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Abstract

Organometallichalide perovskite solar cells have developed as one of the most promising
contendersfor the productionof solar cells. The generic perovskite (PS) structure ABX
allows manufacturing a broad range of PS materials by simple modification of building
blocks A, B, and X (A = organic group, B = metal, and X = halidéhe preparation of a
series of solutiorprocessed solar cells based on methylammon{v¥A) lead halide
derivatives,CHsNH3PbX; (X=Cl, Br, and I) has been reported. These solar cells showed
tunable optical properties depending on the nature and ratio of the halides empltyed.
photovoltaic performance of perovskite solar cells is dependent on the absorption of the light
spectrum. The photovoltaic performance can be improved by widening the light absorption
towards the near infrared spectrum. A panchromatric material hsattzs all the light from

the ultravisible to near infrared of the solar spectrum is an ideal photoactive layer. The
optimal bandgap for single junction solar cells is known to be 1.1 and 1.4 eV. However, the
bandgaps of methylammonium lead trihalideopskites are beyond this range, and this
inspired the realization of the lower bandgap perovskiamaximum theoretical efficiency

for optimum performance in a heterojunction device is over 30%, feasible by harvesting the
ultraviolet to near infraad plotons up to 1.1 eVand the currenbrganolead halide
perovskites materials do not meet these standahighis study, the least electronegative
chalcogenide anionsS (2.58) and Se (2.55Were exploited to rmeow the bandgap of the
trilodide perovskiteCHsNH3;Pbk material. New mixed iongerovskites (orgarohalcogenic
perovskites) CHsNH3PbLS and CHNH3;PbLSe were prepared and characterized.
Polycrystalline CHNHzPbk particles with particle size of 129.7 nm and hexagonal
morphology were confirmed by HREM-EDS technique. The successful incorporation of
the chalcogenide anions into theiodide perovskite structure was confirmed by cyclic
voltammetry (CV)scansat cahodic peaks 0.20V and 0.068V fof @nd S&, respectively.

The electronic properties of all the materials were probed by Ultravigigle (UV-vis)
spectroscopy and photoluminescence (PL) spectroscopy. The incorporation of chalcogenide
anions into e structure oftte triiodide perovskite materiag¢sulted in the narrowing of the
optical bandgap from 3.40 eV (GNHsPbk) to 2.7 eV for materials doped with S
(CH3NHz3l,S), and from 3.40 eV to 2.30 eV for materials doped with(@d;NH3;PbkSe)
respectiely, following the anticipated trenBy (CH3NH3Pbk) > Eg (CH3NH3PbbS) > E,



(CH3NH3PbkLSe). However, the obtained bandgap 3.40 eV fogNEHPDbL is bigger than

the one reported in literature 1.57 eV for {8H3Pbk due to the fact that in this project the
UV-vis and PL measurements were carried wouth perovskite solution (perovskite
precursor) and not with annealed perovskite thin films (postaiyne perovskite crystals)
Newerthelessspectroscopy studie®){/-vis and PL in this project demonstratetiat S and

Se are potential candidates for bandgagrawing of the current triiodidgerovskite
CHsNH3Pbk material for applicatiorn singlejunction solarcells. Electrochemistry studies
were also conducted torobe the electronic properties of perovskites under investigation.
The incorporation of chalcogenide anions (S and Se) into the structure of triiodide
perovskites resulted with an expected decrease in the energy of HOMOs from 3.89 eV
(CH3NH3Pbk) to 3.68eV for S doped perovskite (GNH3PbkLS) and from 3.6 eV to 3.56 eV

for Se doped perovskite (GNH3PbLSe) due to the lesslectronegativity ofthalcogenide
anions. Again, an expected increase in energy of the LUMOs was also observed from 4.75
eV (CHsNH3Pbl3) to 4.96 eV for S doped perovskite (§NH3PbLS) and from 4.75 eV to

5.08 eV for Se doped perovskite (€MH3;PbhbSe) due to less electronegativity of the
chalcogenide anionsChe electrochemical bandgaps obtained were lesser than the optical
bandgaps ah this could be attributed to fast electrochemical reactions which causes the
peaks to shift to less extreme potentidlsdecrease in the energy of the HOMOs (valence
band) implied that lesser energy will be required to knock out the electrons fromdaheeva
band to the conduction band (LUMOSs) to create photocuelentrical current making

organachalcogenic perovskites potential candidates for solar cell application.
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CHAPTER 1

Introduction

1.1 BACKGROUND AND MOTIVATION
1.1.1 Introduction

Energy from the sun, an endless producer of photons with a wide range of wavelengths,
remains to be a potential source of green (clean) energy. Conversion of energy via
photovoltaic (PV) process is considered to be the ideal process that satisfies the requirement

for the demand of clean energy [1]. It has been estimated by the International Energy
Agencyods technology that by 20 5l®eproducedbyout ~1
photovoltaic technology, avoiding 2.3 gigatonnes ot €Qissions per annum [2]. By taking

these forecasts into consideration, photovoltaic devices have gained significant attention from
research communities in the past decades. Rdsmarbelieve that solar cells, which are the

basic building block of photovoltaics, are approaching to revolutionize the photovoltaic
technology by providing sustainable and efficient energy through profitable methods.

There are many ways to harness thkarsenergy. PV segment that converts solar energy
directly into electricity could be one of the examples, and a solar thermal collector that
converts solar energy directly into heat, such as for domestic hot water and or room heating

[3]. Thus, findingways to realize PV as reliable, cheap, and durable avenues for power
generation is of research interest to the research community. Theldment on the
periodic table known as Silicon is vital f o
need fornovel materials and methodologies that provides improved outputs and efficiencies

are still in demand [4].

Silicon solar cell, classified as first generation of the solar cells, was discovered back in 1953
by Gerald Pearson, Daryl Chapin, and Calvin FudleAT&T Bell Labs [5]. At present, they
range on the efficiency chart at 25% [6]. The application of polycrystalline silicon, thin

films, and compound semiconductors emerged in the age of sgeaedation solar cells,

1



which penetrated the PV marketif81 [7]. At present, secofgeneration solar cells are at

the highest range of efficiency chart, at 45% [8]. Organic solar cells paved a way for a third
trend of PV technology, in early 2000, which offers advantages ofeffestiveness,
flexibility, and ease of fabrication. Although solar cells based on silicon continue to lead
over thinfilm technologies and are soaring owing to impressive efficiencies and enhanced
lifetimes, however, researchers still need to unpack the organic prospects ofefislar c
Consequently, discovering flexible, cheaper, mass producible and lightweight organic solar
cells has been a high demand on scientists in the past decade. Developing PV cells from
materials that can be processed as easily as plastics is one o$si®ealternatives to solve

this problem. In supplement of this demand, Dr. Alan Heeger was awarded a Nobel Prize in
Chemistry in recognition of his work on conducting polymers which has conclusively paved
a new era in the arena of organic electroniosganic photovoltaics (OPVs), and
organic/flexible displays [9]. This has resultantly led to the flexible tpnderation solar

cells, which are organic, dye sensitized, and polymer.

