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Abstract

Abstract

The work presented in this thesis concentrates on the synthesis of ternary and

quaternary materials containing Cu, Ag, Bi and I as powders, crystals and thin films.

They are characterised towards their use as solar absorbers in thin filmphotovoltaics.

In Chapter 3, the sealed-tube solid state synthetic procedures used to pre-

pare pure AgBiI4 and CuBiI4 powder phases are discussed, as well as the crystal

growths of AgBiI4 and Cu2BiI5 via chemical vapour transport (CVT). The exploration

of the CuI-AgI-BiI3 phase field is presented, explaining the optimised synthetic

procedures for the synthesis of two newpureCuAgBiI5 andCu2AgBiI6 powder phases

and their crystal growths.

The structures of the phases synthesised are discussed in Chapter 4. Al-

though the structures of AgBiI4 and CuBiI4 material had been previously reported

to crystallise in a 3D Bi-I network in the form of a defect-spinel, it was found

that a metrically cubic CdCl2 2D layered structure could also be a solution to

the powder X-ray diffraction (PXRD) and single crystal X-ray diffraction (SXRD)

data (although not a statistical mix of both structure types). Additionally, an

AgBiI4 crystal which had a metrically rhombohedral CdCl2 structure was isolated.

The Cu2BiI5 structure is solved from SXRD for the first time, crystallising in the

i-CdCl2 structure. By using combined PXRD and neutron powder diffraction

(NPD), and SXRD data, the CuAgBiI5 was found to crystallise in a defect-spinel

structure. TheCu2AgBiI6 structurewas solved via SXRD to have the i-CdCl2 structure.

In Chapter 5 the properties, stabilities and solution processability of the

phases are discussed. The AgBiI4 powder has a band gap measured as 1.63(1) eV

indirect with band edge states similar to those of BiI3; Ag 4d states are lower in the

valence band. The top of the valence band is mainly I 5p states, while the bottom of

the conduction band is amixture of Bi 6p and I 5p states. The band gap of CuBiI4 was
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measured as 1.03(1) eV indirect, but was not studied further as it was a metastable

phase and decomposed to CuI and BiI3 at room temperature. The band gaps of

CuAgBiI5 and Cu2AgBiI6 powders were measured as 1.33(1) eV indirect and 1.31(1)

eV indirect, respectively.

It is shown that AgBiI4 and Cu2AgBiI6 powders are stable towards light in in-

ert atmospheres, whereas CuAgBiI5 undergoes a colour change from black to yellow.

Furthermore AgBiI4 is stable in light with wavelengths larger than 600 nm and in

heat within the temperature range reached in the operating/testing of solar cells.

The AgBiI4, CuAgBiI5, and Cu2AgBiI6 phases are importantly shown to be solution

processable fromDMSO solutions in to thin films .
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Chapter 1

Introduction

1.1 Motivation

In 2016, CO2 concentrations in the atmosphere were measured as 403 ppm,

compared to the pre-industrial era of 280 ppm, and are growing at an average of 2

ppm/year in the last ten years.1 During the same year, 58% of global CO2 emissions

come from the combustion of fossil fuels.2 The release of this greenhouse gas into the

atmosphere increases the absorption of infrared radiation emitted from the Earth,

increasing the temperature of Earth’s atmosphere, which could have catastrophic,

runaway consequences on the habitability of the planet.3 In addition to this, 3

million premature deaths each year can be attributed to outside air pollution.4

In 2015, 13.4% of energy came from renewable energy sources and 81.4%

from fossil fuels.5 Although fossil fuels have played a huge role in driving forward

modern agriculture and industrial production, among other things (without this

inexpensive energy production many material objects would be a luxury rather

than standard belongings), it is clear that alternative clean and cost-efficient energy

sources must be found. Out of the renewable energy, biofuel and waste accounts

for 70.7% due to its non-commercial use in developing counties, with solar energy

contributing to less than 3% (0.4% of total energy production). Between 1990 and
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Chapter 1. Introduction

2015, total energy production has risen by an average of 1.8% each year and renew-

able energy production has risen by 2% each year. During this time period, solar

energy has been, by far, the fastest growing renewable technology and has grown

anaverage of 45.5%each year (thenext highest is energy fromwind sources at 24.0%).

Photovoltaics have already had a tremendous amount of success in space;

without which we would not have satellites and global communication. In the late

1960s and early 1970s, it was realised that being able to harness solar energy was

extremely important. A number of sources suggested Space-based Solar Power

(SPS), which would have the benefit of avoiding reduction of the intensity of the

solar radiation by the Earth’s atmosphere and weather.6,7 $15.6 million was given to

theUSDoE andNASA to investigate this idea between 1977-1980.8 It was abandoned

in 1980 as it was concluded that "too little is known about the technical, economic

and environmental aspects of SPS to make a sound decision on whether to proceed

with its development and deployment".9 Nowadays, terrestrial photovoltaics power

plants are becoming a common sight. The first 1 MW solar energy power plant was

opened in the US in 1982. However it was later dismantled and sold for parts as it

could not compete with the cost of fossil fuels. As the fastest growing renewable

technology, efficiencies are still increasing and costs are decreasing, allowing large

scale projects to finally compete with fossil fuels in terms of cost.10 Currently, the

largest solar energy power plant is Tengger Desert Solar Park in China, and was

completed in 2016 with a capacity of 1547MW.

Not only is solar energy the only energy source that could perpetually power

the Earth; it has heat as its only waste product (no air pollution), it turns light directly

in to electricity (no transportation of fuel) and has no operating costs (unmanned,

free fuel). The disadvantages of solar energy is that it requires large areas of solar

cells to produce a meaningful amount of power (high cost), their low efficiency

(long payback time), and their long-term degradation. There are also some other
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important issues; some parts of the World do not get much sunlight, and power

generation at night time/during period of low sunlight. The solutions to these

problems rely outside of solar cell performance; on politics and the progress of

large-scale energy storage technology.

1.2 Semiconductors

Solar cells make use of the properties of semiconductors. To understand

semiconductors it is necessary to understand some initial concepts.

Band Theory of Solids

In the case of a free atom, the energies of orbital electrons are discrete (atomic

orbitals). In the case of a diatomic molecule, molecular bonding and antibonding

orbitals are formed. Extension of this approach to larger molecules leads to an

increase in the number of molecular orbitals. As the number of molecular orbitals

increases, the average energy gap between the bandsmust decrease. By extension to

an infinite number of atoms (an extended solid), these bands overlap. This is known

as band theory. When electrons are considered as free, and unperturbed by the ions

in the solid this is known as the free electron model and is true for metals, in which

the overlapping of bands allow for the conduction of electrons (Figure 1.1). The

free electron model, can describe metals well however, it cannot distinguish, as an

example, the 32 orders of magnitude that may exist between the electrical resistivity

of metals and insulators. For this, the nearly free electronmodel is used in which the

energy bands of an extended solid are treated as perturbed by the periodic potential

of ion cores. This has the effect of introducing forbidden energy gaps in the band

structure.

For insulators the energy gap between the highest occupied energy level (va-

lence band maximum, VBM) and the lowest unoccupied energy level (conduction

9



Chapter 1. Introduction

Figure 1.1: The energy bands of metals, semiconductors and insulators. The shaded areas are filled
energy bands, the white areas are unoccupied energy bands. Eg is the forbidden energy or band gap.

bandminimum, CBM) is so large that in ambient conditions very few electrons have

sufficient energy to cross the band gap, hence the electrons are localised in the fully

occupied valence band and conductivity is very small.

For semiconductors, the band gap is not as large, which means electrons are

easily excited (thermally or by other external stimuli such as visible light) from the

VBM to the CBM. This leaves an electron hole in the valence band, and an electron

in the conduction band, which are mobile and contribute to the conductivity of the

material. Generally, the electronic conductivity of semiconductors are in between

those of metals and insulators. More specifically, a metal and semiconductor,

or wide band gap semiconductor (an insulator), can be distinguished by their

change in conductivity with respect to temperature (Figure 1.2). The conductivity

of semiconductors are improved when there are more carriers in the conducting

bands, and when their mobility is high.

Energy Transitions in a Semiconductor

When electrons are promoted into the conduction band, they are described as

negative charge carriers. The vacant electron levels that are left behind are described

as positive holes. The number of electrons that are promoted to the conduction band

are dependent on themagnitude of the energy gap, as well as temperature. At 0 K, no

10



Chapter 1. Introduction

Figure 1.2: The conductivity of ametal, semiconductor and insulator (wide band gap semiconductor),
with respect to temperature.

electrons will have the thermal energy required to be promoted to the conduction

band. If the initial state and the final excited state of the electron have the same

momentum, then the transition is direct, and has a high chance of occurring when

exposed to an external stimuli (Figure 1.3). If the initial state and excited state have

different momentum, then the transition is indirect, and has a lower chance of

occurring due to need for an additional interaction with a phonon of the correct

momentum. The smallest energy gap is known as the band gap, and can be direct or

indirect.

Recombination of the excited electrons and holes may occur via several pro-

cesses; Shockley-Read-Hall (SRH, non-radiative), band-to-band (radiative) and

Auger recombination (Figure 1.4). SRH recombination is when a localised state

is created in the forbidden energy gap by an impurity in the lattice. The localised

state is called a deep-level trap and can absorb difference in momentum between

the carriers, and so this process is dominant in indirect band gap materials.

Band-to-band recombination is the deexcitation of an electron by a spontaneous

emission of a photon. As the photon carries relatively little momentum, radiative

recombination is significant only in direct band gapmaterials. Auger recombination

is when the energy of an excited electron is transferred to another electron, which is

11



Chapter 1. Introduction

Figure 1.3: The promotion of an electron from the VBM to the CBM, leaving a hole in the VBM.When
themomentum remains constant, it is direct. When there is a change in themomentum, it is indirect.
The smallest transition is called the band gap.

Figure 1.4: Recombination (deexcitation) mechanics for excited electrons and holes in semiconduc-
tors.

excited higher in energy. After the interaction, this electron usually loses its excess

energy via thermal vibrations. This is a three-particle interaction and is only usually

significant when the carrier density is very high.

