OPTICAL AND ELECTRONIC PROPERTIES OF
METHYLAMMONIUM LEAD HALIDE
PEROVSKITE SOLAR CELLS

PEEETRISIEY
) f :
N

By

SEKAI LANA TOMBE
BSc Honours Chemistry,-MSc Chemistry (Rhodes University)

A thesis submitted in fulfilment of the requirements for the degree of
PHILOSOPHIAE DOCTOR
In-the

Department of Chemistry
Faculty of Science
University of the Western Cape, South Africa

Supervisor: Professor Emmanuel 1. Iwuoha
Co-supervisor: Professor Niyazi Serdar Sariciftci

May 2017



ABSTRACT

ABSTRACT

Organic-inorganic hybrid perovskite solar cells have emerged as promising materials for next-generation
photovoltaics with certified efficiency of 22.1%. Despite rapid developments, achieving precise control
over the morphologies of the perovskite films, enhanced stability and reproducibility of the devices remains
challenging. In this work, we employed a low-temperature solution processing technique to attain high
efficiency inverted planar heterojunction devices with device architecture
ITO/PEDOT:PSS/Perovskite/PCBM/AI (indium doped tin oxide; poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate; [6,6]-phenyl-Cei-butyric acid methyl ester; aluminium). A perovskite solar cell
fabrication technique is developed and opto-electronic characterization of solution-processed planar
heterojunction perovskite solar cells based on methylammonium (MA) lead halide derivatives, MAPDI3.xYx
(Y =ClI, Br, 1) is presented in this thesis work. By employing lead iodide (Pbl;) with various amounts of
additional methylammonium halides, perovskite precursor solutions were obtained, which were used in the
fabrication of four perovskite systems, MAPbls;;MAPbIs»Clx and MAPbI;«Brx and MAPbBrs. The
absorption and photoluminescence (steady state and temperature-dependent) behavior were explored in this
compositional space. In addition, the-physical parameters of-the -mixed halide perovskites such as the
exciton binding energy, exciton-phanon interaction and bandgap| were determined via temperature-
dependent photoluminescence spectroscopy. The effects of the halide ratio in the perovskite formulations
processed via a one-step deposition technique, of perovskite processing parameters on film formation,
morphology and composition are examined-and correlated with perovskite optoelectronic properties and
photovoltaic performance. The photovoltaic performance of the devices was found to be greatly dependent
on the film morphology, which in turn is dependent on the deposition techniques and subsequent treatments
employed. With optimized solution-based film formation, power conversion efficiencies of 9.2, 12.5, 5.4
and 3.2% were obtained for MAPbIs, MAPDIs..Clx, MAPDI;..Bry and MAPbBr; devices. The photocurrent-
density-voltage (J-V) curves of the perovskite solar cells demonstrate anomalous dependence on the voltage
scan and direction. The problem of perovskite solar cell stability is also addressed. MAPbIs«Clx perovskite
solar cells exhibited the most promising stability by maintaining ~ 50% of their initial performance over
long periods of time in a nitrogen-filled glove box without encapsulation. Through the judicious selection
of hole- and electron-transport layers, we achieved a general approach for low-cost solution processing of

MAPDIsYx (Y =ClI, Br, 1) in a way to maximize performance and stability.
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CHAPTER 1

CHAPTER 1
INTRODUCTION

1. Introduction

Global energy demand and dependence on electricity is increasing, as environmental concerns become

more pressing. In this chapter, different energy sources are introduced and renewable energy sources are

discussed as feasible future alternatives to fossil fuels. Photovoltaics as a renewable energy technology is
briefly presented.

1.1 Global energy demand

With worldwide economic development and population growth, global energy demands have increased
dramatically. To address the issues of the energy trilemma namely, energy security, equality and
environmental sustainability, we need to develop low-emission, cost-effective and efficient energy
technologies. There are nine major areas of-energy reseurces.and-these are divided into non-renewable and
renewable energy sources [1,2]. Figure 1.1 shows the-world energy sources with non-renewable resources,
fossil fuels accounting for almost 80%.

Solar energy
Hydro energy
Wind energy
Biomass energy
Geothermal energy

Oil

Coal

Natural gas
Nuclear energy

H Non-renewable ® Renewable

Figure 1.1: World energy sources categorized as non-renewable (petroleum, coal and natural gas) and

renewable energy (wind, hydro, biomass, solar etc.) sources [1].
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1.1.1 Non-renewable energy resources

Non-renewable energy resources, based on fossil fuels (e.g. oil, coal, natural gas, etc.) are available in
limited supplies. Currently the main source of our energy supply is delivered through not only fossil fuels,
such as oil, gas, and coal but also nuclear power using °U [3,4]. Violent conflicts over energy have erupted
over the years for example, in Nigeria, South China Sea, Irag/Syria and Ukraine/Russia. The growing
concerns over the finite supply of non-renewable energy sources reflected by the rising prices of oil and
gas, the geopolitical climate surrounding fossil fuel production coupled with the environmental
consequences such as greenhouse gas emissions and the nuclear catastrophe in Fukushima underscores the

urgency of searching for alternative renewable and sustainable energy sources.
1.1.2 Renewable energy resources

Renewable energy resources are naturally replenished on a human timescale and are environmentally and
economically clean alternative energy resources. Several technologies are available for the production of
clean, efficient and reliable energy from.leng term-renewable-energy sources such as wind, sun, water,
biomass and biogas, hydrogen and geothermal energy. Among-these sources, solar photovoltaic (PV)
energy stands out as the only one with-sufficient theoretical capacity-to meet global electricity needs [3,4].
The sun is champion among all non-renewable and renewable energy sources as it provides the earth with
174 000 TW; solar energy that hits the planet in one hour is' more than the total energy consumed by all
human activities in an entire year. Renewable energy sources will-be-successful only if they are delivered

at a competitive price compared to conventional energy sources based,on fossil fuels.
1.1.2.1 Solar energy

Solar energy in one form or another is the source of nearly all energy on the Earth [4]. Additionally, most
renewable energy comes either directly or indirectly from the sun. Hydropower depends on the evaporation
of water as a result of solar heating that leads to rain fall and create rivers, biomass converts the sun’s energy
into a fuel and wind energy uses air currents that are created by solar heated air. Solar energy is harnessed
using a range of solar technologies such as solar heating, solar thermal energy, solar architecture, artificial
synthesis and photovoltaics. The most commonly used solar technologies are solar water heating, passive
solar design for space heating and cooling, and solar photovoltaics for electricity. Another route to
harnessing solar energy to produce electricity is using concentrated solar power (CSP) which is beyond the
scope of this thesis. Although the sun supplies the Earth with enough energy in one hour to meet global
electricity needs for one hour, solar-generated electricity today supplies only around 0.1% of worldwide

demand.
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CHAPTER 1

1.2 Photovoltaic effect

The physical phenomenon responsible for converting light to electricity, the photovoltaic effect, was first
observed in 1839 by Edmund Becquerel. A photovoltaic device/solar cell is based on the photoelectric
effect, requiring photogeneration of charge carriers (electron and holes) in a light absorbing material and
their separation to conductive contacts that transmit electricity. Solar light energy reaching on Earth is 1
kW/m? (100 mW/cm?) with spectra covering from 280-300 nm to infrared area, which is called 1 sun. The
standard spectra of the light are called air mass 1.5 (AM 1.5). Therefore, the standardized light is called
AM 1.5 with 1 sun energy density.

1.2.1 Photovoltaic device/solar cell operation

Solar cells are composed of a semiconductor layer and two selective contacts as a basic configuration. Solar
cells can be made of only one single layer of light-absorbing material (single-junction) or use multiple
physical configurations (multi-junction) to take advantage of various absorption and charge separation
mechanisms. The working principle of solar-cells is-based-on the-photovoltaic effect, i.e. the generation of
a potential difference at the junction of: two different-materials in; response to electromagnetic radiation.

The photovoltaic effect can be divided-into three basic processes:

1. Generation of charge carriers due to the absorption of photans in the materials that form a junction
2. Subsequent separation of the photo-generated-charge carriers'in the junction

3. Collection of the photo-generated charge carriers at the terminals of the junction

1.2.2 Solar cell parameters/characteristics

Opto-electronic devices like photovoltaic cells are usually characterized by their electrical, optical and

thermodynamic parameters.
1.2.2.1 The current density-voltage characteristics

Under illumination, a solar cell generates an electrical voltage and/or electrical current. The external
parameters of a solar cell can be extracted by illuminating the solar cell under standard test conditions (100
mW/cm?, AM 1.5G) and determining the J-V characteristics, where J is the current density and V is the
voltage. A typical example of illuminated and dark J-V curves is shown in Figure 1.2. The difference
between the dark and the illuminated J-V is the photocurrent. The dark current stems from the random

generation of electron-hole pairs within the absorber layer [5].
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Voltage (V)

l'._._._._ T 1
| oo ,:70)
N Open circuit voltage

Current density (mAIcmZ)

max max max

-_-_--"

Jsc (V=0)
Short circuit current

Figure 1.2: Typical solar cell current-voltage (J-V) characteristics showing the open circuit voltage (Vc),
short circuit current (Js¢) and maximum'power point (Pmax). The PV device in the dark acts as a diode,

passing current easily in only one direction:.

The J-V curve of a solar cell is the superposition of the J-V curve of the solar cell diode in the dark with the
light generated current [6]. There are three important points on the current-voltage curve: the short-circuit
current Js, open-circuit voltage Vo, and the electrical fill factor, FF. The short-circuit current, Js, is the
current through the solar cell when the voltage across the cell is zero. The Js is due to the generation and
collection of light-generated carriers. The open-circuit voltage, V., is the maximum voltage available from
a solar cell and this occurs at zero current. The fill factor, FF, is the ratio of the device’s maximum
obtainable power to the product of the Vo and Js.. The fill factor is a key parameter in evaluating
performance. Graphically, the fill factor is a measure of the ‘squareness’ of the solar cell. The FF is

illustrated in Figure 1.2.

The fill factor of the solar cell is given by the ratio:

_ JmpVmpP
FF - Jsc'Voc (1 1)
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where V. is the open circuit voltage, Js is the short circuit current density, J,p and Vy,p are the current and
voltage at maximum power respectively. The fill factor should be as high as possible for commercial solar
cells it should be higher than 0.7.

The solar power conversion efficiency (PCE) is given by:

— FF-Voc Jsc

e (1.2)

where Vq is the open circuit voltage, FF is the fill factor, J is the short circuit current

density, and P, is the incident optical power on the device assuming an AM1.5G solar spectrum. Because
the Jsc is maximized by increasing the external quantum efficiency (EQE) across the absorbance spectrum
of the active layer, the PCE takes into account not only the quantum efficiency at zero bias, but also the
energetic efficiency of converting a spectrum of photon energies to photocurrent at all potentials. In this
article, we will discuss how morphology and fabrication of hybrid organic/inorganic devices affect the

photovoltaic parameters and ultimately PCE.
1.2.2.2 External Quantum Efficiency

The external quantum efficiency EQE (o) is the fraction of photons incident on the solar cell that creates
electron-hole pairs in the absorber, which are successfully collected. It is wavelength dependent and is
usually measured by illuminating the solar-cell - with-monochromatic light of wavelength Ao and measuring

the photocurrent Iy, through the solar cell:
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Figure 1.3: External quantum yield (EQE) spectrum of a typical perovskite solar cell.

The external quantum efficiency is then determined as

_ Iph(lo)
EQE(L0) = 25 50y (1.3)

where e is the elementary charge and @,,,.is the photon flux incident on the solar cell. Since I, is dependent
on the bias voltage, the bias voltage must be fixed. The photon-flux;is usually determined by measuring the

EQE of a calibrated photodiode under the same light source.

1.2.2.3 Theoretical limits for solar cell performance

The Shockley-Queisser (SQ) limit describes the maximum solar energy conversion efficiency achievable
for a particular material and is the standard by which new photovoltaic technologies are compared. The SQ
limit is reached by applying the principle of detailed balance to the particle (photons or electrons) flux into
and out of the semiconductor [7]. The maximum possible efficiency is achieved when non-radiative
recombination is absent, and all generated carriers are either collected as current in the leads or recombine,
emitting a single photon per electron-hole pair. Because an actual cell cannot collect all the light since it

has specific band gap that restricts light absorption, the projected efficiency limit is not physically
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obtainable and there are currently no photovoltaic materials that meet all the Shockley- Queisser limit
requirements.

1.3 Photovoltaic technologies

Many different photovoltaic technologies are being developed for large-scale solar energy conversion,
Figure 1.4 [8-10]. Solar cells are typically named after the semiconducting material they are made of and
can be classified into first, second and third generation cells.
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Figure 1.4: A summary of certified efficiencies for various classes of semiconductor materials used in solar
cells [8].

1.3.1 First-generation solar cells

The first-generation solar cells are mainly based on silicon wafers and include polysilicon and
monocrystalline silicon. Crystalline Si, multi-crystalline Si (mc-Si) and polycrystalline Si (p-Si) are the
group of traditional silicon solar cells. Crystalline silicon solar cells have been continuously advancing in
efficiency and reducing in cost of fabrication over the last 40 years [9,11] and in some locations in the world

at the current prices, they are capable of producing electricity from sunlight at a comparable cost to the
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price of electricity generated from fossil fuels [13]. A very high purity (e.g. > 99.9999%) is often required
for solar-grade silicon as the charge generation and transport in silicon is very sensitive to defects [14]. In
addition, due to a large energy difference between the direct gap (~3.4 eV) and indirect gap (~1.1 eV) of
silicon [15], the active layer of silicon solar cells must be thick enough (e.g. typically 300 um) to efficiently
absorb incident sunlight. This makes silicon solar cells expensive. Silicon is energetically and economically
expensive to produce in bulk and it is also mechanically fragile requiring sheet of strong glass to be used
as mechanical support resulting in significant increases in manufacturing costs. There are many other newer
solar cell technologies that promise even lower cost solar power, and these range from thin-film vapor
deposited semiconductor-based solar cells, for example, CdTe or CIGS [16,17] to solution processed solar
cells based on organic semiconductors, hybrid composites, or inorganic semiconductors [10,18-22] often
referred to as second- and third-generation photovoltaics respectively.

1.3.2 Second-generation solar cells

All different types of thin-film solar cells form the-second.generation [23]. Second- generation solar cells
are usually called thin-film solar cells-because-when-compared-to-crystalline silicon based cells they are
made from layers of semiconductor materials only nanometers or a few micrometers thick. Second
generation solar cells, including amorphous (or nano-, micro-, poly-) silicon, CulnGaSe, (CIGS) and CdTe
are based on thin film technologies [24]. These thin film solar cells possess some advantages, such as
relatively simple manufacturing process, multiple-choices of-applied materials and the possibility of flexible
substrates. However, second generation solar cells face several shortcomings as well such as toxicity (e.g.
Cd), and low abundance (e.g. In and Se) of the component materials. Because they are extremely thin, light
and flexible, second generation solar' cells-can be laminated-onto windows, skylights, roof tiles and on
metal, glass and polymer (plastic) substrates. However what second generation cells gain in flexibility, they

lack in efficiency as first-generation solar cells traditional first generation solar cells still outperform them

[8].
1.3.3 Third-generation solar cells

The third generation of solar cells includes several thin-film technologies often described as emerging
photovoltaics. This photovoltaic technology combines the best features of first and second generation solar
cells [25,26]. Like first generation cells, they promise high efficiency and like second generation cells they
can be made from a variety of new materials besides ‘simple’ silicon and can feature multiple junctions
(made from multiple layers of different semiconducting materials). And unlike silicon cells, the emerging
ones can be fabricated on flexible supports via inexpensive solution-phase techniques common in plastic

manufacturing such as roll-to-roll printing.
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This new generation of solar cells are being made from assortment of new inexpensive materials, including
gallium arsenide [27,28], copper zinc tin sulphide (CZTS) [29,30], silicon wires [31], solar inks using
conventional printing press technologies [32], quantum dot solar cells [33-35], organic solar cells [36-39],
concentrated solar cells [40,41] and perovskite solar cells [42-44]. Compared with traditional silicon solar
cells, emerging photovoltaic technologies promise to be less expensive, thinner, more flexible and amenable
to a wide range of lighting conditions, all of which make them suitable for a host of applications beyond

rooftop and solar-farm panels-silicon’s bailiwick.

1.3.3.1 Organic photovoltaics

Organic photovoltaic devices rely on a mixture of light-sensitive polymers or small molecules and
fullerene-like compounds to absorb light and set their electricity—generating events in motion [36-39]. The
compounds are typically blended in a nanoscale network known as a bulk heterojunction to mediate
efficient charge separation by providing alarge area of contact-between the organic molecule (an electron
donor) and the fullerene (an electron-acceptor).- Whilst-multiple small area devices, fabricated in ideal
laboratory settings, have achieved PCEs above 10% [8,36], the demonstrations of large-scale polymer solar

modules suffer from low efficiency.
1.3.3.2 Quantum dot solar cells

In quantum dot solar cells, nanocrystalsef semiconducting metal chalcogenides- including CdS, CdSe, PbS
and PdSe- and other materials function as the light-absorbing material in the device [33-35]. QD
nanoparticles having high absorption hold the promise of significantly reducing absorber material. As with
other emerging photovoltaic technologies, quantum dot cells can be prepared via low-cost solution-phase
chemistry methods and are amenable to high-speed printing techniques. However, quantum dots have size-
dependent spectral response and having the right QD sizes, concentration and combination to cover incident

spectrum is challenging.
1.3.3.3 Dye-sensitized solar cells

The most developed third generation of solar cells are dye-sensitized solar cells (DSSCs). Dye-sensitized
solar cells are hybrid solar cells containing a mesostructured inorganic n-type oxide such as TiO- sensitized
with an organic or metal complex dye, and infiltrated with an organic or metal complex dye, and infiltrated
with an organic p-type hole-conductor [19]. Photons captured by the dye-generally a ruthenium complex-
generate pairs of negatively charged electrons and positively charged electron vacancies called holes. The

charges separate at the surface of the nanoparticles. Electrons are injected into and transported through the
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TiO- layer to one electrode and positive charges migrate via the electrolyte to the opposite side of the cell.
Although the stability of DSSCs has been extensively evaluated in the laboratory, the long-term durability
of semi-commercial DSSC products is still unsatisfactory due mostly to the degradation of organic dyes
and the leakage of liquid electrolytes after prolonged illumination [45-47]. Historically, the lower price tag
on emerging photovoltaics has gone together with significantly lower performance. In terms of power
conversion efficiency, DSSCs, OPVs and quantum dots started at a few percent and have climbed slowly
over the years to roughly 12%, where they sit today, Figure 1.4 [8]. The value for silicon cells is much
higher, in the range of 20-25%.

1.3.3.4 Perovskites

Although the efficiencies of most other emerging photovoltaic technologies sit well below silicon, a new
type of material, organic-inorganic metal halide perovskite semiconductors, may soon become a strong
competitor of silicon solar cells such that truly low-cost photovoltaic modules may become a reality. Unlike
other emerging technologies which debuted at very-low-efficiencies and crept up slowly over several years
to the 10% range, perovskite solar cell-efficiencies-soared-in-just-a-couple of years to more than 22% with
the prospect of further improvements towards Shockley-Queisser limit for a single-junction solar cell
(~33.5%) [8].

Methylammonium lead trihalide (MAPDhXz3) perovskites were initially used to replace the dye molecules in
the conventional configuration of dye-sensitized solar cells (DSSCs) based on liquid electrolyte [42,43].
Although first implemented in dye-sensitized solar cels based on mesoporous structures, perovskites have

been gradually found to assume all the principal roles of PV operation [48-50].

Perovskite precursor compounds are abundant and inexpensive and their conversion into thin films can be
achieved using roll-to-roll compatible methods using both solution [51-53] and vacuum-based techniques
[52,54]. Therefore, in principle perovskite photovoltaics can generate electricity at very low cost. The
combination of their low cost, low weight, flexibility, thinness and ability to transmit light means the
perovskite solar cells could be used for applications outside of silicon’s reach. Another advantage of
perovskite materials is that it has a direct band gap, which means it can be used to absorb and emit light
efficiently. Silicon has an indirect band gap and is so relatively poor at emitting light. Perovskite materials
can also be applied to any kind of junction structure. Both the first- and second-generation solar cells are
based on single junction devices which must obey the Shockley-Queisser limit with a maximum
thermodynamic efficiency of 31-33% when the optimum band gaps fall between about 1.1 and 1.4 eV [55].
Tandems of perovskites on top of silicon (Si) or copper indium gallium diselenide (CIGS) cells are

considered a pathway to achieving industry goals of improving efficiency while lowering cost [56,57].

10

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



CHAPTER 1

Despite the remarkable progress in record cell efficiency, perovskite optoelectronic materials suffer from
several drawbacks that need to be overcome before the technology becomes industrially relevant and hence
achieve long-term application. Chief among these are the high cost of the employed charge selective
contacts, the formation of pinhole-free films of the highly crystalline semiconductor over large areas and
unreliable device performance dictated by the operation history of the device, that is, hysteresis. In addition
to this, the stability of perovskite based devices remains an open question and perhaps will determine the
fate of this remarkable technology in the longer run.

1.4 Summary of aims of thesis

The general objective of this work is to investigate the material/physical/chemical properties of
methylammonium lead halide perovskite materials by fabricating high efficiency planar heterojunction
perovskite solar cells using a low-temperature solution processing technique for low-cost production and

energy payback time.
The specific objectives of this thesis are:

1. Synthesis of organic/inorganic halide materials: organic halide salts (methylammonium (MA)
iodide (MAI) and methylammonium bromide (MABTr) organic/inorganic methylammonium lead
trihalide MAPDbX; (X = I, Cl,-Br)-perovskite-precursor solutions

2. Solution-processing of defect-free, uniform perovskite thin-films by optimisation of process
parameters for methylammonium lead perovskites (MAPbIs, MAPDbI;..Cly and MAPDI;.«Bry) such
as precursor composition and coneentration, spin-coating speed and time, annealing time and
temperature.

3. Fabrication of photovoltaic devices with a planar heterojunction architecture of
Glass/ITO/PEDOT:PSS/perovskite/PCBM/AI

4. To investigate the effect of the halide (X = I, Cl, Br) composition on perovskite; morphology,
optoelectronic properties, photovoltaic performance and hysteretic behaviour in methylammonium
lead halide perovskites.

