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Abstract

Organometallic halide perovskite solar cells have developed as one of the most promising
contenders for the production of 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 = halide). The preparation of a
series of solution-processed solar cells based on methylammonium (MA) lead halide
derivatives, CH3NH3PbX3 (X=Cl, Br, and 1) has been reported. These solar cells showed
tunable optical properties depending on the nature and ratio of the halides employed. The
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 that absorbs all the light from
the ultra-visible to near infrared of the-solar spectrum.is an ideal photoactive layer. The
optimal bandgap for single junction-solar-cells-1s known to be 1.1 and 1.4 eV. However, the
bandgaps of methylammonium ‘lead trihalide perovskites are beyond this range, and this
inspired the realization of the lower bandgap perovskites. A maximum theoretical efficiency
for optimum performance in a heterojunction device-is over 30%, feasible by harvesting the
ultraviolet to near infrared photons up to 1.1 eV, and the current organolead halide
perovskites materials do not meet these standards. In this study, the least electronegative
chalcogenide anions; S (2.58) and Se (2.55), were exploited to narrow the bandgap of the
triiodide perovskite CH3NH3Pbl; material. New mixed ions perovskites (organo-chalcogenic
perovskites); CH3NH3Pbl,S and CH3;NH3Pbl,Se, were prepared and characterized.
Polycrystalline CH3NH3Pbl; particles with particle size of 129.7 nm and hexagonal
morphology were confirmed by HR-TEM-EDS technique. The successful incorporation of
the chalcogenide anions into the triiodide perovskite structure was confirmed by cyclic
voltammetry (CV) scans at cathodic peaks 0.20V and 0.068V for S* and Se?, respectively.
The electronic properties of all the materials were probed by Ultraviolet-visible (UV-vis)
spectroscopy and photoluminescence (PL) spectroscopy. The incorporation of chalcogenide
anions into the structure of the triiodide perovskite material resulted in the narrowing of the
optical bandgap from 3.40 eV (CH3NH3Pbls) to 2.7 eV for materials doped with S
(CH3NHj3l,S), and from 3.40 eV to 2.30 eV for materials doped with Se (CH3NH3PDblsSe),
respectively, following the anticipated trend E; (CH3NH3Pbls) > E; (CH3NH3PbILS) > Eq



(CH3NH3Pbl,Se). However, the obtained bandgap 3.40 eV for CH3NH3Pbl; is bigger than
the one reported in literature 1.57 eV for CH3NH3Pbls due to the fact that in this project the
UV-vis and PL measurements were carried out with perovskite solution (perovskite
precursor) and not with annealed perovskite thin films (polycrystalline perovskite crystals).
Nevertheless, spectroscopy studies (UV-vis and PL) in this project demonstrated that S and
Se are potential candidates for bandgap narrowing of the current triiodide perovskite
CH3NH3Pbls material for application in single-junction solar cells. Electrochemistry studies
were also conducted to probe 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
(CH3NH3Pbl3) to 3.68 eV for S doped perovskite (CH3NH3Pbl,S) and from 3.6 eV to 3.56 eV
for Se doped perovskite (CH3NH3Pbl,Se) due to the less electronegativity of chalcogenide
anions. Again, an expected increase in energy of the LUMOs was also observed from 4.75
eV (CH3NH3Pbls3) to 4.96 eV for S doped. perovskite (CH3NH3PbI,S) and from 4.75 eV to
5.08 eV for Se doped perovskite (CHsNH3Pbl,Se) dueto less electronegativity of the
chalcogenide anions. The electrochemical bandgaps-obtained were lesser than the optical
bandgaps and this could be attributed to fast electrochemical reactions which causes the
peaks to shift to less extreme potentials. A decrease in the energy of the HOMOs (valence
band) implied that lesser energy will be required to knock out the electrons from the valence
band to the conduction band (LUMOSs) to ‘create photocurrent/electrical current, making

organo-chalcogenic 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
Agency’s technology that by 2050, _about ~11% of all global electricity will be produced by
photovoltaic technology, avoiding 2.3 gigatonnes of CO; emissions per annum [2]. By taking
these forecasts into consideration, photovoltaic devices have gained significant attention from
research communities in the past decades. Researchers believe 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 the solar energy. 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, finding ways to realize PV as reliable, cheap, and durable avenues for power
generation is of research interest to the research community. The 14™ element on the
periodic table known as Silicon is vital for PV materials in today’s world. Nonetheless, a
need for novel 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 Fuller at AT&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 second-generation solar cells,
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which penetrated the PV market in 1981 [7]. At present, second-generation 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 of cost-effectiveness,
flexibility, and ease of fabrication. Although solar cells based on silicon continue to lead
over thin-film technologies and are soaring owing to impressive efficiencies and enhanced
lifetimes, however, researchers still need to unpack the organic prospects of solar cells.
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 of the possible alternatives 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 electronics, organic photovoltaics (OPVs), and
organic/flexible displays [9]. This has resultantly led to the flexible third-generation solar

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

Plastic based solar cells or organic solar cells (OSC) are developing multidisciplinary 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 for 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 low-cost solution processing techniques, such as
spin-coating, brush painting, and sprays coating [4]. Desired film thickness of a few hundred
nanometers and efficiencies of 4 to 5% are attained from these solution-processing
techniques. OSCs has wide multi-layered architectures which help in executing the photon
trapping, electrons and holes generation processes, and transportation of charges to the
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 energy is minimized 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. Dye-sensitized solar 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 porphyrin 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 revolutionize
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 profitable means and
methods. The frontrunners in the efforts to double the efficiency of these materials in less
than a year [18-21] includes several groups such as Henry Snaith from Oxford University, 0
b7vAndrew Rappe at University of Pennsylvania, Sang Il Soek at 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 devices are 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 discovered calcium titanate (CaTiO3),
a mineral which was named after a Russian mineralogist, Lew A. Perovski. Moreover, all
compounds with the same stoichiometry as ABX3 and with the same nomenclature to CaTiO3
are identified as perovskites. Muller and Roy unambiguously 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 structure of perovskite but not the chemical composition CaTiOs.

The building blocks A, B, and X in the crystal structure of perovskite are arranged in an
octahedral symmetry and are usually represented as larger rare earth metal cation, a smaller
metal cation, and anions (O, CI', Br’, I, or in few instances S%), respectively. For an ideal
(cubic) perovskite structure, the large A 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 CaTiOs, MgSiOs, SrFeQO3, BaTiOs, LiNbO3, SrZrOs, and nonoxide KMgF3



exist. These perovskites can produce an incredibly wide array of phases with a multitude of
functionalities that include dielectric [25,26], ferroelectric [27-30], magnetoresistive [28],
thermoelectric [31], electro-optic [32], semiconducting [33], conducting [28,34], and
superconducting [29,35]. By cutting 3-D perovskite into one layer thick slice along (100)
[36] direction, a two-dimensional layered organic-inorganic perovskite structure was derived
from the three-dimensional (3-D) ABXj structure. The replacement of an inorganic A cation
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 wide-ranging selection of
properties [37]. The structure-property relationship in organic-inorganic hybrid perovskite
materials was explored by David B. Mitzi by replacing A with a cationic organic molecule, B
with an inorganic post-transition metal, and X with halides, such as methylammonium tin
iodide (CH3NH3Snl3) and methylammonium lead iodide (CH3NH3sPbls) [29].  These
materials, organometallic halide perovskite materials, are brought about for diverse thin-film
devices, such as solar cells [38,39], thin-film-transistors [40], and light-emitting diodes
[38,40]. Perovskites of nomenclature-with-a-methylammonium (CH3NHs") organic cation
and inorganic metal halide octahedra’s-(Snlp; Pbly) form hybrid perovskites with changing
physical, optical, mechanical, and electrical properties. ' Strong intermolecular hydrogen
bonds between the amino and halide group ions exist in the organometallic perovskite, while
the weak Vander Waals exists amid the organic cations. The best metal cations for the
functioning of organic-inorganic framework ‘are ‘the divalent ‘transition metal ions (such as
Cu?*, Ni**, Co**, Fe?*, Mn?*, Pd®!, Sn?', Pb®" |etc). The'transition metals belonging to group
14 (including Sn** and Pb?*) attracted more interest owing to their excellent optoelectronic
properties and potential for low-temperature device fabrication [20,34,42]. Sn®* and Pb** are
the most primarily used metal cations with melting points of 505 and 600 K, respectively.
These cations (Sn®* and Pb®*) are usually unreactive, stable at room temperature, and
abundant in the Earth’s crust. The absorption of perovskite structures is improved by
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 capabilities of optical absorptions can be enhanced
by the replacement of pure halides by mixed halides with changing ratios in the
organometallic halide perovskites [36]. Thus, the organometallic halide structures such
AB(Bryl1-)s-yCly have developed.



1.2 PROBLEM STATEMENT

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 solar energy 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 into electricity 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 attained by 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 applications are 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 halide perovskite 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
semiconductor material is solution-processable 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 poor absorption
at 780 nm attributed to its limited bandgap of 1.5 eV [47,49,50,51]. The photovoltaic
performance can be improved 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 efficiency
for optimum performance in a heterojunction device is over 30%, feasible by harvesting the
ultraviolet to near infrared photons up to 1.1 eV [52], and the current perovskite materials do

not meet these standards.



1.3 MOTIVATION OR RATIONALE

Solar energy (solar power) is known as the world’s richest energy supply. About 1.5 X
1018 kW h of solar energy from sunlight is consumed every year. The known reserves of oil,
coal, and natural gas are worth 1.75 x 10> kW h, 1.4 x 10*°> kW h, 5.5 x 10> kW h,
respectively, in contrast to solar power. Therefore, sunlight provides more than a hundred
times the energy of the world’s known fossil fuel reserves ever year. An indefinite energy
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 sunlight directly 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 goal 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-photovoltaics (OPVs)-dye-sensitized solar cells (DSCs) and
quantum dots solar cells (QDSCs) which are known as alternative “third generation”
technologies are fabricated via solution based processes such as blade coating, screen printing
and spraying. These photovoltaics 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 organometallic halide 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 stable solid state solar cells based on CH3NH3Pbl; perovskite have already surpassed
15% transcending every other solution-processed solar cells technology. It has been shown
by early pioneering work [55,56] in the field of organometallic halides that this group of
materials can behave as low dimensional electronic systems with tunable properties, which

allows for the development of new perovskite solar cell materials in addition to CH3NH3Pbls.



1.4 AIM AND OBJECTIVES OF THE STUDY

The chief aim of this study is to redshift the absorption onset of the current triiodide
perovskite CH3NH3Pbl; nanomaterials beyond 780 nm (narrow bandgap below 1.5 eV). This
will be done by incorporating chalcogenide anions (S & Se) into the structure of the triiodide
perovskite to synthesise new perovskite nanomaterials with mixed ions (organo-chalcogenic
perovskites); CH3NH3Pbl,S & CH3NH3Pbl,Se. The aim of the study will be achieved by the

following objectives (in sequence).

1. Synthesise the triiodide perovskite CH3NH3Pbl; nanomaterials.

2. Incorporate the bivalent chalcogenide ions (S*, Se?) into the structure of the trijodide
perovskite CH3NH3Pbl; to prepare new mixed-ions (organo-chalcogenic) perovskites
CH;3NH3PbI,S and CH3NH3Pbl,Se nanomaterials.

3. Interrogate the microscopic properties of the triiodide perovskite CH3NHsPbls
nanomaterials by High-Resolution Transmission-Electron Spectroscopy (HR-TEM),
determine the particle size and confirm the elemental composition by Energy
Dispersive x-ray Spectroscopy (EDS).

4. Determine the optical bandgaps of all perovskites nanomaterials by Ultraviolet-visible
(UV-vis) spectroscopy and Photoluminescence (PL) Spectroscopy.

5. Determine the electrochemical - behaviour.-and electrochemical bandgaps of all

perovskite nanomaterials by Cyclic Voltammetry (CV).



1.5 LAYOUT OF THE THESIS
This section gives a layout of the five chapters discussed in this mini-thesis.

Chapter 1. In this chapter, the background on the photovoltaic (solar cell) technologies
including the significance of perovskites, problem statement, motivation, aims & objectives

of the study are discussed.

Chapter 2. A detailed literature review of organometallic halide perovskite materials
focusing on their intrinsic properties, fundamental photophysics and preparation methods is
discussed. The work done on bandgap engineering (modulation) of organometallic

perovskite materials for application in single-junction solar cells is also discussed.

Chapter 3. This chapter gives the experimental details (including reagents and procedure

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

Chapter 4. A detailed discussion of-experimental-results.obtained from triiodide perovskite
CH3NH3Pbl; and new mixed ions  (organo-chalcogenic) perovskite CH3NH3Pbl,S &
CH3NH3Pbl,Se nanomaterials 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

2.1 INTRODUCTION

Solar energy is the most abundant energy source and an alternative for noncarbon-based
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 CO,..  Solar cell (photovoltaic 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-compounds have been reported 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, Ga)Se,xSx, or CdTe, has emerged to
advance their progress in terms of cost per unit area [2-4], the manufacturing processes of

inorganic thin-film solar cells requires high temperature and high vacuum-based techniques

[5].

In 1991, a breakthrough of dye sensitized 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 mesoporous TiO2 film sensitized with organic dye and cobalt
redox electrolyte [7]. Driven by the demand to simplify the solar cell production and increase
the open-circuit voltage and stability of solar cells, solid-state DSSCs have also been
investigated, where the liquid electrolyte was replaced by solid hole-transporting materials
[e.g., 227,77 —tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9’spirobiflourine  (spiro-
MeOTAD), poly(3-hexythiopene) (P3HT), polypyrrole, and polyaniline) [8-12]. However,
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high carrier recombination rate at various device interfaces has been a setback in solid-state

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

Recently, high efficiency solar cells based on organometallic halide perovskite materials
ABXj3 (A = CH3NHg3, B = Pb, Sn, and X = F, Cl, Br) have been extensively explored due to
their attractive light-harvesting characteristics [14-44]. These materials have a direct
bandgap and exhibit excellent photovoltaic properties, with high extinction coefficient
[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 efficiency 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
charge-carrier diffusion lengths, surpassing the traditional constraints of solution-processed
semiconductors [14-44, 49], and resultantly transcending the performance of most other thin

film solar cell technologies that have-been explored.

The photovoltaic performance of perovskite solar cells-is dependent on the absorption of the
light spectrum. The current organolead triiodide perovskite CH3NH3Pbl; material shows a
poor absorption at 780 nm attributed to its limited bandgap of 1.5 eV [50,51,52,53]. The
photovoltaic performance can be improved 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 efficiency 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 low-bandgap perovskites for sunlight conversion to
electricity still poses a major challenge [55-57]. Meanwhile, the preparation of lead-free
perovskite solar cells maintaining the output performance is still under investigation since the
toxicity of Pb element prevents the practical application of these materials in the photovoltaic
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. A new class of anions known as chalcogenide
anions (S & Se) for synthesis of mixed ions (organo-chalcogenic) perovskites is introduced in
the end (section 2.5.6) and suggested for better band-gap engineering of organometallic

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

2.2.1 Crystal Structure of Organometallic halide perovskites

The composition of the organometallic halide perovskite obeys the general formula ABX;3 for
the perovskite structure (see Figure 2.1); where A is the organic group cation (e.g A =
CH3NH3, NH,CH=NH)), B is the metal cation (e.g B = Sn, Pb, Ge, Cu), and X is the halide
anion (e.g X = CI', Br,, or I'). These materials form the PbXs" octahedral where the halogen
anion X is situated in the corner around the CHsNHs*. The octahedra PbXs" form an
extended three-dimensional (3D) network by all-corner-connected type. The organic cation
CHsNH;" fills up the hole among the octahedral structures and balances the net charge of the
network as a whole [58-60]. The compounds CH3NH3BX;3 (B = Sn, Pb and X = CI',Br °, and
I") and NH,CH=NH,BX3 (B = Pb and X = I') have been successfully prepared [61-66].