The Shockley-Queisser Limit

The Shockley-Queisser limit is a theoretical upper limit for the efficiency of p-n single

junction solar cells (Figure 1.5).11 The efficiency is calculatedwith respect to theband

gap as a parameter. A number of factors are taken in to consideration; the incident

solar spectrum, the black body radiation of the solar cell itself, the recombination

mechanics, and the spectrum losses. The recombinationmechanics places an upper

limit on the rate of electron-hole production, which limits themax Voc . The spectrum

losses takes in to account that as the band gap increases, the amount of photons

12
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Figure 1.5: The Shockley-Queisser limit, showing the maximum theoretical efficiency of a single
junction solar cell based on the band gap of the solar absorber.11

from the solar spectrum available for the photogeneration of carriers decreases. The

authors conclude that themaximumefficiency is found tobe33%foranenergygapof

1.1 eV.Asno single junction solar cell technologyhas reached the limit, the ideal range

is oftenquotedas 1.1-1.4 eV,which includes themaximumof the calculated limit. The

Shockley-Queisser limit of Si (band gap 1.1 eV)12 is 33%, and 31% for CH3NH3PbI3 or

MAPbI3 (band gap 1.55 eV).13,14

Absorption Coefficient

The absorption coefficient, α, is an important property of a solar absorber. It is

a measure of the rate of decrease in the intensity of light as it passes through the

material, expressed in units of cm−1. It is wavelength dependent, and proportional to

the density of carriers in an initial state ni (λ), the density of unoccupied states nf (λ)

and the probability that the transition will take place Pi f (λ) (Equation 1.1).

α ∝ ni (λ)Pi f (λ)nf (λ) (1.1)

The term Pi f (λ)means that the absorption coefficient will be higher for direct band

gaps, as the transition has a higher possibility of occurring. Absorption coefficients

are important in determining the optimal thickness of the solar absorber layer

13
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in a device for the trade off between photon-to-current conversion and photon

absorption. If the absorbing layer is too thick or absorbing then a lot of light will

be absorbed, but generated carriers will not be able to get to the back contact as

the light will not penetrate deep enough in to the device. If the layer is too thin or

not absorbing enough the device efficiency will be lower simply because it will not

be utilising all of the incident radiation. Following this reasoning, having a thin film

with a high absorption coefficient is ideal; the thinner the film the more carriers can

reach the electrodes, and then if thefilm is highly absorbing, asmuch light as possible

is utilised. For reference, MAPbI3 has an absorption coefficient of 105-106cm−1,15

which is considered very high, and devices are usually made with a 200-300 nm film

thickness. Other well-studied thin film solar absorbers include CdTe, CdS, InP, GaAs

which have slightly lower absorption coefficients of 104-105cm−1 which means films

for devices are often a few microns thick,16 and Si has 102-103cm−1 which is too low

for thin film devices.

1.3 p-n Junctions

The electronic conductivity of a semiconductor can be enhanced by doping. This

can be done through doping with small amounts of aliovalent ions, leading to p-type

(positive) or n-type (negative) semiconducting behaviour. An n-type dopant is

considered an electron donor, providing electrons to the conduction band (Figure

1.6). The energy level is found just below the conduction band, and hence electrons

require less energy to be promoted from the valence band. A p-type dopant is

considered an electron acceptor, promoting the formation of holes in the valence

band. The energy level is situated just above that of the valence band, accepting

electrons from the valence band, thus decreasing the energy required to create a

charge carrier. The p-type and n-type materials remain electrically neutral, with

charged ions, andmobile carriers of the opposite charge.

14
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Figure 1.6: The band energy diagrams of an n-type and p-type semiconductor.

A p-n junction occurs when a p-type and n-type material are brought to-

gether (Figure 1.7). As the two materials are joined, a large density gradient of

positive and negative ions exists. The result is that free electrons from the n-type

material migrate to fill up the holes in the p-type material, producing negative ions.

As the electrons migrate they leave behind positively charged ions. Similarly, the

holes from the p-typematerial migrate across the junction in the opposite direction,

leaving behind negatively charged ions. This process continues until the number of

electrons which have crossed the junction have a large enough electrical charge to

repel or prevent anymore charge carriers from crossing over the junction. Eventually

a state of equilibrium will occur producing a potential barrier zone around the area

of the junction. The electric field created means that the junction now becomes

completely depleted of any more free carriers. This area around the p-n junction

is called the depletion region. The band energy diagram of a p-n junction in

equilibrium is shown in Figure 1.8a.

When sunlight excites the electrons in the p-type material, the generated

electron and holes are separated by the electric field of the depletion region. The

electrons that diffuse to the junction will be accelerated across it whereas holes can

diffuse to themetal electrode (Figure 1.8b). The voltage difference this creates across

the depletion zone is called the photovoltaic effect. The photogenerated electrons

and holes that contribute to this effect cause a photocurrent which can be used to

charge a battery or power an external load (Figure 1.9).
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Figure 1.7: The formation of a p-n junction by bringing a p-type and n-type material in to contact.
The encircled addition and subtraction signs represent positively and negatively charged ions. The
free addition and subtraction signs represent free holes and electrons. The process is described in the
text.
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Figure 1.8: (a) The band energy diagram for a p-n junction in equilibrium (b) The excitation of an
electron by incident light of a sufficient energy, in the p-type side of the p-n junction. The hole
and electrons are separated by the electric field of the depletion region and are extracted via metal
electrodes. Theuseful voltage is the difference in energy of thehole and electrons as they are extracted.

Figure 1.9: A schematic of the circuit produced by the generated electric field of the p-n junction and
photogenerated carriers, which induce a photocurrent which can power an external load (or charge a
battery).
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1.4 Photovoltaic Devices

The first solar cell was built using selenium as the solar absorber by Charles Fritts in

1883; it was 1% efficient.17 The next break through was announced in 1954 at Bell

Labs, with a p-n junction created using Boron-doped (p-type) and Arsenic-doped

(n-type) Si; they made solar cells with 6% efficiency. The New York Times wrote that

the silicon solar cell "maymark the beginning of a new era, leading eventually to the

realization of one of mankind’s most cherished dreams-the harnessing of the almost

limitless energy of the sun for the uses of civilization."

In 2017, Si solar cells accounted for 90% of all solar cells produced.18 The av-

erage commercially-available efficiency of multicrystalline Si solar cells (mc-Si)

is 18.35%.18 The highest efficiency for single cells in a laboratory is 22.3(4)% and

the highest efficiency of larger area arrays is 22.0(4)%.19 Silicon solar cells require

high purity silicon which relies on an expensive purification process, contributing

to the high cost of Si solar cells. The cost of Si solar cells is volatile though, and

mainly depends on the demand of large scale projects and over-supply. However, it

is forecast that electricity produced by solar energy will be less expensive than from

fossil fuels by 2020.18

An example of a Si solar cell is shown in Figure 1.10a. Although there are

many different variants, the basic concepts remain the same. Light is absorbed by

the p-type layer, which is 200-500 µm thick,20 due to the absorption coefficient of

104cm−1.21 The excited electron is accelerated through the p-n junction to the front

contact. The generated hole is collected by the back contact. Si has a band gap of

1.1 eV,12 meaning that light with an energy greater than 1.1 eV (or wavelength lower

than 1130 nm) can be used for the photogeneration of carriers.

The problem of the high cost of high purity Si was recognised from the be-

ginning. It has also been recognised that cheaper solar cells can be produced only if
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Figure 1.10: (a) The schematic of a high efficiency Si solar cell.22 (b) The schematic of a CdTe solar
cell.23 (c) The schematic of a thin film perovskite solar cell.23,24
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cheaper and more sparingly used materials and lower cost technologies are utilised.

In 1954, Reynolds et al. first noticed a photovoltaic response across heat-treated

Cu contacts on CdS, which led to the development of CdS cells.25 The number of

possible thin filmmaterials for solar cells is quite large, as all that is initially required

is a material with a suitable band gap and high absorption coefficient. One of the

most attractive candidates is CdTe. A typical CdTe cell is shown in Figure 1.10b.23

In the device shown, the CdTe layer is the p-type solar absorber, and the CdS layer

is used as the n-type material to form the p-n junction. For layered solar cells, it is

typical to use a transparent conductor as the front contact; usually fluorine doped

tin oxide (FTO) or indium tin oxide (ITO). CdTe has an absorption coefficient around

105 cm−1,26 an order of magnitude higher than that of Si, meaning the films used

are only a few microns thick.27 CdTe has a band gap of 1.50 eV (830 nm).28 The best

CdTe single cell laboratory efficiency is 21.0(4)%, and the best module efficiency is

18.6(5)%.19 These cells have started to be commercialised.

Other promising chalcogenide solar absorbers consist of the chalcopyrites

CuIn1−xGaxSe2 (CIGS) and Cu2ZnSnS4 (CZTS), and Sb2Se3. The chalcopyrite

structures consist of a cubic close packed (CCP) Se2− or S2− anion sub-lattice with

the cations in tetrahedral coordination. The CIGS solar absorber has a direct band

gapwhich can be tuned between 1.0 eV (x=0) and 1.7 eV (x=1) with a high absorption

coefficient of 105cm−1.29 Although the band gap of this material can be tuned across

the ideal band gap for single junction solar cells, a band gap of 1.2 eV (x=0.3) is

commonly used due to device performance dropping off for higher values of x.30

The highest efficiency reached for a single cell in the laboratory is 21.7(5)%.19 The

commercialisation of these cells is being realised, with efficiencies reaching 19.2(5)%

for larger area modules.19 Commercialisation is hampered by the rigorous phase

and composition control that is needed for high performance cells, which make

for a complicated and demanding fabrication process. The most common route to

process CIGS thin films is via vacuum-based processes such as co-evaporation and
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co-sputtering of the elements, followed by an annealing in a selenide vapour–these

are expensive processes which are difficult to scale up. The expense of the indium

used in this material has encouraged searches for similar materials using more

earth-abundant materials. The chalcopyrite Cu2ZnSnS4 is a promising candidate,

and has the added benefit of containing non-toxic elements. The direct band gap

has been measured in the range of 1.4-1.5 eV with an absorption coefficient of

105cm−1.31 A max efficiency of 10.0(2)% has been attained for a single cell in the

lab and the material has yet to be scaled up for commercialisation.19 Additionally,

Sb2Se3 is being studied as a solar absorber, perhaps partly due to the processing

technique being very similar to the well-established CdTe fabrication process but

without containing toxic Cd. The crystal structure consists of 1D ribbons of [Sb4Se6]n

with loose van derWaals interaction between ribbons.32 Sb2Se3 possesses an indirect

band gap of 1.03 eV, and a direct band gap of 1.17 eV with an absorption coefficient

of 105cm−1.33 The most efficient single cell made in the laboratory has an efficiency

of 7.6% and consists of CdS (n-type) and Sb2Se3 (p-type) absorbers to create the p-n

junction.34

Kojima et al. were the first to report hybrid perovskites for photovoltaics in

2006; in dye-sensitised solar cells.35 The perovskite thin film device depicted in

Figure 1.10c was developed simultaneously by the efforts of the groups of Park,

Grätzel and Snaith.23,24 It is based on a p-i-n junction which works in the same way

as the p-n junction; with the i layer hosting the depletion region. The i stands for

intrinsic, meaning that there are few charge carries until a hole and electron pair are

generated via an external stimulus; for this reason the number of electrons is equal

to the number of holes. The i layer is the solar absorber which uses the incident

light to generate the holes and electrons, and acts as a transport medium for both.

