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ABSTRACT 

This thesis explores a range of photoactive metal halide perovskite materials for use 

in photovoltaic applications. These materials are of huge interest due to their 

outstanding optoelectronic properties which result in high photovoltaic power 

conversion efficiencies.  In particular, this thesis discusses perovskites with 

stoichiometry ABX3 where A is a singly charged cation, for example 

methylammonium (MA), B is predominantly lead (Pb
2+

), and X is iodide (I
-
) and/or 

bromide (Br
-
).  At present the commercial applications of these materials are limited 

by the chemical instability of the A-site cation.  In this thesis, the effect of chemical 

substitution of the A-site is investigated as a way to increase the stability of the 

perovskite material.  Full replacement with the inorganic cation caesium (Cs+) is 

shown to significantly improve the chemical stability.  However, the inorganic lead 

halide perovskites with ideal bandgaps for photovoltaic applications exhibit 

structural instability.  Routes to achieve both chemical and structural stability for 

these perovskites are discussed. Consequently, this thesis represents pioneering work 

in the field of inorganic halide perovskites and will greatly assist the development of 

stable inorganic perovskite materials for optoelectronic applications such as tandem 

photovoltaics and LEDs. 



Chapters 1 and 2 of this thesis present the motivation for perovskite materials to be 

used in solar cells, along with relevant background information about these 

materials and solar cell operation in general.  Chapter 3 details the methods utilised 

in the experimental results chapters which follow.  The first experimental results 

chapter, Chapter 4, shows how incorporation of Br
-
 in place of I

-
 in CsPbI3 leads to 

increased ambient stability of the perovskite structure, and the first solar cells with 

CsPbI2Br as the absorbing photovoltaic material are reported.  Chapter 5 remedies 

the deficit of information about the optoelectronic properties of the CsPbI3-xBrx (0 ≤ 

x ≤ 3) perovskites through magneto-optical measurements on thin-films.  These 

measurements raise questions about the room temperature perovskite structure of 

the CsPbI3-xBrx compositions with small x, previously thought to be a cubic 

perovskite, which is shown in Chapter 6 to be an orthorhombic perovskite 

polymorph.  This finding motivates preliminary work presented in Chapter 7 aimed 

at chemical stabilisation of this orthorhombic perovskite polymorph.  Finally, 

Chapter 8 summarises the work presented in this thesis, and recommends further 

research for the development of stable perovskite materials for photovoltaics. 
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LIST OF ABBREVIATIONS AND ACRONYMS 

ABBREVIATION 

OR ACRONYM 
DEFINITION 

AM1.5G The spectrum used as a laboratory standard for determining the 

PCE of a solar cell.  This 'global spectrum' represents the incident 

sunlight expected on a solar cell at ground level. 

CB Conduction Band 

DFT Density Functional Theory   

DMF N,N-dimethylformamide 

DMSO Dimethyl sulfoxide 

EDX Electron Dispersive X-ray  

EF Fermi level  

EG The bandgap energy of a material (the energy difference between 

the CB and the VB) 

EQE External Quantum Efficiency 

EX Exciton binding energy 

FA Formamidinium, NH2CHNH2
+
 

FF Fill Factor 

FTO Fluorine-doped Tin Oxide 

FWHM Full Width Half Maximum 

GIWAXS Grazing-Incidence Wide-Angle X-ray Scattering  

GW The GW approximation is so named because the electron self 

energy is the convolution between the electron Green’s function, 

G, and the screened Coulomb interaction, W. 

HI Hydriodic acid 

HS High spin 

HT High Temperature (here >300 °C) 

HTM or HTL Hole-Transporting Material or Layer  

JMPP The current density generated at the maximum power point (See 

VMPP) 

JSC Short-circuit current density 

LDA Local Density Approximation 



 

ii 
 

LNCMI Laboratoire National des Champs Magnétiques Intenses  

LT Low Temperature (here <150 °C) 

MA  Methylammonium, CH3NH3
+
 

PBE The generalised gradient approximation 

PCE Power Conversion Efficiency (see also η) 

PL Photoluminescence 

PTFE Polytetrafluoroethylene 

PV Photovoltaic 

RH Relative Humidity 

SEM Scanning Electron Microscope  

Spiro-

OMeTAD 

2,2′,7,7′-Tetrakis(N,N-di-p-methoxyphenylamine)-9,9′-

spirobifluorene, a small organic molecule commonly used as a 

HTM 

Spiro-TFSI 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-9,9′-

spirobifluorene di[bis(trifluoromethanesulfonyl)imide]; Spiro-

OMeTAD oxidised with the TFSI salt 

SPO Stabilised Power Output 

SQUID Superconducting QUantum Interference Device, a magnetometer 

used to determine magnetic properties of a material from 

cryogenic temperatures to room temperature 

UV Ultra-Violet 

VB Valence Band 

VESTA Visualisation for Electronic and STructural Analysis, a 3D 

visualization program for structural models, volumetric data such 

as electron/nuclear densities, and crystal morphologies 

VMPP The operating voltage of a solar cell at which maximum power 

output is obtained 

VOC Open-circuit voltage 

XRD X-ray Diffraction 

ZFC Zero-Field-Cooled, i.e. cooled in the absence of a magnetic field 

η Photovoltaic efficiency (see also PCE) 
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1 INTRODUCTION 

1.1 Context and motivation  

With increasing global demand for energy, dwindling fossil fuel reserves, and an 

increasingly unpredictable climate, the need for efficient renewable energy sources 

has become paramount.  Global energy consumption has more than doubled over 

the last forty years, and in 2015 was approximately 18.5 TWy/y (Terawatt years 

per year).1  The U.S. Energy Information Administration predicts that global energy 

demand will increase by nearly 30% between 2015 and 2040.
2
   

While coal, natural gas, and oil are convenient and widely used energy sources, their 

known reserves are finite, and they all produce carbon dioxide (CO2) and other 

greenhouse gases as by-products of combustion.  In 2015, coal, natural gas, and oil 

provided more than 80% of the world’s total primary energy supply, and global CO2 

emissions from these fuel sources surpassed 32,000 million tonnes.3  With the 

projected increase in global energy demand, world energy-related CO2 emissions are 

also predicted to grow an average 0.6% per year between 2015 and 2040.2   

The greenhouse effects of continued CO2 emissions are already evident, with 

changing weather patterns and an increase in extreme weather events as the average 

global temperature rises.4  In an attempt to halt global warming from the 
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greenhouse effect, the Kyoto Protocol and Paris climate agreements demand a 

reduction of global CO2 emissions.
5
   

To meet global energy demands and to reduce energy-related CO2 emissions, sources 

of energy other than fossil fuels are urgently needed as the main provider of both 

domestic and industrial power. The available sources of energy are depicted 

graphically in Figure 1-1, in a three-dimensional rendering.  Renewable energy 

sources, and nuclear energy sources such as uranium, are usually considered low-

carbon energy sources.6  While carbon capture and storage reduces energy-related 

CO2 emissions from fossil fuel energy generation, this solution is only temporary due 

to finite fossil fuel reserves. 

 

 

Figure 1-1. Sources of energy in Terawatt-years (TWy) in comparison to the total energy used globally 

in 2015, using a three-dimensional rendering.  The volume of each sphere represents either the yearly 

potential energy (renewable energy sources), or the estimated total recoverable energy remaining in 

2015 (finite energy sources).  Adapted from Perez and Perez, 2015.1 
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Of the renewable energy sources, the most abundant is solar energy.  As can be seen 

in Figure 1-1, solar energy dwarfs all other sources of energy, with a staggering 

23,000 TWy/y incident on land globally.
1
   

To harness solar energy in a useable way, we can use photovoltaic (PV) devices such 

as solar panels (also known as PV modules). Solar panels contain many individual 

solar cells, each of which converts light from the sun into electricity or heat.  Each 

solar cell contains a sandwich-like junction with at least two layers of different 

materials, as depicted schematically in Figure 1-2.  When illuminated, solar panels 

can generate enough electricity to power electrical devices from mobile phones to 

electric cars, and arrays of solar panels can power office buildings and factories.   

Present solar panel technology is dominated by silicon photovoltaics, which are 

becoming increasingly inexpensive to produce and install. In June 2016, the Dubai 

 

Figure 1-2. A single junction solar cell. Solar energy is absorbed by a semiconducting material (brown 

layer), which is sandwiched between layers of other semiconductors (pink and yellow layers).  The 

sunlight creates pairs of free electrons (grey circles) and positive holes (white circles).  These charges 

are collected by the negative (dark grey) or positive (white) electrodes respectively.  When an 

illuminated solar cell is connected to a circuit, current flows which can be used to power devices such 

as lightbulbs. 
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Electricity and Water Authority announced plans to build an 800-megawatt solar 

power plant which would produce electricity at less than 3 U.S. cents per kilowatt 

hour on average, which is less expensive than coal.
7
   With such investment, the 

World Economic Forum predicts that solar photovoltaic infrastructure will have a 

lower levelized cost of electricity* than coal or natural gas electricity generation 

throughout the world by 2020.
8
  This cost parity makes solar energy an economically 

viable option for global energy production.  

For solar to supply the global energy demand, there must be enough land available 

for the solar panels.  Based on the U.S. Energy Information Administration’s 

predictions, it has been postulated that solar energy could power the entire world in 

2030 with approximately 500,000 km2 of solar panels generating around 

200,000 TWh per year.2,9  This area is calculated assuming each solar panel has an 

operational solar to electric power conversion efficiency of 20%, and experiences 

250 sun days per year with 8 hours of 1000 W m-2 irradiation on average.  A 

visualisation of this area of solar panels is provided in Figure 1-3; while this area is 

roughly the area of Spain, it is only 0.4% of the total global land mass and would 

include rooftop and building-integrated PV installations.10  However, this area does 

not take into account other land area required for installations, for example to avoid 

shading on a solar farm or for batteries for energy storage.   

The required area of solar panels for a given energy generation decreases as the solar 

to electrical power conversion efficiency (PCE) of the solar panels increases.  Most of 

the cost of solar panels comes from assembly and installation, so a small increase in 

efficiency leads to a reduced overall cost as well as increasing the potential 

applications of the solar panels.11,12   

 

 

*The levelized cost of electricity is the total cost of building and operating an energy -

generating plant, divided by the total energy output, over the lifetime  of the plant.   
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Figure 1-3. A depiction of the projected surface area of solar panels that would be required to power 

the world in 2030 using solar energy alone (not including land area for energy storage).  Nineteen areas 

have been distributed across the globe in proportions based on 2009 energy usage, with a total area of 

496,805 km2; in practice these areas would be further divided into many installations of various sizes in 

each country.  Adapted from the Land Art Generator Initiative (http://landartgenerator.org).9  

While 20% efficiency is a reasonable expectation for a solar panel, and solar panels 

with efficiencies of ~20% PCE are becoming widespread, there remains much scope 

for improvement.   The efficiency of a single junction solar cell has a theoretical 

limit of about 33% PCE, known as the Shockley-Queisser limit.13  Typical silicon 

solar panels have efficiencies of 20-25%, and the best research-lab silicon solar cells 

have reached up to 27% power conversion efficiency.14  However, the single junction 

silicon solar cell has been intensively developed, and so further improvements in 

efficiencies of the incumbent technology are limited.    

In order to improve the efficiency of solar panels, attention has turned to new 

materials that are as abundant and as inexpensive as silicon, and work at least as 

efficiently in solar cells.  These new materials may then be used as single junction 

solar cells to replace silicon, or they can be used in tandem with silicon in multi-

junction solar cells.   

http://landartgenerator.org/
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Competitors on efficiency are thin films of inorganic materials such as GaAs, GaInP, 

GaInAs, and Ge.  In early 2018, GaAs holds the record efficiency for a single 

junction solar cell of about 28%,
15

 and multi-junction devices with these materials 

have reached efficiencies of about 39%.
14

 However, the starting materials are 

expensive and the devices require many processing steps in high vacuum 

environments which limits their widespread use in solar panels.   

Less expensive alternatives include organic small molecules and polymers, and 

quantum dots of materials such as PbS or PbSe16,17.  These materials can be easily 

made into thin films by solution processing methods, such as spin-coating, blade 

coating or inkjet printing, which allows fast deposition on a large scale for both rigid 

and flexible substrates.  By themselves, these materials yield colourful and light-

weight solar panels which are ideal for niche applications where traditional silicon 

panels are unsuitable. Present efficiencies of these devices are approaching 15%.14 

Recently another class of solar cells, known as perovskite solar cells, has emerged as 

an extremely promising competitor to the above technologies, meeting both criteria 

of low cost and high efficiency.  Perovskite solar cells use thin films of metal halide 

perovskite materials in place of silicon.  Perovskite thin films can be made from 

inexpensive and abundant precursor salts using standard processing techniques such 

as solution processing or vapour deposition.   

As well as being inexpensive to produce, perovskite thin films have many ideal 

properties for photovoltaics.  For example, a thin perovskite film absorbs sunlight 

strongly, with nearly complete light absorption in films as thin as 300-500 nm in 

thickness.18,19  Despite the polycrystalline nature of the films, the absorbed light 

generates a high proportion of free electrons which are efficiently transported 

through the film, such that films as thick as 1.2 µm can function in solar cells.19,20   
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Perovskite solar cells are now the most efficient thin-film photovoltaic technology. 

Lead halide perovskites were first reported in solar cells in 2009, at 3.8% power 

conversion efficiency,
21

 and intense research into these materials over the last few 

years has led to research cell efficiencies as high as 22.7%.
22

  Single junction 

perovskite solar cells are beginning to be commercialised, with ‘minimodules’ made 

by Microquanta Semiconductor at 16% efficiency in April 2017.
14,23

   Multi-junction 

solar cells with both perovskite and silicon junctions are also of significant 

commercial interest, with research-lab efficiencies for perovskite-silicon tandems at 

23.6%.14,23  

Before perovskite solar cells can displace or improve the incumbent silicon solar 

panels, issues around material stability must be resolved.  Commercial solar cells 

must be stable over 25 years of operation.19  However, at present there are 

fundamental limitations on the stability of perovskite solar cells.  The instability 

arises from the perovskite thin films themselves, which contain small organic 

molecules.  When subjected to thermal stresses typical of solar cell operation, these 

cations can decompose and/or leave the thin films.  This chemical instability 

destroys the perovskite thin film, rendering it unable to function in a solar cell.   

1.2 Aims of this thesis 

The overarching aim of this thesis is to explore whether the chemical stability of 

perovskite thin films may be improved while retaining the photovoltaic properties 

necessary for high efficiency solar cells.  Chemical stability of the perovskite thin 

film has been achieved by replacing the small organic cation with the inorganic 

cation Cs+.  This thesis reports on the effects of this modification on properties 

relevant for solar cell operation.  

Perovskites are a vast class of materials which include ferroelectrics, piezoelectrics, 

thermoelectrics, insulators, semiconductors, conductors, and, perhaps most famously, 
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superconductors.
19

  The first perovskite mineral to be discovered was calcium 

titanate (CaTiO3), which was found by Gustav Rose in 1839 in the Ural mountains 

and named at his request after Russian war veteran Count Lev A. Perovski.
24

 The 

class of perovskites now includes all other materials with the general formula of 

ABX3 and a similar crystallographic structure.  The perovskite structure will be 

described in detail in Chapter 2.  There are many possible elemental combinations 

that form perovskites, even with the limitations that the atoms fit together into this 

crystalline structure, and the charges of the atoms give a neutral overall charge.   

Perovskites that have been found to be suitable for photovoltaic applications include 

those with lead (Pb2+) or tin (Sn2+) in the ‘B’ site, and halide ions such as iodide  

(I-) or bromide (Br-) in the ‘X’ site.  The ‘A’ site is then required to be a singly-

charged cation, which could be inorganic or organic.  The first known perovskites of 

this kind were inorganic lead halide perovskites synthesised by Wells in 1893 with 

caesium or potassium in the ‘A’ site.25–28 85 years later, it was discovered that small 

organic cations such as methylammonium (CH3NH3
+
) could also fit into the ‘A’ 

site.29,30  Such ‘hybrid’ organic-inorganic perovskites were the first perovskites to be 

explored in solar cells.21,31 The operating principles of perovskite solar cells will be 

provided in Chapter 2, along with a brief history of their development.  

Replacement of the methylammonium cation with an inorganic cation, to form a 

fully-inorganic lead halide perovskite, should lead to a material with significantly 

higher stability.  Accordingly, the inorganic perovskite caesium lead bromide 

(CsPbBr3) has been shown to have higher stability than methylammonium lead 

bromide, without compromising on photovoltaic performance.32  It should follow 

that the inorganic perovskite caesium lead iodide (CsPbI3) would be comparable to 

the methylammonium equivalent. However, the first report of CsPbI3 as the 

absorber layer in a solar cell produced solar cells with less than 3% power conversion 

efficiency, significantly lower than the methylammonium analogue.33   
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Rather than a chemical instability, the challenge posed by CsPbI3 is a structural 

instability.  At ambient conditions, CsPbI3 adopts a yellow non-perovskite 

polymorph with poor photovoltaic properties.  The photovoltaic black perovskite 

polymorph of CsPbI3 is obtained by heating the material above 300 C followed by 

rapid cooling to room temperature, or by using a processing aid such as hydriodic 

acid together with annealing at 100 C.
33
  The fabrication of solar cells with black-

phase CsPbI3 then entails all processing steps to be performed either in nitrogen or 

under vacuum.   

The search for a chemically stable perovskite now becomes a quest for structural 

stabilisation of the inorganic perovskite CsPbI3.  While structurally stable, CsPbBr3 

is orange and so is better suited to light emission than light absorption.  However, 

perovskites with mixed halides are possible, and so in Chapter 4 CsPbI2Br is 

presented as an inorganic perovskite with structural stability in atmospheric 

conditions better than the neat iodide.  As expected, this mixed halide material also 

has improved chemical stability in comparison with the methylammonium analogue.  

Additionally, the first CsPbI2Br-based solar cells show better photovoltaic 

performance than previous inorganic perovskite solar cells.   

The realisation of efficient solar cells with inorganic lead halide perovskites raises 

the question: how does the cation influence the optoelectronic properties of the 

perovskite?  While the inorganic lead halide perovskites have been known since the 

late 19th century, very little is known about their optoelectronic properties and how 

they compare with the hybrid perovskites.  Chapter 5 seeks to remedy this deficit, 

by presenting relevant optoelectronic properties of CsPbI3, CsPbBr3, and the mixed 

halide CsPbI2Br.  The optoelectronic properties are found to depend more on the 

halide than the cation, with a higher proportion of the iodide anion necessary for 

optimal photovoltaic properties. This finding may be understood by considering the 

contribution of the A, B and X ions to the electronic band structure.  For the lead 
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halide perovskites, Filip et al. have shown that the atomic/molecular orbitals from 

the A cation are deep in the valence band of the electronic band structure of the 

resulting perovskite structure.
34
  The nature of the VB and CB edges, and therefore 

the optoelectronic properties, of the perovskite are then governed by contributions 

from the B and X ions.  In this chapter, the B ion is always occupied by Pb
2+

 and 

so the measured changes in the optoelectronic properties may be directly attributed 

to changes in the halide composition.   

In order to increase the ambient stability of black CsPbI3-xBrx thin films, it is 

important to understand the structural transitions in these materials.  CsPbI3 is an 

anomaly among perovskites in that the only two reported polymorphs are a yellow 

non-perovskite and a black cubic perovskite, and the transition from non-perovskite 

to perovskite is direct upon heating to around 300 C.35  While most perovskite 

materials adopt a cubic perovskite structure at high temperatures, their room 

temperature polymorphs are usually also perovskites, albeit perhaps with some 

distortions. Chapters 4 and 5 demonstrate that CsPbI3 can exist in black films at 

room temperature in inert atmosphere, and these films show no phase transitions 

when further cooled to 2 K under vacuum.  These findings suggest that the current 

understanding of the phase transitions in CsPbI3 is incomplete.  Chapter 6 reports 

on investigations using solid state synthesis and X-ray diffraction into the structure 

of room temperature black-phase CsPbI3. This material is determined to be an 

orthorhombic perovskite polymorph of CsPbI3, rather than the high-temperature 

cubic CsPbI3 polymorph as previously thought.  This discovery reconciles CsPbI3 

with other perovskite materials and enables a better understanding of the CsPbI3 

polymorph that has been studied in films and solar cells.  Furthermore, the finding 

that the black room temperature polymorph of CsPbI3 is already a distorted 

perovskite is of utmost importance when considering how structural stability of this 

polymorph may be achieved for the iodide-rich inorganic lead halide perovskites.  
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Finally, Chapter 7 provides some preliminary theoretical and experimental work 

towards increasing the structural stability of this polymorph for these important 

materials. 
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2 THEORY AND 

BACKGROUND 

This chapter provides a general overview of the relevant theory and background 

knowledge that underpins the work in this thesis.  More detailed descriptions may 

be found in the scientific literature and in textbooks such as those written by 

Kittel,1 Harrison,2 and Nelson.3  

This chapter presents the structure of the perovskite materials of central importance 

in this thesis, leading into the optoelectronic properties arising from this structure 

that are ideal for photovoltaics.  The operating principles of solar cells are outlined, 

and the chapter closes with a brief account of the evolution of perovskite solar cells. 

2.1 The perovskite structure  

The perovskite structure is adopted by a family of compounds commonly found with 

the general formula ABX3. The basic unit cell of the ABX3 perovskite consists of 

corner-linked octahedra of X-anions (typically oxygen or halide) with B-cations at 

their centres (body-centre position) and A-cations between them, as depicted in 

Figure 2-1.   
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For the perovskites of interest in this thesis, the octahedra are formed by metal ‘B’ 

cations such as lead (Pb
2+

) or tin (Sn
2+

), or another metal cation with a charge of 

+2.  These are surrounded by halide ‘X’ anions, typically iodide (I
-
), bromide (Br

-
), 

chloride (Cl
-
) or fluoride (F

-
), or a mix of these.  Charge neutrality is obtained by 

the presence of a singly charged metal ‘A’ cation, such as caesium (Cs
+
), or organic 

cations such as methylammonium (CH3NH3
+, abbreviated MA) and formamidinium 

(H2NCHNH2
+, abbreviated FA), in the void (cubo-octahedral cavity) between the 

octahedra.  These cations are depicted in Figure 2-2(a).  Mixes of these cations have 

recently become popular, with quadruple-cation perovskites in particular reaching 

high efficiencies in photovoltaic devices.4,5   Significant research efforts have also 

been invested in mixed-metal perovskites and lead-free perovskites, with some 

promising results.6–8 

Larger organic cations with long organic chains and perhaps with phenyl groups are 

too large to fit within the cubo-octahedral cavity. Two examples of large cations 

with relevance for photovoltaics are butylammonium and phenethylammonium, 

which are shown in Figure 2-2(b).  These large cations form fully layered 2D 

materials, as in Figure 2-2(c), which have excellent material stability but poor 

 

Figure 2-1. The perovskite structure has a unit cell (left) with a B-cation (in grey) octahedrally 

coordinated to X-anions (purple) with A-cations (blue) filling the voids between the octahedra. View of 

the lattice (right) along one crystallographic direction, with a unit cell outlined in black. 
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optoelectronic properties for photovoltaics.9  While partial replacement of MA with 

these large cations in 2D-3D mixed-cation perovskites has been shown to offer some 

improvement in the chemical stability of the resulting material, this approach has 

been shown to have an intrinsic compromise between stability and photovoltaic 

device efficiency.9,10 

2.1.1 Goldschmidt’s tolerance factor and octahedral tilting 

A geometrical argument for predicting whether a combination of ions will be stable 

in a perovskite structure is Goldschmidt’s tolerance factor, t.11,12  The argument is 

summarised in the following discussion. 

For the ideal cubic perovskite shown in Figure 2-3(a), the bond lengths between the 

ions may be expressed in terms of the lattice constant a of the unit cell as follows: 

 

Figure 2-2.  (a) Some of the cations that can occupy the ‘A’ site are, from left, caesium (Cs+), 

methylammonium (MA), and formamidinium (FA). (b) Butylammonium (BA) and phenethylammonium 

(PEA) are too large for the cubo-octahedral cavity. (c) To accommodate large A cations (here PEA), 

the perovskite structure may separate into two-dimensional layers with overall stoichiometry A2PbX4. 

(a)

(c)

(b)
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𝟐 × 𝐝(𝐁 − 𝐗) =  𝐚  

𝟐 × 𝐝(𝐀 − 𝐗) = √𝟐𝐚 
Equation 2-1 

where 𝑑(𝐵 − 𝑋) is the bond length between B and X ions, and 𝑑(𝐴 − 𝑋) the bond 

length between A and X ions.  For each equivalent pair of ions, the bond length is 

assumed to be equidistant.  Note that the A cation is always larger than the B 

cation in the perovskite structure.    

For packing of rigid spherical ions in the perovskite structure, these bond lengths 

may be approximated by the ionic (or effective) radii of the A, B and X ions, 𝑟𝐴, 𝑟𝐵, 

and 𝑟𝑋 respectively, such that Equation 2-1 becomes (with some simplification): 

 
𝟐(𝐫𝐁 + 𝐫𝐗) = 𝐚 

√𝟐(𝐫𝐀 + 𝐫𝐗) = 𝐚 
Equation 2-2 

Taking the ratio of these two expressions gives the tolerance factor, t: 

 

 
𝐭 =

√𝟐(𝐫𝐀 + 𝐫𝐗)

𝟐(𝐫𝐁 + 𝐫𝐗)
=

𝐫𝐀 + 𝐫𝐗

√𝟐(𝐫𝐁 + 𝐫𝐗)
 Equation 2-3 

For perfect packing, t = 1, and the structure remains as depicted in Figure 2-3(a).  

However, the perovskite structure can accommodate a wide range of cation and 

 

Figure 2-3. (a) The unit cell of the cubic perovskite ABX3 with bond lengths shown in terms of the 

lattice constant, 𝒂. (b) Cross-section through a BX6 octahedron for a minimally-sized B cation.  

𝟐a

a

a

A

B

X

(a) (b)

𝟐  + 𝟐  

𝟐  
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anion sizes through tilting or distortions of the octahedra and/or cation 

displacements.  Perovskite structures are found experimentally with tolerance factors 

of 0.8 ≤ 𝑡 ≤ 1.
12,13

  Deviations from the cubic perovskite structure when 𝑡 ≠ 1 are 

highly important, as most perovskite compounds do not have tolerance factors equal 

to 1.  

In order for a perovskite structure to form at all, the B-site cation must be 

sufficiently large to coordinate octahedrally with the X anions such that the X 

anions do not contact one another.  Figure 2-3(b) illustrates this constraint 

diagrammatically for octahedra in the cubic perovskite.  Basic geometry gives:  

which simplifies to 

This relationship provides the origin of the octahedral factor, µ =
𝑟𝐵

𝑟𝑋
> 0.41 , to 

predict whether a given combination of B and X cations could form stable 

octahedra.  

Even with a sufficiently large B cation, distortions of the octahedra themselves are 

possible.  These distortions tend to arise from electronic instabilities of the B ion.14  

Octahedral distortions include a displacement of the B cation from the centre of the 

octahedra (e.g. in BaTiO3),
14 and/or elongation of some of the B—X bonds in the 

octahedra (for example Jahn-Teller distortions of octahedra with B = Mn2+ or 

Cu2+).15  

Given the formation of BX6 octahedra, the formation of a perovskite structure then 

relies on an appropriately sized A cation.   When the A cation is too large for the 

cubo-octahedral cavity, 𝑡 > 1 .  In this case, the BX6 octahedra are unable to 

 𝟐  + 𝟐  ≥ √𝟐 × 𝟐    

   ≥ (√𝟐 − 𝟏)  ≈ 𝟎. 𝟒𝟏    
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maintain connectivity of the lattice around the A cation, and the ions adopt lower-

dimensional or hexagonal perovskite-like structures as shown in Figure 2-2(c).   

When the A cation is only slightly too small for a perfectly cubic corner-sharing 

octahedral network, such that the tolerance factor becomes smaller than 1, 

octahedral tilting occurs to stabilise the perovskite structure.  Octahedral tilting 

results in a bending of the soft B—X—B bond angles to retain the connectivity of 

the octahedral network.  This bending shortens some of the A—X bonds without 

affecting the BX6 octahedral environment, improving the coordination environment 

and bonding of the A-site cation and stabilising the perovskite structure.14,15  The 

many possible combinations of octahedral tilting are well described in Refs. 14 and 

16.   