5. To investigate the effect of hole- and electron transport materials as device components on the

photovoltaic efficiency and stability of the perovskite solar cell.
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1.5 Summary of thesis chapters

Starting with a general introduction into perovskite materials, Chapter 2 addresses several aspects of
perovskite solar cells with a special focus on perovskite processing parameters, current-voltage hysteresis
and perovskite solar cell stability. The systematic fabrication, characterization and comparison of
methylammonium lead triiodide perovskite solar cells and their mixed halide counterparts by the
incorporation of chloride or iodide is presented in Chapter 3. The effects of chloride incorporation into the
methylammonium lead triiodide perovskite and their effects on perovskite morphology and photovoltaic
performance are presented in Chapter 4. The effect of other device components is also discussed in this
chapter. High voltage and larger bandgap perovskite absorber with potential use in tandem solar cells are
presented in Chapter 5. This chapter also addresses the effect of bromide inclusion in methylammonium
lead triiodide perovskite solar cells.
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CHAPTER 2

CHAPTER 2: REVIEW ARTICLE
HALOGENATED-PEROVSKITES FOR SOLAR CELLS

Abstract

Organic-inorganic lead halide perovskites have garnered great interest from academia and industry as
photovoltaic materials due to their exceptional optical and electrical properties. Perovskite solar cells
(PSCs) are solution-processable and they use only earth-abundant materials making them prime contenders
for high efficiency, low-cost solar power generation. In this review, we summarize recent and previous
investigations on halide perovskites and provide comparisons with existing theoretical and experimental
work. The factors influencing the perovskite processing parameters such as perovskite composition,
deposition methods and film treatment will be discussed extensively in this review. A comparison of
perovskite device architectures and material selection for the various layers as well as their corresponding
impact on the perovskite film and device behaviour will be presented. Critical issues affecting perovskite
photovoltaic performance such as hysteresis in the current-voltage measurements and perovskite solar cell
stability will be addressed.

2.1 Introduction

The need to develop inexpensive renewable and sustainable energy sources stimulates scientific research
for efficient, low-cost photovoltaic devices. Photovoltaic technology:is the most attractive future source of
energy and many different photovoltaic technologies are being developed for large-scale solar energy
conversion [1]. A new material class; organic-inorganic metal halide perovskite semiconductors, is a
potential candidate to produce truly‘low=cost photoveltaic modules. As a result of intensive research, over
the past three years [2-5], perovskite solar cells have exhibited unprecedented development with power
conversion efficiencies (PCEs) competing with inorganic thin-film solar cells and mainstream multi-

crystalline silicon with a certified efficiency of 22.1% [1].

Perovskite was originally the name given to the mineral form of calcium titanium oxide, CaTiOs, discovered
in the Ural Mountains by German scientist Gustav Rose in 1839. He named it in honour of Count Lev
Aleksevich von Perovski, a Russian mineralogist (1792-1856), who first characterized the material. The
term is now generally used to describe any substance having the same or a related crystal structure
exhibiting the stoichiometry as ABXs, where A is aliphatic or aromatic ammonium, B is a divalent metal

cation and X is a halogen anion, Figure 2.1.

This ambiguity of terminology of the structural family and the mineral was explicitly elucidated Miiller and
Roy [6]. They sought to address the ambiguity by proposing that the original mineral composition would

be enclosed in brackets, thus [CaTiOs] represents the perovskite structure and not the composition CaTiOs.
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Materials with the perovskite structure attracted much attention in the late 1980s and early 1990s due to
superconductivity [7,8]. The choice of material combinations is crucial for determining perovskite
properties. The electronic and optical properties of perovskites can be tuned by adjusting the composition
of A, B and X. Pioneering work by Mitzi et al., [9,10] suggested that perovskite films exhibit composition-
[structure-dependent properties, which can be accessed by various processing approaches. The possibility
of tuning perovskite optical properties was supported by theoretical modeling, which found agreement
between the calculated band structures and the experimental trend of optical band gaps in these perovskite
structures [11]. Dependent on which atoms/molecules are used in the structure, perovskites can have an
array of properties and exhibit rich physical behaviour such as ferroelectricity, piezoelectricity,

thermoelectricity, birefringence and superconductivity [12-16].

a)

Figure 2.1: a) Schematic figure of the generic ABXs, which has the crystal structure of calcium titanium
oxide [CaTiOs], A cations (blue), B cations (green) and X cations (red), b) an alternative view depicting B
cations assembled around X anions to form BXg octahedra, as B-X bonds are responsible for determining

optical properties.

The perovskite crystal structure was first described by Victor Goldschmidt in 1926, who devised a tolerance
factor to determine the formability of perovskites based on the atomic radii of the constituents [17]. The
crystal structure was later published in 1945 from X-ray diffraction (XRD) data on barium titanate by H.
D. Megaw [18]. The Goldschmidt tolerance factor is expressed as:

__[(Ra) +(Rx)]
- [\/5 (RB)+(RX)] (2' 1)
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where Ra, Rg and Rx are the effective ionic radii for the cations in the cubo-octahedral A and octahedral B

sites and corresponding anion.

Many metallic elements are stable in the perovskite structure, if the tolerance factor t is in the range of 0.75
-1.0. It was experimentally found that the high-symmetry cubic structure is formed when 0.89 <t < 1.0 [19]
otherwise, the cubic structure will be distorted and crystal symmetry is lowered. When t is below 0.89, the
octahedral rotates to form an orthorhombic or rhombohedral structure, whereas above 1 a hexagonal
arrangement is adopted.

As illustrated in Figure 2.1, perovskites crystallize in the ABXj; structure consisting of corner-sharing BXs
with the A component neutralizing total charge. The larger A cation occupies a cubo-octahedral site shared
with twelve X anions, while the smaller B cation is stabilized in an octahedral site shared with six X anions.
It has been proposed that the organic A cation does not play major role in determining the band structure,
and acts to fulfill charge neutrality within the lattice [20]. Nevertheless, the size of the organic cation, A, is
important. A larger or smaller A cation can cause the whole lattice to expand or contract. The most widely
used A cation for organic-inorganic-perovskites-is-methylammonium (CHsNHs*, MA) [2, 21-27]. Other
cations that have been explored including ethylammonium cation (CH3zCH.NHs*, EA) [28], formamidinium
(FA) [26,29,30], cesium (Cs™) [30-32], 5-aminovaleric acid (5-AVA) [33] and rubidium cations [Rb*] [34].
Recently, Cs was used to explore more complex cation combinations, i.e., CsSsMA, Cs/FA, Cs/IMA/FA and
Cs/Rb [30,31,32, 34-37]

The B metal cation sites in organic-inorganic perovskites are occupied by Group IVA metals in a divalent
oxidation state (Pb?*, Sn?*, Ge?"). In hybrid perovskite, photovoltaic. devices Pb?* [26-41] has proven to be
superior in comparison to Sn?* [39,42,43] and Ge?* [44,45] both in terms of performance and stability, thus
has been the most widely employed metal cation. The halide anions occupying the X site play an important
role in determining the band gap of the perovskites as well as their stability. The X halide anion has been
the most effectively varied component of organometallic perovskites with the I- ion forming the basis of
hybrid methylammonium lead halide perovskites. The inclusion of CI- [46-50] or Br- [26,41,51,52] to form
mixed halide perovskites resulted in increased device performance due to significantly improved perovskite
film morphology [4,22,26] and allowed for effective band gap tunability [11,22] respectively. Changing
the B-X bond length has been demonstrated to be important in determination of bandgap [29,53-55]. Given
a particular metal and halide, there is a relatively small size range allowed for the A cation since it must fit
between the corner-sharing metal halide octahedra. If the A cation is too large e.g. ethylammonium cation
[56], CeHsCoH4NH3 [57], the 3D perovskite structure is unfavourable, lower dimensional layered or

confined perovskites will be formed [58-60]. If it is too small, the lattice would be too strained to form.
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Halide perovskites allow monovalent and divalent cations in the A and B sites, respectively to fulfill charge

neutrality.

For the three-dimensional perovskites discussed in this review, A is the CH3NHs* (Ra = 0.18 nm) organic
cation [61], B is a divalent Pb?* (Rg = 0.119 nm) metal cation [38] and X is a halide ion I" (R, = 0.220 nm)
with Br- (Rgr = 0.196 nm) and/or CI" (Rci = 0.181 nm) usually in a mixed-halide material. Methylammonium
lead triiodide (CH3NH3Pbls/MAPDI3) crystallizes in tetragonal perovskite structure arising from a distortion
of the perovskite lattice under ambient conditions [42,58] because its Goldschmidt tolerance factor, t, is
less than the ideal unity (t~0.83) [58,62]. The CHsNHs" cation is suitable for perovskite structure because
of its ionic radius of 180 pm [62,63].

In this review, fundamentals of perovskite solar cells in terms of device structure and operation are
discussed. Since perovskite film quality is directly related to its photovoltaic performance, effective
methods for high performance solar cells using different deposition methods are addressed. In terms of
perovskite photovoltaic device architecture, a comprehensive comparison of the regular- and inverted-
mesoporous or planar structures is-provided.-Stability-issues-such-as photo-, moisture- and thermal-
stabilities are addressed and methodologies to solve the underlying stability problems are discussed. Further
development and possible solutions tothe remaining challenges facing the commercialization of perovskite
solar cells are discussed within each subject.

2.2 Solid-state perovskite solar cells

Methylammonium lead halide perovskites were initially used as sensitizers to replace the dye molecules in
the conventional configuration of dye-sensitized solar. cells (DSSCs) based on liquid electrolyte solar cells
showing power conversion efficiency of ~4% [21]. However, the unavoidable problem associated with the
liquid solar cells was the inherent instability of perovskite sensitizers in the electrolyte. By changing the
electrolyte formulation and the deposition method of the perovskite sensitizer on TiO,, Park et al. improved
the PCE to 6.5% [64]. To combat the stability issue, Kim et al., and Lee et al., reported solid-state
heterojunction perovskite solar cells using 2, 2'-7,7'-tetrakis (N,N-di-p-methoxyphenylamine)-9,9'-
spirofluorene (Spiro-OMeTAD) as hole transport material (HT M) achieving power conversion efficiencies
of 9.2% employing a mesoporous TiO; layer [65] and 10.9% employing Al,O; scaffold [66]. Lee et al.
demonstrated that substituting the TiO substrate with a mesoporous scaffold made of Al,Oz produced
similar conversion efficiencies, suggesting that perovskites are not only efficient absorbers, but electron
transporters as well [66]. At the same time Etgar et al showed that the perovskite could also assume the role
of a hole transporter material [67], which prompted the development of new device architectures. Although

first implemented in dye-sensitized solar cells based on mesoporous structures [21,64], the perovskites have
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been gradually found to assume all the principal roles of photovoltaic operation [22,23,67]. Since the
pioneering work by Kojima et al., [21] organohalide lead perovskites have revolutionized the field of
emerging photovoltaic technologies, competing with inorganic thin-film solar cells and mainstream multi-
crystalline silicon, with with various reports of efficiencies of ~20% [26, 41,68-70] and certified 22.1%

efficiency [1].

The inorganic-organic lead halide perovskite crystal structure confers exceptional properties to the final
photoactive layer in perovskite solar cells [71] including a direct band gap, large and broad absorption
spectrum in the visible range (absorption coefficient = 1.5 x 10* cm™ at 550 nm) [72,73], bandgap tunability
[53-55], fast exciton separation with charges rapidly generated within the bulk material [74], long range
electron-hole diffusion length ~100 nm for MAPDbI; and 1 um for methylammonium lead iodide-chloride
(CH3NHsPbls.<Cl/MAPDI;Cly) [22] high carrier mobilities [76,76] and efficient charge-injection into the
charge transport layer [22,23,65,77]. The rate of non-radiative recombination in these materials is relatively
low, reducing the bandgap-voltage offset, allowing for high open-circuit voltage (Vo) [78-80].
Additionally, ambipolar carrier diffusion-within-lead-halide-perovskites further highlights the unique
excited state character of this peculiar class of semiconductors [67,81,82]. Solution-processability from
inexpensive input materials [49,83-85]; compatibility with large-area deposition techniques [86,87], make

this material very attractive for solar energy.

The most commonly explored organic-inorganic—metal—halideperovskite, applied in the field of
photovoltaics is MAPbIs. Currently the highest efficiency devices are Pb-based with mixtures of MA/FA
cations and I/Br halides [26,41,51]. Recently, several reports have been published on the effective
performance of hole conductor-free perovskite solar cells, demonstrating the potential applications of p-i-
n homojunctions in solar cells [88-90]. The highest PCE of 13.5% is one of the highest recorded for a hole
transport layer (HTL)-free perovskite device [91].

Pioneering work by Pellet et al. [92] and Jeon et al. [26] has led to high efficiency perovskite using mixtures
of the organic cation A and halide anion X. Mixed organic cation perovskites which allow for combination
of the strong individual attributes of each organic cation have also been reported e.g. (MA)«(FA)1xPbls
[29,92-94], Csy(MA)1xPbls [31], (Cs)x(FA)1xPblsyBry [35] and (5-MA)x(MA)1.«Pbls [33]. Mixed metal
cation perovskites demonstrating band gap tunability e.g. MASN«Phxls have also been explored [39,42,95].
Recently McMeekin et al. [52], and Isikgor et al. [96] reported high efficiency mixed cation lead mixed
halide absorber, [HC(NH:)2]1-xCsxPb(l1.yBry)s and MA;xFAPbI3.,Cl,.
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2.3 PerovskKite processing parameters

The optimization of film deposition methods has been a key factor behind the outstanding increases in
perovskite solar cell device performance. Every aspect of the perovskite solar cell fabrication process, such
as the precursor composition [93,97-100] and concentration [101], the addition of certain chemicals that
aid film formation [29,98-100,102] and the thermal annealing step [102-105] has a critical influence on the
perovskite crystallization rate and therefore on the morphology of the resulting perovskite layer.

2.3.1 Perovskite precursor composition

There are a multitude of different perovskite precursor formulations developed to-date that include mixtures
of solvents, halide and molecular ions and solvated metals. All halide perovskite fabrication protocols
combine an organic salt with a lead salt to produce a lead halide perovskite thin film. Generally, these
precursors either can be combined in a common solution or can be combined from separate solutions.
Selecting suitable solvents of the precursor is a very critical step towards the optimization of the perovskite
film morphology. Currently, the most_commonly-used-solvent_of the perovskite precursor is N,N-
dimethylformamide (DMF) [27,29,66,77,85] and other solvents include y-butyrolactone (GBL) [106,107]
the homologue of DMF, dimethylacetamide (DMA), [106,108] and dimethylsulfoxide (DMSO) [80], or
mixtures thereof. Homogeneous crystal domains of 'a perovskite film can be produced by certain
combinations of these solvents, such as DMF-GBL [109] and GBL-DMSO [110]. Noel et al., [111] recently
reported low viscosity and low boiling pointacetonitrile (ACN)-as a promising alternative solvent of lead
halide perovskites to induce rapid crystallization of perovskite, films for high-efficiency photovoltaic

devices.

2.3.2 Deposition methods

The fabrication processes available for perovskites are robust and a myriad of approaches [3], Figure 2.2,
has been developed to deposit perovskite films, Figure 2.3. Generally, they can be categorized into the
solution-process deposition (one-step and two-step sequential deposition techniques), vapor-assisted
solution process (VASP) and vacuum deposition. To date, the perovskite layer in these efficient solar cells

has generally been fabricated by either vapor deposition or a two-step sequential deposition process.
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Figure 2.2: The preparation of organic-inorganic lead halide perovskite films using different deposition
methods: (a) one-step deposition [112] (b) two-step depasition [112], (c) vapor-assisted solution process
[113] and (d) vacuum evaporation [114].
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Figure 2.3: Scanning electron microscopy images of perovskite films fabricated using various deposition

methods: (i) one-step deposition [85], (ii) two-step deposition [112], (iii) vapour-assisted solution process
[113] and (iv) vacuum evaporation [115].

2.3.2.1 One-step deposition technique

The one-step deposition method, Figure 2.2(a), consists of mixing both the organic (RNH3X) and inorganic
(PbX>) precursors in a single solution (e.g. DMF, DMSO and/or GBL) and casting a film from this solution
onto the appropriate substrate. This leads to the formation of a film composed of a solvent-perovskite
complex [110] which is then annealed and the precursor components self-assemble into the final perovskite
phase, Figure 2.3(a), with the general ABX3 stoichiometry [77,83,110].

Metal halide precursors and organic cations exhibit very different chemical properties, and as such, often
show markedly different solubilities in the same solvent, greatly complicating their deposition using one-
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step approaches. Therefore, any change to the precursor mixture affects the whole film formation and
crystallization dynamics. Rough and discontinuous films [85] are produced when the perovskite film
morphology is not controlled by carefully controlling the solubility of precursors in solution and/or by
controlling the humidity of the processing environment. This causes some problems like light-harvesting

reduction, charge recombination, film instability and decreased device efficiency.

One-step spin coating remains the simplest and most widely used method in research laboratories. In an
effort to improve film morphology, different variations of this deposition technique have been developed,
such as the utilization of a variety of lead salt precursors [97,116,117], the addition of a solvent quenching
step [110] and the utilization of solvent mixtures [110]. Most recently, a popular approach involved the
inclusion of dimethyl sulfoxide (DMSQ) in the precursor solution [37,80,118]. Although spin coating is not
recognized as the ideal manufacturing methodology, it represents a starting point from which more scalable

deposition methods, such as slot-dye coating and ink-jet printing.
2.3.2.2 Two-step deposition technique

The two-step deposition, Figure 2.2(b); involves sequential steps;of first depositing the inorganic halide
Pbl, layer with concentrated Pbl, solution onto a-substrate by spin-coating or vacuum evaporation and
subsequently converting the Pbl, layer into the peravskite film, Figure 2.3(b), by reacting with CH3sNHsl
(MAI) [84,107]. Appropriate solvents can be targeted for both the lead precursor and the organic cation and
thus almost no additional optimization-beyond-tuning of temperature-and reaction times is required. This
deposition technique therefore gives access to many-highly: crystalline perovskite structures with little
effort. Generally, the two-step deposition is favoured due.to its easy.control over the morphology. But one
of the main drawbacks of two-step deposition technique is the difficulty in depositing mixed perovskite

films, which have superior transport properties [22].
2.3.2.3 Vapor-assisted solution process (VASP)

In the vapor-assisted solution process (VASP), Figure 2.2(c), the inorganic framework film is formed by
depositing the precursor solution on the substrates and subsequently treating with the desired organic vapor
[113]. The key step includes the film growth, Figure 2.3(c), via the as-deposited film of Pbl. in situ reacting
with the organic halide vapor. Since there is no kinetically favourable van der Waals gap in the inorganic
perovskite/perovskite interface where transformation occurs, a long reaction time is required to transform

inorganic precursors into perovskite completely.
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2.3.2.4 Vacuum evaporation deposition

Like other thin-film PV technologies, (e.g. a-Si, Cu(InGa)S,, and CdTe), vacuum evaporation is one of the
most promising techniques to construct perovskite thin films for planar junctions. In this deposition process,
the perovskite is prepared by co-evaporation of the metal halide and organic halide, Figure 2.2(d). Vacuum
evaporation allows the precise control of the thickness and smoothness of the thin-film surface, Figure
2.3(d) [115]. However, it is often difficult to balance the organic and inorganic evaporation rate, an
important criterion for the optimization of perovskite film composition. This technique also demands high

vacuum, which is too energy consuming and hinders mass production.
2.4 Perovskite device architectures

Perovskite materials can be applied to any kind of junction structure. The architecture of perovskite solar
cells was derived from the dye-sensitized solar cells (DSSC) technology [21,64]. Perovskite optoelectronic
devices are generally based on a n-i-p junction, where the intrinsic perovskite material sits between a hole
transport material (HTM) and an electron.transport-material-(ETM), Figure 2.4.

Mesoporous and planar structures are-the-main" perovskite solar cell architectures currently under
investigation. Depending on which transport material is encountered by light first, these architectures can
be categorized as either the conventional n-i-p (Figure 2.4(a,b)) or the inverted p-i-n structures, (Figure
2.4 (c,d)). The inverted planar device structure,-derived from organic solar cells, uses p-type and n-type

materials as bottom and top charge transport layers, respectively. Wang et al., [119] and Chen et al., [120]

recently reported NiO-based mesoscopic p-i-n devices with efficiencies of 9.5% and >13% respectively,
Figure 2.4(d).

a) n-i-p mesoscopic b) n-i-p planar ¢) p-i-n planar d) p-i-n mesoscopic
Metal Cathode (Al) Metal Cathode (Al)
HTM (Spiro-MeOTAD) I-ITM (Spiro-MeOTAD) ETM (PCBM) ETM (PCBM)
ETM (1'02) ETM (1'02) HTM (PEDOT:PSS) HTM (NiO)
Transparent anode (ITO) Transparent anode (ITO)
Glass Glass Glass Glass

Figure 2.4: Schematic diagrams of different perovskite device architectures showing a) n-i-p mesoscopic,

b) n-i-p planar, c) p-i-n planar and d) p-i-n mesoscopic [121].
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Hybrid perovskites have demonstrated high power conversion efficiencies both in planar
[29,84,113,114,122] and mesoporous device architectures [65,66,77,92,107,123,124], complicating any
correlation between device architecture and photovoltaic performance. [1,107]. Varying interpretations of
planar and mesoscopic perovskite morphologies have also complicated objective comparisons between the
two cell architectures. Additionally, high efficiency PSC devices have been produced through the
combination of planar and mesoscopic architectures [84]. Tandems of perovskites, as distinct device
architectures on top of silicon (Si) or copper indium gallium diselenide (CIGS) cells have been investigated
as a pathway to achieving industry goals of improving efficiency while lowering cost [125,126].