The electrons are accelerated to the n-type material (typically TiO2) and the holes

to the p-type material (typically Spiro-OMeTAD). The carriers then diffuse to the

electrodes. Themost widely utilisedmaterial for the solar absorber isMAPbI3, which
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has a band gap of 1.55 eV (800 nm) and a high absorption coefficient of 106 cm−1

meaning the film can be only a few hundred nanometres thick.13,14 This technology

uses a thin layer or abundant elements, with a low cost deposition technique,

representing a significant step in the field which has led to its intensive study. The

perovskite thin film solar cells are currently the fastest growing solar cell technology

in terms of efficiency, rising from 9.7% in 201224 to 20.9% in 2015.36 They have yet

to be scaled up to large area modules for commercial application due to limitations

discussed in Section 1.6.

1.5 Relevant Structure Types

1.5.1 The Perovskite Structure

Theperovskite thin filmdevices use a solar absorber that crystallises in the perovskite

ABX3 structure, where A and B are cations and X is the anion. The BX6 octahedra

are corner sharing leading to a 3D network. The A cation occupies the void in the

centre of the network and is coordinated to 12 X anions. The perovskite structurewas

first solved from the mineral CaTiO3 by Gustay Rose in 1839, and is named after the

Russian mineralogist L. A. Perovski (Figure 1.11a).37 The ideal perovskite structure

is cubic but is a versatile structure type and upon reduction of temperature the

symmetry of perovskites can reduce to tetragonal and orthorhombic structures. The

symmetry/phase of the perovskite also depends on the ionic radii of the ions; treating

all ions as rigid spheres and considering close packing leads to the Goldschmidt’s

Tolerance factor concept.38

t =
(Ra + Rx )
√
2(Rb + Rx )

(1.2)

where Ra , Rb and Rx are the ionic radii and t the tolerance factor. Empirically it is

found that 0.85≤t≤1.11 for cubic halide perovskites.39 For lower values of t (smaller A,

larger B cations), B-X bonds will undergo compression and the A-X bonds expand to

compensate for the excess space. A rotation of octahedra will result to accommodate
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Figure 1.11: (a) The perovskite CaTiO3 structure.42 (b) The Ruddlesden-Popper Sr3Ti2O7 structure.41

these induced stresses that lead to reduced symmetry and tilting of BX6 octahedra.

Higher values of t (larger A, smaller B cations) results in amore stable non-perovskite

hexagonal structure. Perovskites can also obtain different dimensionalitites based on

the component sizes. For example, if a large organic cation is used then 2D and 1D

structures can be obtained. Thus in the case of an excessively large A cation (t�1),

there is a destruction of the 3D framework and a reduction of dimensionality. When

perovskite layers (of varying thicknesses m) are separated by a rock salt layer, the

Ruddlesden-Popper structures of general formula (AX)(ABX3)m are obtained (Figure

1.11b). The structure was named after S.N. Ruddlesden and P. Popper, who first

synthesised and described the structure in 1957.40 The Sr3Ti2O7 compound shown

was synthesised in 1958.41

1.5.2 The Spinel Structure

Spinels have the general formula AB2X4, where A and B are cations and X is an anion,

and take their name from the mineral spinel MgAl2O4(Figure 1.12a). The structure

was first described by W.H. Bragg in 1915.43 The structure consists of a cubic close-

packed (CCP) sub-lattice of X anions, with A cations occupying tetrahedral sites, and

B cations occupying octahedral sites. The CCP sub-lattice allows for two tetrahedral

sites andoneoctahedral site per anion. The formulaAB2X4 then, shows that an eighth
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Figure 1.12: (a) TheMgAl2O4 spinel structure.43 (b) The CdCl2 structure.44

of the possible tetrahedral sites are occupied by the A cation, and half of the possible

octahedral sites are occupied by the B cation. The BX6 octahedra are edge-sharing

and create an extended 3D network.

1.5.3 The CdCl2 Structure

TheCdCl2 structure has the general formula AX2where A is a cation and X is an anion

(Figure1.12b). ThestructurewasfirstdescribedbyL.Paulingand J.L.Hoard in1930.44

The X anion forms a CCP sub-lattice. Half of the octahedral sites are occupied by

A cations. The cations fully occupy every other close-packed anion layer. The AX6

octahedra are face-sharing and create an extended 2D network. The X anion is not

surrounded completely by ions of the opposite charge and instead the layers are held

together viaweakVanderWaals forces. Thismeans that large polarisable anions such

as I− aremore likely to adopt this structure type than oxides.

1.6 MAPbI3 Structure, Properties and Limitations

Interest in organic-inorganic halide perovskites can be traced back to 1884,45 but the

current interest was revived by Mitzi and co-workers for use in film-thin transistors

and LEDs.46,47 The most widely studied material for producing high efficiency solar
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Figure 1.13: (a) The ideal cubic perovskite structure of high temperature CaTiO3.42 The different
phases of MAPbI3 are shown in b (room temperature, tetragonal), c (high temperature (cubic), and
d (low temperature orthorhombic).49

cell devices is methylammonium lead iodide (CH3NH3PbI3 orMAPbI3)

Crystal Structure

MAPbI3 crystallises in the ABX3 perovskite structure, where A and B are the

[CH3NH3]+ and Pb2+ cations, and X is the I− anion. The structure consists of corner-

sharing PbI6 octahedra forming a 3D Pb-I network. The [CH3NH3]+ cation occupies

the voids facilitated by the network, and possesses orientational disorder.48 The

tetragonal I4/mcm (room temperature 160-330K), cubic Pm3̄m (high temperature

>330K) and orthorhombic Pnam (low temperature < 160K) crystal structures of

MAPbI3 are shown in Figures 1.13b,c,d, respectively.49
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Optical Properties

The band gap of MAPbI3 is measured as 1.51-1.55 eV,13 suitable for single junction

solar cells. The band gap is direct with a high absorption coefficient of 106cm−1.14

The high absorption coefficient means that films as thin as a few hundred

nanometres thick can be used in devices, rather than a few microns thick for

CdTe. A thinner film provides a higher chance that photogenerated carriers will

diffuse to theelectrodesbefore recombining, aswell as reducing thecostof thedevice.

The VBM consists of antibonding I 5p and Pb 6s states and the CBM consists

of a non-bonding hybrid state between Pb 6p and I 5p states.50–52 The A cation

does not directly participate in band edge states. However, the size of the A cation

can affect the band gap by altering the Pb-I network, by changing dimensionality

and/or reducing Pb-I band overlaps, an effect seen in both hybrid and inorganic

materials.53,54

The versatility of the perovskite structure allows for the band gap to be tuned

by changing or mixing the anions between I, Br and Cl. The band gaps of MAPbBr3

andMAPbCl3 are 2.3 eV and 2.88 eV, respectively.55,56 The band gaps of MAPbI3−xBrx

and MAPbBr3−xClx can be continuously tuned between the band gaps of the end

members.57,58 The solid solution of MAPbI3−xClx does not form due to the large

differences in the ionic radii of I− and Cl−.59 Castelli et al. compute the band gap

and structural changes for the mixing of the halides.60 The band gaps increase

monotonically with the increasing of the halogen group (I to Br to Cl). This is due

mainly to the monotonic lowering of the VBM as the halogen orbitals involved have

higher binding energies (5p to 4p to 3p). The band gap and emission spectra of

the related CsPbX3 (X=I,Br,Cl) perovskite can be tuned across the visible range.61

However, the ideal low band gap CsPbI3 phase is not stable at room temperature.62

MAPbI3 also shows high carrier diffusion lengths and carrier mobilities,
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which contribute to a high collection of photogenerated carriers.63–65

Ease of Processing

Thehybridperovskitesareeasy to solutionandvapourprocess in tohighqualityfilms,

which significantly boosts their potential to compete with Si solar cells. A review of

currentprocessing techniques canbe foundhere.66 ForMAPbI3 a solutioncontaining

the MA cation, Pb and I is typically spin coated on to a substrate in a glove box and

annealed on a hot plate to induce the crystallisation of MAPbI3. This allows for film

studies andhigh efficiencydevices to bemadewith relative ease in the laboratory and

should not be underestimated as a reason for its popularity to study. It also has the

potential to be scaled up to an industrial level via techniques such as the roll-to-roll

method. In this method, a roll of flexible substrate is unrolled and passed through a

continuous coating, drying and annealing process. Using thismethodMAPbI3 layers

have beendeposited onflexible substrates tomake deviceswith record efficiencies of

13.5% and can bemade at the rate of 5 m/min.67

Stability

The long term stability of MAPbI3 is a major concern affecting the technical viability

of potential devices. Despite all the advances in efficiencies, and claims of ways

to stabilise the devices, long term stability still remains a challenge that needs

to be better understood and overcome.68 In the literature there are three main

decomposition routes which occur when MAPbI3 is exposed to light and oxygen,

moisture (in the dark), and heat (in inert atmospheres):

1. In a dry oxygen atmosphere, MAPbI3 has been shown to decompose when

exposed to the solar spectrum.69 However there is no sign of decomposition

in oxygen in the dark, or light in inert atmospheres; both oxygen and light are

required. The decomposition has been shown to be initiated by the iodide ions

undergoing oxidation, releasing iodine and free electrons. The electrons are

transferred to O2 to form the free radical O−2 . The free radicals deprotonate
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the ammonium group, converting it into amine, and releasing water. The

methylamine molecule evaporates because of its low boiling point (-6.6 °C)

leaving behind PbI2.

2. The second decomposition route occurs due to moisture. In humid atmo-

spheres, MAPbI3 films have been shown to be extremely sensitive and form the

monohydrate MAPbI3·H2O.70 Excess moisture, after the conversion in to the

monohydrate, then dissolves theMAI, leaving PbI2 behind.71

3. Additionally there is a thermal decomposition. MAPbI3 decomposes into PbI2,

gaseous CH3NH2 and gaseous HI when heated in an inert atmosphere.72 The

decomposition has been shown at temperatures as low as 40 °C.73

Additionally, at room temperature MAPbI3 is in its tetragonal phase, and undergoes

a reversible phase transition in to a cubic phase between 42-57 °C.49,74 This phase

transition is in the temperature range of solar cell operating conditions and it is

unknown how this phase transition will affect the long term stability of devices. An

ideal material would not undergo a phase transition in likely operating conditions.