A convenient notation for describing octahedral tilting was devised by Glazer in 

1972.16  Here the tilting is described by three letters, one for each axis, such that 𝑎, 

𝑎, and 𝑐 would imply tilts of equal magnitude for the 𝑥 and 𝑦 axes, but a different 

magnitude of tilt for the 𝑧  axis.  Lattice connectivity only requires adjacent 

octahedra to tilt in the plane orthogonal to the tilt axis.  A superscript is then used 

to denote the phase of the tilting for adjacent octahedra along the tilt axis: + for in-

phase and – for out-of-phase (0 for no tilting).  As examples, the ideal cubic 

perovskite is 𝑎0𝑎0𝑎0, the tetragonal perovskite in Figure 2-4(b) is 𝑎0𝑎0𝑐+, and the 

orthorhombic perovskite in Figure 2-4(c) is 𝑎−𝑏+𝑎−.17  

As the tolerance factor decreases from 1, the degree of octahedral tilting increases in 

order to maintain the perovskite structure.  The most common perovskite structure 

is orthorhombic with Pnma symmetry and with 𝑎−𝑏+𝑎−  tilting; this structure is 

often referred to as the GdFeO3 structure and is shown in Figure 2-4(c).17  

Experimentally, oxide perovskites in the GdFeO3 structure have been observed with 

tolerance factors from 0.99 to 0.87, where for lower tolerance factors these structures 

are highly distorted and become increasingly unstable.17,18  It should also be noted 
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that in this structure, the tilting of octahedra causes shifting in the position of the 

A-site cation. 

 

Figure 2-4. The perovskite structure can accommodate imperfect ionic radii by distorting from the ideal 

cubic perovskite (a) to a tetragonal perovskite (b) by rotation of alternate octahedra about one axis. (c) 

Tilting of the octahedra about a second axis and displacement of the A cation lead to orthorhombic 

perovskites. (d) The structure of MAPbI3 at room temperature is tetragonal. (e) Rotation to edge-

sharing of the octahedra leads to a non-perovskite structure. Key: A cation = blue spheres; B cation = 

at centres of grey octahedra; X anion = purple spheres; The MA cation (pale pink, brown and blue 

spheres) is shown as a rotational average.  Crystallographic space groups are given below the structures. 

For example, P denotes the primitive Bravais lattice, m denotes a mirror plane, 𝟑̅ indicates three-fold 

inversion symmetry, and a, b, c and n denote glide planes.19  
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When the A cation is much too small, the corner-sharing octahedral network 

collapses, and again alternative structures are adopted.  These structures are 

typically lower in symmetry, and lack the corner-sharing octahedral network which 

gives rise to many valuable properties of perovskite materials.  As a relevant 

example of the effect of A cation size, the Cs1−xRbxPbCl3 and Cs1−xRbxPbBr3 solid 

solutions convert from the perovskite structure to a non-perovskite structure of 

edge-sharing octahedra when the A cation becomes too small for the PbBr6 

octahedral network (𝑥 > 0.6).
18

 

In the region of perovskite structure formation, the octahedral tilting exhibited by a 

perovskite with a particular combination of ions usually also depends on the 

ambient conditions, e.g. temperature and pressure.  At high temperature, most 

perovskites adopt the ideal cubic perovskite structure shown in Figure 2-4(a). Upon 

cooling, the octahedra may first tilt or rotate about a single axis, giving a tetragonal 

structure as in Figure 2-4(b).  Further cooling may lead to rotation of the octahedra 

about a second and even a third axis, and/or displacements of the A cation, 

resulting in orthorhombic polymorphs such as Figure 2-4(c).  An increase in pressure 

can lead to compression of the BX6 octahedra and/or a change in the octahedral 

tilting.20  Varying the size of the A-site cation may be considered a form of chemical 

pressure, and is a common way to tune the octahedral tilting in a perovskite 

structure.18 

Octahedral tilting distortions lower the symmetry of the perovskite, reduce the 

coordination of the A-cation (e.g. from 12 to 8), and change the orbital overlap.17  

The effect of octahedral tilting on the optoelectronic properties of perovskite 

materials will be discussed later in this chapter.    
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2.1.2 Perovskite materials relevant to this thesis 

Of the lead-halide perovskites of interest for photovoltaics, the most studied 

perovskite is the hybrid organic-inorganic perovskite, MAPbI3. Here an effective 

radius of 217 pm for the MA cation and Shannon ionic radii of 119 pm for Pb
2+

 and 

220 pm for I
-
 give a tolerance factor of 0.912.

21
  Although this value is comfortably 

within the region of perovskite formation, the ideal cubic perovskite structure is only 

obtained when MAPbI3 is heated above 330 K.  At room temperature, the cubic 

structure is distorted by rotation of adjacent octahedra about one axis to a lower-

symmetry tetragonal space group I4/mcm, shown in Figure 2-4(d).  At low 

temperature, around 160 K, the octahedra tilt around additional cubic axes, 

lowering the symmetry further to the orthorhombic Pnma space group.
22

  

In the inorganic perovskites, MA is replaced by the much smaller Cs
+
 cation 

(188 pm).  Due to the smaller size of the Cs
+
 cation, the inorganic lead halide 

perovskites have tolerance factors below 0.9, and so exist in the cubic perovskite 

structure only at high temperatures.  For CsPbBr3 (t = 0.862), the high-temperature 

structure is cubic above about 400 K, and cooling yields a tetragonal (P4/mbm) 

polymorph around 360 K and an orthorhombic (Pnma) polymorph below this 

temperature.23,24 In contrast, for CsPbI3 (t = 0.851), the stable polymorph at room 

temperature is a non-perovskite structure with edge-sharing octahedra, as shown in 

Figure 2-4(e).  On heating, the non-perovskite polymorph transitions to the cubic 

perovskite polymorph around 590 K with no intermediate polymorphs reported, in 

contrast to all other perovskites known to the author.23,25  It will be shown in 

Chapter 6 that cooling cubic CsPbI3 to room temperature leads to an orthohombic 

perovskite polymorph similar to that of CsPbBr3. These two perovskites and the 

mixed-halide compositions are of central importance in this thesis, and will be 

discussed in detail in the experimental results chapters. 
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2.2 Semiconductor bandgaps 

2.2.1 Energy bands 

The individual atoms which make up the structures in the previous section have 

discrete energy levels that the electrons occupy, which are described by the solutions 

to Schrödinger’s equation for each atom.  When atoms come together to form a solid 

material, the discrete atomic energy levels become bands of allowed energies. Figure 

2-5 depicts three of the possible options for how these bands may be populated, in 

the configurations that we call metals, semiconductors and insulators.   

In this picture, electrons typically reside in energy levels within the valence band, 

leaving the conduction band energy levels mostly empty.  The energy bands are 

populated by electrons according to the Fermi-Dirac distribution, which is given in 

 

Figure 2-5. Allowed energy bands with typical electron occupancies (shaded grey) at room temperature 

for metals, semiconductors and insulators. CB and VB denote the conduction and valence bands 

respectively, which are separated by the bandgap energy 𝐄𝐠. The Fermi level 𝐄𝐅 is shown as a dashed 

line.   
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Equation 2-4. Here 𝑛(𝐸) is the number of electrons at an energy 𝐸 and temperature 

𝑇, 𝑘𝐵 is Boltzman’s constant, and  𝐸𝐹 is the Fermi level, a hypothetical energy level 

for which there is 50% probability of occupation at all temperatures. 

 
𝒏(𝑬) =

𝟏

𝒆
𝑬−𝑬𝑭
𝒌 𝑻 + 𝟏

 
Equation 2-4 

For metals, the valence and conduction bands overlap and the Fermi level lies 

within the bands, such that the conduction band is always partially filled and 

conduction is possible at all temperatures. For Fermi levels within the bandgap, the 

behaviour of the material as a semiconductor or an insulator depends on the 

temperature.  If the thermal energy is sufficient to excite some electrons across the 

bandgap into the conduction band (e.g. for bandgaps up to approximately 3 eV at 

room temperature), the material behaves as a semiconductor. Conduction is also 

possible by holes in the valence band. For larger bandgaps, the probability of 

thermal excitation of electrons into the conduction band is very low, and so these 

materials are typically insulators.  

2.2.2 The nearly-free electron model 

How these bands form in crystalline materials with a periodic array of atoms, can be 

described by the ‘nearly-free electron model’.  Here consider that a mobile electron 

in the lattice is like a free electron which is slightly perturbed by the periodic 

potential from the positive ion cores.  These nearly-free electrons propagate as Bloch 

waves: combinations of a plane wave (for a free electron) and a periodic potential 

(from the crystal lattice).  Energies of the Bloch waves follow a free electron 

dispersion relation 𝐸(𝒌) =
ℏ2

2𝑚
(𝑘𝑥

2 + 𝑘𝑦
2 + 𝑘𝑧

2) , shown in Figure 2-6(a), where 𝒌 =

(𝑘𝑥
 , 𝑘𝑦

 , 𝑘𝑧
 ) is the wavevector and 

ℏ2

2𝑚
 is a constant.  In a three-dimensional crystal, 

the wavevector directions are described in relation to the lattice directions in the 

crystal. 
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Like other waves in crystals, these electron waves may also be Bragg reflected from 

the lattice.  Considering only one dimension, in a linear monatomic lattice with a 

periodic lattice spacing 𝑎, the reflections occur for waves with wavevectors 𝑘 = ±
𝑛𝜋

𝑎
, 

where 𝑛 is an integer.  Figure 2-6(b) shows how these reflections lead to bandgaps in 

crystalline materials.  The symmetry of the crystal means that  𝐸(𝒌) = 𝐸(−𝒌) and 

𝐸(𝒌) = 𝐸(𝒌 +
𝟐𝝅

𝒂
).  The smallest set of 𝒌’s giving unique Bloch wave solutions forms 

a region in 𝒌-space called the ‘Brillouin zone’, which in Figure 2-6(b) is between 𝑘 =

±
π

a
.  In Figure 2-6(b), the valence band maximum and conduction band minimum 

are at the same wavevector 𝒌, which gives a ‘direct’ bandgap.  It is possible for 

there to be a displacement in 𝒌, in which case the bandgap is ‘indirect’.   

2.2.3 The tight-binding model 

While the nearly-free electron model can explain the origin of a bandgap in a 

crystalline material, a more accurate model for the electronic structure of perovskite 

materials is the tight-binding model.  The tight-binding model provides a framework 

 

Figure 2-6. Energy versus wavevector dispersion relations (a) for a free electron, and (b) for an 

electron in a linear monatomic lattice with lattice constant 𝒂, where the first energy gap  𝑬𝒈 occurs at 

 𝒌 = ±𝝅/𝒂. 
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in which both the crystal structure and the chemical composition together determine 

the electronic band structure. 

In the tight-binding model, the atoms that make up the structure are treated as a 

central positive nucleus surrounded by tightly-bound electrons.  The electrons 

occupy well-localised orbitals, which may be atomic orbitals and/or their linear 

combinations.  Figure 2-7 depicts s and p atomic orbitals and an sp
3
 hybrid orbital.   

As atoms come together, their outermost valence orbitals begin to overlap.  This 

overlap interaction results in bonding and anti-bonding orbitals εb and εa, as shown 

in Figure 2-7 for the interaction between neighbouring sp3 orbitals.  The strength of 

the overlap interaction 𝑉 gives the splitting (or the bond energy) of the bonding and 

anti-bonding energy levels, and accounts for interactions between all neighbouring 

 

Figure 2-7. Band formation in non-polar solids in the tight-binding model.  Valence electrons in each 

atom are described as occupying linear combinations of atomic orbitals.  Here one s and three p 

orbitals are combined to form hybridised sp3 orbitals.  These orbitals overlap to form bonds, where the 

bonding and antibonding energy levels εb and εa are split by an energy 2V. The bonding and 

antibonding energy levels are broadened into energy bands in the solid.  Adapted from Ref. 2. 
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orbitals.  While the orbital overlap is highly dependent on the symmetry of the 

orbitals and their orientations in the crystal, particularly for interactions between 

p-, d-, and f-orbitals, in all cases the overlap interaction increases as the interatomic 

separation decreases. 

In a solid, overlap interactions between adjacent bonding (or antibonding) orbitals 

split each electron energy level into a band of electron states, shown by shaded areas 

in Figure 2-7.  The width γ of these bands increases with increasing overlap 

interaction, for example through decreasing the interatomic separation.  The 

bandgap energy Eg is then given by 2𝑉 –  𝛾.  Depending on the relative magnitudes 

of the bonding interaction V and the band width γ, the conduction and valence 

energy bands may overlap in energy or may be separated by some band gap Eg. 

For interactions between atoms with orbitals of different energies, the band 

formation is slightly modified as depicted in Figure 2-8.  Here the bandgap also 

includes an additional contribution from the energy difference 2α between the 

interacting orbitals, where α is the polar energy, and originates from the difference 

in electronegativity of the atoms.  The bonding energy 𝛽 may then be expressed as 

𝛽 = √𝑉2 + 𝛼2 − 𝛼, for 𝑉 the orbital overlap interaction as previously.26  Inclusion of 

the polar energy here reflects the covalency of the resulting bond.  Note that in 

Figure 2-7, the bonding atoms are non-polar, and so 𝛼 = 0, and 𝛽 = 𝑉.   

The bandgap may then be written as 

𝐄𝐠  =  𝟐𝛂 + 𝟐𝛃 − 
𝛄𝐕𝐁 + 𝛄𝐂𝐁

𝟐
=  𝟐√𝐕𝟐 + 𝛂𝟐 − 

𝛄𝐕𝐁 + 𝛄𝐂𝐁

𝟐
 Equation 2-5 

In general, larger differences in electronegativity result in larger bandgaps.26 

Additionally, for increasing polar energy the bandwidth γ generally decreases, as the 

overlap interaction becomes less significant. 
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Figure 2-8. Band formation for two orbitals with an energy difference of 2α.  The splitting β is the 

strength of the bonding interaction.  In a solid, the VB and CB broaden into bands with widths γVB 

and γCB, respectively. The band gap energy Eg is between VB and CB edges.  Adapted from Ref. 

26. 

An important example of the tight-binding model is the electronic band structure of 

elements in the diamond-structure: C, Si, Ge, and α-Sn.  These elements bond 

tetrahedrally through sp3 hybrid orbitals as in Figure 2-7.  As the atomic radii 

increase, so too does the interatomic separation in the solid.  Consequently, the 

overlap interaction decreases, which reduces the bandgap from insulating (C) to 

semiconducting (Si, Ge) to metallic (α-Sn).27   Intriguingly, application of 

hydrostatic pressure leads to bandgap narrowing in Si. 28 This phenomenon has been 

attributed to mixing of bonding d-orbitals with anti-bonding s and p states near the 

(indirect) bandgap, which lowers the energy of the conduction band in that region.  

A reduction in interatomic separation through the application of pressure reduces 

the energies of the d-states, and consequently narrows the bandgap.29 
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For the lead halide perovskite materials discussed in this thesis, narrowing of the 

bandgap is seen when the halide radius increases.  The primary origin of this 

bandgap narrowing is the decrease in electronegativity of the halide, which reduces 

the difference in electronegativity between the halide and lead, and therefore the 

polar energy contribution (2α) to the bandgap.  For example, the two perovskites 

discussed in most depth in this thesis, CsPbBr3 and CsPbI3, have bandgaps of 

around 2.35 eV and 1.75 eV respectively.
24,30–32

  Changes in orbital overlap play a 

secondary role in the bandgap change here.  

In contrast, the A-site cation only indirectly influences the bandgap by virtue of its 

size, which affects the tilting of the octahedra.  For lead halide perovskites with the 

same halide, the bandgap is significantly affected by changes in orbital overlap due 

to octahedral tilting.  Examination of the orbitals contributing to the bandgap 

shows that the valence band maximum is mainly formed by halide p-orbitals while 

the conduction band minimum arises mainly from the lead 6p-orbitals.20,33  Notably, 

orbitals from the A cation appear deep in the valence band and so do not directly 

contribute to the bandgap.  Instead, additional contributions to the valence band 

come from the Pb-6s orbitals, and the halide p-orbitals contribute to the conduction 

bands.33  The bandgap is then highly dependent on the B—X ‘backbone’.  As the 

octahedra tilt and the B−X−B bonds become increasingly bent, the overlap of the p-

p orbitals between neighbouring atoms along the B—X backbone decreases.33  This 

decrease in orbital overlap leads to narrower conduction and valence bands, giving 

an increase in the band gap.18  This relationship is exemplified by the Cs1−xRbxPbCl3 

and Cs1−xRbxPbBr3 solid solutions, where the band gap increases as the magnitude 

of the octahedral tilting distortion increases.18  

Changes in the orbital overlap from octahedral tilting can also significantly affect 

conduction in the perovskite.  In the tight-binding model, conduction may be viewed 

as electrons ‘hopping’ from one unoccupied atomic orbital to another. In perovskites, 
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electrons typically hop from one B cation to another.
34
 The probability of 

conduction then depends on the overlap integral between the unoccupied orbitals of 

the B cations in the perovskite.  In some cases, octahedral tilting can reduce or even 

prevent charge carrier migration via hopping.
35
  

2.3 Absorption and emission 

An important feature of the semiconducting bandgap is that electrons at the top of 

the valence band may be excited into the conduction band by light irradiation, 

leaving an electron vacancy (hole) in the valence band.  This photoexcitation 

requires the incident photon energy to be greater than the bandgap, as depicted in 

Figure 2-9(a).  Excess energy is lost as heat to the lattice in a process known as 

thermalisation.  Photoexcited electrons in the conduction band (and holes in the 

valence band) may propagate through the material as mobile charge, and this 

‘photoconductivity’ is a vital property of photovoltaic materials.  Alternatively, 

excited electrons may recombine with a hole in the valence band and emit the 

difference in energy as light, another key property known as ‘photoluminescence’.  

These competing processes are depicted in Figure 2-9(b).  The recombination time 

for photoexcited charges is typically much longer than the thermalisation time, and 

so constant illumination results in steady-state populations of electrons and holes in 

the conduction and valence bands respectively.  These steady-state populations split 

the Fermi levels for electrons and holes into ‘quasi-Fermi levels’, as in Figure 2-9(c).    

By measuring the light absorption and emission properties of a semiconducting 

material it is possible to determine information about the bandgap.  Typical 

absorption and photoluminescence spectra for lead halide perovskites are shown in 

Figure 2-10.  The perovskite materials discussed in this thesis are direct bandgap 

semiconductors with photoluminescence emission close to the absorption onset. 
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Figure 2-10. Absorption and photoluminescence emission (PL) of a thin film of the inorganic perovskite 

CsPbI3. The peak of the emission (dashed line) is very near the absorption onset. 
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Figure 2-9. (a) Absorption of energy by photoexcitation. Low energy photons (red arrow) cannot excite 

an electron (e-) from the valence band (VB) across the bandgap (𝐄𝐠) into the conduction band (CB).  

Photons with at least the bandgap energy (green and blue arrows) excite electrons across the bandgap, 

with a vacancy (h+) left in the valence band, and any excess energy released as heat (curved arrow). 

(b) Electrons in the conduction band may conduct electrical charge (grey arrows), or emit the bandgap 

energy  as light (green arrow) by recombining with a hole in the valence band. (c) Constant 

illumination causes splitting of the Fermi levels for electrons and holes into ‘quasi-Fermi levels’.  
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2.4 Excitons 

When photoexcited charges are generated the electron and hole initially form an 

‘exciton’ which is held together by a Coulombic interaction.  The strength of this 

interaction is given by the exciton binding energy.   

For the hydrogen atom, the binding energy between electron and proton is known as 

the Rydberg, 𝑅0: 

 𝐑𝟎 =
𝐦𝟎𝐞

𝟒

𝟐ℏ𝟐
= 𝟏𝟑. 𝟔 𝐞𝐕 Equation 2-6 

where 𝑚0 is the free electron mass. The most probable distance between the electron 

and proton in the hydrogen atom is known as the Bohr radius 𝑎0 , and is 

approximately 0.5 Å. 

In a bulk material, the binding energy 𝑅∗  of the ground excitonic state may be 

expressed as: 

 𝐑∗ =
𝛍𝐞𝟒

𝟐ℏ𝟐𝛆𝐞𝐟𝐟
𝟐
=

𝛍𝐑𝟎

𝐦𝟎𝛆𝐞𝐟𝐟
𝟐
 Equation 2-7 

where 𝜇 is the reduced mass (𝜇−1 = 𝑚𝑒
−1 + 𝑚ℎ

−1), and ε𝑒𝑓𝑓 is the relative dielectric 

constant.  The separation 𝑟 of the electron and hole in the exciton is then given by: 

 𝐫 =
𝐚𝟎𝛆𝐞𝐟𝐟

𝛍
 Equation 2-8 

Exciton binding energies for semiconducting materials are typically about three 

orders of magnitude smaller than the binding energy of the hydrogen atom due to 

dielectric screening by the nuclei and electrons in the material.  For silicon, the 

exciton binding energy is about 15 meV,36 which is sufficiently small that the 

thermal energy available at room temperature allows separation of the exciton into 

free charges.  In Chapter 5, magneto-transmission measurements are used to 

determine exciton binding energies of 15-30 meV in CsPbI3-xBrx perovskites. These 

small binding energies correspond to weakly bound Wannier excitons with 
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separations of around 50 Å.  Large exciton binding energies result in a large 

proportion of the photoexcited charges recombining radiatively, rather than 

separating into free charges, resulting in strong photoluminescence, an excitonic 

peak at the absorption onset in absorption spectra, and short charge-carrier diffusion 

lengths.  These properties make strongly excitonic materials poor photovoltaic 

absorbers but ideal for light emission applications such as lasers and LEDs. 

2.5 Defects in semiconductors 

Defects in a semiconductor crystal can take the form of a structural discontinuity 

(crystallographic defect) or a foreign atom in the lattice (impurity).  In both cases 

these imperfections affect the semiconductor properties.  Figure 2-11(a) illustrates an 

impurity defect where an atom with one more electron than needed for bonding is 

substituted on a lattice site.  The extra electron is donated to the lattice, leaving a 

positive charge on the donor atom.  The energy levels of the donor states for such an 

 

Figure 2-11. (a) n-type doping of a semiconductor by an impurity atom (green) with one more electron 

(green dash) than required for bonding.  (b) The extra ‘donor’ electrons have donor energy levels close 

to the conduction band and may be easily promoted to the conduction band.   
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impurity are depicted in Figure 2-11(b).  Here electrons may be promoted into the 

conduction band by the ambient temperature, or conduction can occur by electrons 

hopping between donor states, making the material ‘n-type’.  Similar conductivity is 

possible with substitution of an atom with one fewer electron, which becomes an 

acceptor and the material becomes ‘p-type’.  In many semiconductors, impurities are 

added intentionally to ‘dope’ the material so that conduction is possible at 

temperatures where there would otherwise be very few mobile charge carriers. 

While impurity defects are intentional, crystallographic defects are unintentional 

and are present in all semiconductors even with the most careful processing 

conditions.  Crystallographic defects include vacancies (or the wrong ion) on a 

lattice site and ions in interstitial sites within the crystal, illustrated in Figure 

2-12(a-c).   

 

Figure 2-12. Crystallographic defects in the cubic perovskite lattice of A, B, and X ions: (a) a perfect 

lattice (b) a vacancy (c) an interstitial (d) a grain boundary. (e) Trap states in the middle of the 

bandgap. Recombination of an electron from the conduction band and a hole from the valence band 

can be facilitated by a trap state. 
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Larger scale structural defects such as steps and dislocations are also possible.  

Grain boundaries are prevalent defects in the polycrystalline thin films in this thesis, 

and are depicted in Figure 2-12(d).  

These defects create their own energy levels known as defect or trap states, as 

illustrated in Figure 2-12(e).  Trap states can be detected by measuring absorption 

below the bandgap energy.  If a trap state is ‘shallow’, then thermal energy is 

sufficient to promote any trapped charge to the closest band edge, and the trap 

behaves like a dopant state.  On the other hand, ‘deep’ trap states central in the 

bandgap usually retain a significant population of electrons.  A high density of 

trapped electrons can pin the Fermi level among the trap states.   

As well as trapping otherwise mobile charges, trap states can act as recombination 

centres for an electron from the conduction band and a hole from the valence band.  

Trap-mediated recombination is typically non-radiative and reduces the density of 

photoexcited charge carriers, and therefore the quasi-Fermi level splitting, making 

these trap states detrimental to the operation of photovoltaic devices.   

2.6 Operating principles of photovoltaic devices 

2.6.1 Semiconductor junctions 

In order for photoexcited charges to be used as current in a photovoltaic device, 

they must be fully separated, and collected at opposite contacts.  By sandwiching a 

semiconductor between carefully selected contact materials, it is possible to create a 

spatial asymmetry in the central semiconductor material which drives the charges 

away from the point of excitation towards the contacts, where they are collected.  

Such an ‘asymmetric junction’ is depicted in Figure 2-13, where the central 

semiconductor is a perovskite material, and the contact materials are either n- or p-

type.  The device is completed by metallic contacts to the circuit on either side. 
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The Fermi levels of the different materials align on contact, leading to an 

asymmetry or built-in voltage across the device.  Under illumination, photoexcited 

charges are generated in the perovskite layer and are immediately pulled to either 

the n- or p-type charge extraction layers and metallic contacts by the asymmetry.  

In Figure 2-13, the metallic contacts are at the same voltage, which is called short-

circuit conditions (to be described more fully in the next section).  Applying a 

voltage difference across the device enables power to be generated under 

illumination.  

2.6.2 Photovoltaic device characterisation 

A photovoltaic device is like a battery which requires light to operate, and so is 

often called a ‘solar cell’.  However, unlike the usual battery cell which is a voltage 

source, an illuminated solar cell behaves like a current source.   

 

Figure 2-13. An idealized n-i-p semiconductor junction used in perovskite photovoltaic devices. Charges 

are generated by sunlight (rainbow arrow), and are pulled to the contacts by the built-in voltage. This 

diagram shows short-circuit conditions; band bending at the interfaces is omitted for clarity.    
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To characterise a solar cell, a bias voltage sweep is applied to the device while it is 

illuminated with 1 sun equivalent of light, and the generated current is measured.  

Such a bias sweep typically results in a current density – voltage (J-V) curve as 

illustrated in Figure 2-14.  There are four key characteristics of a PV device which 

can be determined from the J-V curve under illumination: the short-circuit current 

density, 𝐽𝑆𝐶 , the open-circuit voltage, 𝑉𝑂𝐶 , the fill factor, 𝐹𝐹, and the efficiency, 𝜂. 

These parameters will be defined and discussed in the following paragraphs along 

with other important parameters. 

The short-circuit current density, 𝐽𝑆𝐶 , is the current per unit area which flows 

through the device when the terminals of the illuminated device are connected 

together.  The magnitude of the current density depends on the spectrum of the 

incident light, and on the quantum efficiency of the cell.  The quantum efficiency is 

 

Figure 2-14. Characteristic current density – voltage (J-V) curves under illumination (Light J-V) and in 

the dark (Dark J-V), along with the power density calculated from the Light J-V.  See text for further 

definitions.   
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a measure of the probability of a photon of a certain wavelength generating an 

electron which reaches the contacts and is extracted successfully.  Recalling Figure 

2-9(a), a semiconductor with a small bandgap will absorb more photons and 

generate a larger current density than a wider-bandgap semiconductor under the 

same illumination, assuming a similar quantum efficiency.   

When a solar cell is under load, a small current flows through the device even in the 

dark.  Because of the asymmetric junction required for charge extraction, a good 

solar cell is rectifying, and the ‘dark current’ (Dark J-V in Figure 2-14) typically 

follows diode-like behaviour.  The characteristic J-V curve under illumination (Light 

J-V in Figure 2-14) can then be considered an approximate superposition of the 

short-circuit current density, 𝐽𝑆𝐶, with the Dark J-V.  This is described by Equation 

2-9 for an ideal diode, where 𝐽0 is some constant, 𝑞 is the electronic charge, 𝑘𝐵  is 

Boltzmann’s constant, and 𝑇 is the temperature in Kelvin.     

 𝑱(𝑽) = 𝑱𝑺𝑪 − 𝑱𝟎(𝒆
𝒒𝑽/𝒎𝒌 𝑻 − 𝟏) Equation 2-9 

In reality, solar cells deviate significantly from ideal diode behaviour due to parasitic 

series and shunt resistances.  Series resistance, 𝑅𝑆, originates from low conductivity 

within the semiconductor materials and at the junctions between them, and ideally 

should be as small as possible.  Shunt resistance, 𝑅𝑆ℎ, should be as high as possible 

but is reduced by pinholes in the semiconductor layers and direct leakage between 

contacts. These resistances reduce the squareness of the J-V curve as depicted by 

the red arrows in Figure 2-14. 

The open-circuit voltage, 𝑉𝑂𝐶 , is the voltage that develops across an illuminated 

solar cell when the terminals of the device are isolated. The magnitude of this 

voltage is set by the difference in quasi-Fermi levels of electrons and holes (recall 

Figure 2-9(c) and 𝐸 = 𝑞𝑉), and is always less than 𝐸𝑔/𝑞.  In a real perovskite solar 

cell the loss in open-circuit voltage compared to 𝐸𝑔/𝑞 is typically at least 360 mV.37   
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A solar cell generates power for positive voltages up to the open-circuit voltage.  

The power density is then the product of current density and voltage, for which 

there is a maximum power point (𝑉𝑀𝑃𝑃 , 𝐽𝑀𝑃𝑃).  A simple measurement of operational 

stability termed ‘stabilised power output’ (SPO) is to hold the device at 𝑉𝑀𝑃𝑃 and 

monitor any change in 𝐽𝑀𝑃𝑃.   

