now demonstrate efficiencies of about 22% [17]. Advancement
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of perovskite solar cells has been remarkable as these can be fabricated by solution processing at
low temperatures and the production requires less energy than Si solar cell. Coupling of PSCs
with c-Si and/or CIGS solar cells in tandem geometry is considered a novel approach in order to
reduce the overall cost of energy generation (cost-efficiency balance) and also to enhance the
PCE of single junction solar cells beyond the SQ limit. Tandem solar cells is possible to be
fabricated in three different ways: (1) Mechanically stacked solar cells, termed as 4-terminal
(4T), (2) Monolithic solar cells, termed as 2-terminal (2T) and (3) optical splitting tandem solar
cell [18]. Recently, 26.4% PCE has been reported with mechanically stacked configuration [19].
A focus on tandem devices is due to their easy integration and printability on existing PV
technology, as PSCs can easily be printed via solution processing techniques. A possible
additional market advantage of the PSCs is the use of flexible PV technology. It is not only
attracting a lot of attention due to the search for low cost manufacturing and high-throughput but
also by taking into account its properties of being lightweight, flexible and thin, that would make
it easy to integrate on any surface (e.g. building integrated photovoltaics (BIPV), automotive
integrated photovoltaics (AIPV)) or structure (either curved, rigid, or flexible) and even in
portable and indoor electronics [9]. Notwithstanding the high efficiency accounts, the PSCs still
face issues such as: long-term operational stability, toxicity (the most efficient devices employ
lead, Pb), and reproducibility. The reproducibility of the performance arises from their rapid
crystallization, which largely depends on the fabrication conditions and also the substrate or the
selective contacts below them [20]. For a highly efficient device, the choice of selective contacts
is important for effective charge extractions as well as its stability as perovskite deposition on
metal oxides such as ZnO and TiO; has displayed degradation problems due to a possible

interfacial reaction [21,22].
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2.2 Perovskite solar cells (PSCs)

Perovskite solar cells are a kind of solar cell devices that use perovskite-based material as the

light absorbing layer [23].

2.2.1 Properties of perovskites

The original perovskite structure comes from calcium titanium oxide (CaTiOg3) with the general

structure ABXs, which is shown in Figure 2. 3 below.

Figure 2. 3: The general perovskite cubical structure ABXs;, where A and B are cations and X is an

anion. The anions are bonded to both of the cations [24].

As seen in Figure 2. 3 A and B are cations with distinct electronegativity and size whereas X is
an anion that is bonded to both A and B. It is vital that A atom has lower electronegativity and
bigger atomic radius than atom B, due to symmetrical purposes of the crystal cubic structure.

Any material with the same crystal structure is called perovskite material. Depending on cations
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and anions they show different properties like super conductivity, ionic conductivity, high
thermal power etc. The specific combination of materials in perovskite used for photovoltaic
cells is called organometallic halides and was first discovered in 1978 by Weber [25]. It consists
of organic material like methyl ammonium (MA) or formamidinium (FA) as (A), metal like lead
(Pb?*) or tin (Sn*") as (B) and halide like bromide (Br), iodide (I") or chloride (CI) as (X3). The
beneficial properties for this perovskite are: low band gap which lets more light be absorbed
because a broader spectrum of light has photons with enough energy to excite excitons. It has
high charge carrier mobility which lets the created electrons and holes move through the material
without much resistance, and a high diffusion length which keeps electron-hole pairs from

recombination.

2.2.2 Device Architecture

The first embodiments of perovskite solar cells were based on dye-sensitized solar cell (DSCC)
architecture and CH3NH3Pbl; (Perovskite) was used as a sensitizer on thick mesoporous
scaffolds [26]. It was coupled with liquid electrolyte, which resulted in very limited stability of
such devices. This architecture yielded power conversion efficiency (PCE) of 3.8 %. The
breakthrough came when an all solid-state architecture was realized with 9% PCE [27]. From
then on, PSCs experienced rapid development. The thickness of the mesoporous scaffold
decreased by an order of magnitude and it was realized that perovskite can efficiently conduct
holes and electrons alike making it a much more conventional semiconductor material than
thought initially [28-30]. Since then, the PCEs experienced rapid improvement and within
several years of development the values improved beyond 22 %, rivalling more established PV

technologies [14].
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Today, state-of-the-art perovskite solar cells are typically less than 1 um thick and contain
perovskite sandwiched between hole and electron charge transport layers (HTL and ETL
respectively). These are typically placed between a metal electrode (Au, Ag and Al are used
most often) and another transparent one such as FTO or ITO (fluorine or indium-doped tin
oxide). Often, a mesoporous scaffold is employed on top of the ETL in order to improve the
perovskite film quality and charge transport. However, this is optional and “planar” devices have
demonstrated similar performances to their scaffold-based counter parts [31,32]. When electrons
are collected at the transparent electrode, and holes at the metal one, the device is said to have a
“normal” architecture. If the opposite is true, the architecture is called “inverted”. So far, the best
performing devices employ a “normal” architecture. However, the different choice of charge
transporting materials available with “inverted” architectures (notably inorganic ones) means that

both architectures enjoy sustained interest of the researchers [33,34].

Figure 1.5 in Chapter showed the architecture of the device fabricate in this work with a
mesoporous scaffold-based device with “normal” architecture. The ETL is made of a continuous,
thin layer of TiO,, which is most often deposited on ITO via Spray pyrolysis or spin-coating of
the TiO, precursor solution. The scaffold is fabricated by spin coating and sintering TiO,
nanoparticles to form an interconnected mesoporous network. The HTL is Spiro-OMeTAD in
this case, which is deposited via spin-coating. The electrode is thermally evaporated and is made
of Au. The perovskite is in this case composed of a mixture of different anions and cations. The
monovalent cation site is occupied by methyl ammonium (CH3sNH3"). The metal site is occupied
by Pb?* cations. The halogen anion site is occupied by I". PSCs based on this composition and
architecture are currently amongst the best performing ones. The early successful methods for

depositing perovskite involved a two-step formation process in which Pbl, was first deposited by
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spin coating and then converted to CH3NH3Pbls by dipping in CH3BHsl solution [35]. However,
this deposition method did not allow for precise composition control and soon a single-step
method was devised [36]. That method involves spin-coating perovskite solution in one-step.
Before the drying of the film is complete, it was washed with an anti-solvent to induce fast and
homogenous crystallization. Alternatively, quick drying under vacuum can be employed [37]. To
this date, most PSCs are fabricated via one-step, anti-solvent method. However, perovskite can
also be thermally evaporated [38,39], which can be useful for certain experiments where solvents

could dissolve the underlying layers.

2.2.2.1 Compact layer

One of the key components of the mesoscopic perovskite solar cells is the compact layer. Its role
is to stop direct contact between the HTM and the FTO layers, which could potentially result in a
short circuit inside the cell. In addition, it-blocks the holes generated within the perovskite layer
or HTM layers from reaching the FTO anode, which could have a negative on the net current that
can be obtained from the cell because the holes are gathered at the cathode. Essentially the
compact layer acts as a guide for the electrons and holes towards their respective electrodes, it
reduces the chances of charge carrier recombination from occurring. As the connecting area
between the FTO layer and the perovskite or HTM layers is reduced, so is the recombination
process. The presence of pinholes in the compact layer decreases the solar cell efficiency by
allowing a contact between the materials. The most used compact layer material is titania

[40,41].

There are several ways in which the titania compact layer can be deposited. These methods

include techniques such as spin-coating from a precursor solution, spray-pyrolysis, and atomic
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layer deposition [42]. The compact layer deposition is done on a transparent conducting oxide
(TCO) substrate. TCO is usually FTO, since it adheres well to titania. The compact layer should
be as thin as possible, because a larger layer implies higher resistance, and thus lower fill factor

and charge collection [43].

2.2.2.2 Mesoporous metal oxide

Inorganic semiconductor materials are used to produce different and complex nanostructures.
Titania is widely used in photovoltaic devices because of its desired properties such as non-
toxicity, its high chemical stability, low cost, intense photocatalytic activity, and high

photoelectric conversion efficiency [44].

Mesoscopic perovskite solar cells use an n-type mesoporous semiconducting layer. To introduce
excited electrons from perovskite to the mesoporous layer, the oxide layer should have lower
conduction band than the excited state of perovskite. The n-type mesoporous material is typically
made up of titania nanoparticles. Titania extracts electrons that have been generated in perovskite
layer. It also increases the perovskite crystal transformation when sequential deposition method
is employed. Mesoporous titania layers can be fabricated by spin-coating, screen-printing, and

doctor-blading [42].

Titania has three accepted crystal structures: rutile, anatase and brookite. The structures are
shown in Figure 2. 4. Rutile which is the most common and most stable of these three structures.
It is also chemically inert and it can be excited by visible and ultraviolet light. Brookite and
anatase are metastable forms. Anatase transform into rutile at high temperatures and it can be
excited only by ultraviolet light. Brookite is not excited by light. Brookite can only turn into

rutile by heating. Anatase turns into rutile in air around 500 °C. Pure anatase is considered to
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widely begin transforming irreversibly to rutile in air at around 600 ° C; however, the reported
transition temperatures vary in the range 400-1200 ° C depending on the methods used, the raw

materials, and processing conditions [45].

Rutile

.‘

Brookite

Figure 2. 4: Crystal Structures of rutile, anatase and brookite. Titanium atoms are depicted as gray

spheres, while oxygen atoms are depicted as red spheres [46].