Toxicity

Although Pb is commonly used for lead-acid batteries, there are major concerns

of scaling up another Pb-based technology. Pb pollution can result in long-

term environmental damage and serious harm to human health.75 It has a long

degradation lifetime and stability in ecosystems. Pb is harmful to the nervous

and reproduction systems and to the haematopoietic and renal organs. It can

often remain undetected in humans and can cause learning disabilities, behavioural

problems, malformed bones, slow growth, seizures, comas and death.76 Many ways

of assessing the potential harm of Pb-containing solar cells to the environment have

been reported.77–80 Most of these studies show how the hydrophilic nature of the

organic cation leads to a structural failure of the perovskite, leading to the release of

PbI2 in to the environment.81–83 Although theCdused inCdTe solar cells is toxic, PbI2
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has a solubility of 14 orders ofmagnitude higher than for the relevant Cdmaterials.77

There are also concerns regarding environment and human exposure during the

fabrication and disposal of Pb-containing devices.78,80 The toxicity and solubility of

Pb means it would therefore be useful to find Pb-free materials, and this concern

has created a whole new field of research to find Pb-free solar absorbers, which has

emerged over the last few years.

1.7 APb2+X3 Perovskites

There are many different APbI3 materials, where A is an organic or inorganic cation,

or a mixture of cations. Formamidinium lead iodide (HC(NH2)2PbI3 or FAPbI3)

was the material used for the highest efficiency (22.1%) device.84 FAPbI3 adopts

a pseudocubic structure at room temperature, with 12 possible orientations of

the [(HC(NH2)2]+ cation (Figure1.14a).85 The Pb-I network is cubic, however the

asymmetric [(HC(NH2)2]+ cation sits off-centre within the octahedral site, resulting

in a trigonal structure in the P3m1 space group.86 The higher symmetry leads to a

slight reduction of the band gap compared to MAPbI3 (1.43-1.48 eV).86,87 This black

phase is known as α-FAPbI3 and it is unstable at room temperature and undergoes

a phase transition to a yellow non-perovskite hexagonal phase δ-FAPbI3 (P63mc)

consisting of 1D chains of edge-sharing PbI ocathedra, even in inert atmospheres

(Figure1.14b).86 The α-FAPbI3 phase can be easily recovered by heating δ-FAPbI3

at 160-185°C.88,89 Similarly, α-CsPbI3 (Pm3̄m) is a cubic black perovskite phase

(Figure1.14c) with a band gap of 1.73 eV,90 and is unstable at room temperature and

undergoes a phase transition to a yellow non-perovskite hexagonal phase δ-CsPbI3

(Pnma)(Figure1.14d), even in inert atmospheres. Efforts are being made to stabilise

the α-FAPbI3 and α-CsPbI3 phases, via A-site doping.62,91

There are a huge amount of organic ions to choose from to put on the A-site

of the perovskite. Recently Kieslich et al. calculated the tolerance factor of over
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Figure 1.14: The ideal cubic black perovskite structure of α-FAPbI3 (a),86 and the yellow non-
perovskite δ-FAPbI3 structure it decomposes to at room temperature (b).86 Similary, the ideal cubic
black perovskite structure of α-CsPbI3 (c),90 and the yellow non-perovskite δ-CsPbI3 structure it
decomposes to at room temperature (d).91
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2500 prospective organic cation/metal halide-based anion ABX3 compounds

and determined that >700 have a consistent tolerance factor with the perovskite

structure, with more than 600 of these being unknown hypothetical compounds.92

While the 3D perovskite has a fairly rigid structural constraint, relaxing such

constraints leads to a large family of lower-dimensional perovskites; 2D,1D and 0D

Pb-I networks, with lower dimensionality increasing the band gap due to stresses

caused on the ideal cubic 3Dperovskite.93 Larger band gapsmay be useful in tandem

solar cells, for which a number of solar absorbers are used in a device to maximise

the use of different parts of the solar spectrum.

Stoumpous et al.94 synthesised a family of Ruddelsden-Popper phases

(BA)2(MA)n−1PbnI3n+1 (n=1, 2, 3, 4, ∞) which consist of MAPbI3 perovskite

layers separated by the large butylammonium (BA) cations. The band gaps are

2.35 eV (n=1), 2.12 eV (n=2), 2.01 eV (n=3), and 1.90 eV (n=4), which asymptotically

approaches the band gap of the 3D MAPbI3 perovskite. They were able to attain

devices with efficiencies of 12.51% and extended stability compared toMAPbI3.95

1.8 ASn2+X3 and AGe2+X3 Perovskites

Substituting the B-site cation Pb2+ for Ge2+ and Sn2+ are considered promising

directions to reduce the toxicity of solar absorbers. However, there are some

reports that suggest the decomposition products of Sn-containing perovskites are

also toxic.96 TheASnI3 perovskites (withA=Cs,MA, FA) have shown ideal optical band

gaps of the order of 1.2-1.4 eV, which makes them very popular to study.97 Similar,

or even lower band gaps can be obtained through mixtures of Pb2+ with Sn2+ due

to the anomalous band gap effect.98,99 Efficiencies of devices based on pure Sn2+

perovskites have reached 6%.100 The AGeI3 perovskites (with A=Cs,MA, FA) have less

suitable optical band gaps of the order of 1.6-2.2 eV.101 The Sn2+ and Ge2+ phases are

equally as sensitive to air as MAPbI3, decomposing from black perovskite phases to

31



Chapter 1. Introduction

Figure 1.15: The room temperature structures of α-MASnI3 (a),97 γ-CsSnI3 (b),97 MAGeI3 (c),101 and
CsGeI3 (d).101 All of these phases decompose in air to a non-perovskite material.

yellow non-perovskite phases, based on 1D Sn-I chains. Additionally, Sn2+ and Ge2+

ions are unstable and self oxidise to Sn4+ and Ge4+ in air, which significantly lowers

the device performance; mainly attributed to the high background carrier density

due to a high density of intrinsic defects (effectively doping with impurities).102 In

this sense, substituting Pb2+ for Ge2+ and Sn2+ reduces the toxicity but leads to more

unstable devices with lower performance. Regardless, efforts are ongoing to see if

these materials can be stabilised. As for Pb analogues, there are many choices of the

A-site cation, and a whole range of structures with lower dimensionality of networks

can be attained.
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1.9 A3Sb3+2 I9 and A3Bi3+2 I9 2D Perovskites

As Bi and Sb are group 15 elements, their 3+ oxidation states allows for s2 character

which is required to replicate the band edge states of the Pb2+ materials, with

Bi3+ being isoelectronic with Pb2+. Sb and its compounds are considered toxic,103

whereas Bi and its compounds are not. For example, the U.S. Food and Drug

Administration (FDA) deems the use of BiOCl and BiC6H5O7 (bismuth citrate) in

cosmetics, and BiOCl in drugs, as safe.104

Ternary iodides containing Sb3+ have shown to typically crystallise as A3Sb2I9

(A=Cs,Rb) (Figure 1.16a and b).105,106 When compared with the ABX3 formula of

a perovskite, it is evident that A3B2X9 has a 1/3 deficiency of the B cation. This

interrupts the perovskite structure by having every third layer of octahedral sites

vacant. Therefore these materials are considered as consisting of 2D perovskite

layers which are two layers thick. Cs3Sb2I9 crystallises in the ideal case in the

P3̄m1 space group, where as the smaller size of the Rb+ cation in Rb3Sb2I9

causes distortion of the octahedra, crystallising in the P21/n space group. The

band gaps of Sb-I semiconductors are too wide for single junction solar cells;

SbI2 (2.60 eV), Cs3Sb2I9 (2.30 eV),107 Rb3Sb2I9 (2.1-2.24 eV),108 MA3Sb2I9 (2.14

eV).109 An interesting compound Cs4CuSb2Cl12 has recently been reported, with

a direct band gap of 1.0 eV.110 It crystallises as 2D perovskite layers consisting of

ordered Cu and Sb octahedra (Figure 1.16c). Density of state calculations suggest

that the lowering of the band gap is due toCu 3d states at the top of the valence band.

Similarly, ternary Bi3+ iodides typically crystallise as A3Bi2I9 (A=K, Rb, Cs,111

MA,112,113 NH4114). At room temperature the A=Cs, MA structures crystallise in the

P63/mcc space group consisting of 0D [Bi2I9]3+ units charge balanced by the Cs and

MA cations (Figure 1.17a). The A=K, Rb, NH4 structures consists of 2D perovskite

layers, two octahedra wide, separated by a layer of vacant octahedral sites, in the

P21/n space group (Figure 1.17b). These structures have band gaps too high for
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Figure 1.16: The room temperarutre structurtes of Cs3Sb2I9 (a),107 Rb3Sb2I9(b),108 and Cs4CuSb2Cl12
(c).110
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single junction solar cells with band gaps higher than 1.90 eV. Following trends

seen in perovskites based on Pb2+, Sn2+ and Ge2+, it is expected that a 3-D Bi-I

network should increase the bond overlaps, increasing band dispersion and lower

the band gap, but prior to this study the band gaps of 3-D Bi-I networks have not

been reported.

1.10 AB+Bi3+X6 Double Perovskites

Bismuth double perovskites have recently attracted a lot of attention (Figure 1.17c).

The perovskite structure can be retained by substituting the Pb2+ with a monovalent

and trivalent cation, Ag+ and Bi3+. Ag+ and Bi3+ octahedra alternate throughout the

extended solid. These materials have only managed to be synthesised with Br and

Cl and have band gaps too large for single junction solar cells; (MA)2KBiCl6 (3.04

eV),115 Cs2AgBiCl6 (2.77 eV), Cs2AgBiBr6 (2.19 eV).116,117 However, the versatility of

the perovskite structure means that the band gaps should be able to be lowered via

chemical substitution.

Prior to this study BiI3 had the lowest band gap of all the bismuth halide

semiconductors (1.67 eV),118 slightly too wide for single junction solar cells and also

has an undesirable 2D layered structure (Figure 1.17d).119 A device utilising BiI3

has been made with an efficiency of 0.33%.120,121 It should be noted that devices

of BiI3 achieve similarly efficiencies to PbI2 devices (0.32%).122 The challenge in

finding Bi halide materials is finding materials with 3D networks and low enough

band gaps. An extensive database and literature search showed that very few 3D

Bi-I networks exist. Only two compounds were found; AgBiI4 and CuBiI4, but their

optical properties had not been studied. They are not based on the perovskite

structure, and are presented in Section 3.1.
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Figure 1.17: The room temperature structures of A3Bi2I9 where, A=Cs,111 MA112,113 (a) and A=K,111
Rb,111 NH4 114 (b). The double perovskite structure for Cs2AgBiBr6 116,117 (c), and the structure of BiI3
(d).119

36



Chapter 1. Introduction

1.11 Aim of Thesis

The aim of research in this field is to synthesise newmaterials that can reproduce the

remarkable properties of MAPbI3, while decreasing the toxicity and improving the

stability. As a new area of research, the initial focus in the field is finding materials

with the correct band gap for single junction solar cells (1.1-1.5 eV), known as

the classic Shockley-Queisser approach (using the band gap energy as the only

parameter to asses a materials suitability as a solar absorber). If we consider the

suitability of ions to replace Pb2+ with, the only ones considered non-toxic are Sn2+,

Ge2+ and Bi3+. The Sn2+ and Ge2+ compounds show more stability issues, oxidising

to their +4 oxidation states, making Bi3+ the most obvious choice. Bi-I compounds

have band gaps too high for single junction solar cells and are reluctant to form 3D

Bi-I networks; currently the most suitable is BiI3 (1.67 eV). This still lies out of the

optimal band gap range. Bi-I containing compounds do, however, show a degree of

stability in the fact that reported phases are stable at room temperature in air. Here

we synthesise ternary and quarternary Cu-Ag-Bi-I phases and characterise them

structurally and optically.