The fill factor, 𝐹𝐹, defines the ‘squareness’ of the J-V curve, and is calculated by: 

 𝑭𝑭 =
𝑱𝑴𝑷𝑷𝑽𝑴𝑷𝑷

𝑱𝑺𝑪𝑽𝑶𝑪
 Equation 2-10 

Fill factors are typically around 60-70% for perovskite solar cells,
31,37

 although there 

are a few reports of fill factors over 80%.38–40  

The efficiency, 𝜂, of the device is then the power delivered at the maximum power 

point, in comparison with the power, 𝑃𝑆, supplied by the light source, according to 

Equation 2-11. 

 𝜼 =
𝑱𝑴𝑷𝑷𝑽𝑴𝑷𝑷

𝑷𝑺
=

𝑱𝑺𝑪𝑽𝑶𝑪𝑭𝑭

𝑷𝑺
 Equation 2-11 

Hence these four parameters form the characteristic measurements for solar cells. 

In order to compare solar cell performance between different laboratories, standard 

test conditions have been defined as an incident power density, 𝑃𝑆, of 1000 W m-2 

from a spectrum known as ‘AM1.5G’, at a temperature of 25 C.  Here AM 1.5 

specifies the spectrum of sunlight that has reached Earth’s surface after travelling 

through the air mass, AM, of Earth’s atmosphere on a path that is 1.5 times the 

shortest (normal incidence) path length.  This path corresponds to a solar zenith 

angle of 48.2°.  The suffix G for ‘Global’ radiation specifies that the sunlight 

collected includes both direct and scattered sunlight, and the current standard for 

the AM1.5 G spectrum is ASTM G173-03.41 Solar simulators rarely supply this 
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spectrum and so must be calibrated to account for the mismatch between AM1.5G 

and the supplied spectrum.  

2.6.3 Tandem solar cells 

From the above discussion it is evident that a solar cell with an absorbing layer 

from a narrow bandgap semiconductor absorbs many photons and so generates a 

large current but a low voltage due to the small bandgap.  Conversely, a wide 

bandgap solar cell absorbs fewer photons and generates a smaller current but a 

larger voltage.  In between these extremes there is an optimal bandgap where it is 

possible to achieve the highest power output from a single semiconductor material, 

which for the AM1.5G spectrum is around 1.4 eV.
3
    

In practice, more power can be generated from the AM1.5G spectrum by using at 

least two semiconductor materials, in what is called a ‘tandem solar cell’.  A 

schematic of a tandem solar cell with three semiconductors is shown in Figure 

2-15(a).  Here the three semiconductors are each made into individual solar cells in a 

vertical stack with the widest bandgap on top and the narrowest on the bottom.  

The high energy sunlight is absorbed by the upper wide-bandgap cell(s), and the 

lower energy sunlight is transmitted through to the bottom cell(s).  The individual 

cells can be made on separate substrates with two terminals for each cell, or made 

sequentially on the same substrate (monolithic) with only two terminals for the 

stack.  The 2-terminal configuration is technically more challenging and requires 

current matching between layers.  

Figure 2-15(b) shows the portions of the AM1.5G solar spectrum absorbed by each 

layer; note that the lowest bandgap cell would also absorb the blue and green 

photons if they were not absorbed by the layers above, and so generates a smaller 

current when in the tandem stack. While the voltage of each cell is also slightly 

lowered by filtering from the cells above, overall the tandem solar cell produces a 
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voltage near the summation of the voltages of the individual solar cells.  As well as 

increasing the overall power output, this higher voltage is also more useable.  In 

research labs, tandem solar cells with five junctions have achieved efficiencies of 

nearly 39% and voltages over 4 V.42  

The perovskite materials discussed in this thesis are semiconductors with bandgaps 

of 1.7 to 2.3 eV which have great potential for use in the top cell of a tandem solar 

cell.43  The optimal bandgaps for each cell are interrelated, and depend on the 

number of junctions in the tandem solar cell.  The maximal PCEs for two junctions 

have been calculated for a range of bandgaps for top and bottom cells, and are 

shown diagrammatically in Figure 2-16 for 2-terminal and 4-terminal junctions.44,45  

Narrow-bandgap materials suitable for use as absorbers in the bottom cell include 

silicon, copper indium gallium (di)selenide (CIGS), and mixed lead-tin perovskites.  

These materials have bandgaps from 1.1 to around 1.25 eV, which give optimal 

 

Figure 2-15.  (a) A diagrammatic representation of a triple-junction tandem solar cell with three 

different semiconductors, which each absorb part of the solar spectrum (coloured arrows), separated by 

charge transport interlayers. (b) The AM1.5G solar spectrum (black), with shading to show which part 

is absorbed by each of the semiconductor layers in (a). The bandgaps (and possible materials) for each 

semiconductor layer are given in the legend. 
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bandgaps of 1.7-1.8 eV for the top cell in 2-terminal configuration, and a wider 

range of possible top cell bandgaps for the 4-terminal configuration.
44,45

 

 

Figure 2-16. Theoretical maximum PCEs for (a) 2-terminal and (b) 4-terminal tandem solar cells with 

bandgaps between 0.5 and 3.0 eV for each of the top and bottom cells.  The black line indicates the 

maximum efficiency for a given top cell bandgap, and the white circle shows the overall highest 

efficiency.  Adapted from Ref. 44. © Springer Nature. 

2.7 A brief history of perovskite photovoltaics 

Perovskite solar cells emerged out of dye-sensitised solar cells by simply replacing 

the light-absorbing dye with a thin layer of perovskite (MAPbI3 or MAPbBr3), as 

depicted in Figure 2-17(a).46  In this configuration, a mesoporous titania (TiO2) 

layer provides both a physical scaffold for the thin layer of dye or perovskite as well 

as immediate collection of electrons generated in the light-absorbing layer, and 

charge balance is provided by a redox couple in the electrolyte.  The perovskite 

layer is deposited from a solution of the precursor salts (methylammonium halide 

and lead(II) halide), and crystallises as nanocrystals within the pores of the titania 

scaffold. 

Replacing the dye with perovskite was partially successful, and initial efficiencies 

were over 3%.46  However, the devices degraded rapidly during operation due to the 

(b)(a)
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corrosive electrolyte layer used as a hole transport mechanism in the device 

architecture.47  This problem was eventually solved by using a solid-state 

architecture with doped organic materials such as polypyrrole or 2,2′,7,7′-

tetrakis(N,N-di-p-methoxyphenyl-amine)9,9′-spirobifluorene (Spiro-OMeTAD) as a 

solid hole-transporting layer (HTM).48,49  In this solid-state configuration, depicted 

in Figure 2-17(b), perovskite-sensitised devices achieved efficiencies over 9%.50,51  

Intriguingly, improved performance up to 10.9% was demonstrated for an insulating 

scaffold made of alumina (Al2O3) rather than titania, shown in Figure 2-17(c).53  

The alumina-scaffolded devices were termed ‘meso-superstructured solar cells’ 

(MSSCs), and the fact that these devices worked at all showed that the perovskite 

layer has excellent charge transport properties.   Indeed, it is perhaps surprising that 

these perovskite materials achieved such high efficiencies with so little optimisation.  

In most other polycrystalline semiconductors prepared with such simple processing 

 

Figure 2-17. The evolution of the perovskite solar cell, as described in the main text. (a) Perovskite-

sensitised solar cell with hole transport provided by an electrolyte. (b) Solid-state perovskite-sensitised 

solar cell. (c) Meso-superstructured solar cell. (d) Fully-infiltrated mesoporous scaffold. (e) Mesoporous 

scaffold with thick perovskite capping layer. (f) and (g) Planar solar cells in n-i-p and p-i-n 

architectures respectively, where the n and p layers can be a variety of materials, both organic and 

inorganic. Adapted from Ref. 52. 
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methods, there is a high density of defects with associated defect energy levels which 

typically lead to increased non-radiative recombination.
54

  However, it was later 

revealed that while there are intrinsic defects in MAPbI3, these  defects form shallow 

trap states.
55,56

  These trap states are predominantly inactive due to the relatively 

low energy of the longitudinal optical phonons which correspond to Pb-halide 

modes.
57,58

 

From this finding, the amount of expensive solid-state hole transport material 

needed was minimised by fully infiltrating the mesoporous scaffold with perovskite, 

as in Figure 2-17(d), which led to progressively thinner mesoporous layers with thick 

perovskite capping layers, as in Figure 2-17(e).  Over time, the need for a 

mesoporous scaffold has been eliminated, leading to the era of ‘planar’ thin-film 

perovskite solar cells.  These can take the two configurations shown in Figure 2-17(f) 

and (g), where electrons are collected either from the bottom or the top of the 

device respectively.   

Although planar thin film solar cells were not a new concept,59 to make a working 

planar solar cell with a perovskite layer providing light absorption, charge 

generation and ambipolar charge transport requires a continuous and high-quality 

thin film of perovskite.  Typically the perovskite layer is deposited by solution 

processing methods such as spin-coating (see Figure 2-18) for which planar films 

pose a significant challenge: the mesoporous scaffold enables a continuous film with 

relative ease, but without a scaffold, dewetting of the film leads to uneven film 

thickness or island-like growth, especially when forming the film in ambient air.60,61  

While holey films can be useful, for example in semi-transparent solar cells,62 the 

operational efficiency is significantly lower than with a continuous film, and initial 

attempts at removing the scaffold reduced the device efficiency from over 12% to 

less than 5%.63  
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To circumvent the technical challenge of solution processing a continuous thin film, 

the first high-efficiency planar perovskite solar cells were fabricated by vapour 

deposition.61  In this method, the two precursor salts (e.g. methylammonium halide 

and lead(II) halide) are deposited from heated crucibles onto the substrate under 

vacuum, as shown in Figure 2-19.  The temperatures of the crucibles are carefully 

adjusted to control the deposition rates of the precursors, such that the resulting 

film has the correct stoichiometry.  This method produces a perovskite layer with 

highly uniform and easily tuneable thickness, which in devices gave over 15% 

efficiency, far outperforming the best solution processed equivalent at the time.61  

These high-efficiency solar cells inspired many researchers around the globe to take 

on the challenge of fabricating planar perovskite solar cells, leading to further 

optimisation of both vapour deposition and solution processing methods for 

perovskite film deposition.    

 

Figure 2-18. The spin-coating technique for solution-based film deposition. (a) A substrate is secured 

to a chuck by vacuum, and the solution is dropped onto the centre. (b) The chuck begins to spin, 

accelerating to at least 2000 rpm, which spreads the solution into a thin wet film. (c) As the film dries, 

the precursors begin to crystallise. (d) The film is annealed on a hot plate to finish crystallization. 

(a) (b) (c) (d)
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Optimisation of the perovskite solar cell also extended to exploration of different 

device architectures.  During the time of this thesis, both ‘n-i-p’ and ‘p-i-n’ 

architectures have been tested, leading to rapid advancements in power conversion 

efficiency.  A wide variety of electron-transport materials (ETMs) and hole-

transport materials (HTMs) have been explored, both organic and inorganic.  In 

addition to titania, electron-transport layers now include tin oxide (SnO2), zinc 

oxide (ZnO), and fullerene-based organic materials such as C60 and PCBM (phenyl-

C61-butyric acid methyl ester).64–69  Spiro-OMeTAD remains the standard hole-

transport material, despite its costly synthesis and poor thermal stability.70,71  Spiro-

OMeTAD also requires careful doping to gain sufficiently conductive layers for solar 

cell operation that do not react with the perovskite layer.
72,73

  Alternative organic 

HTMs are numerous, and include small molecules and polymers such as 

PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate) and PTAA 

(poly(triarylamine)).7,74  Worth mentioning here is a versatile, stable and low-cost 

HTM formed of a composite layer of a network of functionalised carbon nanotubes 

infiltrated with a protective polymer such as polycarbonate (PC) or PMMA 

 

 

Figure 2-19. A typical vapour deposition chamber, which 

is evacuated to pressures around 10-5 mbar.  Crucibles 

filled with precursor materials such as methylammonium 

iodide (MAI) and lead iodide (PbI2) are heated and the 

rate of evaporation monitored by sensors.  Deposition of 

the material onto the substrate is controlled by at least 

one shutter and may be simultaneous (co-evaporation) or 

sequential.  Substrates are loaded upside-down and may 

be temperature controlled and/or rotated during 

deposition. 
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Shutter
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(poly(methyl methacrylate)).
71,75

  Inorganic hole transport layers include nickel 

oxide, copper iodide and copper thiocyanate, which all have high thermal 

stability.
67,70,76,77

   

While there are many options for transport materials, the optimal device 

architecture usually depends on the composition and processing conditions of the 

perovskite layer.  For example, each subsequent layer requires orthogonal solvents to 

avoid washing away existing layers. In the iodide-based inorganic solar cells 

discussed in this thesis, high-temperature processing conditions for the perovskite 

layer limit the underlying charge transport layer to metal oxides with high thermal 

stability.  Sensitivity to air restricts charge transport layers above the perovskite 

layer to those which do not require exposure to air to achieve full doping.  These 

constraints are significant hurdles to achieving high efficiency devices with iodide-

based inorganic perovskites.  

During exploration of different device architectures, it was noticed that some 

perovskite solar cells showed hysteresis.30,69,78,79  Specifically, the J-V curve would 

differ depending on the scan direction, scan speed, and the history of the device 

(pre-biasing/light-soaking), as in Figure 2-20(a). This effect misled researchers into 

reporting artificially inflated efficiencies when compared with stabilised power 

output measurements.   

The origin of the hysteresis phenomenon is believed to arise from ion migration 

within perovskite materials, in combination with charge trapping, or surface 

recombination, at the perovskite interfaces within the device.
78–80

 The most likely 

culprits for ion migration are point defects of halide ions (both vacancies and 

interstitials).54 The timescale for hysteresis can be anywhere from seconds to hours, 

which is compatible with ion migration.30,81   
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A possible mechanism for hysteresis is illustrated in Figure 2-20(b).79,80  For clarity, 

only the n-type interface is considered in the following discussion, as it may be 

assumed that the equivalent process occurs at the p-type interface with mobile ions 

and charge carriers of opposite sign. Initially there is a uniform distribution of 

mobile ions and trap states throughout the film.  Application of a large positive 

applied bias voltage causes positively-charged mobile ions to move towards the n-

type charge extraction layer (contact).  These ions form a layer at the interface 

between the perovskite layer and the contact.  Simultaneously, mobile electrons 

 

Figure 2-20. (a) A J-V scan showing hysteresis in a pre-biased n-i-p perovskite solar cell: the reverse 

scan (blue) is ‘better’ than the forward scan (red) for both the light J-V (solid lines) and the dark J-V 

(dashed lines).  (b) A possible mechanism for hysteresis in perovskite solar cells is through both ion 

migration and trap filling: 1. The as-made device has a uniform distribution of mobile ions (+ and –) 

and trap states (not shown). 2. Applied bias causes movement of ions towards n-type (pink) or p-type 

(yellow) contacts, accompanied by mobile charge carriers of the opposite charge (red or black 

shading). 3. Ions and mobile charge carriers build up at the contacts, compensating the applied bias 

and filling all available trap states. 4. Ions and mobile charges slowly dissipate from the contacts once 

the applied bias is removed, allowing the trap states to be depopulated and repopulated again.  
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(either photo-excited or injected from the contacts) are attracted to these positive 

ions, and holes are repelled, leading to an increased density of electrons at the 

interface.  This effective n-type doping of the interface aids charge extraction at the 

contact, and the high density of electrons means that all available traps are 

populated.  In the absence of a significant hole density to enable trap-assisted 

recombination, this region of the perovskite layer acts as if it is trap-free, resulting 

in ideal diode behaviour when the reverse scan is commenced.  As the voltage bias is 

released during the reverse scan, the ions and mobile charges slowly return to a 

uniform distribution and trap-assisted recombination recommences.  Hysteresis in 

the forward scan then reveals whether the perovskite layer contains a significant 

density of trap states.  It should be noted that a simpler explanation of ion 

migration with no trap filling would result in hysteresis in FF but not in voltage.   

As well as optimisation of the device architecture and efficiency, considerable 

research has gone into the perovskite material itself, especially in the last four years.  

During the time of this thesis, the library of perovskite absorbers for solar cells has 

been extended significantly.  Of particular importance has been the emergence of the 

inorganic metal halide perovskites as promising candidates for photovoltaic and 

optoelectronic applications.  This thesis presents significant advances in the 

development of these inorganic metal halide perovskites as stable absorber materials 

for photovoltaics.  
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3 EXPERIMENTAL 

METHODS 

This chapter outlines the synthetic procedures for perovskite thin-film, powder, and 

device preparation pertinent to the chapters in this thesis containing experimental 

results.  Deviations from these procedures not stated here are described in the 

relevant results chapter.  

3.1 Materials  

All materials were purchased from Sigma-Aldrich, Alfa Aesar or DyeSol (Greatcell 

Solar) and used as received unless stated otherwise.  Pre-oxidised Spiro (Spiro-TFSI) 

was synthesised in-house by Martina Congiu, from Spiro-OMeTAD from Borun 

Chemicals or Lumtec, following a literature procedure.1 In brief, SpiroOMeTAD was 

stirred at room temperature for 24 h in degased dichloromethane under nitrogen 

atmosphere, with an excess of silver bis(trifluoromethanesulfonyl)imide (at least 1:2 

ratio by mol). The reaction product was dissolved in methylene chloride, filtered, 

and dried using rotary evaporation.  The dark green solid was purified by 

dissolution in a minimal amount of dichloromethane followed by precipitation in dry 

diethyl ether. The resulting powder was collected using a filter and purified twice 

more, followed by vacuum drying before use.   
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3.2 Preparation of perovskite thin films 

3.2.1 CsPb(IxBr1-x)3 and MAPb(IxBr1-x)3 single step solution 

process 

PbI2, PbBr2, MAI, and/or CsI were dissolved in DMF in the appropriate molar 

ratios to give a 0.43 M precursor solution of CsPb(IxBr1-x)3 or MAPb(IxBr1-x)3.  The 

precursor solution was prepared and used in a nitrogen-filled dry glovebox (H2O < 

0.1 ppm).  To form perovskite films, the precursors were spin-coated at 1500 rpm for 

45 seconds. The films were then annealed at 330-350 °C (100 °C for MAPbI2Br) for 

10 minutes.   

3.2.2 CsPb(IxBr1-x)3 two-step dip conversion 

Lead bromide was prepared as a concentrated solution in DMF (1.6 g PbBr2 in 

4.4 mL DMF stirred at 70 °C for 30 mins then filtered with a 0.2 um PTFE filter), 

and deposited by spin-coating at 2500 rpm for 60 s onto FTO substrates with both 

compact and mesoporous TiO2 layers (see Section 3.4.2).  The PbBr2 layer was dried 

at 70 °C, dipped into a solution of CsI and/or CsBr in methanol (on hotplate at 

70 °C) for ten minutes, and then washed with isopropanol and dried with nitrogen.  

The films were annealed at 250 °C for 10 minutes, with an additional 3 minutes at 

350 °C for the iodide-rich films, and cooled to room temperature in a controlled 

humidity atmospheric chamber at 20-25% RH.   

3.2.3 CsPbBr3 two-step vapour deposition 

The precursor salts, PbBr2 and CsBr, were loaded into separate baffle boxes 

(rectangular deep tungsten boats with holey lids) in a BOC Edwards Auto 306 

evaporator, along with clean glass microscope slides as substrates.  The evaporator 

was evacuated to a pressure below 6 × 10−6  mbar before beginning deposition.  

Sequential layers of PbBr2 (107 nm) and CsBr (93 nm) were each deposited at 1-
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2 Å/s onto the room-temperature substrates, with either two or four layers in total, 

to give 200 nm or 400 nm thick films.  The CsPbBr3 perovskite was formed by 

annealing the films at 250 C on a hotplate in air for 10 minutes.
2
 

3.2.4 CsPbI3 for structure determination  

HT: CsI and PbI2 were dissolved at 0.8 M in DMF:DMSO 2:1 by volume, where 

DMSO is dimethyl sulfoxide.  Films were spincoated at 500 rpm for 10 s with a 10 s 

ramp, followed by 20 s at 1500 rpm, with nitrogen quenching and chlorobenzene 

drench during the second step.  The black phase was formed by a 1 minute anneal 

at 350 °C followed by rapid cooling to room temperature. 

LT: CsI and PbI2 were dissolved at 0.5 M in N,N-dimethylformamide (DMF), and 

33 µL hydriodic acid (57% w/w Sigma Aldrich) per mL solution was added 

immediately before spincoating.  To gain films that were sufficiently thick but still 

fully converted to black, films were spincoated at 500 rpm for 10 s with a 10 s ramp, 

followed by 20 s at 1500 rpm with nitrogen quenching to dry the film.  The black 

phase was formed by a 1 minute anneal at 105 °C.  

All processes were performed in a glovebox filled with nitrogen gas.  Films for 

optical characterisation were spincoated with a higher spin speed of 2000 rpm for 

the second step to obtain a higher optical clarity of the resulting films.  To obtain 

scratched powders, the films were scratched from glass substrates using razor blades. 

3.2.5 Cs(Pb,Mg)I3 single step solution process 

CsPbI3 and CsMgI3 were dissolved separately at 0.3 M in DMF, and hydriodic acid 

(21 µL/mL) was added to the two stock solutions.  Mixed solutions were prepared 

immediately before spin-coating; the solutions with 10-25% Mg were found to 

precipitate colourless crystals after ~1 month.  Films were spin-coated at 1500 rpm 

for 45 s in nitrogen atmosphere and annealed at 100 °C for 10 mins. 
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3.3 Preparation of perovskite materials by solid state 

synthesis  

High-purity precursor salts were weighed into a mortar in stoichiometric amounts, 

and ground together with a pestle for 25-30 minutes by hand. The ground powder 

was transferred to a quartz ampoule and evacuated, ensuring a good vacuum before 

the ampoule was sealed.  The sealed ampoule was sintered and/or melted in a 

furnace at least once, and cooled slowly in the furnace as it cooled or removed from 

the furnace and cooled rapidly by splashing small amounts of water on the ampoule.  

The heat treatment process is depicted in Figure 3-1. 

 

 

Figure 3-1. Temperature profiles for solid state synthesis by (a) sintering and slow cooling, (b) melting 

and slow cooling, or (c) melting and rapid cooling. Photographs of the ampoules resulting from (d) 

sintering, (e) slow cooling from the melt, (f) rapid cooling from the melt.  
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For XRD analysis, each solid mass was ground into powder and reheated at 400 C 

in batches, for approximately 20  s per batch (until black to the eye), before being 

transferred to a piece of room temperature aluminium foil to cool quickly.  Figure 

3-2 illustrates the preparation of a powder sample in the black perovskite 

polymorph. 

3.4 Photovoltaic device fabrication  

3.4.1 Substrate preparation 

Fluorine doped tin oxide (FTO)-coated glass substrates (Pilkington, 7 Ω □-1) were 

patterned using HCl and zinc powder to etch the FTO, with scotch tape masking.  

The etched substrates were cleaned sequentially with detergent, de-ionized water, 

acetone and isopropanol, followed by oxygen plasma treatment for 5-10 minutes 

immediately before deposition of the next layer.  

3.4.2 Inorganic compact and mesoporous layer deposition 

The compact (c-) TiO2 layer was spin-coated (2000 rpm for 60 s) from a mildly 

acidic solution of titanium isopropoxide in anhydrous ethanol with 12 mM HCl 

 

Figure 3-2. Preparation of a powder sample from solid state synthesis for XRD. (a) A two-phase ingot 

resulting from slow cooling from the melt. (b) Powder ground from the yellow crystalline CsPbI3 part 

of the ingot. (c) The black CsPbI3 powder produced by heating the yellow powder to 400 °C briefly 

before rapid cooling.   

(b) (c)(a)
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added, and sintered at 500 °C for 45 minutes. For the best TiO2-based devices, the 

spin-coated and sintered c-TiO2 layer was immersed in a 15 mM aqueous solution of 

TiCl4 for 60 minutes at 70 °C and sintered again at 500 °C.  For mesoporous (m-) 

devices, 230 nm or 400 nm mesoporous TiO2 was deposited on the sintered 

spincoated TiO2 layer by spin-coating at 2000 rpm a 1:4 or 1:3 dilution (by weight) 

of Dyesol 18NR-T paste:ethanol. This was then annealed by heating slowly to 

500 °C then holding for 30 mins. 

3.4.3 Perovskite layer deposition 

The various methods of deposition of the perovskite thin films were described in 

Section 3.2.  

3.4.4 Organic charge transport layer deposition 

Pre-oxidised Spiro-OMeTAD (Spiro) layers were spincoated at 2000 rpm from a 

0.08 M solution of SpiroOMeTAD: Spiro-TFSI 9:1 in chlorobenzene, with tert-

butylpyridine (10 mL/mL).  

3.4.5 Electrode deposition  

The devices were completed by deposition of the electrodes through a shadow mask, 

in a Kurt J. Lesker NANO36 thermal evaporator.  Typically these electrodes would 

consist of 80 to 120 nm of silver, or 20 nm of gold followed by 120 nm of silver.   

3.5 Photovoltaic device characterisation 

3.5.1 Current density-voltage (J-V) measurements  

The solar cells were masked with a metal aperture to define the active area of 

0.092 cm2 and measured in a light-tight sample holder to minimize any edge effects 

and to ensure that the reference cell and test cell are located during measurement in 

the same spot under the solar simulator. The current density–voltage (J-V) curves 



Chapter 3: Experimental Methods 

© R. J. Sutton, 2018 61 
 

were measured (2400 Series SourceMeter, Keithley Instruments) under simulated 

AM 1.5 sunlight at 100 mW cm
-2
 irradiance generated by an Abet Class AAB Sun 

2000 simulator, with the intensity calibrated with an NREL calibrated KG5 filtered 

Si reference cell.  The mismatch factor was calculated to be 1.04% over the response 

range of these materials. For the fast J-V scans, cells were scanned from forward 

bias to short-circuit at a rate of 0.38 V/s after holding under illumination at 1.2 V 

for 5 seconds. The maximum power point was determined from these fast J-V scans 

and current measured holding at this voltage for the stabilised power output SPO 

holding scans.  All J-V curves and SPOs were measured in air.   

3.5.2 External Quantum Efficiency (EQE) measurements  

External quantum efficiency (EQE) was measured by Prof. Michael Johnston at the 

University of Oxford via custom-build Fourier-transform photocurrent spectrometry 

based on a Bruker Vertex 80v Fourier Transform Interferometer.  The solar cells 

were illuminated with simulated sunlight (AM 1.5 sunlight, ~100 mW cm
-2
) and 

calibrated to a Newport-calibrated reference silicon solar cell with a known external 

quantum efficiency. EQE was measured under nitrogen.   

3.6 Optical characterisation  

3.6.1 Substrate preparation 

Glass slides and quartz optical discs (Spectrosil) were cleaned sequentially in acetone 

and isopropanol, and then treated with oxygen plasma for 5 or 10 minutes 

immediately before film deposition.   

3.6.2 Absorbance measurements  

Unless otherwise stated, a Varian Cary 300 UV-Vis spectrophotometer with either a 

nitrogen-filled optical cell or an internally-coupled integrating sphere were used to 
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acquire absorbance spectra.  Samples were mounted at the entrance of the 

integrating sphere and a diffuse reflector was mounted at the exit port.  A diagram 

of the integrating sphere used for the measurements in this thesis is provided in 

Figure 3-3. 

 

Figure 3-3. The integrating sphere set-up used for absorption measurements of perovskite thin films.  

The sample is placed at the transmittance port with the perovskite film facing into the sphere, and the 

reflectance port is covered with a white Spectralon standard.  The transmitted light is collected at the 

base of the sphere and detected by a photomultiplier tube (PMT) module. 

In Chapter 6, temperature-dependent absorption spectra were measured using a 

Perkin-Elmer Lambda 1050 UV/Vis/NIR spectrophotometer. For temperature-

dependent measurements, the quartz disc with CsPbI3 film was placed on a glass 

cover slip (with the CsPbI3 thin-film in contact with the cover slip) in a 

temperature-controlled optical stage (Linkam THMS 600).  The optical stage was 

purged with nitrogen and sealed before measurement.  
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3.6.3 Bandgap determination  

Optical bandgaps 𝐸𝑔 were estimated from absorbance spectra collected with an 

integrating sphere via a Tauc plot.  This method assumes the material is a 

semiconductor with a distribution of electrons which follows the Fermi-Dirac 

distribution.  The absorption coefficient 𝛼 then follows the relation: 

 𝜶(𝐄) ∝ (𝐄 − 𝐄𝐠)
𝟏/𝟐 Equation 3-1 

where 𝐸 = ℎ𝜈 is the energy of the absorbed photons in eV, and 𝛼 = 104 ln(10𝐴) for 

the measured absorbance 𝐴.  The exponent of ½ assumes the material has a direct, 

allowed optical transition.  

Plotting (𝛼ℎ𝜈)2  against the energy in eV reveals a linear region for which 

extrapolation to the 𝑥 -axis gives an estimation of the optical bandgap 𝐸𝑔 . An 

example of this method is illustrated in Figure 3-4. 