Titania is often used in anatase- or rutile form in mesoscopic solar cells [42]. Anatase titania
particles are known to be the most successfully used nanostructure in the mesoscopic perovskite
solar cells. TiO; in the anatase phase has wider bandgap of approximately 3.2 eV as opposed to
the rutile phase which has a band gap of approximately 3 eV. TiO, in the anatase phase also
shows superior photo-catalytic performance than rutile (more stable). Charge carrier
recombination in anatase happens at a much slower rate than rutile by approximately a factor of
10 which is due to smaller grain-sizes in anatase phase [45]. Nonetheless, the devices with rutile

particles have higher electron diffusion coefficients and faster charge carrier recombination. In
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addition to nanoparticles also other structures, such as Nano rods and Nano sheets, has been

studied.

Many other metal oxides, like zinc oxide (ZnO) and alumina (Al,O3), can also used in
mesoporous perovskite solar cells [42]. In this research work only, n-type anatase titania is

employed as the metal oxide mesoporous layer material.

2.2.2.3 Hole transport layer

The holes pass through the hole transport materials to the metal cathode. HTMs are theoretically
not mandatory in perovskite solar cells. However, their use results in much higher efficiencies in
perovskite solar cells, which makes them even more essential in a good cell. HTMs block the
back-electron transfer and lead to higher fill factors and open circuit voltages. Both organic and

inorganic hole conductors can be used as HTMs [47].

A capping layer of HTM could be useful for high-performance perovskite solar cells in order to
disrupt the contact between the perovskite and cathode. Preferably, HTM should have a high
hole- mobility, and good thermal- and UV- stabilities. It should also match with the HOMO level

of the perovskite [48].

At present, 2,2°,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene  (spiro-
OMeTAD) remains the best and most widely used HTM candidate for perovskite solar cells [42].
Its molecular structure is shown in Figure 2.5. However, spiro-OMeTAD is prohibitively
expensive because of its onerous multistep synthesis that requires very low temperature (-78 °C),
and because of the sensitive (n-butyl lithium or Grignard reagents) and aggressive (Br,) reagents

involved in the synthetic scheme. This restrains its up-scale application in the photovoltaic
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industry. From the commercialization point of view, the development of efficient yet cost-
effective HTMs is the major challenge for the advancement of hybrid perovskite solar cells

technology [49].

spiro-OMeTAD

Figure 2.5: The structural formula of spiro-OMeTAD.

If spiro-OMeTAD is used as HTM in its pristine form, the resulting solar cells would have a high
series resistance, using spiro-OMeTAD alone without dopants results poor charge transport
properties. In fact, spiro-OMeTAD is normally combined with p-dopants, to enhance the charge
transport properties [50]. p-doping is a method to enhance the conductivity of organic
semiconductors by creating additional charge-carriers, which results in higher charge-carrier

density [51].

HTM conductivity can be enhanced drastically by chemical oxidants, such as tris(2-(1H-pyrazol-

1- yl)pyridine)cobalt(I11) which is also known FK 102 Co(lll) (PFg) salt. Co(l1l) complexes are
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efficient p- dopants of spiro-OMeTAD, and their addition leads to lower series-resistance in the

solar cell [35,51,52].

Bis(trifluoro-methane)sulfonimide lithium salt (LiTFSI) and tert-butyl pyridine (tBP) are widely
used additives. Li cations increase the electronic conductivity of spiro-OMeTAD via a catalyzed
oxidative process. LiTFSI improves considerably the conductivity and the hole mobility of spiro-
OMEeTAD. The open circuit voltage of solar cells is enhanced by addition of tBP. Li cations and
tBP influence several processes in the solar cells such as the electron transport and the
recombination rates. Their general effect on HTM is complex and its thorough description goes
beyond the scope of this work [52,53]. However, a key aspect to remember is that tBP and Li
cations promote an energy level shift in the spiro-OMeTAD layer. Also, Li cation has been
reported to catalyze the complex doping mechanism in which spiro-MeOTAD oxidizes, resulting

in an HTL with high conductivity while L cation is consumed [54].

The molecular structures of the commonly used dopants, LiTFSI, tBP and PFg salt, are presented

in Figure 2.6. These 3 dopants are employed in the solar cells fabricated in this work.
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Figure 2.6: Structural formulas and molecular structure of LiTFSI, tBP, and FK 102.

As previously mentioned, it is not compulsory to use HTMs in perovskite solar cells. Since
perovskite acts both as a light harvester and hole conductor, a p-n junction can be formed
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between n-type metal oxides and perovskite in mesoscopic perovskite solar cells. The
nonexistence of a HTM could potentially enhance the stability, lower the production costs and
enable the fabrication [42]. If the HTM is left out, the perovskite layer should be thick and have a

smoother surface to avoid shunt contacts and ensure good light absorption [55].

2.2.2.4 Cathode

The counter electrode gathers the electrons from the external circuit and the holes
transported by the HTM. It should have high conductivity for charge transport, good
electro-catalytic activity, and high stability. The most used counter electrode
materials are noble metals, such _as platinum, silver and gold. Predominantly, gold and
silver are effective hole collectors to be wused with the commonly adopted HTM

materials. The most important drawback for the use of noble metals is their high cost [56].
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2.2.3 Working principle

The PSC operation is described in the schematic shown in Figure 2.7.
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Figure 2.7: Working principles of PSCs with: @) Schematic energy diagram of a PSC. b) Schematics

of the ‘normal’ architecture PSC with mesoporous scaffold. [57].

Photons from a light source, shown as yellow arrows, reach the perovskite layer through the
glass and the transparent electrode as well as the electron transport layer. In the active perovskite
layer, the photon is absorbed and excites an exciton if the photon’s energy is above the energy
gap of the perovskite material. The exciton is separated to free charge carriers by the internal
potential created from the work function difference between the transparent electrode and the
metallic electrode. The electrons are transported to the ETL while the holes are transported to the
HTL. From there the electrons are transported to the transparent electrode and the hole to the

metallic electrode. Then the electron moves through the wire connecting the two electrodes and a
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current is produced by the moving electrons. In the metallic electrode the electron and hole

recombine.

For the PSC to function properly the energy levels for each layer need to be carefully planned.
Because the excited electrons and holes want to recombine in order to minimize the total energy,
but the charge carriers are also energy conservers, which mean they will always take the path of
minimum resistance. With the right layer structure some of the recombination in the cell will be
blocked by letting the charge carriers take a different route. This is done by having the ETL’s
LUMO a bit lower than the active layer’s LUMO which creates a more attractive way for the
electron to go. The same is true for the HTL’s HOMO that needs to be a bit higher than the
active layer’s HOMO which creates a more attractive way for holes to go. This is same for every
layer in the cell, each layer has either higher HOMO or lower LUMO for the charge carrier’s

transportation chain to work as seen in Figure 2.7 above.

2.2.4 Challenges with perovskite solar cells

In spite of significant achievements in the PCE of PSCs, stability is one of the critical issue that
needs to be addressed prior to its commercial deployment. Stability depends on numerous
factors, both intrinsic, such as perovskite structural and chemical stability and extrinsic, such as

moisture, oxygen, light and heat that limit their life-time to few hundred hours only [58,59].

For any solar cell technology to be commercialized, operational stability and inexpensive
manufacturing methods have to be demonstrated alongside high PCE as shown schematically in
Figure 2.8. The use of abundant starting materials and inexpensive manufacturing techniques

makes perovskite solar cells potentially very price competitive [60-63].
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Processing

Figure 2.8: The “Holy Grail” of photovoltaic technologies that is efficient, stable and inexpensive to

manufacture.

Perovskite (CH3NH3PbX3) materials are stable, both chemically and structurally, but due to the
hygroscopic nature of the organic cation, moisture induced degradation happens. Substituting or
mixing of MA cation with cesium and/or formamidinium can improve the stability of perovskite
towards moisture and heat [64,65]. A recent study using FTIR spectroscopy shows that
evaporation of MAI during film fabrication itself initiates the instability, suggesting that the

active layer film fabrication methodology is an essential step for the stability of PSCs [66].

Additionally, the question of how to measure the stability of PSCs has to be tackled. Here the
ionic motion and J-V hysteresis create an additional obstacle. Hysteresis is directly related to
ionic motion in the perovskite and the nature of contacts that can affect the PV characteristics
(i.e., variation in the J-V curves for different scan rates), and it is detrimental to the device
stability [59]. Oxidation and photo-oxidation have been seen for perovskite films but are less

severe in full devices, depending on the hydrophobic nature of the top layer [67], and can be
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avoided by appropriate encapsulation under inert conditions that enables solar cells to be stable

for up to 1000 h [68].

2.3 Fabrication Methods

A large factor contributing to the costs of solar cell production lies directly within the production
techniques themselves. Silicon solar cells require extensive amounts of processing and extremely
high temperatures. Silicon solar cells have increased in magnitude and become streamlined,
however, they are still limited by those production costs. Organic solar cells as well have
promising efficiency potentials, have corresponding cheap production options and processing

techniques encompassed by roll to roll processing.

2.3.1 Roll to Roll Processing

Roll to Roll (R2R) processing is an aver encompassing title for several more specific processes,
and is the ability to manufacture product using flexible substrates and create continuous product
production. The immediate benefits of this process are the streamlined methods that do not
require excessive labor or even necessarily the transfer of material from one process to another.
There are several specific methods that can be placed one after another in R2R manufacturing

line to complete a final product [69].

2.3.1.1 Chemical Vapor Deposition

Chemical vapor deposition, or CVD, is a chemical process that causes volatile precursors in the
gas phase to form a solid layer on the target surface. Generally, CVD takes place at low
pressures because the particles being deposited tend to exists as liquids in normal conditions. The

conventional method of CVD is thermally activated CVD, which causes the chemical reaction to
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happen by a change in temperature. Another common method is photo-initiated CVD, which
triggers the deposition by the addition of light, usually UV causing the monomers to layer on the

substrate [70].