Plastic based solar cells or organic solar cells (OSC) are developitidisciplinary field of
research that comprises theoretical, experimental, and design challenges dealing with carbon
based materials and other organic compounds [10]. It is a product of polymer solar cells that
integrates a conductive organic polymer light absorption, exciton dissociation, and charge
transport to generate electricity [11]. Single conducting polymer based OPVs can attain
efficiencies >7% [12] and still exhibiting the potential to improve this. They differ from the
well-known silicon and other inorganic material based solar cells because they are
inexpensive and can be fabricated through-tmst solution processing technigues, such as
spirtcoating, brush painting, and sprays coating [4]. Desired film thickness of a few hundred
nananeters and efficiencies of 4 to 5% are attained from these soertiaessing
techniques. OSCs has wide midtyered architectures which help in executing the photon
trapping, electrons and holes generation processes, and transportation of charges to th
corresponding cathodes and anodes. The use of tandem architectures was later reported as an
effective way to improve polymer solar cell efficiency. A broader part of solar radiation
spectrum is exploited and the thermalization loss of photon enemynisized with this
method. Power conversion efficiencies of >10% in tandem solar cells was reported by Yang
Yang [13]. The highest efficiency of 12 (Ref. 14) and 10% [15], have recently been claimed
by Heliatek and Mitsubishi Chemicals. Dgensitizedsolar cells (DSSCs), also known as

another kind of device, have gained unparalleled growth in recent years owing to their ease of



fabrication and higher tunable optical properties. A record efficiency of 13% has recently
been attained with DSSC with pospn sensitizers without sacrificing stability [16]. The
commercialization of OSCs and DSSCs has been hindered by key drawbacks which include

efficiency, durability, and stability.

A new solar cell material known as perovskites emerged in 2009 to tienate
photovoltaics and currently exhibits outstanding potential and prospects with power
conversion efficiency of 19.7% [17] in the laboratory. Solar cells based on perovskites have
been estimated to offer sustainable and efficient power through gptefiimeans and
methods. The frontrunners in the efforts to double the efficiency of these materials in less
than a year [121] includes several groups such as Henry Snaith from Oxford University, O
b7vAndrew Rappe at University of Pennsylvania, SangokkSat South Korean Institute
KRICT, Michael Gratzel from EPFL, and Yang Yang from UCLA. The perovskite devices
are at maximum optimization point and are anticipated to achieve power conversion
efficiency of 50% in the near future [22]. Perovskites deviare also known for their
panchromatic absorption property, wide direct bandgaps with higher carrier charge

transportations [23], and profitable means of fabrication.

1.1.2 Significance of perovskites

In 1839 a German mineralogist known as Gustav Rose digmbealcium titanate (CaTid

a mineral which was named after a Russian mineralogist, Lew A. Perovski. Moreover, all
compounds with the same stoichiometry as ABKd with the same nomenclature to CaliO

are identified as perovskites. Muller and Roymbayuously clarified the indistinctness of
terminology of the structural family and mineral [24]. The indistinctness was addressed by
suggesting that the original mineral composition would be placed in square brackets. Hence,

[CaTiOs] stands for the staiure of perovskite but not the chemical composition CaTiO

The building blocks A, B, and X in the crystal structure of perovskite are arranged in an
octahedral symmetrgind are usually represented as larger rare earth metal cation, a smaller
metal cationand anions (&, CI, Br, I', or in few instances?S, respectively. For an ideal
(cubic) perovskite structure, the large cations are in 12 coordinates and the smaller B
cations occupy octahedral holes which are formed by large X anions. Different perovskite
materials such as CaTiOMgSiGs, SrFeQ@, BaTiO;, LINbOs3, SrZrQs, and nonoxide KMgk



exist. These perovskites caroguce an incredibly wide array of phases with a multitude of
functionalities that include dielectric [25,26], ferroelectric &1, magnetoresistive [28],
thermoelectric [31], electroptic [32], semiconducting [33], conducting [28,34], and
superconductig [29,35]. By cutting @ perovskite into one layer thick slice alofiy tGt

[36] direction, a twedimensional layered organinorganic perovskite structure was derived
from the threaedimensional (D) ABX3 structure. The replacement of an inorganic Aarati

in a basic cubic perovskite structure by a suitable organic cation is known from the first
principle study to provide a material of a superior scope with a-kaidging selection of
properties [37]. The structu@operty relationship in organrioorganic hybrid perovskite
materials was explored by David B. Mitzi by replacing A with a cationic organic molecule, B
with an inorganic posfransition metal, and X with halides, such as methylammonium tin
iodide (CHNH3Snk) and methylammonium lead iodide (gMH3Pbk) [29]. These
materials, organuoetalic halide perovskite materials, are brought about for diversefithin
devices, such as solar cells [38,39], thim transistors [40], and lighémitting diodes
[38,40]. Perovskites of nomenclature with @thylammonium (CkNH3") organic cation

and inorganic met ai Pbh) drm hybeid perovskaeds with rclterigsg ( S n |
physical, optical, mechanical, and electrical properties. Strong intermolecular hydrogen
bonds between the amino and haligleup ions exist in the orgam®talic perovskite, while

the weak Vander Waals exists amid the organic cations. The best metal cations for the
functioning of organignorganic framework are the divalent transition metal ions (such as
CU, Ni**, Cd*, F&*, Mn?*, P, Sif*, P, etc.). The transition metals belonging to group

14 (including SA" and PB") attracted more interest owing to their excellent optoelectronic
properties and potential for letemperature device fabrication [20,34,42].>SmdPI’* are

the most primarily used metal cations with melting points of 505 and 600 K, respectively.
These cations ($h and PB") are usually unreactive, stable at room temperature, and
abundant i n the Earthés crust sisimproved bpbsor p
employment of the least electronegative anions for strong absorptions over wide bandgaps.
Moreover, a bandgap can be decreased by lowering the Pauling electronegativity between the
metal cation and halide anion. The tuning capabilitiesptical absorptions can be enhanced

by the replacement of pure halides by mixed halidesh vahanging ratios in the
organanetalic halide perovskites [36]. Thushe organmetalic halide structures such

AB(Bryl1.x)3,Cly have developed.