Figure 2.1: Unit cell of basic ABX3 perovskite structure. The BXg corner-sharing octahedral

are evidenced. Adapted with permission from Ref. [67].

The formation of perovskite is estimated by Goldschmidt tolerance factor (t), t =
(ra +1%)/[V2(rg + 1¢)] [68], Where , 75, and ry 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 range 0.76 <t < 1.13 [69]. It has been
debated that the perovskite structures are not stable even in the most preferred range 0.8 <

t < 0.9 [70], indicating that perovskites formability and stability can not only be determined
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by the tolerance factor. The octahedral factor (u), u = ry/ry [71], thus serves as an
additional determining factor for the formation and stabilization of the perovskite structure.
For alkali metal halide perovskites, the formability and stability is determined by t — u
mapping, where the stability is achieved in the ranges 0.813 < t < 1.107 and the octahedral
factor 0.442 < u < 0.895 [71]. Table 1 gives the estimated effective ionic radii r, in APbX3
perovskite [72-74], where the A cation radii ranges between ~ 160 pm to ~250 pm , which
corresponds to one or two C-C (150 pm) or C-N (148 pm) bonds. The tolerance factors for
CH3NH3PbX; for X = CI, Br, and I, are calculated as 0.85, 0.84, and 0.83, respectively, on
the radii of CHsNHs* = 180 pm [75], Pb?* = 119 pm, CI" = 181 pm, Br “ = 196 pm, and I" =
220 pm. It was found that the most cubic perovskites has a tolerance factor in the range
0.8 < u < 0.9 [76], indicating that the methylammonium lead halide perovskites have a

cubic structure.

Table 1. Estimation of the cation Radii in ABX;3 (B = Pb** and X = CI', Br’, or I')

re* (pm) rx* (pm) ra’ (pm) ra’ (pm)
t=0.8 t=10
Pb?* (rg = 119) Cl (e = 181) 158.4 243.3
Br (rx = 196) 160.4 249.5
I (rx = 220) 163.5 259.4

*Effective ionic radii, for 6 coordination number. °ry = t x 21/2 (ry + 1y) — Iy.

In contrast to oxide perovskites, the organometallic halide 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 (X" = Br’, CI', I') differences in comparison to the
oxide (O%) anion:

(i) their negative charge is so small that it can only balance metals in lower oxidation states,
and, (ii) their much large ionic radii hampers their incorporation of small metal ions
octahedral coordination geometry. Due to these restrictions, the metal anion B is selected
from a few set of elements which includes the alkaline earth metals [77], bivalent rare earth
metals [78], and the heavier group 14 elements (Ge?*, Sn**, Pb**). Remarkably, there are no

transitions metals that can adopt the halide perovskite structure, with few notable exceptions

18



[79]. The above considerations apply for the fluorine anion X = F’, because its small size is
able to stabilize the perovskite structure for nearly all the bivalent metal ions. There are only
three cations that have been reported to stabilize the perovskite structure in heavy halides,
CHsNH3;" (MA), HC(NH,)," (FA), and Cs’. Amongst these three cations, Cs" is the only
elemental cation that is large enough to support the perovskite, whereas for the organic
cations, it 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
organometallic 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 a semi-empirical
method based on the Huckel theory-and-ab-initio-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 structure of organometallic 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 3-D CH3NH3Pbl; crystals that the valence band maxima consists of
the Pb 6p — I 5p o-antibonding and Pb 6p — I 5p = anti-bonding orbitals, as seen on Figure 2.2
[81].

DFT studies of 3-D perovskies began to become intense owing to the attention raised by
perovskite solar cells. The band structure for CH3NH3PbX3 in cubic phase and the mixed
halide CH3sNHsPbl,X ( X = CI, Br and 1) in tetragonal phase with neighbouring CH3NHs"
counterions were calculated by E. Mosconi together with F. De Angelis and their
collaborations [83]. The results revealed that the organic component had a slight effect on
the bandgap energy, which is largely determined by [Pbl,]® network. It was further
highlighted by the authors that the nearby matching of their bandgaps (calculated without
considering spin-orbit coupling (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] (low-temperature orthorhombic phase). J. Even et al. [28] reported the work done
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on the SOC effect on the electronic band structure in 3-D perovskites 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):[Pbls]* cluster-(0— D), (b) CH3NHsPbl; — (3 — D) and (b)
(CH4HyNH3),Pbl, (2 — D) at the top of the valence band and at the bottom of the conduction
band. Adapted with permission from Ref. [81].

2.3 PHOTOPHYSICAL MECHANISMS IN.CH3;NH3zPbl; THIN FILMS

The photophysics study of organometallic halide perovskites focuses mainly on two
properties, which comprises the excitonic properties of layered perovskites such as the optical
non-linearity around the excitonic resonances [86] and the exciton-exciton interactions [87].
Exciton and bi-exciton dynamics [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 exist as bound electron-hole pairs or as free carriers depending on the
exciton binding energy Ep, hence the E, for CH3NH3Pbl; as photovoltaic material has been
extensively investigated. The E, of selected 3-D perovskites with low-dimensional
perovskites included for comparison are shown in Table 2. CH3;NH3Pbls excitons are
expected to be more of the delocalized Wannier-type associated with exciton Bohr radius,

rg ~ 304 [80,90]. CH3NH3PbBr; and the mixed halide CH3NH3Pbl;«Cly 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. For 2-D layered perovskites, in contrast, a Frenkel type for
excitons is expected and 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 effects [90] associated with a decreasing dimensionality to 1-D and 0-D.

Electron-hole 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 lengths in 3-D perovskites 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 energies E;, ranging from 19 meV to 50
meV, these values are comparable to room temperature thermal energies of kgT ~ 25 meV.
Given the ambiguities and assumptions involved with the determination of the values for Ej
based on the approach used (optical-absorption -[92,93], magneto-absorption [94] and
temperature dependent PL [95]), it can be concluded from Table 1 that E, for CH3NH3Pbl; is
close (comparable) to the thermal energies of ksT ~ 25 meV at room temperature.

There have be are no reports on studies focusing on the charge dynamics 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 organometallic halide
perovskites still lacks a lot ‘despite the  searing ‘progressing in organometallic halide

perovskite solar cells.
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Table 2. Exciton binding energies E, of the 3-D CH3NHsPbl; and CH3NH3PblsCly

perovskites and selected low-dimension perovskites.

Compound Dimensionality | E, (meV) Method
CH3NH3Pbl3 3D 30 Optical absorption [80]

37 Magneto-absorption [97]

45 Temperature dependent PL [98]

50 Magneto-absorption [94]

19+3 Temperature dependent PL [99]
CH3NH3PbBr3; 3D 76 Magneto-absorption [94]

150 Optical absorption [80]
CH3NH3PbI3-xCIx 3D 98 Temperature dependent PL [100]
(CoH19NH3)2PbI4 2D > 330 Temperature dependent PL [98]
(NH2C(1)=NH,)sPbls | 1D > 410 Optical absorption [80]
(CH3NHg3)4Pblg - 2H,0 | OD 545 Optical Absorption [80]

2.3.1 Morphology and Luminescent. properties-of Organometallic 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
This has

increased an interest in seeking for the insight of the optical properties of these materials. It

solution-processable and tunable electrically pumped lasers [101-103,104].

has been demonstrated by the recent work that the photoluminescence (PL) decay in
CH3NH3Pbls (MAPDI3) can be explained by simple rate equations involving carrier trapping
and electron-hole radiative recombination. According to Yamada et al [105], Stranks et al.
[106], and Saba et al. [107], the PL dynamics are dependent on nongeminate electron-hole
recombination process [108], and possibly on nonradiative de-excitation paths as well.
Therefore, a bimolecular intrinsic radiative recombination coefficient (Brag = Ryaa/Ni, Where
Rrag is the radiative rate and n; is the intrinsic carrier concentration) and a nonradiative
monomolecular trapping rate (A), i.e., dn/dt = -An — B.gn® has to be taken into account to

satisfactorily model the temporal evolution of the excited carrier population n(t). Charge-
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trapping pathways dominates at low excitation densities and results in limited PL quantum
efficiency, whereas at high excitation densities the charge-trapping 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 long PL lifetime reaching up to hundreds of nanoseconds associated with
photocarrier diffusion lengths of micrometers [109] was found for Cl-doped MAPbI;. The
long PL lifetime was attributed to the incorporation of CI ions within the perovskite unit cell.
Nevertheless, recent studies have indicated the major role played by chlorine-based precursor
in the crystallization process of the hybrid perovskite. It was shown that Cl ion cannot be
quantitatively determined in the unit cell implying that it is expelled from 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 between the structural and optoelectronic properties
of the self-assembled materials. ..During thefabrication_process, organometallic halide
perovskites are usually deposited as polycrystalline thin films with morphologies that depend

on the crystallite growth conditions [111,112].

The influence of morphology of the MAPbI; thin 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 two-step sequential 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 position. The results for time-resolved PL (tr-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 (>1 um), as
shown in Figure 2.3e. The lifetime value for larger crystallites (>100 um) approached value
that have been reported for MAPbI3; samples doped with CI [109,115], as shown in Figure
2.3f. These results show that the PL lifetime of MAPbX3; materials is critically dependent on
the specific morphology of the sample and therefore the employed fabrication protocol
[109,112,115-117]. It is intuitively concluded that the nonradiative channels are enhanced
with the increase in the polycrystallinity. This can be 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 smallest crystallite size, more likely to have a high

23



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 process also in the small crystallites. The density-dependent nonradiative

processes become more apparent and dominate at excitation density beyond 10'7 cm?
resulting in a decrease in PL yield. This behaviour was modelled by Saba et al. [107] in
accordance to Auger-like mechanisms proportional to n®. Lower threshold is presented by
small crystallites for such nonradiative mechanisms in comparison to larger crystallites and
Cl-doped MAPbDI; [107].

smaller crystallites [99].

This may be attributed to a high degree of defect densities in
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Figure 2.3: (a — d) Top view SEM images of MAPbI; formed using (a) [MAI] = 0.063 M,
T = 25°C; (b) [MAI] = 0.045 M, T =25°C; (c) [MAI] = 0.031 M, T =25°C; (d) [MAI] =
0.045 M, T = 70°C. Scale bars are 2 um. (e) (top) Spectral positions of the UV-vis absorption
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 MAPDI; crystal sizes and PL
dynamics of Cl doped MAPDI3 spin coated on a glass substrate. The pump wavelength was
700 nm, and the initial excitation density was ~4 x 101® cm~3. Adapted with permission
from Ref. [118].
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The dependence of the PL lifetimes on the excitation density is shown Figure 2.4b. Two
representative samples studied in Figure 2.4a, MAPbI; with <250 nm crystallite and with
>1um crystallite, which correspond to the samples in Figure 2.3 a, d, respectively, were
chosen. In this structure, the PL lifetime dependence on the initial excitation density (no) can
be written as [105,119]

Tpy, = (A + Braany) ™! 1)

The intrinsic bimolecular radiative recombination coefficient 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 coefficient,B,,q = (0.62 + 0.06) x 10~%s~1cm3, respectively
to the smaller ones, B,q4 = (3.7 £ 0.2) X 107 s 1cm3. 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 from1.3 x 107s™! to 0.72 X
107s71.,  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 between Eg and Byaq is shown by reduction in Br,q 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 the intensity dependent
PL measurements also confirmed this observation. The optical bandgap of the MAPbX3 was
observed to shift to lower energies as a result of lattice stress (Varshni shift [121]) as the
temperature of the temperature is lowered. This was observed for MAPbI; film deposited by
employing the two-step procedure on a 1um thick Al,O3 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 excitonic effects 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 2.3f (~6 x 10° cm™3).
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Figure 2.4: (a) Normalized PL quantum vyield (calculated as the ratio of the integrated PL
spectrum to the incident power) for the sample shown in Figure 2.3a. (b) PL lifetime as a
function of the excitation density for MAPbI; samples with small (black circles) and large
(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 Meso-MAPDI; at
room temperature (black triangles), 220 K (red circles), and 150 K (green squares). The error
bars refer to the 95% confidence intervals of the fitted parameter values. Adapted with

permission from Ref.[118].
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2.4 PREPARATION METHODS OF ORGANOMETALLIC HALIDE PEROVSKITE
THIN FILMS

Perovskite thin-films are prepared by four different methods reported so far, which comprises
spin-coating [123], vacuum vapour deposition [124], two-step deposition technique (TSD)
[125, 126 — 128] and patterning thin film [129]. One-step spin coating method was initially
employed for the fabrication of the solar cells, but couldn’t attain high quality film, let alone
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 and co-workers
[126] for the preparation of organometallic halide perovskite. By employing TSD to coat
CH3NH3Pbl; layers, high quality thin films were achieved and as a result the 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, this technique demands high
vacuum which consumes too much energy, and again, various perovskite preparation
utilising different organic components is expected to be limited. The use of the vapor-
assisted solution process for the fabrication of planar perovskite thin films and their
corresponding solar cell has been demonstrated by a recent report [130]. In this method, film
growth via in situ reaction of the as-deposited film.of Pbl, with CH3NHj3l vapour is the key
step. The concept of this method differs from the current solution process and vacuum
deposition method, by mitigating co-deposition of organic and inorganic species. Full
surface coverage, uniform grain structure with grain size up to micrometers, and 100%

precursor transformation completeness are achieved employing this approach.

2.5 BAND GAP ENGINEERING

Most of the solar energy is concentrated in the region from the visible to near infra-red (NIR)
in the solar spectrum. In order for the organometallic halide 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 voltage (Voc). 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 range 1.4 — 1.6 eV are
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the potential candidates for the development of single junction solar cells. The bandgap of
organometallic halide perovskite materials can be decreased by (i) increasing the in-plane M-
I-M bond angle, which is done by octahedral tilting distortions, (ii) increasing the
dimensionality of the MI(X)s network, and (iii) by the decrease in the electronegativity of the

anions system [132].