It is crucial that materials with suitable band gaps can then be processed

from solution. This has been a major factor in making MAPbI3 so popular to study.

Therefore ternary and quarternary Cu-Ag-Bi-I phases are shown to be solution

processable in to thin films, using the same popular techniques as used for MAPbI3.

The three decomposition routes mentioned for MAPbI3 all rely on the chem-

istry of the organic cation; in the first case the deprotonation of the ammonium

group, in the second case the solubility of MAI in water, and in the third the

disassociation of MAI into gaseous methylamine and HI. Therefore the all-inorganic

materials presented here are assessed for their stability.

The work in this thesis starts with the synthesis of previously synthesised
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AgBiI4 and CuBiI4, providing new insights on the synthesis and structures, charac-

terising them optically and assessing their stability. AgBiI4 has been processed in

to thin films from solution. Work progresses to the synthesis of new quarternary

phases CuAgBiI5 and Cu2AgBiI6, with their structures solved from powder and

crystal diffraction techniques. These materials showed band gaps suitable for single

junction solar cells, in the optimal range, for the first time for bismuth halides. These

materials have been solution processed and their stabilities assessed, representing a

significant step in realising Pb-free thin film solar absorbers.
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Experimental Methods

2.1 Synthetic Techniques

Three main synthetic techniques were used throughout this study. A solid state

sealed tube procedure was used tomake powders for structural characterisation and

property measurements. A chemical vapour transport procedure (CVT) was used to

make crystals for structural characterisation. A solution processing technique was

used for the casting of thin films for further property measurements.

2.1.1 Solid state sealed tube synthesis

Solid state synthesis is a very common method for the synthesis of polycrystalline

materials. In its most primitive form, the correct ratio of reactant powders are mixed

together and heated in a furnace to form the desired product. For the reaction to

occur high temperatures and long reaction times are typically required in order to

overcome the high kinetic diffusion barriers and slow diffusion times associatedwith

ionic diffusion through solids. When such conditions are met, counter-diffusion of

ions to the reaction interface can lead to the formation of the desired product. The

reaction rate can be increased by increasing the reaction interface by using small

particle sizes andwellmixed reactants. As I− is the largest stable halide, and has a low

ionic charge, iodine compounds generally have lower lattice energies than oxides

39



Chapter 2. Experimental Methods

leading to lower melting points. Therefore the temperatures used in the synthesis of

iodides are generally lower than those needed to overcome kinetic barriers for the

more stable oxides. In this thesis a sealed-tube solid state method is developed for

the synthesis of new iodide materials, based on Cu+, Ag+ and Bi3+ iodides, which

must be synthesised without the presence of oxygen to prevent the formation of

bismuth oxyiodide.

Two methods for mixing the powder precursors are used in this work; either

via melting the two powders together or by grinding the powders together in a pestle

andmortar. If the latter method is used, the mixed powder is pressed in to a pellet in

order to decrease the required diffusion paths and to speed up the rate of reaction.

The powder or pressed pellet is placed in a fused-silica tube. The tube is attached

to a vacuum line with a roughing pump and a turbo pump to remove the laminar

andmolecule air flows, respectively, allowing a pressure of 10−4mbar to be achieved.

By heating the walls of the fused-silica tube using a gas-oxygen torch, the glass is

softened, and pushed inwards by the air on the outside, where the softened glass

meets in themiddle to form a seal.

The sealed tube is placed in to a furnace and heated. For this particular work

it was important for the tube to stand upright in a furnace, to avoid migration of

melts along the side of the tube, with enclosedheating elements. The specific heating

regimes for each material can be found in Chapter 3. For some samples, melting

could be used as a way of mixing the starting powders, as the desired products

melted congruently. However, some reactions had to be carried out subsolidus to aid

compositional homogeneity. The phases synthesised required quenching from the

annealing temperature to room temperature by quickly taking the tube out of the

furnace, and placing it in a beaker of room temperature water. Quenching is used

to attain metastable phases which otherwise decompose when allowed to slowly

cool to room temperature. The effect of quenching vs. not quenching is discussed in
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Chapter 3 for each material synthesised. Fused-silica (softening point of 1683 °C)123

tubes were used rather than pyrex (softening point of 820 °C)124 tubes. Although the

fused-silica requires a hotter flame for the sealing, pyrex was not able to withstand

the thermal shock of the quenching step.

2.1.2 Chemical Vapour Transport (CVT) for Crystal Growth

Chemical vapour transport (CVT) reactions are those in which solid substances react

with a gas to form a vapour phase, which in turn undergoes a reaction at a different

place in the system to form crystals of a new compound. Although the process

appears to consist of sublimation and deposition, the substance is transported

chemically with the aid of convection and diffusion.125 For the reaction to happen,

an appropriate transport reagent and a concentration gradient must be established,

usually as the result of an applied temperature gradient.

In this thesis, CuI, AgI and BiI3 powder reactants with a small excess of I2 are

sealed in an evacuated fused-silica tube as in Section 2.1.1. The tubes are laid

horizontally in a horizontal three-zone furnace, making sure all of the powder is at

one end of the tube. A temperature gradient is applied to the tube and the reaction

is left for two weeks, before being allowed to cool to room temperature. The tube

is carefully scored and snapped open, and the crystals are separated from the

remaining powder. The reaction specifics are discussed in Chapter 3. In all cases, I2

acts as the chemical transport agent.

2.1.3 Solution Processing of Films

The solution processing of thin films involves the application of crystalline films (a

fewnmtoa few µmthick) on toa substrate. Todo this a substrate is typically coatedby

a solution containing the desired elements and then annealed to remove the solution

or anyorganicmaterial in theprecursors and to induce the crystallisationof the target
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phase. Microscope slides were cut to dimensions 1.5 cm × 1.5 cm using a Dremel

hand tool. They were cleaned with soap and deionised water, dried under a N2 gas

flow, sonicated in acetone for 10 min, sonicated in methanol for 5 min, dried under

a N2 gas flow, sonicated in isoproponal for 10 min, and finally dried again under a

N2 gas flow. Two methods of coating the substrates were used in this work; drop

casting and spin coating. Drop casting involves simply applying the solution drop-

by-drop from a pipette on to the substrate to achieve full coverage. Spin coating

involves applying the solution drop-by-drop from a pipette on to the substrate to

achieve full coverage and then spinning the coated substrate. Spin coating has

the benefit of providing much more smooth, homogeneous films. Spin coating is

ubiquitous throughout semiconductor research and industry. This is because it is a

relatively simple technique which allows thin film processing in the laboratory with

little practice, and can be scaled up to an industrial level via techniques such as the

roll-to-roll method which can continuously deposit films on metres of substrate per

minute.67 For a solution of a given concentration, the film thickness can be tuned

over a limited range via the spin coating speed. To achieve a film thickness outside

of this range the concentration/viscosity of the solution would have to be changed.

The relationship between the film thickness t and spin coating speed ω is shown in

Equation 2.1.126

t ∝
1
√
ω

(2.1)

2.2 Structural Characterisation

The phases presented in this thesis are crystalline and thus structural characterisa-

tion can be carried out via diffraction techniques. Crystal structures can be stud-

ied through the diffraction of photons (X-rays), neutrons and electrons. In this work

elastic scattering methods are used; single crystal X-ray diffraction (SXRD), powder

X-ray diffraction (PXRD) and neutron powder diffraction (NPD). Using these differ-

ent diffraction data sets, structural models are created and iteratively altered until
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Crystal system Cell edge Cell angle Centring
Triclinic a , b , c α , β , γ , 90° P

Monoclinic a , b , c α = γ = 90°, β , 90° P, C
Orthorhombic a , b , c α = β = γ = 90° P, I, F, C
Tetragonal a = b , c α = β = γ = 90° P ,I
Trigonal a = b = c α = β = γ , 90° P, (R)
Hexagonal a = b , c α = β = 90°, γ = 120° P
Cubic a = b = c α = β = γ = 90° P, I, F

Table 2.1: The seven crystal systems togetherwith their characteristic unit cell parameters. Also shown
are the possible centrings of each crystal systems.

their calculated diffraction patterns match those of the original data sets; a method

called Rietveld refinement (Section 2.2.4). A brief overview of the crystallography,

diffraction theory, and the diffractometers used are presented in this section. For the

explanation of crystallography and diffraction theory a number of references were

used.127–130

2.2.1 Crystal Systems

An ideal crystal structure is constructed by the infinite repetition of identical groups

of atoms. The group is called the basis, and the set of mathematical points which the

basis is attached to is called the lattice. The lattice is 3-dimensional and its spacing is

defined by three vectors a, b and c. The smallest values of these three vectors, which

allow the crystal structure to remain unaltered via translation of integer values of a,

b, and c, form the axes of the primitive unit cell. The stacking of the unit cell in all

three dimensions results in the crystal structure. Non-primitive axes and unit cells

are often used in crystallography when they have a simple relation to the symmetry

of the structure.

There are 14 different lattice types in three dimensions, known as the Bravais

lattices. These 14 lattices arise from the seven different crystal systems, some of

which allow different centrings, summarised in Table 2.1. The possible types of

centring are primitive (P), body centred (I), face-centred (A,B,C) and rhombohedral
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(R). However, due to symmetry constraints, not all centring types are compatible

with all crystal systems. For example, in the triclinic system, any centred lattice can

be reduced to a smaller primitive lattice. Thus for the triclinic crystal system there is

only one Bravais lattice, the primitive.

2.2.2 X-ray Diffraction

As an X-ray beammoves through a solid, it can interact with the matter in a number

of different ways. Fluorescence can occur when a photon is absorbed by the

ionisation of core electrons. The ions relax to their ground state and emit secondary

photons in random directions. Fluorescence can add to the background of a diffrac-

tion measurement. It can be minimised through careful selection of experiment

parameters such as wavelength of the incident radiation, thickness/packing density

of sample and instrument geometry.