2.3.1.2 Physical Vapor Deposition

Very similar in principle to CVD, physical vapor deposition (PVD) relies more on physical
interactions than chemical ones. Like CVD there are subsets of PVD, sputter deposition
specifically is the ejection of particles into a vacuum chamber. Particles are usually ejected by a
continuous flow of argon gas which is usually converted to plasma, i.e. Ar* ions. The particles
being sent into the vacuum are subject to a negative potential while the target substrate is
grounded; this leads the ejected particles to evenly coat the substrate in a very thin layer of a
conductive material. PVD coatings offer the benefits of improved hardness and oxidation

resistance as well as a smooth layer, which is most beneficial for the solar cell process [71].

2.3.1.3 Solution Based Processing

As suggested by the name this process involves creating a solution with the desired material
dissolved into a soluble substance. That solution is then spread onto the surface where the layer
is to be coated to a desired thickness; the solution is then either treated or heated to evaporate the
processing solvent. This method can be paired with spin coating to achieve a desired thickness of

a material; however, spin coating is not conducive to R2R processing [72].

2.3.1.4 Doctor Blading

Doctor Blading is a process common in R2R processing where the substrate and a deposited

solvent are either dragged under, or held while a blade drags over. The blade is at a fixed
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distance from the material the solvent is added to, this distance determines the thickness of the
doctor bladed layer. In R2R setups on a larger scale the doctor blade is at a set distance from a
large cylinder where the flexible substrate and solvent are passed, the blade removes excess
solvent leaving a thin film. Common for lab practices is a second technique where the substrate
has two very thin buffers attached with a gap in between. The solvent is placed in the gap and the
doctor blade is pulled along the buffers, leaving a film the thickness of whatever was used as a

buffer [73,74].

2.3.1.5 Sol Gel process

Sol gel processing is a common method for synthesizing nanoparticles because it can be done at
low temperatures compared to other methods. At a chemical level, the process involves reacting
a base material with another solution over a specific amount of time to produce a sol, a solution
with suspended nanoparticles. The. addition of the secondary solution relies on the use of a
titrator to accurately “drip” the solution into the other over a calculated time. The sol gel process
relies on specific stoichiometric principles to produce these nanoparticles. ZnO particles are a

common example of a sol that is produced via sol gel processing [75].

2.3.2 Spin-Coating

When depositing a thin film onto a substrate especially in a laboratory setting spin coating is
often used because of its benefits in uniformity. This application method uses centrifugal forces
on a disk spinning at high speeds to create an even coating on a substrate. The layer thickness is
heavily dependent on viscosity, speed of the spinner, and the time the material is allowed to spin
for [76]. There have also been applications of spin coating that use gas assisted methods which

have been shown to produce smoother crystallization and reduce drying time of a substance onto
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the substrate [74]. A downside of using spin coating is that much of the material is wasted,
leaving only about 10% of the solution utilized [77]. It is also very impractical for large scale

manufacturing.

2.4 Device Characterization

It is important to evaluate the solar cell performance with reliable measurements, in order to
compare different materials and technologies. There are several parameters, which characterize
the performance of solar cells, such as the short circuit current density, the open circuit voltage,

the fill factor, and the energy conversion efficiency [78].

The wavelength range emitted by the sun goes from the ultraviolet and visible to the infrared.
Ozone of the atmosphere filters out part of the ultraviolet light. Water and carbon dioxide filter
out mainly the infrared light and cause some dropped irradiance peaks to the solar spectrum. The
sun has the shortest path length through the atmosphere when it is directly overhead. In that case,
the maximum radiation can strike the Earth if the sky is clear. The path length is called the air
mass (AM). Its approximated value is

1
AM =
CoSQ

Equation (1)

where ¢ is the angle of elevation of the Sun. The standard solar spectrum is AM1.5G (global) for
the solar cell efficiency measurements. The spectrum is normalized in a way that the integrated
irradiance, i.e. the radiant energy flux per unit area, is 1000 W m. Sunlight scatters in the
atmosphere, thus causing light diffusion. The fraction of the diffuse light is on average 15 %.
Rough surfaces can collect the diffuse light better than the flat ones [79]. The AM1.5G solar

irradiation spectrum is presented in Figure 2.9.

61



—
o
|

-2 -1
nm

—
=
|

Irradiance, W m
—
tn
I

| hh |

0 1000 2000 3000 4000
Wavelength, nm

=
=

Figure 2.9: AM1.5G solar irradiation spectrum [80].

Traditionally, the performance of solar cells is evaluated by measuring their current density-
voltage (I-V) characteristics. In the measurement photocurrent values are recorded as the bias
voltage is changed stepwise. The short circuit current, I, and the open circuit voltage, V., can
be directly determined from the recorded I-V curve. The short circuit current density, Js iS
obtained by dividing the short circuit current by the irradiated area [78]. The short circuit current
density gives the maximum current density, which can be obtained from the solar cell at short
circuit conditions, i.e. a condition in which the electrical power to a circuit is supplied at a low
resistance between two conductors [81]. Other important parameters, such as the fill factor, FF,
and the energy conversion efficiency, 1, can be determined using the I-V measurement data [78].
A 1-V curve is depicted in Figure 2. 10, where the open-circuit voltage, short-circuit current-

density and the maximum power point are also indicated.
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Potential, V

Figure 2. 10: 1-V curve.

In Figure 2. 10 above, Pmax IS maximum power, i.e. the product of photocurrent and photo-
voltage at that voltage where the power output is at its maximum. The fill factor indicates the

‘squareness’ of the I-V curve [81]. Its value can be determined from the equation

Pmax

FF =
IscVoc

Equation (2)

The value of the fill factor lies between 0 and 1 [79]. The ideal value is 1, but in practice this
cannot be achieved due to physical constraints on the diode quality in the solar cell. The main
reason for the deviation from the ideal behavior is the recombination occurring at the junction,
which can be described in terms of series and shunt resistances. The increase in the series
resistance indicates poor conductivity through the active layers and reduced charge carrier
injection to the electrodes. The reduced shunt resistance is due to either imperfections within the

photoactive layers or current leaks at the interface between layers in the solar cell [81].

The energy conversion efficiency is
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_ IscVocFF  JscVocFF
PirlAcell Pi

Equation (3)

Where Pj, is the irradiance of the incident light on the surface of a cell, A¢ is the area, which is
irradiated by incident light [78]. The record efficiency for perovskite solar cells is 20.1 £ 0.4 %.
The champion cell has open circuit voltage of 1.059 V, the short circuit current density of 24.65

mA/cm?, and the fill factor of 77 % [82].

Solar cells can be also characterized with incident photon-to-current conversion efficiency,
IPCE, i.e. external quantum efficiency. IPCE describes the photocurrent density produced in the
external circuit under monochromatic illumination divided by the photon flux, e®, which

encounters the cell. IPCE is determined as

Jsc(D) Jsc[A em™?] .
(D) 1240/1[nm]Pin(A) Wem2] Equation (4)

IPCE =

Where, A is the wavelength.

2.4.1 Measuring perovskite solar cell performance

There are various factors to be taken into consideration in order to measure the performance of
perovskite solar cells accurately. The main issue is the hysteresis in I-V curves, which is affected
by the measurement setup and by the solar cell construction. The hysteresis is different for every
cell. The origin of the hysteresis is not yet understood. Erroneous interpretation and
representation of the performances can be avoided by following certain guidelines [83,84].

In general, the I-V curves are obtained by sweeping the potential difference between the working
and counter electrode and monitoring the current response simultaneously. The sweep rate
should be carefully selected for each device, preferably about 140 sweep points for a time

between sweeps of 10 ms. If the sweep rate is faster than the response time of the device, the
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recorded curve does not show steady-state performance. The direction of the sweep causes
hysteresis in the 1-V curves. Figure 2.12 shows the effect of the sweep rate. The steady-state
output gives the actual values that are used to obtain the different parameters used in the
calculation of the PCE. Figure 2.11 presents also the effect of scan direction. The real output of

the device lies between the forward and reverse scan curves [84].
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Figure 2.11: An example of the effect of the sweep rate (left) and the scan direction (right) to the I-V

curve [84].

The measured current density values can be verified by measuring and integrating the IPCE

spectra over the AM1.5G solar spectrum. The integrated current density is

F X [(Es; X IPCE)dA

Jscnt = N Equation (5)
A

where Np is the Avogadro constant, F the Faraday constant, and E., the solar spectral irradiance.
The integrated and measured current density values should be approximately equivalent if the

measurements have been executed carefully [84].

The solar cells should be masked right before the measurements. This avoids the under- and

overestimations of the cell performance [84]. Masking also allows for reproducibility of the
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measurements. A mask should have a single aperture through which the light enters the cell. This
prevents the light entering the cell from elsewhere [85].

To conclude, the following recently published guidelines should be followed when an accurate
evaluation of the device’s performance is desired. The measured cell needs to be masked, the
measurement position, i.e. the distance between the source and the cell should be always exactly
same, and the illumination source must be calibrated. The steady-state values for Js. and V. have
to be determined, and the stability monitored. J-V should be measured at various scan rates in
both forward and reverse directions. The determined current density is finally checked by

calculating the corresponding value from the IPCE data [84,85].
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Chapter 3 Experimental method

This chapter is mostly dedicated to the description of the methods and investigation techniques
used in the development of the experiments done in this thesis. In particular, in the first part a
full description of the materials and chemicals used in this research work is given. Meticulous
fabrication parameters for both perovskite and the interface materials are summarized. Part of
this chapter is also dedicated to the preparation of the samples and photovoltaic devices for the
Perovskite-based solar cells. Beside the comprehensive solar cell characterization techniques

explained, complete interface characterization techniques are also provided in the chapter.
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3.1 Materials

3.1.1 Active layer

The reagents and solvents used to prepare the perovskite precursors comprising lead iodide
(99.9%), methyl ammonium iodide (99.9%), terephtalic acid (99.9%), dimethylformamide and
dimethyl sulfoxide both with purity of 99.99%, were purchased from Sigma Aldrich and used as

received.