2.4.1 Mesoporous architecture

The mesoporous n-i-p device architecture is the current dominant photovoltaic architecture. Early reports
of PSC technologies represent the perovskite material in mesoscopic architectures as a quantum-dot style
sensitizer [21,64,65] or as a dense layer coating the mesoporous scaffold [66]. In this device structure, the
perovskite layer is either deposited on top of a mesescopic;-Eigure 2.4(a), electron-transporting metal oxide
and covered with an organic hole-transport-layer,-or-it-is-sandwiched between a bottom hole-transport
material, Figure 2.4(d) and a top organic electron-transport layer. Mesostructured semiconducting metal
oxides, such as TiO; [25,65,107], Al,O3[66,77,123], ZrO, [124] and most recently, zinc-doped TiO; (Zn-
TiOy) [127,128] have been employed as n-type scaffolds, while the perovskite absorber is infiltrated within
the pores. There is wide debate in-the-PSC-community-about-the-exact effect of the scaffold on the
perovskite solar cell operation [64,77,129]. It is suggested that the metal oxide scaffold provides pathways
for electron extraction as well as limiting the growth and size of perovskite crystals. Regardless of the
influence of the metal scaffold on the solar cell, metal oxide scaffolds require high sintering temperatures
to maximize transport properties [77,130] limiting application to flexible substrates and increasing
production costs. The requirement to reduce the fabrication temperature has been demonstrated by replacing
TiO2 be replaced by ZnO [84,131,132]. Unfortunately, the ZnO/CH3sNHsPbl; interface appears to accelerate
the thermal decomposition of the perovskite layer and the film is less thermally stable, when compared to
TiO2 [133,134].

The most commonly used hole transport materials in mesoporous solar cells are 2, 2'-7,7'-tetrakis (N,N-di-
p-methoxyphenylamine)-9,9'-spirofluorene (Spiro-OMeTAD) [25,66,68], poly(3-hexylthiophene) (P3HT)
[135,136] and poly(triarylamine) (PTAA) [137,138]. Spiro-OMeTAD material requires an additive, namely
t-tert-butylpyridine (TBP) or bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI), to improve the
conductivity. However, it has been reported that these additives breakdown the perovskite layer, reducing
the stability of the device [139]. Liu et al. investigated the use of a dopant free HTL material, a

tetrathiafulvalene derivative (TTF-1) [140] in a mesoporous perovskite solar cells. This cell achieved an
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efficiency higher than undoped Spiro-OMeTAD and P3HT. Gold is the most commonly used electrode
material for high efficiency perovskite solar cells [64-67,141]. However, this material is prohibitively

expensive so multiple novel applications of carbon electrodes have recently been reported [142-144].
2.4.2 Planar architecture

Planar heterojunction, Figure 2.4(c,d) perovskite solar cells in contrast to mesoporous cells, employ a thin
film of the perovskite absorber sandwiched between the charge selective contacts [83,97,114,144]. In this
configuration, the high temperature sintered mesoporous scaffold can be replaced either by metal oxides
prepared at lower temperatures such as ZnO [84,131-134] or by organic contact materials [84]. The planar
architecture potentially provides enhanced flexibility for device optimization, multijunction construction
and investigation of the underlying device physics, but it requires tremendous effort to fabricate high-

quality perovskite films [27,85].

Most reports on planar perovskite architectures use an organic material for the HTL. The most commonly
used p-type contact is PEDOT:PSS. Inverted-planar-perovskite-devices using non-oxide PEDOT:PSS have
demonstrated efficiencies >16% [145-147], lower temperature processing [27,85,122], flexibility [27,122]
and furthermore negligible current-voltage hysteresis effects [85,141,147].

Kim et al. incorporated an inorganic HTL, Cu-NiOx [[148]. Such inorganic oxide films display better
environmental stability than their organic-counterparts; however, generally, organic HTLs have led to
higher device efficiency [148]. Zheng et al. took a different approach to replace the spiro-OMeTAD. They
synthesized a conductive oligothiophene, DR3TBDTT, for use as a HTL in a planar geometry perovskite
solar cell [149]. The most commonly used n-type contact is PCBM.

2.5 Hysteresis

Perovskite solar cells suffer from a strong scan rate and/or scan direction hysteresis [25,150,151] in the
current-voltage measurements typically conducted under AM1.5G illumination that can lead to an under-
or over-estimation of the solar cell device efficiency, Figure 2.5(a). Hysteretic phenomena have been
observed for other photovoltaic technologies including CIGS, CdTe and amorphous silicon that exhibit
high internal capacitances, which have been attributed to charge carrier accumulation in the depletion layer
or neutral region of the junction, existence or formation of defect states and other phenomena such as ion
migration [152,153].

Hysteresis has also been reported to be heavily dependent on device architecture, perovskite processing
parameters (grain size and boundaries and/or surface imperfections of perovskites) and has been observed

in devices utilizing alternative selective contacts, suggesting that the contact interfaces have a big effect on
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transients in perovskite absorber devices [150,151]. Hysteresis in perovskite solar cells with a mesoscopic
architecture has been reported to be strongly influenced by the perovskite grain size and the structure of the
underlying TiO. layer which is used as an electron transport layer [25,150,151]. Efforts are now
concentrated on generating perovskite films with larger grain sizes to minimize the hysteresis [25,110,115].
Reports have shown Cgo/fullerene passivation eliminates this kind of photocurrent hysteresis in thin film
planar devices. The fullerene was found to interact with halide rich defective regions at the grain boundaries,
leading to the passivation of localized trap states [141,165]. The differences in the hysteretic behaviour
observed in the mesoscopic and planar devices may be a consequence of differences in stoichiometry or
morphology due to the differences in processing however, no conclusive outcomes about the observed
differences have been provided as hysteresis-less devices for both devices have been reported, Figure 2.5
(b,c). Several groups have fabricated devices without significant hysteresis, e.g. by using mesoporous TiO;
layers instead of a compact TiO; layer (Figure 2.5(b)) [110], solvent annealing to obtain large crystalline
grains [49] as well as a fullerene passivation method (Figure 2.5(c)) [165]. In addition, the replacement of
MA* with cations that have a larger radius, such-as-formamidinium (NH,CH=NH,*, FA*) [94,155] and 5-

ammoniumvaleric acid [34] have been reported-to-helpreduce the hysteresis effects.
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Figure 2.5: Current-voltage (J-V) with forward and reverse scans exhibiting: (a) hysteresis [154] (b)
negligible hysteresis for a mesoporous solarcell [26];:(c)negligible hysteresis for a planar perovskite solar
cells [85] and (d) scan-rate and direction- dependent hysteresis [27].

The origin of hysteresis and its mechanism in perovskite solar cells is a highly-debated topic and has
become an area of intense research. Hysteresis effects are generally associated with a high capacitance (of
the order of mF cm) compared to Si cells compared to Si cells (of the order of pF) [25,155-158]. This
capacitance effect was hypothesized to originate from the ferroelectricity or the polarization of the
perovskite layer [42,150,159-161], changes in absorber or contact conductivity [162], ion migration within
the crystal structure of perovskites [150,159,163,164] and/or the trapping/de-trapping of charge carriers
[25,42,150,151]. It has also been reported that the degree of observed hysteresis is highly dependent on the
interface properties and choice of contact materials, which control interfacial trap density
[110,150,165,166]. However, no conclusive outcomes about the origin of this capacitive effect have been
provided. Instead it was suggested that this phenomenon must obey an intrinsic property of the perovskite

solar cells because perovskite was the common denominator for samples experiencing hysteresis [150].
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Hysteresis has also been reported to be heavily dependent on device architecture, perovskite processing
parameters (grain size and boundaries and/or surface imperfections of perovskites) and has been observed
in devices utilizing alternative selective contacts, suggesting that the contact interfaces have a big effect on
transients in perovskite absorber devices [150,151]. Hysteresis in perovskite solar cells with a mesoscopic
architecture has been reported to be strongly influenced by the perovskite grain size and the structure of the
underlying TiO, layer which is used as an electron transport layer [25,150,151]. Efforts are now
concentrated on generating perovskite films with larger grain sizes to minimize the hysteresis [25,110,115].
Reports have shown Cgo/fullerene passivation eliminates this kind of photocurrent hysteresis in thin film
planar devices. The fullerene was found to interact with halide rich defective regions at the grain boundaries,
leading to the passivation of localized trap states [141,165]. The differences in the hysteretic behaviour
observed in the mesoscopic and planar devices may be a consequence of differences in stoichiometry or
morphology due to the differences in processing however, no conclusive outcomes about the observed
differences have been provided as hysteresis-less devices for both devices have been reported, Figure 2.5
(b,c). Several groups have fabricated devices without-significant hysteresis, e.g. by using mesoporous TiO;
layers instead of a compact TiO- layer (Figure2.5(b)) [110], solvent annealing to obtain large crystalline
grains [49] as well as a fullerene passivation.method.(Figure 2.5(c))-[165]. In addition, the replacement of
MA* with cations that have a larger radius, such as formamidinium (NH.CH=NH,*, FA*) [94,155] and 5-

ammoniumvaleric acid [34] have been reported to help reduce the hysteresis effects.

The dependence of hysteresis on the scan rate and direction is still controversial, Figure 2.5(d). Snaith and
co-workers observed that sweeping voltage from forward bias to 'short circuit results in higher measured
photocurrents and open-circuit voltage; values than: sweeping «in; the opposite direction [150]. On the
contrary, Dualeh et al. [159] and Kaltenbrunner et al. [27] reported an opposite dependence of the hysteresis

with the scan rate.

Although there are several proposed PSC hysteresis mechanisms, recently more and more attention is
focused on the role of ions/vacancies migration under an electrical field [167-169]. lodine ions were
identified as the migrating species by measuring temperature-dependent current-transients and
photoelectron spectroscopy [170]. Field-dependent orientation effects of the MA*-dipoles and lattice
distortion have been proposed to give rise to polarization effects that affect the charge carrier dynamics
[42,155,160,161]. In addition, metal halides and metal halide perovskites can exhibit significant halide ion
mobilities [163,164] that are often accelerated by photoexcitation. The strong, reversible dependence of
hysteresis on light and voltage bias in thin-films, Figure 2.5(d) suggest that photo-induced ion migration
may play an important role in device hysteresis [151]. Additionally, there is strong direct and indirect

evidence that slow drift and diffusion of ionic defects at room temperature is the dominant mechanism
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underlying hysteresis in MAPbI; solar cells [159,168,170,171]. Recent simulations suggest that J-V
hysteresis could be reproduced accurately if both ionic migration and recombination via interfacial traps

were present in devices [173].

Whereas there is increasing evidence supporting ion migration as the origin of PSC hysteretic behavior,
there are speculations against charge trapping and ferroelectric polarization as possible main hysteresis
mechanisms. Eames et al., [168] demonstrated that simple trapping and de-trapping of charges at bulk or
interface defects is unlikely to be the main mechanism due to the long duration and large magnitude of the
current decay although the trapping/de-trapping process associated with migrating defects has been shown
to play an important role in hysteresis [167,174].

Hermes et al. [175] and Leguy et al. [176] proved that ferroelectric polarization is highly unlikely to persist
in perovskite materials leading to speculations that ferroelectric polarization may not be a possible
hysteresis mechanism. Further development in perovskite device current-voltage characterization depends
on understanding the origin and mechanism of device hysteretic behaviour.

2.6 Stability

For practical application and commercialization, not only the power conversion efficiency but also the
lifetime of a photovoltaic device is of importance. Perovskite optoelectronic materials suffer from several
drawbacks that need to be overcome before the technelogy becomes industrially relevant and hence achieve
long-term application. Environmental stability [75] remains a key challenge to the commercialization of
perovskite solar cells. This instability is caused by the intrinsic instabilities of the perovskite absorber, as

well extrinsic factors which degrade the device Figure 2:6.
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Figure 2.6: Schematic of the life cycle of perovskite-solar-cels-indicating the most important hazards (red)

and strategies for their control (green) [177].

Research conducted over the past years-indicates that.the perovskite is susceptible to moisture ingress
[53,178-180], methylammonium iodide egress [181], photodegradation [182] and corrosion of metal
electrodes by reaction with halides in the perovskite; however, there are many considerations which must
be addressed. Exposure to H-O and O can dramatically affect the chemical stability of perovskite solar
cells, together with the degradation of the perovskite layer, associated with a color change from dark brown
to yellow Figure 2.7(a), owing to hydrolysis of the perovskite, incurring a loss in photovoltaic performance
Figure 2.7(b) [160,178].
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Figure 2.7: a) Perovskite films before and after exposure to humidity [183] and b) current-voltage scans
over time showing loss of photovoltaic performance because of perovskite degradation [184].

The inherent toxicity of the lead halide perovskites-poses-another potential barrier to commercialization,
relating to the toxicological issues of lead [177,185,186]. The desire for non-toxic, solution-processable
solar cells has led researchers to consider alternatives to lead within the perovskite structure [187-189]. The
most appropriate element to replace lead is tin (Sn). However, Sn?* is less stable than Pb?*, which causes
significant stability problems for perovskites containing Sn [190]. Hao et al. reported perovskite solar cells
incorporating Sn halides, with an efficiency of almost 6% for CH3sNH3Sn(IBr2) perovskites [39]. Regarding

the ecotoxicity of lead, conjecture still remains about its actual impact on the environment.

Several solutions have been proposed so far to improve the stability of perovskite solar cells under ambient
conditions [53,178,191]. Amongst them are, the replacement of MAPbI; with a mixed-halide MAPbI;.xBry
[53,192], the use of single-walled carbon nanotubes [178], carbon-based hole-transport layers and the
introduction of poly(methyl) methacrylate (PMMA) [178] or Al,Os [191] as hydrophobic buffer layers and
the use of TiO; as a scaffold layer to reduce the O, [193,194], the substitution of MA* with FA* [26,29,30],
the inclusion of heterojunction contacts or an additional encapsulation layer to prevent moisture ingress

[33,75,195] and/or a pinhole-free metal oxide layer to prevent metal-halide interaction [196]. Recent studies
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show that perovskite solar cells are relatively stable up to 1000 h in accelerated degradation tests [33].
Graphene and graphene-related materials, known for their applications as protective layers are currently
being investigated to protect perovskite solar cells from atmospheric degradation [197-199]. Agresti et al.,
demonstrated an 18.2% efficiency cell that retained more than 88% of its efficiency after 16 h of prolonged
sun exposure by employing a graphene-doped mesoporous TiO; as the electron-transport photoelectrode
[198].

The degradation mechanisms of perovskites have been a topic under intense investigation [192-194]. At
present, little is understood about the degradation mechanisms of perovskite photovoltaic devices. Previous
research on MAPbI; perovskite films brought about the conclusion that the gas products of thermal
degradation of this material were hydrogen iodide (HI) and methylamine (CH3NH2) [50,200]. However
recent research revealed that the main gas products of degradation are ammonia (NH3) and methyliodide
(CHgsl) [201,202]. Fully understanding the PSC degradation pathways is crucial to develop effective

strategies to improve stability and thus achieve market standards.
Conclusion

Owing to its complex structure, it is challenging to attribute the perovskite device photovoltaic performance
to any one of the different components that constitute the device. Based on the issues addressed in this
review, there is an urgent need to assess the impact of each device component on the widespread application
of perovskite solar technology. Advances of optoelectronic devices based on methylammonium lead halide
perovskites heavily depends on understanding their. photovoltaic hysteretic behaviour and environmental
stability, whether it is marginal as in inorganic semiconductors or crucial like in organics. The realization
of practical goals such as commercialization will be strongly determined by an understanding of the roles
played by perovskite architecture, the effects of processing parameters and key materials employed in
perovskite device layers and until a clear consensus on the environmental stability of perovskite solar cells
is reached or a high-efficiency non-toxic alternative is found, the safe deployment of perovskite
photovoltaic technology relies on adopting precautionary measures against contamination and potential

poisoning at each stage of the device’s lifecycle, from fabrication to disposal.
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CHAPTER 3

CHAPTER 3

OPTICAL AND ELECTRONIC PROPERTIES OF MIXED HALIDE (X = 1, Cl, Br)
METHYLAMMONIUM LEAD PEROVSKITE SOLAR CELLS.

Abstract

The fabrication and opto-electronic characterization of solution-processed planar heterojunction perovskite
solar cells based on methylammonium (MA) lead halide derivatives, MAPDbIs.xYx (Y =1, Cl, Br) is presented
in this work. Three different perovskite photovoltaic devices; MAPbIs, MAPDI;.Clx and MAPDI;..Bry were
made independently by varying the halide ratios. The effect of the halide ratios (I, Cl, Br) on perovskite
optoelectronic properties and their influence on photovoltaic performance was investigated by means of a
systematic analysis of devices fabricated via a one-step deposition technique. The perovskite film
morphology, temperature-dependent photoluminescence properties, hysteresis behaviour in current-voltage
characteristics and the photovoltaic performance as a function of chemical composition were investigated
using microscopic, spectroscopic and photovoltaic techniques.-Power conversion efficiency was found to
be dependent on MAPDIs.cYx (Y =1, Cl, Br) perovskite film maorphology. By controlling perovskite
precursor composition and stoichiometry, highest power conversion efficiencies of 9.2, 12.5 and 5.4 %
were obtained for MAPbIs;, MAPbI;.Clx and MAPhI;.«Bri devices respectively. Additionally, the physical
parameters of the mixed halide perovskKites such as the exciton binding energy, exciton-phonon interaction
and bandgap were determined via temperature-dependent photoluminescence spectroscopy. Exciton
binding and optical phonon energies of MAPDIs Yx (Y. = I, Cl, Br) were-found to be in the ranges of 49-68
meV and 29-32 meV respectively. The solution-processed. MA .lead halide derivatives form highly
crystalline materials with chemical versatility allowing the tuning of their optical and electronic properties

depending on the nature and the ratio of the halides employed.
3.1 Introduction

There is worldwide focus on the development of PV technologies based on organic-inorganic solar cells
which offer the prospect of significantly improved performance and/or low cost manufacture, thus helping
to accelerate commercial exploitation and large scale deployment. Photovoltaic cells based on organic-
inorganic hybrid materials have shown rapid improvements over the past decade comparing favourably
with existing inorganic semiconductor technology on energy, scalability and cost associated with
manufacture. Hybrid organic-inorganic perovskite materials are currently among the most competitive
candidates for semiconductor materials and have experienced the fastest increase in reported efficiencies

ever obtained for any PV technology [1-12].
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The development of metal halide perovskite solar cells was triggered by the reports of Kojima et al., [1]
and Im et al. [2] on liquid electrolyte-based on liquid electrolyte-based dye-sensitized solar cells. Perovskite
solar cell devices have shown tremendous advancement in energy conversion efficiency starting from 3.8%
in 2009 [1] to reaching 21% to date [6]. The certificated PCE of 22.1% is higher than the certificated record
PCE of polycrystalline silicon solar cells [4], indicating a competitive advantage. The reason for the rapid
increase in PCE of PSCs is that perovskite materials possess most of the properties required to be excellent
absorbers: sharp absorption edge as a function of composition, superior light absorption coefficient (~10°
cm), long electron and hole diffusion lengths to suppress the recombination of photoexcited charges, high
carrier mobility and apparent tolerance of defects [7-12].

Pioneering work suggested that perovskite films exhibit composition-/structure-dependent properties,
which can be accessed by various processing approaches [13]. Noh et al. [7], showed that chemical
modification of MAPbI; by substituting | with Br can tune the bandgaps to range between 1.5 eV and 2.3
eV by incorporating MAPDbBrs. By substituting iodine with chlorine and bromine, wavelength-tunable
emissions from ultra-violet to near infrared -were-achieved.*[14]:-Controlling perovskite morphology and
composition has been found critical to developing high-performance perovskite solar cells [15-17]. Many
methods have been developed for the deposition of perovskite films-including the solution-process, dual-
source vapour deposition and vapour-assisted solution process (VASP). To date, the perovskite layer in
these efficient solar cells has generally been fabricated by either vapour deposition or a two-step sequential

deposition process. Solution processed devices have the potential to ultimately yield lower production costs.

Several successful perovskite device architectures have been reported. Hybrid perovskites have
demonstrated high power conversion efficiencies both in‘thin-film device architectures [18-22] and meso-
structured device architectures comprising meso-scopic alumina [23-25], zirconia [26] and titania [27-29].
It is yet unclear whether perovskite-absorber devices of different architecture types perform equally well

or if certain architectures will prove beneficial over others [4, 28].

Despite the remarkable progress in record cell efficiency, many fundamental questions remain that need to
be addressed at both the material and device levels. The fundamental questions are centred on perovskite
material/device development and characterization, perovskite materials’ structural and electronic
properties, perovskite composition control with band gap tuning, device operation principles (e.g.
hysteresis), the nature of photogenerated excitations (i.e. charge-carrier-phonon interactions) and long term
stability. Advances in methylammonium lead halide photovoltaic devices depend on understanding the
nature of photogenerated excitations (i.e. charge carrier-phonon interactions) and the role of excitons.
However, a consensus on charge carrier-phonon interactions and their temperature-dependence is still

lacking.

43

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



CHAPTER 3

Motivated by the high PCE achieved with perovskites and with the desire to find a better simplified
processing alternative to both mesoporous TiO, and Al.O; scaffolds and vapour-deposition approaches
reported previously, and aiming at fabricating stable, bandgap tunable high efficiency and cost-effective
solid-state solar cells, we investigated the use of solution- processed planar heterojunction perovskite solar
cells by a systematic study of mixed halide composition in methylammonium lead iodide based perovskite

solar cells.

In this work, three different perovskite compositions; MAPbIs, MAPDI3.4Clx and MAPDIs.«Bry, were made
independently by varying the halide ratio. We found a correlation between photovoltaic device performance
and perovskite thin film morphology. Power conversion efficiencies in MAPbIsYx (Y =1, Cl, Br) were
found to vary over a wide range indicating that small changes in perovskite precursor composition can have
a significant effect on device performance. The lowest efficiencies were found for mixed-halide perovskites
with bromide content and the highest were found for highly crystalline mixed-halide perovskites with
chloride content. The physical parameters of the MAPbIsxYx (Y =1, Cl, Br) perovskites such as the exciton
binding energy, exciton-phonon interaction--and-bandgap-were-elucidated via temperature-dependent
photoluminescence spectroscopy. The exciton binding energy (Eg) of MAPDbI;..Y (Y = Cl, Br, 1), which
greatly impacts the efficiency of exciton dissociation and charge transfer, was found to be 68.3 + 4.7, 49.7
+ 6.2 and 58.3 + 4.0 meV for MAPbI;, MAPDI;.xClx and MAPDI;.«Bry, respectively.