The increase in the M-I-M bond angle has a significant impact in bandgap of semiconductor
materials. Different metal cations (i.e. ABls (B = Ge*", Sn?*, and Pb?"), results with
variations in the M-1-M bond angles, 166.27 (8)°, 159.61(5)°, and 155.19(6)°, for Ge**, Sn**,
and Pb®", respectively [133]. Additionally, a decreasing M-I covalent bond character was
observed while going down the 14™ group, attributed to an increase in the electronegativity
difference of the two atoms, Ge 4p < Sn 5p < Pb 6p. Thus, the bandgap of organometallic
halide perovskites ABIs, with different metal cations (i.e. B = Ge?*, Sn?*, and Pb*"), obeys the
trend AGel; < ASnl; < APbls. Perovskites based on Sn®* are more suitable candidates for
applications in photovoltaics than perovskitesbased-onPh>* due to their smaller bandgap red-
shift i.e. 260 nm. It has been demonstrated by recent studies that perovskite solar cells based
on Sn’* can attain a high short-circuit current density of approximately 20.04 mA cm™ [134].
Nevertheless, the efficiency was notably lower than that of the Pb** counterpart employing
similar device architecture. Thus, the low device performance was due to lower Voc and 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 the BXg"
octahedral network can be affected by the size of the A cation, depending upon the difference
of the tolerance factor, and therefore can modulate the bandgap. A symmetry lowering trend:
FAPDbI; > MAPbI; > CsPbl; [131] exists for the three cations HN=CHNH3" (FA™), CH3NH;"
(MA™), and Cs”, respectively. There is a gradual deviation of Pb-1-Pb bridging angles from
linear conformation from FAPbI; to CsPbl; resulting in a reduction in the orbital overlap of
Pb-I. Therefore, a trend in widening of bandgap is observed: FAPbl; < MAPbI; < CsPbls.
Perovskites designed by a mixture of FA™ and MA" in the A site results in the redshift of the
optical absorption onset of MA,FA1«xPbls in comparison to that of MAPbI3, and therefore the
harvesting of solar energy is enhanced. Moreover, MAFA;1.xPbl; has a longer exciton
lifetime [135] and hence it exhibits higher carrier-collection efficiency in comparison to the
single cations analogues. Perovskites based on FA™ have a narrower bandgap; however, they

suffer from the instability more than the perovskites based on MA™ cation. A stable and
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efficient mixed-perovskite light harvesting layer was recently designed by rational
incorporation of MAPDI; into FAPDI3, and the device PCE was improved to 18% [136]. The
oxide perovskites, ABO3 (A = alkaline-earth metal: Sr, Ca, or Ba and B = transition metal =
Ti), have a wide bandgap in the range 3 — 5 eV and are extensively used in thin-film
electronic components and electro-optical materials. Their wide band gap is due to the large
difference in electronegativity between the metal and the oxygen atoms [137]. The bandgap
can be reduced by decreasing the difference in electronegativity and the metal atom, for
example, BiFeOs has a lower bandgap than BiTiO3; because Fe has a higher electronegativity
than Ti [138]. Furthermore, the bandgap of CH3NH3Pbls is only 1.55 eV lower than that of
ATIO3 regime, which is due to the smaller difference in electronegativity between I" and Pb
atoms (I, 2.66 vs Pb**, 2.33).

Decrease of the Electronegativity of the Anions. Experimental studies demonstrated that the
absorption of CH3NH3PbX3 shifts to the blue region of the solar spectrum with changing of
anions from I' to Br" to CI". Mixed-anions-perovskites-CH3NH3Pb(l1.xBry)s showed a blue-
shift absorption band-edge in comparison to that of CH3NH3zPbl; due to the fact that I" anion
has a lower electronegativity than that of Br’ anion [139,140].

Tetragonal-to-Cubic Transition. There is a transition in the structure of CH3NH3PbBr; from
cubic (at high temperatures) to tetragonal structure (at temperatures below 235 K [141, 142]).
The transition originates from tilting of the PbBrg octahedral 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 consequence of changes in bond length and bond angles.
Recent work by Quarti and co-workers has demonstrated a gradual blue-shift of the
absorption spectra in the MAPDI3; regime when the temperature was increased from 310 to
400K, associated with an increase in bandgap 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 blue-shift in the absorption spectra of MAPDI;.

2.5.1 Organic cation (A) modification

(@) Formamidinium Perovskites

A lot of work has been devoted to perovskites materials employing methylamine CHsNH3"
(MA"), as an organic cation. The methylamine lead perovskites have bandgaps of 1.55 eV

and beyond. The effect of replacing the methylammonium cation with a slightly 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 demonstrated long range 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 high short-circuit current of >23 mA cm™ yielded 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

candidate in the class of organometallic halide 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 inspired 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 of the perovskite can be expanded or contracted. Since the A cation must fit between
the corner-sharing 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 structure of the
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 lattice. The 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 by synthesizing perovskites employing different A
cations of different sizes, namely; methylammonium (CH3sNH3") lead triiodide, cesium (Cs")
lead triiodide, and formamidinium (HC(NH,),"). Formamidinium cation has a larger ionic
radius and cesium has the smallest ionic 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. This implies 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 APbls perovskites formed, where A is either caesium
(Cs), methylammonium (MA) or formamidinium (FA). Adapted with permission from Ref.
[150].

A mixed halide formamidinium perovskite FAPbl,Brs, was synthesised to explore the range
of tuning the bandgap of formamidinium triiodide systems. Most of the mixed halide
samples were attained, however, 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 formamidinium 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 (1 — 1.4 eV)
for optimum planar heterojunction solar cells. Higher photocurrents should be attained by
harnessing more of the solar spectrum, if more photogenerated electrons and holes are

suitably long lived and mobile to be extracted from the solar cell.
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FAPDI,Brs., perovskites with varying y,-measured-in.an-integrating sphere. (b) Corresponding
steady-state photoluminescence spectra for the same films. | Adapted with permission from
Ref. [150].

For a material to be compatible for planar. heterojunction architecture, it must 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 utilization of FAPbI; into photovoltaic
cells. These experiments were performed to obtain electron and hole effective diffusion
lengths as177 + 2 nm and 813 + 72 nm. Notably, both electron and hole diffusion lengths
for FAPDI; are longer than those of MAPbI3, however, they are shorter than those in the
mixed halide system MAPDI;Cly which are over a 1 micron for both electrons and holes
[151].

An efficiency of up to 14.2% attributed to the high short-circuit current of over 23 mA cm™
was achieved for the best performing device optimised with FAPDbI; perovskite utilizing
compact TiO, and Spiro-OMeTAD as electron and hole-transporting materials ,respectively,
and this made a new record for the solution-processed planar heterojunction perovskite solar
cells. A photocurrent out to ~840 nm was generated due to a narrower bandgap, which was
better than only 800 nm attainable with the conventional MAPbI3; material [147]. The FAPbI;
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perovskite system has higher power conversion efficiency mainly due to two advantages. The
first advantage is that with FAPDbI3, uniform and continuous thin films with few pinhole or
defects can be formed via solution-processing, which has been a huge challenge for the
MAPbX; thin films [152]. With uniform perovskite coverage, the open circuit voltage can be
maximized. The second advantage is that, the narrow bandgap of ~1.48 eV in comparison to
~1.57 eV in the MAPDI3 «Cly, allows for the harnessing of most of the solar spectrum, and it
is closer to the ideal bandgap for a hetero junction solar cell. A corresponding drop in Voc
was expected for a narrower bandgap. The best FAPDI; planar heterojunction solar cell
attained Voc of 0.94 V in comparison to 0.97 V attained in the best MAPbI3 Clx solution

processed planar heterojunction solar cells [151].

Devices fabricated with increased bromide content FAPbIyBrs., were also explored. High
open circuit voltages were expected since the devices have a higher bandgap, as it was
previously observed with the MAPbX3 system [153, 154]. Planar heterojunction solar cells
were fabricated for different compesitions-of -FAPblyBrs., for y = 0 (FAPbBr3), y = 0.8
(FAPbIygBr,) and y = 1 (FAPbIBr,). Higher open circuit voltages of 0.1 V accompanied by
a drop in photocurrent were observed as the 1odide content was decreased (increasing the
bromide content) fromy = 1to y = 0.8. This was in agreement with an increase in bandgap

from 1.48 eV to 1.55 eV and hence the increase in Voc Was expected.

(b) Mixed-Organic-Cation Perovskites

Organic-inorganic hybrid perovskites are prepared by employing a variety of organic cations
[157,158-164]. The size of the organic ammonium cation has been demonstrated to have
influence on the optical bandgap of the perovskite materials by affecting the M-1-M (M=Sn,
Pb) bond angle or by enhancing the formation of insulating barriers between semiconducting
Pbl, layers [160]. The bigger cations lead to formation of two-dimensional perovskites with
Pbls* edge sharing octahedrons. The two dimensional (2D) perovskites i.e iodoplumbate and
iodostannate, have been reported to have wider bandgaps [166,167], making them unsuitable
for panchromatic absorption of the visible solar spectrum. Various organic cations have been
demonstrated to have an effect on the bandgap by as much as 1 eV in iodostannate [166]. In
theory, methylammonium (CHsNHs, MA™) and formamidinium (HN=CHNHs, FA") cations

are small enough to form 3D perovskites, in contrast to ethylammonium (CH3CH,NHs")
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which is known to form a 2D perovskite [157]. Mitzi and co-workers described FASnI; early
in 1995 [161], and its Pb analogue was recently explored by Kanatzidis and coworkers [168],
both reported a significant redshift of the optical absorption in comparison to that of MAPDIs.
Formamidinium cation has been reasoned to offer lower band gap of 1.4 eV [169] to the
conventional MAPDI3, which is most favourable to convert AM 1.5 sunlight to electricity.
The bandgap of MAPbI; was tuned by gradual substitution of MA with FA cations while
monitoring the shift in the optical response. Studies on mixed-organic-cations perovskites
focused on their electronic properties. A semi-conductor-to-metal transition within the series
(HN = CHNH3),-(CH2NH3),Snylsn+2 [161,170], as n increased, was described by Mitzi and
co-workers. The three dimensional (3D) perovskites employing mixed-organic-cations and
Sn as a metal i.e (HN =CHNH3)o5(CH3NH3)o5-Snl; [171]; have also been synthesized,
nonetheless, their photovoltaic and optical properties were not explored. A lot of attention on
bandgap tuning of metal halide perovskites has been devoted on the mixing of halide anions
e.g Br/1 [167,172] or CI/1 [155,163] rather than-employing mixed cations.

The study of 3D perovskites employing a mixed-organic-cations (MA)x(FA).«Pbls (x =0 —
1) prepared by sequential deposition method [156] has also been explored as photoactive
layers in mesoscopic solar cells by N. Pellet et al [173]. The sequential deposition method
was used as a powerful technigue toyield perovskites. crystals composed of both
methylammonium and formamidinium -cations in.accurate. proportions. Fully functional
photovoltaic  (PV) devices were tested employing 2,2°,7,7’-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9’-spiro-bifluorene (spiro-OMeTAD) as the hole-transporting
material (HTM) [174], a mesoscopic TiO, scaffold (m-TiO;) for infiltration of nanostructured
perovskite, and a compact TiO, film (b-TiO,) as the hole-blocking layer. The results showed
remarkable improvements in PV performance from employing mixed-organic-cations as

photoactive layers.

Ultraviolet Visible (UV/Vis) absorption spectra of mixed-organic-cations lead iodide
perovskites (MA)x(FA)1-xPbls for various compositions is shown in Figure 2.7a. The results
of UV/Vis showed that only 20 mol % FAI redshifted the absorption onset of the perovskite
by 20 nm, while the steepness of the absorption edge for MAI was preserved. The absorption
onset shifted to longer wavelengths with further increase in FAI concentration, while the film
absorbance decreased. The best ratio of mixed-organic-cations MAI:FAI for optimum
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extension of light absorption to near IR was proven to be 4:1 or 3:2 in 2-propanol bath
solution, with retention of high absorption coefficient of MAPbI;. The tailing of absorbance
beyond the bandgap for MAPbI; perovskite proved that MAPDI3 scatters light more strongly
than FAPDI;. This difference in light scattering is attributed to smaller crystal size of FAPbI;

in comparison to their methylammonium counterparts.

Figure 2.7a shows the normalised near-infrared photoluminescence (PL) of the (MA)x(FA);-
«Pbl3 (x =0 —1) films. A remarkable red shift by 27 nm in the emission peaks from MAPbI;
(Amax = 776 nm) to FAPbI; (Amax = 803 nm) was noted, consistent with absorption spectrum,
together with a noticeable broadening of the emission profile. The observed similar trends
suggest that the ratio of the incorporated organic cations corresponds to that of the dissolved
organic-cations in the precursor solution. The interactions between methylammonium and

formamidinium cations were confirmed by the non-linearity of the emission shifts.
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Figure 2.7: (a) Normalized emission of (CH3NHz3)x-(HNCHNHS3):.<Pbls (x = 0, 0.2, 0.4, 0.6,
0.8, 1). The emission is shifted further into the red and broadened as x is decreased. (b) Light
harvesting spectra of the different perovskite films recorded in integrating sphere. Note the
20 nm red shift of the absorbance onset for (CH3NH3)os-(HNCHNH3)o 2Pbl3 as compared to
(CH3NH3)Pbls. As the formamidinium concentration was increased, the absorbance of the
film decreased, while no change in the bandgap was discernible. Adapted with permission
from Ref. [173].
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Devices based on pure MAPbI; yielded short circuit current density Jsc of 17.83 mAcm™,
open circuit potential Voc of 1046 mV , fill factor FF of 0.655, and power conversion
efficiency PCE of 12.5%, respectively. The devices based on MAPDI; yielded a short circuit
current density of 17.3 mAcm™ and a PCE of 12.0% on average, and this was in agreement
with the results reported previously [156]. The pure formamidinium lead iodide FAPI;
yielded Jsc = 16.6 mAcm™, Voc = 928 mV, FF = 0.66, and PCE = 10.5 %. A PCE of 11.0%
was attained for the most efficient FAPbIs-based devices, which was below the average PCE
attained for pure MAPDI3;. Mixed-cation perovskites (MA)«(FA).«xPbl; of different ratio
compositions x = 0.2, 0.4, 0.6, and 0.8 were also tested. The perovskite of composition
MA,sFA.4Pbl3 gave the best performance amongst the rest. The typical cell device based on
MAsFA..4Pbl; yielded an Voc = 1027 mV, Jsc = 18.15 mAcm?, a FF of 0.715, and a PCE
of 13.4%. Noticeably, the MAysFA(4Pbls had higher performance than the single-cation
compositions, FAPbl; and MAPbIl;. The J-V characteristics of the best MAgsFA(4Pbl3
device yield Jsc = 21.2 mAcm?, Voc = 1.003-V-and FF = 0.70 which resulted in an overall
power-conversion efficiency of 14:9%:

The incident-photon-current conversion efficiency (IPCE) or the external quantum efficiency
(EQE) was measured across the visible spectrum in order to rationalize the substantial gains
in photocurrent observed for the mesoscopic cells based on- mixed-cation perovskite light
harvesters. It was found that the photocurrent onset-shifted by 20 nm to the red from 780 to
800 nm for FAPbI; and MA(sFAq4Pbls. This was in accordance with the absorbance spectra
shown in Figure 2.7b. MAsFAL4Pbl; showed an impressive spectrum that has a
combination of the advantages of the red-shifted onset observed for FAPbI; with a steep
increase in the IPCE at bandgap characteristic of the MAPbIl;. MAg¢FA,4Pbl; achieved
IPCE values transcending the ones achieved with two single cation perovskites across the
whole visible range and reached about 90% at a wavelength of 500 nm. The IPCE spectra of
MAPDI3, FAPbI3, and MAg sFA4Pbls from 340-850 nm, produced short circuit photocurrent
densities of 17.0, 16, and 20.2 mAcm?, respectively. A fastest drop in absorbance with
increasing wavelength was observed for FAPbI3;, while MAPDbI; was the slowest, and the
mixed-cation perovskite was average. MAPbI; showed a redshift in bandgap at a wavelength
of 787 nm (1.575 eV), and FAPDbI3 at 810 nm (1.530 eV). MA,sFA.4Pbl; exhibited the same

bandgap as FAPbI3, which was opposite to the expectations.