 

 

Figure 3-4. (a) Absorbance measurement of a film of CsPbI2Br, taken using an integrating sphere. (b) 

Corresponding Tauc plot assuming direct bandgap, showing the linear region extrapolated to intercept 

the energy axis to give the bandgap estimation.  Errors are estimated by the sensitivity of the fitted 

line. 

a b 
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Other methods of determining a bandgap include finding the steepest part of the 

absorption onset, by normalisation or by calculating the gradient of the absorption 

onset.  These methods are useful as a relative measure for comparing similar films, 

for example if the direct or indirect nature of the bandgap is uncertain. 

In Chapter 6, the onset of absorption was determined by fitting the experimental 

absorption spectrum with a model based on Elliott’s theory.
3
  This model considers 

both excitonic and continuum absorption.  The fitting followed the formulation 

reported recently by Davies et al.4 The transitions were broadened with a Gaussian 

function.  Good agreement is obtained near the band edge. However, similar to 

MAPbI3, the absorption spectrum strongly deviates for higher wavelength due to the 

presence of a higher energy transition which is not taken into account in this 

simplified model. 

3.6.4 Photoluminescence measurements 

Unless otherwise stated, steady-state photoluminescence (PL) measurements were 

collected with a Jobin-Yvon Fluorolog spectrofluorimeter with a monochromated 

Xenon light source, or with a Fluorescence Lifetime Spectrophotometer (Fluo Time 

300, PicoQuant GmbH) with laser excitation at 405 nm.   

For Chapter 4, PL measurements were made by Elizabeth Parrott at the University 

of Oxford where the samples were mounted in a vacuum cell with fused silica 

windows, maintaining a pressure of 1.2 × 10-4 mbar, to prevent changes in the 

samples during measurement. The samples were excited using a tunable Ti:Sapphire 

pulsed laser (Mai Tai, Spectra-Physics) with a repetition rate of 80 MHz and a 

wavelength of 820 nm, which was frequency doubled to 410 nm using a BBO crystal. 

The excitation power was (290±5) µW over a spot size of approximately 0.2 mm2. 

Further details are provided in the published manuscript.5  These PL measurements 

are also shown in Chapter 5 for the CsPbI3 and CsPbI2Br films. 
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3.6.5 Magneto-optical measurements 

Magneto-optical measurements were made on thin films of the inorganic perovskites 

prepared at the University of Oxford.  The measurements were conducted by Zhuo 

Yang, Krzysztof Galkowski, Alessandro Surrente, and Atsuhiko Miyata at the 

Laboratoire National des Champs Magnétiques Intenses (LNCMI) in Toulouse, 

France. For full experimental details please see the published manuscript.
2
  Due to 

changes in the films during transit between Oxford and Toulouse, some of the films 

were re-annealed before being subjected to these magneto-optical measurements.  

CsPbI3 films were annealed at 350 °C for 10 minutes, and CsPbI2Br and CsPbBr3 

films were annealed at 250 °C for 5 − 7 minutes using an oven (ambient 

atmosphere). 

3.7 Material characterisation  

3.7.1 Substrate preparation  

Glass slides, coverslips, and FTO slides were cleaned sequentially in acetone and 

isopropanol, and then treated with oxygen plasma for 5 or 10 minutes immediately 

before film deposition.   

3.7.2 Film surface and composition characterisation 

A Hitachi S-4300 field emission scanning electron microscope was used to acquire 

scanning electron microscope (SEM) images.  SEM with electron dispersive x-ray 

(EDX) analysis was performed by Dr Jason Brown using a FEI Quanta 600 FEG 

scanning electron microscope with an Oxford Instruments INCA Energy detector. 

3.7.3 Film thicknesses 

Sample thicknesses were measured using a Veeco Dektak 150 surface profilometer.  
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3.7.4 X-Ray Diffraction (XRD) 

A Panalytical X'pert powder diffractometer with Cu anode X-ray source (Cu Kα1, 

1.54060 Å) was used for XRD characterisation measurements of both films and 

powders unless otherwise stated.  Anton Paar Domed Sample Holders were used for 

room-temperature XRD of air-sensitive films and powders in nitrogen atmosphere, 

as illustrated in Figure 3-5.  Measurements made by Dr Laura Miranda (Oxford PV, 

Begbroke) used a PANalytical Empyrean PIXcel
1D

 diffractometer with Cu anode, 

with an Anton Parr TTK450 heating stage for temperature-dependent 

measurements in nitrogen atmosphere.   

Structural parameters were obtained by Dr Amir Abbas Haghighirad by Rietveld 

refinement using General Structural Analysis Software.
6,7

  Single crystal data were 

collected for CsPbI3 (non-perovskite yellow phase) at 293 K using an Agilent 

Supernova diffractometer that uses Mo Kα beam with λ = 0.71073 Å and is fitted 

with an Atlas detector. Data integration and cell refinement was performed using 

CrysAlis Pro Software.8 The structure was analysed by Patterson and Direct 

 

Figure 3-5. (a) Preparation of an air-sensitive powder as a packed powder sample in an Anton Paar 

Domed Sample Holder for XRD. (b) The sample with transparent polycarbonate dome being loaded 

into the diffractometer.  

(a) (b)



Chapter 3: Experimental Methods 

© R. J. Sutton, 2018 67 
 

methods and refined using the SHELXL 2014 software package.
9
   

Crystal structures were visualised and XRD patterns simulated using the 3D 

visualization program VESTA.
10

 

3.7.5 Magnetic measurements 

Magnetic measurements were made by Dr Dharmalingam Prabhakaran at the 

University of Oxford.  A commercial Quantum Designs 7T MPMS SQUID 

(Superconducting quantum interference device magnetometer) was used to measure 

the magnetisation of the powder samples. Temperature dependent magnetisations 

were measured in the zero-field-cooled (ZFC) condition. 

3.8 Electronic structure calculations 

Electronic band structures and formation energies were calculated by Dr Marina 

Filip using methods as for previous calculations for MAPbI3.
4  Band gap 

calculations, within the GW approximation,11,12 include spin-orbit coupling and 

eigenvalue self-consistency.
13–15

  The procedure used for interpolation and calculation 

of effective masses is described in detail in Ref. 15.  All band structures and 

formation energies were calculated at 0 K and 0 GPa, without taking into account 

the effect of lattice vibrations. 
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4.1 Wider context and summary 

Most of the research into perovskite solar cells has focussed on hybrid organic-

inorganic perovskites.  However, the stability of these hybrid perovskites is limited 

by the small organic cation required for the formation of the 3D perovskite 

structure.  While the amount of small organic cation can be reduced and the 

stability increased by incorporating a large hydrophobic cation, a fundamental 

chemical instability remains in these materials. 

To overcome the chemical instability, here the inorganic lead halide perovskites are 

considered.  Specifically, the organic cation is fully replaced by the largest non-

radioactive singly-charged alkali metal cation, caesium.  However, the Cs
+
 cation is 

not large enough to maintain the perovskite structure with lead and iodide at 

ambient conditions.  In contrast, the bromide equivalent, caesium lead tribromide, 

has a stable perovskite structure at ambient conditions. 

This chapter builds on early work on caesium lead iodide by manipulating the 

chemical composition to increase the stability of the resulting perovskite material.  

Some of the iodide ions are substituted by bromide ions, and the bandgap of the 

resulting solid solutions is shown to shift linearly to higher energies. This 

substitution lowers the energy required to form the perovskite structure and so 

increases the ambient stability with respect to the neat iodide.  For a specific mixed 

halide composition, better stability is found than for the methylammonium 

equivalent when subjected to thermal stressing.  For this optimal composition 

photovoltaic devices are fabricated with higher efficiency than the neat CsPbI3 

inorganic perovskite.  

In summary, this chapter represents pioneering work in the now-blossoming field of 

inorganic perovskite photovoltaics.   
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4.2 Introduction 

Hybrid organic-inorganic halide perovskite materials have been well-studied in the 

past few years, and solar cells using these materials have seen a rapid rise in 

efficiency from 3.8% to over 20% in less than 5 years.
1–4

  These materials typically 

comprise organic cations, such as methylammonium (MA) and/or formamidinium 

(FA), in a lead halide framework.
5
  Although these hybrid perovskite solar cells 

exhibit high efficiencies, the thin-film perovskite absorber layers are subject to 

compositional degradation due to both heat and humidity,
6
 therefore, addressing the 

long term stability is a primary concern for the community.
7
 Compositional stability 

under thermal stressing is particularly important for solar cell operation; for 

certification solar modules must be able to operate successfully between 

temperatures of -40 °C and +85 °C, and in some geographic locations of high solar 

irradiance these upper operating temperatures can be regularly reached.8 

Although bulk powders and single crystals of MAPbI3 do not undergo thermal 

decomposition until temperatures in excess of 200 °C,
9,10

 achieving such thermal 

stability in thin films of the hybrid perovskites is challenging due to the high surface 

to volume ratio as well as the inherent instability of the organic cation.  Specifically, 

thin films of methylammonium lead iodide thermally degrade to lead iodide at 

temperatures above 85 °C.6  Formamidinium perovskites are much more thermally 

stable than methylammonium perovskites,5 and it has recently been shown that thin 

films of mixtures of organic formamidinium and inorganic caesium (Cs) cations can 

be both structurally and thermally stable above 100 °C.11,12 However, the ultimate 

avenue for improving the thermal compositional stability is to replace the organic 

component entirely with an inorganic cation such as caesium.  The fully inorganic 

caesium lead halides have been known since their first synthesis in 1893.13 Since the 

initial report, there have been many studies of the properties of caesium lead 

halides,14–21 and these materials are now garnering interest from both the 
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photovoltaic and light emission communities with a few recent reports of them being 

used in solar cells and as emissive nanocrystals.
22–27

 

These previous reports provide much 

insight into the compositional and 

structural phase stability of these 

inorganic perovskites. Here the phase 

diagram of caesium lead bromide 

(CsPbBr3) and caesium lead iodide 

(CsPbI3) is shown in Figure 4-1.  Both 

of these compounds are compositionally 

stable up to their melting points which 

are in excess of 460 °C.16 CsPbBr3 

crystallizes in an orthorhombic phase at 

room temperature, and transitions to a 

tetragonal perovskite phase at 88 °C and 

to the “orange” cubic perovskite phase at 

130 °C.21,22  In contrast, CsPbI3 is stable 

in an orthorhombic non-perovskite 

structure (yellow phase) at room 

temperature, and changes to the cubic 

perovskite (black phase) when heated 

above ~300 °C.14,16  Unfortunately, 

CsPbI3 is unstable in the black 

perovskite phase in ambient atmosphere 

and rapidly converts to the non-

perovskite yellow phase.14,23   

 

Figure 4-1. Phase diagram of the CsPbBr3 and 

CsPbI3 solid solutions, where shading is added to 

represent the approximate colours of the most 

stable compounds at these temperatures. Key 

(from top): M = melt, CP = cubic perovskite,  

ONP = orthorhombic non-perovskite, T = 

tetragonal, OP = orthorhombic perovskite. 

Adapted from Sharma et al.16 
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For nanocrystals on the order of 5 nm in size, these phase transitions appear to be 

altered such that nanocrystals of CsPbI3 are more stable in the cubic phase at room 

temperature than bulk CsPbI3, although both revert to the non-perovskite phase 

over time.
25
 It is expected that the phase transitions in the polycrystalline films will 

be similar to those in the bulk. Hence, for these materials, it is apparent that the 

structural stability is the important parameter to resolve, rather than the 

compositional stability, under terrestrial solar cell operating temperatures. 

In the mixed-halide region between CsPbBr3 and CsPbI3, solid solutions form in the 

bulk material, as illustrated in Figure 4-1.16  However, for thin films, solution 

processing is difficult for the bromide-rich compositions, due to solubility limitations 

of the bromide ion.  This problem was recently overcome by using a two-step 

method to make films of neat CsPbBr3, and subsequent solar cells using CsPbBr3 as 

the light absorbing material.22   

Here, this two-step method is used to form the full series of caesium lead halide 

perovskite thin films from CsPbBr3 to CsPbI3. However, uniform film deposition is 

challenging. In contrast, a one-step solution processing route is demonstrated to 

create uniform thin films of caesium perovskites with high iodide content.  Based on 

these results an appropriate mixed-halide composition with increased structural 

stability in ambient atmosphere is selected.  With this 1.92 eV band gap material 

solar cells are obtained which operate in air at room temperature with close to 10% 

power conversion efficiency.   

4.3 Two-step deposition of CsPbI3-xBrx 

Initially, an adaptation of the two-step method reported by Kulbak et al. is 

demonstrated to form the full series of caesium lead halide perovskites.22 The first 

step is to spin-coat lead bromide in dimethylformamide (DMF) onto a mesoporous 

TiO2 scaffold, and dry at 70 °C.  When dry, these lead bromide films are dipped for 
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ten minutes in a heated solution of the caesium halide salt(s) in methanol.  These 

films are subsequently annealed at high temperature (250 – 350 °C), to form the 

cubic perovskite.  Here, various ratios of CsI and CsBr are mixed in the dipping 

solution to obtain perovskite films with varying halide composition.  The films 

change visibly in appearance, from orange CsPbBr3 to dark brown for CsPbI3-xBrx as 

in the photographs in Figure 4-2(a).  Figure 4-2(b) shows tunable absorbance onsets 

of these films from 530 nm to 700 nm, consistent with solid solutions of iodide and 

bromide mixtures forming.   

 

Figure 4-2. (a) Photographs and (b) absorbance spectra for caesium lead halide perovskite films 

prepared by dipping lead iodide in a solution of CsBr and/or CsI in methanol, such that ‘x’ is the 

fraction of CsI in solution. (c) Absorption onsets as determined from (b) by Tauc analysis as a function 

of halide fraction in the dipping solution. (d) SEM image of nanowires formed when a lead bromide 

film is dipped into a solution of caesium iodide (x = 1). 

Intriguingly, the composition of the perovskite film is skewed towards the dominant 

halide in solution, as shown by the non-linear relationship in Figure 4-2(c) between 

absorption onset and CsI fraction ‘x’ in solution.  All films were dipped for an equal 

time (10 minutes), and prior literature suggests that the possibility of ion exchange 

may mean that the composition is additionally dependent on dipping time.28–30  
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Although the absorbance and color of such films appears promising, Figure 4-2(d) 

shows scanning electron micrographs of the cross-section of the films where there is 

a prevalence of protruding wire-shaped crystals.  This non-optimal morphology is 

reflected in the poor photovoltaic device efficiencies in Figure 4-3, where the best-

performing devices (x=0.67 and x=1) have stable power outputs below 2%.  

 

 

Figure 4-3. (a) Current density-voltage (J-V) characteristics and (b) J-V (red) and stabilised (black) 

power conversion efficiencies, and short-circuit current density (JSC) parameters (blue) for devices 

fabricated by the two-step dip-conversion method illustrated in Figure 4-2. 

4.4 One-step deposition of CsPbI3-xBrx 

The device performance in Figure 4-3 is promising but severely limited by the 

morphology of the films produced by the two-step method.  In order to obtain much 

smoother films, instead a one-step solution processing method is pursued.  For 

CsPbI3 the precursors are readily soluble in DMF, and subsequent spin-coating 

yields smooth and uniform thin films, especially with the addition of hydriodic acid 

(HI) which allows formation of the black phase at 100 °C.23   

This one-step solution process may be used to form useable films with up to one 

third of the total halide content as bromide (denoted here as CsPbI2Br); above this 
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bromide content the solubility of the bromide ion is limiting in DMF. These films 

were annealed at high temperature since attempts to use hydriodic and/or 

hydrobromic acid to lower the crystallization temperature were unsuccessful for the 

mixed halide compositions. Figure 4-4(a) and (b) shows absorption and 

luminescence (PL) spectra respectively for films of iodide/bromide mixtures from 

CsPbI3 to CsPbI2Br. A shift to shorter wavelengths is observed in the absorption 

onset and photoluminescence peak with increasing bromide concentration. Figure 

4-4(c) plots these energies as a function of iodide content, ‘x’ in CsPb(IxBr1-x)3; the 

linear trend observed for the absorbance follows Vegard’s law, indicating that solid 

solutions of the iodide-bromide mixtures are formed throughout this series.  This 

hypothesis is supported by observations by Sharma et al. that the cubic lattice 

parameter varies linearly and the solid to liquid phase transition is continuous from 

caesium lead bromide to caesium lead iodide.16  Note that for only a small amount of 

bromide, the photoluminescence peak is nearer the neat iodide than expected, 

suggesting there may be microscopic regions of inhomogeneity for this composition.  

To see if the iodide-bromide mixture in solution gives a film of the same 

composition, energy-dispersive X-ray (EDX) analysis is used to determine the iodide 

to bromide ratio of the composition CsPbI2Br.  The scanning electron microscopy 

(SEM) image of the film is shown in Figure 4-5, for which the EDX analysis for 

several spots gave the ratios Cs:Pb:I:Br = (0.96 ± 0.09):(1.00):(1.9 ± 0.3):(0.95 ± 

0.13), normalised to the lead content. 
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Figure 4-4. (a) Absorbance spectra and (b) photoluminescence (PL) spectra for mixed halide 

CsPb(IxBr1-x)3 films with varying iodide concentration ‘x’.  These films were annealed at 330-350 °C 

and measured in nitrogen or under vacuum respectively. PL spectra were measured by Elizabeth 

Parrott at the University of Oxford, using a tunable pulsed laser at 410 nm with a spot size of 

~0.2 mm2. (c) Absorbance onsets (black squares), determined by Tauc plots of absorbance spectra 

taken with an integrating sphere, and PL peak positions (red circles); solid line is the linear fit to the 

absorbance. Error bars indicate the range of values obtained. (d) Absorbance over time of thin films of 

CsPbI3 and CsPbI2Br, measured at 675 and 625 nm respectively, when exposed to a slow flow of air at 

50% RH.  The slight increase in the absorbance of the CsPbI2Br film is not yet fully understood. 
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Despite being able to form the black phase of CsPbI3 at low temperatures in an 

inert environment, once exposed to air these films rapidly undergo a phase transition 

to the thermodynamically stable yellow phase. This rapid change in air is due to a 

catalytic effect of moisture on the kinetics of the conversion.31  Figure 4-4(d) shows 

the relative instability of CsPbI3 compared with CsPbI2Br.  For a thin film enclosed 

in a nitrogen chamber with a low flow of air (50% RH), CsPbI3 reverts to the low 

temperature yellow phase in about an hour, while CsPbI2Br is stable under the same 

conditions.  It is known that the phase transition temperature for the orthorhombic 

to cubic perovskite transition reduces with increasing bromide content.16 The lower 

phase transition temperature is expected to be the predominant reason for the 

enhanced stability of the CsPbI2Br under ambient conditions.  CsPbI2Br is therefore 

a promising material which appears to combine ambient stability and suitable 

bandgap and thus warrants further investigation for solar cell applications. In 

particular, its bandgap of 1.92 eV makes it promising as an option for inclusion in 

tandem devices with c-Si and copper indium gallium (di)selenide solar cells.32 

 

  

Figure 4-5. SEM image of a CsPbI2Br 

film spincoated from DMF onto a silicon 

substrate for EDX analysis.  The scale 

bar is 2 µm.  Image and analysis in 

collaboration with Dr Jason Brown at 

the University of Oxford. 
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4.5 Temperature-dependent XRD 

To demonstrate that the addition of bromide reduces the transition temperature for 

thin films, and to prove the inherent thermal stability of these material at elevated 

temperatures, Figure 4-6 shows in-situ X-ray diffraction (XRD) patterns while 

heating films of CsPbI3 and CsPbI2Br at temperatures up to 400 °C.  The 

appearance of the perovskite structure is seen around 350 °C for CsPbI3 and around 

230 °C for CsPbI2Br, which is a reduction of over 100 °C in the transition 

temperature with the addition of bromide.
16,19

 For CsPbI2Br the XRD peaks for this 

perovskite structure appear at higher angles than those of the high temperature 

black phase of CsPbI3 due to the bromide content which is expected to contract the 

lattice.   

To verify that the perovskite structure remains when the film is annealed and 

rapidly cooled, Figure 4-7 shows photographs, absorbance spectra and XRD patterns 

taken at room temperature for separate CsPbI2Br films annealed for 20 minutes at a 

single temperature. In Figure 4-7(b), the absorption spectrum of the yellow 

polymorph is visible for annealing temperatures up to and including 200 °C.  The 

perovskite structure is formed from 250 °C, with the optimal crystallinity and 

absorbance found when annealing closer to 350 °C.   

Remarkably, it is well-known that at such high temperatures thin films of the 

hybrid organic-inorganic perovskites such as methylammonium (MA) and 

formamidinium (FA) lead iodide degrade very rapidly.5,6 Specifically, MAPbI3 thin 

films will start to thermally degrade at temperatures above 85 °C, and FAPbI3 thin 

films at temperatures above 150 °C. 
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Figure 4-6. ‘In-situ annealing’ X-ray diffraction patterns from films of (a) CsPbI3 and (b) CsPbI2Br on 

glass, measured during a slow temperature ramp in a sealed chamber under a flow of nitrogen.  X-ray 

scattering due to the Kapton film is seen below 2θ = 10°. CsPbI3 powder XRD patterns at room 

temperature (dark blue) and at high temperature (light blue) are shown for reference.19  These 

patterns were measured by Dr Laura Miranda at Oxford PV, Begbroke.   
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4.6 Stability testing of CsPbI2Br and MAPbI2Br 

To further illustrate the thermal and atmospheric stability of CsPbI2Br under 

conditions more similar to solar cell operating conditions, CsPbI2Br is compared to 

thin films of the organic methylammonium equivalent, MAPbI2Br perovskite, at 

85 °C in air.  Figure 4-8 presents absorbance spectra and XRD patterns for films of 

CsPbI2Br and MAPbI2Br heated on a hotplate at 85 °C in air in a controlled 

humidity environment of between 20 and 25% RH.  For CsPbI2Br, Figure 4-8(a) 

shows that after 270 minutes of heating the absorbance remains approximately 

constant (within the spot to spot measurement accuracy) with the initial absorbance 

at 627 nm.  

 

Figure 4-7. (a) XRD patterns, (b) absorbance spectra and (c) photographs of CsPbI2Br films annealed 

for 20 minutes at the specified temperature then cooled rapidly to room temperature for measurement. 

CsPbI3 powder XRD patterns at room temperature (dark blue) and at high temperature (light blue) 

are shown for reference.19 
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Figure 4-8. Absorbance spectra for films of (a) CsPbI2Br and (b) MAPbI2Br for different times of 

heating at 85 °C in 20-25% RH. Arrows indicate direction of increasing time of heating. Insets: 

absorption intensity over time at peak of onset (627 nm and 670 nm respectively; arrow positions in 

main plot). XRD patterns before and after 270 minutes of heating at 85 °C in 20-25% RH for (c) 

CsPbI2Br and (d) MAPbI2Br, measured by Dr Laura Miranda at Oxford PV, Begbroke.  X-ray 

scattering due to the Kapton film is seen below 2θ = 10°; the PbI2-xBrx peak position is indicated by a 

diamond. The reference powder pattern for CsPbI3 (cubic phase) is from Trots and Myagkota;19 the 

MAPbI3 (tetragonal phase) powder pattern was provided by Amir Abbas Haghighirad at the University 

of Oxford and is from a crushed single crystal.  

In the XRD patterns in Figure 4-8(c) peaks characteristic of the CsPbI2Br 

perovskite phase are seen both before and after heating, and no peaks indicating 

other material compositions or degradation.  In contrast, for MAPbI2Br in Figure 

4-8(b) a continuous decrease in the perovskite absorbance at 670 nm is observed 
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over 270 minutes of heating, such that after heating the film appears visibly yellow.  

The XRD patterns in Figure 4-8(d) show perovskite peaks for MAPbI2Br before 

heating; after heating new peaks appear, including a PbI2-xBrx peak near 13° which 

indicates that MABr and/or MAI have been removed.  This figure shows that 

CsPbI2Br exhibits both phase and compositional stability when heated at 85 °C in 

20-25% RH, while MAPbI2Br shows compositional instability under the same 

conditions. 

4.7 Photovoltaic devices with CsPbI2Br  

For this mixed-halide composition, CsPbI2Br, the ambient stability is greatly 

increased such that it should now be possible to make solar cells with this material 

and test them under ambient conditions. To empirically verify that the carrier 

diffusion length is sufficient in this material, devices were prepared with the two 

different architectures shown in Figure 4-9: a planar architecture with only compact 

TiO2 (c-TiO2) as the n-type charge collection layer, which requires a material with 

sufficient charge mobility and carrier lifetime for extraction of charges; and a 

mesoporous architecture, where the inclusion of a mesoporous TiO2 (m-TiO2) layer 

allows electrons to be extracted from the perovskite much closer to the site of 

generation.  The final device configuration is then glass/FTO/c-TiO2/m-TiO2 

(optional)/perovskite (~150 nm)/Spiro-OMeTAD/Ag, where the hole-transporting 

Spiro-OMeTAD layer is already oxidized. Further details regarding device 

preparation are provided in the Experimental Methods chapter. Functioning devices 

were obtained with stabilized power outputs (SPOs) of over 4% in both 

configurations, with an average power conversion efficiency (PCE) of 2.5-3% (see 

Figure 4-9 and Table 4-1). 
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Figure 4-9 Schematic of device architectures tested: (a) compact TiO2 (c-TiO2), and (b) both compact 

and mesoporous TiO2 (m-TiO2). (c) J-V curves for the best-performing devices of each configuration. 

Inset: Stabilised power output (SPO) measurements for these devices. 
 

Importantly, these working planar devices (architecture (b)) show that CsPbI2Br is 

capable of generating and transporting charges over hundreds of nanometres without 

the requirement for distributed heterojunctions, consistent with previous findings for 

CsPbI3.
23 

Focusing on the planar c-TiO2 structure, by optimizing the deposition process 

several devices were fabricated with over 6% PCE, including a champion device with 

9.8% current density-voltage (J-V) scan efficiency which delivered 5.6% SPO 

(Figure 4-10(a) and (b)).  Figure 4-10(c-g) shows histograms of the J-V scan 

parameters for a batch of 32 solar cells and SPOs for the best 16 solar cells.  Figure 

Table 4-1 Average (best) device parameters extracted from current density-voltage characteristics 

measured under AM1.5 100 mW cm-2 illumination for the devices in Figure 4-9. Averages are from at 

least 10 devices per architecture, where ± values denote the standard deviation for the dataset. 

Device architecture 
JSC  

(mA cm-2) 

PCE from 

 J-V (%) 

VOC  

(V) 
FF 

 (a)    c-TiO2 7.9 ± 1.9 (9.6) 2.5 ± 2.3 (5.9) 0.5 ± 0.4 (0.95) 0.4 ± 0.2 (0.71) 

 (b)    m-TiO2 7.0 ± 2.1 (8.3) 2.9 ± 1.5 (4.3) 0.7 ± 0.1 (0.80) 0.5 ± 0.2 (0.67) 
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4-10(h) tabulates these parameters for the device in (a) and (b), and for the batch 

average.  There is significant variation within a batch, with an average PCE of 6% 

and two exceptional devices yielding PCEs above 9%.  All devices were measured in 

ambient atmosphere without any encapsulation.  At the time of this study, these 

were the most efficient inorganic perovskite solar cells reported, and a considerable 

improvement on the first neat CsPbI3 solar cells.
23
   

The external quantum efficiency for a typical device is provided in Figure 4-11.  The 

onset of charge generation matches well with the absorption onset near 650 nm, and 

integration of the measured EQE spectrum over the solar spectrum estimates a 

short-circuit current density of 10.6 mA cm-2, slightly lower than the average JSC.  

To put these values into context, the Shockley–Queisser limit for a bandgap of 

1.92 eV gives a maximum possible short-circuit current density (JSC) of  

16.3 mA cm-2, and a maximum open-circuit voltage (VOC) of 1.63 V.33,34  Hence, 

although these results are very encouraging, there remains much scope for 

improvement, particularly in the open-circuit voltage which is 0.52 V short of the 

Shockley–Queisser limit and shows a voltage deficit (difference between band gap 

and open-circuit voltage) of at least 0.8 eV.  This voltage deficit is likely due to the 

presence of defects, both within the bulk perovskite crystal and at the surfaces and 

grain boundaries.  For example, the voltage deficit has been reduced to less than 

0.4 eV in hybrid organic-inorganic perovskite solar cells by careful control of the 

crystallisation to reduce the density of defects.35  Additionally, surface passivation 

by organic ligands such as amine groups is known to increase the luminescence 

efficiency of lead halide perovskites, particularly in nanocrystals.25  Consequently, 

surface passivation by the amine groups inherently present in hybrid organic-

inorganic perovskite solar cells may be a reason for the higher VOCs (typically ~0.1V 

higher on average) observed for MAPbBr3 cells compared with CsPbBr3 cells.36  

Recently, the voltage deficit for subsequent CsPbI2Br perovskite solar cells has been 
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reduced by passivation of the surfaces and grain boundaries of the inorganic 

perovskite, combined with improvements to the synthetic procedure to optimize 

crystal quality.  For example, VOCs up to 1.32 V and device efficiencies over 14% 

have been reported for CsPbI3-xBrx perovskite solar cells where organic moieties such 

as polythiophene and FAI respectively have been used to passivate the surface of the 

inorganic perovskite.
37,38

 

Figure 4-10(a) also shows that there is significant hysteresis present in the J-V scan 

measurements for these devices, similar to previously reported CsPbI3 solar cells,23 

which may be due in part to the choice of charge extraction layers.  For example, 

swapping TiO2 for C60 as the electron collection layer,39 or the use of MoO3 as a hole 

extracting layer have been shown to achieve high PCE and hysteresis suppression 

with hybrid perovskites and caesium lead iodide devices respectively.24  

In addition, despite increased stability when compared with neat CsPbI3, exposed 

thin films of CsPbI2Br still revert to the yellow phase in air over prolonged exposure 

to ambient atmosphere (hours or days depending upon the ambient humidity).  