3.1.2 Interface layer

The reagents and solvents used to prepare the ETMs comprising titanium tetraisopropoxide
(99.9%), titanium(IV) oxide nanoparticles (99.9%), ethanol (99.9%) and silver nitrate (99.9%),
were purchased from Sigma Aldrich and used as received. Deionized water was prepared with

Millipore filtration system (Millipore-Sigma)

The reagents and solvents used to. prepare the HTMs comprising spiro-OMeTAD (>99.0%),
chlorobenzene (99.9%), acetonitrile (99.9%), lithium bis(trifluoromethanesufonyl)imide and 4-

tert-butylpyridine (99.9%), were purchased from Sigma Aldrich and used as received.

3.1.3 Substrates

ITO substrates were used to fabricate the devices as shown in Figure 3.1 and were purchased
from Ossila with the specifications listed in the Table. 3.1. This particular type of patterned ITO
substrates was used because it was better adapted to the type of metal deposition mask available

in our labs (Multi-electrode mask from Ossila).

The solvents used to clean the substrates comprising a 2% solution of Hellmanex 111, isopropanol
(99%) and methanol (99%) were purchased from Sigma Aldrich and used as received. Deionized

water was prepared with Millipore filtration system.
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Table 3.1: ITO substrate specifications.

Substrate size 20 mm x 15 mm

Thickness 1.1 mm

Glass type Polished soda lime, float glass

Substrate coating Fully oxidized ITO

ITO thickness 100 nm

ITO resistance 14 Q / square

Glass roughness < 1nm RMS (By AFM)

ITO roughness 1.8 nm RMS (By AFM)
20mm

|:| Etched ITO areas
| | ITO covered areas

i
2.0mm

15mm

UL

6.0mm

Figure 3.1: ITO pattern and substrates dimensions.

3.2 Device fabrication

The fabrication process of the devices required building upon and readjusting several methods
found in research in terms the materials and laboratory tools available. The following section
will look into the final processing that was used to formulate each solution and resulting solar

cell layers.

In this work a non-vacuum deposition technique namely spin-coating was used. The deposition

involved preparation the different precursor solutions for the individual layers forming part of
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the device architecture in a suitable solvent and spin coating them onto ITO glass layer by layer,
then subsequently anneal the ITO glass to evaporate the solvents. In order to carry out the

fabrication of the perovskite solar cell devices, the architecture described in Figure 3. 2 was used

Back contact
HTL

Active layer

Mesoporous-TiO2
Ag TiO2 ETL
ITO
e Front contact
Glass =

Figure 3. 2: Device architecture.

3.2.1 Substrate cleaning

The cleaning process was done as follows:

. The ITO substrates were sonicated for 10 minutes in a hot mixture of the Hellmanex IlI
solution and distilled water in 1:100 volume ratio.
ii. Next the substrates were washed with a sponge in petri dish containing a mixture of distilled
water, acetone and isopropanol in volume ratio of 1:1:1.
iii. The substrates were then sonicated in a petri dish containing the previously mentioned
solution mixture for 10 minutes.

iv. Step 3 was repeated three times without waiting periods in between.
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V. The substrates were taken out of the petri dish individually with a pair of tweezers and dried
using compressed air in a fume hood until visibly dry.

Vi. Finally the substrates were placed in a closed glass vial and stored.

3.2.2 Solar cells layer processing and deposition parameters
Before deposition of the layers, the substrates were temporarily masked with kapton tape on both

ends to allow for only the central part to be uncovered as depicted in Figure 3.3 below:

Masked areas of the

] substrate

Unmasked area of the
|_> substrate for layer deposition

Figure 3.3: Schematic of the ITO substrates showing the areas that were masked before spin

coating.

3.2.2.1 Compact pristine TiO, and Ag-TiO,
3.2.2.1.1 Pristine TiO,

3.2.2.1.1.1 Solution processing
The pristine compact-TiO, precursor solution was synthesized by dripping 1 mL titanium

diisopropoxide into 19 mL ethanol, then the mixture was stirred for 1 hour at room temperature.
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3.2.2.1.1.2 Spin coating procedure and parameters
The c-TiO, layer was prepared by spin-coating 60 pL of TiO, precursor solution at 4000 rpm for
20 s on the ITO substrate. The film was then annealed at 150 °C for 10 min on a hot plate, and

finally underwent heat- treatment at 500 °C for 30 min in a furnace.

3.2.2.1.2 Ag doped-TiO,

3.2.2.1.2.1 Solution processing

Three Ag-doped TiO, precursor solutions were prepared in order to evaluate the overall effect of
the percentage doping of silver on the device efficiency. Firstly, chosen amounts of silver nitrate
(0.0017, 0.005, and 0.008 g) were added to 1 mL titanium diisopropoxide in various molar ratios
(Ag: Ti=0.5,1.5and 2.5 %). Secondly, the acquired solutions were added to 19 mL of ethanol.
The three mixtures were stirred for 1 hour at room temperature to form the uniform compact

precursor solutions.

3.2.2.1.2.2 Spin coating procedure and parameters

The three different Ag-TiO; layers were each prepared on separate substrates by spin-coating 60
pL of Ag-TiO, precursor solution at 4000 rpm for 20 s on the ITO substrate. The film was then
annealed at 150 °C for 10 min on a hot plate, and finally underwent heat- treatment at 500 °C for

30 min.

3.2.2.2 Mesoporous-TiO,

3.2.2.2.1 Solution processing

TiO, nanoparticles were diluted in ethanol with 1:7 weight ratios.
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3.2.2.2.2 Spin coating procedure and parameters

The mesoporous-TiO, layer was prepared by spin-coating 60 pL of TiO, precursor solution at
5000 rpm for 45 s on the ITO/c-TiO, or Ag-TiO, substrates. The film was then annealed at 150
°C for 10 min on a hot plate, and finally underwent heat- treatment at 500 °C for 30 min to

obtain the anatase phase of TiO..

3.2.2.3 Perovskite (CH3;NH;3PDbl»)

3.2.2.3.1 Solution processing

To prepare the perovskite absorbing layer the two precursor solutions were each initially
synthesized separately then combined during the deposition process. The first precursor solution
synthesized was Pbl,. 461 mg of Pbl, was dissolved in a 1 ml mixture of Terephtalic acid (TPA,
8mg/mL) and dimethylformamide (DMF). The mixture was then stirred overnight at 70°C
overnight. The second precursor solution was MAI/2-Propanol (0.42M) solution. This solution

was used as purchased no modification were done to it.

3.2.2.3.2 Spin coating procedure and parameters

The active layer was deposited via two steps. The first step involved the preheating of both the
Pbl, precursor solution and the ITO/c-TiO; or Ag-TiO,/p-TiO, substrates at 70 °C. Subsequently,
60 pl of Pbl, solution was dropped onto the ITO/c-TiO, or Ag-TiO,/p-TiO, substrates, then

spinne6d at 3000 rpm for 30 s. The as-coated films were then annealed at 100 °C for 1 hour.

The second step involved dropping 60 pl of MAI/2-Propanol solution onto the ITO/c-TiO; or
Ag-TiO,/p-TiO,/Pbl, substrates. A pause of 40 s was observed before starting the spinning to

allow for the MAI MAI/2-Propanol solution to properly penetrate the Pbl, layer. Subsequently
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the substrates were spin-coated at 2000 rpm for 30 s. The as-coated perovskite films were then

annealed at 70 °C for 20 min.

3.2.2.4 Spiro-OMeTAD

3.2.2.4.1 Solution processing

The precursor solution was prepared by mixing 73 mg of spiro-OMeTAD into 1ml of
chlorobenzene with additives consisting of 17.5 mL LiTFSI/acetonitrile (520 mg/mL) and 28.8

mL of 4-tert-butylpyridine.

3.2.2.4.2 Spin coating procedure and parameters
The HTM layer prepared spin-coating 60 pL of the spiro-OMeTAD solution onto the FTO/c-

TiO,/p-TiO2/MAPDI; substrate at 2000 rpm for 45's.

3.2.2.5 Evaporation of Silver electrode

The samples were allowed to dry in open air for a few minutes then put in a masked holder for
the substrates to only get the evaporated metal on the wanted area that was at the center of the
substrate as previously displayed in Figure 3.3 and then placed in the evaporator (Leybold
vacuum, Univex 350). The metal evaporated metal was Silver (Ag). The evaporation began by
lowering the amount of pressure pressure inside the evaporator and when the pressure reached
vacuum of < 3.5x10°® mbar the current within the holder was manually increased. At ~165 A the
evaporation of the silver started and the voltage was changed to get an evaporation speed of 0.02
nm. s until a layer of thickness of 10 nm had been evaporated. The reason for the slow
evaporation speed at the start was to avoid the Ag particles from penetrating the spiro-OMeTAD
and be in direct contact with the perovskite layer. Then the evaporation speed was increased to
0.2 nm. s™ by changing the current. One pellet of Ag resulted in a layer approximately 70 nm

thick.
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3.3 Characterization of interfaces and devices

3.3.1 Film characterization techniques

3.3.1.1 Surface profilorimery

Veeco Dektak profilometers was used for the measurement of layer thicknesses. Samples were
scratched with a scalpel and then cleaned with compressed nitrogen in order to remove any
remaining debris. The stylus of the Dektak was then passed above the sample, going across the
scratch in the film, permitting a thickness measurement to be taken as shown in Figure 3. 4 (a).
At least 4 readings from different scratches were taken for each sample individually and the
average of those thicknesses was used. In the case of uneven films the height was averaged over

a range of positions in order to guarantee a more accurate reading (see Figure 3. 4 (b)).