The absorbed-photon-to-current conversion efficiency (APCE) or internal quantum efficiency

(IQE) of these materials was also investigated. High APCE values of 80-85% were
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maintained throughout the visible spectrum for MAggFAq4Pbl;. These values confirmed
high quantum efficiency of carrier generation and collection by the device, different to
MAPDI; and FAPDI3, which collect a little quantity of charges produced by red photons than
by blue photons, resulting in shorter carrier-diffusion length for the single-cation perovskite
phases. The photoluminescence life time of the perovskite deposited on nonconductive glass
from solutions of MAI/FAI and Pbl, in N,N-dimethylformamide (DMF) was measured to
further substantiate this interpretations. An impressive emission of 85% decay was displayed
by MA, 6FA, 4Pbl; with a long lifetime of 130 ns, therefore this emission stayed longer than
the ones for the pure-phase perovskites. The prolonged lifetime in the mixed-cation
perovskite improves the carrier-collection efficiency as seen with MAsFA7Pbls, since it

enhances the diffusion length of the material.

2.5.2 Metal (B) modification

(a) Tin Perovskites

It has been demonstrated by recent studies that mixed halide organic inorganic perovskites
materials show electron-hole diffusion-lengths-beyond 1-pm, which is consistent with reports
of very high carrier mobilities, observed .in these. materials [179] and substantiate the
anticipation for highly efficient and cheap solar cells employing thick absorption layers
[180,181]. The toxicity of lead Pb metal used in the materials prevents the commercialization
of this technology. Hence, it is crucial to achieve ideal optical and photovoltaic performance
employing lead-free organic inorganic materials. A first attempt employing lead free
perovskites CH3NH3Snl; as a sunlight harvester for fabrication of solution-processed
photovoltaic cell was reported by F. Hao et al. [185]. The methylammonium tin iodide
perovskite CH3NH;3Snl; features an even lower bandgap of 1.3 eV than the 1.55 eV achieved
with the benchmark counterpart CH3NH3Pbls. Photovoltaic devices employing CH3NH3Snl3
as a sunlight harvester and spiro-OMeTAD as a hole-transporting material attained an
absorption onset of 950 nm. An efficient energetic tuning of the band structure for
CH3NHsSnl; was achieved by blending of iodide with bromide, yielding a PCE of 5.8%
under simulated solar illumination of 100 mW cm™. CH3NH3Snl; takes on a perovskite

structure and it crystalizes in the pseudocubic space group P4mm under ambient conditions.

37



CH3NH3Snl; is classified as a direct-bandgap semiconductor with a bandgap of 1.3 eV, as
this has been demonstrated both experimentally and theoretically [179, 182]. The material
displays a strong photoluminescence emission at 950 nm at room temperature, and this
corresponds to the absorption onset shown in Figure 2.8a. The intensity of
photoluminescence is proportional to number of e’h” pairs produced by the incident light
[183], and therefore the photoluminescence intensity serves as a qualitative measure of the
number of photogenerated carriers in semiconductors. The bulk electrical conductivity was
determined as o~5Xx 1072Scm™! at room temperature, corresponding to a Seebeck
coefficient of ~ — 60 uV K~ (n-type). The CHsNHsSnl; material holds very low carrier
concentration on the order of ~1 x 10**cm™3 and high electron mobilities () on the order
of ~2,000cm?V~1s~1, which is close or even transcending most of the conventional
semiconductors, including Si, CulnSe; and CdTe, which have close energy gaps. Ultraviolet
Photoelectron Spectrocopy (UPS) measurements were used to determine the valence band
maximum (Eyg) of the CH3NH3Snl; material and-it-was estimated to be ~ — 5.47 eV below
vacuum level, which is comparable to the reported value for CH3;NH3Pbl; (~ — 5.43 eV)
[175]. The conduction band energy Ecp of CHsNH3Snl; was determined to be~ — 4.17 eV,
from the observed optical bandgap value. The conduction band energy Ecp of CH3NH3Snl;

is slightly higher than the Ep for the TiO, anatase electrode (~ — 4.26 eV) [175].

Devices based on CH3NH3Snl; as. the light absorbing layer exhibited a high mean short-
circuit photocurrent density Jsc:0f 16.30. mA em2, an open cicuit voltage V,of 0.68 V and
a moderate fill factor (FF) of .048, yielding a corresponding PCE of 5.23%. The incident
photon-to-electron conversion efficiency (IPCE) of the solar cell device based on
CH3NH3Snl; exhibits improved panchromatic property by covering the entire visible
spectrum and absorbs to maximum of over 60% from 600 nm to 850 nm. This IPCE value of
60% was accompanied with a remarkable absorption onset of 950 nm, which corresponds
well with the optical bandgap of ~1.30 eV. A current density of 16.60 mA cm™2 was
obtained by integrating the overlap of the IPCE spectrum with the AM 1.5G solar photon
flux, and this value (16.60 mA cm™~2), was in good agreement with determined photocurrent

density.

It was noted that although the obtained Jsc for the CH3NH3Snl; perovskite device is less
efficient than that for the CH3NH3Pbl; device [176,177,178,152], the maximum current

density that can be generated is beyond 30 mA cm™2 when AM 1.5G solar spectrum is
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integrated to values below the bandgap of CH3NH3Snl; material (1.30 eV). It has been
observed recently that the charge accumulation in high density also occur in the perovskite
absorber material and not only in the semiconducting TiO, electrodes, making perovskite
device basically different from dye-sensitized solar cells [184]. Consequently, the V. in a
perovskite device is not only related to the difference in energy between the HTM potential
and TiO, conduction bandedge, but it is also correlated with the difference in energy between
the HTM potential and the conduction bandedge of the perovskite itself. Thus, it could be
concluded that the conduction bandedge Ecp of CH3NH3Snl3 is ~0.24 eV lower than that of
CH3NH3Pbls, yielding a lower V, for CH3NH3Snl; perovskite solar cell device.

Chemical substitution of iodide atom with bromide was applied to engineer the bandgap
energetics [175] as an attempt to increase the open circuit voltage V. of lead-free devices.
Mixed halide compounds of CH3NH3Snl;.4Bry were synthesized by stoichiometric mixing of
CH3NH3X and SnX; (X = Br, I). Ultraviolet-visible diffuse reflectance spectra of
CH3NH3Snls«Bry (x = 0, 1, 2, 3)-were -measured-and converted to absorption spectra, to
investigate the optical properties in_the hybrid mixed halide perovskites. The absorption
onset of hybrid mixed halide perovskites CH3;NH3SnlsBry (x = 0, 1, 2, 3) could be tuned
from 954 nm (1.30 eV for CH3NH3Snl3) to 577 nm (2.15 eV for CH3NH3SnBr3), resulting in
notable colour tunability for-—hybrid—mixed halide—perovskites. CH3;NH3Snl,Br and
CH3NH;IBr; iodide/bromide perovskite intermediates:exhibited absorption onsets of 795 nm
(1.56 eV) and 708 nm (1.75 eV), respectively.
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Figure 2.8: (a) Absorption spectra of the CH3NH3Snl;«Bry (x = 0, 1, 2, 3) perovskites. (b)
Schematic energy level diagram.of-CH3zNH3Snl; Bry, with-TiO, and spiro-OMeTAD HTM.
The Valence band maxima Ecg of the methylammonium tin-halides were extracted from UPS

measurements under high vacuum. Adapted with permission from Ref. [185].

UPS measurements were used to estimate the valence band energy Eyg of the CH3NH3Snl;.
xBrk compounds. The Ecg increased from —4.17 eV below vacuum level for CH3NH3Snl; to
—3.96 eV for CH3NH;3Snl,Br and —3.78 eV for CH3NH;3IBr,, and finally to —3.39 eV for
CH3NH3SnBr3, as illustrated in Figure 2.8b: "From the band alignment it was clear that the
change in bandgap E, of the CH3NH3Snl;«Bryx compounds is attributed by the shift in
conduction band to higher energy, with the valence band remaining constant. The changes in
energy levels permit bandgap engineering of perovskite materials and the modulation of
energetics for more efficient solar cell architectures. Remarkably, a decrease in Jgc from
16.30 mA cm~2 for CH3NH3Snl; to 8.26 mA cm ™2 for CH3NH3SnBrs was observed when
increasing Br content. A significant increase in Voc from 0.68 V to 0.88 V when shifting
from the pure iodide to pure bromide perovskite compound was observed. A remarkable
increase in FF from 0.48 to 0.59 was also observed upon incorporation of the Br ions. Mixed
halide perovskite with composition CH3NH3SnIBr, amongst the investigated CH3NH3Snl;.
«Bry perovskites, attained the highest PCE of 5.73%, with a Js. of 12.30mA cm™2, a Voc of
0.82 V and a FF of 0.57 V. A decrease in the value of Jsc with increasing Br content is

directly proportional to the blue shift of absorption onset, as shown from the Figure 2.8a. A
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blueshift in IPCE spectra from 950 nm for iodide perovskite to ~600 nm for pure bromide
perovskite appeared to be consistent with the bandgap modulation. The enhancement in Voc
could be due to the elevated conduction bandedge Ecg with increasing Br content in
CH3NH3Snl3.4Bry

(b) Tin-Lead (Sn-Pb) Perovskites

A recent work on hybrid metal perovskites demonstrated that solid solutions of Sn and Pb
perovskites materials with optical bandgap range between 1.1 and 1.7 eV can be easily
manufactured, making them potential candidates as sunlight harvesters in energy conversion
or detector devices [194]. A mixed bivalent metal Sn-Pb perovskite which permitted
bandgap modulation of the perovskite sunlight harvester by varying the Sn:Pb ratio has been
reported by a recent study of Ogimi et al, demonstrating that Sn could be relevant for lead-
free metal ion, especially for lower-bandgap photovoltaic cells [195]. Nevertheless, this
study reported that the pure CH3NH3Snl; doesn’t show significant photovoltaic properties
and therefore a minimum content of Pb'is essential to stabilize Sn in its 2" state. F. Hao et al.
reported a study on alloyed perovskites of methylammaonium tin iodide (CH3NH3Snl3) and its
lead analogue (CH3NH3Pbl3) as-novel panchromatic-light-absorbing material for fabrication
of solution-processed solid-state solar. celldevices.in conjunction with an organic hole
transport layer [204]. A remarkable IPCE response from visible to near infrared (up to 1050
nm) was realized for the first time with the solid solution CH3NH3Pb;.4Snyls, which is
currently the widest absorption range reported for solar cell devices based on perovskites
[196-198]. An impressive short-circuit photo-current density of 20.64 mA cm™ was obtained
with mesoporous TiO, electrode and spiro-OMeTAD as hole transporting layer under 100
mW cm solar illumination. Improved photocurrent density could be achieved with further
device optimization to minimize charge recombination and maximize the light harvesting

capacity.

The solid solution of CH3NH3Sn;.«Pbyls took on the perovskite structure type which consists
of [Sn1xPbylg]™ octahedra in which the metal position is randomly occupied by either Sn of
Pb. CH3NH3Snl; and CH3NH3Pbl; compounds crystallized in the pseudocubic P4Amm (a-
phase) and tetragonal 14cm (f-phase) space groups, respectively, at ambient conditions.
CH3NH3Pbls was observed to undergo structural phase transition to the P4mm space group at

high temperatures, thus becoming isostructural to its Sn analogue. CH3NH3Sn;«Pbyl; also
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exhibited the same structural change under ambient conditions. A distortion of the relative
positions of the octahedral about the 4-fold crystallographic axis (c-axis) is involved in such
transition. The tilting angle between [Snlg]™ octahedra is 177.43(1)" in ideal case of
CH3NHsSnl3, and this angle deviates slightly from the ideal straight angle. In the ideal case
of CH3NH3Pbl3, the tilting angle is enlarged at 163.55(1)°, notably distorting the (Pbls)
framework, and consequently reducing the symmetry of the unit cell. The intermediate
CH3NH3Sng 43Pbo 5713 composition adopted the tetragonal 14cm structure [194] corresponding
to an angle of magnitude equal to 169.43(1)° when compared to CH3;NH3Snl; and
CH3NH3Pbls. The deviations from the ideal cubic (Pm-3m) structure are due to orientational
ordering of the CHsNHs" cation along the crystallographic c-axis. The tilting of the
octahedra gives rise to the difference between the two structural types. For example, the
tilting of CH3NH3Pbls occurs in opposite sense along the (pseudo)-tetragonal axis which is
out of plane tilting, in contrast to in-phase tilting observed for 5-CsSnl; and a-HC(NH,),Snls.
The electrical conductivity of perovskites becomes optimal for the least distorted Sn/Pb-I-
Sn/Pb angles and therefore the charge-transport-properties-is a reflection of the structural
qualities of the perovskites. The-Sn-1-Sn.bond angle-in.CH3NH3Snl; deviates slightly from
linearity and hence the material exhibits the highest conductivity amid CH3NH3Sn; «Pbyls
compounds, whereas CH3NH3Pbls with the largest tilting angle is the lowest conductive

material.

The semiconducting behaviour of all the CH3NH3Sn;.xPbyl; compositions was realised with
increase in conductivity with increasing temperature which was also in agreement with the
optically determined bandgap energies within the range 1.15 — 1.55 eV. Additionally, the n-
type semiconductor behaviour of all solid solution compositions was realised with the
Seebeck coefficient decreasing dramatically as the Pb content increased (i.e., as the x-value
increased). An observed decrease in carrier concentration from 1.1 x 10*cm™3 for
CH3NH3Snl; to ~4.8 x 10**cm~3for CH3NH3Pbl; was dictated by the bandgaps of the
compounds. Diffuse reflectance measurements were used to determine the optical bandgaps
(Eg) of the CH3NH3Sn1..Pbyls solid solutions. The transformed Kubelka-Munk UV-vis near-
IR absorption spectra for the synthesized CH3NH3Sn;«Pbyls serial compounds is shown in
Figure 2.9a. Solid solutions of CH3NH3Sn;.«Pbyls with a tunable bandgap between the range
1.17 and 1.55 eV were synthesized by stoichiometric mixing of the divalent metal iodides of
Sn and Pb with methylammonium iodide. The smallest bandgaps of 1.17 eV were attained for

the intermediate compounds with x = 0.2 and 0.5. The ideal optimal bandgap for single
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junction solar cell is between 1.1 and 1.4 eV, and this range is currently beyond the most
studied methylammonium lead trihalide systems [199]. Therefore, the CH3NH3Sn;.«Pbyls
series is a promising candidate for more efficient single junction and tandem architecture
photovoltaic devices where the optimum bandgap for a bottom cell lies in around 1 eV [186].
Ultraviolet photoelectron spectroscope (UPS) was further employed to interrogate the valence
bandgap energies (Eg). The Eyvg was estimated to decrease from -5.45 eV below vacuum
level for CH3NH3Pbl; with decreasing x fraction from 1 to 0.25 as shown from Figures 2.9b.
Nevertheless, the Eyg for neat tin material CH3NH3Snl; was found to be around -5.47 eV,
which was comparable to that of neat lead material CH3NH3Pbls. The conduction band
energy (Ecg) of CH3NH;3Sn;.Pbyls from the observed optical bandgaps is also shown in the

diagram of Figure 2.9b.