Hence additional tuning of the crystal may be required to form an appropriately 

phase-stable inorganic perovskite.  
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Figure 4-10. (a) Champion device current density-voltage (J-V) scan under illumination (black lines) 

and in the dark (grey lines) from forward bias to short-circuit (solid lines) and from short-circuit to 

forward bias (dashed lines). (b) Champion device SPO measurement (PCE in red; current density in 

black).  Average values over the last 200 seconds are shown in the figure and the stabilized ‘SPO’ J-V 

point is shown in (a) by a solid red circle.  Histograms for a batch of 32 devices for (c) J-V scan 

efficiencies (PCE), (d) stabilized power output measurements (SPO, for the best 16 devices in the 

batch), (e) short-circuit current density (JSC), (f) open-circuit voltage (VOC), and (g) fill factor. (h) 

Device parameters from the J-V scans for the champion device in (a-b) and for the batch average of 

the devices in (c-g). 
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Figure 4-11. (a) External Quantum Efficiency (EQE) spectrum for a typical CsPbI2Br solar cell, 

measured under nitrogen. (b)  Photo-generated device current per unit wavelength per unit area 

calculated from the EQE data in (a) using the ASTM G173-03 Global Tilt reference spectrum. The 

coloured spectrum in (b) is the ASTM G173-03 spectral flux integrated with the EQE spectrum from 

(a).  EQE was measured in collaboration with Prof. Michael Johnston at the University of Oxford. 
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4.8 Conclusion and outlook 

In this chapter, fully-inorganic perovskites have been explored as thermally stable 

alternatives to organic-inorganic perovskites for photovoltaic devices.  In particular, 

CsPbI2Br has been used to make solar cells with 5.6% stabilized power output and 

with J-V scan efficiencies up to 9.8%, representing the highest efficiency achieved for 

the fully inorganic lead halide perovskites at the time of publication.  Also, the 

potential for these materials to yield even higher efficiencies with further 

optimization was discussed.   

The improved stability of this particular inorganic perovskite has also been 

displayed in this chapter. By substituting one third of the iodide for bromide, the 

ambient stability has been significantly improved, as compared to CsPbI3, while still 

retaining a usefully low bandgap of 1.92 eV suitable for tandem solar cell 

applications.  This increased stability and lower transition temperature to the 

perovskite structure also render the material much more ‘user-friendly’ than CsPbI3, 

enabling the preparation of photovoltaic devices with some processing steps in 

ambient atmosphere.   

In general, these fully inorganic materials show high thermal stability in comparison 

to their hybrid counterparts, making them superior candidates for long-term 

operation under thermally stressful conditions.  However, there is still a need for 

further understanding of the structural stability at ambient temperatures of caesium 

lead halide perovskites, especially given the rapid conversion to non-perovskite 

structures in iodide-rich compositions when exposed to ambient atmosphere.  As 

well as being of scientific interest, this knowledge is required to assess the full 

applicability of these inorganic perovskites to solar power generation where stability 

is required on timescales of years.  Importantly, the results in this chapter present 

inorganic halide perovskites as compositionally-stable materials for photovoltaics. 
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5.1 Wider context and summary 

At the time of this study, interest was growing in inorganic perovskites due to their 

significantly greater chemical stability than the hybrid organic-inorganic perovskites.  

A number of groups had demonstrated operational solar cells with inorganic 

perovskites, but very little was known about their electronic properties.  In contrast, 

the optoelectronic properties of the hybrid lead halide perovskites with 

methylammonium or formamidinium cations were well-known.  

The main barrier to gaining a thorough understanding of the electronic properties of 

the inorganic lead halide perovskites was the difficulty in fabricating and handling 

thin films of these materials.  Fabrication of thin films of the iodide-rich 

compositions was possible with solution-processing, but the films rapidly return to 

the yellow non-perovskite polymorph at ambient conditions.  Fabrication of 

continuous and thick films of bromide-rich compositions by solution processing was 

challenging without a mesoporous scaffold due to the low solubility of the precursors 

in common spin-coating solvents.  To overcome this limitation, here a preparation 

route using vapour deposition is developed for thick planar films of CsPbBr3.  

Successful preparation of planar CsPbBr3 films with no scaffold enabled the detailed 

study in this chapter, which investigates fundamental electronic properties of the 

inorganic lead halide perovskites.  Specifically, this work determines the exciton 

binding energies, effective masses, and dielectric constants of three inorganic 

perovskites: CsPbI3, CsPbI2Br and CsPbBr3, and finds that the halide significantly 

affects these electronic properties.  

As well as being a useful comparison between the halides, this work also allows a 

comparison between the inorganic and hybrid perovskites.  Here, the dielectric 

constants are found to be similar to their hybrid counterparts, and the exciton 

binding energies and effective masses are as expected for the material bandgaps.  

The similarity between the inorganic and hybrid perovskites for these key electronic 
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properties demonstrates that their origin is related to the lead halide cage rather 

than the cation. 

This chapter represents a significant step in understanding the possibilities and 

limitations of the inorganic perovskites in photovoltaic applications.   

5.2 Introduction 

Organic-inorganic methylammonium lead halide perovskites have proven high 

efficiencies,
1,2

 but, as has been demonstrated in the previous chapter, the stability of 

the perovskite is hindered by the volatility of the methylammonium cation.
3,4

  

Although using a larger, less volatile cation such as formamidinium (FA), in 

FAPbI3, initially looks promising because FAPbI3 has a low bandgap of ~1.5 eV, this 

compound exists in a yellow hexagonal polymorph at ambient conditions due to the 

large size of the FA cation.5  In contrast, the inorganic perovskite CsPbI3 has a 

desirable bandgap for tandem applications (~1.75 eV) but exists in a yellow non-

perovskite polymorph at ambient conditions due to the small size of the Cs cation.6,7  

Consequently, employing a combination of FA and Cs has been shown to stabilize 

the perovskite structure, and devices with mixed FA, MA and Cs cations have 

reached efficiencies over 21%.
8–11

  However, despite the remarkable climb in 

efficiency of perovskite solar cells with mixed organic and inorganic cations in the 

perovskite absorbers, very little is known about the electronic properties of the 

inorganic perovskites.  

This chapter sets out to provide experimentally determined results for the electronic 

properties relevant for photovoltaic applications, specifically exciton binding energy, 

effective mass, and dielectric screening, for the inorganic perovskites caesium lead 

bromide (CsPbBr3), caesium lead iodide (CsPbI3), and the mixed halide composition 

CsPbI2Br.  The cubic polymorphs of these perovskites are formed by heating to 

temperatures above 150 °C and 300 °C respectively.12,13 The films used in solar cells 
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are formed by quench cooling the cubic polymorph to room temperature.
6,7

  

Interestingly, unlike in the hybrid perovskites, no further phase transitions are 

detected on lowering the temperature from room temperature to 4.2 K.  Here, 

magneto-transmission spectroscopy measurements on these perovskites show that 

the exciton binding energy (R*) and reduced mass (μ) scale with the bandgap, as 

was found for the hybrid perovskites.
14,15

  Specifically, the exciton binding energy of 

CsPbI3 is sufficiently low for charge separation and free-carrier-like behaviour at 

room temperature.  The dielectric constant (εeff) is calculated from the above two 

parameters and found to be comparable to the hybrid perovskites, with significant 

changes due to the bromide.14,15  At low temperature, thermal motion of the organic 

cations is not possible,16 and so the similarity of the dielectric screening suggests 

that the screening mechanism is determined only by the halide in the lead halide 

octahedra.  

5.3 Fabrication of planar CsPbBr3 thin films 

This section outlines the development of a procedure for the deposition of planar 

thin films of CsPbBr3.   

Solution-processed planar films were in all cases not of a sufficient quality for 

magneto-transmission measurements. Various solution-process methods were tested, 

including one-step and two-step methods. One-step spin-coating produced very thin 

films with N,N-dimethylformamide (DMF) as the solvent due to the low solubility of 

caesium bromide (CsBr) and lead bromide (PbBr2) when in solution together.  The 

solubility of these precursors in dimethyl sulfoxide is higher, but the films were 

poorly covered.  Sequential spin-coating is a popular method for the hybrid 

perovskites, as the stoichiometry can be controlled by annealing excess organic 

cation out of the film.  This method proved ineffective for CsPbBr3 in part due to 

the high thermal stability of the inorganic cation, which requires exact stoichiometry 
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of the as-spun layers.  Further limiting this method was the low solubility of CsBr 

in isopropanol; instead CsBr was spin-coated from methanol which led to uneven 

film coverage.  Dip-coating yields high-quality films of CsPbBr3 when using a 

mesoporous TiO2 scaffold.
7,17

  However, dip-conversion of a planar PbBr2 film in a 

solution of CsBr in methanol is very slow and tends to result in destruction of the 

film by the dipping solvent. 

To overcome these limitations, vapour deposition was explored as a preparation 

route for thick planar films of CsPbBr3. While vapour deposition is a well-known 

technique for producing continuous and uniform films,18 prior to this study 

evaporated films of CsPbBr3 had been deposited only when starting from a powder 

of CsPbBr3 prepared by solid state synthesis.19–21  These reports commented that 

even when beginning from a powdered CsPbBr3 crystal, the temperature of the 

substrate during deposition and the annealing post-deposition significantly affected 

the crystallinity of the resulting vapour-deposited film.19,21 

Sequential evaporation has been demonstrated for hybrid perovskite films, in which 

the lead halide layer is usually deposited first, followed by the organic salt.  Here the 

CsPbBr3 perovskite was deposited by sequential evaporation of layers of PbBr2 

(107 nm) and CsBr (93 nm), and both deposition orders were tested to see if the 

order affects the final film quality.  Full experimental details may be found in the 

Experimental Methods chapter.  

The films were annealed after deposition to ensure thorough inter-diffusion of the 

adjacent precursor salts and the formation of CsPbBr3 in the perovskite structure.  

The absorption of the films before and after annealing is shown in Figure 5-1 for 

both deposition orders.  Although deposited onto room temperature substrates, very 

little inter-diffusion occurred during deposition for an initial layer of PbBr2, 

resulting in a microcrystalline film.21  Annealing of this film gives a well-defined 1s 

exciton absorption peak around 520 nm (2.38 eV).  A higher initial absorbance is 
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seen for an initial layer of CsBr, although the final absorbance is lower than for an 

initial layer of PbBr2.   

The photoluminescence (PL) for a PbBr2/CsBr thin film is shown in Figure 5-2 for a 

variety of annealing parameters.  The photoluminescence peak is centred around 

524 nm (2.37 eV), which is consistent with previous observations of polycrystalline 

films of CsPbBr3.
21

  The optimal annealing times and temperatures were determined 

by the time required to reach maximum absorbance at each temperature.  These 

parameters are shown in the inset of Figure 5-2.  A minimum temperature of 100 °C 

is required to enable inter-diffusion of the two layers.  With increasing annealing 

temperature there is a slight peak shift of ~2 nm to  longer wavelength, most likely 

due to an increase in size of the polycrystalline domains. 

 

Figure 5-1. Absorbance of as-deposited (dashed lines) and annealed (solid lines) CsPbBr3 films, for 

deposition orders of PbBr2/CsBr (orange) and CsBr/PbBr2 (blue).    
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Figure 5-2. Normalised photoluminescence (PL) of CsPbBr3 thin films (PbBr2/CsBr), with annealing as 

per the times and temperatures in the inset.   

To verify the phase purity of the annealed CsPbBr3 layers, X-ray diffraction 

patterns were collected for both deposition orders.  These patterns are shown in 

Figure 5-3 along with a reference powder pattern for CsPbBr3.  Sharp peaks in the 

films are shown to match in position with the powder diffraction reference with the 

aid of vertical lines.  Deviations in intensity suggest some orientation of the 

polycrystalline domains in the films.  In particular, the 0𝑘0 peaks are very small or 

absent.  Importantly there are no peaks evident from crystalline domains of 

compounds other than CsPbBr3 and the quartz substrate. No peaks are seen at 12.8° 

in Figure 5-3(a) or Figure 5-3(b) from excess unreacted lead bromide in the vapour-

deposited films.  Other mixed compounds of lead bromide and caesium bromide are 

possible with slight deviations in stoichiometry, such as CsPb2Br5 and/or 

Cs4PbBr6.
22,23  However, in Figure 5-3(a) or Figure 5-3(b), there are no peaks visible 

from these compounds or from CsBr, indicating that the films are stoichiometric.   
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Figure 5-3. X-ray diffraction (XRD) patterns for annealed CsPbBr3 films with layers deposited as (a) 

PbBr2/CsBr and (b) CsBr/PbBr2. These patterns were measured at room temperature with a 

Panalytical X’pert powder diffractometer with Cu Kα1 radiation. * denotes peaks from the z-cut quartz 

substrate. (c) Reference pattern simulated in VESTA for a Cu anode for a powder of CsPbBr3 at 298 

K at ambient conditions (orthorhombic perovskite, space group Pbnm(62), cif from Stoumpos et 

al.24).25 Orange lines show matching of peaks with reference pattern; grey lines show suppressed peaks. 

5.4 Temperature-dependent optical measurements 

For temperature-dependent optical measurements, thin films of CsPbBr3 were 

prepared as described in the previous section, using sequential deposition of PbBr2 

(107 nm) followed by CsBr (93 nm).  CsPbI3 and CsPbI2Br perovskite layers were 

deposited as for the thin films in Chapter 4.  Although black after preparation in 

Oxford, the iodide-rich films arrived in France in the yellow non-perovskite 

polymorph.  To prepare the CsPbI3 and CsPbI2Br films for measurement, they were 

briefly annealed above their respective transition temperatures of 350 °C and 250 °C 

until visibly black, and then immediately transferred to the cryostat and put under 
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vacuum.  The retention of the black phase after annealing is evidenced by the 

transmission of these films, shown in Figure 5-4(c) and (b) respectively, where the 

absorption onsets are below 2 eV for all temperatures from room temperature down 

to 4.2 K.  Although the CsPbBr3 films retained their orange-yellow appearance 

during transit, these films were measured with and without re-annealing at 250 C 

(above the transition to the cubic polymorph) to check for structural transitions.  

Figure 5-4(a) shows no significant difference between the as-made and re-annealed 

films, indicating that the films adopt the orthorhombic perovskite polymorph when 

quench cooled from the cubic polymorph.  

Interestingly, a linear dependence of the bandgap with temperature is seen in Figure 

5-4(d) for all three perovskites.  The absence of any discontinuities from room 

temperature down to 4.2 K suggests that no phase transitions occur below room 

temperature, unlike for the hybrid perovskites.14,15  The absence of any phase 

transitions for the neat bromide compound is consistent with the film beginning in 

the orthorhombic perovskite polymorph at room temperature and remaining in this 

polymorph as the temperature decreases.12,13,24  However, for the iodide-rich 

compositions, which are thought to be in the high-temperature cubic perovskite 

polymorph at room temperature, the absence of any structural transitions to lower 

symmetry perovskites is unusual.6,7  This discrepancy is investigated further in 

Chapter 6.   
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Figure 5-4. Temperature-dependent transmission spectra for (a) CsPbBr3, (b) CsPbI2Br, and (c) 

CsPbI3 from room temperature down to 4.2 K.  Symbols mark the shift of the 1s absorption onset with 

temperature, which are the points plotted in (d). For CsPbBr3, samples were measured with (dashed 

lines) and without (solid lines) re-annealing. These measurements were made by Zhuo Yang and 

Krzysztof Galkowski at the Laboratoire National des Champs Magnétiques Intenses (LNCMI).   
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5.5 Low-temperature magneto-transmission spectroscopy 

Because the photoactive polymorphs of all three perovskites are retained from room 

temperature to cryogenic temperatures, it was possible to further investigate the 

optical properties of these films in high magnetic fields.   

Magneto-transmission spectroscopy is a powerful experimental technique which can 

probe the band structure of a semiconductor, and which has already been used to 

determine the binding energy and reduced mass of the exciton in organic−inorganic 

perovskites.
14,15,26

  The theory behind this technique will be briefly outlined here 

before the presentation of the results. 

A charged particle, of mass 𝑚, velocity 𝑣, and charge 𝑞, undergoes cyclotron motion 

perpendicular to the magnetic field with a radius 𝑟 in a magnetic field 𝐵, where the 

centripetal force is provided by the magnetic Lorentz force: 

 𝒎𝒗𝟐

 
= 𝒒 𝒗 Equation 5-1 

For charge carriers (including excitons) in a material, the reduced mass 𝜇 may be 

used, where 𝜇−1 = 𝑚𝑒
−1 +𝑚ℎ

−1.  The cyclotron frequency ω𝑐 of the charge carriers is 

then given by Equation 5-2.   

 
𝛚𝐜 =

𝒗

 
=

𝒆 

𝝁
 Equation 5-2 

Note that ω𝑐  is independent of the cyclotron radius for a fixed ratio of 𝑒: 𝜇 , and 

instead depends only on the applied magnetic field.  

The cyclotron motion is quantised, with allowed Landau levels 𝐸𝐿 = (𝑛 +
1

2
) ℏω𝑐 for 

𝑛 = 0, 1, 2, …   For a material with bandgap 𝐸𝑔, separate ‘ladders’ of Landau levels 

for electrons and for holes are present within each of the conduction and valence 

bands, as depicted in Figure 5-5.  For optical excitation, dipole-allowed transitions 

between Landau levels in the valence band to Landau levels in the conduction band 

are possible when ∆𝑛 = 0.   
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The excitation energy 𝐸 for the transition is then given by Equation 5-3: 

 𝑬 = 𝑬𝒈 + (𝒏 +
𝟏

𝟐
)

ℏ𝒆 

𝝁
, for 𝒏 = 𝟎, 𝟏, 𝟐,… 

Equation 5-3 

The Landau levels are easily 

broadened by scattering of charge 

carriers.  For Landau levels to be 

observed, the lifetime  𝜏 of the charge 

carriers must be long enough to 

complete at least one full oscillation, 

i.e. ω𝑐𝜏 > 1.  In practice, observation 

of Landau levels requires low 

temperatures to reduce scattering, and 

large magnetic fields to gain sufficient 

separation of the Landau levels. 

In the low-temperature magneto-

transmission spectroscopy here, 

transitions between Landau levels are 

seen as local minima in the optical 

transmission spectra using two complementary techniques.  In the long pulse 

technique, a sample is illuminated with white light, and the absorption spectrum 

measured in the presence of an applied magnetic field (typically up to ~70 T).  In 

the short pulse (single turn coil) technique, the sample is illuminated with 

monochromatic laser light and the magnetic field scanned, which allows 

measurements up to 150 T.   

The energies for which local absorption maxima (transmission minima) occur may 

be plotted against the magnetic field and fitted using Equation 5-3 in order to 

determine the reduced mass 𝜇.  This method is quite effective in the high magnetic 

 

Figure 5-5. Landau levels in the conduction (CB) 

and valence (VB) bands for both electrons and 

holes. Dipole-allowed transitions where ∆𝒏 = 𝟎 are 

indicated by red arrows. 
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field limit, where the magnetic force is much greater than the Coulomb force: the 

electron is then comparatively weakly bound in the field direction and so behaves 

more like a free charge carrier.
27

  

Closer to the band edge, the transitions are exciton-like and are more accurately 

described by a hydrogen-like model in high magnetic field.
28

  For an excitonic 

system in zero field, the eigenenergies 𝐸𝑁  of the 𝑁
th
 excitonic level are given by 

Equation 5-4. Numerical solutions for the variation of these eigenenergies in a 

magnetic field have been calculated by Makado and McGill.27 

 
𝑬𝑵 = 𝑬𝒈 −

𝑹∗

𝑵𝟐, for 𝑵 = 𝟏, 𝟐, 𝟑, … Equation 5-4 

Here the exciton binding energy 𝑅∗ =
𝑅0𝜇

𝑚0ε𝑒𝑓𝑓
2 , where 𝑅0 is the atomic Rydberg, 𝑚0 

is the free electron mass and ε𝑒𝑓𝑓 is the relative dielectric constant.  It should be 

noted that ε𝑒𝑓𝑓 =
𝑒2

ℏ
√

𝜇

2𝑅∗ is the relative dielectric constant (relative to ε0).  ε𝑒𝑓𝑓 is 

neither the static nor the high frequency dielectric constant, but rather ε  at an 

intermediate frequency given by the exciton binding energy, and reflects the 

frequency with which the electron and hole rotate around each other in the exciton. 

Of the parameters in Equation 5-4, only 𝜇 and ε𝑒𝑓𝑓  are free variables.  With the 

accurate estimation of 𝜇 from fitting of the inter-Landau level transitions, ε𝑒𝑓𝑓 and 

𝑅∗ may then be determined by fitting the remaining local absorption maxima with 

Equation 5-4.   

Figure 5-6(a)-(c) show how the transmission spectra at 2 K change in the presence 

of intense magnetic fields for each of the inorganic perovskites. To clearly see the 

effect of the magnetic field on the optical transmission, spectra are shown divided by 

the zero-field spectrum.  Minima in the differential transmission are marked by 

downward arrows.  The first of these minima, for example at ∼2313 meV in Figure 

5-6(c) for CsPbBr3, is attributed to the 1s excitonic state, and shows a blue shift 

and an increase in absorption with applied magnetic field.   
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For the neat halides, the 2s excitonic transition is also visible as a slight dip on the 

higher energy side of the 1s absorption.  Further higher energy minima from free 

carrier transitions between Landau levels in the valence and conduction bands are 

visible with high magnetic fields, particularly for CsPbI3.  These free carrier 

transitions are better resolved with the short pulse technique, as shown in Figure 

5-6(d)-(f) for each of the perovskites.  Here high magnetic fields (B > 70 T) are 

generated as a short pulse by a single turn coil while the transmission of 

monochromatic laser light through the sample is measured.  

Fits to these minima using Equation 5-3 and Equation 5-4 give the values in Table 

5-1 for the three perovskites, which are compared graphically with the respective 

values from the hybrid perovskites in Figure 5-7.  Landau fan charts illustrating the 

fittings may be found in the published manuscript.28   

Table 5-1. Experimentally-determined parameters for caesium-based perovskite compounds at 2 K.   

Compound Eg (meV) µ (m0) R* (meV) εeff 

CsPbI3 1723 0.114 ± 0.01 15 ± 1 10.0 

CsPbI2Br 1906 0.124 ± 0.02 22 ± 3 8.6 

CsPbBr3 2342 0.126 ± 0.01 33 ± 1 7.3 
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Figure 5-6. Measurements of the optical transmission at 2 K under high magnetic fields for each of the 

three perovskites.  (a)-(c) show differential transmission spectra, where the transmission spectrum at 

the specified magnetic field is divided by the zero-field spectrum, for long pulse magnetic fields.  

Downward arrows mark local minima.  (d)-(f) show transmission at the specified wavelength as a 

function of magnetic field, obtained by the short pulse technique.  These measurements were made by 

Zhuo Yang, Krzysztof Galkowski, Alessandro Surrente, and Atsuhiko Miyata at the LNCMI.   
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Figure 5-7. (a) Exciton binding energy, R*, (b) reduced mass, μ, and (c) dielectric constant, εeff, 

determined from the data in Figure 5-6 for the three inorganic perovskites (stars), compared with the 

respective values for the hybrid perovskites (teal circles).15 These values were determined by Zhuo 

Yang and Krzysztof Galkowski at the LNCMI. 

These experimentally-determined parameters are in excellent agreement with density 

functional theory of the hybrid perovskites, taking into account the experimental 

band gap.29 In particular, the exciton reduced masses are similar to previously 

determined values for the hybrid perovskites shown in Figure 5-7(b).15  The reduced 

mass of CsPbI3 is also within theoretical predictions for the cubic polymorph, which 

range between from ∼0.07 m0
30,31 and ∼0.18 m0.
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The exciton binding energies of the inorganic lead halide perovskites are comparable 

to those of the hybrid perovskites, as shown in Figure 5-7(a), with a similar increase 

in binding energy with bandgap energy.  Given that no phase transition is observed 

for these three perovskites from room temperature to 2 K, the exciton binding 

energies are unlikely to vary significantly with temperature over this region.  The 

similarity of magnetic-field dependent behaviour between 2 K and 170 K is shown 

for CsPbBr3 in the published manuscript.
28

  It follows that at room temperature, or 

even at solar cell operating temperatures, it is highly likely that the photogenerated 

charge carriers in all three perovskites behave like free carriers. 

A comparison of the dielectric constants, εeff, of the inorganic and hybrid perovskites 

in Figure 5-7(c) shows that the dielectric constant decreases as the halide mass 

decreases.  As the organic cation motion is frozen at low temperatures, this trend 

implies that the dielectric screening depends more strongly on the halide than on the 

cation.  This trend is consistent with theoretical calculations and with Raman 

spectroscopy of the hybrid perovskites which showed that the main contributions to 

the dielectric permittivity of lead halide perovskites are stretching modes of the Pb–

X bond and rocking modes of the Pb–X–Pb backbone.33,34     

5.6 Conclusion and outlook 

In this chapter, a method was developed for fabricating thin films of CsPbBr3, which 

enabled a comprehensive experimental study of the electronic properties of the 

inorganic perovskites.  Specifically, thin films of CsPbBr3 were prepared by 

sequential evaporation of PbBr2 and CsBr followed by annealing.  This method is a 

highly controlled, reproducible alternative to solution processing for depositing 

planar films of CsPbBr3. 

This study highlighted the huge influence of the halide on the optoelectronic 

properties of lead halide perovskites. Most research on perovskite solar cells involves 
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iodide-rich perovskites. However, the highest efficiency solar cells have a small 

amount of bromide.  The amount of bromide has usually been limited due to issues 

with halide segregation, but here the decrease in dielectric constant with bromide 

indicates that limiting the bromide content is also important to ensure efficient 

charge separation.  Rather, CsPbBr3 has a bright future in light emission 

applications. 

A secondary finding, which is highly important for this thesis, is the absence of any 

phase transitions observed in the inorganic perovskite thin films, unlike for the 

hybrid perovskites.  While no phase transitions would be expected for the 

orthorhombic CsPbBr3, the iodide-rich perovskites are thought to be trapped in a 

cubic phase when black.  The cubic phase is usually the high temperature 

polymorph of a perovskite material, and typically would transition to orthorhombic 

(or at least tetragonal) as the temperature is lowered.  Additionally, CsPbI3 is 

known to be unstable in the black polymorph at ambient conditions.  The absence 

of phase transitions in the iodide-rich perovskites is inconsistent with the 

preparation of these films in a cubic phase, and so further investigation of these 

quench-cooled films is needed.  Fortunately, the absence of phase transitions in these 

materials means that the determined parameters are representative of the thin films 

used in inorganic perovskite solar cells.   

The electronic properties determined in this study for the inorganic lead halide 

perovskites are on par with their hybrid counterparts, which is promising for the 

future of inorganic perovskite solar cells.  The similarity between inorganic and 

hybrid perovskites also fits with the improvements in device performance when 

mixing caesium and organic cations. However, despite the similarity of electronic 

properties, solar cells with inorganic lead halide perovskites lag behind their hybrid 

counterparts.  The highest power conversion efficiency of a perovskite solar cell with 

an inorganic perovskite absorber is around 14%,35–37 while mixed cation perovskite 
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solar cells with a similar bandgap are over 22%.
8–11

  The findings in this chapter 

show no reason for this efficiency gap other than a scarcity of research effort on 

developing inorganic perovskite solar cells, along with the difficulty in maintaining 

the black phase of the iodide-rich perovskites. 
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6.1 Wider context and summary 

In order to design a structurally-stable inorganic perovskite related to CsPbI3, it is 

vital to have a thorough understanding of the crystal structure of black-phase 

CsPbI3.  Room-temperature films of black-phase CsPbI3 are widely thought to be 

trapped in a cubic perovskite polymorph.  In this chapter, this assumption is 

challenged.  Full structural refinement of room temperature black-phase CsPbI3 in 

an orthorhombic polymorph is presented.  It is demonstrated that this polymorph is 

adopted by both powders and by thin-films of black-phase CsPbI3, fabricated either 

by high- or low-temperature processes.  We perform electronic band structure 

calculations for the orthorhombic polymorph and find excellent agreement with 

experimental data and close similarities with methylammonium lead iodide.  We 

investigate the structural transitions and thermodynamic stability of the various 

polymorphs of CsPbI3, and show that the orthorhombic polymorph is the most 

stable among its other perovskite polymorphs, but it remains less stable than the 

yellow non-perovskite polymorph. In summary, this chapter represents a step change 

in thinking for the CsPbI3 perovskite system.  