A second process, inelastic scattering, is caused by Coulombic interaction of

electrons with the oscillating field of the X-ray beam. This process causes the

scattered beam to lose energy (increase the wavelength) during collisions with

electrons. Inelastic scattering is used to investigate the electronic structure of

materials. Elastic scattering is the process in which a scattered X-ray beam is

radiated by an oscillating electron at the same energy andwavelength as the incident

beam. This process leads to Bragg diffraction which is used for structural studies in

crystallography.

An atom’s X-ray scattering strength is known as the X-ray form factor. As the

elastic scattering is the product of an interaction between the X-ray beam and the

electrons within the sample, the more electrons an atom has, or the higher the

atomic number, the higher its X-ray form factor.

In 1912 Max von Laue considered the interaction between an X-ray beam
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Figure 2.1: The schematic of elastic X-ray scattering due to an incident X-ray beam on a 1D periodic
array of atoms. Where α is the angle of the incident X-ray beam, αo is the angle of the scattered X-ray
beam, a is the periodic spacing of the atoms. The path differences of the beams are highlighted in
green.

and a periodic 1D array of atoms. By using trigonometry the path difference of the

diffracted beams from neighbouring atoms may be deduced (Figure 2.1). From

the physics of the interference of light, it is known that constructive interference

will occur when the difference in path length is equal to an integer number of

the wavelength i.e. when they are in phase. This allows for the 1-dimensional

Laue equation by equating the path difference of the scattered X-ray beams to the

condition needed for constructive interference (Equation 2.2). Where α is the angle

of the incident X-ray beam, αo is the angle of the scattered X-ray beam, a is the

periodic spacing of the atoms, h is an integer, and λ is the wavelength of the X-ray

beam.

a(cosα − cosαo) = hλ (2.2)

By extension, for a 3-dimensional periodic array of atoms there are three equations

that need to be satisfied simultaneously for constructive interference to occur

(Equations 2.3).
a(cosα − cosαo) = hλ

b(cos β − cos βo) = kλ

c (cosγ − cosγo) = lλ

(2.3)
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To proceed further, an understanding of reciprocal lattice vectors are required.

Every crystal structure has two lattices associated with it; the crystal lattice and the

reciprocal lattice. The crystal lattice is the real-space image youwould see if youwere

looking at the crystal structure through a powerful enoughmicroscope. A diffraction

pattern of a crystal is amap of the reciprocal lattice, a view of the crystal in reciprocal

space. The crystal lattice and reciprocal lattice are related so that for a crystal lattice

of axis vectors a, b, c we can construct the reciprocal lattice with axis vectors r, s, t

(Equation 2.4).

r = 2π b×c
a·b×c ; s = 2π

c×a
a·b×c ; t = 2π

a×b
a·b×c (2.4)

To help visualise the requirements of constructive interference of scattered X-rays in

3-dimensions, the Ewald construction is used (Figure 2.2). In this figure, on the right

hand side are the reciprocal lattice points of the crystal. The vector k is drawn in the

direction of the incident X-ray beam. The origin of k can be arbitrarily chosen, as

long as it ends at one of the reciprocal lattice points. A sphere of radius k = 2π/λ is

drawn around the origin of k. A diffracted beamwill form if the surface of the sphere

intersects with any other point in the reciprocal lattice. In Figure 2.2, the surface of

the sphere intersects another point in the reciprocal lattice. The vector between the

two points is known as the scattering vector G. The X-ray beam is diffracted in the

direction of the sum of the two vectors; k′ = k + G.

Therefore, to satisfy the constructive interference of the 3-dimensional Laue

equations the reciprocal lattice must be rotated until constructive interference

is observed (assuming the incident X-ray beam has a fixed orientation). As the

reciprocal and crystal lattice are related, this is achieved by rotating the crystal. This

is the premises of single crystal X-ray diffraction. A crystal is rotated in terms of three

angles (Φ, χ,Ω), with respect to the incident X-ray beam and scattering angle 2θ, to

map the reciprocal lattice.

Also in 1912, a useful law for diffraction was formulated by W.H. Bragg and
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Figure 2.2: The Ewald construction of the conditions for constructive interference of elastically
scattered X-rays in 3-dimensions. In this figure, on the right hand side are the reciprocal lattice points
of the crystal. The vector k is drawn in the direction of the incident X-ray beam. The origin of k can be
arbitrarily chosen, as long as it ends at one of the reciprocal lattice points. A sphere of radius k = 2π/λ
is drawn around the origin of k. A diffracted beamwill form if the surface of the sphere intersects with
anyother point in the reciprocal lattice. In Figure 2.2, the surface of the sphere intersects another point
in the reciprocal lattice. The vector between the two points is known as the scattering vectorG. The X-
ray beam is diffracted in the direction of the sum of the two vectors; k′ = k + G.

W.L.Bragg (Equation 2.5, Figure 2.3).

2dsinθ = nλ (2.5)

It considers diffraction occurring from a reflection of X-rays from planes within a

crystal. These planes are defined by Miller indices (h,k , l), which intersect the unit

cell at a/h, b/k , c/l , respectively. Examples of planes intersecting a unit cell, and the

correspondingMiller indices, are shown inFigure 2.4. Theusefulness of this equation

stems fromthe fact that it relatesd-spacing in the crystal lattice to a singlemeasurable

variable θ (and the wavelength of the radiation, which is known). In comparison,

the 3-dimensional Laue equations depend on at least 12 unknown variables. Bragg’s

Law means that for a diffracted beam, the angle θ can be monitored and at discrete

values of θ the conditions for constructive interference will be met. Due to Bragg’s

Law, these values of θ can be assigned to interlattice spacing dhkl . Assigning hkl

Miller indices to the observed reflections is known as indexing, and it allows the

determination of the unit cell parameters and the crystal system. Bravais lattice types
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Figure 2.3: The schematic of the Bragg equation used to derive 2dsinθ = nλ. Using trigonometry,
the total path difference between the rays scattered from adjacent planes is 2dsinθ. For constructive
interference the the path lengthmust be equal to an integer number of wavelengths.

Figure 2.4: Examples of lattice planes and their correspondingmiller indices.
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can be deduced based on the systematic absences identified, which can be caused

by any symmetry element with a translational component. Although information

derived from Bragg’s law is of importance because it can describe the symmetry of

the crystal, it is not able to describe the actual arrangement of atoms, nor tell us

the composition, within the crystal. To solve the structure, a structural model is

typically created first using chemical intuition or DFT calculations, its’ diffraction

pattern simulated, and compared against themeasured diffraction pattern.

2.2.3 Neutron Diffraction

Neutrons are particles with no net electric charge but do however posses amass. The

de Broglie equation describes how particles have wave-like characteristics (equation

2.6).

λ =
h

mv
;mv = p; λ = h

p
(2.6)

where λ is the wavelength, h is Planck’s constant, m is the mass, v is the velocity

and p is the momentum. This means that when the conditions for constructive

interference are met Bragg reflections are obtained, the same as for X-ray diffraction

theory. The way neutrons interact with the sample is different though. Neutrons are

scattered directly by the nucleus of an atom via the strong nuclear force, which acts

over a considerably shorter distance than that of the incident neutron wavelengths

(10−15 m and 10−10 m respectively). As such, the atomic form factors (known as

the coherent neutron scattering lengths) are independent of θ and the scattering

sites are considered as point sources. Therefore neutrons interact fairly weakly with

matter which means data collections require large samples (2g+) and extended

collection times (hours-days). Also, scattering occurs equally in all directions so that

large detector coverage is needed.

As the coherent neutron scattering lengths are not related to their electron

count, neutrons can be used to differentiate atoms that may have very similar
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Element Z Coh. scatt. length (fm) Abs. xs (b)
Cu 29 7.718 3.78
Ag 47 5.922 63.3
I 53 5.28 6.15
Bi 83 8.532 0.0338

Table 2.2: The atomic number (Z), coherent neutron scattering lengths and neutron absorption cross-
sections131 of the elements used in this work.

numbers of electrons, as long as the scattering lengths are suitably contrasting.

Neutrons can also be an excellent tool for detecting light atoms in the presence

of heavy atoms, which again X-rays can have difficulty with. In this work neutron

diffraction will be used for combined refinement of neutron and X-ray diffraction

data sets.

The purpose of combined refinement of neutron and X-ray diffraction data

sets is to be able to refine the disorder of two different atoms on the same site.

One data set cannot do this alone. For example, for a disordered structure with

two different atoms on the same site, a single PXRD data set would provide the

relative number of electrons on each site, however it would not be known how

many electrons belonged to each element on that site (without assumptions and

knowledge about the composition). It is like trying to solve two unknown variables

with one equation, which mathematically cannot be done. However the contrasting

Z-dependence of X-ray form factors and coherent neutron scattering lengths allows

us to, effectively, solve two simultaneous equations with two unknowns, which is

mathematically possible. Table 2.2 below shows the atomic number and neutron

coherent scattering lengths of the elements used in this thesis. There are also

incoherent scattering lengths which account for the neutron diffraction which does

not contribute towards the constructive interference for Bragg reflections. In this

thesis data sets are plotted againstQ -spacing so that data sets measured at different

wavelengths, and by X-rays or neutrons can all appear on the same x-axis. Q , the

momentum transfer of the scattering event in reciprocal space is related to the
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interplane d-spacing in Bragg’s Law, by Equation 2.7.

Q =
2π
d

(2.7)

Each element has a unique probability of absorbing a neutron, expressed as the

absorption cross section and measured in barns (b). Low absorption typically only

has a small effect on the refined thermal parameters. However, large absorption

effects can cause a θ-dependent change in peak intensities, which alters the relative

peak intensities, which are crucial for structural solutions. After collecting the

diffraction data, an absorption correction was performed based on the amount of

each element present (from compositional analysis) and the sample size and shape

(cylindrical can).132,133 Table 2.2 shows that the elements in this study have small

absorption cross sections. For reference, vanadium cans are used as sample vessels

during the measurements; vanadium has an absorption cross section of 5.08 b and

cadmium, used as a neutron shielding material, has an absorption cross section of

2520 b.