(a)
Stylus Scan direction
é
TV R «— Film
4— Substrate
(b) Range for

average
N

| (M

Position

Height

v

Figure 3. 4: A schematic of the profilometry equipment (a) and an example scan showing the use of

a range in order to ensure a more accurate height reading when measuring rough films (b).
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3.3.1.2 Microscopic characterization

Microscopy is a specialized field of characterization techniques that uses microscopes to inspect
objects and the surface of objects that would normally be difficult to see with the naked eye
(objects that are not within the resolution range of the normal eye) [1]. There are three types of
microscopy: optical, electron, and scanning probe microscopy. Figure 3.5 shows cross sectional
diagram of imaging modes for the three types of microscopes regularly employed for materials
characterization: the light microscope (left), the transmission electron microscope (TEM, center),

and the scanning electron microscope (SEM, right).

Light Transmission Electron Scanning Electron
Microscope Microscope Microscope
(LM) (TEM) (SEM)

Electron source
(electron gun)

3 L Light source (lamp) i T
N,

Condenser lens

Condenser lens
Specimen

Objective lens

Objective lens
aperture

Objective lens

Image

Eyepiece

Naked eye

& JEOL, Lad.

Figure 3.5: Schematic cross-sections of imaging modes in the light microscope, the TEM, and the

SEM [2].

Frequent elements include a source of illumination (visible light source or an electron gun) and a
condenser lens over the specimen to center the light or electron beam. After the condenser lens,
the structure of the SEM diverges from that of the light microscope and the TEM. In the latter

two, the objective lens that produce the image is positioned below the specimen, and a static,
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near-parallel beam of illumination is projected onto a viewing point or onto a camera for
recording. Though the TEM includes some additional lenses, the overall method by which the
image is obtained and projected for viewing and recording is the same as that of the light

microscope.

The SEM is significantly different in that the objective lens sits over the specimen or sample, and
the beam is created into a fine, centered probe that is passed across the specimen using scanning
coils, producing an image point by point. The image can be recorded on various detectors placed

above the specimen.

These types of microscopes give complementary information over diverse size ranges. The
unaided human eye resolution features down to about 100 um in size, and the best performing
light microscopes allow us to see features as small as 1 um. Because SEMs and TEMs utilize
electrons, which have higher energies and shorter wavelengths than visible light, much smaller
objects can be seen as well from its use. The highest-resolution SEMs can allow users to see
objects with only a few nanometers in size, while aberration-corrected TEMs allow for imaging
and analysis of objects and substance at the atomic level. All three types of microscope can be
used complementarily to provide fundamental information about size, morphology, and texture
of materials or objects. Although the SEM and TEM are usually classified as electron optical

instruments, the TEM and the light microscope share a similar mechanism for image formation.

3.3.1.2.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a characterization technique that utilizes electrons to
investigate a sample’s surface in order to imaging easier at higher resolution than is possible with
the normal optical microscope. Given that the resolution is only limited to around half the

wavelength of the probe, it is possible to obtain much higher resolution with electron microscopy
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than optical microscopy. Additionally, SEMs offer the ability to obtain better ‘3D’ image than

optical microscopes due to the larger depth of focus resulting from the lower aperture angle.

U Electron gun

=)< Anode

)< Condenserlens

Aperture

I:I D <1 Scanning coils
R Objective lens

&——= «—Backscattered electron detector

X-ray detector

Q Secondary electron detector

Sample

Figure 3.6: A basic schematic of a scanning electron microscope.

In Figure 3.6 is shown a simplified image/schematic diagram of the SEM instrument. In order to
avoid interactions between the electron beam and the air, the electron gun, optics and sample
chamber are held under vacuum, which reduces the image quality and could cause the sample to
be damaged. The electron beam in a SEM is generated by either a thermionic emission gun
(heating a filament to release electrons) or field emission gun (using a strong electric field to
extract electrons from a tungsten crystal). A field emission gun SEM (FEGSEM or FESEM)
offers better resolution than its thermionic counterpart due to the production of narrower beams
of electrons with smaller spread in energy. In this work the field emission gun SEMs has been
used. Electrons are emmited and allowed to travel in a helical path down the microscope column

under the influence of magnetic fields from the electromagnetic lenses. To control the spot size
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of the beam on the sample, the condenser lens(es) and aperture(s) act in tandem. A decreased
spot size increases the resolution but reduce the clarity of the image and results in ‘graininess’ as
less electrons invade on the sample. Scanning coils are used to deploy the electron beam across
the sample in order to produce an image, whilst electron beam is focused onto the sample by the
objective lens. Increasing the accelerating voltage reduces the diameter of electron probe,
therefore the improving resolution of the output images obtained from the sample analysis. This
also, however, reduces the clarity of surface structures, because the penetration of the beam into
the sample is augmented. In addition the charging is increased together with any sample damage
which may occur. When the electron beam strikes the sample it causes both electrons and X-rays
to be ejected from the material. The ejected electrons-are usually distributed into two types —
secondary and backscattered, with imaging most of the time achieved using the secondary
electrons (SEs). These have a shallow generation region (~10 nm) since those generated deeper
in the sample will be unable to escape due to their, fairly low energy (~50 eV or less). Secondary
electron detectors have a scintillator (fluorescent material) over which a voltage is applied. In
front of the detector is also a collector, through which a high voltage is applied to attract the
secondary electrons discharged from the sample. These impact on the scintillator and generate
light which is allowed to pass through a photomultiplier before being transformed into an
electrical signal. When the electron beam attains the sample at an angle, more secondary
electrons are generated than when it is normal to the surface, implying that SE images appear
particularly topographical. Backscattered electrons have a higher energy than secondary
electrons, having a range of energies up to that of the incident beam. The increased energy of the
backscattered electrons implies that they are less impacted by charging and specimen

contamination than SEs, and that their generation region is considerably larger. While this
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decreases resolution, it does allow for detection of electrons from deeper into the sample.
Backscattered electron intensity is dependent on atomic number, and thus backscattered images

can provide a composition contrast as well as a topographic one.

It is important to note that the sample under examination is conductive enough, or coated and
stuck to the sample stub with a conductive material to avoid charging. This happens when
electrons from the probe beam build up on the specimen, interfering with secondary electron

emission and thus adversely affecting the image quality and resolution.

For the purpose of this research project the instrument used for this specific analysis was the

ZEISS ULTRA scanning electron microscope with acceleration voltage of 5.0 kV.

3.3.1.2.2 Transmission electron microscope

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of
electrons is transmitted across an ultrathin sample or.specimen, interacting with the sample as it
passes through. An image is produced from the interaction of the electrons transmitted through
the sample; the image is enlarged and focused onto an imaging device, such as a fluorescent

screen, on a layer of photographic film, or to be detected by a sensor such as a CCD camera.

TEM in essence is used to reveal sub-micrometer, internal fine structure in solids. The amount
of information which can be extracted by TEM depends critically on four very important
parameters; the resolving power of the microscope (usually smaller than 0.3 nm); the energy
spread of the electron beam (often several eV); the thickness of the specimen (almost always

significantly less than 1um), and; the composition and stability of the specimen [3].
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Figure 3.7: General layout of a TEM describing the path of electron beam in a TEM. (Image taken

from JEOL 2000FX Handbook).

In order to obtain the TEM images needed for a sample, the beam of electrons from the electron
gun is focused into a small, thin, clear beam by the use of the condenser lens as shown in Figure
3.7. The beam is limited by the condenser aperture, which eliminates high angle electrons. The
beam then collides with the sample and parts of it are diffused depending upon the thickness and
electron translucence of the specimen. This transmitted portion is focused by the objective lens
into an image on phosphor screen or charge coupled device (CCD) camera. Optional objective
apertures can be utilized to increase the contrast by blocking out high-angle diffracted electrons.
The image is then passed down the column across the intermediate and projector lenses, is
broadened all the way. The image strikes the phosphor screen and light is produced, allowing the
user to see the image. The darker areas of the image characterize those areas of the sample that
fewer electrons are transmitted across while the brighter areas of the image characterize those

areas of the sample that more electrons were transmitted across.
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For the purpose of this research project the TEM instrument used for this analysis is the TECNAI
G2 F20 X-TWIN MAT 200 kV field emission, where nickel grid was used to coat the material

for better conductivity.

3.3.1.3 Spectroscopic characterization

Spectroscopy is the study of the properties of matter and its interaction with different frequency
components of the electromagnetic spectrum [4]. Spectroscopy is a common technique that can
be used in many ways to obtain information needed about a substance such as electronic
energies, vibrational energies, rotational states, structure and symmetry of molecules, and finally

dynamic information.

3.3.1.3.1 Energy-Dispersive X-ray spectroscopy (EDS or EDX)

Energy dispersive X-ray spectroscopy (EDS) is a typical technique for element detection in
material analysis. EDS systems are mounted on scanning electron microscopes (SEM) and use
the primary beam of the microscope to produce characteristic X-rays. The composition of the
sample is found by analyzing the energy of the characteristic X-rays that are emitted from the
sample after the incoming radiation [5]. The spatial (lateral + vertical) resolution of EDS
depends on the sample material and the energy of the primary beam of the SEM as shown in

Figure 3.8.
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Figure 3.8: Working principle of EDS.

The instrument used is the EDS analyzer coupled into the High-Resolution Scanning Electron

Microscope used for SEM analysis.

3.3.1.3.2 Ultraviolet-Visible spectroscopy (UV-Vis)

UV/Vis spectroscopy is a measurement technique in which the recording of the absorption
spectra of different samples using ultraviolet (UV) and visible (Vis) light is achieved by a
spectrophotometer, i.e. an instrument able to measure the spectrum of a sample in the UV/Vis
range [6]. A UV/Vis spectrophotometer determines the intensity of light passing through a
sample solution in a cuvette, and evaluates it against the intensity of the light before it passes
through the sample. The light should also be passed though the cuvette or sample holder in order
to account for any absorption by them. The major components of a UV/Vis spectrophotometer
are a light source, a sample holder, a dispersive device to separate the different wavelengths of

the light (e.g. a monochromator), and a suitable detector as shown in Figure 3.9.
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Figure 3.9: Measurement principle in UV/VIS spectroscopy [6].