High quality film coverage was displayed by the CH3NH3SngsPbgsls in contrast to
CH3NH3Pbl; film.  This suggested the formation of smaller crystallite domains implying
more efficient film formation through-a favourable crystal growth of the mixed-metal
perovskite [200,201]. Solar cell devices based on CH3sNH3Sn;.«Pbyls as sunlight absorbers in
the active layer and 2,2°,7,7° —tetrakis(N,N-di-p-methoxyphenylamine)-9,9° —spirobifluorene
(spiro-MeOTAD) with lithium bis(trifluoromethylsulfonyl)imide and pyridinium additives as
a hole transporting materials (HTM) were constructed and tested. Devices based on neat tin
CH3NH3Snl; perovskites exhibited a,remarkable. short-circuit photocurrent density (Jsc) of
15.18 mA cm 2, an open-circuit voltage (Voc) of 0.716 V and a fill factor (FF) of 50.07%
under AM1.5G solar illumination, which yielded a power conversion efficiency (PCE) of
5.44%. The significant power conversion efficiency of neat tin (lead free) perovskite was
noteworthy. However, this photocurrent density was lower when compared to the reported
neat lead CH3NH3Pbl; perovskite based device [187-192,193], which could be attributed by
the poor perovskite film quality and low coverage on the TiO, electrode. Nevertheless,
CH3NHsSnl; solid state device showed a broad coverage of the entire visible spectrum from
500 to 850 nm and reached broad absorption coverage of 50% together with a significant
absorption onset of up to 950 nm. This was in good agreement with the optical bandgap of
1.3 eV. The obtained V,. for CH3NH3Snl; was notably higher than the one reported by
Omigi et al, and this proved that Sn halide perovskite did not exhibit any photovoltaic
properties in itself [195]. Sn perovskite devices reported on literature show low
photovoltage, which could be attributed by the oxidation of Sn®** in the Sn perovskites,

confirmed by the extra Bragg peaks at approximately 15° and 30° in the X-ray powder
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diffraction spectrum. These extra peaks could be assigned to the Sn** (CH3NHs),Snlg
compounds [194]. The oxidation could be induced by self-doping of the Sn perovskite

[202,203] or from external environment during device preparations.
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Figure 2.9: Absorption spectra and schematic energy level diagram of the CH3NH3Sn;«Pbyls
solid solution perovskites. (a) Electronic absorption ‘spectra and (b) schematic energy level
diagram of the CH3NH3Sn;.4Pbyls solid solution perovskites. The valence band maximum
(Ecg) of the hybrid methylammonium tin/lead triiodide were extracted from UPS

measurements under high vacuum. Adapted with permission from Ref. [204].

This work gave the first report of the panchromatic IPCE response from visible to near
infrared spectrum (1.1 eV, up to 1050 nm) attained with solid solution CH3NH3Sn;.4Pbyl; for
high-performing perovskite based devices [196-198]. A remarkable decrease in Voc from
0.863 to 0.376 V was observed when switching from the neat lead CH3NH3Pbl; perovskite to
the solid solution of CH3NH3Sng7sPbo2sls.  This decrease could be ascribed to the lower
conduction band edge (Ecg) with decreasing Pb content in CH3NH;3Sn;.4Pbyls solid solution
as shown in the energy diagram of Figure 2.9b [205]. On the other hand, the Fill Factor (FF)

was significantly lower than the reported values for advance performing perovskite solar cells
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[188,189,193] which could also be induced by Sn** oxidation during device manufacturing

process [202].

2.5.3 Halide (X) Mixing

(2) Combined Halides (ClI, Br, 1) Perovskites

The work on combined halides perovskites was first reported by B. Suarez et al [221], which
exploited and focused on the charge recombination of the perovskite-based photovoltaic
devices since it has direct influences on the photovoltaic parameters, and a special influence
on the open circuit voltage, Voc. In this work, charge recombination mechanisms were
investigated and explained by analysing recombination resistance, Ry, which is inversely
related to the recombination rate [214]. A widely used technique for characterizing
photovoltaic devices known as_Impedance -Spectroscopy (IS) [214] was employed to
determine Ry, of a series of perovskite based devices and disclosed unprecedented results
[206,208,210,211,215-218].

The combined halides perovskite samples are denoted as MAPDb-(Brylix)3Cly, where X is
determined by the ratio between Brand I'ions but y is not determined. The role played by the
Cl ion in the perovskite preparations is. still ‘controversial, due to the fact that either
significant reduced quantities of ‘Cl have been traced in MAPbI;.,Cl, or have not been traced
at all [212,213]. Again, the exact impact of Cl on the electrical properties and the
crystallinity of the perovskite is not known [212], hence the notation MAPb(Bryl;.x)s-yCly was
used to just indicate the use of CI precursor in the preparation of combined halides
perovskites, Photovoltaic devices based on combined halides perovskite with different ion
ratios, MAPDb(Brxl1.)3.,Cly where 0< x < 1, are depicted in a picture shown in Figure 2.9a.
The observed change in colour from dark brown to yellow in absorber films was tuned by
controlling the content of Br. The absorption measurements of the combined halides
perovskite films were also taken and are illustrated in Figure 2.10b. An increase in the Br
content resulted in a systematic shift of the absorption band edge to shorter wavelengths. The
energy band gap (Eg) could therefore be tuned by varying the Br/l ratio. Figure 2.10c
represents the dependence of the energy band gap with the Br content. A linear correlation
represented with the equation

45



E, = 1.563 +6.916 x 103 - [] )

where [x] is the bromide percentage for samples with different halide compositions was
observed. The remarkable energy band gaps obtained for MAPbI;..,Cly (1.57 eV) and
MAPDBBTr3.,,Cly (2.27 eV), were in good agreement with the values previously reported in the
literature [209,219,220].
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Figure 2.10: (a) Picture of MAPD(Brylix)3.yCly, (0 < x < 1) devices with different Br/I
molar ratios grown on mesoporous TiO, substrates after sample characterization. (Yellow
parts in some samples indicate degradation). (b) Absorption spectra of the samples
(absorption tail observed at long wavelengths is due to the mesoporous layer light scattering).
(c) The energy bandgap extracted from the absorption measurements depending on the

percentage of the Br. Adapted with permission from Ref. [221].

Solar cell devices based on combined halides perovskites with different halide compositions
were fabricated and tested under 1 sun illumination by measuring their current-voltage (J-V)
characteristics. Samples prepared with Cl precursors yielded higher efficiencies than their

counterparts (devoid Cl), this observation was independent of the Br/l ratios. The resulting

46



trend was induced by an increase in both Voc and a short circuit current, Jsc, while the fill
factor (FF) remained in the same range. However, by increasing the content of Br, a
significant drop of the cell efficiency was observed which was induced by a decrease in the
Jsc. The decrease in the Jsc was attributed to the blue shift of the absorption band edge, as
seen in Figure 2.10b. Moreover, devices based on MAPb(Brxl1-x)3,Cly employing NS-TiO;
exhibited lower short circuit current Jsc and a lower Vo than devices prepared onto NS-Al,O3.
Perovskite solar cells with Cl-doped films [206,207] prepared by one-step methodology has
been reported to have attained the highest efficiencies of 15%, while the Cl-free devices
attained a maximum efficiency of 9.7% [222]. This observation inspired the exploitation of
perovskite solar cells with mixed halides for high performing devices. In spite of the fact that
the previously reported work in literature focused on the thin-film devices based on bihalide
structures (I-Cl, Br-Cl, or I-Br), B. Suarez et al reported for the first time a combination of
three halides (CI, Br, and I) in complete perovskite devices. With addition of Br content, a
shift to shorter wavelengths was observed.on: the ICPE onset. This observation correlated

with the absorption measurements-shown-in-Figure-2.10b forall sample sets studied.

2.5.4 Bandgap engineering of lead halide perovskites using a sequential deposition

process for planar heterojunction (PHJ) solar cells

The adaptation of a sequential deposition process to tune the band-gap of a organometallic
mixed halide perovskite sensitizer was reported by Sneha A. Kulkarni et al [223]. Lead
iodide (Pbly) film was first deposited onto a mesoporous (mp)-TiO,/bl-TiO,/FTO substrate,
annealed and dipped into mixed methylammonium iodide (MAI)/methylammonium bromide
(MABr) which was also followed by subsequent annealing to produce mixed halide
perovskites. Two different methods were employed in the sequential deposition process to
tune the bandgap of the mixed halide perovskites: first by fixing the molar ratio of the mixed
halide (i.e. MAI : MABFr) solution whilst varying the dipping time (from 30s to 20 minutes)
of the Pbl; film, and secondly by varying the molar ratios of the mixed halide solutions while
the time for dipping the Pbl, was kept constant.
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The band gap of the triiodide perovskite MAPbI; (formed by dipping Pbl,) was noted to
remain invariant at 1.56 eV against the dipping time, and the bandgap value was consistent
with earlier reports. A band-gap variation from 1.69 to 1.82 eV was observed at different
time intervals for Pbl, films dipped in the 1:1 mixture of MAI : MABr. A subsequent
stabilization of band-gap at 1.75 eV was observed after 20 minutes of dipping time, this could
be due to perovskite formation at a particular time interval (15 to 20 min) which depends
upon the contribution of X (X= I&Br) as well as the X position in the octehedra.
Remarkably, dip coating of Pbl, films in pure MABr to form perovskite films resulted in a
clear blue shift in the absorption band-edge for different time intervals. Perovskite films
formed at 0.5 min, 5 min, 10 min & 20 min dipping time intervals showed absorption edge of
660 nm, 635 nm, 625 nm & 556 nm equivalents to bandgaps of 1.89 eV, 1.92 eV, 1.98 eV &
2.23 eV. Therefore the observed shift in bandgap to wider band-gap regions in response to
dipping time indicated the possibility to tune the bandgap by controlling the composition of
the halides precursors and changing the dipping time interval of the Pbl, film in the precursor

solution.
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Figure 2.11: UV-Vis absorption spectra of the mixed halide lead perovskite (MAPD(l1-xBrx)3

(0 < x <1) films formed via a sequential deposition process. The numbers 1 — 7 correspond
to the mixed lead halide perovskite films with different halide (iodide/bromide) compositions.
The inset shows the photograph of mixed lead halide nanocomposite perovskite films on FTO

substrates. Adapted with permission from Ref. [223].
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The effect of concentration at a fixed time interval of 20 minutes was also evaluated by
dipping Pbl, films into various molar compositions of the halide precursor solutions (i.e.
varying the volume ration of MAI and MABr of known concentration). A shift in absorption
onset from 794 nm (1.57 eV) for pure iodide based perovskite to lower wavelength of 556 nm
(2.23 eV) for the bromide rich mixed halide based perovskite was observed with an increase
in MABTr content, as shown in Figure 2.11. Resultantly, a change in colour from dark
brow/black to red to orange (Figure 2.11, inset of photograph 1 to 7) of perovskite films was
observed with an increase in bromide content. Photovoltaic devices fabricated with MAPDI3
and MAPb(lo0s5Bro.g5)3 attained efficiencies of 12.04% and 1.58%, respectively. An increase
in perovskite films resulted with a reduction in the Js; which was attributed to the increased
bandgap which give rise to blue shift of the absorption onset. A systematic shift towards
lower wavelengths with increasing Br content in the perovskite films was clearly shown by

IPCE, corroborated by optical measurements.

2.5.5 Band-gap engineering by heterovalent doping of perovskite materials with Bi**,

Au® and In®

This work was first reported by-A.-L.-Abdelhady-et al.—In this work, an efficient in situ
chemical route that attains the.controlled incorporation of trivalent cations (Bi**, Au**, or
In**) via the exploitation of the reversible solubility behaviour of perovskites was
demonstrated [224]. A bandgap tuning (~300 meV) was attained with Bi** incorporation. A
successful incorporation of heterovalent dopants into perovskite crystals was attained and the
host lattice structure was conserved, opening new opportunities to modulate the electronic
and optoelectronic properties of this rapidly evolving class of solution-processed hybrid
semiconductor materials. Doping of MAPbX3 has principally been reported only employing
isovalent elements with the anions (17CI) [228-231] or with the metal cations Pb*/M?** (M**
=Sn*, Sr**, Cd** or Ca®*) [232]. The challenge to dope perovskite crystals with heterovalent
cations was reflected on the absence of the reports on the heterovalent doping of hybrid
trihalide perovskite polycrystalline films. The various trivalent cations that were tried in this
work Bi** (isoelectronic with Pb*), Au**, and In®*" had tolerance factors 0.889, 0.946,
and0.963, respectively. The values of the respective tolerance factors fall within range (0.75
— 1.00) which is reported to allow the perovskite formation. The variation of the Bi®*
concentration had a direct impact on both optical and electronic properties of MAPbBr;. The
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incorporation of Bi** as a dopant cation remarkably narrowed the bandgap (~300 meV).
These results indicated Bi as a potential dopant to narrow the bandgap of hybrid perovskites,
as well as iodide perovskite crystals, in the range 1.0 — 1.3 eV which is suitable for single
junction solar cells [233]. In situ incorporation of dopants was implemented by adding a
mixture of trivalent cations (Bi**, Au**, In®") into a crystallization solution containing a

mixture of PbBr, and MABr in DMF, and then heating to the required temperature.
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Figure 2.12: (a) Steady-state absorption spectra of MAPbBr; crystals with various Bi%.
Inset: corresponding Tauc plots. (b) Bandgap narrowing as a function of Bi concentration in
the crystal. (c) Bandgap alignment of MAPbBr3; crystals with various Bi%. Adapted with
permission from Ref. [224].

A colour change from orange to deep red was only observed in Bi-doped crystals, but not in
other dopants. A colour fading in Au-doped crystals was observed, which could be attributed
either to the incorporation of the Au®* or to the reduction of Au®** to Au*. Inductively
coupled plasma (ICP) traced low content of In®" (0.004%) which was attributed by large
difference in ionic radii between lead and indium. X-Ray diffraction measurements
confirmed the successful incorporation of heterovalent cations with preservation of the host
lattice perovskite structure. A redshift in the absorption edge of the Bi-doped crystal was

observed while the In- and Au-doped crystals did not show spectral change from the undoped

50



crystals. This observation was consistent with previous reports indicating that band gap
narrowing (BGN) is dependent on the nature of the dopant [225]. Theoretical studies suggest
that the ns? electrons play a critical role in bandgap modulation [234], and therefore the Bi-
doped crystals were in agreement with these studies. It was shown by density functional
theory (DFT) calculations that Au and In create deeper, more localized, and less interacting
states than Bi, and this was consistent with the failure to incorporate Au and In to produce
significant BGN.