6.2 Introduction 

Recently there has been significant interest in the iodide-rich inorganic lead halide 

perovskites for optoelectronic applications.  This is due to the high thermal stability 

of perovskites comprising an inorganic cation, in comparison to the hybrid lead-

halide perovskites which comprise organic ammonium cations.1 In particular, 

caesium lead iodide (CsPbI3) has gained popularity due to its useful band gap of 

~1.72 eV, along with the mixed halide composition CsPbI2Br which exhibits 

increased stability with only a small increase in band gap to ~1.92 eV.1,2  Current 

best research-cell efficiencies for inorganic perovskite absorbers are around 14%, with 

multiple reproduced efficiencies of around 11%.3–7 
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While the inorganic perovskites are thermally stable, structurally there are 

significant instabilities for the iodide-rich compositions.  The main hindrance to 

research efforts on these materials is that they readily undergo structural transitions 

between the desired perovskite material, thought to be a cubic perovskite, and an 

undesired yellow non-perovskite.
8,1

  As well as being inconvenient, it is unusual for a 

cubic perovskite polymorph to transition directly to a non-perovskite polymorph.  

Additionally, measurements of the perovskite polymorph reveal no structural 

transitions from room temperature to 2 K for films under vacuum.
2
  The absence of 

any structural transitions questions the widely-held assumption that this polymorph 

adopts the high-temperature cubic perovskite structure.6,9–12 

In order to overcome the structural instabilities of the iodide-rich inorganic 

perovskites, an accurate understanding of the structure of the perovskite polymorph 

is required, particularly for CsPbI3.  Early reports of CsPbI3 proposed a 

‘monoclinically distorted perovskite structure’, with lattice constants a = b = 6.15 

Å, c = 6.23 Å, β = 88.15, or possibly a superstructure similar to that of 

CsPbBr3.
13,14  More recently, Stoumpos and Kanatzidis have presented tetragonal 

and orthorhombic structures as determined from temperature-dependent X-ray 

diffraction (XRD) patterns of powdered CsPbI3 when slowly cooled from the cubic 

polymorph.15,16  There have also been a few reports of orthorhombic structures for 

nanocrystals, nanowires and thin-films.17–21  

In this chapter, the structure of the black room-temperature polymorph of CsPbI3 is 

investigated. CsPbI3 powder is isolated in a black polymorph at room temperature, 

for which high-quality XRD patterns are obtained.  Using full refinement of these 

patterns, it is shown that black CsPbI3 adopts an orthorhombic perovskite 

polymorph at room temperature which is similar to that of CsSnI3.  These XRD 

patterns of thin-films of CsPbI3 are then indexed with the orthorhombic structure, 

revealing strong texture in films prepared using high-temperature annealing, and 
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weak texture for films prepared from low-temperature processing routes.  To support 

the claim that these films adopt an orthorhombic perovskite, GW band structures 

are calculated using the refined structure.  Very similar properties to the hybrid 

perovskites are found, as well as to the experimental data, confirming that the well-

studied manifestation of CsPbI3 is indeed an orthorhombic perovskite. The chapter 

concludes with an investigation of the structural transitions and relative stabilities 

by comparing the formation energies of the various polymorphs of CsPbI3.  

6.3 Crystal structure determination  

To solve the structure of room-temperature black phase CsPbI3, first a powder of 

CsPbI3 is prepared in the yellow non-perovskite δ-CsPbI3 polymorph using solid 

state synthesis.  The ingot was ground into a powder, and measured with powder X-

ray diffraction (XRD).  Comparison with the known crystal structure (see Figure 

6-1 and Table 6-A1) verifies the product as CsPbI3.  Further experimental details 

are provided in the Experimental Methods chapter.  

To gain ‘black phase CsPbI3’ powder, the yellow δ-CsPbI3 powder was annealed for 

approximately 20 s at 673 K until fully black, and then rapidly cooled to room 

temperature.  The black powder was kept in inert atmosphere (nitrogen gas) for 

repeated XRD measurements, in a sample holder with polycarbonate dome, and the 

measurement was concluded when diffraction peaks from yellow δ-CsPbI3 were 

visible in the XRD pattern. 
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Figure 6-1. (black dots) XRD pattern for the yellow powder of δ-CsPbI3 prepared by solid state 

synthesis and measured with Cu Kα1 radiation. (red line) Reference powder pattern of non-perovskite 

δ-CsPbI3 at room temperature, simulated from structural data from a single crystal (see Table 6-A1 in 

the Appendix to this chapter).  (Inset) Polyhedral model where grey spheres represent Cs+ cations, 

Pb2+ cations are at the centres of the blue octahedra, and red spheres represent I- anions. 

Figure 6-2 shows the XRD pattern of the black powder at room temperature. In this 

XRD pattern, peak splitting is evident in the three characteristic perovskite peaks 

near 15, 20 and 30 2θ.  This splitting indicates symmetry lowering from the cubic 

polymorph.22 The additional reflection peaks, particularly between 20 and 30 2θ, 

are suggestive of an orthorhombic structure similar to the room temperature 

orthorhombic  CsSnI3 polymorph.23,24  

The data in Figure 6-2 were refined using Rietveld refinement.  The particular 

orthorhombic structure used for Rietveld refinement was derived from the cubic 

polymorph by a sequence of tilting known as #10,25 or 𝑎+𝑏−𝑏− in Glazer notation.26  

A polyhedral model of the refined structure is shown in Figure 6-2 and Table 6-1 

provides structural parameters from the refinement.   
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Figure 6-2. (black dots) XRD pattern for the black powder of γ-CsPbI3 prepared by solid state 

synthesis, and measured with Cu Kα1 radiation at 293 K. (red line) Rietveld refinement of orthorhombic 

perovskite γ-CsPbI3 at room temperature, with polyhedral model in inset; Structural parameters for the 

refinement are provided in Table 6-1 and a standard Rietveld plot is provided in Figure 6-A1.  The 

orthorhombic structure was refined by Dr Amir Abbas Haghighirad at the Karlsruhe Institute of 

Technology.  (blue line) XRD pattern calculated for Cu Kα1 radiation for the orthorhombic perovskite 

structure determined by Marronnier et al. at 325 K.16 (dark blue droplines) Re-creation of the XRD 

pattern measured by Møller in 1959.13 

Recently, Marronnier et al. have also reported an orthorhombic polymorph of 

CsPbI3 at 325 K.16 In comparison, the orthorhombic structure determined here 

exhibits subtle differences in the distortion of the octahedra which have significant 

implications on the physical properties determined later in this chapter.  

Specifically, the octahedra in the structure here are more elongated, with Pb–I bond 

lengths ranging from 3.15 to 3.22 Å (compared with 3.17 to 3.18 Å).  Additionally, 
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the octahedral tilting is greater, with β = 14.75° and δ = 9.682° (compared with 

11.5° and 9.9° respectively), and the overall structure has a smaller unit cell of 

947.2 Å
3
 (compared to 953.9 Å

3
).  These structural differences are likely a result of 

different sample preparation methods and measurement temperature.  

Originally, Møller proposed a monoclinic structure for this black polymorph.
13
 The 

stick pattern is recreated in Figure 6-2. While the strongest lines of Møller’s pattern 

match the experimental data here, many weaker peaks are missing. This comparison 

supports the legitimacy of refinement in an orthorhombic perovskite structure.  

Table 6-1.  Summary of refined structural parameters for quench-cooled black-phase γ-CsPbI3 obtained 

from the Rietveld refinement in Figure 6-A1. The refined parameters were determined by Dr Amir 

Abbas Haghighirad at the Karlsruhe Institute of Technology. 

Compound CsPbI3 
Colour of powder Black 

Measurement temperature 293 K 

Crystal system Orthorhombic 

Space group P n a m 

Unit cell dimensions 
a = 8.8561±0.0004 Å, b = 8.5766±0.0003 Å, c = 

12.4722±0.0006 Å,, α = β = γ = 90° 

Volume 947.33±0.05 Å3 

Z 4 

Density (calculated) 5.054 g/cm3 

Number of data 2414 

Rwp 0.07747 

Rp 0.04908 

Goodness of fit 1.256 

Wavelength Cu Kα1, 1.540500 Å 

Atomic positions 

 

 

 

 

 

Atom 
Wyckoff 

Position 
x y z Occupancy 

Cs 4c 0.45995 0.50509 ¼ 1 

Pb 4a 0 ½ 0 1 

I 4c 0.00113 0.56202 ¼ 1 

I 8d 0.30538 0.69731 -0.03577 1 
 

Isotropic temperature 

factors, Uiso (Å2) 

(Cs) 0.0394 ± 0.0003, (Pb) 0.0327 ± 0.0003,  

(I1) 0.0385 ± 0.0004, (I2) 0.0368 ± 0.0004 
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6.4 Crystal structure in thin films of black-phase CsPbI3 

For application in optoelectronic devices, it is important to determine whether the 

orthorhombic perovskite polymorph is also adopted by thin-films of CsPbI3.  Close 

investigation of the various reports of thin-films of CsPbI3 in the literature reveals 

that the reported XRD patterns of black-phase CsPbI3 thin-films differ between 

different preparation methods.  Of the reports of CsPbI3 thin-films in the literature, 

there are two contrasting preparation routes which can be grouped into high-

temperature (HT) and low-temperature (LT).  In the HT route, yellow non-

perovskite δ-CsPbI3 films are heated above the transition temperature into the black 

cubic α-CsPbI3 perovskite polymorph and rapidly cooled. In the LT route, an 

additive, typically hydriodic acid (HI), is used to facilitate formation of black thin-

films at temperatures below 423 K.  Here black CsPbI3 thin-films and their 

scratched powders were prepared for analysis by XRD by both HT and LT 

preparation routes.  

In the HT route, yellow δ-CsPbI3 films were prepared by spin-coating a solution of 

CsI and PbI2 in a mixed solvent containing both N,N-dimethylformamide (DMF) 

and dimethyl sulfoxide (DMSO).
27

  To gain black films, the yellow films were heated 

briefly at ~620 K for approximately 2 minutes until visibly black, and then quickly 

cooled to room temperature in nitrogen gas.  Typical XRD patterns for these films 

are presented in Figure 6-3(a).  The peaks are sharp and well defined, and match 

well to similar XRD patterns in the literature for films prepared from vapour 

deposition,27,28 or by solution-processing from DMF,8,27,29 DMSO,30 mixes of DMF 

and DMSO,27 or even DMF with HI,31 provided that the resulting films are annealed 

at temperatures above the transition to the cubic polymorph and quickly cooled. 

The formation of black-phase CsPbI3 was confirmed by absorption and steady-state 

photoluminescence (PL) of the film which are shown in Figure 6-4(a).  The 

absorption onset occurs near 700 nm and the PL peak near 720 nm as expected.1  
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The high temperature annealing leads to micron-sized domains (see Scanning 

Electron Microscope (SEM) images in Figure 6-4(b)), as found previously by Atomic 

Force Microscopy (AFM)  measurements.
27

   

In the LT process, HI was used as an additive in a precursor solution of CsI and 

PbI2 in DMF to facilitate the formation of a black CsPbI3 film at 373 K.
8
  The XRD 

patterns of these films are shown in Figure 6-3(c). Here splitting of the characteristic 

perovskite peaks is evident as a shoulder at 14.2 2θ, two peaks near 20 2θ, and a 

small peak at 28.6 2θ.  This peak splitting is consistent with previous literature 

 

Figure 6-3. XRD patterns from black γ-CsPbI3 films, and powders obtained from such films, at room 

temperature. (a) Black films prepared by a HT route (DMF:DMSO); (b) powder scratched from the 

HT films. (c) Black films prepared by a LT route (DMF+HI); (d) powder scratched from the LT films. 

* denotes peaks from the underlying z-cut quartz substrate.  All samples were prepared in nitrogen-

filled domed sample holders. XRD was measured with Cu Kα1 radiation. (e) XRD pattern for the 

refined γ-CsPbI3 orthorhombic structure in Figure 6-2, simulated and indexed using VESTA.32  Miller 

indices are assigned for the films based on the refined pattern.   
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reports on CsPbI3 prepared with HI in the precursor solution.
8,33

 It should be noted 

that similar diffraction patterns have also been found by adding BiI3, or amines such 

as phenethylamine (PEA), to the precursor solution.
3,20

  The absorption and PL of 

the LT-processed films are shown in Figure 6-4(c).  Again, the absorption onset is 

near 700 nm and the PL peak near 720 nm.  In Figure 6-4(d), polycrystalline 

domains of a few hundred nm across are visible in the SEM images of the LT films, 

which is consistent with previous SEM and AFM measurements.
8,27

   

The XRD patterns of these two films have fewer strong peaks when compared to the 

refined γ-CsPbI3 orthorhombic structure presented in the previous section.  It is 

possible either that the films adopt a less distorted polymorph than the synthesised 

 

Figure 6-4. Absorption (black) and PL (red) of CsPbI3 films spin-coated from (a) DMF:DMSO mixed 

solvent and (c) DMF with HI additive.  Films were approximately 700 nm and 250 nm respectively in 

thickness. Scanning electron microscope (SEM) images of CsPbI3 films spin-coated on FTO/TiO2 

substrates, from (b) DMF:DMSO mixed solvent and (d) DMF with HI additive. Scale bar = 1 µm.  
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powder, or that some peaks are missing due to preferential orientation within the 

films.   

To determine which of these possibilities is more likely, randomly oriented powders 

were obtained by scratching the films off the substrate.  Figure 6-3(b) and (d) show 

XRD patterns for the scratched powders from the HT and LT films respectively. In 

both cases the peak positions align well between the films and their powders, and 

several additional peaks are visible in comparison to the films.  Furthermore, the 

scratched powders both exhibit peak splitting in the three characteristic perovskite 

peaks near 15°, 20° and 30° 2θ.  The reference pattern in Figure 6-3(e) is the 

refinement of the γ-CsPbI3 orthorhombic polymorph, simulated and indexed in the 

3D visualization program, VESTA.32  

Via comparison of the XRD patterns of the films and their scratched powders with 

the γ-CsPbI3 orthorhombic polymorph, it is determined that the films adopt this 

same orthorhombic polymorph at room temperature, but preferred orientation is 

observed in the films. Specifically, the HT films are strongly textured, whereas the 

LT films are weakly textured.  In Figure 6-3(a) and (c), Miller indices are assigned 

to the peaks in these films based on the refined γ-CsPbI3 orthorhombic structure.  

The strongest peaks in the diffraction patterns from the films arise primarily from 

diffraction from the [hk0] family of planes.  This preferential orientation in γ-CsPbI3 

films from the HT route is consistent with previous reports of XRD patterns from 

films of cubic CsPbI3.  In a study using Grazing-Incidence Wide-Angle X-ray 

Scattering (GIWAXS) analysis of a CsPbI3 film at 593 K, it was determined that 

crystallites within the film were oriented with the [100]cubic direction normal to the 

substrate,34 which is further supported by Figure 4-6, for example, where only the 

[100]cubic and [200]cubic diffraction peaks were visible when the film was heated to 

673 K.  In the γ-CsPbI3 films from the HT route seen in Figure 6-3(a), this 

orientation is preserved as the film is quickly cooled, such that the strong [100]cubic 
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diffraction peak becomes a strong [110]orthorhombic diffraction peak, and peaks from 

the [00l] family of planes are absent.  

In Figure 6-3(c), the XRD pattern from the LT films fabricated with HI as an 

additive is closer to a powder pattern but still exhibits some preferential orientation. 

Here, peaks from the [00l] family of planes are present, but are weaker than the 1:2 

ratio expected for the [002] and [110] peaks in the γ-CsPbI3 powder pattern. 

Intriguingly, dominant peaks from the [00l] family of planes are evident for LT films 

made using PEA as an additive where the 3D perovskite structure is retained.20 

These observations indicate that LT additive-assisted crystallisation is able to access 

a different preferred orientation of the orthorhombic CsPbI3 crystallites with a 

significant proportion of crystallites perpendicularly rotated through 90° in 

comparison with the HT processing route.  Figure 6-5 provides an illustration of the 

two possible predominant crystallite orientations within the films. 

 

 

Figure 6-5. (a) Plan view of possible preferential orientation of crystallites in films from high-

temperature processing routes, where the c-axis is parallel with the substrate.  (b) Plan view of 

possible preferential orientation of crystallites in films from low-temperature processing routes, where 

the c-axis is perpendicular to the substrate.  In both cases the page represents the substrate on which 

the film is prepared. 

(b)(a)
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6.5 Electronic band structure calculations  

It is now possible to investigate the different polymorphs of CsPbI3 from ab initio 

electronic structure calculations.  Figure 6-6 shows the electronic band structure of 

γ-CsPbI3 calculated within the local density approximation to density functional 

theory (DFT/LDA),
35,36

 and the GW approximation,
37
 including spin-orbit coupling, 

using the refined experimental crystal structure. The GW approximation both 

increases the dispersion in the valence band and shifts the conduction band rigidly 

when compared to the DFT/LDA eigenvalues, in close resemblance to the case of 

orthorhombic methylammonium lead iodide (MAPbI3).
38
    

 

 

 

 

 

 

 

 

Figure 6-6.  Comparison between the DFT/LDA (grey) and the GW (blue) band structure of the 

orthorhombic perovskite γ-CsPbI3. The band structure is calculated on the high-symmetry path Γ [0, 0, 

0] - Y [0, π/b, 0] - T [0, π/b, π/c], Z [0, 0, π/c] - Γ - X [π/a, 0, 0] - S [π/a, π/b, 0] - R [π/a, π/b, 

π/c] - U [π/a, 0, π/c] - X [π/a, 0, 0], where a, b and c are the lattice parameters determined 

experimentally in this work.  The band structure was calculated by Dr Marina Filip at the University of 

Oxford.  



Towards Stable Perovskite Materials for Photovoltaics 

128 © R. J. Sutton, 2018 
 

Table 6-2 summarises the band gaps calculated for γ-CsPbI3 from DFT/LDA and 

GW. As expected, the DFT/LDA band gap is underestimated with respect to 

experiment by 1.2 eV. Using the GW approximation, this discrepancy is resolved to 

obtain a band gap of 1.57 eV, 0.15 eV smaller than the experimental optical band 

gap of 1.72 eV at 2 K,
2
 and with an expected error bar of 0.1 eV. Interestingly, the 

band gap of γ-CsPbI3 is the same as previously obtained in the case of orthorhombic 

MAPbI3 (1.57 eV).
39
 This similarity may be rationalised from structural 

considerations. Both the experimental orthorhombic structures of CsPbI3 (293 K, 

this work) and MAPbI3 (100 K, ref 40) exhibit very similar structural features, with 

an average Pb-I bond length of 3.18 Å and equatorial Pb-I-Pb bond angles of 151° in 

the unit cell in both cases. The only difference in the structure appears for the apical 

bond angles of 161° and 163°, for CsPbI3 and MAPbI3 respectively.  Given this small 

difference in their structural features, the close similarity in the calculated GW band 

gaps of CsPbI3 and MAPbI3 is consistent with previous DFT predictions.41 

It should be noted that the orthorhombic polymorph of MAPbI3 is experimentally 

observed at temperatures lower than 170 K, above which there is a structural 

transition to the tetragonal polymorph with a corresponding change in optical band 

gap of at least 110 meV, when determined by the onset for the continuum in the 

Elliot model.39 This difference in band gap at the structural transition is similar to 

Table 6-2. Band gap and effective masses calculated for orthorhombic γ-CsPbI3 within DFT/LDA and 

GW, including spin-orbit coupling. These values were calculated by Dr Marina Filip at the University of 

Oxford. 

Method 

Band gap 

(eV) 

Electron effective 

mass (𝒎𝒆) 

Hole effective 

mass (𝒎𝒆) 

Reduced effective 

mass (𝒎𝒆) 

DFT 0.49 0.14 0.12 0.07 

GW 1.57 0.23 0.24 0.12 

Exp. 1.72 2,42 N/A N/A 0.114±0.01 2 
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the ~170 meV difference between the continuum onsets at room temperature of 

tetragonal MAPbI3 (1.64 eV, ref 39) and orthorhombic CsPbI3 (1.81 eV, Figure 6-7).  

These observations emphasise that the bandgap in lead halide perovskites is 

determined primarily by the degree of octahedral tilting, rather than the A-site 

cation.  A similar increase in the bandgap with increased octahedral tilting is seen in 

the Cs1−xRbxPbCl3 and Cs1−xRbxPbBr3 solid solutions.
22

  This trend has previously 

been rationalised by considering the decrease in orbital overlap as the octahedra tilt 

and the B−X−B bonds become increasingly bent.
41

  This decrease in orbital overlap 

leads to narrower conduction and valence bands, giving an increase in the band 

gap.22  The A-site cation then only indirectly affects the opto-electronic properties of 

the lead halide perovskites through octahedral tilting.2,41   

 

Figure 6-7.  Experimental absorption spectrum from Figure 6-4(a) of a thin-film of CsPbI3 (black 

dashed line) taken at room temperature, fitted using Elliott’s model (black line) by Dr Bernard Wenger 

at the University of Oxford. The excitonic contribution (blue dashed line) and the continuum 

contribution (red dashed line) are plotted separately. Both excitonic and continuum transitions are 

broadened with a Gaussian function of width σ = 30 meV. Fit parameters: EX = 18.3 meV, EG = 

1.810 eV. 
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In addition, Table 6-2 shows the electron and hole effective masses calculated for the 

orthorhombic γ-CsPbI3 perovskite. As in the case of MAPbI3,
38,39

 the electron, hole, 

and reduced effective masses are underestimated within DFT/LDA by almost a 

factor of 2, as compared to the GW effective masses and magneto-absorption 

measurements.
2
 By contrast, the GW reduced effective mass is in excellent 

agreement with experiment.
2
 In addition, the GW effective masses are very close in 

value for electrons and holes. This is very similar to the case of MAPbI3, and 

consistent with experimental observation that both electrons and holes can be 

efficiently transported through the perovskite layer.43  

6.6 The cubic polymorph of CsPbI3  

Figure 6-8 shows the GW band structure calculated at 0 K for the cubic perovskite 

polymorph of CsPbI3, for which the band gap is 1.14 eV. From previous work, GW 

band gaps are expected to agree well with experiment for halide perovskites.38,39,44   

To experimentally investigate the band gap of cubic α-CsPbI3, temperature-

dependent absorption measurements were made on thin-films of CsPbI3 (see Figure 

6-9 and Figure 6-10).  As the PL was found to be unmeasurable above ~180 C, it 

was not possible to use this as a second estimate of the bandgap.  The bandgap is 

found to be (1.78±0.01) eV at 623 K (350 °C), which is much higher than the 

calculated band gap at 0 K.  This difference is consistent with previous studies of 

the cubic phase of MAPbI3, and has been associated with temperature-induced 

structural fluctuations of perovskites.45–48 Both experimental and theoretical crystal 

structure studies concluded that the cubic structure of MAPbI3  at high temperature 

consists of an ensemble of randomly distorted PbI6 octahedra, and is not strictly 

cubic.45–47 In a comprehensive molecular dynamics study, Ref. 49 showed that while 

the ensemble of these distorted structures amounts to an average cubic symmetry, 

at any single moment in time the average band gap of the ensemble is a larger value 
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than that calculated for a static cubic perovskite. A similar effect is expected to take 

place in the case of cubic CsPbI3.   

A recent X-ray diffraction study identified phase transitions upon slow cooling of 

CsPbI3 from the cubic polymorph to a tetragonal polymorph at 539 K, and to the 

orthorhombic polymorph at 425 K.16 Here optical methods were used to see if it is 

possible to detect associated changes in the band gap at these phase transitions. In 

Figure 6-9, a continuous red-shift in the absorption onset is observed for the CsPbI3 

films slowly cooled from 623 K, before conversion to the yellow δ-CsPbI3 polymorph 

below 553 K.  The inset in Figure 6-10 reveals that the red-shift is linear above 

583 K (310 °C).  In this temperature range, the linear red-shift is consistent with the 

 

Figure 6-8. Comparison between the DFT/LDA (grey) and the GW (blue) band structure of the cubic 

perovskite α-CsPbI3. The band structure is calculated on the high-symmetry path Γ [0, 0, 0] - X [π/a, 

0, 0] - S [π/a, π/a, 0] - R [π/a, π/a, π/a] - Γ, where a is the lattice parameter determined 

experimentally in Ref. 50.  The band structure was calculated by Dr Marina Filip at the University of 

Oxford. 



Towards Stable Perovskite Materials for Photovoltaics 

132 © R. J. Sutton, 2018 
 

film remaining in the cubic α-CsPbI3 polymorph.
50

  Below 543 K the film converts to 

the yellow polymorph due to the slow rate of cooling. In the intermediate region it is 

not possible to confidently assign a phase as both the continuation of a linear trend 

and a very slight deviation to a higher bandgap lie within experimental uncertainty.  

However, there is no abrupt change in band gap evident for the black polymorph 

over this temperature range to indicate a discontinuous phase transition.  

Furthermore, it should be noted that in previous work the black phase of CsPbI3 has 

been realised at temperatures as low as 2 K.
2
 The main difference here is that the 

perovskite film has been cooled so slowly that the transition from the black to 

yellow polymorph is allowed, rather than being kinetically frozen in the black phase. 

 

 

Figure 6-9. Temperature-dependent absorption of a CsPbI3 film which was initially in the yellow 

polymorph at room temperature.  The film was heated at 150 °C/minute to 350 °C (623 K), where it 

converted to the cubic polymorph.  The film was then cooled as fast as possible using water cooling 

(>150 °C/minute) and the absorption measured when the film reached room temperature again. Tauc 

analysis of the black-phase films gives bandgaps of 1.78 eV and 1.74 eV for the 623 K and RT 

measurements respectively. 
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Figure 6-10. Temperature-dependent absorption of a CsPbI3 film which was initially in the yellow 

polymorph.  The film was heated at 50 °C/minute to 350 °C (623 K), where it converted to the cubic 

polymorph.  The film was then cooled at 2 °C/minute while measuring the absorption. The traces are 

labelled by the temperature at the midpoint of each 5-minute measurement. The yellow polymorph is 

regained upon reaching 275 °C (543 K) with this cooling rate.  (inset) Estimates of the optical 

bandgap Eg from Tauc analysis which give a red shift with decreasing temperature of 0.85-

1.00 meV/K.  

6.7 Polymorphism and structural transitions in CsPbI3  

Figure 6-11(a) now summarises diagrammatically the polymorphs of CsPbI3 and 

their structural transitions.  As previously described, the cubic polymorph α-CsPbI3 

has been observed by XRD to occur at high temperature, typically above 583 K and 

irrespective of sample history, and below the melting point above 753 K.50,51 Slow 

cooling from α-CsPbI3 and/or exposure to ambient moisture yields the non-

perovskite δ-CsPbI3,
50,51 which may also be obtained by crystal growth at room 

temperature.13,14,52 This yellow polymorph differs completely from the black 

polymorphs in both structure and optoelectronic properties.8   
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Figure 6-11. (a)  Polyhedral models of the different polymorphs of CsPbI3 and their structural 

transitions.  Cubic α-CsPbI3 occurs at temperatures above 583 K.50,51 Rapid cooling of α-CsPbI3 in 

inert atmosphere yields the orthorhombic polymorph γ-CsPbI3 with the structure determined in this 

work. δ-CsPbI3 is the stable polymorph under ambient conditions.13,14,50,52 (b) Formation energies 

calculated for the polymorphs in (a) as well as for a tetragonal β-CsPbI3 polymorph simulated from β-

CsSnI3.
23  The formation energies are calculated with respect to the precursors CsI and PbI2 as Ef = 

E[CsPbI3] − E[CsI] − E[PbI2], where E is the total energy. Calculations are performed at 0 K and 

0 GPa, without taking into account the effect of zero-point motion. The red circles and lines 

correspond to DFT/PBE calculations, while the blue dots and lines correspond to DFT/LDA 

calculations. The region filled in light blue highlights the difference in the formation energies calculated 

via the two methods. Formation energies were calculated by Dr Marina Filip at the University of 

Oxford.   

To this picture is added the orthorhombic perovskite polymorph γ-CsPbI3, formed 

by rapid cooling of α-CsPbI3 to room temperature in the absence of ambient 

moisture. Previously reported temperature-dependent synchrotron XRD 

measurements have shown that the octahedral tilting continuously increases as α-

CsPbI3 is cooled, such that the structure appears to proceed through a tetragonal β-
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CsPbI3 polymorph before reaching the γ-CsPbI3 polymorph.
16

  However, on heating 

δ-CsPbI3 to the α-CsPbI3 polymorph, the two polymorphs have been observed to 

coexist during the transition, with no orthorhombic or tetragonal polymorphs 

evident.
15,16,50

  This coexistence means that full conversion to the α-CsPbI3 

polymorph, followed by rapid cooling, is always required to obtain the orthorhombic 

γ-CsPbI3 polymorph at room temperature when starting from non-perovskite δ-

CsPbI3.  