The UV-Vis absorption spectra were obtained by wusing UV-Vis Double beam

Spectrophotometer from ThermoFisher Scientific.

3.3.1.4 Electrochemical characterization

Electrochemistry is a vast and interdisciplinary field of research and development activity, that
deals the interrelation of electrical and chemical effects [7]. A significant aspect of this field is
the study of chemical changes caused by the movement of an electric current and the generation
of electrical energy by chemical reactions, which include an array of diverse phenomena (e.g.,
electrophoresis and corrosion), devices (electrochromic displays, electroanalytical sensors, etc.),
and technologies (the electroplating of metals and the large-scale production of aluminum and

chlorine) [8].
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Figure 3.10:lustration depicting the simplicity of a three-electrode electrochemical cell system that

would form part of an electrochemical workstation.

Although largely based on conventional electrochemical characterization methods developed for
bulk materials, including potentiometric, polarography, voltammetry, cyclic voltammetry (CV),
chrono-potentiometry, chrono-amperometry, linear sweep; and pulsed methods, the “nanoscale”
concept has initiated a new scenario in which physicochemical principles, laws, and properties
which can be quite different from those of the macro and micro worlds. Electrochemical
characterization of nanomaterials necessitates not only sensitivity and selectivity but also

accuracy.

Deciding on the best technique for a particular situation needs knowledge of the analyzed
particles or materials, the ultimate application of the particles, and the restrictions of the
considered techniques. Therefore, a rational choice of technique(s) and methodology(ies) is

essential.
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The basis of electrochemical investigation is electrode surface reaction. Because the working
electrode (WE) substrates can strongly influence the efficiency of the reactions, the properties of
electrode substrates and ionic substance at the electrode surface are of great significance for
successful electrochemical characterization. Different researchers, including David Harvey et al.
in 2012, have shown that there are six basic and interrelated concepts of note in the study of
electrochemistry: (1) the electrode’s potential determines the analyte’s form at the electrode’s
surface; (2) the electrochemical cell design; (3) the concentration of analyte at the electrode’s
surface may not be the same as its concentration in bulk solution; (4) the analyte may not be
restricted from participating in other reactions; (5) the current as a measure of the rate of the
analyte’s oxidation or reduction; and (6) current and potential cannot be controlled

simultaneously.

3.3.1.4 Electrochemical Characterization

3.3.1.4.1 Cyclic Voltammetry

CV is a technique used to study the electrochemical properties associated with surfaces that are
electroactive. CV is a very multipurpose electrochemical method that enables understanding of
the mechanisms of redox reactions, reversibility of a reaction, and electron transfer kinetics of an
electroactive species in solution [9,10]. CV offers rapid information on thermodynamic redox
processes, on the kinetics of heterogeneous electron-transfer reactions, and on coupled chemical
reactions or adsorption processes [9]. It is the foremost electrochemical experiment performed to

characterize electrode material for every type of application [9].
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3.3.2 Device characterization

3.3.2.1 Solar Cells Current-Voltage measurements

The main characteristic of a solar cell is its aptitude to convert light into electricity. This is
known as the power conversion efficiency (PCE) and is the ratio of incident light power to
output electrical power. To determine the PCE, and other helpful metrics, current density-voltage
(1-V) measurements are performed. A series of voltages are applied to the solar cell while it is
under illumination. The output current is quantified at each voltage step, resulting in the
characteristic 'l-V curve' seen in many research papers. An example of this can be seen below in
Figure 3.11, along with some significant properties that can be determined from the I-V
measurement. It should be noted that generally, current density (J) is used instead of current
when characterizing solar cells, as the area of the cell will have an effect on the magnitude of the

output current (the larger the cell, the more current).

~
>

JMPVMP

Fill Factor = ToVor

Current Density

~Voltage

Figure 3.11: Typical I-V curve of a solar cell plotted using current density, highlighting the short-
circuit current density (Js), open-circuit voltage (V,.), current and voltage at maximum power (Jyp

and Ve respectively), maximum power point (Pwax), and fill factor.
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3.3.3. Other characterization

3.3.3.1 X-ray diffractometry (XRD)

X-ray diffraction (XRD) is one of the most important non-destructive tools to analyze diverse
classes of matter, ranging from fluids, to powders and crystals. From research to production and
engineering, XRD is a crucial method for structural materials characterization and quality control
which makes use of the Debye-Scherrer method. This technique uses X-ray (or neutron)
diffraction on powder or microcrystalline samples, where preferably every possible crystalline
orientation is characterized equally. In the so called diffractogram the diffracted intensity is
shown as function either of the scattering angle 20 or as a function of the scattering vector q
which makes it autonomous from_the used X-ray wavelength. The diffractogram is like a

distinctive “fingerprint” of materials.

X-ray diffractometry is a characterization technigue that bases its working principle solely onit
ability to diffracts X-rays from crystals in a characteristic manner allowing a precise study of the
structure of crystalline phases. The recorded diffraction patterns contain additive contributions of
several micro- and macro-structural characteristics of a sample. With the peak position, lattice
parameters, space group, chemical composition, macro-stresses, or qualitative phase analysis can
be examined. Based on the peak intensity, knowledge about crystal structure (atomic positions,
temperature factor, or occupancy) as well as texture and quantitative phase analyses can be
obtained. Finally, the peak shape gives information about sample broadening contributions

(micro-strains and crystallite size) [11].
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Figure 3.12: Schematic representation of the working principle of X-ray diffraction [11].

The SAED micrograph as seen from the example in Figure 4.4 is the diffraction pattern obtained
in the reverse space of the lattice planes. It is used in order to find the d-spacing of the crystal
planes. The SAED pattern can be used to see if the sample is amorphous, i.e. diffuse rings,
crystalline (bright spots), polycrystalline (small spots making up rings, each spot arising from
Bragg reflection from an individual crystallite. The results obtained from XRD can be used in
conjunction with the SAED micrograph to corroborate specific information obtained from the

sample.

The XRD data were collected with the help of the BRUKER AXS DS Advance diffractometer
with 20 values ranging from 20-90 °, with a step size of 0.028 ° operating at 45 kV and 40mA

form the Ithemba Labs.

3.3.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis measures the intensity of absorption at a range of wavelengths in the infrared
region that are captured by a material as seen. The application of infrared radiation (IR) to
samples of a material allows for this to be accomplished. The sample’s absorbance of the
infrared light’s energy at diverse wavelengths is measured to determine the material’s molecular

composition and structure [12].
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This technique also allow for the identification of unknown materials by comparing the spectrum
against a spectra in the reference database. Materials can be quantified using the FTIR materials
characterization technique as long as a standard curve of known concentrations of the component

of interest can be created.

FTIR analysis can be used to identify new materials, additives within polymers, surface
contamination on a material, and more. The results of the tests can identify a sample’s molecular

composition and structure.
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Figure 3.13: Working principle of the Fourier transform infra-red spectrometer Infra-red (IR)

spectrometer [14].

The instrument used for the analysis was Perkin Elmer spectrum Two FTIR spectrometer. FTIR
Spectra were recorded in the range of 4000-400 cm™ using the substrates coated with the

different layers of materials being studied.
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Chapter 4 Results and Discussions

This chapter introduces the results gotten from the different characterization techniques
performed, their analysis and discussion. The techniques used comprised HR-SEM, HR-TEM,
XRD, EDS, FTIR, UV-Vis, CV and I-V curve measurements. The most important deductions
and conclusionsare based on calculated photovoltaic parameters. The majority of the samples
were fabricated in air with relative humidity of about 60 %. Because of the moisture in air and
other atmospheric effects, the perovskite fabrication is not totally reproducible and the degree of
degradation varies. Thus, the photovoltaic parameters of the prepared solar cell series are not

fully comparable to each other.
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4.1 Interface characterization
4.1.1 Surface morphology

High Resolution Scanning Electron Microscope (HR-SEM)
The morphology of the surface of the prepared pristine TiO, and Ag-TiO, thin films were

studied using a scanning electron microscope.

EHT = 5.00kv Signal A= InLens Date 30 Oct 2019
EHT = 600 kV Signal A = InLens Date ‘3 Oct 2018 WO = 5.9 mm Mg = 10.00 KX Thme 1$1.0640
WD = 36mm Mag= 10.00 KX Time :12:34.09 ’

Figure 4.1: SEM images of a) Pristine compact-TiO, and b) 2.5 % Ag-TiO, composite films.

Figure 4.1 a) and b) shows the SEM images of the undoped (compact pristine TiO, layer) and
Ag doped TiO, films formed on the ITO substrates via the spin-coating method. The images of
the pure TiO, film in Figure 4.1 shows the surface morphologies of compact TiO, layers which
was fabricated on ITO substrates using spin-coating methods. As can be seen in Figure 4.1 a)
the TiO, is extremely smooth and dense with very good surface coverage, showing no
observable defects. The surface doesn’t show any discontinuities, cracks, pinholes, and pores. As
is well-known, ITO substrates are based on In-doped SnO; grains with sizes fluctuating between
tens to hundreds of nanometers, and due to the grain boundaries, the substrate surface is uneven.
The spin- coating-based compact TiO, layer did not alter the surface topography of the ITO

grains as the layer was very thin (45-60 nm thick across the surface of the substrate). Relatively
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large TiO, particles (>10 nm) fill up the gaps between the ITO grains and makes the surface
much smoother on the micron scale. This means that, the TiO, layer’s thickness the is not
perfectly uniform across the surface of the substrate, and this theoretically should be problematic
in when it comes to the charge collection through the blocking layer. These affirmations will
further be confirmed by the cyclic voltammetry study which was done to both test for defects in

the TiO, compact blocking layer and test for the ability of the material to reduce recombination.