A redshift proportional to the Bi content is shown by the normalized spectra of Bi-doped
crystals in Figure 2.12a. BGN as a function of Bi content in the crystals is shown in Figure
2.12b. Lower concentrations of Bi in solution (0.01%) could also result in BGN. A shift in
band edge from 570 nm to 680 nm for the undoped crystals in the case of the highest Bi%
was observed. The latter wavelength corresponds to a bandgap of 1.89 eV, which was caused
by the interaction of the electrons with positive impurities, modifying the density of states
[225,226]. The narrowing of bandgap could also be explained by the fact that Bi has a higher
electronegativity compared to Pb, which results to more covalent bonding with bromide.
This was in good agreement with previously reported studies that a decrease in bandgap from
Pb to Sn and Ge due to electronegativity difference [227]. Bi*" incorporation resulted in
prolonged carrier lifetime which was determined by nanosecond time-resolved transient
absorption experiments. The calculatedvalues,for.Valence Band Maximum (VBM) and
Conduction Band Maximum (CBM) are shown in Figure 2.12c. It was observed from Figure
2.12c that the conduction band moves downward considerably in energy, implying that Bi
doping may likely produce n-type semiconductors. In this study, the bandgap of MAPbI3; was

reduced from its intrinsic value of 1.51 eV [224] to as low as 1.28 eV.

2.5.6 Bandgap engineering by incorporation of chalcogenide anions (S & Se) into
current triiodide perovskite structure to prepare new mixed ions (organo-
chalcogenic) perovskites CH3NH3Pbl,S and CH3NH3Pbl,Se for application in

single-junction solar cells

In this study, chalcogenide anions (S & Se) will be incorporated into the structure of the
triiodide perovskite to synthesise new perovskite nanomaterials with mixed ions (organo-
chalcogenic perovskites): CH3NH3Pbl,S and CH3NH3Pbl,Se. A bandgap of organic-

inorganic perovskite nanomaterials can be decreased by lowering the Pauling
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electronegativity between the metal cation and halide anion (employing least electronegative
anions) to improve absorption. It has been shown by experimental studies that the absorption
of CH3NH3PbX; shifts to the blue region of the solar spectrum with changing anions from I
to Br™ to CI" (increase in electronegativity from I to CI") [139,140]. Pauling electronegativity
differences between Pl,, PbS, PbSe are calculated as 0.33, 0.25, and 0.22, respectively. A
decrease in Pauling electronegativity deference is observed since the electronegativities of all
chalcogenide anions S (2.58) and Se (2.55) are all lower than the electronegativity of I,
(2.66). Therefore incorporation of chalcogenide anions; S & Se, into the triiodide perovskite
structure CH3NH3Pbl; will result in mixed ions (organo-chalogenic) perovskite
nanomaterials; CH3NH3Pbl,S, CH3NH3Pbl,Se with lower bandgaps. The incorporation of
chalcogenide anions (S & Se) (heterovalent anions, i.e., S* and Se® in contrast to I) into the
structure of triiodide perovskite was inspired by the work done by A. L. Abdelhady et al.
whereby band-gap engineering was done by heterovalent doping of perovskite materials with

trivalent cations: Bi**, Au®*, and In** (in contrast-to.Pb®") [224].
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CHAPTER 3

Experimental Details

3.1 INTRODUCTION

The work done on bandgap engineering of organometallic halide perovskite materials has
been extensively reviewed in chapter 2. It was mentioned that the bandgap of organometallic
halide perovskite materials can be decreased by (i) increasing the in-plane M-1-M bond angle,
which is done by octahedral tilting distortions, (ii) increasing the dimensionality of the
MI(X)s network, and (iii) by the decrease in-the electronegativity of the anions system [1].
Experimental studies demonstrated that the absorption of CH3NH3PbXs shifts to the blue
region of the solar spectrum with changing of anions from | to Br" to CI". Mixed anions
perovskites CH3NH3Pb(l;.«Bry)s showed a blue-shift absorption band-edge in comparison to
that of CH3NH3Pbls due to the fact that I=-anion-has-a lower electronegativity than that of Br-
anion [2,3]. In this study, chalcogenide anions with,low electronegativities; S (2.58) & Se
(2.55), than 1, (2.66), will be incorporated into triiodide perovskite structure CH3NH3Pbl; to
modulate (tune) the bandgap. These chalcogenide anions are heterovalent (S*, Se?) to I” and
this was inspired by the work done by A. L. Abdelhady et al., whereby bandgap engineering
was done by heterovalent doping of organometallic triiodide perovskite material with

trivalent cations; Bi**, Au®*, and In** (in contrast to Pb®") [4].

3.2 REAGENTS

Methylamine solution (33 wt % in absolute ethanol), Ethanol (99,8%), lead(ll) iodide
(99,99% trace metal basis), lead (I1) iodide (99,99% trace metal basis), lead (Il) sulphide
(99,99% trace metal basis), Nitric acid (70%, purified by redistillation, = 99,99% trace metal
basis, Hydrochloric acid (37%), Hydroiodic acid (55 wt % in H,O, distilled stabilized,
99,95%), Dimethyl formamide (99,8%), Dimethyl sulfoxide (= 99,5%) and Lithium

perchlorate (99,99%). All reagents were obtained from Sigma Aldrich and were used without
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further purification. Alumina micro polishing pads were obtained from Buehler and urea
(99.5%) was obtained from Fluka.

3.3 EXPERIMENT AND PROCEDURE
3.3.1 Synthesis of triiodide perovskite nanomaterials: CH3NH3Pbls.
(a) Preparation of the starting materials; methylammonium iodide, CH3NHjsl:

The starting material was prepared directly from methylamine solution, CH3NH, (50 mL) in

excess and hydroiodic acid (20 mL) in ethanol (200 mL) under nitrogen atmosphere for 2 h.
CH3NH,; + HI — CH3NH;sl

The reaction mixture was then taken for rotary evaporation at 50°C for 30 min. A yellow

white precipitate was obtained which was then washed 3 times with ethanol followed by

diethyl ether to remove the residues-by vacuum-filtration.._The precipitate was then dried in

an oven at 60°C for 24 h. A pure white monocrystalline powder was obtained and used

without any further purification.

(b) Synthesis of the triiodide perovskite nanomaterials; methylammonium lead
triiodide, CH3NH3Pb|3

A triiodide perovskite solution, CH3NH3Pbl; was formed from an equimolar mixing of the
starting material CH3NH3l (0.77115 g, 0.004853 mol) and lead iodide Pbl, (2.2373 g,
0.004853 mol) in 15 mL solvent mixture of dimethylformamide (DMF)/dimethyl sulfoxide
(DMSO), 7:3 (v:v) for 12 h under nitrogen atmosphere:

CH3NH;l + Pbl, — CH3NH3Pbls

The metal halide reagent Pbl, was first dissolved completely in the solvent mixture on hot
plate at75°C, followed by addition of CH3NHj3l and the reaction mixture turned to a yellow
homogenous solution after 2 h. A homogeneous yellow solution was obtained as a product
after 12 h.
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3.3.2 Incorporation of chalcogenide anions (S and Se) into the triiodide perovskite
structure to form new mixed ions (organo-chalogenic) perovskites, CH3;NH3Pbl,S and
CH3NH3Pb|289.

The procedure for the synthesis of mixed ions perovskite CH3NH3Pbl,CI [5] was mimicked
in this study to prepare organo-chalcogenic perovskites; CH3NHsPbl,S and CH3NH;Pbl,Se.
In this procedure, CH3NH3Pbl,Cl was formed by reacting CH3NHjsl (in excess) with PbCl,
(source of chlorine, Cl) in a ratio 3:1 of CH3NHj3l to PbCl,.

(a) Synthesis of CH3NH3Pbl,S.

The starting material CH3NH3l (0.77115 g, 0.00485 mol) (in excess) was reacted with PbS
(0.3877 g, 0.00162 mol) in 15 mL solvent mixture of dimethylformamide (DMF)/dimethyl
sulfoxide (DMSO), 7:3 (v:v) for 12 h under nitrogen atmosphere:

CH3NHsI + PbS — CH3NH=Pbl,S

The metal chalcogenide reagent PbS was first digested in 2mL aqua regia solution (HNO3 :
HCI, 1 : 3, v:v) followed by addition of CHsNHsl. The reaction mixture turned to a dark
black homogenous solution immediately. A dark black homogeneous solution was obtained

as a product after 12 h.
(b) Synthesis of CH3NH3Pbl,Se.

The starting material CH3NH3l (0.77115 g, 0.00485 mol) (in excess) was reacted with PbSe
(0.4636 g, 0.00162 mol) in 15 mL solvent mixture of dimethylformamide (DMF)/dimethyl
sulfoxide (DMSO), 7:3 (v:v) for 12 h under nitrogen atmosphere:

CH3NHgsl + PbSe — CH3NH3Pbl,Se

The metal chalcoginde reagent PbSe was first digested in 2mL aqua regia solution (HNOs :
HCI, 1 : 3, v:v) followed by addition of CH3NHgzl. The reaction mixture also turned to a dark
black homogenous solution immediately. A dark black homogenous solution was obtained as

a product after 12 h.
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3.4 MATERIALS CHARACTERIZATION TECHNIQUES & INSTRUMENTATION
3.4.1 High-Resolution Transmission Electron Microscopy (HR-TEM)

The prepared triiodide perovskite CH3NH3Pblz nanomaterials were taken for TEM analysis to
determine the structure, particle size and crystallinity using TECNAI EDAX HR-TEM
instrument. In TEM microscopy technique, a beam of electrons is transmitted through a very
thin sample. There is an interaction that takes place between an electron beam and the
sample during electron transmission. During the interaction, images are formed from the
transmitted electrons, magnified and focused onto imaging devices or captured by a sensor
such as CCD camera. Atoms in crystalline samples can be directly imaged by high resolution
TEM at resolution 0.1 nm, which is smaller than the interatomic distance. High resolution
TEM has the capacity to focus an electron beam to a diameter smaller than ~0.3 nm, enabling
quantitative analysis from a single nanocrystal. High resolution TEM analysis is crucial for
nanomaterial characterization and is employed-for_the determination of particle size, shape,
crystallinity and interparticle interactions.—The-schematic-outline of TEM is shown in Figure
3.1 below, and it comprises of four -main._components namely: electron source,

electromagnetic lenses, sample holder and imaging system.
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Figure 3.1: Schematic outline of TEM. Adapted with permission from Ref. [6].

During measurements, the produced electron beam passes through numerous electromagnetic
lenses. The electron beam further passes through the solenoids (coil wrapped tubes
surrounding an electron beam), down the specieman column and collides with the screen and
to form an image. To manipulate the image, the voltage of the electron gun is adjusted to
accelerate or decrease the speed of electrons and by also changing the electromagnetic
wavelength through solenoids. The image is focused onto a screen or photographic plate by a
coil [7].

3.4.2 Energy dispersive x-ray spectroscopy (EDS)

The elemental composition of the standard perovskite was determined by energy dispersive
x-ray spectroscopy (EDS). The EDS is an analytical characterization technique that is used
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together with SEM and TEM. During EDS measurements, an electron beam (typically 10 —
20 keV) is struck upon the surface of the conducting sample, causing X-ray emissions
corresponding to elemental composition of the material under investigation. This technique
is a high resolution variant of electron microprobe analysis/x-ray microanalysis which gives
information about the elemental composition of individual nanoparticles. In this study, the
characterization of the triiodide perovskite nanoparticles CH3;NH3Pbl; was performed by

coating a copper-carbon grid with a drop of sample and dried with electric lamp for 30 min

[8].

3.4.3 Ultraviolet-Visible (UV-vis) Spectroscopy

UV-vis spectra of CH3NH3Pbls, CH3NH3Pbl,S and CH3NH;3Pbl,Se were collected on a UV-
Vis  spectrophotometer Nicolet evolution 100. In Ultraviole-visible (UV-vis)
spectrophotometer technique, light is-absorbed-and reflected in the ultraviolet-visible spectral
region. The intensity (1) of light that passes through a sample is measured and compared to
the original intensity (lp) before passing through the sample.  The ratio of the transmitted light
intensity and the original intensity (I/lp) and represented as a percentage (%T). The

relationship between absorbance:(A)-and-transmittance is-given by the following equation.

A==+log (;E) 3

For reflectance measurements, the measured intensity of the reflected light from a sample (1)
is compared to the intensity of the reflected light from a reference material (lp). Reflectance
is given by the ratio I/lp, and is represented as a percentage (%R). The typical UV-vis
spectrophotometer technique comprises mainly of two sources of light, namely; deuterium
(D2) and tungsten (W) lamps which covers ultraviolet (190 — 400 nm) and visible (300 —
2500 nm) spectral regions, respectively. The schematic outline of UV-vis spectrophotometer

is shown in Figure 3.2.
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Figure 3.2: Schematic for the UV-visible spectrophotometer. Adapted with permission from
Ref. [9].

During the measurements, a light beam is passed through the diffraction grating and the slits.
Frequency wavelength is used to separate the radiation by diffraction grating, followed by a
narrow slit. The purpose of the slitis to-make sure that monochromatic radiation is of very
narrowband. A photomultiplier of ajphotodiode is used to:detect the radiation that passes
through the sample of reference .cell.- -Light that reaches the detector is filtered to single
wavelength by using single photodiode detectors and photomultiplier tubes used in
conjunction with scanning monochromator. The diffraction grating is moved to step-through
each wavelength by scanning monochromator so that its intensity can be detected and
measured as a function of wavelength. The bandgap energy (Eg) of the material (sample) can
be determined from the absorption data obtained from the UV-Vis spectrophotometer.
Tauc’s relation is used to determine the bandgap energy. The difference between the top of
the valence band filled with electrons and the bottom of the conduction band without
electrons [10]. Tauc, Davis, and Mott proposed the following rational expression which is

used to determine the bandgap:

1
hva = A hv — Egn (4)
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where h: Plank’s constant, v frequency of vibration, a: absorption coefficient, A: proportional
constant, and E; band gap energy. The nature of the sample transition is denoted by the

value of the exponent n.

1 . .
n=- for direct allowed transition

n= gfor direct forbidden transition

n = 2 for indirect allowed transition
n = 3 for indirect forbidden transition

The optical bandgap of the sample is determined by the equation below:

hc _ 1240

E==22 ()

h = Plank’s constant, 6.62 X 10~3*m?2kg/s,
¢ = speed of light, 3 x 108ms~1

A = cut-off wavelength —in nanometers (hm) from the absorption

spectrum of the sample [7].