The thermodynamic stability of the various polymorphs of CsPbI3 is of vital 

importance for the commercial application of this material.  The relative stabilities 

of the polymorphs may be evaluated by calculating their formation energies.  Figure 

6-11(b) shows a comparison of the formation energies of the cubic, tetragonal and 

orthorhombic perovskite polymorphs, along with the non-perovskite polymorph.  

Structural information for the four polymorphs is provided in Table 6-3.  

The formation energies were calculated within the LDA, as well as with the 

generalised gradient approximation (PBE) to DFT.35 The formation energies are 

sensitive to the choice of exchange-correlation functional, and can differ by up to 

25 meV per atom. Here consistent trends are seen from each functional, and so the 

true formation energy may be considered bracketed by the LDA and PBE values.53 

Table 6-3. Structural information for formation energy calculations for each of the four polymorphs of 

CsPbI3. All polymorphs have α = β = γ = 90°. 

Polymorph Space group a (Å) b (Å) c (Å) Source 

Cubic Pm  m (221) 6.289   
Ref. 50  

(at 634 K) 

Tetragonal P4/mbm (127) 8.772 6.261  
Ref. 23  

(for CsSnI3) 

Orthorhombic Pnam (62) 
8.8561 

±0.0004 

8.5766 

±0.0003 

12.4722 

±0.0006 

This work 

(Table 6-1) 

Non-perovskite Pnma (62) 
10.462 

±0.005 

4.799 

±0.005 

17.765 

±0.005 

This work 

(Table 6-A1) 
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In agreement with experiment, these calculations show that the yellow polymorph is 

the most stable.  Of the perovskite polymorphs, the most stable is the orthorhombic 

structure.  This finding agrees with previous studies,
54

 and lends weight to the 

argument here for the adoption of the orthorhombic polymorph by black-phase 

CsPbI3 at room temperature. Stabilisation of the orthorhombic polymorph with 

respect to the cubic and tetragonal polymorphs also fits well with the relatively 

small tolerance factor for CsPbI3, which falls between 0.81 and 0.85 (for Shannon 

radii) depending on Cs coordination.  In this range of tolerance factors, tilted 

perovskites such as the orthorhombic perovskite identified here are found to be the 

most stable.55  

Notably, these experimental and theoretical investigations reveal that the instability 

of the black CsPbI3 polymorphs with respect to the yellow polymorph constitutes an 

intrinsic thermodynamic property of the pure CsPbI3 crystal. In addition, it is 

proposed that a robust stabilisation of all-inorganic lead-halide perovskites can be 

achieved by developing rational design routes to tune the total energy landscape and 

energy barrier for the transition between the black and yellow polymorphs through 

chemical substitution. The work in this chapter demonstrates that by exploring 

experimental investigations and predictive electronic structure calculations it may be 

possible to both rationalize observed stability improvements and discover candidate 

solutions for fully stable black inorganic lead halide perovskite polymorphs. 

6.8 Conclusion and outlook 

This chapter showed that the room temperature black polymorph of CsPbI3 that is 

being widely investigated for photovoltaic applications is an orthorhombic 

perovskite, rather than a cubic perovskite.  The structure was determined through 

full refinement of XRD patterns, and a stronger similarity was found with CsSnI3 

than with CsPbBr3.  In particular, the indexation of thin-films of the orthorhombic 
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polymorph was demonstrated, enabling a better understanding of how crystallite 

orientation within the films depends on the processing route.  From the 

experimental structural data for the orthorhombic perovskite, the electronic band 

structure was calculated.  The band gap and reduced effective mass show excellent 

agreement with experimental data, further confirming that the most commonly 

reported form of CsPbI3 is the orthorhombic perovskite.  Additionally, the respective 

formation energies of the perovskite and non-perovskite polymorphs were calculated.  

These energies showed that the orthorhombic polymorph is the most stable of the 

perovskite polymorphs, and the non-perovskite polymorph is the most stable overall. 

These findings are in agreement with experimental data and with structural 

transitions in other known perovskites, and highlight the importance of octahedral 

tilting and distortions on the bandgap and structural stability of lead halide 

perovskites.  These results are vital for all researchers working with thin-films and 

powders of black CsPbI3 at room temperature, and will greatly assist in the 

development of a structurally stable inorganic perovskite with excellent photovoltaic 

properties. 
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6.10 Appendix 

 

Figure 6-A1. Rietveld refinement for γ-CsPbI3. (red dots) XRD pattern for the black powder of γ-

CsPbI3 prepared by solid state synthesis, and measured with Cu Kα1 radiation at 293 K. (green line) 

Rietveld refinement of orthorhombic perovskite γ-CsPbI3 at room temperature, with tick marks (black 

lines) and difference curve (pink lines, observed minus calculated).  Polyhedral model in inset; 

Structural parameters of refinement provided in Table 6-1.  The orthorhombic structure was refined by 

Dr Amir Abbas Haghighirad at the Karlsruhe Institute of Technology. 
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Table 6-A1. Crystallographic data for a CsPbI3 single crystal (yellow phase). 

Compound  CsPbI3 

Colour of crystal Yellow 

Measurement temperature  293 K 

Crystal system  Orthorhombic 

Space group  P n m a (no.62) 

Unit cell dimensions 
a = 10.462 ± 0.005 Å, b= 4.799 ± 0.005 Å, c = 17.765 ± 

0.005 Å, α = β = γ = 90° 

Volume  891.93±0.05 Å3 

Z 4 

Density (calculated) 5368 g/cm3 

Reflections collected 17444 

Unique reflections 896 from which none suppressed 

R(int) 0.1014 

R (sigma) 0.0318 

Goodness-of-fit 0.782 

Final R indices (Rall) 0.0389 

wRobs 0.1015 

Wavelength 0.71073 Å 

Weight scheme for the 

refinement  

Weight = 1 / [ sigma2(Fo2) + ( 0.0824 * P )2 +   0.00 * P ]   

where  P = ( Max ( Fo2, 0 ) + 2 * Fc2 ) / 3 

Atomic Wyckoff-positions  

Atom Site x y z Occupancy 

Pb 4c 0.16036 0.2500 0.06209 1 

Cs 4c 0.41584 0.2500 0.82910 1 

I 4c 0.3367 0.7500 0.99840 1 

I 4c 0.2988 0.2500 0.21286 1 

I 4c 0.0321 0.2500 0.88563 1 
 

Isotropic temperature 

factors, Uiso (Å2) 

(Cs) 0.0406 ± 0.0004, (Pb) 0.0335 ± 0.0003, (I1) 0.0369 ± 

0.0004, (I2) 0.0386 ± 0.0004, (I3) 0.0347 ± 0.0004 

Anisotropic temperature 

factors (Å2) 

U11(Cs) = 0.0408 ± 0.0007, U11(Pb) = 0.0338 ± 0.0005, 

U11(I1) = 0.0340 ± 0.0007, U11(I2) = 0.0374 ± 0.0007, U11(I3) 

= 0.0291 ± 0.0006 

U22(Cs) = 0.0442 ± 0.0007, U22(Pb) = 0.0367 ± 0.0005, 

U22(I1) = 0.0378 ± 0.0007, U22(I2) = 0.0473 ± 0.0007, U22(I3) 

= 0.0456 ± 0.0007, U33(Cs) = 0.0367 ± 0.0006, U33(Pb) = 

0.0299 ± 0.0004, U33(I1) = 0.0387 ± 0.0007, U33(I2) = 0.0313 

± 0.0006, U33(I3) = 0.0295 ± 0.0006 
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7 DESIGNING STABLE 

INORGANIC PEROVSKITE 

ABSORBERS FOR 

PHOTOVOLTAICS  

7.1 Wider context and summary 

The previous chapters have shown that the iodide-rich compositions of the caesium 

lead halide perovskites are promising candidates for photovoltaics, with excellent 

opt-electronic properties, and proven efficiency in devices.  However, the preferential 

formation of a non-perovskite structure is a serious impediment to the future of 

these materials in commercial applications. This chapter briefly outlines recent 

literature reports which claim stabilisation of the perovskite polymorph of CsPbI3, 

before presenting a rationale behind metal substitution as a means to fully stabilise 

this material.  Some early attempts at experimentally verifying this strategy are 

shown, and the feasibility of this approach is discussed. 

In summary, this chapter provides direction towards realising stable inorganic metal 

halide absorbers for solar cell applications. 
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7.2 Introduction  

Hybrid organic-inorganic lead halide perovskites have been intensely investigated in 

photovoltaics over the last ten years, resulting in power conversion efficiencies well 

above 20%.
1
  Despite this remarkable achievement, there remains a need for 

perovskite absorbers with bandgaps from 1.8 to 2 eV, for both tandem photovoltaics 

and light emission.
2,3

  These bandgaps are difficult to obtain with the hybrid 

perovskites. Given the inherent volatility and reactivity of organic cations, the ideal 

materials to meet this need should be the inorganic lead halide perovskites, which 

have bandgaps above 1.7 eV and very similar optoelectronic properties to the hybrid 

lead-halide perovskites.
4
  These materials are also easily produced by well-known 

fabrication techniques for mass production of optoelectronic devices, for example 

vapour deposition.4,5  These features make the inorganic lead halide perovskites 

desirable for a variety of optoelectronic applications.   

However, solar cells with inorganic lead halide perovskites lag behind their hybrid 

counterparts, with power conversion efficiencies reaching around 13%.
6,7

 A main 

contributing factor to this lag is that research efforts are hampered by an 

undesirable structural transition in the iodide-rich lead halide perovskites.  As 

described in Chapter 6, the yellow non-perovskite polymorph is the most 

thermodynamically stable of the CsPbI3 polymorphs.  The photoactive black phase 

is a metastable orthorhombic perovskite that rapidly converts to the yellow 

polymorph in the presence of moisture.  This structural instability increases the 

challenge of working with these materials, as all processing must take place in a dry 

atmosphere. 

Stabilisation of the photoactive black phase is vital in order for these materials to be 

used in solar panels and other optoelectronic devices.  Currently, approaches to 

stabilisation may be grouped into the three broad categories of processing, inorganic 

modifications, and organic modifications.  This chapter includes a brief review of the 
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published literature for each of these three approaches.  In all cases the 

orthorhombic perovskite polymorph is only kinetically trapped, and the presence of 

water catalyses the transition to the non-perovskite phase.
8
  

Complete structural stability of the inorganic lead halide perovskites requires the 

most thermodynamically stable phase to be a perovskite phase.  In the family of 

lead halide perovskites with caesium as the cation, the thermodynamically stable 

phases  at room temperature are orthorhombic perovskites for both CsPbBr3 and 

CsPbCl3,
9–12 and cubic perovskite for the fluoride compound CsPbF3.

13  In this 

family of compounds it is only the iodide perovskite CsPbI3, and mixed halide 

compositions such as CsPbI2Br and CsPbIBr2, for which the thermodynamically 

stable phase is a non-perovskite.14–17   

In these inorganic perovskites, halide mixing alone is not enough to obtain a 

thermodynamically stable orthorhombic perovskite at room temperature with a 

bandgap below 2 eV.  While mixed halide compounds with bandgaps below 2 eV 

have been shown to have improved ambient stability compared to neat CsPbI3,
15,17 

the non-perovskite phase is thermodynamically stable. This is the case even for 

CsPbIBr2, where the bandgap is ~2.05 eV.17,18  The orthorhombic perovskite does 

not become the thermodynamically stable phase until the compound contains more 

than 80% bromide content,17 at which point the bandgap is close to 2.2 eV.16   

In contrast, it is possible to obtain a stable perovskite by mixing CsPbI3 with the 

hybrid organic-inorganic perovskite formamidinium lead iodide, FAPbI3.
19 FAPbI3 

also has a non-perovskite polymorph which is thermodynamically preferred over the 

perovskite polymorphs.  This polymorph is hexagonal due to the large effective size 

of the FA cation which gives a tolerance factor of 1.04.20–22  Mixing Cs and FA then 

brings the tolerance factor within the region of formation of a perovskite structure.23 

Free energy calculations confirm the experimental finding that mixing CsPbI3 and 



Towards Stable Perovskite Materials for Photovoltaics 

148 © R. J. Sutton, 2018 
 

FAPbI3 leads to a perovskite polymorph that is both entropically and 

thermodynamically favourable.
24

   

Similarly, it should be possible to structurally stabilise a perovskite polymorph of 

CsPbI3 by replacing some or all of the lead cation with a different metal ion, while 

retaining the advantage of a fully-inorganic perovskite.  Substitution of the lead 

cation with a smaller metal(II) cation could improve the material stability by 

reducing the effective size of the B-site cation and thus contracting the metal halide 

network.25  This approach is not unreasonable, as mixed-metal perovskites are well-

known in the literature for the oxide perovskites.26 In the hybrid lead halide 

perovskites, a small amount of metal doping has been shown to improve MAPbI3 

devices, with a wide range of cations available.27,28 In the mixed-cation perovskite 

FA0.75Cs0.25Pb0.5Sn0.5I3, alloying of lead and tin produced a low-bandgap material 

with high photovoltaic efficiency.29  In inorganic lead halide perovskites, small 

amounts of Ca2+ in CsPbI3 have been shown to increase photovoltaic efficiency.6 

Manganese (Mn
2+

) substitution has been claimed in CsPbI3 nanocrystals,
30–32

 with 

reports of improved structural stability.  However, the mechanism of stabilization is 

not well understood, and a recent report suggests that Mn2+ occupies interstitial 

lattice sites rather than the B-site in CsPbI2Br.33   

In this chapter, structural stabilisation of CsPbI3 by metal substitution is discussed 

as a theoretical approach, and some work towards experimentally verifying this 

method is presented. Divalent cations with suitable size for inclusion in the 

perovskite structure are selected using a tolerance factor argument, where minimum 

substitution fractions are determined for each of these cations.  Three cations, 

namely Ca2+, Mn2+, and Mg2+, are each tested for integration into CsPbI3 using 

various synthetic methods.  Although some increases in stability are found, none of 

these cations is able to fully stabilize CsPbI3 in a perovskite structure.   
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7.3 Previous stabilisation of CsPbI3 

Figure 7-1 summarises the methods used so far in the scientific literature where 

‘increased stability’ in the perovskite structure is claimed for CsPbI3.  Here 

increased stability is typically with respect to bulk CsPbI3 or to CsPbI3 without the 

specified modification.  However, with the exception of altered composition, all of 

these methods stabilise the kinetically-trapped orthorhombic γ-CsPbI3 perovskite by 

protecting the perovskite from external catalysts (such as ambient moisture)
8
 for the 

transition to the thermodynamically-favourable non-perovskite polymorph.   

 

Figure 7-1. Routes reported in the literature that claim to stabilise a perovskite polymorph of CsPbI3 

with respect to the non-perovskite polymorph.  

CsPbI3 

Optimisation of deposition 

• Atmospheric deposition 
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• of NCs by embedding in 
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• With HI+HPA in 
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• With long chain amines, 
e.g. BA 56, OA or PEA 57 

Confinement 

• By growth in zeolite 58 or 
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• By sulfobetaine zwitterions 
60 

• As nanocrystals or QDs 
with long chain ligands  61 
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acids 62 

Altered composition  
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+
 substitution 63 
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 substitution 6 
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-
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(including optimising 
stoichiometry 65) 

• Cl
-
 substitution 66    
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7.4  Tuning the tolerance factor by metal substitution 

This section presents a mathematical analysis of how the stability of CsPbI3 in the 

perovskite structure could be increased by partial substitution of lead with a 

different metal.  Here the argument is based on the geometric constraints of packing 

spheres into the perovskite structure, taking into account the more covalent nature 

of metal—iodide bonding in comparison to metals bonding with oxide and fluoride 

anions.   It is important to note that this analysis cannot predict whether a 

particular metal 2+ ion will incorporate into the lattice.  Here these calculations are 

used merely as a guide to predict how much of a given metal ion would be needed 

for stabilisation assuming substitution onto the Pb
2+

 lattice site.   

The Goldschmidt tolerance factor, 𝑡 , may be used to ascertain whether a given 

elemental composition could be stable in a perovskite structure.34  The tolerance 

factor was introduced in Section 2.1.1, and is reproduced in Equation 7-1. 

 𝒕 =
 𝑨 +  𝑰

√𝟐(  +  𝑰)
 Equation 7-1 

Here  𝑟𝐴 is the radius of the caesium ion, 𝑟𝐼 = 2.2 Å is the radius of the iodide ion, 

and 𝑟𝐵 is the radius of the metal ion in octahedral (6-fold) coordination.   

In general, for a stable perovskite structure to exist in ambient conditions, a 

tolerance factor in the range 0.8 ≤ 𝑡 ≤ 1  is required.21,34  The tolerance factor is 

typically calculated assuming a cubic perovskite, where the A-site cation is in 12-

fold coordination.  However, at the lower end of this range, considerable octahedral 

tilting is required to maintain a perovskite structure.  As the octahedra tilt, the A-

site cation is displaced from the centre of the cubo-octahedral cavity.  This 

displacement reduces the coordination of the A-site cation from 12-fold to 8-fold, or 

even 7-fold in some cases.26  The effective size of the A-site cation depends on the 

coordination and is typically smaller for lower coordination, which further lowers the 
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tolerance factor of the tilted perovskite.
35
  In this discussion, the perovskite 

structures are orthorhombic, for which the Cs cation is in 8-fold coordination with 

an ionic radius of 1.74 Å.
35

 

Shannon’s ionic radii are typically used in tolerance factor calculations, giving good 

agreement with experimental structures for fluoride and oxide perovskites. However, 

due to the covalent nature of metal-iodide bonds, the typical Shannon radii do not 

accurately represent the bonding in these salts.  Revised ionic radii for metal ions 

bonding with iodide anions have been calculated from experimental data, and so 

these revised radii are used for the present discussion.21   

Tolerance factors of some CsMI3 compounds, for various metals M, are given in 

Table 7-1 for the revised ionic radii for metals determined by Travis et al,21 and in 

Table 7-2 in Section 7.9 for the Shannon ionic radii.  Of particular note are the 

tolerance factors for CsPbI3 and for CsSnI3 of 0.86 and 0.88 respectively using 

revised radii for metal-iodide bonds.21  Both of these compounds can exist in highly 

tilted metastable orthorhombic perovskite polymorphs at room temperature, but the 

stable structure at ambient conditions is non-perovskite (NH4CdCl3-type).36  

Similarly CsTmI3, CsYbI3, and CsCaI3 are known to adopt orthorhombic perovskite 

polymorphs.37  However, these materials are highly air-sensitive,37 and CsCaI3 has 

been reported to also exist in a non-perovskite structure.38    

In comparison, the bromide compound CsPbBr3 is stable in an orthorhombic 

perovskite polymorph at ambient conditions.39 Using revised radii for lead-bromide 

bonding gives a tolerance factor of 0.89 for CsPbBr3. The formation of a stable 

perovskite structure in these known compounds suggests a tolerance factor of at 

least 0.89 is required for suppression of a ‘yellow phase’ non-perovskite.  To further 

this point, CsGeI3 has a tolerance factor of 0.938 by these calculations, and 

experimentally adopts a trigonal perovskite structure, with rhombohedral symmetry 

(a = 5.98 Å and α = 88.6°).40,41  While this material is not stable at ambient 
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conditions with respect to oxidation,
40,41

 it does indicate that a high-symmetry 

perovskite structure is possible with caesium and iodide.   

With the aim of retaining the optoelectronic properties of CsPbI3 and increasing 

stability in the perovskite structure, here partial substitution of a different 2+ metal 

ion into CsPbI3 is considered. For a substitution fraction, 𝑥, of metal M into CsPbI3, 

Table 7-1. Tolerance factors calculated using revised ionic radii from ref 21 for metals ‘M’ occupying 

the B-site in CsMI3.  Metals in italics are too large to form stable perovskites with Cs+.  Metals in bold 

italics are considered experimentally in this chapter.  Substitution percentages of CsMI3 into CsPbI3 are 

given for the overall tolerance factor of CsPbBr3 of 0.892. * denotes metal ionic radii from Shannon.35 

B-site Metal 

Revised ionic radii 

for iodide 

compounds 

RPb - RM 
Tolerance factor for 

CsMI3 

x (%) for  

t = 0.892 

Ni 0.57 0.46 1.006 23.2 

Hg 0.61 0.42 0.991 25.4 

Ti 0.66 0.37 0.974 28.8 

V 0.68 0.35 0.967 30.5 

Cr 0.68 0.35 0.967 30.5 

Fe 0.68 0.35 0.967 30.5 

Mn 0.72 0.31 0.954 34.4 

Cu* 0.73 0.30 0.951 35.5 

Zn* 0.74 0.29 0.948 36.8 

Co 0.745 0.285 0.946 37.4 

Mg 0.75 0.28 0.944 38.1 

Ge 0.77 0.26 0.938 41.0 

Cd 0.81 0.22 0.926 48.4 

Ca 0.92 0.11 0.893 96.9 

Yb 0.93 0.10 0.890 — 

Tm 0.95 0.08 0.884 — 

Sn 0.97 0.06 0.879 — 

Dy 0.97 0.06 0.879 — 

Pb 1.03 0 0.863 — 

Sm 1.11 -0.08 0.842 — 

Eu* 1.17 -0.14 0.827 — 

Sr 1.18 -0.15 0.824 — 
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the effective metal ion radius, 𝑟𝐵, is approximated according to Equation 7-2. 

   = 𝒙  𝑴 + (𝟏 − 𝒙)  𝑷𝒃 Equation 7-2 

This effective metal radius may be directly substituted into Equation 7-1, to give a 

linear dependence of the tolerance factor on substitution fraction, as shown in Figure 

7-2. Alternately, the required substitution fraction for a desired tolerance factor may 

be calculated using Equation 7-3, which derives from substitution of Equation 7-2 

into Equation 7-1. 

 𝒙 =
𝟏

 𝑷𝒃 −  𝑴
( 𝑷𝒃+  𝑰 −

 𝑨 +  𝑰

√𝟐𝒕
) Equation 7-3 

 

Figure 7-2. Graphical representation of the dependence of the tolerance factor for a given substitution 

fraction of CsMI3 into CsPbI3. Exact values of the substitution fraction required for a tolerance factor 

of ~0.89 are provided in Table 7-1.  * denotes metal ionic radii from Shannon.35 

In order to select appropriate metal ions for experimental tests, the first 

consideration is stability of the metal ion in the 2+ oxidation state.  Germanium is a 

promising candidate, but, like Sn2+, may be oxidised to the 4+ oxidation state.29,40,41 
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Similarly the lanthanides prefer the 3+ oxidation state, so they too are omitted from 

experimental exploration.  

The next consideration is which metal ions are known to form octahedra with 

iodide.  Usually this question is answered through the use of the octahedral factor, 

µ =
𝑟𝐵

𝑟𝐼
. However, this equation is not valid for the effective metal ion radii used for 

tolerance calculations above, as these radii are determined by using a fixed iodide 

radius for the metal-iodide bond length.  Instead, a search of the literature reveals 

that, in addition to the perovskite compounds discussed above, Mg2+ and Mn2+ 

coordinate octahedrally with iodide in the hexagonal compounds CsMgI3 and 

CsMnI3.
42,43 In contrast, Co2+ forms tetrahedra with iodide in the orthorhombic non-

perovskite compound Cs2CoI4 and so is not an ideal candidate here.44   

From Figure 7-2 it is evident that there is a trade-off between the size of the metal 

ion, and the likelihood of the ion integrating into the lattice.  A small substitution 

percentage is preferable in order to maintain the optoelectronic properties of CsPbI3.  

In this case, structural stability would require a very small metal to achieve an 

average metal radius of ~0.93. However, if the metal is too small to form octahedra 

with iodide independently, it may not integrate into the lattice.  On the other hand, 

structural stability can be ensured with a large substitution percentage of a metal 

that could form a perovskite by itself, as CsMI3.  This large substitution percentage 

would significantly alter the chemical composition and hence the final material is 

likely to have very different optoelectronic properties when compared with CsPbI3.   
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7.5 Experimental feasibility of metal substitution 

This section discusses attempts at experimentally stabilising CsPbI3 by partial 

substitution of lead with calcium (Ca
2+

), manganese (Mn
2+

), or magnesium (Mg
2+

).  

These three metals were chosen as representative examples of: a metal that is likely 

to form octahedra with iodide but requires large substitution to enable stabilisation 

(Ca
2+

), a metal that has been shown to increase stability but is unlikely to form 

octahedra with iodide (Mn
2+

), or a metal of similar effective size to germanium but 

for which a perovskite structure as CsMI3 has not yet been demonstrated (Mg
2+

). 

7.5.1 Calcium substitution into CsPbI3  

To test the validity of the solid state approach for mixing other metals onto the lead 

site, the first metal discussed is calcium.  Ca2+ substitution has recently been shown 

to increase the stability of thin films of CsPbI3, although the increase in stability 

was attributed to formation of an oxide layer.6   

Solid state synthesis was used to prepare mixed-metal samples for two substitution 

fractions, 25% and 50% Ca
2+

 substitution.  The unsubstituted γ-CsPbI3 sample 

prepared by solid state synthesis was previously described in Chapter 6.  

Appropriate amounts of CsI (Alfa Aesar, 5N), PbI2 (Sigma Aldrich, 5N) and CaI2 

(Alfa Aesar, 5N) were ground for 25-30 minutes in a mortar and pestle in a 

nitrogen-filled glovebox, before being transferred to a quartz ampoule and sealed 

under vacuum.  The precursor salts were melted together in a furnace, at 575 °C for 

compounds containing Ca2+, and at 525 C for the control.  The sample with 25% 

Ca2+ substitution was cooled at 50 C/hour to 380 °C and then removed from the 

furnace and cooled in air. The sample with 50% Ca2+ substitution and the control 

were cooled at 50 C/hour.  Powders were prepared in the black polymorph for 

XRD as described in the Experimental Methods chapter. 



Towards Stable Perovskite Materials for Photovoltaics 

156 © R. J. Sutton, 2018 
 

To determine whether Ca
2+

 substitutes onto the B-site, XRD patterns were 

measured in nitrogen gas for each sample.  These patterns are shown in Figure 7-3.  

Figure 7-3(a) shows very similar patterns for 0% and 25% Ca
2+

 substitution, but a 

different pattern for 50% Ca
2+

 substitution.  The overall diffraction peak intensities 

decrease with increasing substitution.  Figure 7-3(b) shows a broadening of the 220 

reflection with increasing Ca
2+

 substitution.  Closer examination of this peak reveals 

that there may be a slight shift to higher angles.  Rietveld refinement of the XRD 

pattern for 25% Ca
2+

 substitution in the orthorhombic perovskite structure (Pnam) 

yields lattice parameters of a = 8.8349 Å, b = 8.5702 Å, c = 12.4584 Å, α = β = γ 

= 90°, which are slightly smaller than the parameters determined for γ-CsPbI3 in 

Chapter 6 (a = 8.8560 Å, b = 8.5766 Å, c = 12.4722 Å, α = β = γ = 90°).  Smaller 

lattice parameters are expected for substitution with a smaller cation, assuming the 

structure is retained.  In this refinement, it was possible to replace some of the Pb2+ 

by Ca2+, which further supports Ca2+ substitution onto the Pb2+ site in γ-CsPbI3.  

For 50% Ca2+ substitution, while peaks corresponding to the γ-CsPbI3 perovskite 

are visible, the XRD pattern is not of sufficient quality to extract structural 

information. 

Optical data may also provide further evidence for or against incorporation of Ca2+ 

into the γ-CsPbI3 lattice.  To this end, photoluminescence (PL) was measured before 

the ampoules were broken, which gives a margin of error of approximately 10 nm in 

the PL peak position due to scattering and alignment effects.  Figure 7-4 shows that, 

unlike in Chapter 6, the PL of γ-CsPbI3 is seen nearer to 700 nm than 720 nm when 

measured through the ampoule.  For the Ca2+-substituted samples there is a shift to 

higher energy with increased substitution.  Intriguingly, for 50% Ca2+ substitution, 

Figure 7-4(c) reveals that many colours are present when the sample is illuminated 

with UV light, indicating compositional variation within the sample.  Of particular 

interest is the blue region, for which the photoluminescence is shown in Figure 
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7-4(d).  However, preparation of a phase-pure sample is necessary to determine the 

origin of the mixed blue and red emission.    

 

 

Figure 7-3. (a) XRD patterns from the neat and Ca2+-substituted samples, prepared by solid state 

synthesis and measured with Cu Kα1 radiation at 20 °C. (b) Normalised XRD patterns from (a), 

highlighting changes in the 220 reflection of the orthorhombic structure (near 29° 2θ).  (c) XRD 

intensity over time for the 220 reflection. 
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Figure 7-4. (a) PL through the ampoule for the neat and Ca2+-substituted samples. (b) Photograph 

under room lights of the ampoule containing the dark red ingot with 50% Ca2+ substitution.  (c) 

Photograph under 365 nm UV illumination of the ampoule in (b), indicating the regions from which PL 

was measured.  (d) Dual emission measured when exciting the blue region in (c).   
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While it is evident that Ca
2+

 is indeed able to integrate into the lattice in place of 

Pb
2+

, no advantage is gained in terms of structural stability.  The Ca
2+

-containing 

samples visibly show a faster colour change from brown to yellow, and this 

observation is supported by Figure 7-3(c) which shows a steady decline in XRD 

intensity for Ca
2+

-containing samples.  The lower ambient stability of the Ca
2+

-

containing samples is likely to be due to the hygroscopic nature of CsCaI3.
45

  Overall 

these experiments have shown that Ca
2+

 substitution into CsPbI3 is unlikely to 

result in a stable perovskite structure.  As CsCaBr3 is similarly hygroscopic,
45

 the 

prospects for stabilising the mixed-halide perovskite CsPbI2Br in this way are also 

limited.  