3.2 Experimental
3.2.1 Materials

Chemicals and solvents were used as received from.commercial suppliers, if not stated otherwise. Pre-
patterned indium doped tin oxide (ITO) coated glass (15 ohm/cm?), Pbl, (99.9%, Sigma Aldrich), PbCl,
(99.9%, Sigma Aldrich), dimethylformamide (DMF, anhydrous, Sigma Aldrich), poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) Clevios PH 1000 and Clevios PVP (Al
4083), Zonyl®FS-300 fluorosurfactant (40% in H.O, Fluka), dimethyl sulfoxide (DMSO, AnalR, VWR
Chemicals), [6,6]-phenyl-Ce:-butyric acid methyl ester (PCBM; SolenneBV), chlorobenzene (GPR, VWR
Chemicals) chloroform (AnalR, VWR Chemicals), chloroform (AnalR, VWR Chemicals) and isopropanol
(AnalR, Fisher Chemicals), methylamine (in absolute ethanol, 33 wt%), hydrobromic acid (HBr) (aqueous,
48 wt%) (Sigma Aldrich), diethyl ether, hydroiodic acid (aqueous, 57 wt %), ethanol (absolute) and
methylammonium chloride (CHsNHsCI/MACI) (VWR, Riedel de Haén and MERCK), respectively were
used. Organic halide salts, methylammonium iodide (CHsNHsl/MAI) and methylammonium bromide
(CH3NH3Br/MABr) were synthesized according to reported literature procedures [3]. The chemical

structures of the materials used in the perovskite solar cells are shown in Figure 3.1.
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Figure 3.1: Chemical structures of materials used in the fabrication of MAPbIs«Y« (Y =1, Cl, Br) perovskite
solar cells, a) Zonyl, b) PEDOT:PSS and ¢) PCBM.

3.2.2 Perovskite precursor solutions

A variety of precursor compositions-were-explored-to-observe-the role of precursor chemistry in the
photovoltaic performance of the MAPblz, MAPbIz.Clx and MAPbIzBry perovskite solar cells. Systematic
analysis was undertaken using precursor solutions with varying ratios of methylammonium iodide (MAI),
methylammonium chloride (MACI) and methylammonium bromide (MABTr). This range of initial precursor
stoichiometries was designed to contrast-pure-triiodide-and-mixed-halide (iodide-chloride and iodide-
bromide) derived films while elucidating the role CI- plays." The precursor solutions exhibiting the best

photovoltaic performances were employed for further study and prepared as follows:

Precursor mixed halide solutions were prepared in DMF by overnight stirring at room temperature. The
precursor mixed halide solutions with molar ratios were: MAPbIs (1Pbl>:2MAI) (222 mg/mL), MAPbDI3.
«Clx (1Pbl2:IMAI:IMACI) (638 mg/mL) and MAPDIs.«Brx (1Pbl2:1MAI:0.2MABr) (598 mg/mL). The
solutions were then filtered with a 0.45 pm PTFE filter. The final stoichiometry of the perovskites in terms
of either iodide/chloride or iodide/bromide content was not evaluated. The denoted stoichiometry of
compositional perovskites employed in this work was defined according to the stoichiometry of the
precursors. The absence of Cl in MAPDI3..Clx films was confirmed by EDX hence the term MAPDI3.xClx
refers only to the method of synthesis and not the outcome. The exact composition of perovskites

originating from mixed halide precursor solutions is an ongoing subject of debate.

3.2.3 Device Fabrication

Planar  heterojunction  perovskite  solar  cells with a layer  configuration  of
ITO/PEDOT:PSS/Perovskite/PCBM/AI were prepared in a fully solution-based process. The glass /ITO
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substrates were first cleaned with acetone, and isopropanol successively in an ultrasonic bath, then
PEDOT:PSS is spin coated at 1000 rpm for 1 min and annealed first at 120°C for 10 min and rinsed with
isopropanol and then annealed for another 10 min at 120°C, then the perovskite precursor solution, MAPbI-.
«Yx (Y =1, Cl, Br) is deposited by spin coating at 1800 rpm for 20 s and 2000 rpm for 5 s. PCBM solution
(20 mg/mL in 1:1 ratio of chlorobenzene and chloroform was spin coated at 1500 rpm for 30 s on top of
the perovskite film. Finally, 110 nm of aluminium cathode was thermally evaporated in a vacuum chamber
on top of the PCBM layer. The fabrication procedure resulted in a 130-150 nm thick PEDOT:PSS layer,
380-420 nm thick perovskite absorber and a 50-80 nm thick PCBM layer. In the fabrication of the three
different devices (i.e. MAPbIs;, MAPDI;..Cly and MAPDI;.«Bry) all other experimental parameters were held
constant and only the PEDOT:PSS was changed. MAPbI; and MAPbIs..Bry perovskite solar cells were
fabricated on low conductivity PEDOT:PSS, Clevios PVP Al 4083 (0.7% Zonyl) whereas MAPDI;.«Cly was
fabricated on high conductivity PEDOT:PSS, Clevios PH 1000 (5% DMSO, 0.7% Zonyl) according to a
previously reported procedure [30]. The perovskite crystal structure and device configuration are shown in
Figure 3.2.

() (ii)

Metal cathode
(Al)

o = Pb** Perovskite
(MAPbDHX;)

O =1I-ClI-Br

@ -cunmy

Glass

Figure 3.2: Crystal structure of the perovskite absorber adopting the ABXs; form, where A is

methylammonium, B is Pb and X is | (i) and a schematic of the device layer structure (ii).
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Figure 3.2 illustrates the device architecture used in this study where ITO, PEDOT:PSS, perovskite, PCBM
and Al are incorporated as electrode (anode), the hole transport material, photoactive layer, electron

transport material and the electrode (cathode) respectively.

3.2.4 Perovskite film and device characterization

Perovskite film morphology investigations were performed using Atomic Force Microscopy (AFM)
Dimension 3100 system (Digital instruments Santa Barbara CA) operating in taping mode. Surface
scanning electron microscopy (SEM) measurements and energy dispersive X-ray spectroscopy (EDX) were
made using a ZEISS 1540XB CrossBeam Scanning microscope equipped with a focused ion-beam (FIB)
unit and an EDX-unit. Perovskite thin films for UV-VIS optical absorption and photoluminescence
measurements studies were prepared by spin coating on clean glass substrate from 50% diluted solution of
the precursor solution at 4000 rpm. UV-VIS absorption spectra of perovskite films were recorded using a
double beam UV-VIS spectrometer (Perkin Elmer 1050) equipped with an integrating sphere. Microscopic
images of films were taken by using Nikon Eclipse LV100ND. A Bruker Dektak XT profilometer was used
to measure layer thicknesses. Photoluminescence spectra-of-various devices were measured using a
Shamrock SR-303i monochromator and an Andor iDus Si-CCD. Samples were excited at 473 nm (5 mW)
using a solid-state laser or a supercontinuum light source (NKT EXB6) connected to a VIS-NIR SuperK
Select Box. A set of long-pass filters was used to avoid any distortion of the recorded spectra by the laser
light.

The finished solar cells with an active area of ~0.17. ¢cm? as-defined by the overlapping area of Al and the
patterned ITO substrate were tested on a LOT-QD solar simulator (LS0821). The radiation intensity was
adjusted using a reference silicon diode to 100 mW/cm?. The power conversion efficiency of the prepared
solar cells was determined as follows: The illuminated area of the solar cell was defined using a shadow
mask (0.13 cm?). In a first step the current-voltage curve was recorded with a Keithley 2400 source-
measurement unit under illumination (solar simulator). The voltage was increased slowly (20 mV/s) and
the current-voltage curve was determined close to steady state-conditions. To check for hysteresis a reverse
voltage scan was performed decreasing the voltage by 20 mV/s. In a second step the short circuit current

was recorded (steady state value) with a Keithley 2400.

External quantum efficiencies (EQEs) were recorded by using a lock-in amplifier (SR830, Stanford
Research Systems) and a Jaissle 1002 potentiostat functioning as a preamplifier. The potentiostat operated
in the 2-electrode configuration is a high performance current amplifier with a variable gain ranging from
10 to 108 V/A. In addition, the potentiostat allows measuring the EQE-spectra at different applied voltages.
The devices were illuminated by monochromatic light from a xenon lamp passing through a

monochromator (Oriel Cornerstone) with typical intensities in the range of 10 to 100 uW. A filter wheel

47

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



CHAPTER 3

holding long-pass filters and a mechanical chopper was mounted between the Xenon lamp and the
monochromator. Chopping frequencies in the range of 10-200 Hz were used. A calibrated silicon diode
(Hamamatsu S2281) was used as a reference. A halogen lamp (Philips 50 W, 12 V) provided a variable
white light bias to the solar cells while the EQE was measured. The short circuit current calculated using
the EQE-data allowed the determination of the spectral mismatch factor (MM) of our solar simulator.
Values > 0.95 were found for the investigated devices. This mismatch factor was used to correct the

maximum power point measurement.
3.3 Results and discussion
3.3.1 Thin perovskite film morphology

Because the optoelectronic properties of perovskite films are closely related to film quality, deposition of
uniform pinhole free films is crucial for fabricating high performance perovskite solar cells, it is thus
necessary to investigate perovskite film formation by solution processing [31].

Figure 3.3 shows the diascopic optical microscopy images of the perovskite films deposited on glass and
Glass/ITO/PEDOT:PSS substrates. Perovskite films on glass substrates show non-uniform, discontinuous
thin films whereas uniform and continuous pinhole-free films are observed on Glass/ITO/PEDOT:PSS

substrates.
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Figure 3.3: Diascopic illumination optical microscopy images on (a) Glass/ITO of (i) MAPDIs, (ii)
MAPDI;Clyx and (iii) MAPbIs.xBry and on (b) Glass/ITO/ PEDOT.PSS.
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Perovskites film morphology was further examined by scanning electron microscopy (SEM) and atomic
force microscopy (AFM). Variations in perovskite crystal size and grain boundaries were observed in
perovskite films as shown in Figure 3.4 in the SEM (Figures 3.4a-c (i)) and the corresponding AFM
images (Figures 3.4a-c (ii)).
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Figure 3.4: Microscopic characterization of perovskite films. Scanning electron microscopy images (i) on
Glass/ITO/ PEDOT.PSS of (a) MAPDIs, (b) MAPDI;.«Clx and (c) MAPbI;.«Bry and their respective atomic

force microscopy images (ii).

0.00 nm

The SEM and AFM images reveal tightly packed crystallites of several micrometres in size in the case of
PbMAIsClx (Figure 3.4b (i)) whereas PbMAI; (Figure 3.4a (i)) and PbMAI;.Bry (Figure 3.4c (i)) show
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smaller crystallites. SEM images of the PbMAI;.Cly (Figure 3.4b (i)) perovskite film reveals large crystal
grain sizes of several micrometres with minimal grain boundaries, whereas as PbMAI; (Figure 3.4a (i)
and PbMAI;.xBry (Figure 3.4c (i)) show a large number of smaller of several nanometres crystallites with
many grain boundaries. These differences might be due to slower crystallization in PbMAI3xClx perovskite
film formation compared to PbMAI; and PbMAI5.«Brx [32]. These results are direct evidence that perovskite
morphology is dependent on perovskite composition. AFM images (Figures 3.4a-c (ii)) of the same
perovskite films deposited on PEDOT:PSS films show perovskite crystallites consistent with the SEM

images.

The exact effect of Cl in terms of modifying the crystallinity of the perovskite morphology is not known
[33]. To confirm the presence and content of chlorine within the MAPbI5.«Cly films, energy dispersive X-

ray spectroscopy (EDX) measurements were conducted, Figure 3.5.

1 2 3 4 5 B 7 8 ] 10 1" 12 13 14 15 16 17 18 19 20 21 n 23 24
ull Scale 14168 cts Cursor: 18122 (62 cis) eyl

Figure 3.5: EDX spectra of thin film of perovskite (MAPbI3<Clx) on glass substrate coated with high
conductivity PEDOT:PSS (PH1000) containing 5% v/v (DMSO).

Figure 3.5 indicates that the Cl content in the perovskite film is below the detection limit of EDX and the
morphological evolution may be attributable to slow crystallization induced by the replacement of CI-

with I during perovskite formation as stated above.
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Figure 3.6: Absorbance (a) and photoluminescence (b) spectra of MAPbIs.Yx (Y = |, Cl, Br) perovskite

films on glass.

Figure 3.6 shows the room temperature absorbance (Figure 3:6a).and photoluminescence spectra
(Figure 3.6b) of MAPDIz«Yx (Y = Cl;Br;1)Withx-being-small-in-MAPDI;..Clx (small amount of CI
from EDS, Figure 3.5) and MAPDbI3.Brx (X =0.2), the absorption onset for all 3 systems is ~800 hm
which is consistent with previously reported data on thin films of solution-processed mixed halide
perovskites [34-36]. Substitution of iodine with chlorine or bromine atoms is expected to increase the
band gap of perovskites [37]. In our-case, the-observed PL-peak-position is still close to that of MAPDIs,
[38], consistent with the low chlorine or-bromine content in the films. The similarity of the observed
trends in Figure 3.6 suggests that the ratio of intercalated halide ions is like that of the dissolved ions in

the precursor solutions.

Because the electrical buffer layers, PEDOT:PSS as hole transport layer and PCBM as electron transport
layer, free carriers can be extracted and dissociate excitons into free charges, we measure charge
generation of the PSCs by photoluminescence spectroscopy. A significant quenching effect was observed
from the photoluminescence data in Figure 3.7, when the perovskite layer establishes contact with either
the PEDOT:PSS or PCBM layer.
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Figure 3.7: Photoluminescence quenching in perovskite samples.

Charge separation is possible at both the PEDOT:PSS and PCBM interfaces as evidenced by the significant
guenching in the glass/ITO/PEDOT:PSS/perovskite—and—evidenced- by complete quenching in the
glass/ITO/PEDOT:PSS/perovskite/PCBM filmywith ccarrier=generation at the perovskite/ PEDOT:PSS

interface less than the perovskite/PCBM interface.
3.3.2 Temperature-dependent photoluminescence spectroscopy

Charge-carrier-phonon interactions of MAPbI;.<Yx (Y = ClI, Br, I) which greatly impacts the efficiency of
exciton dissociation and charge transfer, were elucidated via temperature-dependent photoluminescence
(PL) spectroscopy. Temperature-dependent PL measurements from 77 to 293 K of perovskite samples on
glass substrates were carried out and the data are summarized in Figure 3.8. MAPbIlsYx (Y = Cl, Br, 1)
perovskite systems in Figure 3.8, show a decrease in emitted photoluminescence intensity with increasing
temperature, which is attributed to temperature-activated exciton dissociation [9,39,40]. All three materials
show continuous shifts of photoluminescence peak towards higher energy with increasing temperature. The
shifts in peak energy at various temperatures are associated with phase transitions commonly found in lead
halide perovskites [41-43]. Significant peak broadening with increasing temperature is also observed in
Figure 3.8 with MAPDI; (Figure 3.8a) and MAPbI3xClx (Figure 3.8b) showing similar results, with the
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effect being more pronounced in the MAPDbIsBrx film (Figure 3.8c). The broadening of the peaks

intensifies at higher temperatures because of stronger exciton-phonon interaction [39, 44].
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Figure 3.8: Temperature-dependent photoluminescence spectra from 77 K to 293 K of (a) MAPbI; (b)
MAPbIs-xCIX (C) and MAPbIs-xBrx.

Several groups have reported multi-peak emission behaviour in methylammonium lead halide at
temperatures below 150 K [40,45- 49]. The origin of this multi-peak behaviour is not fully understood.

Such behaviour was not observed in our MAPDbIa.Yx (Y = CI, Br, I) perovskites as shown in Figure 3.8.

Analysis of temperature-dependent photoluminescence data in Figure 3.8 was used to assess the linewidth
parameters of MAPDbIz. Y« (Y = Cl, Br, 1) perovskites, and extracted fitting parameters are shown in Figure
3.9 (i-iii).
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As shown in Figure 3.9 a-c (i), the peak energy changes almost linearly with temperature. Bandgap energies
of 1.56, 1.56 and 1.6 eV were extracted for MAPbIs;, MAPbI;«Clx and MAPbI;.«Bry respectively in good
agreement with previous and current reports [3, 50, 51].
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Figure 3.9(i): Temperature-dependent photoluminescence linewidth parameters of MAPbIs«Yx (Y = Cl,
Br, 1) perovskite films: a) MAPDbIs, MAPbI;.«Clxand MAPbI;.«Bry, showing peak energy.

Figure 3.9 (a-c ii) shows a plot of photoluminescence intensity as a function of temperature. The
temperature-dependent photoluminescence intensity plotted in Figure 3.9 (a-c ii), was fitted using the
Arrhenius equation [39,52], Equation 3.1,

Iy

1+ Ae FsT
in which I is the intensity at 0 K, E the binding energy and k the Boltzmann constant.
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In general, substitution doping of Cl or Br into MAPbI; may hinder collective molecular motions, leading
to larger exciton binding energy. However, our results, Figure 3.9 (a-c ii), show a decrease in exciton
binding energy in both the mixed halide perovskites in comparison to MAPbIs. From the plots in Figure
3.9 (a-c ii), a fit of the data points using Equation 3.1, extracts exciton binding energies (Ez) of 68.3 + 4.7,
49.7 £ 6.2 and 58.3 + 4.0 meV for MAPbI3, MAPbI;.«Clx and MAPbI3«Brx, which are within the range of
previously reported values [53,54]. Similar exciton binding values were reported by Tanaka et al. (~50 meV
for MAPDI;) [53], D'Innocenzo et al. (55 + 20 meV for MAPbI;«Cly) [54], Wu et al. (62.3 + 8.9 meV for
MAPDI;.<Cly) [40]. Other studies using the same Boltzmann activation approach to fit data extracted exciton
binding energies of 19 meV [9] and 32 meV [39] for MAPbI; and 62 meV [40] for MAPbI;«Cly. To the
best of our knowledge exciton binding energy values have only been reported for methylammonium lead
tribromide (MAPDBTr3) perovskites and not for methylammonium lead iodide-bromide perovskites. Exciton

binding energies of 60 meV [55] have been reported for MAPbBrs.
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Figure 3.9(ii): Temperature-dependent photoluminescence linewidth parameters of MAPbIs..Yx (Y = Cl,
Br,1) perovskite films: a) MAPDbIs, MAPbIs«Clrand MAPDI35Bry, showing the integrated intensity.

However, exciton binding energies reported in literature cover a broad range from 2 to 55 meV [9, 53-60].
This rather large variation in exciton binding energy in organic halide lead perovskites is not well
understood from fundamental principles. These variations suggest that the exciton characteristics of hybrid

perovskites are sensitive to the synthesis, composition and morphology as shown in our results.

To assess the contributions from acoustic and optical phonon modes, the temperature-dependent of the full

width at half maximum (FWHM) was analyzed and fitted with a Gaussian function, Figures 3.9 a-c (iii).
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Figure 3.9(iii): Temperature-dependent photoluminescence linewidth parameters of MAPbI;.<Yx (Y = Cl,
Br, 1) perovskite films: a) MAPbls, MAPbI;.«Clxand MAPbIs.«Bry, showing the temperature-dependent full
width at half maximum (FWHM).

From the non-linear fittings of Figures 3.9 a-c (iii), the gradient of the FWHM versus temperature
approaches zero at low temperatures, suggesting negligible exciton-acoustic contribution, ¢ = 0. The
temperature-dependent peak-width broadening is plotted in Figure 3.9 (a-c iii) and fitted using the
independent Boson model, Equation 3.2 [61]:

[op
r)=ry+ol +—2 — 3.2
0

hwop
e ksT —1

in which I is the inhomogeneous broadening contribution, o and I, are the exciton-acoustic phonon
interaction and the exciton-optical phonon contribution to the line width broadening respectively, and hw,,,

is the optical-phonon energy.
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Assuming no exciton-acoustic phonon interaction, as in previous temperature-dependent
photoluminescence studies [40,62] and that photoexcitations result only in radiative luminescence or in
charge carriers, fitting of the temperature-dependent photoluminescence data parameters, enabled us to

deduce the charge yield, as a function of temperature given by the solid line in Figure 3.9 (a-c iii).

The inhomogeneous broadening contributions, Iy, for MAPbIs, MAPDIzxClxand MAPDIz.xBrx were found
tobe 46,5+ 1.1, 47.9 + 0.82 and 53.2 + 0.79 meV respectively; the exciton-optical phonon contributions,

Iop,

were found to be 58.4 £ 13.5, 62.1 £ 10.2 and 78.4 £ 11.9 meV respectively and the optical-phonon
energies, hw,,, were found to be 29.6 £ 4.7, 29.6 + 3.3 and 32.7 + 3.2. The values of temperature-dependent
FWHM we extracted from our data for MAPDIs.«Brx perovskites are somewhat higher than those for
MAPbDI;, MAPbI;.<Clx. This is attributed to stronger electron-phonon coupling in the bromide perovskite
than in the iodide and chloride perovskites [44]. Our inhomogeneous broadening contributions, exciton-
optical phonon contribution and optical-phonon energy values are within the range of values reported by
Wu et al. [40] and Quarti et al. (25-42 meV) [63]. Although charge-carrier-phonon interactions in
methylammonium lead halide perovskites-are-still a matter-of debate;-our results provide a link between

composition and charge-carrier-phonon-interactions.
3.3.3 Photovoltaic characterization
3.3.3.1 Current density-voltage (J-V) characteristics and external'quantum efficiencies (EQE)

The photovoltaic performance of the planar perovskite solar cells employing different halides in MAPDI 5.
«Yx (Y =1, Cl, Br) were characterized and compared. To probe the effect of halide ions (Y =1, Cl, Br),
devices were prepared by spin coating perovskite precursor solutions with varying halide concentration (I,
I/CI, 1/Br). Perovskite solar cells with different halide compositions were characterized by measuring their
current-voltage (J-V) characteristics under standard air mass 1.5 Global (AM 1.5G) illumination and EQE
spectra, Figure 3.10. External quantum efficiency (EQE) measurements are commonly carried out under
short-circuit conditions, and integration of the EQE with respect to the AM1.5G spectrum should amount

to a similar current density as determined from J-V measurements.