1.2 PROBLEM STATE MENT

The shortage of energy and pollution of the environment are the two primary challenges
faced by the society today. Sunlight has turned out to be the most reliable and sustainable
supply of green (clean) energy and this makes the exploitation of esmdsgy an ideal
approach in addressing both energy and environment problems, in comparison to the
traditional fossil energy such as coal, oil, and natural gas. A photovoltaic device (solar cell)
is a device that converts solar irradiation directly infecteicity by exploiting the
photovoltaic effect exhibited by semiconductors. Solar cell technology signifies a great
potential but still remains to be a big challenge in research to harvest solar energy. In spite of
the significant performance attainég traditional photovoltaics such as silicon solar cell

with power conversion efficiency up to 25% [42], CdTe solar cell with power conversion
efficiency of 19.6% [43], and CIGS solar cell with power conversion efficiency of 20.3%
[44], their applicationsare restricted by their high cost fabrication processes, or by the
scarcity of their resources in nature, and even by some toxic elements. Therefore, new solar
cells consisting of materials that are environmentally friendly and earth abundant, with

profitable processing are presently of great interest in both research and industry [45].

Hybrid organometallic halidperovskite solar cells have emerged as remarkably efficient and
cheap technology [46]. Methylammonium lead trihalide perovskite material has been utilized
in solar cells and has attained power conversion efficiency up to over 15% [47,48]. This
semiconduator material is solutioprocessable and has a bandgap of approximately 1.55 eV.
The photovoltaic performance of perovskite solar cells is dependent on the absorption of the
light spectrum. The current organolead halide perovskite materials shows a@bpogstion

at 780 nm attributed tots limited bandgap of 1.5 eV [47,49,5051The photovoltaic
performance can be improved by widening the light absorption to the near infrared spectrum.
An ideal photo active layer material should be panchromatrianimng it should absorb all

the light from ultra violet visible to near infrared spectrum. A maximum theoretical efficiency
for optimum performance in a heterojunction device is over 30%, feasible by harvesting the
ultraviolet to near infrad photons up t@.1 eV [53, and the current perovskiteaterials do

not meet these standards.



1.3 MOTIVATION OR RATIONALE

Sol ar energy (sol ar power ) iI's knownmp®as t he
p 1 E 7E of solar energy from sunlight is consumed every y&4re known reserves of oil,

coal, and natural gas are wopf v pmT E7Ep&8 pmE7EUL® pm ETE
respectively, in contrast to solar power. Therefore, sunlight provides more than a hundred
times the energy of the wwverrydad As indefimie wnergyf o s s i
supply would be generated by harnessing solar power [53]. However, the challenge has
always been converting the solar energy. Solar cells (photovoltaic cells) are the potential
candidates for the convention of sunlightedtly into electricity in an efficient and profitable

way. Reduction of cost for solar energy is essential for solar energy to become competitive
candidates with fossil fuels and to penetrate and occupy a significant share of electricity
market. This gal can be reached either by the reduction of cost of solar cells or by

improving their power conversion efficiencies.

Silicon solar cells with power conversion efficiencies close to 20% are currently dominating

the photovoltaic market. Organic photovatg{OPVs) dye sensitized solar cells (DSCs) and
guantum dot s sol ar cell s (QDSCs) whi ch ar e
technologies are fabricated via solution based processes such as blade coating, screen printing
and spraying. These photowalts carry the potential for inexpensive solar power while
allowing the use of alternative substrates. However, the power conversion efficiencies of
these solar cells still lag behind traditional solar cells. The efficiency of the solar cells is a
critical factor on which the levelized cost of energy depends on, which allows for the
comparison of a number of electricity generation resources [54]. Therefore the cost of solar
cells primarily depends on the PCE.

Hybrid organometallichalide perovskite solar cells have been the most remarkable
development in the arena of photovoltaics and are best potential candidates to satisfy the
demands for high efficiencies while allowing for inexpensive solution based fabrication. The
PCEs of sable solid state solar cells based orngl8Hz;Pbk perovskite have already surpassed
15% transcending every other solutiprocessed solar cells technology. It has been shown
by early pioneering work [55,56hithe field of organometallibalides that thiggroup of
materials can behave as low dimensional electrorstesys with tuable properties, which

allows for the development of new perovskite solar cell materials in additionalHZADL.



1.4 AIM AND OBJECTIVES OF THE STUDY

The chief aim of this studys to redshift the absorpim onset of the current triiodide
perovskite CHNH3;Pbk nanomaterials beyond 780 nm (narrow bandgap below 1.5 eV). This
will be done by incorporating chalcogenidaons (S & Se) ito the structure of the triiodide
perovskite to synthesise new perovskite nanomaterials with mixeqdaoyenoechalcogenic
perovskites)CH3;NH3PbLS & CH;NH3PbLSe. The aim of the study will be achieved by the

following objectives (in sequence).

1. Synthesise the triiodideerovskite CHNH3;Pbk nanomaterial

2. Incorporate théivalent chalcogenide ions {SS¢€) into the structure of the triiodide
perovskite CHNH3Pbk to prepare new mixesbns (organechalcogenicyerovskite
CH3NH3PbkS and CHNH3PbLSe nanmaterials.

3. Interrogate themicroscopic properties of the triiodidgerovskite CHsNH3;Pbk
nanomaterials by HigResolution Transmission Electron Spectroscopy -{HEM),
determine the particle size and confirm the elemental composition by Energy
Dispersive xray Spectroscopy (EDS

4. Determine the optical bandgaps of provskitesnanomaterials by Ultraviolatisible
(UV-vis) spectroscopy and Photoluminescence (PL) spectroscopy.

5. Determine theelectrochemical behaviour and electrochemical bandg#Hpsll

perovskitenanomaterials by CydiVoltammetry (CV.



1.5 LAYOUT OF THE THESIS
This section gives a layout of the five chapters discussed in thighmesis.

Chapter 1. In this chapter, the background on the photovoltaic (solar cell) technologies
including the significance gberovskites, problem statement, motivatiomsa& objectives

of the studyare discussed.

Chapter 2. A detailed literature r@ew of organometallic halide perovskite materials
focusing on their intrinsic properties, fundamental photophysics and prepanaihods is
discussed. The work done on bandgap engineering (modulatiorgrgahhometallic

perovskitematerials for application in singjenction solar cells is also discussed.

Chapter 3. This chapter gives the experimental details (including reagemtspeocedure

followed) and a discussion of the characterization techniques used in this study.

Chapter 4. A detailed discussion of expmental results obtained from triiodigeerovskite
CH3:NH3Pbk and new mixed ions(organechalcogenic) perovskite CHNH3PbbS &

CHsNHsPbLSenananaterials is given.