Neutrons have a second interaction with matter which means it can also be

diffracted by a lattice of ordered magnetic moments due to them being spin-1/2

particles. The intensity of the diffracted beam of neutrons is proportional to the

square of the magnetic scattering factor and in turn, to the magnitude of the

magnetic moment. When a beam of neutrons is incident upon a magnetically

ordered crystal, two diffraction patterns, a structural and magnetic pattern are

superimposed together. Neutron diffraction can be used to solve magnetic

structures, first demonstrating by Shull et al. in 1951134. Magnetic scattering occurs

from localised unpaired electrons, generally in the outermost orbitals, leading to

strong θ dependency, with magnetic Bragg reflections appearing at appreciably

greater intensities at low scattering angles. No magnetic Bragg peaks were observed

for thematerials studied here.
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2.2.4 Rietveld Refinement

A method known as Rietveld refinement, developed by H.M. Rietveld, has proven

to be a very useful tool for getting accurate structural information from powder

diffraction data. It was first used by Rietveld in the 1960s for neutron powder

diffraction.135,136 The method consists of building an initial structural model and

calculating the powder diffraction pattern. This diffraction pattern is then compared

with the measured diffraction pattern. Certain structural (fractional coordinates,

thermal displacements, site occupancies) and experiment parameters are then

systematically and iteratively (via least-squares refinement) modified until the

calculated diffraction pattern of the trial structure matches themeasured one.

Rietveld refinement software uses Equation 2.8 to calculate the peak intensi-

ties.137 The calculated intensity depends on five factors S j , Lk , Fk ,j , Aj and Pk ,j . The

peak positions depend on the lattice spacings and symmetry of the unit cell as

described in Section 2.2.2.

I cal
i = S f Σ

N phase
j=1 fj/(V

2
j )Σ

N pe ak s Lk |Fk ,j |
2sj (2θ − 2θk ,j )Pk ,j Aj + back g r ound (2.8)

S j is the scale factor of each phase present and is defined in Equation 2.9 where S f is

the beam intensity of the measurement beam, fj is the phase volume fraction andVj

is the phase unit cell volume.

S j = S f fj/(V
2

j ) (2.9)

Lk is the Lorentz-Polarisation factor and describes how the intensity differs for

angles of θ for the particular diffractometer and run parameters. It is therefore

dependent on the geometry of the instrument; the beamsize and sample volume, the

angular sample positioning and the monochromator angle α. For a Bragg-Brentano

instrument it is defined in Equation 2.10, and is θ dependant.

Lk = (1 + Phcos2(2θ))/(2(1 + Ph)sin2θcosθ) (2.10)

52



Chapter 2. Experimental Methods

Where Ph = cos2(2α), Fk ,j is the generalised structure factor and takes into account

the multiplicity mk , the structure factor Σe 2πi (hx j+k y j+l zj ), the temperature factors Bj

and the atomic scattering factors fj . Putting these all together gives Equation 2.11 .

Fk ,j = mkΣBj fj e 2πi (hx j+k y j+l zj ) (2.11)

Aj is theabsorption factor. For a thick sample, i.e. not a thinfilm, theabsorption factor

reverts to the Bragg-Brentano case in equation 2.12 where µ is the linear absorption

coefficient of the sample.

Aj = 1/2µ (2.12)

Pk ,j is known as the texture or the preferred orientation factor. For a spinning sample

the March-Dollase formula is used (Equation 2.13) wherePM D is the March-Dollase

parameter,mk is themultiplicity andαn is theanglebetween thepreferredorientation

vector and the crystallographic plane (hkl) in the unit cell coordinate system.

Pk ,j = 1/mkΣ
mk

n=1[(P
2
M Dcos2αn + (sin2αn)/PM D ]

2 (2.13)

The peak shapes are generally fitted with a Pseudo-Voigt function (Equation 2.14)

which allows the combination of different ratios of Gaussian and Lorentz curve

characteristics. Where si ,k = (2θi − 2θk )/ωk . This equation depends on the shape

parameters; the Caglioti formula ωk = W + V t anθ + U t an2θ and the Gaussianity

ηk = Σ
N
n=0Cn(2θ)n .

sj (2θ − 2θk ,j ) = In[ηk (1/(1 + s2i ,k )) + (1 − ηk )e
−s2i ,k ln2

] (2.14)

A high-order polynomial function is useful to fit broad humps in the background

curve.

The validity of the comparison between the calculated diffraction pattern of

the trial structure and the measured is assessed by a least squares method. The
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difference is expressed as a residual function commonly referred to as the difference

function (Equation 2.15).

∆I = Σiwi (I
obs
i − I calc

i )2 (2.15)

where,

wi =
1

σ2(I obs
i )

(2.16)

Where I obs
i and I calc

i are the observed and calculated intensities at the ith step, wi is

the weight of the squared differences in intensities, σ is the uncertainty estimate of

I obs
i .

After each iteration the quality of the refinement is evaluated through out-

puts known as R-factors and χ2. The weighted profile factor, Rw p is defined in

Equation 2.17.

Rw p =

√
∆I

Σiwi I obs
i

(2.17)

The best possible Rw p value that can be obtained for a specific data set is called the

expected R-factor, Re x p (Equation 2.18).

Re x p =

√
Nobs − Nv ar

Σiwi I obs
i

(2.18)

where Nobs is the number of data points of the measured data set, and Nv ar is the

number of refined parameters. The goodness of fit parameter χ2 is commonly used

to represent the quality of fit (Equation 2.19).

χ2 =

(
Rw p

Re x p

)2
(2.19)

χ2 should always be greater than 1, otherwise this indicates that too many

parameters are being refined (over-fitting) or that the data are under-collected. An

acceptable χ2 is considered to be less than 2. Of course, the structure must also be

physically and chemically sensible as well as statistically significant.
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The diffraction patterns can also be fitted with just a unit cell with arbitrary

peak intensities, skipping the requirements of a full structural model. This allows

for the refinement of lattice d-spacings or the lattice parameters. This is known as

Pawley fitting. Pawley fitting and Rietveld refinements were both used throughout

this thesis as powerful tools of structural analysis.

X-ray Powder Diffractometers

Powder diffraction allows the determination of a crystal structure based on polycrys-

talline materials. This is useful as single crystals are often more difficult to obtain.

An ideal polycrystalline sample will have well defined crystals sizes in the order of a

micron, with each individual crystallite randomly orientated. As the incident beam

hits the sample, hkl reflections (of all the crystallites that are orientated in the Bragg

condition) will give a cone shaped diffraction beam, known as the Debye-Scherrer

cone. This is shown in Figure 2.5. Typically, in powder diffraction experiments,

the detector measures the intensity of the diffracted beam as a function of 2θ. The

Debye-Scherrer geometry is also known as the transmission geometry. In this work

polycrystalline samples were measured on a number of diffractometers utilising the

Debye-Scherrer geometry. PXRD data of polycrystalline samples in capillaries were

measured on an in-house Bruker D8 Advance diffractometer using monochromated

Mo Kα1 radiation (λ=0.7093 Å). These samples were sealed in capillaries to enclose

them in inert atmospheres for stability investigations.

Alternatively, some diffractometers use Bragg-Brentano geometry (Figure

2.6). This is more commonly known as reflection geometry. This set up is useful for

highly absorbing powders as it does not require the transmission of the diffracted

beam. Initial compositional screening, light sensitivity, and solution casting

experiments made use of PXRD data measured on an in-house Panalytical X’Pert

Pro diffractometer using Co Kα1 radiation (λ = 1.7890 Å) and an X’Celerator detector.
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Figure 2.5: The Debye-Scherrer (transmission) geometry of powder diffractometers. The Mo Bruker
and synchrotron diffractometers (MAC and PSD detectors) used in this work operate in this geometry.

Figure 2.6: The Bragg-Brentano (reflection) geometry of powder diffractometers. The majority of the
in-house PXRD data used in this work is collected in this geometry on a Co Panalytical diffractometer.
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Phase identificationwas carried out using the X’PertHighScore Plus (Version 2.2a)138

with the PDF-2-ICDD database.

PXRD patterns used for detailed structural analysis were collected on the I11

beamline at the synchrotron at Diamond Light Source (Rutherford Appleton Labora-

tories, Oxfordshire, U.K.).139 The instrument produces its highest beamflux between

0.6-1.1 Å, which is then monochromated by a liquid nitrogen cooled Si(111) double

crystal monochromator. The instrument operates in Debye-Scherrer geometry

and features a Mythen position sensitive detector (PSD); a high count detector that

allows for the capture of a full resolution diffraction pattern in seconds. There is

also a Multi-Analyser Crystal (MAC) detector for higher resolution data collection,

although longer acquisition times are required (30-60 minutes for materials used

in this thesis). For AgBiI4 sample measurements the wavelengths were λ=0.825898

Å and λ=0.826212 Å for the MAC and PSD detectors, respectively. For CuAgBiI5

and Cu2AgBiI6 sample measurements, the wavelengths were λ=0.825255 Å and

λ=0.825315 Å for theMAC and PSD detectors, respectively. Samples weremixed with

50 vol% amorphous boron to reduce absorption effects and contained within 0.3

mm diameter borosilicate capillaries. The beamline also features a hot air blower

that enables the heating of a sample between room temperature and 1000 °C. This

was utilised in Chapter 5, to asses thermal stability of AgBiI4 in a sealed environment.

Topas Academic (Version 5)140 was used to perform Pawley fittings and Rietveld

refinements against the data. VESTA141 was used for graphical representation of the

structures.

Neutron Powder Diffractometer

NPD data of CuAgBiI5 and Cu2AgBiI6 were collected on the High Resolution Powder

Diffractometer (HRPD) at ISIS Neutron and Muon Source (Rutherford Appleton

Laboratories, Oxfordshire, U.K.).142 ISIS is a pulsed neutron sources and operates

differently to conventional reactor-based sourses. Rather than measuring Bragg
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reflections by scanning a detector from across a 2θ range, HRPD uses the pulsed

white beam to measure Bragg reflections at fixed scattering angles, monitoring the

time of arrival of the neutron after the initial neutron burst produced in the target.

This is known as Time-Of-Flight (TOF).

For TOF measurements, the wavelength of the diffracted neutrons are calcu-

lated using de Broglie’s equation (Equation 2.6) and the equation that relates velocity

v with length L and time t (Equation 2.20).

v = L/t (2.20)

Substituting Equation 2.20 in to Equation 2.6 gives Equation 2.21

λ =
ht

mL
(2.21)

where h is Planck’s constant, t is the time taken for the neutrons to travel their path

length L, and m is the mass of a neutron. Since all of these are known for a specific

diffractometer, and the detetctors are fixed at known 2θ values, the wavelength can

be used for Bragg’s Law (Equation 2.5), thus converting TOF data in to d-spacing.

HRPD is the highest resolution diffractometer at ISIS, with a ∆d/d resolution

of c.a. 4 × 10−4. The high resolution arises from the separation of incident neutrons

with different energies over the length of their path. As resolution increases with

distance, HRPD is the furthest beamline from the target, 100m away. At this distance

however, slower neutrons from the previous pulse can be caught by faster neutrons

from the next pulse, and therefore choppers are used to prevent frame overlap.