Figure 3.10 depicts the J-V curves (Figure 3.10(a-ci)) and the corresponding EQE spectra (Figure 3.10(a-
cii)) for perovskite devices with different halide ratios under reverse bias with results for MAPbIs«Yx
perovskite solar cell devices employing varying methylammonium iodide (Figure 3.10a),
methylammonium chloride (Figure 3.10b) and methylammonium bromide (Figure 3.10c) ratios
respectively. The efficiency of the subsequent devices was found to vary with halide ion concentration and

care was taken to ensure that the processing conditions were reproduced as consistently as possible.
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The photocurrent and external quantum efficiency spectra of devices with different Pbl,:xMAI molar ratios
of 0.8 (1.25 M), 0.6 (1.5 M), 0.5 (2 M), 0.4 (2.5 M) and 0.3 (3 M) are shown in Figures 3.10a and tabulated
in Table 3.1. It was found that a non-stoichiometric precursor solution is critical for the formation of

MAPDI; films and a Pbl.:MAI molar ratio of 0.5 resulted in the best performing device.

Results in Figure 3.10a, indicate that excess MAI acts deleteriously in the MAPDI; device as evidenced by
the poor photovoltaic performance of cells with high MAI concentration. The integrated EQE was in good
agreement with the short-circuit photocurrent density determined from J-V measurements at the steady state
photocurrent. The trend in PCE as a function of x shows that Js. decreases from 15.7 mA/cm? (at x = 2) to
2.2 mA/cm? (at x = 3). In this range Vo increases from 0. 98 V to 1.14 V. Based on these results, the MAPbI;
solar cell device fabrication was optimized with x fixed at 2 to enhance the photovoltaic performance of the

solar cells.

60

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



CHAPTER 3

2- I —=—1.25M
a(ii) ——15 M
, o M
0.2 0 M
=2 M
Raarc
o™
s & =
< =
E -8 - <}
3,' w
“n 0
5
k-] 12 -
o
=
2 14 -
=
(53 1]
1 300 400 500 600 700 800
Wavelength (nm)
24 b(i)
, 4] w0
L) L) 1 ) ) 1
2 ojo 0.2 04 0.6 0.8 1.0
24 70
Voltage (V)

' '
@ A~
1 L
o
Qo
1

Current density (mAIcmz) 5

D L T L) T T L L) Ll L L = 1
300 350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

19 cf(i) 457 clii) —=—02 M
——05 M
0.
T T T 1 40 ——0.75 M
—+—1.0 M
35
30 -

Current density (mAIcmz)

0 a— ‘l. T L] L] L L) ) L] T = T L]
300 350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

Figure 3.10: Current density-voltage (J-V) characteristics and the corresponding EQE spectra of (a)
MAPbI; (MAI = 1.25, 1.5, 2.0, 2.5, 3.0 M), (b) MAPbIsClx (MACI = 0.5, 1.0, 1.5 and 2.0 M) and (c)
MAPDIz.xBry (MABr = 0.25, 0.5, 0.75 and 1.0 M) perovskite solar cells under AM1.5G illumination and

their corresponding EQE spectra.
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The photocurrent and external quantum efficiency spectra of devices with different MAL:XMACI molar
ratios of 2 (0.5 M), 1 (1 M), 0.6 (1.5 M) and 0.5 (2 M) are shown in Figures 3.10b (i) and (ii). Figure 3.10b
shows the J-V curves for different MAPbI;.«Clx systems. The trend in PCE as a function of x shows that J
decreases from 17.8 mA/cm? (at x = 1) to 15.6 mA/cm? (at x = 0.5). Short-circuit currents from J-V
measurements are in good agreement with the calculated Js; obtained by integrating the external quantum
efficiency (EQE), Table 3.1. In this range Vo increases from 0. 940 V to 0.978 V. Based on these results,
the MAPDI;..Cly solar cell device fabrication was optimized with x fixed at 1 to enhance the photovoltaic
performance of the solar cells. During the rise of Vo with a decrease in x (Figure 3.10b (i)), Jsc maintains
a relatively large value in comparison to MAPDIz (Figure 3.10a). It was found that overstoichiometric
MACI does not strongly influence the optical properties and photovoltaic performance of the MAPbI5..Clx
in comparison to MAPDIs. The broader profile and higher values of EQE are consistent with the higher Js

measured in the solar cells.

Figure 3.10c shows the J-V curves for different MAPDbIs«Brx systems. The photocurrent and external
guantum efficiency spectra of devices with-different MALXMABr-molar ratios of 4 (0.25 M), 1 (1 M), 0.6
(1.5 M) and 0.5 (2 M) are shown in Figures 3.10b (i) and (ii). Figure 3.10b shows the J-V curves for
different MAPDbI3xCly systems. Data in"Figure 3.10c (i) exhibits considerably low Js, Vo, and FF with an
increase in x. The trend in PCE as a function of x shows that Jsc decreases from 9.6 mA/cm? (at x = 0.25) to
2.8 mA/cm? (at x = 1). In this range Vi increases from 0. 98 V to 1.22 V. A significant decrease in cell
efficiency is observed by increasing the Br content due to a decrease in the Js, which is ascribed to the blue
shift of the absorption band-edge observed in Figure 3.10c(ii). Forx > 0.8, the device performance

deteriorates considerably.
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Table 3.1: Effect of perovskite precursor halide composition on short-circuit current density (Js), open-
circuit voltage (Voc), fill factor (FF) and power conversion efficiency (PCE) of MAPbIs«Yx (Y =1, Cl, Br)

solar cells.
Perovskite MAY Ve Jc (MA/cm?) | FF PCE Eq (eV)
(estimated)

«v=1,c1,Br) |V (EQE) (%)

MAPDI;

MAI x=1.25 0.912 6.1 0.60 3.4 1.57
x=15 0.929 9.6 0.62 55 1.57
x=2.0 0.980 15.7 0.68 9.2 1.57
x=25 1.023 35 0.53 1.9 1.63
x=3.0 1.138 2.2 0.52 1.3 1.72

MAPbI3-xCIx

MACI x=0.5 0.978 133 0.68 8.6 1.57
x=1.0 0.940 17.8 0.75 12.5 1.57
x=15 0.898 15.4 0.67 9.0 1.57
x=20 0.870 15.6 0.70 9.1 1.57

MAPbIS-xBrX

MABr x=0.25 1.016 9.64 0.55 5.4 1.57
x=0.50 1.018 7.94 0.50 4.0 1.57
x=0.75 1.126 4.25 0.60 2.9 1.61
x=1 1.217 2.78 0.60 2.0 1.65

The best performing halide ratios were compared employing ITO/PEDOT:PSS/Perovskite/PCBM/AI

planar heterojunction architecture. Representative photovoltaic parameters showing the J-V curves of

typical solar cells measured in the dark and under illumination AM1.5 conditions for MAPbIs;, MAPbDIs.

«Clx and MAPbIs..Bry are shown in Figure 3.11. The corresponding semi-logarithmic current-voltage

characteristics are shown in Figure 3.12. Power conversion efficiencies of 9.2, 12.5 and 5.4 % were

obtained for MAPbIs;, MAPbI;5..Clx and MAPDIs..Bryrespectively. Even if the material bandgap remains

http://etd.uwc.ac.za/
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substantially unchanged, Table 3.1, the Cl doping dramatically improves the charge transport within the

perovskite layer, explaining the outstanding performances.
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Figure 3.11: Current density-voltage (J-V) curves of a typical solar cell measured in the dark and under
AML.5 conditions (a) MAPbI; (b) MAPDbI;«Cly (¢) and MAPDbI;.xBrx.
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Figure 3.12: Semi-logarithmic current-voltage. characteristics: (a)/ MAPbIs, (b) MAPDbIsClx and (c)
MAPb|3.XBI’X

Despite the high open circuit voltages, Figure 3.11, in MAPbIl; and MAPbI;.Bry perovskite solar cells,
device efficiencies in comparison to MAPbI;.<Clx are hampered by significantly lower short circuit currents
and fill factors. Higher series resistances were observed in MAPDbI; and MAPbI;.«Bry devices compared to
MAPbI;.«Clxdevices. The high FF in MAPDbI;«Cly indicates that the charge transport and collection is more
efficient, corroborating results obtained in the temperature-dependent photoluminescence spectroscopy.
There is also a correlation between perovskite morphology and solar cell performance. The observed
correlation of photovoltaic performance with the mean crystallite size is likely since larger perovskite
crystallites exhibit a reduced area of grain boundaries and consequently lower overall density of defect

states.
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3.3.3.2 Hysteresis

Methylammonium lead halide perovskites are ionic crystals, therefore frequency-dependent electrical

polarization and ionic drift currents may affect potentiodynamic measurements [64, 65]. The effect of scan

rate and direction on hysteretic behaviour is shown in Figure 3.13.
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Figure 3.13: Scan rate- and direction dependent forward and reverse J-V scans of
ITO/PEDOT:PSS/MAPbX3/PCBM/AI solar cells (a) PbMAIs, (b) PbMAIs<Clx and () PbMAI3.xBr.

A general trend was observed concerning the influence of the scan rate on hysteresis. Specifically, our

results show that the hysteresis is enhanced at high sweep rates and the PCE under reverse scan increases

with increases in scan rate, whereas the efficiency under forward scan decreases with the scan rate.

Furthermore, the magnitude of the hysteresis event is clearly sensitive to the precursors utilized for the

perovskite growth as it is minimal in MAPDbI;..Clx solar cells in comparison to their MAPbI; and MAPDI;.
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66



CHAPTER 3

xBrx counterparts. The reduced current density-voltage (J-V) hysteresis in MAPbI;.Clx with respect to the
scan rate and scan direction could be attributed to a more balanced electron flux (J¢) and hole flux (Jn) and
a reduced number of surface traps. The differences in the hysteretic behaviour that we observed may be a

consequence of differences in stoichiometry or perovskite film morphology.

Dualeh et al., [66] observed that the magnitude of the hysteretic effect increased with an increase in scan
rate, in agreement with our observations. On the other contrary, Snaith et al., [67] reported an opposite
dependence of the hysteresis with the scan rate. However, hysteresis is significantly reduced by using a
sufficiently low scan as shown in Figure 3.14.
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Figure 3.14: Current-voltage curve of the perovskite solar cell, forward and reverse scan 20 mV/s

showing minimum hysteretic behaviour.
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Hysteresis in perovskite-absorber devices has been speculated to originate from ion migration [66-68].
Since ion migration is particularly sensitive to the concentration of mobile vacancies, this would suggest
that the hysteretic behaviour of perovskite devices should be influenced by the stoichiometry of the
perovskite material, as well as the degree of crystallinity and the size of crystalline domains. We therefore

investigated concentration-dependent hysteretic behaviour, Figure 3.15, of the prepared perovskite solar

cells.
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Figure 3.15: Concentration-dependent forward and reverse J-v scans of
ITO/PEDOT:PSS/MAPbX3/PCBM/AI solar cells (a) PoMAI3, (b) PbMAI5Clx and (c) PoMAI5.Bry.

Though the intermediate hysteretic behaviour is not clear, our results in Figure 3.15, show that hysteresis
is most severe at high MAX concentrations with less hysteresis in MAPbI3«Cly in comparison to MAPbI;
and MAPbI;.Brx devices. However, the origin of the J-V hysteresis is still under debate and there are

challenges associated with the proposed mechanisms.
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To elucidate the reproducibility of the perovskite fabrication process, 150 devices were fabricated using the
same process and parameters. The photovoltaic parameters of these devices are shown in Figures 3.16(i-
iii), together with the corresponding standard deviations summarized in Table 3.2. Figure 3.16(i), Figure
3.16(ii), and Figure 3.16(iii) show the statistical device parameters for PbMAI;, PboMAI;.<Clx and PbMAI;.
«Brx devices respectively. Not only are deviations observed among the three different perovskite
composition systems but also within the same batches. It is plausible that other variables, such as processing
temperature which may have changed during fabrication, handling techniques such as transfer from the
thermal evaporator to the solar simulator and environmental conditions such as humidity may affect the

perovskite device parameters as well.
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Figure 3.16(iii): Histograms of device parameters (Voc, Jsc, FF and PCE) for 100 separate PoMAI3.«Brx

devices.

Although MAPbI; and PbMAIs.xBry devices exhibit relatively high Vo, Figure 3.16(i), device performance
was mainly affected by the fill factor. The PbMAIz.Cly, Figure 3.16(ii), solar cells demonstrate consistent
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photovoltaic performance as proven by the relatively small standard deviations of the performance

parameters in comparison to both PbMAI;, Figure 3.16(i) and PbMAIs«Bry devices, Figure 3.16(iii).

Table 3.2: Statistical data for photovoltaic device parameters (Voc, Jsc, FF and PCE) for MAPDI;,
MAPDIz.xClx and MAPDIs.«Bry devices.

Perovskite Voc (MV) Jsc (MA/cmM?) | FF PCE (%)
PbMAI;3 961 £ 26 128+20 544+29 |77x11
PbMAIzCly 933+13 176 +0.5 734+26 |123+0.6
PbMAI;.Bry 1005 + 12 9.0 £1.0 49.0+23 |55%0.7

Table 3.2 shows that MAPbI;«Clx exhibit much better reproducibility in performance than MAPbI; and
MAPbDI;.Bry devices which can be attributed to the improved morphology of the perovskite film upon

introduction of MACI as shown in the morphology results in Figure 3.4.

3.4 Conclusion

In summary, low-cost planar heterojunction perovskite solar cells which offer a wide tunability on
composition and structure by adjusting the metal halide framework were fabricated and their optical and
electronic properties were investigated-to-develop-a-fundamental-understanding of perovskite material
properties and device operation principles. This work shows that methylammonium lead halide perovskites
exhibit composition-/structure-dependent .properties. Although the,exact values for exciton binding
energies in methylammonium lead halide perovskites are still a matter of debate, the results fall into the
range of reported values and provide a link between composition and charge carrier-phonon interactions.
Whether the opto-electrical and photovoltaic performance differences between the single halide (tri-iodide)
and mixed halide (I/Cl and I/Br) perovskite materials are as a result of crystal orientations or different

photogenerated excitations, requires more research.
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CHAPTER 4

THE INFLUENCE OF PEROVSKITE PRECURSOR COMPOSITION ON THE STRUCTURAL
PROPERTIES AND PHOTOVOLTAIC ACTIVITY OF MIXED HALIDE MAPBI3:xCLx SOLAR
CELLS

Abstract

To observe the role of precursor chemistry in the crystallization and photovoltaic activity of MAPbI3.Cly
solar cells and correlate precursor composition to film morphology and photovoltaic activity, a variety of
perovskite precursor compositions were explored. Detailed analysis was undertaken using the precursor
solutions, 3:1 MAI:PbCl;, 1:1:4 Pbl:PbCl;:MAI and 1:1:1 Pbl:MALMACI with varying ratios of
methylammonium iodide (MAI). Perovskite thin film of 1:1:4 Pbl,:PbCl::MAI and 1:1:1 Pbl;:MAIL:MACI
demonstrate high crystallinity and a large and compact micrometer-sized crystal domain. To highlight the
relevance of the study of the effect of additives (DMSO, Zonyl) in the hole transport material on perovskite
morphology and the effect of different electron transport materials.(bis-PCBM, PCBM and PTCDI) to solar
cell operation, findings are correlated with; photovoltaic device performance. By using PCBM as the
electron transport layer, the device yields the highest hysteresis-free-power conversion efficiency (12.8%).
The PTCDI-based devices exhibit power conversion efficiency of 8.4%, superior to that of bis-PCBM-
based devices (6%). The stability of MAPbI; and MAPDI;.«Clx under inert conditions reveal that
degradation is primarily due to loss-of fill-factor-and-is more pronounced in the single halide MAPblI; in
comparison to MAPbIsClx. The effect of annealing time on the,prototype methylammonium lead iodide
perovskite, MAPbI;, with PEDOT:PSS and -PCBM. acting as .hole and electron selective contacts
respectively is briefly discussed. It was concluded that the lead halide perovskite morphology and
photovoltaic activity are extremely sensitive to the environmental and experimental conditions at each step

of the fabrication process.
4.1 Introduction

Three-dimensional organic-inorganic lead halide perovskites have recently emerged as high-performance
photovoltaic materials in the next generation photovoltaic technology due to their high efficiency and the
low cost of fabrication [1-4]. Solution-processability, compatibility with large-area deposition techniques,
inexpensive input materials, desirable material properties such as bandgap tunability [5], high open-circuit
voltage (Voc) [6], strong absorption [7], large absorption coefficients [8] and high carrier mobility [9,10]
make this material very attractive for solar energy. Additionally, ambipolar carrier diffusion within lead
halide perovskites further highlights the unique excited state character of this peculiar class of

semiconductors [11-13]. The versatility in perovskite processing using roll-to-roll compatible methods
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including both solution [14-16] and vacuum-based techniques [15,17] potentially enables large flexibility

in device design at low fabrication cost.

Besides their extremely low cost and ease of fabrication, perovskite materials offer a wide tunability on
composition and structure by adjusting the metal halide framework and the intercalated organic species.
The general formula of organic-inorganic halide perovskite is ABXs, where A is aliphatic or aromatic
ammonium, B is a divalent metal cation (such as Sn?* or Pb?*) and X is a halide anion (I, CI-, or Br).
Recently investigated halide perovskites mostly involved Cs* [18,19], CH3sNHs" [11-16] or NH.CHNH,*
[20-22] as A, Pb? or Sn?*as B and single or mixed halides as X. The choice of material combinations is
crucial for determining both the optical and electronic properties (e.g. bandgap, absorption spectra,
mobility, diffusion lengths) [23-25]. The most commonly explored organic-inorganic metal halide
perovskite, applied in the field of photovoltaics is CH3sNHsPbls. This consists of a large organic cation,
methylammonium (CHsNHs*), Pb?* as the metal cation and I- as the halogen anion. Variations of this
compound such as MAPDbI;.«Clx [26,27] and MAPbI;..Bry [28-30] have also been investigated.

Perovskite solar cells can be fabricated-with-a-n-i-p-or-p-i-n-heterojunction structure, depending on the
position of the electron or hole conducting layer in front of incident light. Currently the two main perovskite
solar cell (PSC) architectures are being investigated: mesoporous [2,3,31,32] and planar [15,33-35]. To date
all high-efficiency perovskite solar cells reparted make use of a (mesoscopic) metal oxide, such as Al,Os,
TiO, or ZrO, which requires a high-temperature—sintering—process which render these solar cells
incompatible with low-cost, lightweight and flexible plastic substrates [34,36,37] and multijunction device
architectures [38]. Despite their good performance, metal oxides suffer from a large degree of electronic
disorder, resulting in a significant number-of sub-bandgap states below the conduction band edge which
may limit the maximum voltage attainable by the system and have an impact on the hysteresis [39-41].
TiO- usually requires high calcination temperatures (>450 °C) to form high quality crystallization which
limits printable applications and may result in the appearance of unfavourable current-density (J-V)
hysteresis [42,43]. The current high-efficiency perovskite photovoltaic devices also employ hole
transporting layer (HTL), 2,2'-7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirofluorene (Spiro-
OMeTAD) [1,2,44,45]. However, since Spiro-OMeTAD possess low charge carrier mobility, doping of the
organic hole transporter with lithium bis(trifluoromethane-sulfonyl)imide (LiTFSI) or with cobalt
complexes is necessary to enhance the conductivity, increasing production costs. The high temperature
sintering processing of the metal oxides and doping of the hole transport material in mesoporous perovskite
devices increase production cost and energy payback time significantly. Hence, it is of great significance
to explore new processes for the low-temperature fabrication of organic-inorganic perovskites and provide

an understanding of some fundamental material/physical/chemical properties of these materials. In addition
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to this, the stability of perovskite based devices remains an open question and perhaps will determine the

fate of this remarkable technology in the longer run.

In this study, a low-temperature solution processable planar heterojunction p-i-n structure,
ITO/PEDOT:PSS/Perovskite/PCBM/AI, wass employed by using the bottom conducting polymer,
PEDQOT:PSS, not only as the hole-selective transport layer but also the electrode, eliminating the conducting
metal oxide electrodes that are usually employed. Low temperature processing offers a wide selection of
potential substrates and electrode materials that could be used in devices. Planar architecture potentially
provides enhanced flexibility for device optimization, multijunction construction, and investigation of the
underlying device physics. Initial focus of the study was on MAPbI; and then three different perovskite
precursor compositions of the mixed lead halide perovskite, MAPbI;.«Clx. All perovskite compositions were
synthesized using DMF as a solvent. In the first part of MAPbI;«Clx work, emphasis was placed on the
chemical composition of three different compositions specifically on the source of chlorine, which was
either an organic source (MACI) or an inorganic source (PbCl.). Critical to achieving high efficiency
devices in high yield is the subsequent deposition-of-a conformal-and.chemically inert electron-transporting
material to complement the underlying PEDQOT:PSS, therefore the efficiency of three electron-transport
materials, bis-PCBM, PCBM and PTCDI as n-type materials-in the fabricated solar cells was explored.
Through the judicious selection and optimization of hole- and electron transport layers, a general approach
for low-cost solution processing of MAPbI3 in a way to maximize performance and stability was achieved.
Halide mixtures formed by the addition of chloride to the iodide-based lead perovskites were found have

beneficial effects on the resulting perovskite morphology and hence device efficiency.
4.2 Experimental
Perovskite precursor solutions

A variety of precursor compositions were explored to observe the role of precursor composition chemistry
in the photovoltaic performance of the MAPDIs..Clx perovskite solar cells. For this study, a different batch
of solar cells was fabricated to minimize processing parameters variability. Systematic analysis was
undertaken using precursor solutions with varying ratios of methylammonium iodide (MAI) and
methylammonium chloride (MACI). The range of initial precursor stoichiometries was designed to
elucidate the role of CI- when added as either PbCl, or MACI. The precursor solutions exhibiting the best

photovoltaic performances were employed for further study and prepared as follows:

The precursor mixed halide solutions with molar ratios were: 3:1 MAI:PbCl, (670 mg/mL), 1:1:4
Pbl2:PbCl:MAI (640 mg/mL) and 1:1:1 Pbl::MAIL:MACI (638 mg/mL). DMF was employed as the
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solvent. The solutions were then filtered with a 0.45 um PTFE filter. The final stoichiometry of the

perovskites in terms of iodide/chloride content was not evaluated.