Chapter 5.Gives a conclusive summary from experimental results as well as recommendations

and suggested future work for this study.
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CHAPTER 2

Literature review

2.BAND-GAP ENGINEERING OF ORGANOMETALLIC HALIDE PEROVSKITES
FOR SINGLE-JUNCTION SOLAR CELLS

2.1INTRODUCTION

Solar energy is the most abundant energy source and an alternative for norzasbdn
energy sources i.e fossil fuels and coal, and can be utilised as a solution to serious issues of
global warming that results from the evolution of £OSolar cell (photovadtic cell)
technology is effectively used in harvesting sunlight to convert solar energy directly to
electrical energy, posing a very interesting photovoltaic research challenge. Single
crystalline materials such as silicon and semiconductor compoundsbbamereported to
achieve a good efficiency [1]; however, they suffer from low cost effectiveness and also have
the longest payback time of commercial photovoltaic technologies. Although a class of thin
film devices based on amorphous silicon, Cu(ln, @a8)S, or CdTe, has emerged to
advance their progress in terms of cost per unit arej, [the manufacturing processes of

inorganic thinfilm solar cells requires high temperature and high vacbased techniques

[5].

In 1991, a breakthrough of dye siized solar cells (DSSCs) emerged for potential
application in inexpensive, clean, and renewable energy sources [6]. With continuous
research efforts in DSSCs, photoelectric conversion efficiencies exceeding 12% were
achieved by employing 10 um mesopasoliO2 film sensitized with organic dye and cobalt

redox electrolyte [7]. Driven by the demand to simplify the solar cell production and increase

the opercircuit voltage and stability of solar cells, sethte DSSCs have also been
investigated, wheréhe liquid electrolyte was replaced by solid htensporting materials

[ e. g. , 2tetrakds(N,N-difpdnethoxyphenyamine}9 , 9 6 s pi robi -l our i n
MeOTAD), poly(3hexythiopene) (P3HT), polypyrrole, and polyaniline}1[8]. However,
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high carrierrecombination rate at various device interfaces has been a setback -stagelid

DSCCs [13], resulting in lower photoelectric conversion efficiencies of solid state DSSCs.

Recently, high efficiencysolar cells based on organometaltialide perovskite mniarials

ABX3 (A = CHsNH3, B = Pb, Sn, and X = F, CI, Br) have been extensively explored due to
their attractive lighharvesting characteristics [#4}]. These materials have a direct
bandgap and exhibit excellent photovoltaic properties, with high ¢xinacoefficient
[45,46], carrier mobility [47,48], wide absorption spectrum range and convenient synthesis
methods. Therefore they appeal as potential candidates for application in the optoeletronic
field. Significant increase in power conversion eéfiay of perovskite solar cells from 7.2%

to 15.9% was observed in a short period, from August 2012 to December 2013. The resulting
high power conversion efficiency was attributed to comparable optical absorption length and
chargecarrier diffusion lengthssurpassing the traditional constraints of solupoocessed
semiconductors [144, 49], and resultantly transcending the performance of most other thin

film solar cell technologies that have been explored.

The photovoltaic performance of perovskiteasatells is dependent on the absorption of the
light spectrum. The current organole@iibdide perovskite CENHzPbk materialshows a

poor absorption at 780 nm attributed to its limited bandgap of 1.5 eV [50,51,52,53]. The
photovoltaic performance carelmproved by widening the light absorption to the near
infrared spectrum. An ideal photo active layer material should be panchromatric, meaning it
should absorb all the light from ultra violet visible to near infrared spectrum. A maximum
theoretical efftiency for optimum performance in a heterojunction device is over 30%,
feasible by harvesting the ultraviolet to near infrared photons up to 1.1 eV [54].
Nevertheless, preparation of stable {bandgap perovskites for sunlight conversion to
electricity sill poses a major challenge [&]. Meanwhile, the preparation of lekde
perovskite solar cells maintaining the output performance is still under investigation since the
toxicity of Pb element prevents the practical application of these materiais pihotovoltaic
industry. This chapter reviews the work done on tuning the bandgap (bandgap engineering)
of organometallic halide perovskite photovoltaics as a means of improving the device
performance of single junction solar cells. Awnclass of anias known aschalcogenide
anions (S& Se)for synthesif mixed ions (organa@halcogenic) perovskitas introduced in

the end(section 2.5.6)and suggested for better bagap engineering of organometallic

halide perovskite photovoltaics to improve the photovoltaic performance.
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2.2INTRINSIC PROPERTIES OF ORGANOMETAL LIC HALIDE PEROVSKITES

2.2.1 Crystal Structure of Organometallic halide perovskites

Thecomposition of tk organometallibalide perovskite obeys the general formula ABo¢

the perovskite structure (see Figure 2.1); where A is the organic group cation (e.g A =
CHsNH3;, NH,CH=NH,), B is the metal cation (e.g B = Sn, Pb, Ge, Cu), and X isdhde

anion (e.g X = C| Br, or I. These materials form the PgXoctahedral where the halogen
anion X is situated in the corner around the #8iHs". The octahedra PkX form an
extended thredimensional (3D) network by atlornerconnected type. The organic cation

CHsNH3" fills up the hole among the octahedral structures and balances the net charge of the
network as a whole [580]. The compounds GNH3BX3 (B = Sn, Pb ad X = CI,Br ", and
I") and NHCH=NH,BX3 (B = Pb and X =7) have been successfully prepared-§&l.

Figure 2.1 Unit cell of basic ABX% perovskite structure. The BXornersharing octahedral

are evidenced. Adagd with permission from Ref. [§.7

The formation of perovskite is estimated by Goldschmidt tolerance fattoro (

i 1 jwWgi 1 [68],wherel i hAT iA are the ionic radii of the ions in the A, B,

and X positions of the basic building blocks structure. Generally, the accepted perovskite
structure formation and stabilization is in the rame @ 0 p® o[69]. It has been
debated that the perovskitewsitures are not stable even in the most preferred ra@ge

0 T@0[70], indicating that perovskites formability and stability can not only be determined
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by the tolerance factor. The octahedral factor, ( i ji [71], thus serves as an
additionaldetermining factor for the formation and stabilization of the perovskite structure.
For alkali metal halide perovskites, the formability and stability is determined by
mapping, where the stability is achieved in the rangbsp o 0 p@ 1 gnd the o@mhedral
factorm@ 1 ¢ T w[¥1l]. Table 1 gives the estimated effective ionic radin APbX;
perovskite [7274], where the A cation radii ranges betweep @ i Of ¢ v & , which
corresponds to one or two© (150 pm) or €N (148 pm) bonds. Thwlerance factors for
CHsNH3PbX; for X = Cl, Br, and |, are calculated &s85, 0.84, and 0.83, respectively, on
the radii of CHNHs" = 180 pm [75], PB = 119 pm, Cl= 181 pm, Br = 196 pm, and I=

220 pm. It was found that the most cubic perovskites has a tolerance factor in the range
T ‘T [76], indicating that the methylammonium lead halide perovskites have a

cubic structure.