3.4.4 Photoluminescence (PL) Spectroscopy

The luminescence of organometallic halide perovskite nanomaterials and dynamic processes
occurring within the nanomaterials were analysed by using the IGA- 521 X 1 — 50 — 1700 —
1LS, HORIBA JOBIN YVON photoluminescence spectroscopy (PL) [11]. During
photoluminescence experiment, light is propagated onto a sample, where it is absorbed and
the excess energy is imparted into nanomaterials via photo-excitation process. The sample
(organometallic halide nanomaterials) can only dissipate the energy in excess through light
emission or luminescence. The excitation energy to the sample is supplied by the excitation
source, Xenon lamp, emitted light is distributed in a spectral device, and the optical signal is
converted into electric signal that is then processed by an electronic device and lastly by a

controlling computer. The results of emission spectrum are recorded as a plot of
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luminescence intensity against emission wavelength. The process taking place in the
photoluminescence spectrophotometer employed during photoluminescence measurements in
this study is outlined in Figure 3.3. An electric device is used to detect and process the

emitted luminescence [7].
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Figure 3.3: Outline presentation of photoluminescence spectroscopy. Adapted with

permission from Ref. [12].

3.4.5 Electrochemical characterization by Cyclic Voltammetry (CV)

Electrochemical characterization of all the prepared perovskite materials by cyclic
voltammetry was carried out using BAS 100 W and automated electrochemical work station
from bio analytical systems (BAS), Lafayette, USA. A computer interface to BAS 100 W
electrochemical station was used to record all the cyclic voltammograms.  The
electrochemical cell (10 mL) system was built with traditional three electrode setup; (1)
glassy carbon working electrode (GCE) (A = 0.071 cm?), platinum wire as a reference
electrode and Ag/AgCl (3M KCI) used as a counter electrode. The glassy carbon electrode
were first polished repeatedly with 1.0, 0.3 and 0.05 um alumina slurries, rinsed with distilled
water and sonicated in methanol for 10 min. Lithium perchlorate LiClO4 (0.1 M, 5 mL) was

used as an electrolyte to facilitate electron transfer during redox reactions. The electrolyte
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was first purged with nitrogen for 15 minute, followed by addition of the sample (50 pL). All
cyclic voltammogramms were recorded from -1000 mV to +1000 mV at a scan rate of 50

mvi/s.

Cyclic voltammetry (CV) is an electrochemical characterization technique widely employed
to study the oxidation/reduction (redox reactions), give insight into the kinetics of the
electron reactions and to sense intermediates in electrochemical reactions. The potentials at
which redox reactions takes place are indicated on sweep rates dependence. Therefore, CV is
nearly a first choice technique employed to study any system for the first time owing its
capacities. During CV experiment, the potential of the working electrode is ramped linearly
against time. The potential of the working electrode is inverted when cyclic voltammetry
reaches a set potential and this inversion can occur numerous times in only one experiment.
The peak potentials (Epc, Epa) and the peak currents (I, 1p2) are the important parameters in a
recorded cyclic voltammogram for the anodic and cathodic scans, respectively. An
electrochemically reversible reaction-occurs-when:the electron transfer is faster than other

processes such as diffusion [8]. The peak separation is given by the equation:
AE, = |Epq = Epq| = 2303 6)
where:

R = Gas constant, 8.135JK *mol ¢,

T = temperature in K (273 + temperature in °C),

n = number of electrons,

F = Farady’s constant, 9.684 X 10*Cmol 1.

Therefore, for electrochemically reversible redox reactions occurring at T = 25°C with n

0.0592

electrons, the value of AE, reduces to V. For a reversible couple (or reaction), the

formal reduction potential is given by the equation:

_ (Epa+tEpc)

E° . (7)

Organometallic halide perovskites are intrinsic semiconductor materials applied in

photovoltaic cells and therefore determination of the bandgap of these materials is crucial.
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The relative energy level involved in light harvesting of an organic solar cell is shown in
Figure 3.4.

Vacuum
level

Dy

ITO Al

Figure 3.4. Diagram showing energy level and light harvesting of an organic solar cell.

Adapted with permission from Ref. [13].

The efficiency of a solar cell is determined by the energy difference (E;) between the lowest
unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO).
During the oxidation and reduction of an organic molecule, there is an electron transfer
process taking place (see Figure 3.5) and the potential change during redox reactions and it
can be determined by CV measurements. The electronic bandgap is obtained through the
analysis of data obtained by the CV measurements [14]. Cyclic voltammetry is the most
useful technique for the characterization of organic materials and estimation of the energy
band diagram [15,14,16]. The amount energy required to extract an electron from a molecule
is represented by HOMO, which corresponds to oxidation process, and the amount of energy
required to inject an electron into a molecule is represented by LUMO, which correspond to
reduction process [17]. Cyclic voltammetry method can be utilized to measure these
processes by measuring the redox potentials Eeq and Eox. The energy levels can be calculated

using the following empirical Bredas et all [18] equations:

E(HOMO) = —e[Eyx(onset) + 4.4] (8)
E(LUMO) = —e[E eq(onset) + 4.4] 9)
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The bandgap of the material is determined by E; = E(LUMO) — E(HOMO) difference.

A

Energy

A1 oo AL

Oxidation Reduction
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Figure 3.5: Diagram showing energy level-and-light-harvesting of organic solar cell. Adapted

with permission from Ref. [19].
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CHAPTER 4

Experimental Results and Discussion

4.1 INTRODUCTION

This chapter discusses in details the obtained experimental results from chapter 3. In this
study, spectroscopic techniques which include Ultraviolet-visible spectroscopy (UV-vis),
photoluminescence (PL), and potentiodynamic technique which includes cyclic voltammetry
(CV) also known as the electrical spectroscopy, were employed to determine the optical and
electrochemical bandgap of perovskites under-investigation, respectively. The effect of
chalcogenide anions (S & Se) on the energy levels, Highest Occupied Molecular Orbitals
(HOMOs) and Lowest Unoccupied Malecular Orbitals (LUMOSs) of the triiodide perovskite
CH3NH3Pbl; nanomaterials was also| investigated by electrochemical characterization.

Finally the bandgaps determined-from-the two-techniques-are.compared.

4.2 EXPERIMENTAL RESUTLS AND DISCUSSION
4.2.1 High Resolution-Transmission Electron Microscopy (HR-TEM)

The HR-TEM images were collected to determine the morphology and particle size of the
synthesised triiodide perovskite nanomaterials CH3sNH3Pbls. The aim of this experiment was
to interrogate the morphology of the synthesized triiodide perovskite nanomaterials. The

micrograph images are shown in Figure 4.1.
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Figure 4.1: TEM micrograph of triiodide perovskite CH3NHzPbl; nanoparticles.
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Figure 4.2: Particle size distribution of triiodide perovskite CHsNHsPbl; material.

96



The TEM image in Figure 4.1 shows hexagonal perovskite nanoparticles. The morphology
of the perovskite nanoparticles depends on the type of solvent used during the synthesis. In
this study a high polar solvent mixture of dimethyl formamide and dimethyl sulfoxide,
(DMF)/(DMSO) was used during synthesis and a hexagonal morphology was anticipated as
reported in literature [1]. The particle size distribution was calculated using image J software
for nanoparticles and the average particle size was determined as 129.7 nm as shown in the

distribution bar graph fitted under curve in Figure 4.2.
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Figure 4.3: TEM micrograph of triiodide perovskite CHzNHsPbl; at higher miganifications
(@) — (b) and (c) is the selected area electron diffraction (SAED) patterns .

It was seen from Figure 4.3 (a) and (b) that the triiodide perovskite CH3NH;3Pbl;
nanomaterials under investigation. had 'a polycrystalline morphology with crystal planes
pointing at different directions; as,resported in literature [1].- The high crystallinity of the
nanomaterials was further confirmed by the electron diffraction rings shown in (c). These
images confirmed the successful synthesis of polycrystalline perovkite material with

hexagonal morphology.

4.2.2 Energy Dispersive x-ray Spectroscpoy (EDS)

The elemental composition was investigated by EDS technique and the spectrum showed the
main elements present in the structure of the triiodide perovskite nanomaterials CHsNH3Pbl3
which comprises of Pb, I, and C. The Cu was from the copper grid used during sample
preparation. Nitrogen and hydrogen did not show up in the specterum and the oxygen O
element was from DMSO solvent used during synthesis. The reason why H was not detected
in the spectrum is because EDS is related to the K-shells which are not the valence shell.
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Hydrogen doesn’t have a K-shell, however, it has a K-shell in a covalent bonding and this

electron in a covalent bonding is shared.

W Acguire EDX
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Figure 4.4: EDS spectrum for the elemental composition, of triiodide perovskite CH3NH3Pbl;

materials on the Cu grid.

4.2.3 Spectroscopic studies by Ultra-violet (UV-vis) spectroscopy

The aim of these experiments was to determine the transitions that take place during
absorption of electromagnetic radiation by triiodide perovskite CH3NH3Pbl; materials and the
mixed ions perovskites CH3NH3Pbl,S & CH3NH3Pbl,Se and to also determine the optical
bandgap from the cut-off wavelengths. The spectroscopic studies were also conducted for
mixed ions perovskites CH3NH3Pbl,S and CH3;NH3Pbl,Se to investigate the resulting effects
on the absorption of the triiodide perovskite. The cut-off wavelengths were determined from

the absorption spectrum as shown in Figure 4.5 below.
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Figure 4.5: Absorption spectrum and-optical-bandgap-of P3OT. Adapted with permission
from Ref [2].
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Figure 4.6: UV-vis spectra of triiodide perovskite CH3NH3Pbl; nanomaterials.

Figure 4.6 shows an absorption spectrum of the triiodide perovskite material. This is a
spectrum of a perovskite solution and corresponds well with the one reported in literature [3].

The shape of the spectrum further serves a qualitative confirmation for the triiodide
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perovskite solution. An absorption transition n — o~ was observed at the wavelength of 322.18

nm and a cut-off wavelength of absorption was observed at 376 nm.
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Figure 4.7: UV-vis spectra of mixed perovskite CHsNH3Pbl;S nanomaterials.

Figure 4.7 shows an absorption spectrum of the mixed ions CH3NH3Pbl,S perovskite
nanomaterials. The shape of the spectrum retained the shape of the spectrum for triiodide
perovskite CH3NHs3Pbl; in Figure 4.6, which implies that the perovskite structure was
preserved after incorporation of the sulphur. (S). A red-shift.in wavelength was observed. An
absorption transition n — ¢ was observed at the wavelength of 365.62 nm and the cut-off

wavelength of absorption was observed at 460 nm.
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Figure 4.8: UV-vis spectra of mixed ions perovskite CH3NH3Pbl,Se nanomaterials.

Figure 4.8 shows an absorption spectrum of the mixed ions CH3;NH;3Pbl,Se perovskite
materials. The shape of the spectrum also retained the shape of the spectrum for triiodide
perovskite CH3NH3Pbl; in Figure 4.6, which implies that the perovskite structure was also
preserved after incorporation of the selenium (Se). A red-shift in wavelength was observed.
An absorption transition n — ¢~ was observed at the wavelength of 367.30 nm and the cut-off

wavelength of absorption was observed at 534.71 nm.

The optical bandgaps of the perovskite compounds, CH3NHsPbl;, CH3NH3Pbl,S and

h 1240
< = and the results

CH3NH3Pbl,Se were determined using the equation 5: E = =
Acut—off lcut—off

are summarized in table 1 below.

Table 4.1. Calculated optical bandgaps of the perovskite materials.

Compound Cut-off Wavelength(nm) Optical Bandgap Eq (eV)
CH3NH3Pbl3 367.00 3.40
CH3NH3PDbI,S 460.00 2.70
CH3NH3Pbl,Se 534.71 2.30

From table 1 it was observed that the incorporation of the chalcogenide anions resulted with

redshift in the absorption wavelength of the triiodide perovskite CH3NH3Pbl; materials. The
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absorption was widened from 367 nm to 460 nm for S, and from 367 nm to 534 nm for Se
doped materials, respectively. This resulted in the narrowing of the optical bandgap from
3.40 eV to 2.7 eV for materials doped with S, and from 3.40 eV to 2.30 eV for materials
doped with Se. It can be concluded that indeed the incorporation of the chalcogenide anions
into the structure of the triiodide CH3NH3Pbl; perovskite materials induced a redshift in the
absorption spectrum. This is due to the fact that the chalcogenide anions have a lower
electronegativity than iodine; S (2.58) & Se (2.55) versus 1, (2.66). Selenium is the least
electronegative anion and hence CH3;NH;Pbl,Se had the smallest bandgap, 2.30 eV. It has
been reported in literature that the bandgap of organometallic halide perovskite materials can
be decreased by lowering the Pauling electronegativity between the metal cation and halide
anion to improve absorption (employing least electronegative anions). It has further been
shown by experimental studies that the absorption of CH3NH3PbX; shifts to the blue region
of the solar spectrum with changing anions from I" to Br™ to CI” (increase in electronegativity
from I' to CI") [4,5]. Therefore, the resulting-trends.in cut-off wavelengths for absorption and
the corresponding optical bandgaps shown-in-table-1-were anticipated from a decreasing trend
in electronegativity from I, (2.66)-t0.S (2.58)-to Se (2.58).

However, the obtained bandgap 3.40 eV for CH3NH3Pbls Is bigger than the one reported in
literature 1.57 eV [6-11] for CH3NH3Pbls due to the fact that in this project the UV-vis
measurements were done with - perovskite, solution. (perovskite precursor) and not with
annealed perovskite thin films (polycrystalline perovskite nanocrystals). Therefore, thin-
films samples of the prepared solutions of CH3NH3Pbls, CH3NH3Pbl,S and CH3NH3Pbl,Se
should be prepared to shift the absorptions onsets towards the near infrared region of the solar
spectrum. Nonetheless, the obtained results indicated that the chalcogenide anions S & Se as

potentials dopants for the narrowing the bandgap of organometallic halide perovskites.
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4.2.4 Spectroscopic studies by photoluminescence (PL) spectroscopy

The optical properties of the perovskite materials were further probed by photoluminescence

spectroscopy. The results obtained are shown in Figure 4.9, Figure 4.10 and Figure 4.11.
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Figure 4.9: PL spectrum of triiodide perovskite CH3NH;3Pbls.

The triiodide perovskite CH3NH3Pbls materials exhibited luminescence at a wavelength of

550 nm.
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Figure 4.10: PL spectrum of mixed ions perovskite CH3NH3PbI,S.
The mixed ions perovskite CH3NH3PbI,S perovskite materials exhibited luminescence at a

wavelength of 661 nm.
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Figure 4.11: PL spectrum of the mixed ions perovskite CH3NH3Pbl,Se.

The mixed ions perovskite CH3NH3Pbl,S perovskite materials exhibited luminescence at a

wavelength of 671.37 nm. The results are-summarized-in-table 4.2 below.

Table 4.2 Photoluminescence emissions-of organometallic perovskite materials.

Compound Emission Wavelength (nm)
CH3NH3Pbls 550.00
CH3NH3PbI,S 661.00
CH3NH3Pbl,Se 671.37

During photoluminescence experiment, the incident photon excites an electron from the filled
valence band and promotes it to the next empty band known as the conduction band, leaving
a hole behind. The electron and hole relaxes to the bottom of the conduction band and top of
the valence band, respectively. The electron and hole recombine emitting a photon whose
energy is equal to the bandgap of the material, i.e. CH3NH3Pbls, CH3NH3Pbl,S and
CH3NH3Pbl,Se. The photo-emission wavelengths of the perovskite materials at different
wavelengths indicate that the electron-hole pairs created by photo-excitation undergo a
radiative recombination. The life-times of the electron-hole (" h¥) can be further probed by

time resolve photoluminescence spectroscopy (tr-PL).