Note that the denoted stoichiometry of compositional perovskites was defined according to the
stoichiometry of the precursors. For further studies, only perovskite samples processed under ambient
conditions were employed since the objective of this work is the fabrication of solution-processed efficient

solar cells in air.

Perovskite solar cells were fabricated following the procedure reported in Chapter 3. Different volumes of
PEDOT:PSS (Clevios PH), DMSO and Zonyl were mixed to investigate the influence of additives in the
hole transport material, PEDOT:PSS. The formulated dispersions were filtered through a 0.45 um RC filter
and spin coated at 1000 rpm for 1 min. PCBM, bis-PCBM and PTCDI solutions (20 mg/ml in 1:1 ratio of

chlorobenzene and chloroform were spin coated at 1500 rpm for 30 s on top of the perovskite film.

The instrumentation used for these studies was the same as that reported in Chapter 3. Cross section
scanning electron microscopy (SEM) measurements-were-made_using a ZEISS 1540XB CrossBeam
Scanning microscope equipped with afocused ion-beam (FIB) unit:

4.3 Results and discussion
4.3.1 Effect of perovskite annealing time on MAPDI3 solar cells

To fabricate efficient perovskite solar cells, several basic components including the fabrication process, key
materials of the device interfaces andarchitecture should be optimized. Film formation is crucial to fabricate
planar heterojunctions in most thin-film photovoltaic techniques,!it is thus necessary to understand the

underlying kinetic and thermodynamic mechanism of perovskite film formation by solution processing.

Thermal annealing parameters are critical in determining film quality and subsequently the performance of
the perovskite devices. The optimization process involved annealing of MAPDI; films formed from a
Pbl,:2MAI precursor composition at 110 °C for different annealing times. Diascopic illumination optical
microscopy images, Figure 4.1, show that thermal annealing is required for the formation of a crystalline
perovskite film. The MAPDI; perovskite film surface in Figure 4.1, changes strikingly as reaction time
increases from homogenous films (Figure 4.1 c-f) to inhomogeneous films (Figure 4.1 g-h) at longer

annealing.
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Figure 4.1: Diascopic illumination optical microscopy images of the thermal annealing of MAPblI; films
for a) 10 min, b) 20 min, ¢) 30 min, d) 40 min, ) 50 min, f) 60 min, g) 120 min and h) 240 min.
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The J-V curves of the corresponding devices are shown in Figure 4.2. Devices annealed for less than 10
mins hardly showed any photovoltaic activity. Annealing times between 40 and 60 mins resulted in the

most efficient devices with 60 mins thermal annealing time leading to the best-performing device, Table
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4.1. Annealing times longer than 60 mins were detrimental to photovoltaic performance resulting in a

significant loss of fill factor. Thermal annealing for 4 h led to the formation of Pbl,, indicating that the

annealing parameters required to form the perovskite film also lead to thermal driven decomposition,

although the presence of Pbl,, caused only a slight reduction in device performance, Figure 4.2.
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Figure 4.2: Current density-voltage (J-V) characteristics of MAPDI; solar cells at different perovskite

thermal annealing times under AM1.5G illumination.
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Table 4.1: Effect of perovskite thermal annealing times on short-circuit current density (Jsc), open-circuit

voltage (Voo), fill factor (FF) and power conversion efficiency (PCE) of MAPDI; solar cells.

Perovskite annealing time | Vo Jsc FF PCE
(min) V) (mA/cm?) (%)
10 0.956 4.54 0.64 3.4
20 0.951 7.53 0.60 5.4
30 0.982 9.32 0.53 6.0
40 0.985 11.29 0.54 7.5
50 0.995 12.76 0.63 8.0
60 0.980 15.49 0.64 9.7
120 0.983 10.2 0.52 6.5
240 0.978 9.33 0.30 34

The dependence of Jsc on the annealing time-has a similar tendency of temperature-dependent Vo change

which can probably be attributed to the relationship;

Voo = (kg—T) In (jioc + 1) (4.1)

where V. is the open circuit voltage, k;, isthe Boltzmann-constant, T is the temperature, g is the elementary

change, J,. is the short circuit current and J, is the reverse saturation;current density due to radiative and

non-radiative recombination.

Consequently, PCE increases with increasing annealing time. Our results reveal that the annealing
conditions of the perovskite layers are critical for the photovoltaic performance of the final device in

agreement with previous reports [ 33,46-48].
4.3.2. Effect of perovskite precursor composition

All lead halide perovskite fabrication protocols combine an organic salt with a lead salt to produce a lead
halide perovskite thin film. Multiple solution-based fabrication methodologies to form lead halide
perovskite materials have been reported. In this work, a one-step fabrication protocol consisting of mixing
different compositions of both the organic (MAI and/or MACI) and inorganic (Pbl, and/or PbCl,)
precursors in a single solution, using DMF as a solvent, is employed to cast perovskite films and subsequent
annealing to drive complete formation of the perovskite phase. MAPbI;..Cly precursor solutions consisting
of PbCl;:3MALI, PbCI,:Pbl:4MAI and Pblx:MAI:MACI molar ratios were prepared and the resulting
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morphologies of the different compositions are presented in the diascopic illumination optical microscopy

and SEM images in Figure 4.3.

Figure 4.3: (i) Diascopic illumination-optical microscopy images on glass and (ii) SEM images on
Glass/ITO/PEDOT:PSS substrates of (a) MAPbIsxClx(PbCl2:3MAI),. (b) MAPDIzClx (PbCl.:Pbl2:4MALI)
and (c) MAPDI5.,Clx (Pbl.:MAIL:MACI) processed under ambient conditions.

In comparison to PbCIl2:3MAI (Figure 4.3a), PbCl:Pbl,:4MAI (Figure 4.3b) and Pbl,:MAI:MACI
(Figure 4.3c), exhibits higher crystallinity and increased interfacial area for exciton dissociation, all of
which lead to an enhancement of device performance. The chloride ions and the excess of organic cations
slow down the crystallization rate, leading to the growth of large, continuous crystal domains within the
film and high degree of surface coverage. Figure 4.3 shows that each fabrication protocol produces a
different perovskite morphology (grain size/shape, film roughness and surface coverage), and in turn these
different morphologies influence photovoltaic device performance, Figure 4.4 and Table 4.2. PbCl2:3MAI
perovskite films are extremely moisture-sensitive until fully crystallized, so the films were processed in a
dry nitrogen-filled glovebox. Exposure of the perovskite film to air was found to be detrimental to device
performance as shown in Figure 4.4. Perovskite compositions, PbCl.:Pbl;:4MAI and Pbl.:MAIL:MACI
exhibited similar photovoltaic performance parameters. In comparison to the single-halide MAPDIs, the
mixed halide MAPbIz.xClx, Figure 4.4, exhibits superior photovoltaic performance.
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—— PbCI2:3MAI (in air)
- PbCIz:SMAI (in glovebox)
+PbCI2:PbI2:4MAI
—W¥—Pbl,:MAI:MACI
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0.2
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Figure 4.4: Current density-voltage.(J-V) characteristics of different perovskite precursor compositions of

MAPDI3s.«Cly solar cells under AM1.5G illumination.

Table 4.2: Photovoltaic performance parameters of different perovskite precursor compositions of MAPDI 5.

«Clx solar cells.

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

MAPDbI3Clx precursor | Perovskite annealing Voc Jsc FF PCE
composition (V) (mA/cm?) (%)
PbCl2:3MAI in air 0.811 6.88 0.53 2.9
PbCl2:3MAI in glovebox 0.881 14.31 0.68 8.6
PbCl,: Pbl2:4MAI in air 0.936 17.63 0.78 12.9
Pbl:MAI:MACI in air 0.939 17.88 0.77 12.8
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A previous work of our group focused on a detailed spectroscopic, microscopic and photovoltaic
performance of MAPbI;«Clx (PbCl; + Pbl, + 4MAI) [49], so in the following studies we concentrate on
PbCl,:3MAI and Pbl2:MAL:MACI.

The J-V curves of the best-performing PbCl,:3MAI and Pbl;:MAI:MACI solar cells measured in the dark
and under one sun illumination (100 mW/cm?) at AM1.5 conditions and the corresponding semi-
logarithmic current-voltage characteristics and external quantum efficiencies (EQE) are shown in Figure
4.5. Both precursor compositions allowed the fabrication of diodes with excellent rectification and low-
reverse-bias dark currents, Figure 4.5a(i,ii) and Figure 4.5b(i,ii).
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Figure 4.5:1) J-V characteristics, ii) the corresponding semi-logarithmic current-voltage characteristics and
iii) external quantum efficiency (EQE) spectra of a) PbCl,:3MAI and b) Pbla:MAI:MACI.

The EQE spectra of the PbCl2:3MAI and Pbl>:MAIL:MACI devices illuminated by monochromatic light are

shown in Figure 4.5a(iii) and Figure 4.5b(iii). The absorption onset in EQE is identical regardless of the
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change in precursor composition indicating no change in bandgap. The EQE peaks around 550 hm reaching
a maximum external quantum efficiency of ~70% and 80% for PbCl:3MAI and Pbl.:MAIL:MACI
respectively. In the blue (300-450 nm) and the near-IR (650-800 nm) the spectral response is substantially
smaller leading to a significant photocurrent reduction. This loss can be attributed to parasitic absorption in
the ITO and PEDOT:PSS layer as well as the poor reflectance of the metal back electrode (aluminum). The
integrated short circuit currents based on EQE were 14.25 and 17.83 mA/cm? which were well matched
with the Jsc from the solar simulators, Table 4.2. Power conversion efficiencies of 8.2 and 12.3% were
obtained for the PbCl,:3MAI and Pbl2:MAI:MACI devices respectively. Hysteresis effects during current-
voltage measurements have been reported for perovskite solar cells. Figure 4.6 shows the hysteresis
behavior at 20 mV/s. The hysteresis in MAPDIs..Cly solar cells is clearly sensitive to the precursors utilized
for the perovskite growth as it is negligible in Pbl:MAI:MACI solar cells in comparison to PbCl,:3MAI as
exhibited in Figure 4.6.
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—e— Reverse scan o —e— Reverse scan
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Figure 4.6: Scan rate- and direction-dependent forward and reverse J-V scans of a) PbCl,:3MAI and b)
Pblo:MAIL:MACI solar cells.

The differences in the hysteretic behaviour that we observed may also be a consequence of differences
perovskite film morphology as shown in Figure 4.3. The defects and crystal grain boundaries of the
PbCl2:3MAI perovskite crystallites act as traps of carriers which would aggravate the charge recombination.
The hysteresis effect, which causes the inaccuracy in evaluating cell efficiency has been reported to be [50-
53] related to the crystallinity and interfaces of the perovskite in agreement with our observations. Since
our aim was to fabricate low-temperature solution-processable perovskite solar cells in air, the following
studies were carried out on MAPDI3..Clx (Pbl.:MAI:MACI) solar cells which are stable for processing under

ambient conditions.
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4.3.3 MAPDbI;3.Clx perovskite layer morphology
4.3.3.1 Scanning electron microscopy (SEM)

The ITO/PEDOT:PSS/MAPbI;.<Cl./PCBM/AI planar solar cells employed in this work are effectively a
distributed heterojunction. Indium tin oxide (ITO) has good moisture barrier properties, prevents the egress
of the methylammonium iodide and has been reported to greatly slow down or completely prevent some
degradation mechanisms in perovskite devices [54]. A layer of conducting polymer, PEDOT:PSS forms
the oxide-free and low-temperature processable hole-transport material. PEDOT:PSS has high
transparency, high conductivity and appropriate energy levels making it a suitable transparent electrode for
various photovoltaic applications [55]. In comparison to metal oxides, the fullerene (Cgo) employed in our
device as the electron transport material does not require high-temperature treatment and thus opens the
possibility of low-temperature processing on flexible substrates [36,56]. Moreover, the fullerene layer can
passivate the charge trap states, which leads to hysteresis-less, high power conversion efficiencies for lead-
based perovskite solar cells with p-i-n architectures—[57,58]. A typical cross-sectional MAPDI;.<Clx

perovskite solar cell SEM image is shown-in-Figure-4.7.

— PEDOT:PSS

~ —ITO

— Glass

Figure 4.7: Cross-sectional SEM image of solution processed MAPbDIs«Clx planar heterojunction

perovskite solar cell.

89

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



CHAPTER 4

In Figure 4.7, distinct layers with different features and contrast are exhibited, confirming that the
fabricated devices indeed have a planar heterojunction architecture where the perovskite absorber layer is
well implemented into the device with intimate contact to adjacent layers. Film thicknesses from Figure

4.7 were in good agreement with the thicknesses measured using a surface profilometer.
4.3.3.2 X-ray diffraction spectroscopy (XRD)

To probe the influence of PEDOT:PSS on the MAPbI3«Cly structure, X-ray diffraction spectroscopy (XRD)
measurements were carried out. MAPDbI3.«Clx perovskite films were spin-coated on Glass/ITO/ PEDOT:PSS
substrates. Figure 4.8 presents the XRD pattern of the MAPbI;.«Clx film deposited on substrates.
Characteristic perovskite diffraction peaks at about 15.4°, 29.5° and 43.4° can be assigned to (110), (220)
and (330) planes of crystalline MAPbI3«Cly, respectively.
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Figure 4.8: X-ray diffraction (XRD) spectrum of a CH3zNH3Pblz..Cly film prepared by spin-coating of the
precursor solution on a Glass/ITO/PEDOT:PSS substrate and annealing at 110°C.

X-ray diffraction evidences the formation of a tetragonal perovskite phase [59] in agreement with

previously reported XRD data [15,50,60]. According to Liu et al., [15] there is often a tiny signature peak
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at 12.65°, corresponding to a low-level impurity of Pbl,. The absence of the aforementioned peak, indicating
no secondary phase, in the present perovskite film suggests complete consumption of Pbl; via solution-

processing.
4.3.4 Effect of charge transport material on device performance

Generally, hole selective and electron selective layers are used between the perovskite layer and the
electrodes, not only to extract the charges selectively, but also to maximize the photovoltaic performance
of the solar cells [61,62]. In this we investigate the effect of the hole-and electron-transport materials on

perovskite film morphology and device performance.

4.3.4.1. Effect of additives in hole transport material on perovskite morphology and photovoltaic

performance

A different approach to ensure the formation of homogeneous films is the use of additives in the spin-
coating solution that affect the crystallization and formation of the perovskite layer. In this work the hole
transport material, PEDOT:PSS, will-be-employed as an“alternative-to spiro-OMeTAD. The effect of
additives, DMSO and Zonyl, in PEDOT:PSS-composition-is-investigated and the results are shown in
Figure 4.9 and Figure 4.10. The quality of the resultant perovskite films strongly correlates with the content
of DMSO added to the PEDOT:PSS as is apparent from the diascapic (transmitted) illumination optical

microscopy images, Figure 4.9 and scanning-electron-microscopy-images, Figure 4.10.
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Figure 4.9: Diascopic illumination optical microscopy images of additives in PEDOT:PSS of MAPDI3.xClx
on a) Glass/ITO and on PEDOT:PSS (Clevios 1000). processed with (b) 0% DMSO, 0% Zonyl® FS-300;
(c) 0% DMSO, 0.7% Zonyl® FS-300; (d) 2.5% v/v DMSO, 0.7% Zonyl® FS-300; (e) 5% v/v DMSO, 0%
Zonyl® FS-300; (f) 5% v/iv DMSO, 0.7% Zonyl® FS-300; (g) 10% v/v DMSO, 0.7% Zonyl® FS-300; (h)
20% v/v DMSO, 0.7% Zonyl® FS-300.

Figure 4.9 shows that unfavourable interactions between the substrate (Glass/ITO or
Glass/ITO/PEDOT:PSS) and the perovskite precursor mixture can lead to the formation of non-uniform
films with pinholes and low substrate area coverage. Perovskite layers processed on either Glass/ITO or on
neat PEDOT:PSS show many defects in the form of pinholes (Figures 4.9a and b). The addition of DMSO
and/or Zonyl reduces the number and size of these defects in the perovskite films (Figure 4.9c-e). By using
both additives and adding >5% DMSO continuous layers of uniform pinhole-free polycrystalline films are
formed (Figure 4.9 f-h). The corresponding SEM images showing a profound effect of additives on the

morphology of the perovskite thin films are shown in Figure 4.10.
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Figure 4.10: SEM images of additives PEDOT:F

D

5S MAPRDI;Clx on a) Glass/ITO and on

PEDOT:PSS (Clevios 1000) proces th (b) ¢ SO, 0% Zohyl® FS-300; (c) 0% DMSO, 0.7%

Zonyl® FS-300; (d) 2.5% viv DMsoU)ﬂ/o[zanl Iisﬁpo[(? 5% V’g DMSO, 0% Zonyl® FS-300; (f) 5%

viv DMSO, 0.7% Zonyl® FS-300; (g) 10% v/v DMSO, 0.7% Zohyl FS-300; (h) 20% viv DMSO, 0.7%
Zonyl® FS-300 1""; ],a h ] i“. R 7\! (_4 .\. ]1 l...

Figure 4.9 and Figure 4.10 prove that additives can participate in the perovskite formation and play a role
in modulating the dynamics of perovskite crystal growth. To highlight the relevance of our study of the
effect of additives on perovskite morphology to solar cell operation, we correlated our findings with the
performance of the matching devices. The discontinuous films with micrometer-sized pinholes between
island-like perovskite clusters because of the de-wetting of the precursor solution from the substrate, Figure
4.10(a-c), leads to shunting via direct contact between the n- and p-type layers and consequently reduce the
device performance, Figure 4.11 and Table 4.3.
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Figure 4.11: J-V characteristics of effect of additives in PEDOT:PSS on of MAPbI;.«Clx solar cells under
AM1.5G illumination.

The defects and crystal grain boundaries of the perovskite crystallites in Figure 4.10a-e act as traps of
carriers which aggravate the charge recombination. Larger homogeneous grains result in fewer grain
boundaries and thus fewer trap states and recombination centers [63]. The presence of DMSO in the
conductive film aid in the nucleation of the perovskite crystallites, leading to the formation of a pinhole-
free perovskite layer. Figure 4.11 shows that elimination of heterogeneity in perovskite films is crucial to

maximizing device performance.
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Table 4.3: The effect of PEDOT:PSS additives on the photovoltaic performance of MAPbI;.Cly perovskite
solar cells.

Substrate DMSO | Zonyl Voc Jsc FF PCE
Qo Vi) | (%o viv) | (V) (mA/cm?) (%)
Glass/ITO - - - - - -
Glass/ITO/PEDOT:PSS 0 0 0.914 14.23 0.51 6.6
Glass/ITO/PEDOT:PSS 0 0.7 0.915 14.59 0.54 7.2
Glass/ITO/PEDOT:PSS | 2.5 0.7 0.920 14.91 0.59 8.5
Glass/ITO/PEDOT:PSS |5 0 0.923 15.28 0.65 9.1
Glass/ITO/PEDOT:PSS 5 0.7 0.939 17.88 0.76 12.8
Glass/ITO/PEDOT:PSS 10 0.7 0.931 16.57 0.71 10.9
Glass/ITO/PEDOT:PSS | 20 0.7 0.948 16.86 0.73 115

The correlation of data in Figure 4.9-and-Figure 4.10 to device performance parameters, Table 4.3, shows
that highly ordered perovskite crystals—lead-to-higher short-circuit currents on average, and more
reproducible devices. The full surface coverage of the films provides more absorption to contribute to the
high Jsc. Upon doping with additives, PEDOT]:PSS conductivity increases, and the overall performance of

the device improves, especially the fill factor and- Js.:

The role of the additives DMSO and Zonyl jis still not fully understood and is currently under investigation.
DMSO acts as a solvent of perovskite precursors and mediates the nucleation and crystallization at the
PEDOT:PSS and Zonyl is often used to improve the wettability of the PEDOT:PSS dispersion on
hydrophobic substrates [64]. Savagatrup et al., [65] reported that the mechanical properties and the surface
nano-morphology of PEDOT:PSS layers can be altered by DMSO and Zonyl additives. Though the role of
additives is still not fully understood, this study supports the logical conclusion that maximizing surface

coverage by incorporating additives is a successful strategy to maximize device performance.
4.3.4.2. Effect of electron transport material on perovskite photovoltaic performance

Critical to achieving high efficiency devices in high yield is the subsequent deposition of a conformal and
chemically inert electron-transporting material to complement the underlying PEDOT:PSS. In this work,
we optimized the photovoltaic performance of planar heterojunction MAPDI;..Cly perovskite solar cells
using three different solution-processed electron transporter materials, PCBM, bis-PCBM and PTCDI. As
electron transport materials, other than Ceo, many kinds of perylene tetracarboxylic diimide (PTCDI) have

been used due to their n-type property and the tenability of their electronic and optical properties by
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functionalization [66,67]. PTCDI is a low-cost commercial pigment, highly resistant to
degradation/bleaching and supports electron transport [66,67]. The energy level alignment diagrams and

the J-V characteristics of the respective devices are shown in Figure 4.12 and Figure 4.13.

a
(a) 30V (b) 3.0 eV 39V
3.75 eV 3.75 eV Al
Al ITO |PEDOT:PSS
ITO |PEDOT:PSS T3V : MAPbL,_Cl PTCDI | 4.3 eV
— MAPBI, Cl, 43 eV 170V 3xCl
. e
5.2eV
¢ 5.30 ¢V
52eV
5.30 eV 60V
(©) (d) 3.0eV
3.0 CV 3.75 eV 3.8 EV
3.75eV 43¢V Al Al
g ITO |PEDOT:PSS
ITO |PEDOT:PSS —_— : y bis-PCBM | 4.3 eV
T MAPbI, ,Cl, 43eV 4.7 eV MAPDL,..Cl,
-1e PCBM 52 eV
52 eV ¢ 5.30 eV
5.30 eV
6.0 eV 6.1eV

Figure 4.12: Schematic of energy level alignment for different materials acting as electron transport layers
in perovskite MAPDI;..Cly solar cells: @) MAPbI;Cly b) PTCDI [67] ¢) PCBM and d) bis-PCBM [68].