Table 1. Estimation of the cation Radii in AB{B = Pt ard X = CI, Br,, or I')

rg® (pm) rx* (pm) ra” (pm) A (pm)
t=0.8 t=1.0
P (rs = 119 Cl (ry=18)) 158.4 243.3
Br (rx = 196 160.4 249.5
I” (rx = 220 163.5 259.4
*Effective ionic radii, for 6 coordination numb&it, "I A " " X

In contrast to wide perovskites, the organometallialide perovskites are much scarce and
can only be prepared with a specific combination of elements. The reason for the scarcity of
these materials is due to the halide anion=>Br’, CI, I) differences in comparison to the
oxide () anion:

() their negative charge is so small that it can only balance metals in lower oxidation states,
and, (i) their much large ionic radii hampers their incorporation of small metal ions
octahedral coordination geometry. Due to these restrictions, the metal arsoselcted

from a few set of elements which includes the alkaline earth metals [77], bivalent rare earth
metals [78], and the heavier group 14 element$(Gaf*, P¥"). Remarkablythere areno
transitions metals that can adopt the halide perovskiteture, with few notable exceptions
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[79]. The above considerations apply for the fluorine anion X bdtause its small size is

able to stabilize the perovskite structure for nearly all the bivalent metal ions. There are only
three cations that havbeen reported to stabilize the perovskite structure in heavy halides,
CHsNHz" (MA), HC(NH,)," (FA), and CS. Amongst these three cations,”Gs the only
elemental cation that is large enough to support the perovskite, whereas for the organic
cations, i is not only the size that is crucial but also the net positive charge distribution is

important.

2.2.2 Electronic Structure

Different methods have been used to study the electronic and band structures of
organomettic halide perovskites. The first method can be traced on the studies done by
Koutselas et al. [80] whereby the band structure calculations were used by-enganaal
method based on the Huckel theory aiinitio method based on the theory of Hartree
Fock. The second approach can be traced on the studies done by T. Umebayashi et al. [81]
whereby ultraviolet photoelectron spectroscopy and first principles density functional theory
(DFT) band calculations were utilized to elucidate the band structurgarfiametdic halide
perovskites. The third method was can be traced in studies done by Chang et al. [82]
whereby first principles pseudopotential calculations were employed. It was revealed by
DFT calculations for the-B CH3;NH3Pbk crystals that the wance band maxima consists of

the Pb 63 |  5antibdnding and Pb 6pl 5 p -bondiagrorbitals, as seen on Figure 2.2
[81].

DFT studies of @ perovskies began to become intense owing to the attention raised by
perovskite solar cells. The band sture for CHNH3PbX; in cubic phase and the mixed
halide CHNHsPbbX ( X = CI, Br and ) in tetragonal phase with neighbouringzRHs"
counterions were calculated by E. Mosconi together with F. De Angelis and their
collaborations [83]. The results reveaaliat the organic component had a slight effect on

the bandgap energy, which is largely determined by, JPhietwork. It was further
highlighted by the authors that the nearby matching of their bandgaps (calculated without
considering spiorbit couping (SOC) effect) with the experimental results was likely to be
unexpected. These results corroborated the studies done by T. Baikie et al. [84] and Y. Wang

et al. [85] (lowtemperature orthorhombic phase). J. Even et al. [28] reported the work done

19



on the SOC effect on the electronic band structure-ih @erovskites and it was found that

the SOC intensely reduces the energy gap which mainly affects the conduction band.
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Figure 2.2 Bonding diagram of (a) [PE[* cluster (Gi D), (b) CHsNHsPbki (31 D) and (b)
(CH4H9NH3).Pbl, (27 D) at the top of the valence band and at the bottom of the conduction
band. Adapted with permission from Ref. [81].

2.3PHOTOPHYSICAL MECHANISMS IN CH 3NH3Pbl; THIN FILMS

The photophysics study of organomktalhalide perovskites focuses mainly on two
properties, which comprises the excitonic propexdidayeredperovskites such as the optical
nortlinearity around the excitonic resonances [86] and the exeitoiton interactions [87].
Exciton and biexciton dynamic$88] are investigated using Coherent transient spectroscopy
such as wave mixing, while exciton recombination dynamics [84] in 2D perovskites are
studied using temperature dependent TRPL spectroscopy. The excited species following
photoexcitation could @st as bound electrenole pairs or as free carriers depending on the
exciton binding energ¥y,, hence thdée, for CHsNH3Pbk as photovoltaic material has been
extensively investigated. Th&, of selected @ perovskites with lowdimensional
perovskites included for comparison are shown in Table 2.3;NBEPbk excitons are
expected to be more of the delocalized Wantyipe associated with exciton Bohr radius,

i x o1C [80,90]. CHNH3PbBr and the mixed halide GNH3:Pbk,Cl, system shows
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larger binding energies which are ascribed to more tightly bound nature of the excitons as a
result of halogen substitution. Fof2layered perovskites, in contrast, a Frenkel type for
excitons is expecteand their larger binding energies are attributed to dielectric modulation
between the organic and inorganic layers and the two dimensionality of the inorganic
assembly [91]. The exciton binding energies increases in accordance with quantum

confinement #ects [90] associated with a decreasing dimensionality@oahd GD.

Electronhole pairs in perovskites are induced by the absorption of photons. Depending on
the exciton binding energy, the carries that follows could either continue to exist as free
carriers or form excitons. The long diffusion lengths4D Berovskites rise due to ambiguity

of whether these species exist as excitons or free carriers at room temperature. This
ambiguity originates from the low exciton binding energiggdnging from19 meV to 50

meV, these values are comparable to room temperature thermal energi€s-025 meV.

Given the ambiguities and assumptions involved with the determination of the vallgs for
based on the approach used (optical absorption [92,93], maapstgotion [94] and
temperature dependent PL [95]), it can be concluded from Table Eptfat CH;NH3Pbk is

close (comparable) to the thermal energiegdf~ 25 meV at room temperature.

There have be are no reports on studies focusing on the ahargmics in 3D perovskites
until the advent of the 9.7% perovskite solar cells in 2012 [96]. The fundamental
photophysical processes that give rise to the high performance of orgationtethdile
perovskites still lacks a lot despite the soaring progrgsén organometsit halide

perovskite solar cells.
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Table 2. Exciton binding energies, of the 3D CH3;NH3;Pbk and CHNH3;PbkCly

perovskites and selected laimension perovskites.