The radius of the materials is inversely related to the bandgap, i.e. the bigger the radius is the

smaller the bandgap and this means the emission at a particular wavelength is dictated by
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particle size of the material. From the results obtained in Figure 4.9, 4.10 and 4.11, the
emission wavelengths shifted from 550 nm to 661 nm for S doped perovskite CH3NH3Pbl,S
and from 550.00 nm to 671.37 nm for Se doped perovskite CH3NHsPbl,Se. The trend
observed in the emission wavelengths complements the trend observed in the absorption
wavelengths of the materials indicating that the photo-emissions were oriented by the
bandgap of the materials. Therefore, the incorporation of the chalcogenide anions resulted in
an increase in the radius of the triiodide perovskite material. It can be further concluded that
indeed the incorporation of the chalcogenide anions S and Se into the structure of the

triiodide perovskite CH3NH3Pbl; modulated the bandgap to lower values.

4.2.5 Electrochemical characterization by Cyclic Voltammetry (CV)

Electrochemical characterization by cyclic voltammetry is one of the best methods for a wide
range of applications. In this_study, -eychlc-voltammetry was used to interrogate the
electrochemical behaviour and electronic properties of the organometallic halide perovskite
under investigation. The other aim of this experiment was to confirm the successful
incorporation of the chalcogenide anions (S & Se) into the structure of the triiodide

perovskite.

Bare GCE
1.0 4
0.66V
_. 0.5+
<
2
§ 0.0 4
S
@)
-0.5 4
-1.0 +
-1.0 -0.5 0.0 0.5 1.0
Voltage (V)

Figure 4.12: CV of Bare GCE in 0.1 M LiCIO,4 at 50 mv/s.
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The bare glassy carbon electrode showed an anodic peak at 0.6 V in 0.1 M LiClO4 electrolyte
solution. This peak was also considered during the interpretation of the cyclic

voltammograms for all the organometallic halide perovskite materials that follows.

150
] CH,NH_Pbl,
1004 -0.33V
50 -
= |
32 07 E_(-0.51V) ~
— 1 _ 0.73V
§ -50 - <,£ 20 \/OLSjv/k__’_/
= 1 = 10
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| 5.0 E,.(0.35V)
O red
-150 - -10 0.54V
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-1.0 -0.5 0.0 0.5 1.0

Voltage (V)
Figure 4.13: CV of triiodide perovskite CH3NH3Pbls in 0.1M LiClO,4 at 50 mv/s.

Interpretation of the cyclic voltammogram:

Anodic peak at -0.33 V is due to hydrogen adsorption. Cathodic peaks at -0.41 V and -0.85
V are attributed to hydrogen desorption with hydrogen evolution starting at -0.85 V.
Cathodic peak at -0.56 V is attributed to Pb** — Pb’.

Inset: Anodic peaks: 0.53V :3I' — I, + 2¢’
0.73V :2l5— 31, + 2¢
Cathodic peaks: 0.48V : 3l, +2e" — 215

054V : I3 +2e— 3l
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Figure 4.14: CV of mixed ions perovskite CH3NH3Pbl,S in 0.1M LiClO,4 at 50 mv/s.

Interpretation of the cyclic voltammogram:

Anodic peaks at -0.3 V and -0.69 V corresponds to hydrogen adsorption. Anodic peak at 0.6
V is from the bare GCE. Cathodic peaks at -0.41 V and -0.75 V are attributed to hydrogen
desorption with hydrogen evolution starting at -0.75 V.

Cathodic peaks; 0.46 V :3l, + 2e” — 2I3
0.53 V 1 I3+ 2e'=>31F
0.20 V : S;* + 2H™+ 2e” — 2HS’
-0.56 V : Pb?* — Pb°

The cyclic voltammogram of mixed ions perovskite CH3NH3Pbl,S differed significantly with
the one obtained for the triiodide perovskite CH3NH3Pbl; indicating that there was a change
in the structure due to the incorporation of the S anion. The successful incorporation of S
was sensed by cyclic voltammetry scan at cathodic peak of 0.20 V : S,* + 2H*+ 2" — 2HS".
There are numerous reduction reactions for S in different oxidation states taking place at

different potentials and this study it was sensed at S*" as expected.
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Figure 4.15: CV of mixed ions perovskite CH3NH3Pbl>Se in 0.1M LiCIO,4 at 50 mv/s.
Interpretation of the cyclic voltammogram:

Anodic peaks at -0.41 V and -0.78 V corresponds to hydrogen adsorption. Anodic peak at
0.56 V is from the bare GCE.. Cathodic peaks at-0.48 V. and -0.89 V are attributed to
hydrogen desorption with hydrogen evolution starting at -0.89 V.

Cathodic peaks; 0.57 V :3l,+ 2e 1 2I5
0.66V: I3 +2e— 3T
0.07 V : Se04% + 2e” + Hy0 — SeOs® + 20H"
-0.60 V : Pb** — Pb°

The cyclic voltammogram of mixed ions perovskite CH3NH3Pbl,Se differed significantly
with the one obtained for the triiodide perovskite CH3NH3Pbls indicating that there was a
change in the structure due to the incorporation of the Se anion. The successful incorporation
was sensed by cyclic voltammetry scan at cathodic peak of 0.068 V : SeO,* + 2e” + H,0 —
Seogz' + 20H". There are numerous reduction reactions for Se in different oxidation states
taking place at different potentials and in this study it was sensed at Se* bonded to CIO,

from the electrolyte solution.
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The electrochemical bandgaps of the perovskite compounds were determined from the
oxidation and reduction onsets using the equation: E; = E(LUMO) — E(HOMO). The

energies of the HOMOs and LUMOs were determined using equation 8 and 9 in chapter 3.
The results are summarized in table 4.3 below.

Table 4.3 Calculated electrochemical bandgaps of the perovskite compounds.

Compound Eo™vs. HOMO  End™vs LUMO E(CV) E4UV)
Ag/AgCI(V) eV) Ag/AgCI(V) (eV)

CH3NH3Pbls -0.51 3.89 0.35 4.75 0.86 3.40
CH3NH3PbI,S -0.72 3.68 0.56 4.96 1.28 2.70
CH3NH3Pbl,Se -0.84 3.56 0.68 5.08 1.52 2.30

It was observed from table 4.3 that the incorporation of chalcogenide anions (S and Se)
resulted with a decrease in the energy of HOMOs from-3.89 eV (CH3NH3Pbls) to 3.68 eV for
S doped perovskite (CH3NH3Pbl,S) and from 3.89 eV to 3.56 eV for Se doped perovskite
(CH3NH3Pbl,Se). This trend came as no surprise since I is the highest electronegative anion
and therefore more energy will be required to oxidize the triiodide perovskite CH3NH3Pbls,
whereas S%” and Se” are the least electronegative anions and therefore lesser energy will be
required to oxidise the organo-chalcagenic perovskites; CHsNH3Pbl,S and CH3NH3Pbl,Se.
An increase in energy of the LUMOs was also.observed from 4.75 eV (CH3NH3Pbl3) to 4.96
eV for S doped perovskite (CH3NH3Pbl,S) and from 4.75 eV to 5.08 eV for Se doped
perovskite (CH3NH3Pbl,Se). This also came as no surprise since |I" is the highest
electronegative anion and therefore less energy will be required to reduce the triiodide
perovskite CH3NH3Pbls, whereas S* and Se the least electronegative and therefore more
energy will be required to reduce the organo-chalgenic perovskites; CH3NH3Pbl,S and
CH3NH3Pbl,Se. A decrease in the energy of the HOMOs (valence band) implied that lesser
energy will be required to knock out the electrons from the valence band to the conduction
band (LUMOSs) to create photocurrent, making organo-chalcogenic perovskites potential

candidates for solar cell application.

Opposite trends in electrochemical band gaps and optical bandgaps were observed from table
4.3. These trends were the results of the same structural changes induced by the incorporation

of the chalcogenide anions into the triiodide perovskite structure. The electrochemical
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bandgaps obtained were lesser than the optical bandgaps and this could be attributed to fast
electrochemical reactions which causes the peaks to shift to less extreme potentials. The
presence of S* and Se” were confirmed at cathodic peaks 0.20V and 0.068V, respectively.
Electrochemistry studies (CV) also demonstrated that all the materials under investigation are
redox active, indicating that they are conductive and this makes them suitable candidates for

solar cells application.
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CHAPTER 5

Conclusive Summary and Recommendations

5.1 CONCLUSIVE SUMMARY

The chief aim of this study was to narrow the bandgap and widen the absorption edge of the
triiodide perovskite CH3NH3Pblz by doping or incorporation of the chalcogenide anions S &
Se into the structure of triiodide perovskite to prepare new mixed ions perovskites with lower
bandgaps; CH3NH3Pbl,S and CH3NH3Pbl,Se, for application in single-junction solar cells.
The narrowing of bandgap of organometallic halide perovskite materials has been reported to
result in improved open circuit voltage, photocurrent-density and the efficiency of solar cells.
It has been reported in literature- that oneof -the ways to narrow the bandgap of
organometallic halide perovskites is by decreasing the Pauling electronegativity difference
between the metal cation Pb and the halide anions or simply by employing the anions with
the least electronegativity. Pauling electronegativity differences between Pbl,, PbS and PbSe
were calculated as 0.33, 0.25, and 0.22, respectively. A decrease in Pauling electronegativity
deference was observed since the electronegativities of all chalcogenide anions; S (2.58) and
Se (2.55), are all lower than the electronegativity of I, (2.66) and hence a decrease in bandgap
was anticipated for chalcogenide incorporated (doped) perovskite materials, i.e. organo-
chalcogenic perovskites: CH3NH3Pbl,S and CH3NH3Pbl,Se.  The triiodide perovskite
nanomaterials CH3NH3Pbl; were synthesized and characterized by HR-TEM coupled with
EDS to interrogate the morphology, crystallinity and elemental composition. The
polycrystalline nanomaterials of particle size 129.7 nm with hexagonal morphology were
characterized by HR-TEM. The elemental composition for CH3NH3Pbl; was confirmed by
EDS and C, Pb, and | showed up in the spectrum. Chalcogenide anions S and Se were then
incorporated into the structure of the triiodide perovskite. Spectroscopic studies by UV-vis
and PL were conducted to probe the electronic properties of all the perovskite nanomaterials
under investigation. The incorporation of chalcogenide anions resulted in widening of the
absorption from 367 nm to 460 nm for S, and from 367 nm to 534 nm for Se doped materials.
These resulted in the narrowing of the optical bandgap from 3.40 eV to 2.7 eV for materials
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doped with S, and from 3.40 eV to 2.30 eV for materials doped with Se, respectively. The
electronic properties of the materials were further probed by photoluminescence
spectroscopy. The photo-emissions of the perovskite materials at different wavelengths
indicated that the electron-hole pairs created by photo-excitation undergo a radiative
recombination. The trend observed in the emission wavelengths complemented the trend
observed in the absorption wavelengths of the materials indicating that the photo-emissions
were oriented by the bandgap of the materials. Therefore, the incorporation of the
chalcogenide anions resulted in an increase in the radius of the triiodide perovskite materials
since bandgap is inversely related to the particle size. It can be further concluded that indeed
the incorporation of the chalcogenide anions S and Se into the structure of the triiodide
perovskite CH3NH3Pbl; modulated its bandgap. However, the obtained bandgap; 3.40 eV for
CH3NH3Pbls, is bigger than the one reported in literature 1.57 eV for CH3NH3Pbl; due to the
fact that in this project the UV-vis and PL measurements were done with perovskite solution
(perovskite precursor) and not with the annealed perovskite thin films (polycrystalline

perovskite nanocrystals).

Electrochemical characterization by cyclic voltammetry was further conducted to probe the
electrochemical behaviour and electronic properties of all the perovskite nanomaterials under
investigation. The incorporation.of chalcogenide anions (S and Se) resulted with a decrease in
the energy of HOMOs from 3.89 eV. (CH3NH3Pbls) to 3.68 eV for S doped perovskite
(CH3NH3PbI,S) and from 3.89 eV to 3.56 eV for Se doped perovskite (CH3NH3PDbl,Se).
This trend in the energy of HOMOs was expected due to the decreasing electronegativity of
the anions; I” > S* >Se” implying that lesser energy is required to oxidise (knock out
electrons from the valence band) the organo-chalcogenic perovskites and making them good
candidates for solar cell application.  An increase in energy of the LUMOs was also
observed from 4.75 eV (CH3NH3Pbls) to 4.96 eV for S doped perovskite (CH3NH3Pbl,S) and
from 4.75 eV to 5.08 eV for Se doped perovskite (CH3NH3Pbl,Se). This also came as no
surprise since I is the highest electronegative anion and therefore less energy will be required
to reduce the triiodide perovskite CH3NHsPbls, whereas S* and Se* are the least
electronegative anions and therefore more energy will be required to reduce the organo-
chalgenic perovskites. Opposite trends in electrochemical band gaps and optical bandgaps
were observed. These trends were the results of the same structural changes induced by the
incorporation of the chalcogenide anions into the triiodide perovskite structure. The

successful incorporation of chalcogenides S* and Se” into the structure of the triiodide
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perovskite was confirmed by cyclic voltammetry scans at cathodic peaks; 0.20V and 0.068V,

respectively.

5.2 RECOMMENDATIONS AND SUGGESTED FUTURE WORK

Thin film samples of CH3NH3Pbls, CH3NH3Pbl,S and CH3NH3Pbl,Se perovskite materials
should be prepared on glass substrates (Fluorine doped Tin Oxide, FTO) and annealed at
100°C to form polycrystalline perovskite nanocrystals that will absorb and emit towards the
near-infrared region of the solar spectrum. From thin films samples, X-ray Diffraction
(XRD), Ultra Violet visible (UV-vis) spectroscopy & Photoluminescence (PL), High
Resolution Scanning Electron Microscope (HR-SEM), High-Resolution Scanning Electron
Microscopy (HR-SEM) and Atomic Force Microscopy (AFM) studies should be conducted to
interrogate the structural, electronic and microscopic properties of the perovskite
nanomaterials. The electrochemical properties-and. electrochemical performance should
further be probed by cyclic voltammetry-and- electrochemical impedance (EIS) to determine

the conductivity of all the perovskites under investigation.

For future work, the ratio between I, and the chalcogenides; S and Se, can be varied to
determine the range of tuning the bandgap. Since Tellurium (Te) is the least electronegative
chalcogenide anion Te (2.1), it can also [be incarporated into. the structure of the triiodide
perovskite to form another new mixed- ions. perovskite ,CHsNH3Pbl,Te to modulate the
bandgap. Lastly, single-junction solar cells employing the perovskites under investigation
should be fabricated and tested under simulated solar irradiation to investigate the effect of
new organo-chalcogenic perovskites: CH3NH3Pbl,S, CH3NH3Pbl,Se and CH3NH3Pbl,Te on

the photovoltaic parameters and eventually the photovoltaic performance.
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