Figure 4.12 shows that the three materials all possess deep highest occupied molecular orbital (HOMO)
levels, which is anticipated to results in effective hole-blocking and hence optimal photovoltaic
performance. The short-circuit current density (Js), open-circuit voltage (Voc), fill factor (FF) and power
conversion efficiency (PCE) and the corresponding EQE spectra are shown in Figure 4.13. All devices
with PCBM, bis-PCBM or PTCDI as electron transport layers show typical photovoltaic behavior, Figure
4.13 and the photovoltaic performance metrics are tabulated in Table 4.1.
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Figure 4.13: J-V characteristics of MAPbI3Clx devices employing PCBM, bis-PCBM and PTCDI as
electron transport materials (a) and their corresponding EQE spectra (b).

Table 4.4: Performance parameters of perovskite solar.cells with different electron transport materials.

Device structure Vo (V)| Jsc FF PCE
(mA/cm?) (%)
Glass/ITO/PEDOT:PSS/ MAPbI;.Clx/Al 0:25 0.29 0.31 0.02
Glass/ITO/PEDOT:PSS/MAPDI;.Cly/bis-PCBM/AI 0.934 10.67 0.48 6.0
Glass/ITO/PEDOT:PSS/MAPDI;.xCL/PTCDIAI 0.897 14.43 0.65 8.4
Glass/ITO/PEDOT:PSS/MAPDbI3.Cl,/PCBM/AI 0.940 17.92 0.76 12.8

The photovoltaic performance of the solar cells employing the different electron transport materials
decreases in the order, PCBM>PTCDI>bis-PCBM because of significantly improved Jsc and FF, Figure
4.12a. This is corroborated with the EQE data showing a gradual decrease in intensity, Figure 4.12b.
Figure 4.12 and Figure 4.13 show that ITO/PEDOT:PSS/MAPDIz.xCl,/PCBM/AI results in overall better
energy alignment with the perovskite conduction band than both bis-PCBM and PTCDI resulting in the
highest device efficiency. In organic/polymer solar cells, it has been reported that in comparison to mono-
adducts, bis-adducts can afford higher Vo, Jsc and FF due to their higher LUMO levels [69-71].

No enhancement of photovoltaic parameters was observed in our work as shown in Table 4.4, instead the
opposite effect was observed. Devices employing bis-PCBM mainly suffer from low FF. This is attributed
to incomplete coverage of the perovskite layer hence the electrode layer, Al, will be in direct contact with
the perovskite absorber layer resulting in poor photovoltaic performance. Kaltenbrunner et al., [56] reported

efficient planar heterojunction MAPDI3..Clx solar cells using PTCDI as an electron transporting material.
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However vacuum sublimation was used for PTCDI deposition unlike spin-coating that was used in this

work. Vacuum depositions are incompatible with low manufacturing costs.

To determine the feasibility of PCBM as an electron acceptor in our planar heterojunction architecture, we
compared MAPDI;..Cly perovskite devices with and without PCBM where the MAPDI3.xClx perovskite acts
as not only the photoactive absorber layer but also the electron transport material. In the absence of PCBM,
the ITO/PEDOT:PSS/ MAPbI3Cly /Al device does not exhibit any meaningful power that could be
extracted from the fourth quadrant of the light current density-voltage curve, Figure 4.13. The fact that
there is no significant photovoltaic performance observable in ITO/PEDOT:PSS/MAPbIzxCl/Al devices
despite the reported ambipolar characteristics of organic-inorganic halide perovskites and their use as n-
transporters [1,72,73] suggest that the PEDOT:PSS/MAPbI;.«Cly interface is less efficacious in promoting
exciton dissociation and charge transfer, correlating with the energy misalignment of the electronic levels
of the device components, Figure 4.12, being unfavourable for both charge transport and collection. The
lack of efficient exciton dissociation interfaces in the ITO/PEDOT:PSS/ MAPbI;.«Clx /Al compared to the
other devices is mainly responsible for.the remarkable-difference-in.device performance of the four types
of devices presented in Figure 4.13. It is worth mentioning that the PCBM layer thickness is very critical

for achieving high performance.
4.3.5 Perovskite solar cell stability

For practical applications, not only the power conversion-efficiency but also the stability and lifetime of the
photovoltaic device is of importance. The environmental stability,of perovskite solar cells is mainly affected
by the intrinsic instabilities of the perovskite absorber,.as well extrinsic factors which degrade the device
as a whole and remains a key challenge to the commercialization of perovskite solar cells. The stability of
unencapsulated MAPbI; and MAPDbI;.«Clyx solar cells under inert conditions in a nitrogen-filled glovebox
was monitored for 6 months and the J-V performance parameters are shown in Figure 4.14 and tabulated
in Table 4.5 and Table 4.6.
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Figure 4.14: J-V response and photovoltaic performance parameters for typical freshly-prepared and aged
(2) MAPbDI; and (b) MAPDI;.<Clx perovskite solar cells under simulated AM 1.5G in an inert atmosphere.

In comparison to MAPbIs, Figure 4.14a and Table 4.5;-MAPbIl;«Cly devices, Figure 4.14b and Table 4.6,
show high performance metrics and enhanced stability under inert.conditions. This stability is attributed to
doping with chloride ions in the crystal-structure.-After-6-months, the MAPbI; device retained 33% of its
original power conversion efficiency whereas the MAPbI;.«Cly device retained 50% due to a reduction in
both Jsc and FF because of oxidation, Table 4.5 and Table 4.6. This is indicative of the hygroscopic nature
of PEDOT:PSS which degrades the ITO electrode and decomposes the perovskite absorber layer. It is
interesting that the Vo is not too much.influenced by theydegradation, while the reduced Jsc and FF are

affecting the final performance much more in both MAPbI; and MAPbI;.«Clx devices.

Table 4.5: J-V performance parameters of aged MAPbI; devices under one sun illumination (100 mW/cm?,
AM 1.5G).

MAPDbI; age (months) Voc Jsc FF PCE
V) (mA/cm?) (%)
0 (freshly-made) 0.978 15.74 0.68 10.5
1 0.974 15.29 062 |93
2 0.974 14.92 0.57 8.3
3 0.977 14.44 0.50 7.1

The perovskite is susceptible to moisture ingress [73,74], methylammonium iodide egress [75], and
corrosion of metal electrodes by reaction with halides in the perovskite. Early work performed on stabilizing

the perovskite, included the use of a pinhole-free metal oxide layer to prevent metal-halide interaction [76].
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The formation of defect-free polycrystalline MAPbI;«Cly perovskite films is a possible cause of the

enhanced stability observed in MAPbI;.«Clx devices.

Solar cells with Al in direct contact with the n-type buffer layer, PCBM, degraded immediately on exposure
to ambient atmosphere. The ingress of H2O into the perovskite film results in the perovskite crystal structure
degrading with immediate hydrated phases forming, culminating in the reformation of Pbl, [77,78].
Generation of HI, followed by formation of iodide/iodide, has been suggested as the primary root of
degradation [79].

Conclusion

In summary, it was demonstrated that every aspect of the perovskite device fabrication process, such as the
thermal annealing step, the precursor composition, addition of certain chemicals that aid the film formation
and the substrate have a critical influence on the perovskite crystallization rate and therefore the
morphology of the resulting perovskite layer. Given the correlation between improved device performance
and perovskite grain size, micrometerssized grains seem to be an-important morphological feature for high
efficiency perovskite solar cells. Besides--homogeneous morphology of the perovskite layer, high
performance perovskite solar cells were achieved by exclusively using an electron transport layer and a
hole transport layer which are critically necessary for photovoltaic performance because of their
energetically favourable contact of the front and back electrode to-promote effective carrier separation and
charge recombination reduction. It was shown that perovskite photovoltaic performance is clearly sensitive
to the choice of fullerene and replacing PCBM- with another Ceo-based. or non-PCBM fullerene decreases
device efficiency. In contrast to the single halide, MAPDIs, the high photovoltaic performances in the
mixed-halide MAPbI;.«Cly, are achieved via the formation of optimum perovskite film morphology that
contains highly crystalline perovskite domains. The polymer crystallinity and thus excellent hole transport
ability combined with sufficiently pure domains, are the main reasons why exhibit MAPbI;.«Clx superior
performance. It was therefore concluded that maximizing perovskite film surface coverage proves to be a

successful strategy to maximize device performance.
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CHAPTER 5

WIDE-BANDGAP SOLUTION PROCESSED MIXED-HALIDE METHYLAMMONIUM LEAD
IODIDE-BROMIDE PEROVSKITE SOLAR CELLS

Abstract

We report the optical and electronic properties of wide bandgap planar heterojunction mixed-halide
MAPDI;Bry (0 < x < 3) perovskite solar cells fabricated by a one-step solution deposition technique as
promising low-cost alternatives for application in tandem or multi-junction photovoltaics. The
morphologies of MAPDIs.Bry (x = 1) and MAPDbBrs perovskite materials are characterized and the
differences in their photoluminescence behaviour are demonstrated. Temperature-dependent
photoluminescence properties of the MAPDIs.«Bry perovskites films were studied by using steady-state
photoluminescence. It was found that photoluminescence intensities of MAPDIs..Bry (x = 1) decreased
gradually with increasing temperature, while those of MAPbBTr; dropped rapidly and were almost quenched
at 293 K. The methylammonium lead trihalide perovskites-exhibited thermal quenching in the temperature
range 77-293 K. Exciton binding energies extracted from the temperature dependence of the free exciton
peak intensity were 61 and 103--meV- respectively.We. show that chemical modification of
methylammonium lead iodide perovskites by substitution of iodide with bromide can tune the bandgaps to
range between 1.5 and 2.3 eV resulting in colour variation and perovskite power conversion efficiency
modulation. A maximum overall power conversion efficiency of 3.2% under AM 1.5G, 100 mW/cm?

illumination was achieved with the aptimized mixed-halide cell.
5.1 Introduction

Recently the power conversion efficiency (PCE) of lead halide perovskite-based thin film photovoltaic
devices has skyrocketed from 3.8% to a certified 22.1% record efficiency [1-4]. Perovskite absorber
materials have proven to be versatile materials for incorporation into highly efficient low-cost solar cells
due to their simplified device architecture, low-temperature processing, the variety of processing techniques
(e.g. spin-coating, dip-coating, vapour deposition etc.) and the availability of many other metal and organic

salts that could form a perovskite structure [5-9].

One attractive attribute of hybrid perovskites as photovoltaic absorbers is the ability to tune their optical
and electronic properties by changes in the chemical composition (changes in the alkyl group, metal atom
and/or halide) [10-14]. Since Kojima et al., [1] reported solution-processable organic-inorganic hybrid
perovskite-sensitized solar cells, perovskite solar cells based on solid-state single- and mixed-halides have

been demonstrated [9,13-17]. The most extensively studied single-halide methylammonium lead triiodide,

104

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



CHAPTER S

MAPDI; perovskites with a reported bandgap of 1.5 eV have never reached efficiencies larger than 20%

despite the numerous attempts made since the early days of research in the field [1,6,13-17].

A key target for the photovoltaics community has been to find a wider-bandgap highly efficient ‘top cell’
to enable the next step in improving the performance of crystalline silicon and existing second-generation
thin-film solar cells. Previous reports have demonstrated that large bandgap perovskite solar cells can serve
as efficient top sub-cells in high-performance tandem solar cells with crystalline silicon (1.12 eV) employed
as the bottom sub-cell [18-20].

As a consequence of the possibility to tune bandgap, high voltage mesoscopic MAPbBr; perovskite solar
cells were demonstrated with open circuit voltages (Vo) of 1.15 V [21], 1.3 V [11], 1.4 V [22] and 1.5V
[23] using poly[N-9-heptadecanyl-2,7-carbazole-alt-3,6-bis-(thiophen-5-yl)-2,5-dihydropyrrolo[3,4-
]pyrrole-1,4-dione] (PCBTDPP), N,N-dialkyl perylenediimide (PDI) and poly(indenofluoren-8-
triarylamine) (PIF8-TAA) as hole transport materials respectively. Edri et al., reported a 1.5 V mixed-halide
CH3NH3PbBrs.«Cly using 4'-bis(N-carbazolyl-)-1,1-biphenyl (CBP) as the hole conductor [24]. Recently
1.5 V formamidinium (FA) lead tribromide-FAPbBrs-was-reported by Arora et al., using fluorene-
dithiophene derivatives as hole-transporting materials [25]. Photovoltaic devices containing MAPbIs.«Bry
have demonstrated power conversion efficiencies of 4-16% for a wide range of halide ratios [26-30]. Using
a one-step deposition technique, Seok et al. showed colourful, efficient perovskite solar cells using different
Br concentrations in the perovskite achieving-PCE of-12.3% using-poly(triarylamine) (PTAA) as the hole
conductor [27].

Solar cells that use only the high-energy. part of the solar spectrum and yield high open-circuit voltage are
needed to make more efficient use of the high-energy part of the solar spectrum and can serve as the front
cell in tandem cells or in a general spectral splitting system. Currently, GalnP photovoltaic devices are used
as top cell in inorganic tandem systems, with Vo ~1.45 V [31].

However, these devices are expensive, and therefore, although they increase the overall efficiency of a
tandem system, they also increase the cost per watt. A low-cost way for possible large scale cell fabrication

is through low temperature solution methods.

In this work, we combine two important properties of the perovskite absorbers, low-cost solution
processability and perovskite bandgap tunability by incorporating bromide into planar heterojunction
ITO/PEDOT:PSS/MAPDI:/PCBM/AI solar cells with the aim to produce high voltage solar cells. We
examine the optical properties of MAPbIzxBry (0 < x < 3) with a focus on only the high voltage MAPbI3.
xBrx (x > 1) and MAPbBr3, to understand the effect of iodide-bromide composition on perovskite

morphology and photovoltaic device performance. Solution deposition was conducted by directly
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depositing different molar ratios of Pbl,, MAI and MABTr to form MAPDbI;«Brx (0 < x < 1) and depositing
equimolar ratios of PbBr, and MABr to form MAPDbBr; in DMF solution onto either glass or
Glass/ITO/PEDOT:PSS substrates to fabricate the perovskite absorber layer. We found that bandgap tuning
of MAPDI; can be achieved via substitution of iodide with bromide ions and chemical modification can
tune the bandgaps to range between 1.5 and 2.3 eV resulting in colour variation and perovskite power
conversion efficiency modulation. Temperature-dependent photoluminescence spectra were measured from
77 to 293 K to explain exciton-related photoluminescence recombination. Optical bandgap values and
exciton binding energies of MAPbI;.Bry (x = 1) and MAPDBTr; are discussed. We show that by harnessing
MAPDI;..Bry perovskites, an avenue for high open-circuit voltage solar cells can be opened.

5.2 Experimental
5.2.1 Materials

Chemicals and solvents were used as received from commercial suppliers, if not stated otherwise. Pre-
patterned indium doped tin oxide (ITO) coated glass (15 ohm/em?), Pbl, (99.9%, Sigma Aldrich), PbBr;
(99.9%, Sigma Aldrich), dimethylformamide  (DMF, -anhydrous, Sigma Aldrich), poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) Clevios PH 1000 and Clevios PVP (Al
4083), Zonyl®FS-300 fluorosurfactant (40% in H;O, Fluka), dimethyl sulfoxide (DMSO, AnalR, VWR
Chemicals), [6,6]-phenyl-Ce:-butyric acid methyl ester (PCBM; SolenneBYV), chlorobenzene (GPR, VWR
Chemicals) chloroform (AnalR, "VWR—Chemicals), and —isopropanol (AnalR, Fisher Chemicals),
methylamine (in absolute ethanol, 33 wt%), diethyl-ether, hydroiodic acid (aqueous, 57 wt %) and ethanol
(absolute), respectively were used. Methylammonium iodide ,(CHsNHszl/MAI) and methylammonium

bromide (CH3NH3Br/MABTr) were synthesized according to a reported literature procedure [9].

5.2.2 Perovskite precursor solutions

Experimental analysis was done using methylammonium lead tribromide, MAPDbBr3; formed from 40 wt%
equimolar solution of PbBr, and MABr. Mixed halide MAPDIs..Brx composed of equimolar ratios of Pbl
and MAI with varying molar ratios of MABr3 (x). Mixed halide perovskite solutions of 40 wt% 1:1:0.25,
1:1:0.5, 1:1:0.75 and 1:1:1 were prepared in DMF. The solutions were then filtered with a 0.45 pm PTFE
filter. The final stoichiometry of the perovskites in terms of bromide or iodide/bromide content was not
evaluated. The range of precursor stoichiometries was designed to elucidate the role of Br-. Precursor
solutions 1:1 MABTr:PbBr; and 1:1:1 Pbl:MAL:MABYr represented as MAPDIs.«Bry (x = 1) were employed
for further study.
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Perovskite solar cells were fabricated and characterized as described in Chapter 3. Photoluminescence and
electroluminescence spectra of various devices were measured using a Shamrock SR-303i monochromator
and an Andor iDus Si-CCD. Samples were excited at 473 nm (5 mW) using a solid-state laser or a
supercontinuum light source (NKT EXB6) connected to a VIS-NIR SuperK Select Box. A set of long-pass

filters was used to avoid any distortion of the recorded spectra by the laser light.
5.3 Results and discussion
5.3.1 Device structure

To achieve a high-open circuit voltage in a solar cell, it is necessary to combine a suitable energy band
structure of the constituent materials with good charge transfer kinetics. Figure 5.1 depicts the schematic
energy diagrams of MAPDbIz..Bry (x = 1) (Figure 5.1a) and MAPbBr; (Figure 5.1b) perovskite solar cells.

(a)
3.0eV (b) 306V
3.7eV 3.3eV
4.3 eV Al
ITO |PEDOT:PSS . 13 ey 110 |pEpOT:PSS 43evV Al
4.7 eV PCBM MAPDBTI; 4.3 eV
5.2 ¢V FEEY PCBM
54 eV 52 eV
5.6 eV
6.0 eV

6.0 eV

Figure 5.1: Schematics diagrams of approximate energy level alignment in a) MAPbIs.Bry (x = 1) and b)
MAPDBFr3; perovskite solar cells [27,32]

Upon illumination, the perovskite absorbs the light and generates electron-hole pairs. The electrons are
injected into PCBM and simultaneously the holes are transported to PEDOT:PSS and/or the counter
electrode through the perovskite itself [15,33].

Figure 5.1a shows that the valence band maximum (VBM) and conduction band minimum (CBM) of
MAPDI;Bry (x = 1) are 5.4 and 3.7 eV respectively and the highest occupied molecular orbital (HOMO)
of PEDOT:PSS is 5.2 eV. In comparison to MAPbBT3;, Figure 5.1b, the favourable alignment between the
conduction band minimum of the PCBM and the HOMO of PEDOT:PSS with the conduction band
minimum and the valence band maximum of MAPDbIs.xBry (x = 1) allows for efficient extraction of
photogenerated carriers without inducing excessive interface recombination. The PEDOT:PSS HOMO-
LUMO states align relatively poorly with the PboMABTr3; valence and conduction band edges limiting its

efficacy as a selective contact for holes.
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5.3.2 Perovskite film morphology

The surface morphology of the perovskite films was examined using diascopic illumination optical
microscopy and scanning electron microscopy (SEM). Figure 5.2 shows the morphological differences
between MAPbDIz.xBrx (x = 1) (Figure 5.2a) and MAPbBTr3 (Figure 5.2b) perovskite films.
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Figure 5.2: Diascopic illumination optical microscopy images on (i) glass and on (ii)
glass/ITO/PEDOT:PSS and (iii) SEM images of a) MAPbIz.xBry (x = 1) and b) MAPbBTr3 perovskite films
on glass/ITO/PEDOT:PSS.
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Both perovskite compositions form films with pinholes and inhomogeneous perovskite film coverage on
glass substrates, Figure 5.2a(i) and Figure 5.2b(i) due to unfavourable interactions between the perovskite
solution and the glass substrate. Better wetting of MAPbIs;«Brx perovskite precursor solution on the
PEDOT:PSS layer, Figure 5.2a(ii) and Figure 5.2a(iii) leads to a uniform active layer with relatively
complete surface coverage in comparison to MAPbBr; which forms a heterogeneous perovskite layer of
cuboid-like structures, Figure 5.2b(ii) and Figure 5.2b(iii). The growth of mixed-halide iodide-bromide
perovskite crystals from a precursor solution tends to be more rapid with increasing bromide content
therefore further enhancement in the nucleation rate is necessary for effective decoupling of the nucleation
and crystal-growth stages in bromide-rich perovskites, Figure 2b.

5.3.3 Absorbance and photoluminescence spectroscopy

To check for variation of the optical properties in the hybrid MAPbI;.xBry (0 < x < 3), we measured the UV-
Vis absorption and photoluminescence spectra of representative perovskite samples on glass. The
absorbance and normalized photoluminescence spectraof MAPDI3..Bry (0 <x < 3) and MAPbBrsare shown

900

in Figure 5.3.
increasing Br content
a) 80 —x=3 TIPTIN x=3
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Figure 5.3: a) Absorbance and b) photoluminescence spectra of MAPDIs..Bry films with different x values
and c) Photographs of MAPDbI3..Bry devices from x = 0 to x = 3 (left to right)
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Figure 5.3a shows a continuous blue-shift of absorbance spectra upon increasing bromide content. The
different absorption ranges observed in Figure 5.3a can be ascribed to the variation of the energy bandgap
of those semiconductors arising from the Br-replacement induced structural modification [27] and a strong
dependence on the effective exciton mass [34]. It was observed that the absorption of MAPbIsBrx (x <0.3)
extended throughout the UV-Visible region with an absorption onset at ~790 nm whereas MAPbBr; shows
coverage until 550 nm wavelength. Figure 5.3a shows that the bandgap of MAPbI;.«Brxcan be continuously
tuned over the range 1.6-2.3 eV [27] making these materials suitable for single-junction solar cells and for
the larger bandgap absorber of tandem solar cells. Our findings are consistent with previous and current
reports [35]. The photoluminescence spectra also continuously blue-shift upon increasing bromide content,
Figure 5.3b. Photoluminescence peaks correspond well to the absorption onsets, suggesting the observed
photoluminescence is predominantly from the band gap rather than trap or sub-band states [36].
Photoexcitation in MAPDIz.xBrx with x < 0.3 induces halide migration resulting in lower-bandgap, iodide-
rich domains that pin the photoluminescence-at-a-lower-energy compared to MAPbBr;[35]. Through the
compositional control of MAPDI3.xBrxthe perovskite filmcolour could be tuned from dark brown MAPDI;
(x <0.3) to brown/red MAPDI;5.4Bry (0.4-<x-<-1)and.then-to yellow-MAPbBr3; (x = 3), Figure 5.3c. This in
turn makes these materials very attractive in the lighting sector where access to a wide colour range is

essential.