Compound Dimensionality| E, (meV) Method
CH3NH3Pbk 3D 30 Optical absorption [80]

37 Magneteabsorption [97]

45 Temperature dependent PL [98]

50 Magneteabsorption [94]

19 3 Temperature dependent PL [99]
CH3NH3PbBr 3D 76 Magneteabsorption [94]

150 Optical absorption [80]
CH3NH3PbI3xCIx 3D 98 Temperature dependent PL [100
(CoH19NH3)-Pbly 2D o o 1 | Temperature dependent PL [98]
(NH2C(I)=NH))3sPbk | 1D T p 1t | Optical absorption [80]
(CH3NH3)4Pbk 22H,0 | 0D 545 Optical Absorption [80]

2.3.1 Morphology and Luminescent properties of Organometalt Halide perovskite

thin films

Organometallic halide perovskites have revolutionized the photovoltaic industry, and
appealed as new viable materials for light emitting devices, providing easy methods towards
solutionprocessable and tunable electrically pumped lasers-J@81104]. This has
increasd an interest in seeking for the insight of the optical properties of these materials. It
has been demonstrated by the recent work that the photoluminescence (PL) decay in
CHsNH3Pbk (MAPDI3) can be explained by simple rate equations involving carrippitrg

and electrorhole radiative recombination. According to Yamada et al [105], Stranks et al.
[106], and Saba et al. [107], the PL dynamics are dependent on nongeminate -algetron
recombination process [108], and possibly on nonradiativexdgaton paths as well.
Therefore, a bimolecular intrinsic radiative recombination coefficiept; EBRadni%, where

Rrag IS the radiative rate and, is the intrinsic carrier concentration) and a nonradiative
monomolecular trapping rate (A), i.e., dn/dtAn i B.n’ has to be taken into account to

satisfactorily model the temporal evolution of the excited carrier populatipn Charge
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trapping pathways dominates at low excitation densities and results in limited PL quantum
efficiency, whereas at high atation densities the chargeapping pathaways are completely
filled resulting in radiative recombination processes yielding high PL efficiency. This
explains well the dependence of PL quantum efficiency on excitation density [101,106].

A remarkable lag PL lifetime reaching up to hundreds of nanoseconds associated with
photocarrier diffusion lengths of micrometers [109] was found feddpled MAPb). The

long PL lifetime was attributed to the incorporation ofi@hs within the perovskite unit cell.
Nevertheless, recent studies have indicated the major role played by cbesetprecursor

in the crystallization process of the hybrid perovskite. It was shown that Cl ion cannot be
guantitatively determined in the unit cell implying that it is exgalfrom the flat films
during the fabrication process. However, Cl content controls the crystallization dynamics and
produces larger crystals with anisotropic shapes [110]. This phenomenon highlights the
importance of exploring the relationship betwelea s$tructural and optoelectronic properties

of the selfassembled materials. During the fabrication procesganmmetallic halide
perovskites are usually deposited as polycrystalline thirsfilith morphologies that depend

on the crystallite growth cortebns [111,112].

The influence of morphology of the MARMthin films, from a molecular to a mesoscopic
level, on the luminescent properties was investigated with the samples shown on Figure 2.3a
d. The samples were fabricated using the-$tep sequeral deposition technique [113,114],
resulting with crystallite dimensions ranging from <250 nm to >2um. It was observed that as
the as the polycrystallite size grows, the optical absorption edge shifted to longer wavelengths
accompanied with PL peak ptsn. The results for timeesolved PL (4#PL) as a function of
crystallite size, showed that, for the smallest crystallite size (<250 nm), a lifetime of 2 ns was
obtained, and increased to lifetime greater than 100 ns with largest crystallite size)(=ak um
shown in Figure 2.3e. The lifetime value for larger crystallites (>100 um) approached value
that have been reported for MARIBamples doped with Cl [109,115], as shown in Figure
2.3f. These results show that the PL lifetime of MARIXaterials is dtically dependent on

the specific morphology of the sample and therefore the employed fabrication protocol
[109,112,115117]. It is intuitively concluded that the nonradiative channels are enhanced
with the increase in the polycrystallinity. This che clarified and explained well by
specifically excluding any nonradiative bimolecular mechanisms such as surface
recombination. The dependence of the normalized PL yield [107] on excitation density is

shown on Figure 2.3a for sample with the smallestailte size, more likely to have a high
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degree of surface defects. An increase in efficiency is observed with an increase in excitation
density, therefore rationalizing the major role of radiative recombination in the bimolecular
recombination processsal in the small crystallites. The densitgpendent nonradiative
processes become more apparent and dominate at excitation density be}ordi0
resulting in a decrease in PL yield. This behaviour was modelled by Saba et al. [107] in
accordance to Agerlike mechanisms proportional 0. Lower threshold is presented by
small crystallites for such nonradiative mechanisms in comparison to larger crystallites and
Cl-doped MAPb] [107].

smdler crystallites [99].

This may be attributed to a high degree of defect densities in
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Figure 2.3 (a1 d) Top view SEM images of MAPkformed using (a) [MAI] = 0.063 M,
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band edge and cw.PL peak position and (bottom) PL lifetime as functions of the crystallite

size. (f) Representative tr PL dynamics for three different MARbJstal sizes and PL

dynamics of Cl doped MAPpEpin coated on a glass substrate. The pump wavelength was

700 nm, and the initial excitation density was p 1 Al . Adapted vith permission

from Ref. [118.
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The dependence of the PL lifetimes on the excitation densityoisrsirigure 2.4b. Two
representative samples studied in Figure 2.4a, MARith <250 nm crystallite and with
>1um crystallite, which correspond to the samples in Figurea2@ respectively, were
chosen. In this structure, the PL lifetime dependend@eimitial excitation density ¢h can
be written as [105,119]

t 0 6 ¢ (1)

The intrinsic bimolecular radiative recombination caééit of the samples was estimated by
fitting equation 1 to the experimental data, for both samples. Larger crystallites were found to
exhibit a lower recombination coefficieat, ¢ e pri Al respectively

to the smaller ones, o ™ pTmi Afl. Indeed larger crystallites resulted in
longer PL lifetimes. As the crystallite dimension decreases, it must be noted that the
monomolecular trapping rate is slightly affected, decreasing@d@mmp MO 0 §& ¢

p MO . Nevertheless, this rate is very sensitive to the adopted protocol for sample
production [105, 119,120]. It may be related with localized defects in the crystals and
therefore depends significantly on the imperfect control of the sample fabrication.