The microstructure of the Ag-TiO, films was made up of several mud-crack shaped layers. These
defects could be due to the heat treatment regime to which the Ag-TiO, films were exposed.
Thermal shock may be the principal reason for the mud cracks on the surface of the films. These
cracks on the layer surface are very noticeable when the Ag concentration was augmented as was
the case in Figure 4.1 b) above; the larger Ag particles were observed on the mud-crack-shaped
layers. Even with these apparent defects at the surface of the layer the Ag nanoparticles helped in
increasing the conductivity of the TiO, layer as will once again be observed in the results of the

cyclic voltammetry study explained later in this chapter.

4.1.2 Internal structure

1.1.1.1 High Resolution Transmission Electron Microscope (HR-TEM)
The internal structure of the synthesized nanoparticles was evaluated using transmission electron

microscope (TEM).
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Figure 4.2:TEM micrograph of a) Pristine compact-TiO, and b) 2.5 % Ag-TiO, solutions.

The TEM images of the pristine compact-TiO;, and 2.5 % Ag-doped TiO; particles are shown in
Figure 4.2 a) and b) respectively. The micrograph obtained for the nanoparticles shows the poly-
disperse nature of the nanoparticles in both cases. The micrograph shows some sphere-like
structure for both the pristine TiO, and Ag-TiO, as can be seen in Figure 4.2 a) and b) above.
The internal structure of the synthesized nanoparticles also revealed some agglomerations as well
as the presence of nanoparticles of smaller sizes. Although the observed TiO, nanoparticles have
a spherical shape with a diameter of about 25 nm, most of the TiO, nanoparticles appeared to be
agglomerated and formed large particle with a diameter as large as 50 nm, which might be due to
their large surface area and high interface energy. Compared with TiO, nanoparticles, Ag-TiO,
nanoparticles showed much more agglomeration with a diameter around 30 nm for the smaller
nanoparticles and up to about 90 nanometers for the larger nanoparticles as depicted in Figure
4.2 b). Although, the micrograph obtained did show sporadic agglomeration of nanoparticles in

some areas for both the pristine and Ag-doped nanoparticles, distinct information about the
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internal structure could still be extracted to determine the particle size of the nanoparticles and

lattice fringes spacing as will be seen later.

4.1.3 Phase composition

1.1.1.2 X-Ray Diffraction (XRD)

The phase composition and crystalline structure of the synthesized nanoparticles were
investigated through powder X-ray diffraction (XRD). The XRD results obtained were refined
with crystal-impact software called MATCH to remove the noise and obtain only the available

peaks from the diffraction pattern of the sample analyzed.
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Figure 4.3: XRD patterns of the a) pristine TiO, and b) 2.5 % Ag-TiO, composites films with

substracted 1TO substrates peaks.

The XRD patterns of the pristine TiO, and the Ag/nano-TiO, composite compact film are
presented in Figure 4.3 a) and b). The spiky and intense peaks in spectra are an sign of the
presence of crystalline films. Most of the main diffraction peaks at 25.29 ° (101), 37.69 ° (004),
51.97 ° (105) and 54.91 ° (211) agree with the JCPDS values (PDF Card No: 00-021-1272)
which match to the crystal structure of anatase phase of TiO; [1]. As opposed to the diffraction
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peaks of the pristine TiO,, the peaks of the Ag-TiO, composite compact film in (26 = 38°) and
(26 = 45°) are considerably larger, while the other peaks stay almost the same as in the pristine
which was expected as seen in Figure 4.3 b). One very important aspect to note is the fact that
the peaks of the Ag-TiO, composite compact film in (20 = 38°) and (26 = 45°) are not observed
at all in the pristine compact-TiO, films. The peaks at diffraction angles (20 = 38°) and (20 =
45°) are attributed to the specific diffraction peaks of the (111) and (200) crystal planes of Ag
with the standard anatase PDF card, respectively. Additionally, there is no clear shift in any of
the diffraction peaks, suggesting that no trace of the Ag oxide phase was found in the prepared
samples. It is possible to observe that all the distinctive diffraction peaks of the anatase TiO;
phase (101), (004), and (105) are seen-in Figure 4.3 a) and b). The full-width at half-maximum
is similar for the most intense peak of the anatase diffraction phase (101)of both the pristine TiO,
compact film and the Ag-TiO, composite compact film. This is an indication that the crystal

structure of TiO; barely changes with the development of the Ag-TiO, composites.
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Figure 4.4: SAED micrograph of the a) pristine TiO,, and b) Ag-TiO, nanoparticles confirming the

hkl miller index (planes) found inthe XRD spectra.

Selected Area Electron Diffraction (SAED) was obtained from HR-TEM which revealed and
confirmed that the nanoparticles were crystalline as seen in Figure 4.4 a) and b). The planes
found in XRD plot in Figure 4.3 above were also observed in the SAED image obtained, which
confirms the anatase phase composition of the synthesized nanoparticles. The images obtained
from SAED analysis, shows that both the pristine TiO, and Ag-TiO, were crystalline. The higher
crystallinity displayed by Ag-TiO, translated into a high electro-activity which was the expected
outcome with improved photocatalytic property as seen from the discussions of electrochemistry
of the thin films and their optical properties which leads to a possible correlation between high
crystallinity and electro-activity as the least crystalline of the nanoparticles TiO, displayed a

lower electro-activity when compared to Ag-TiO, which was more crystalline.
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Figure 4.5: HR-TEM image of a) pristine compact-TiO,, b) Ag-TiO, showing the lattice fringe and
d-spacing values of the lattice.

The lattice fringe images obtained for the synthesized nanoparticles further confirms that the
nanoparticles were crystalline and the d-spacing value of the lattice fringes were

assigned as can be seen in Figure 4.5 a) and b) above.
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4.1.4 Elemental composition

1.1.1.3 Energy Dispersive Spectroscopy (EDS)
The elemental composition of the prepared thin films was evaluated using Energy Dispersive X-

ray spectroscopy (EDS) as shown in figure 4.11.
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Figure 4.6: EDS images of a) Pristine TiO,and b) Ag-TiO, composite films with substracted ITO

substrates peaks.

Figure 4.6 a) and b) displays the EDS results obtained for both the pristine TiO, and Ag-TiO,
films surface with subtracted ITO substrate peaks. The EDS spectra of the prepared thin films
showed all the elements expected for the samples analyzed. Figure 4.5 a) shows the pristine
TiO, spectra, where the presence of titanium, oxygen and carbon can be observed. The same can
be seen in Figure 4.5 b) which shows the Ag-doped TiO, spectra, where the presence of
titanium, oxygen and carbon can be observed, however silver is present as well. Silver particles
were spotted in different points. Carbon grids were used for SEM analysis, hence the presence of
carbon in the spectra. Overall the EDS analysis provided a semi-quantitative elemental analysis

of the surface showing that Ti and Ag appeared on the surface.
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1.1.1.4 Fourier Transform Infra-red Spectroscopy (FTIR)
Fourier transform infra-red spectroscopy (FTIR) was used to identify the functional groups in the

prepared pristine TiO, and Ag-TiO; thin films.
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Figure 4.7: FTIR spectra of a) pristine TiO,, b) 0.5% Ag-doped TiO,, ¢) 1.5% Ag-doped TiO, and

d) 2.5 % Ag-doped TiO, thin films on ITO substrates recorded at room temperature.

Figure 4.7 a), b), ¢) and d) shows the FTIR spectra of the pristine TiO, and Ag-TiO, thin films
prepared at different percentage doping. From the vibration bands obtained from the spectra of

each of the analyzed films, we can notice the presence of a broad band appearing in the range of
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3330-3400 cm™ which is attributed to the O-H stretching vibration and band in the range of
1630-1640 cm™ attributed to Ti-O-H bending vibration which is present as a result of the
chemically adsorbed water molecules. The broad band at 450-850 cm™ represents the Ti-O

bending mode of vibrations which corroborates the presence of metal oxygen bonding [2].

4.1.5 Optical Absorption

1.1.1.5 UV-Visible Spectroscopy (UV-Vis)
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Figure 4.8: a) UV-Vis absorption spectra of pristine TiO, and Ag-TiO, composite compact films b)

Tauc plot for bandgap calculation of the pristine TiO, and Ag-TiO, composite compact films.

The UV-Vis absorption spectra results are shown in Figure 4.8 a). By doing a comparison of
the optical absorption curves of the Ag-TiO, composite compact film, it is clear that, as the
percentage of Ag augments, the absorption is progressively enhanced; the 2.5% Ag/nano-TiO,
composite compact film shows the highest amount of absorption. The Ag-TiO, composite
samples have higher absorption than the samples that do not contain Ag in the visible light
region, which is mostly attributed to the surface plasmon resonance (SPR) of the metallic Ag

nanoparticles in the Ag-TiO, composite compact film [3-6].
Figure 4.8 b) shows the Tauc plot obtained from the absorption of the undoped and Ag doped

TiO; films. The graph was rescaled on the x-axis so it starts from 2.2 eV and ends at 3.6 to make
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sure the area of interest was highlighted and clearly visible. As the ratio of Ag doping rises from
0% mol to 2.5 % mol, the band gap values are reduced. It can be observed that the band gap and
absorbance spectra corroborate each other. These observed findings demonstrate that doping can
potentially decrease the width of the forbidden band of TiO, thin films. The range of values
found in the literature for the band gaps of anatase lie between 3.20 and about 3.56 eV [7]. In our
specific study, though the band gap of undoped TiO, film is 3.23 eV, it obviously decreased to
3.04 for 2.5 % mol Ag doped TiO, film. A potential process behind the decreasing band gap of
Ag-doped TiO; films could be that lattice distortion occurred with doping Ag ions in TiO, and
produced the contamination level in the forbidden band of TiO,. Adsitionaly, it can be speculated
that fermi level of TiO, is higher than that of loaded silver. Silver deposits behave as
buildup/accumulation sites for photo-generated electrons transferred from TiO, [8]. Effective
separation of electrons and holes can therefore be reached by raising the silver content up to the

optimum proportion.