5.3.4 Photoluminescence quenching

There is charge transfer from the MAPRbI3Br« (X = 1) perovskite to PEDOT:PSS or to PCBM at the interface
shown as photoluminescence quenching in Figure 5.4. This quenching is indicative of an efficient exciton
diffusion in the perovskite to the dissociating interface, followed by an efficient electron transfer to the
fullerene phase. The observed peak shift on introduction of PCBM is attributed to donor-acceptor

transitions.
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Figure 5.4: Photoluminescence quenching in MAPDIzBry (x = 1) perovskite films.

5.3.5 Temperature-dependent photoluminescence spectroscopy

Temperature-dependent photoluminescence spectroscopy was employed to give more information to
explicate the exciton-related emission. Figure 5.5 shows the photoluminescence spectra of MAPbI;.xBry (x
= 1) and MAPDbBr; perovskite films at temperatures ranging from 77 to 293 K. As seen in Figure 5.5, both
materials exhibit a decrease in PL intensity with increasing temperature. The peak energies of MAPDI3«Brx
(x=1) film in Figure 5.5a shift to higher energy and the PL emission linewidths significantly increase with
increasing temperature. The PL peak energies of the MAPbBTr; film in Figure 5.5b are only weakly
temperature dependent, with no obvious shift and a limited reduction in linewidth. As seen in Figure 5.5b,
the PL intensities for the MAPbBTr3; perovskite dramatically decrease with increasing temperature indicating

thermal quenching of PL emission.
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Figure 5.5: Temperature-dependent photoluminescence spectra from 77 K to 293 K of a) MAPDbIs.«Bryx (X
= 1) and b) MAPDBTr3 perovskite films on glass.

The shifts in peak energy at various temperatures have been reported to be associated with phase transitions
commonly found in lead halide perovskites-[37-39], reverse-ordering of the band edge [40] or an interplay
between the electron-phonon renormalization [41]. The photoluminescence temperature dependence of
MAPDBT3, Figure 5.5b, has been reported to-originate from detrapping of carriers from shallow traps and/or

from retrapping of electron-hole pairs into exciton states [42].

The peak energies, PL intensities and-linewidths-of MAPbIzBr«(x =1) and MAPDBTr; films are shown in
Figure 5.6. Figure 5.6(i) shows that the bandgap almost linearly increases from 77 to 293 K. The peak
energies of emission of the MAPbI;Bry (x = 1) and MAPDBTr; films were found to be 1.69 and 2.28 eV
respectively as shown in Figure 5.6a(i) and'Figures'’5.6b(i). This linear bandgap change is similar to that
observed by Poglitsch et al., [41], Xing et al., [43] and Dai et al., [44].
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Figure 5.6: Fitted temperature-dependent photoluminescence parameters of a) MAPbIsBry and b)
MAPDBFr3; showing the parameters (i) peak energy, (ii) intensity and (iii) temperature-dependent of the full
width at half maximum (FWHM).

The PL intensities as a function of temperature shown in Figure 5.6(ii) were fitted by using the Arrhenius

equation [45,46], Equation 5.1:
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I(T) = —2

Ep

1+4e kBT

(5.1)

in which I is the intensity at 0 K, E the binding energy and kz the Boltzmann constant.

Exciton binding energies of 61.4 + 4.6 and 103.9 + 5.9 meV were obtained for MAPDbIsxBry (x = 1) and
MAPDBTr3 respectively. It was found that activation energy increases with bromide content. The higher
exciton binding energy for MAPbBEr3; is attributed to stronger electron-phonon coupling in the tribromide
perovskite than in the iodide-bromide perovskite [47]. Exciton binding energies ranging from 40-113 meV
have been reported for MAPbBTr; [42,44,48,49].

The exciton-phonon coupling of the MAPbI;.«Brx (x = 1) and MAPbBr; films were studied by measuring
the temperature dependence of photoluminescence linewidth broadening, Figure 5.6a(iii) and Figure
5.6b(iii). The temperature-dependent linewidth of photoluminescence emission is fitted using the

independent Boson model [50], Equation 5.2:

I'(T) =TIy + oT + —2 (5.2)

hwop
e kBT -1

in which I5 is the inhomogeneous broadening contribution, o and I, are the exciton-acoustic phonon
interaction and the exciton-optical phanon contribution to the linewidth broadening respectively, and haw,,

is the optical-phonon energy.

The inhomogeneous broadening contributions, Iy, for MAPbIs.«Brxand MAPbBr; were found to be 55.6 +
0.8 and 75.2 + 1.1 meV; the exciton-optical phonon contributions, ' 7, 82.4 £ 10.6 and 111.2 + 9.3 meV
and the optical-phonon energies, hw,,, 31.3 + 3.7 and 42.2 + 2.6 respectively.

Despite efforts on understanding the photophysical properties of perovskite materials, there are
contradicting opinions in literature regarding their emission properties. Several groups have employed
photoluminescence spectroscopy to study the relationship between excitons and free carriers in organolead
trihalide perovskites. In some steady-state photoluminescence studies, room temperature
photoluminescence was attributed to exciton recombination [45,51-53]. Recently, several groups have

attributed room temperature PL to free carrier recombination [54-57].

Based on the temperature dependence of PL emissions in MAPbBr; we suggest that these emissions result
from the recombination of excitons or localized excitons. Our experimental results in Figure 5.5 and Figure
5.6 indicate that further studies are needed to improve the thermal stability of MAPDbBr3; perovskites for

application in photovoltaics.
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5.3.6 Device characterization
5.3.6.1 MAPDIs..Bry and MAPDbBr3 photovoltaic characterization

Figure 5.7 shows the photocurrent density-voltage (J-V) curves of the MAPDI;.xBry perovskite devices
under standard AM 1.5G illumination at 100 mW/cm? (with a scan rate of 20 mV/s). The photovoltaic
parameters; open-circuit voltage (Voc), short-circuit current density (Js), fill factor (FF) and power
conversion efficiency (PCE) are tabulated in Table 5.1. We performed a scan direction test to check for
any hysteresis behavior. Both devices exhibited hysteresis in the J-V curves between forward (Jsc to Vi)
and reverse (Voc 10 Jsc) scans during the current-voltage measurements, Figure 5.7. A reduced anomalous
hysteresis in the current-voltage measurement is observed in perovskite solar cells based on MAPbI;.«Brx
(x = 1), Figure 5.7a, compared to MAPDbBr3;, Figure 5.7b, which we attribute to improved perovskite
morphology, Figure 5.2. The inhomogeneous MAPbBr; morphology causes leakage current and induced

recombination.
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Figure 5.7: Current-voltage curve of the perovskite solar cell, forward and reverse scan 20 mV/s showing

minimum hysteretic behavior of a) MAPbIs.«Bry (x = 1) and b) MAPbBr; perovskite solar cells.

Correlating observations in the absorbance spectra to photovoltaic performance, a change in bandgap in
Figure 5.3, is expected to result in an increase in Vo assuming no further energetic losses. In comparison
to MAPDI;xBry (x = 1), Figure 5.7a, increasing the bromide fraction further by going all the way to
MAPDBr; we observe a slight increase in V., Figure 5.7b. Current-voltage curves taken with increasing
voltage (forward scan) tends to exhibit lower currents at each voltage than a curve taken with decreasing

voltage (reverse scan) in Table 5.1.

115

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



CHAPTER S

Table 5.1: Photovoltaic parameters of measured from reverse (Voc t0 Jsc) and forward (Jsc to Voc) scans at

20 mV/s.
X Scan direction | Voc (V) Jsc (MA/cm?) FF PCE (%)
1 Voo —» Jsc 1.240 3.95 0.67 3.2
Jse —» Voc 1.220 3.79 0.65 3.0
3 Voo —» Jsc 1.244 1.767 0.71 1.6
Jsc —» Voc 1.199 1.524 0.59 11

The reduction of MAPDBTr3 Js is directly related to the blue-shift of absorption onset resulting in a short

light absorption range, while the improvement in Vo is attributed to the widening bandgap, as explained

previously. Relatively lower MAPDbBr; short-circuit current also indicates that the charge-collection

efficiency is low because J is proportional to the product of the charge-collection efficiency and the light

harvesting efficiency [58]. Contrary.to the-increase in MAPbIzxBrx Voe 0bserved with increasing bromide

content, several groups have reported a.decrease-in Ve, [28,29,35,59]

Figure 5.8 shows the current-voltage characteristics and external quantum efficiency (EQE) spectrum of

the best-preforming MAPbI;.«Bry (x = 1) solar cell.
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Figure 5.8: a) J-V characteristics, b) the corresponding semi-logarithmic current-voltage characteristics and
c) external quantum efficiency (EQE) spectra of MAPQIzBryx (x,=1)!

The best performing cell exhibited PCE of 3.2%, V. of 1:240V, Js of 3.95 mA/cm? and FF of 0.67, Figure
5.8a. The corresponding semi-logarithmic current-voltage characteristics are shown in Figure 5.8b and
they exhibit diodes with excellent rectification and low-reverse-bias dark currents. The EQE spectrum
reaches a peak value at ~550 nm with a gradual decrease from 600 nm, indicating a photocurrent loss due
to either insufficiency in the absorption of the perovskite layer, Figure 5.8c. Integration of the EQE
spectrum over the AM 1.5G solar emission spectrum yielded a short-circuit photocurrent density of 3.83
mA/cm? which is in good agreement with our J-V photocurrent. The shape of the EQE spectra, Figure 5.8c,
is in good agreement with the absorption spectra, Figure 5.3. The cell also exhibited scan rate- and

direction-dependent hysteresis shown in Figure 5.9.
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Figure 5.9: Scan rate and direction dependent forward-and reverse-J-V scans of ITO/PEDOT:PSS/ MAPDIs.
xBrx (x = 1)/PCBM/AI solar cell.

5.3.7 Electroluminescence spectroscopy

Figure 5.10 shows the EQE spectrum of a typical device on a logarithmic scale. The EQE decreases rapidly
below 1.5 eV suggesting that the number of photoactive states in the absorber band gap is very small. The
electroluminescence of the same device is also shown in Figure 5.10 with a narrow emission peaking at ~
1.7 eV.
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Figure 5.10: EQE spectrum measured into gap and electroluminescence spectrum of the same MAPDIs.

xBrx (x = 1) perovskite solar cell.

5.3.8 Statistical data analysis

To further check the reproducibility of device performance, Figure 5.11, show the statistical analysis

from 150 perovskite devices.
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Figure 5.11: Histograms of device parameters a) open-circuit voltage (Voc), b) short-circuit current (Js),
fill factor (FF) and power conversion efficiency (PCE) for 100 separate MAPDbIz«Brx (x = 1) devices.

The MAPbI;«Brx (x = 1) exhibit considerable reproducibility as indicated by the small standard deviation

values although the photovoltaic parameters did not show easily understandable trends.

At this stage factors influencing high voltage MAPDI5.Bry (x > 1) are still not readily understood. More
detailed physical and crystallographic studies pertaining to the compositional MAPbI;.«Bry perovskites

which are out of the scope of this work will need to be conducted.
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Conclusion

In summary, high open circuit voltage, wide bandgap solution processed mixed iodide-bromide perovskite
solar cells with the possible fabrication of colourful solar cells due to tunable bandgap were demonstrated.
The thermal stability of perovskite photoluminescence emissions was also studied using steady-state
temperature-dependent photoluminescence spectroscopy. Although the demonstrated device performance
lags performance of the state-of-the-art devices with similar architecture, findings highlight how perovskite
morphology can be controlled by precursor composition and minimizing the complexity of perovskite
device fabrication. Deeper insights into ion migration in iodide-bromide perovskites are desired for the
understanding of device working mechanism, the suppressing of J-V hysteresis and the enhancement of

photovoltaic performance.
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CHAPTER6
CONCLUSIONS

The work presented in this thesis has aimed to investigate the material-physical-chemical properties of
three-dimensional methylammonium lead halide perovskite materials with the ABXj5 structure. We present
a systematic study of the effect of halide ions (ClI, Br, I) in a one-step solution deposition approach on the
structural, optical and electronic properties of planar heterojunction perovskite solar cells. High efficiency
planar heterojunction perovskite solar cells, MAPblsYx (Y = I, Cl, Br), were fabricated using a low-

temperature processing technique for possible large-scale low-cost production and energy payback time.

The study of the single-halide (MAPbIz and MAPbBTr3) and mixed-halide (MAPDI3..Clxand MAPDI;..Bry)
perovskite composition, crystal structure and morphology has enabled an understanding of the formation
and degradation of low-temperature solution processed planar heterojunction solar cells. Perovskite
morphology was established by diascopic illumination microscopy, surface morphology SEM and surface
topography AFM and correlated with photovoltaic performance. Photovoltaic performance was found to be
strongly dependent on perovskite film morphology with highly ordered micrometer-sized crystallites
delivering the highest efficiency. The presence of perovskite film defects was found detrimental to
photovoltaic performance. Further optimization of the perovskite deposition process is most likely to lead

to defect-free and uniform perovskite films.

In terms of the perovskite optical properties, we studied the optical absorption and photoluminescence
spectroscopy of all perovskite systems. Perovskite optical properties were found to be highly dependent on
perovskite composition and morphology which in turn directly affected photovoltaic performance. Further
advances in overall power conversion efficiency are expected by extending the absorption onset toward 940
nm as has been reported for formamidinium-based perovskites. The physical parameters of the single- and
mixed-halide perovskites such as the exciton binding energy, exciton-phonon interaction and bandgap were
also studied via temperature-dependent photoluminescence spectroscopy. We extended our temperature-
dependent photoluminescence spectroscopy studied to mixed iodide-bromide compositions which have not
yet been analyzed using this technique. A study of these materials has never been performed before and
therefore we deemed it of interest to examine their potential properties. However, throughout these studies,
exact values of the exciton binding energies could not be determined due to the complexity of the perovskite
structure, composition and processing parameters. In addition, a wide range of values have been reported
in literature. The results we obtained for the perovskite systems that have been previously reported were in
good agreement with most reports and fell within the ranges of generally accepted values obtained through

various temperature-dependent spectroscopic techniques.
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Chloride or bromide inclusion in the system through either an organic halide source (MACI/ MABTr) or an
inorganic halide source (PbCl./PbBr;) modifies the crystallization pathway from precursor-perovskite to
precursor-intermediate-perovskite crystallization. This precursor-intermediate-perovskite crystallization
has been successfully harnessed in this work using a novel PEDOT:PSS/DMSO activated seed contact
layer. The differences observed in the MAPbI;.<Yx (Y = Cl, Br, 1) crystalline precursors in this work suggest
that modulation of the precursor phase can be achieved by exerting kinetic or thermodynamic control on
perovskite formation. However, determining the exact composition of perovskites originating from mixed
halide precursor solutions was very challenging and the exact composition was not determined.
Composition determining techniques were hampered due to either the solubility of the perovskite structure
in aqueous environments or their instability at elevated temperatures. Determination of exact perovskite
composition is a subject of on-going debate and many varying precursor compositions of highly efficient
perovskite solar cells having been reported in literature, further complicated the issue.

Owing to its complex perovskite device structure, it is challenging to attribute device performance to any
one of the different components that constitute-the-device.-Ta address this issue with regards to charge-
transport material as components of the perovskite device we employed PEDOT:PSS and PCBM, bis-
PCBM and PTCDI as hole- and electron-transport-materials respectively. Highly conductive PEDOT:PSS
doped with DMSO was found to result in high efficiency solar cells. A central finding of our investigations
was that the mono-adduct PCBM provides the highest efficiency with higher reproducibility in comparison
to the bis-adduct bis-PCBM and the perylene-based PTCDI examined as electron transport materials. From
this study, we concluded that enhancing'the light absorption through careful selection of charge transport
materials would lead to increased short-circuit ;current, utilization of highly conductive hole-transport
material formulations and better control over the layer thickness would improve the fill factor. Specifically,
this study underlines that using three-dimensional perovskites and complementary well-matched hole-

and/or electron-transport materials as charge transport materials is key to achieving high efficiency devices.

Wide bandgap methylammonium lead iodide-bromide MAPbIzxBrx (0 < x < 3) planar heterojunction
perovskite solar cells were also studied in this thesis. Methylammonium lead tribromide MAPbBTr;
exhibited a typical bandgap of 2.3 eV. The absence of low-energy photoluminescence features observed in
the mixed halide, MAPbIs..Bry, indicated no halide segregation in these materials. However, microscopy
results contradicted this finding with evidence of segregated highly crystalline structures in both the
tribromide and mixed iodide-bromide perovskites warranting further investigation which could not be
carried out due to time constraints. The high open circuit voltage of MAPbIs..Bry (0 < x < 3) perovskite
solar cells is suitable for tandem silicon solar cells in the future with the improvement of fabrication

techniques and a deeper understanding of the mixed iodide-bromide perovskite solar cell processing
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parameters. The best performing MAPDbIs«Brx device with the highest bromide achieved a power
conversion efficiency of 3.2%, the highest of its kind in a low-temperature solution-processed planar
heterojunction perovskite solar cell. Morphology control and reproducibility was most challenging in
MAPDI;xBry in comparison to both MAPbI; and MAPDbI;.«Clx. Increasing bromide content lead to
difficulties in perovskite morphology control. The most straightforward technique is to employ a two-step
sequential deposition to solve this problem. However, employment of this deposition technique led to less
efficient solar cells.

Advances in methylammonium lead halide perovskites heavily depends on understanding their stability and
degradation mechanisms, topics which are under intense investigation. The presence of chloride ions in the
MAPDI;.Clx perovskite was found to modify the degradation mechanism and showed suppressed
perovskite degradation under inert conditions in comparison to the triiodide MAPbIs counterparts providing
evidence that MAPDbI3xCly perovskites retain their perovskite structure longer. It was challenging to
determine the degradation mechanisms of perovskites in air since they degraded upon exposure to air.
Perovskite solar cell sealing by encapsulation has been used in attempt to stabilize perovskites in air. Even
though in our work, perovskite degradation was under inert conditions, we conclude that mere
encapsulation will not be sufficient to guarantee their stability because perovskite formation itself is likely
a critical component to achieve long-term stability. We conclude that fully understanding perovskite solar
cell degradation pathways is crucial to develop effective strategies to improve stability and thus achieve

market standards.

The general conclusions form this work are that perovskite structural and optoelectronic properties as well
as photovoltaic performances are significantly dependent on perovskite precursor chemistry and growth
conditions. Improved photovoltaic performance was achieved by selecting perovskite films deposited with
optimized fabrication conditions. In addition to optimizing the perovskite layer, tuning of the contact
materials lead to significant improvements in perovskite film morphology and device performance. Good
energy alignment was found essential for maximizing the open circuit voltage. Here we show that by
harnessing this type of organic-inorganic hybrid planar heterojunction structure, an avenue for high open-
circuit voltage solar cells can be opened. The efficiency losses in low-temperature processed perovskite
solar cells originated mainly due to charge recombination at imperfect interfaces and structural or chemical
defects in perovskite films. Photovoltaic devices fabricated using MAPDbIsCly perovskites exhibited
minimal hysteresis with high degree of reproducibility and an average efficiency of ~12%. Even if the
material band gap of mixed iodide-chloride remains substantially unchanged with increasing chloride
concentration, chloride incorporation dramatically improves charge transport within the perovskite layer,

explaining the outstanding performances of perovskite solar cells based on this material. Our findings agree
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with previous and current reports suggesting superior transport properties of mixed halide perovskite solar

cells, demonstrating the beneficial effect of mixed-halide over the single-halide perovskites.

Optoelectronic characterization attributed the enhanced efficiency to reduced bulk defects and improved
charge-carrier mobility in large-grain devices. The methodology studies presented in this work on
perovskite precursor solution chemistry and growth kinetics enable an understanding of perovskite film
formation and further optimization of the perovskite deposition processes as well as photovoltaic device
fabrication. The synergistic effects of tuning perovskite composition revealed in this work signify that
perovskites with different compositions in addition to MAPDI3 deserve more in-depth understanding from

physical and crystallographic aspects.

The insights gained from perovskite formation and degradation studies in this thesis are an important step
toward developing a complete understanding of these processes and how they might be beneficially
controlled. The work presented in this thesis has broad implications for the many potential halide perovskite
optoelectronic devices such as light emitting diodes,-electrolytic water splitting, transistors and gas sensors,
but especially solar cells. This work has-demonstrated.that not-only-a new perovskite device architecture
with efficient power conversion efficiencybut also a useful-modet-system to reveal the correlation between
perovskite composition-/structure-dependent properties and the photovoltaic properties of the organic-
inorganic hybrid systems is required.

6.1 Outlook

Even though, a good understanding of the microstructure and hence the macroscopic properties of
methylammonium lead halide perovskite materials were.achieved in this work, a lot of work needs to be
done. An improvement of the perovskite photovoltaic efficiency requires a clear understanding of structure-
property relationships and numerous challenges related to synthesis of the composite materials and
fabrication procedure of the device remain to be overcome. The development of an effective film deposition
technique and an interface engineering procedure is of great importance for thin-film perovskite solar cells,
as it facilitates the reduction of the loss of light absorption, the decrease of shunt paths, and the minimization
of the interface-defect density in planar heterojunction solar cells. An area of great interest is a detailed
study of the structural, chemical and physical properties of each component that constitutes the perovskite
solar cell, from the substrate, charge transport layers, the photoactive layer to the electrodes. These studies
will allow an understanding of the correlation between each material and the photovoltaic device
performance. Further improvements in efficiency of solution-processes in perovskite solar cells can be
expected by reproducing the perovskite thin-film growth using doctor-blading in a controlled environment,

through compositional tuning of the bandgap, and/or selecting hole- and electron-transport materials with
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better energy alignment with the perovskite electronic level. However, more detailed physical and
crystallographic studies pertaining to the new compositional perovskites would have to be conducted.
Through a combination of optimization strategies aimed at fine-tuning the perovskite chemical
composition, improving perovskite film quality, tuning the energy levels of charge-extraction materials
used in the cell, and harvesting a broader part of the solar spectrum, the power conversion efficiency has

the potential to soar past the theoretical 33% limit.
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