The correlation betweengand Baqis shown by reduction in B accompanied by a redshift

of the band edge from 1.63 eV for small crystallites to 1.61 eV for larger crystallites as
shown in Figure 2.4b. The sample temperature was also lowered and niséyrdependent

PL measurements also confirmed this observation. The optical bandgap of the Mid&bX
observed to shift to lower energies as a result of lattice stress (Varshni shift [121]) as the
temperature of the temperature is lowered. This waswdséor MAPDE film deposited by
employing the twestep procedure on a 1um thick®k mesoporous scaffold. The purpose

of the scaffold was to confine the crystal structure to a nanoscale smaller than 50 nm [110],
permitting the exclusion of excitonicfe€ts even at lower temperatures [122]. A PL lifetime

of about 2 ns was observed when the sample was excited with a density similar to the one

used to obtain PL decay shown in Figure 2.3p( p A1 ).
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Figure 2.4 (a) Normalized PL quantum yield (calculated as the ratio of the integrated PL
spectrum to the incident powdior the sample shown in Figu&3a. (b) PL lifetime as a
function of the excitation density for MAPbsamples with small (black circles) andda

(red squares) crystallites. Dashed lines represents the curves obtained fitting the data to eq 1.
The inset shows the PL lifetime as a function of initial excitation density for Mi&debl; at

room temperature (black triangles), 220 K (red circlasy 150 K (green squares). The error

bars refer to the 95% confidence intervals of the fitted parameter values. eddah

permission from Ref.[1]8
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2.4PREPARATION METHODS OF ORGANOMETAL LIC HALIDE PEROVSKITE
THIN FILMS

Perovskite thirfilms arepreparedy four different methods reported so far, which comprises
spincoating [123], vacuum vapour deposition [124], {8tep deposition technique (TSD)

[125, 1261 128] and patterning thin film [129]. Osstep spin coating method was initially
employed forthd abr i cati on of the solar cell s, but
obtain the best solvent that can dissolve both organic and inorganic part. Moreover,
perovskites particles were unable to effectively fill the mesoporous metal oxide (MMO)
scaffold, and this lead to poor sunlight absorption. TSD was created by Mitzi amorkers

[126] for the preparation of organomkia halide perovskite. By employing TSD to coat
CH3;NH3Pbk layers, high quality thin films were achieved and as a resdt large
characteristics differences among devices were reduced during preparations [125]. Oriented
thin films of layered perovskites with a precise control of the film property could be achieved
by employing vacuum evaporation technique. Nonetheless tébhnique demands high
vacuum which consumes too much energy, and again, ugani@rovskite preparation
utilising different organic components is expected to be limited. The use of the vapor
assisted solution process for the fabrication of planaovgkite thin films and their
corresponding solar cell has been demonstratedrégemt report [130]. In thisiethod, film

growth via in situ reaction of the -@eposited film of Pblwith CH3NHj3l vapour is the key

step. The concept of this method diffdrom the current solution process and vacuum
deposition method, by mitigating -@teposition of organic and inorganic species. Full
surface coverage, uniform grain structure with grain size up to micrometers, and 100%

precursor transformation completes@se achieved employing this approach.

2.5BAND GAP ENGINEERING

Most of the solar energy is concentrated in the region from the visible to nearenffiIR)

in the solar speatm. In order for the organometall@alide perovskite materials to harvest

most of the solar energy, their absorption spectrum must extensively cover the solar
spectrum. Nevertheless, materials with a bandgap that is too small results in a device that is
able to collect most of the extra current but with low open circuit voltdgg.(For materials

with a bandgap that is too wide (2 eV), only a small part of the solar spectrum will be

harvested. Therefore, semiconductor materials with a bandgap in the raiige@ &V are
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the potential candidates for the development of singietjon solar ells. The bandgap of
organometallidhalide perovskite materials can be decreased by (i) increasing pleenis M

I-M bond angle, which is done by octahedral tilting distortions, (i) increasing the
dimensionality of the MI(X9 network, andiii) by the decrease in the electronegativity of the

anions system [132].

The increase in the MM bond angle has a significant impact in bandgap of semiconductor
materials. Different metal cations (i.e. AB(B = G&*, Srf", and PB", results with
variations in the M-M bond angles, 166.27 (8)°, 159.61(5)°, and 155.19(6)°, fof, G&",

and PB", respectively [133]. Additionally, a decreasinglMovalent bond character was
observed while going down the L4roup, attributed to an increase hretelectronegativity
difference of the two atoms, Ge 4p < Sn 5p < Pb Bhus, the bandgap of organometallic
halide perovskites ABJ with different metal cations (i.e. B = &eSrf*, and PB"), obeys the
trend AGet < ASnk < APbk. Perovskites basechSrf* are more suitable candidates for
applications in photovoltaics than perovskites based éhdie to their smaller bandgap red
shift i.e. 260 nm. It has been demonstrated by recent studies that perovskite solar cells based
on Sr* can attain a higshortcircuit current density of approximately 20.04 mAtfi34].
Nevertheless, the efficiency was notably lower than that of th&d@nterpart employing
similar device architecture. Thus, the low device performance was due toMgwand fill
factor (FF).

It has been reported by previous studies that the A cation does not play any role to the band
structure and the electronic properties [135]. Nevertheless, the symmetry of gfie BX
octahedral network can be affected by the size of the A catspending upon the difference

of the tolerance factor, and therefore can modulate the bandgap. A symmetry lowering trend:
FAPbk > MAPDbI; > CsPbj [131] exists for the three cations HN=CHRHFA"), CHsNHs"

(MA™), and C8, respectively. There is gradual deviation of Rb-Pb bridging angles from

linear conformation from FAPbko CsPbj resulting in a reduction in the orbital overlap of
Pb1l. Therefore, a trend in widening of bandgap is observed: RAPMAPDI; < CsPhbi.
Perovskites designed laymixture of FA and MA" in the A site results in the redshift of the
optical absorption onset of MERA1xPbk in comparison to that of MAPgland therefore the
harvesting of solar energy is enhanced. Moreover,MAPbk has a longer exciton
lifetime [135] and hence it exhibits higher carreilection efficiency in comparison to the
single cations analogues. Perovskites based drhBye a narrower bandgap; however, they

suffer from the instability more than the perovskites based ori dé#ion. A shble and
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efficient mixedperovskite light harvesting layer was recently designed by rational
incorporation of MAPhJ into FAPbg, and the device PCE was improved to 18% [136]. The
oxide perovskites, ABEO(A = alkalineearth metal: Sr, Ca, or Ba and B artsition metal =

Ti), have a wide bandgap in the rangeg 3 eV and are extensively used in tfilm
electronic components and eleetptical materials. Their wide band gap is due to the large
difference in electronegativity between the metal and tlygex atoms [137]. The bandgap
can be reduced by decreasing the difference in electronegativity and the metal atom, for
example, BiFe@has a lower bandgap than BikiGecause Fe has a higher electronegativity
than Ti [138]. Furthermore, the bandgap ofs8HzPbk is only 1.55 eV lower than that of
ATiO3 regime, which is due to the smaller difference in electronegativity betwesad Pb
atoms (1, 2.66 vs PH', 2.33).