The trend observed with the reduction in band gap as the Ag percentage doping is increased is
indicative that the impact of silver within a perovskite solar cell device would be that of
increasing the the light absorption of the electron transport layer (ETL) therefore allowing the
absorbing layer to use the light received much more efficiently, which in turn could ultimately

result in an improvement of the overall power conversion efficiency of the device.

Table 4.1: Band gap values of the undoped TiO, and Ag doped TiO..

Film Eg (eV)
0 % Ag-TiO, 3.23
0.5 % Ag-TiO, 3.18
1.5% Ag-TiO, 3.11
2.5 % Ag-TiO, 3.04
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4.1.6 Electrochemistry

1.1.1.6 Cyclic Voltammetry (CV)

In order to evaluate the electronic behavior of the blocking layer, cyclic voltammetry study was
done. The electro-activity of the prepared thin films was investigated using a 5 mM KsFe(CN)g
in 0.1 M KNO;s electrolyte. The potential window used for the investigation was -1.0 V to +1.0
V. The precursor materials that were investigated were bare ITO, pristine TiO, coated ITO, 0.5
% Ag-TiO, coated ITO, 1.5 % Ag-TiO, coated ITO and 2.5 % Ag-TiO, coated ITO. It is
important to note that the bare ITO was also studied to clearly observe the trends in changes in
conductivity of the coated layers by comparison. Scan rates of 10 mV/s, 50 mV/s and 100 mV/s
were studied for each of the layers studied, but 50 mV//s was chosen as the optimal scan rate

which was used ultimately used for the study.

A three-electrode system comprising of working electrode, counter electrode and reference
electrode was used. The working electrode used was ITO coated glass substrate coated with the
materials while the counter electrode was a platinum electrode and the reference electrode used
was a Ag/AgCI reference electrode in 3 M KCI. As scan rate was initiated, potential was applied
to the material within the potential window, at a characteristic potential value the materials
responded with a current peak assuming they exhibit electrochemical behavior within that
window. The voltammograms of the precursor materials that showed cathodic and anodic peaks

are summarized in Figure 4.8 a) to d).
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Figure 4. 9: Cyclic voltammograms of a) bare and TiO, coated ITO b) bare and 0.5 Ag-TiO, coated
ITO ¢) bare and 1.5 % Ag-TiO, coated ITO and d) bare and 2.5 % Ag-TiO,-coated ITO. The

analyses are recorded at scan rate of 50 mV. s in a5 mM of K;Fe(CN)s with 0.1 M KNOs.

As seen in Figure 4. 9 a), the presence of the spin-coated pristine TiO; slightly decreases the
anodic and cathodic currents with respect to a bare 1TO electrode which is in this case very good
as it confirms the assumption we made in the morphological analysis that there were no
observable pinholes on the surface of the layer. However the shape of the curves, the peaks shift
and the current variations, do suggest some substantial change of the electrode surface as already

confirmed by the morphological analysis.
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Compared to Figure 4. 9 a), the behavior of the 0.5% Ag-TiO, is much different as seen in the
cyclic voltammogram shown in Figure 4. 9 b). Here, what is observed is that there is a much
larger decrease the anodic and cathodic currents with respect to the bare ITO electrode not at
very negative potentials. This decrease is accompanied by the appearance of much smaller
cathodic and anodic peak which are quasi inexistent at -0.1 and 0.4 V, which in this case would
be associated to the influence of the Ag nanoparticles. However the trend observed with the
increase in Ag percentage observed in Figure 4. 9 b) through to d) is that there is once again an
increase in anodic and cathodic peak currents. This is an indication that even though the TiO; is
acting as a blocking layer limiting the interaction between the electrolyte and the ITO electrode,
the presence of the Ag within the TiO, layer makes the substrate more conductive. This trend
alone is indicative that the impact of silver within a perovskite solar cell device would be that of
increasing the electron charge transfer to the electron transport layer (ETL) and which could

ultimately result in an improvement of the.overall power conversion efficiency of the device.
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4.2 Device characterization

4.2.1 1-V measurements
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Figure 4.10: 1-V characteristics of PSC devices based on different contents of Ag-TiO, composites

compact films under AM 1.5G irradiation (100 mW.cm™).

The PSC devices’ performance was evaluated under AM 1.5G irradiation (100 mW cm). Each
Each step involved in the fabrication the PSC device was done in ambient air and at a moisture
level of about 60%. Humidity was one big issue that had to be addressed as the device
degradation was accelerated by it. Then, the PSC devices were kept in a drying box. The |-V
curves of the PSCs with the pristine compact film and the 0.5, 1.5, and 2.5 % Ag-TiO, composite
compact films are shown in Figure 4.10 and the corresponding photovoltaic parameters are

listed in Table 4.2.
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The data in Table 4.2 demonstrate that Jsc improves progressively with the increase Ag amount
except for the 2.5% Ag-TiO,; the PSC device with the 1.5% Ag-TiO, composite compact film
has the highest Jsc and achieves 0.36 mA.cm™. However, with the increase in the content of Ag,
the PSC device with the 2.5% Ag/nano-TiO, composite compact film has the lowest Jsc and
PCE, because a high content of Ag lowers the electron conducting role of the TiO, and the Ag

impurities also act as a recombination center, resulting in lower Jsc and PCE values [9].

Table 4.2: Summarized parameters of PSC devices based on 0-2.5 % Ag-TiO2 composite compact

film.
Samples Ve (V) Jsc (MA.cm™) FF (%) PCE (%)
0 % Ag-TiO, 0.17 0.15 0.36 0.01
0.5 % Ag-TiO,  0.60 0.30 0.50 0.09
1.5% Ag-TiO,  0.73 0.36 0.51 0.14
2.5 % Ag-TiO,  0.70 0.25 0.48 0.08

It can also be observed from Table 4.2 that the open-circuit voltage (Voc) difference is quite
important for the PSC devices with different contents of the Ag-TiO, composite compact film. It
is known that Voc is determined by the CB of TiO, and the perovskite in the PSC device, which
means that the addition of Ag into the TiO, nanocrystal has had a significant impact on the CB of
TiO,. In general, the perovskite solar cell with the 1.5% Ag-TiO, composite compact film
exhibits the highest PCE of 0.14 % and Jsc of 0.36 mA cm™, representing a 140 and 130 %
increase compared to the PSC device without Ag. The percentage increase is extremely high, so
one reason for this could be whether the layers were compact enough and well deposited on top
of each other during the fabrication process as any irregularities during that process could

potentially affect these parameters which may results in situation such as this.
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Chapter 5 Conclusions and Future work

This chapter gives a summary of the outcome of the research done in this thesis. It also gives
recommendations with regards to some of the objectives that were not met and the way forward

in order to improve and the results obtained from the J-V measurements of the solar cells.
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5.1 Conclusions

Perovskite solar cells have had a substantial progression in terms of power conversion efficiency
going from 3.8% to over 22% since 2012. Tandem perovskite-based solar cells have had an even
better increase with PCEs reaching as high as 26.7%, setting a new record in the history of
photovoltaic technology. A lot of research efforts have been put in place in order to both improve
PSCs efficiency and attain a much deeper understanding of the perovskite materials’ outstanding
electrical and optical properties, such as largely-tunable band gaps for light absorption, high
absorption coefficients, large carrier diffusion lengths, great carrier mobility, have been
established during the past few years. The PSCs currently researched on already have combined
structural advantages of both DSSCs and thin film P\ ever since the discovery of perovskite and
have become one of the main contenders to Si-based PV dominant market share, not only owing
to its record 22.1% efficiency for small area but also for comparable larger-area device

efficiency.

With the above mentioned facts in mind, the aim of this project was to develop efficient and
cost-effective solar cells through the process of synthesis, fabrication, optical and
electrochemical characterization of Ag-TiO,/Perovskite/ Spiro-OMeTAD-based PSCs. The PSCs
were fabricated with different doping percentages of Ag in the electron transport layer which in
this case was TiO, to form Ag-TiO, composite films. The addition of the Ag to the TiO,
drastically improved the light absorption of the TiO, in the visible light region as was confirmed
by the UV-Vis results and band gap values obtained from it. This same trend was also seen in
the built PSCs devices. This improvement was due to the resonance plasmon effect of the
metallic Ag nanoparticles present in the Ag-TiO, composite compact films. Due to the addition

of the Ag nanoparticles, an improvement in the conductivity was observed as seen with CV

126



results which in turn decreased the charge transfer resistance of the PSC device and the cells
performances clearly improved. However compared to the TiO, without Ag, only one device

containing 1.5 % Ag-TiO; achieved higher PCE of 0.14%.

5.2 Recommendations

The above research project indicated that there is truly a great potential for PSCs if the stability
the cells as well as fabrication process and conditions is improved. In this work as was observed
in the results obtained from the J-V measurements very low current output was obtained leading
to the overall efficiencies of the devices being very low. Therefore, in order to remediate to this
issue, very careful attention needs to be put first of all on the layer deposition techniques used.
We know form literature that the devices with the good and even layer homogeneity obtain in
most cases the best efficiencies. Secondly careful attention needs to be put on the monitoring of
the layer thickness as it is also a very critical parameter that needs to be taken into account if

higher efficiencies are going to be achieved.
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