7.5.2 Manganese substitution into CsPbI3  

The smallest metal tested for stabilisation of CsPbI3 in this work is manganese in its 

2+ oxidation state.  There are many possible oxidation states of manganese, both 

higher and lower.  To avoid oxidation of Mn
2+

, again solid state synthesis is used to 

assess whether Mn2+ is able to incorporate into the CsPbI3 lattice.  As for the Ca2+-

substituted samples, the appropriate amounts of CsI, PbI2 and MnI2 were ground 

together in a mortar and pestle for 30 minutes, inside a glovebox filled with nitrogen 

gas, to form a yellow powder which was transferred to a quartz ampoule, evacuated, 

and sealed.  Here the precursor salts were reacted together by melting at 500 °C.  

Figure 7-5(a) shows that the melt is a dark red liquid.  Quench cooling from 500 °C 

as in Figure 7-5(b) and (c) yields a dark ingot which is stable under vacuum for over 

24 hours before showing signs of yellowing.  However, it should be noted that slow 

cooling from the melt yields a yellow-green solid for all prepared compositions (up to 

50% Mn2+ substitution).  Black powders were prepared for XRD as described in the 

Experimental Methods chapter. 
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Figure 7-5. Photographs of the ampoule (a) when removed from the furnace at 500 °C, (b) while 

cooling, and (c) when rapidly cooled to room temperature.  

XRD patterns for the control, 10% and 25% Mn
2+

 substitution are shown in Figure 

7-6(a), with normalised patterns shown in Figure 7-6(b) for the 220 reflection of the 

orthorhombic perovskite polymorph γ-CsPbI3 determined in Chapter 6.  Here 

increasing Mn2+ substitution leads to a slight shift to lower angle of the main 

perovskite peaks (from 29.03° to 29.01° to 28.98° 2θ respectively, for the 220 

reflection).  As Mn2+ is smaller than Pb2+, this is shift is not consistent with partial 

replacement of Mn
2+

 onto the Pb
2+

 site.  Rather, this shift is consistent with 

interstitial incorporation of Mn2+ in the CsPbI3 lattice.  However, Rietveld 

refinement of these patterns is necessary to be confident of this conclusion.  Figure 

7-6(b) and (c) also show an increase in peak width (from 0.066° to 0.075° to 

0.084° 2θ) together with a reduction in peak intensity for increasing Mn2+ 

substitution.  These observations may indicate a reduction in crystallite size and/or 

an increase in the fraction of amorphous material present in the sample.   

In contrast to Ca2+ substitution, Figure 7-6(c) shows that the intensity of the 220 

perovskite peak is retained for an extended period of time with Mn2+ substitution, 

which indicates an increase in structural stability.  This increased stability was also 

observed as the retention of dark colouration of the powders for weeks when stored 

in a glovebox filled with nitrogen gas.  

(b) (c)(a)
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Figure 7-6. (a) XRD patterns from the neat and Mn2+-substituted samples, prepared by solid state 

synthesis and measured with Cu Kα1 radiation at 20 °C. (b) Normalised XRD patterns from (a), 

highlighting changes in the 220 reflection of the orthorhombic structure (near 29° 2θ).  (c) XRD 

intensity over time for the 220 reflection. 
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measurements are shown in Figure 7-7.  Figure 7-7(a) shows that at low 

temperature, magnetisation increases with increasing MnI2 content, and no 

transitions are detected to indicate manganese oxide in any of the samples.  Rather, 

the small discontinuity in Figure 7-7(b) around 4K for an applied magnetic field of 

0.01 T indicates a weak magnetic transition which corresponds to unreacted MnI2. 

An additional strong transition at 7 K could originate from doping of the perovskite 

structure with Mn
2+

, for example from interstitial incorporation as indicated by the 

XRD data above. While it is not possible to conclusively show that MnI2 has 

integrated into the structure in this way by these measurements, it is possible to 

conclude that the increase in structural stability is not due to the formation of 

manganese oxides. 

 

Figure 7-7. (a) Magnetisation in a magnetic field of 0.1 T for the Mn-containing samples from room 

temperature to 2 K, in comparison with the control.  (b) Magnetisation in a magnetic field of 0.01 T 

for the Mn-containing samples at cryogenic temperatures. These measurements were made by Dr 

Dharmalingam Prabhakaran at the University of Oxford.  

Together, these results support previous findings that Mn2+ substitution results in 

interstitial incorporation of Mn2+ in the lattice, rather than onto the B-site.   The 

resulting increase in structural stability is then due to the increase in lattice defects, 

which are expected to slow the propagation of structural transitions in the crystal. 

(b)(a)
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7.5.3 Magnesium substitution into CsPbI3  

For the preliminary investigation into substitution with Mg
2+

 reported in this 

section, mixed-metal thin-films were prepared using the low-temperature route 

described in Chapter 6.  Solution processing was possible here because Mg is stable 

in the desired 2+ oxidation state, and MgI2 is sufficiently soluble in typical 

spincoating solvents, such as N,N-dimethylformamide (DMF).   

To determine whether Mg
2+

 substitution promotes major structural changes, XRD 

patterns for the mixed-metal films were measured while keeping the films in 

nitrogen atmosphere.  These patterns are shown in full in Figure 7-8(a).  Films with 

at most 10% Mg2+ substitution show similar XRD patterns to the CsPbI3 control. 

No change is observed in the position or FWHM of the 220 reflection up to and 

including 10% Mg
2+

 substitution.  For this reflection, maximum intensity is 

obtained for 5% Mg
2+

 substitution.  Further investigation is needed to fully 

understand whether this increase in peak intensity is due to increased orientation of 

crystallites in the film, and whether it is accompanied by changes in the film 

morphology.   

Films with 25% and 50% Mg2+ substitution show a different XRD pattern with 

significantly reduced perovskite peaks.  In these patterns there are additional peaks, 

particularly at lower angles, which are shown in more detail in Figure 7-8(b).  These 

low-angle peaks can be assigned to the non-perovskite polymorph δ-CsPbI3, and to 

other stoichiometries, such as Cs4PbI6.
46  It has not been determined whether these 

other phases contain Mg2+. It is also evident that there is a small amount of δ-

CsPbI3 present in the control sample which is not seen for 2.5-10% Mg2+ 

substitution.   
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Figure 7-8. (a) XRD patterns from thin-films of CsPbI3 with various % of Mg2+ substitution, measured 

and measured with Cu Kα1 radiation at 20 °C in nitrogen atmosphere by Dr Laura Miranda at Oxford 

PV. (b) Overlaid XRD patterns from (a), where * denotes peaks from Cs4PbI6,
46 and δ denotes peaks 

from a non-perovskite polymorph. 

Detection of other phases is also possible by optical methods.  Figure 7-9 shows the 

absorption of these films, where the absorption onset of γ-CsPbI3 is visible near 

700 nm for all compositions.  Of particular note is the peak near 375 nm which is 

visible for higher percentages of Mg2+ substitution.  This peak is not due to δ-

CsPbI3, which has an absorption peak at 415 nm (see Chapter 6 and Ref. 14). 

Instead, the peak at 375 nm is likely to be absorption from Cs4PbI6,
46,47 possibly 

with some Mg2+ incorporated.   
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Figure 7-9. Absorbance spectra of thin-films of CsPbI3 with Mg2+ substitution, measured in dual-beam 

mode, with the sample in a sealed optical cell filled with nitrogen gas.  

Further investigation is necessary to fully understand the effect of Mg2+ substitution 

in CsPbI3 in order to determine whether incorporation is possible through other 

synthetic routes.  The data in this section provide no evidence to suggest that Mg
2+

 

incorporates into the film either on the B-site or interstitially.  Instead, it seems that 

substitution with at least 25% Mg
2+

 negates the effect of using HI as an additive to 

facilitate conversion to the perovskite structure.  However, small amounts of Mg2+ 

substitution seem beneficial for the crystallinity of the resulting film, which may 

lead to improved photovoltaic device performance.   

Regarding the structural stability of these films, it was observed by eye that films 

with higher Mg2+ content converted more rapidly to the non-perovskite polymorph 

when exposed to ambient humidity.  However, these films already contained 

significant amounts of the non-perovskite polymorph.  It remains to be seen whether 

an increase in structural stability may be possible when Mg2+ substitution is tested 

by another synthetic route, such as solid state synthesis. 
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7.6 Feasibility of structural stabilisation by metal 

substitution 

The experimental results in this chapter emphasise that calculating an effective 

value which satisfies the empirical conditions for a perovskite structure according to 

the Goldschmidt tolerance factor does not guarantee the formation of a stable 

perovskite structure, even when taking into account the covalent nature of metal-

iodide bonds.21  Several other factors must be taken into account, most importantly 

the ability of a given metal to form independent octahedra (e.g. not face- or edge-

sharing) with the relevant halide.  However, the calculations in this chapter were 

unable to determine whether a given metal would form octahedra with the iodide 

anion.  It is possible that an adapted tolerance factor equation may be necessary for 

predicting formation of halide perovskites.48 

Structural information from synthesised compounds may be more useful than the 

above calculations when considering formation of octahedra, and therefore the 

formation of a stable orthorhombic perovskite.  It was already known that CsCaI3 

forms octahedra with the iodide anion in an orthorhombic perovskite polymorph (as 

well as a non-perovskite polymorph),37,38 and that CsMnI3 and CsMgI3 form 

hexagonal non-perovskite structures where the octahedra are not independent.42,43 

The experimental results in this chapter are consistent with the preferences of these 

metals when bonding with the iodide anion.  From this knowledge, it would be 

sensible to instead look for compounds that are known to form stable perovskite 

structures, preferably tetragonal or cubic.  However, there are no reported 

perovskites with Cs+ and I- where the perovskite structure is stable at ambient 

conditions.  

Given the considerations above, it is proposed that future efforts should focus on 

metal substitution into mixed halide perovskites, such as CsPbI2Br.  As shown in 

this thesis, these mixed halide perovskites exhibit increased structural stability with 
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respect to the neat iodide perovskite.  While the addition of bromide has been 

shown to increase the bandgap of the resulting perovskite, it would be possible to 

replace up to 50% of the iodide with bromide and retain a bandgap suitable for 

optoelectronic applications.  Additionally, it is possible that metal substitution may 

lead to a reduction in octahedral tilting, with an associated reduction in bandgap, in 

which case the inclusion of bromide would be an advantage.  As bromide is a 

smaller anion, the required substitution to obtain a stable perovskite structure 

should also be reduced compared to the neat iodide perovskite (see Figure 7-10 and 

Table 7-3 in the Appendix).   

Of the experimental routes used in this chapter, solid state synthesis has been 

demonstrated to be an effective way to determine structural properties.  A 

significant advantage of this technique, especially for these materials, is that slow 

cooling of the compound from the melt enables instant determination of the 

thermodynamically preferred polymorph: if the solid is yellow, it is likely to be a 

non-perovskite, but if it is dark, it is likely to be a perovskite.  Subsequent XRD 

measurements on the resulting powder are typically of sufficient quality to obtain 

structural information, in contrast to XRD of thin-films where orientation effects or 

low sample yield from scratched powder result in lower quality data. 

7.7 Conclusion and outlook 

Stabilising the orthorhombic perovskite structure of CsPbI3 and related perovskites 

is of central importance.  In this chapter, previous approaches to stabilisation of the 

orthorhombic polymorph of CsPbI3 were reviewed, and a rationale motivating 

stabilisation by metal substitution was presented.  Ca2+, Mn2+ and Mg2+ were 

evaluated experimentally for substitution onto the lead site in CsPbI3 with the aim 

of finding a substitution that increased the atmospheric stability of the 

orthorhombic polymorph. 
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For substitution with Ca
2+

 onto the B-site, the structural stability of the 

orthorhombic polymorph decreased.  Increased stability with Mn
2+

 substitution was 

observed, and attributed to interstitial incorporation of Mn
2+

 into the CsPbI3 

lattice.  Mg
2+

 substitution was shown to increase the crystallinity of the perovskite 

thin-film, although the mechanism for this increase was not determined. Overall, 

this chapter has shown that structural stability of the orthorhombic polymorph of 

CsPbI3 is very difficult to achieve by metal substitution.  None of the mixed-metal 

compositions prepared in this study was a fully stable orthorhombic perovskite.   

The results in this chapter have shown that both metal and halide substitution will 

be necessary to obtain a stable inorganic perovskite with bandgap between 1.8-2 eV, 

if this is indeed possible.  Additionally, the solid state synthesis technique has been 

demonstrated to be an effective method for determining whether a given metal 

integrates into the perovskite structure, and, if so, if this incorporation results in 

increased stability.   

In summary, this chapter provides direction towards realising a stable inorganic 

absorber for optoelectronic applications. 
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7.9 Appendices 

7.9.1 Tolerance factors for metals ‘M’ in CsMI3: Shannon radii   

The tolerance factors for metals ‘M’ occupying the B-site in CsMI3 are given in 

Table 7-2 for Shannon’s ionic radii of the metals. Here any metal larger than and 

including Cd satisfies the requirement of an octahedral factor µ > 0.41.  Any metal 

smaller than and including Yb will satisfy the tolerance factor for the formation of a 

perovskite. This gives the following range of possible metals for CsMI3: Cd, Ca, Hg,  

and Yb.  However, CsCdI3 and CsHgI3 do not form perovskite structures.
49–51

  

Table 7-2. Tolerance factors calculated using Shannon radii for metals ‘M’ occupying the B-site in 

CsMI3, where the Shannon radii are taken from Refs 21 and 35.  HS denotes high spin.   

B-site Metal 

M 
Shannon Radii Octahedral factor µ 

Tolerance factor for  

CsMI3 

Ni 0.69 0.31 1.00 

Mg 0.72 0.33 0.99 

Cu 0.73 0.33 0.98 

Ge 0.73 0.33 0.98 

Zn 0.74 0.34 0.98 

Co (HS) 0.75 0.34 0.98 

Fe (HS) 0.78 0.35 0.97 

V 0.79 0.36 0.96 

Cr (HS) 0.80 0.36 0.96 

Mn (HS) 0.83 0.38 0.95 

Ti 0.86 0.39 0.94 

Cd 0.95 0.43 0.92 

Ca 1.00 0.45 0.90 

Hg 1.02 0.46 0.90 

Yb 1.02 0.46 0.90 

Tm 1.03 0.47 0.89 

Dy 1.07 0.49 0.88 

Sn 1.15 0.52 0.86 

Sr 1.16 0.53 0.86 

Eu 1.17 0.53 0.86 

Pb 1.19 0.54 0.85 

Sm 1.22 0.55 0.84 
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7.9.2 Metal substitution percentages for CsPbI2Br  

Figure 7-10 shows the required substitution percentage of CsMI2Br into CsPbI2Br 

for a given overall tolerance factor of the resulting mixed-metal compound.  Here 

effective radii for the metals and for the halide are calculated using a 2:1 ratio of 

iodide to bromide.  Here, the metal substitution percentages required for a stability 

criterion of 𝑡 ≥ 0.89 are smaller by about a third for CsPbI2Br.   

 

Figure 7-10. Graphical representation of the required substitution of CsMI2Br into CsPbI2Br for a 

desired overall tolerance factor. Exact percentages for some values of 𝒕 are provided in Table 7-3, 

along with the effective radii of the metals used in the calculations. 
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Table 7-3. Substitution percentages of CsMI2Br into CsPbI2Br for the overall tolerance factor of 0.892, 

listed in order of increasing ionic radius for iodide. Revised radii are taken from Travis et al.21 where 

possible, and otherwise Shannon radii are used (denoted by *).35 These values are used to calculate 

effective radii for the metal ions in the mixed halide compound, as well as the relative size compared 

with the Pb2+ cation.  Only ions smaller than Pb2+ are shown.   
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Ni 0.57 0.58 0.57 0.44 16.7 

Hg 0.61 0.76 0.66 0.35 20.8 

Ti 0.66 0.7 0.67 0.34 21.6 

V 0.68 0.69 0.68 0.33 22.2 

Cr 0.68 0.72 0.69 0.32 22.9 

Fe 0.68 0.68 0.68 0.33 22.0 

Mn 0.72 0.72 0.72 0.29 25.0 

Cu 0.73* 0.73* 0.73 0.28 25.9 

Zn 0.74* 0.74* 0.74 0.27 26.8 

Co 0.745 0.745 0.75 0.27 27.3 

Mg 0.75 0.72 0.74 0.27 26.8 

Ge 0.77 0.77* 0.77 0.24 30.1 

Cd 0.81 0.81 0.81 0.2 36.1 

Ca 0.92 0.91 0.92 0.1 75.9 

Yb 0.93 0.88 0.91 0.1 73.3 

Tm 0.95 0.95* 0.95 0.06 — 

Sn 0.97 0.97* 0.97 0.04 — 

Dy 0.97 1.01 0.98 0.03 — 

Pb 1.03 0.98 1.01 0 — 
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8 CONCLUSION  

8.1 Summary and future perspective  

The work in this thesis has presented several important steps towards the 

development of stable inorganic metal halide perovskite materials for optoelectronic 

applications, with a particular focus on photovoltaics. 

Metal halide perovskite materials have been proposed for use in a wide range of 

cutting-edge technologies, such as photovoltaics, light emitting diodes, lasers, 

photodetectors, and transistors.1–4 Regarding photovoltaic applications, power 

conversion efficiencies for solar cells utilising hybrid organic-inorganic metal halide 

perovskites continue to increase.
5
  However, issues remain with the chemical 

stability of the perovskite material itself due to the unstable organic component.
6–9

 

As an approach to increasing the chemical stability of these materials, this thesis 

investigated full replacement of the organic component with Cs+.   

Of the known inorganic metal halide perovskites, CsPbI3 was considered for 

photovoltaic applications as it has a bandgap of ~1.74 eV.10 However, this material 

adopts a yellow non-perovskite polymorph at ambient conditions,11 with 

maintenance of the perovskite polymorph only in inert atmosphere, and 

consequently device efficiencies had reached only 2.9%.10  In contrast, CsPbBr3 is 

stable in a perovskite structure at ambient conditions but its wider bandgap is less 

desirable for single-junction photovoltaics.12   
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As an optimal balance between CsPbI3 and CsPbBr3, Chapter 4 presented the 

mixed-halide perovskite CsPbI2Br as a stable perovskite absorber with an ideal 

bandgap of 1.92 eV for multi-junction photovoltaics.  This perovskite was 

demonstrated to be more structurally stable than CsPbI3 when exposed to ambient 

moisture, and more compositionally stable than the hybrid perovskite MAPbI2Br 

when subjected to thermal stressing at 85 °C.  Importantly, the first photovoltaic 

devices were reported with CsPbI2Br as the perovskite absorber, with promising J-V 

scan efficiencies up to 9.8% even with some processing steps in air.  The success of 

the work in this chapter drew the attention of a wide range of science communities 

to the inorganic perovskites, and further optimisation of solar cells utilising 

CsPbI2Br and CsPbI3 has led to efficiencies over 13%.13,14  Chapter 5 further 

extended the understanding of the fundamental optoelectronic properties of 

CsPbI3-xBrx (0 ≤ x ≤ 3).  Specifically, the exciton binding energies, reduced masses, 

and dielectric constants of CsPbI3, CsPbI2Br and CsPbBr3 were determined, and 

found to be comparable to those of the equivalent hybrid perovskites.  These 

fundamental properties emphasised that the limited photovoltaic performance of 

CsPbI2Br in particular is due both to insufficient research effort and to the challenge 

of maintaining the perovskite polymorph in the presence of ambient moisture. 

In order to achieve structural stability of the perovskite polymorph of CsPbI3-xBrx, 

a comprehensive understanding of the polymorphs adopted by these materials is 

required, along with their relative stability.  The polymorph of CsPbI3 and  

CsPbI3-xBrx (where x is small) adopted by black thin-films when cooled to room 

temperature was widely assumed to be the cubic polymorph, as only the structures 

of the yellow non-perovskite and black cubic polymorphs had been reported with full 

structural refinement for CsPbI3. However, cubic perovskites usually show symmetry 

lowering when cooled, which was not evident in the temperature-dependent 

measurements on black CsPbI3-xBrx thin-films in Chapter 5.  In Chapter 6, the 
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structure of these black thin-films at room temperature was investigated using the 

neat CsPbI3 perovskite as a model system, as structural refinement is much more 

complex for mixed-halide compositions.  Rather than a cubic perovskite, black thin-

films and powders of CsPbI3 were found to adopt an orthorhombic perovskite 

structure at room temperature, with preferential orientation in the thin-films when 

prepared from the cubic polymorph.  Furthermore, formation energy calculations 

provided a theoretical basis for the experimental finding that the orthorhombic 

polymorph is the most stable of the perovskite polymorphs, but metastable in 

comparison to the non-perovskite polymorph.  This agreement of theory and 

experiment supports the predictivity of these formation energy calculations for the 

development of structurally-stable perovskites. 

While some gains in structural stability of the orthorhombic perovskite polymorph 

were found possible through halide substitution, this approach was unable to fully 

stabilise this polymorph for CsPbI3-xBrx with narrow band gaps (<2 eV) for 

photovoltaic application(s).  As an alternative approach, Chapter 7 proposed B-site 

metal substitution as a theoretical means for achieving structural stability. To assess 

the validity of this approach, three nontoxic and earth-abundant metals, Ca2+, 

Mn2+, and Mg2+, were chosen for experimentation.  Of the three metals, Ca2+ 

substitution was found to substitute onto the B-site as expected, although without 

the desired increase in structural stability. In contrast, Mn2+ was not found to 

substitute onto the B-site, but was found to incorporate into the lattice 

interstitially, with an increase in structural stability. Mg2+ substitution was shown 

to increase the crystallinity of thin-films of CsPbI3. However, none of the three 

metals was found to promote the preferential adoption of the perovskite polymorph 

over the non-perovskite polymorph. 

In conclusion, inorganic metal halide perovskites have been demonstrated as 

promising candidates for many optoelectronic applications.  Through the full 
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replacement of the organic cation with Cs
+
, significant gains in chemical stability 

have been made in comparison to the organic-inorganic hybrid perovskites, without 

compromising on fundamental optoelectronic properties.  Hence with further 

research it should be possible to achieve comparable power conversion efficiencies to 

those of the organic-inorganic hybrid perovskites. 

However, for commercial application of inorganic metal halide perovskites, full 

stabilisation of the orthorhombic perovskite polymorph of CsPbI3-xBrx is the most 

pressing concern.  This thesis has shown that this task is not straightforward.  Some 

structural stabilisation has been achieved with halide substitution, and separately 

with B-site metal substitution.  While independently neither approach is able to 

fully stabilise the orthorhombic perovskite polymorph of CsPbI3-xBrx, it is postulated 

that through both approaches together a mixed-metal mixed-halide composition may 

be found with a perovskite structure that is stable at ambient conditions.  With the 

findings in this thesis as a guide, further research should yield such compositions 

with both structural stability and excellent optoelectronic properties. 
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Figure 9-1. Poster presented at HOPV16. 
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Solar Cells with CsPbI2Br absorber

Conclusions
• Caesium lead halide perovskites have a reversible phase transition.

• The bandgap of CsPb(IxBr1-x)3 depends linearly on the bromide content. 

• CsPbI2Br is more structurally stable in air than neat iodide CsPbI3.

• CsPbI2Br is more compositionally stable than MAPbI2Br.

• With a one-step solution process we achieved the first solar cells with CsPbI2Br,

with over 8.2% current-voltage scan efficiency and 7.7% stabilised PCE.

• With the structure FTO/TiO2/CsPbI2Br/HTM/Ag (HTM = P3HT/SWNT-PMMA)[7] we 

made solar cells with highest reported efficiencies for inorganic perovskite solar cells.
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Introduction

• CsPbI2Br:

– Little change in absorption over time.

– Little change in XRD before and after 

heating. 

• We heated CsPbI2Br and MAPbI2Br at 85 °C in 20-25% RH for 270 minutes. 

• MAPbI2Br:

– Decrease in absorption at band edge.

– Decrease in perovskite peak in XRD; 

appearance of PbI2-xBrx peak.

• Here CsPbI2Br is compositionally stable while MAPbI2Br thermally degrades.
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Perovskite Phase Transition
• CsPbI2Br transitions to the perovskite phase at a lower temperature than CsPbI3.

• Both films stay in the perovskite phase when cooled in nitrogen.  Ref. patterns from [6]. 

Cs               MA

• Methylammonium (MA) lead halide perovskites have increasingly impressive solar cell 

performance.[1]

• However, these materials thermally degrade at relatively low temperatures.[2]

• The inorganic caesium (Cs) analogues are more thermally stable.[3]

– CsPbI3 has an ideal bandgap for tandem solar cells but is 

unstable in the perovskite phase in ambient conditions.[4]

– CsPbBr3 is stable in ambient conditions but has a wider bandgap.[5]

• Here we show increased stability and bandgap tunability for a mixed-halide 

composition, and the highest efficiency inorganic perovskite solar cells.
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Figure 9-2. Poster presented at PSCO 2017. 
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Photovoltaic Devices

Conclusions

• Caesium lead halide perovskites can have optoelectronic properties comparable to 

hybrid organic-inorganic lead halide perovskites.

• We find mobilities ~25 cm2/(V s) for both vapour-deposited and spin-coated CsPbI3

films. Furthermore, in vapour-deposited CsPbI3, we observe lifetimes on the order of 

tens of microseconds – exceptionally long for a metal halide perovskite thin film.

• With the highly-controlled vapour-deposition process we obtain solar cells with 

CsPbI3 with 8.8% current-voltage scan efficiency and nearly 8% stabilised PCE.

Time-Resolved Microwave Conductivity

• Our vapour-deposited films are made by alternating 

deposition of very thin layers of CsI (~2 nm) and PbI2

(~2.5 nm) to build up a film of ~260 nm.[2] 

• This process forms yellow-phase CsPbI3, which we 

anneal briefly at 310 °C to convert to black-phase CsPbI3.

Introduction

Absorption and X-ray Diffraction

Parameter Vapour-deposited Spin-coated

k2 (cm3 s-1) 1.3 x 10-10 1.2 x 10-9

NT (cm-3) 9.0 x 1014 1.1 x 1016

kT (cm3 s-1) 1.0 x 10-9 6.0 x 10-8

kD (cm3 s-1) 2.5 x 10-11 9.0 x 10-11

∑µ (cm2/(Vs)) 26 23

Parameter

Vapour-deposited Spin-coated

Best Cell
Mean 

± std. dev. Best Cell
Mean 

± std. dev.

JSC (mA cm-2) 13.0 12.6 ± 1.2 14.4 11.6 ± 2.6

VOC (V) 1.00 0.95 ± 0.06 0.80 0.74 ± 0.13

FF 0.68 0.61 ± 0.05 0.56 0.51 ± 0.07 

PCE (%) 8.80 7.27 ± 0.96 6.40 4.4 ± 1.5

SPO (%) 7.8 6.0 ± 1.3 4.3 2.5 ± 1.1

SPO Ratio 0.89 0.82 ± 0.09 0.67 0.56 ± 0.14

We use the time-resolved microwave conductivity technique to determine the 

following optoelectronic parameters for CsPbI3 thin films prepared via different routes: 

rate constants for second-order recombination (k2), trap filling (kT) and trap 

depopulation (kD), the overall trap density (NT) and mobilities for electrons (µe) and 

holes (µh).

Vapour-deposited Spin-coated

• AFM measurements show 

micron-sized grains for both 

deposition methods.

• We made solar cells with the structure 

FTO/SnO2/CsPbI3/HTM/Ag (HTM = P3HT/SWNT-

PMMA).[5] We measured them in air without 

encapsulation.

• We compare these vapour-deposited films with spin-coated films prepared from a 

0.8 M solution of stoichiometric precursors in DMF:DMSO 0.65:0.35.

•The fil s’ absorption,  L, and XRD shown above  atch well to Cs bI3 films in the 

literature.[3,4] The background-subtracted XRD (Co Kα radiation, λ = 1.79 Å) was 

measured at room temperature using an airtight sample holder. ■ denotes the black 

phase CsPbI3, ◊ denotes PbI2, and * denotes SnO2. 

• We use the time-resolved microwave 

conductivity technique to determine charge 

carrier mobilities and charge carrier lifetimes

• We then make solar cell devices with films 

prepared using the two deposition methods

• Metal halide perovskites are highly promising materials for photovoltaics.[1]  

•But does the cation need to be organic for high optoelectronic properties?

• Here we investigate the optoelectronic properties of fully inorganic perovskite 

CsPbI3 made by either vapour-deposition or 

spin-coating

Substrate

Shutter

Sensor

CsI PbI2

T ~ 400 °C T ~ 250 °C
Black-phase CsPbI3Yellow-phase CsPbI3 Hotplate at 310 °C
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