Decrease of the Electronegativity of the AnioExperimental studies demonstrated titegt
absorption of CENH3PbX; shifts to the blue region of the solar spectrum with changing of
anions from 1to Br to CI. Mixed anions perovskites GNH3Pb(h.«xBry)s showed a blue
shift absorption banddge in comparison to that of @H3sPbk due to the fact that &nion

has a lower electronegativity than that of &mion [139,140].

Tetragonaito-Cubic Transition.There is a transition in the structure of BiHsPbBr from

cubic (at high temperatures) to tetragonal structure (at temperbtloss 235 K [141, 142]).

The transition originates from tilting of the PRRrctahedral and orientation ordering of the

MA cation [141,143]. The transition from cubic to tetragonal was classified as displacive
[144] i.e. change in symmetry as a consegaenf changes in bond length and bond angles.
Recent work by Quarti and aemorkers has demonstrated a gradual {shoit of the
absorption spectra in the MARMegime when the temperature was increased from 310 to
400K, associated with an increase indgap from ~1.61 to ~1.69 eV [145]. Foley and co
workers demonstrated that the band gap shifting is attributed to down shift of the valence
band [146], and this was confirmed by the bdiét in the absorption spectra of MARbI

2.5.1 Organic cation (A) modification

(a) Formamidinium Perovskites

A lot of work has been devoted to perovskites materials employing methyl&rhiséHs"
(MA™), as an organic cation. The methylamine lead perovskites have bandgaps of 1.55 eV

and beyond. The effect of replacing the methylammonium cation wlightly larger
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cation, i.e. Formamidinium HN=CHNH (FA"), has been explored by G. E. Eperon et al
[150]. The formamidinium lead trihalide perovskites have been reported to have a bandgap
that can be tuned between 1.48 and 2.23 eV, which is most suitable for single junction solar
cell architecture. The formamidinium perovskite also demonstratedréomge of electron

and hole diffusion lengths, making it a suitable candidate for planar heterojunction solar cell
architectures. The planar heterojunction solar cell devices employing this material at the
active layer have been fabricated and a hightstiait current of >23 mA cffiyielded a

power conversion efficiency of up to 14.2%. The high short circuit current was attributed to
the reduced bandgap. Therefore, formamidinium lead triiodide perovskite is a new potential

canddate in the class ofrganometallichalide perovskite materials.

Nevertheless, the optimal bandgap for single junction solar cells is known to be between 1.1
and 1.4 eV. The bandgaps of methylammonium lead trihalide perovskite systems are beyond
this range [148], and this ipsed the realisation of lower bandgap perovskite absorbers.

Although the organic cation A has been proposed to not play any major role in determining
the band structure, its size is crucial. Depending on the size of the cation employed, the
lattice ofthe perovskite can be expanded or contracted. Since the A cation must fit between
the cornersharing metal halide octahedra, there is an allowed range for the size of the A
cation. The A cations with a size that is too large do not allow the 3D struaftihe
perovskite to be favoured instead perovskites with confined structure or lower dimensional
layered structure will be formed [149]. On the other hand, A cations with a size that is too
small will cause too much strain on the perovskite latticée impact of varying the size of

the A cation in order to tune (engineer) the bandgap of the perovskite materials has been
investigated. Results showed that by increasing the size of the A cation, the bandgap was
reduced. This impact was investigated dyythesizing perovskites employing different A
cations of different sizes, namely; methylammonium {8Hs") lead triiodide, cesium (Cp

lead triiodide, and formamidinium (HC(NM"). Formamidinium cation has a larger ionic
radius and cesium has the sraatlionic radius than methylammonium. Cesium lead triiodide
perovskite was observed to absorb at shorter wavelength and the formamidinium lead
triiodide perovskite absorbed at much longer wavelengths than the methylammonium lead
triiodide perovskite. Thigmplies that cations with larger ionic radius expand the lattice of the
perovskite and resultantly the bandgap is reduced corroborated by a redshift in absorption
onset. The bandgaps of the three materials are given in Figure 2.5, which shows that by

replacing methylammonium with a cation of larger ionic radius (i.e Formamidinium), the
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bandgap can be tuned closer to the optimum bandgap for planar heterojunction solar cell
[148].
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Figure 2.5 UV-Vis spectra for the APblperovskites formed, where A is either caesium
(Cs), methylammonium (MA) or formamidinium (FA). Adapted¢hwpermission from Ref.
[150].

A mixed halide formamidinium perovskite FARBI;., was synthesised to explore the range

of tuning the bandgap of fommidinium triiodide systems. Most of the mixed halide
samples were attainedpwever X-ray diffraction (XRD) demonstrated that the crystalline
phases were not attained for y = 0.5, 0.6 and 0.8. The absorbance and photoluminescence of
the mixed halide fonamidinium perovskite systems are illustrated in Figure 2.6a and b
respectively. It was found that the bandgap of these systems is tuneable in the range between
1.48 and 2.23 eV. This also suggested that the bandgap of formamidinium perovskite can be
tuned over a wide range implying a wide flexibility of the system. A narrower bandgap of
1.48 eV was attained for formamidinium lead iodide perovskite (at ~840 nm absorption
onset) than the commonly used methylammounium lea iodide perovskite (~1.57 eV). The
bandgap of formamidinium lead iodide perovskite lies closer to ideal bandgap.41eV)

for optimum planar heterojunction solar cells. Higher photocurrents should be attained by
harnessing more of the solar spectrum, if more photogenerated electori®las are

suitably long lived and mobile to be extracted from the solar cell.
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(a) (b)

Figure 2.6 Tunability of the FAPRBr;, perovskite system. (a) UVis absorbance of the
FAPb\Brs., perovskites with varying, measured in an integrating sphere. (b) Corresponding
steadystate photoluminescence spectra for the same films. Adapthdoarimission from
Ref. [15Q.

For a material to be compatible for planar heterojunction architeatuneust have good
charge transport abilities across the film thickness greater than the absorption depth of a few
hundred nanometers. Time resolved photoluminescence quenching experiments were
performed to determine the optimum architecture for utibmabf FAPb} into photovoltaic

cells. These experiments were performed to obtain electron and hole effective diffusion
lengths as x x ¢ TAT Whp ox d i. Notably, both electron and hole diffusion lengths

for FAPbk are longer than those of MARbhowever, they are shorter than those in the
mixed halide system MAPBICI; which are over a 1 micron for both electrons and holes
[151].

An efficiency of up to 14.2% attributed to the high skmrtuit current of over 23 mA cf

was achieved for the bt performing device optimised with FARbperovskite utilizing
compact TiQ and SpireOMeTAD as electron and heteansporting materials ,respectively,

and this made a new record for the solufimacessed planar heterojunction perovskite solar
cells. A hotocurrent out to ~840 nm was generated due to a narrower bandgap, which was
better than only 800 nm attainable with the conventional MARIakerial [147]. The FAPBI
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