This results in lower neutron flux compared to other diffractometers at ISIS. Data

sets were collected on 2-3g powder samples in cylindrical vanadium cans at room

temperature and 100K. HRPD has three banks of detectors covering the following

angles of scattering in relation to the direction of the incident beam; 160°< 2θ <
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176°(bank 1), 80°< 2θ < 100°(bank 2), 28°< 2θ < 32°(bank 3). The chopper windowwas

set at 30-130 ms to achieve a measurable d-spacing range of 0.65-2.60 Å, 0.85-3.90 Å

and 2.3-10.2 Å for banks 1, 2 and 3, respectively.

Single Crystal X-ray Diffractometer

Single crystal X-ray diffraction (SXRD) data were collected at 100 K and room

temperature on an in-house Rigaku MicroMax-007 HF diffractometer with a

molybdenum rotating anode microfocus source and a Saturn 724+ detector using

Rigaku Crystal Clear v2.0. Unit-cell indexation, data integration, and reduction were

performed using Rigaku CrysAlisPro v171.143 The structure was solved and refined

using SHELX-2013,144 implemented through Olex2.145

2.2.5 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique which allows the observations

of vibrational, rotational and other low-frequency modes in a material. Raman

scattering relies upon inelastic scattering of incident monochromatic light from a

laser by creationor absorptionof a lattice vibration (phonon) in the sample. This is an

interaction between the electronic polarisability of the medium, α, with the electric

field of the laser, ®E . The laser creates a dipole moment within the sample, ®u , exciting

the sample in to a virtual energy state for a short amount of time, before a photon is

emitted (Equation 2.22).

®u = α ®E (2.22)

For conservation of energy, as the sample moves to a new excited state, the scattered

photon shifts to a different energy. If the final virtual state of the sample is higher

in energy, the created phonon means that the scattered photon will be shifted to a

low energy (lower frequency), called a Stokes shift. If the final virtual state is lower in

energy, the absorption of a phonon means that the scattered photon will be shifted

to a higher energy (higher frequency), called an anti-Stokes shift. The anti-Stokes
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Figure 2.7: The schematic for a harmonic oscillator, in which twomasses m1 andm2 are separated by
a force represented as a spring, with spring constant k . The equation for the frequency of the vibration
v is shown in Equation 2.23.

shift is usually less intense and therefore the Stokes shift is used, despite giving

equivalent information about the sample. The anti-Stokes shift is particularly useful

in fluorescing samples though, in which fluorescence can obscure the signals from

the Stokes shifts. The change in energy depends on the frequency of the vibration; if it

is very fast (high frequency)–light atoms held together with strong bonds–the energy

change is larger, if it is slow (low frequency)–heavy atoms held together with weak

bonds–the energy change is smaller. The vibrations can be simplified to the case of

an harmonic oscillator (Figure 2.7, Equation 2.23).

v =
1
2π

√
k

µ
,
1
µ
=

1
m2
+

1
m2

(2.23)

where v is the frequency of the vibration, k is the spring constant, µ is the reduced

mass of the system, and m1 and m2 are the masses of the system. The relative

frequency shift, the wavenumber, is represented in inverse centimetres (cm−1), using

Equation 2.24.

∆v = (
1
λo
−
1
λ
) × 107 (2.24)

In order for these signals to be obtained the much more predominant Rayleigh

(elastic) scattering must be filtered out by the instrument. The Rayleigh scattering

will have the same energy as the incident light beam. A schematic of these three

processes are shown in Figure 2.8. It should be noted that Raman spectroscopy is

a scattering event in which the incident beam is not resonant with an energy band

transition, like in fluorescence.

A phonon is only Raman active if the change in polarisability, α, over a dis-

60



Chapter 2. Experimental Methods

Figure 2.8: The schematic of the elastic (Rayleigh) and inelastic scattering processes (Stokes and anti-
Stokes) of incident monochromatic light on a sample.

tance x , is non-zero (Equation 2.25). In a centro-symmetric crystal all phonons have

a definite parity, either even-parity ("gerade" solutions) or odd-parity ("ungerade"

solutions). In a centro-symmetric crystal even-parity phonons are Raman active

modes and odd-parity phonons are IR-active modes.

δα

δx
, 0 (2.25)

The number of Raman bands seen depends on an atom’s local coordination

environment. For example, in diamond, a regular array of carbon atoms, there is just

one dominant Raman band.146 The point group of an atom can be used to predict

Raman active modes. Although the most common use of Raman spectroscopy is to

identify materials present in a sample by comparing the obtained spectrum to those

in a database; a band may shift, narrow or broaden, or vary in intensity. This reveals

information about stresses, variation in crystallinity, and the amount of material,

respectively. Changes of spectra in relation to the position of the sample shows

information about inhomogeneity. The instrument usedwas a Renishaw inVia Reflex

with a Leica microscope utilising a red laser (λ=633 nm) with a maximum power of

6.5 mW. The samples were exposed to 0.5% of the maximum laser power to avoid
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Figure 2.9: The interaction of an electron beamwith a sample will produce a wide range of secondary
signals. In red font are the signals of interest for this work.

decomposition. The spot size was c.a. 5 µm.

2.3 ElectronMicroscopy

The electron beam is a type of ionising radiation that will interact with a sample and

produce awide range of secondary signals (Figure 2.9). Many of the signals generated

can be used analytically. Here we are interested in the secondary electrons (SEM

imaging), transmitted electrons (TEM imaging) and ionisation of core electrons, or

characteristic X-rays (EDX). The first electron images were taken in a paper by Knoll

and Ruska in 1932,147 for which Ruska received the Nobel Prize in 1986. Electron
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microscopyusesabeamofelectrons, controlledvia electrostatic andelectromagnetic

fields, to illuminate a sample to produce an image. The method can obtain a much

higher magnification and resolving power than an optical microscope due to the

shorter wavelength of the electrons (c.a. 10−12 m) compared to visible light (c.a. 6

× 10−7m). The Rayleigh equation (Equation 2.26) shows that a shorter wavelength of

incident radiation leads to a smaller resolvable distance.

δ =
0.61λ
µsin β

(2.26)

Where µ is the refractive index of a viewing medium and β is the semi-angle of the

collecting lens.

For SEM imaging, secondary electrons are used to form an image. In this

process electrons are typically ejected from the valence or conduction band, as

they require only a small amount of energy to be ejected in to the vacuum. Due to

their low energy, these electrons originate within a few nanometres from the sample

surface. Any secondary electrons produced deeper in the sample will be reabsorbed

before making it to the surface. The electrons are accelerated towards the detector.

The incoming electrons are resolved spatially, so that a 2D image with an intensity

represented in grey scale is obtained; to represent the 3-dimensional surface.

For this thesis, a Hitachi S-4800 scanning electron microscope was used.

Samples were secured to the SEM stage via carbon tape and sputtered with a 15nm

Au layer to avoid charging effects. The micrographs shown in this work have the

energy of the electron beam used (kV), the magnification, and a relevant length

scale.

TEM imaging uses higher energy electrons. Equation 2.27 is the de Broglie

equation for electrons and shows that a higher energy electron will possess a lower
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wavelength. The lower wavelength increases the resolving power (Equation 2.26).

λ =
1.22
E 1/2 (2.27)

For TEM imaging the electrons that have been transmitted through the samples are

collected by the detector to create a 2D image with an intensity represented in grey

scale. This means it is not a surface image, like for SEM. Thin samples must be used

so that electrons can pass through it. For a certain point, the thinner the sample,

the more electrons that can pass through, the brighter the image. TEM imaging was

attempted on AgBiI4 samples however the sample showed decomposition, likely due

to the heat induced by the beam. In this thesis, TEMwork has been carried out using

a JEOL JEM2000FXII TEMoperatingwith aWelectron source operated at 200 keV. All

samples were prepared by spreading a finely ground powder onto carbon coated Cu

grids or Au grids (for Cu-containing samples).

2.3.1 Energy Dispersive X-ray Spectroscopy (EDX)

As shown in Figure 2.9, when an ionising electron beam interacts with a specimen,

many secondary processes can occur. One is the emission of characteristic X-rays,

with energy characteristic of the chemical element (Figure 2.10). Detection of these

X-rays allows for the quantification of elements present by extraction of the relative

intensities of the distinct X-ray energies. EDX using SEM and TEM has been used

widely in this thesis for the determination of phase composition, as well as that of

impurities that may be present. For TEM EDX measurements, a low brightness of

the beam was used, and collection times extended, to avoid decomposition. The

composition of individual particles were stable when collected four times over the

course of an hour, showing stability in the beam. In order to improve the accuracy

of the compositionalmeasurement,many individual particles had their composition

analysed, so that a statistical average could be taken. The high resolving power of

the TEM allowed TEM EDX to be used for studies of compositional inhomogeneiety,
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Figure 2.10: Process for the emission of characteristic X-rays when a sample is exposed to an electron
beam. Used for EDX chemical analysis.

bymeasuring the compositions of individual particles. For TEMEDXanEDAXmodel

JEOL2000FXTEMX-raydetectorwasusedwithquantificationcarriedoutusingEDAX

Genesis Spectrum (Version 5.217, 21-Jan-2008). For SEMEDX anOxford Instruments

model 7200EDSX-ray detectorwasusedwith thequantification carried out using the

microanalysis suite of the Inca Suite software (Version 4.15). Powders of AgI, CuI and

BiI3 were used as EDX standards to calibrate the Bi(L), I(L), Cu(K) and Ag(L) lines for

both the SEM and the TEM. Errors on reported average compositions correspond to

the 1σ standard deviation of themeasured distribution.

2.4 Optical and Electronic Characterisation

2.4.1 Diffuse Reflectance Spectroscopy

UV-Vis is based on spectral (or directional) reflection from a plane phase boundary.

However, for powders of randomly oriented particles, the incident light is reflected

at all angles, hemispherical in shape. For measurements on loose powders, reflected

light does not necessarily obey Lambertian behaviour.

The Kubelka-Munk theory148 states that for a sample (thickness dx) of some

absorption coefficient K , and some scattering coefficient S , as incident light I passes
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Figure 2.11: The schematic for the derivation of the Kubelka-Munk equation. The Kubelka-Munk
theory states that for a sample (thickness dx) of some absorption coefficient K , and some scattering
coefficient S , as incident light I passes through it, the downward flux is decreased by an amount K Idx
by absorption, and increased by an amount SIdx by scattering. Similar reasoning for any upwards
radiation J, leads to the differential Equations 2.28 and 2.29.

through it, the downward flux is decreased by an amount K Idx by absorption, and

increased by an amount SIdx by scattering. Similar reasoning for any upwards

radiation J, leads to the differential equations 2.28 and 2.29 (Figure 2.11).

−dI

dx
= −(K + S)I + S J (2.28)

−d J

dx
= −(K + S) J + SI (2.29)

The general solution to these equations is shown in Equation 2.30.

R =
1 − Rg (a − bcot hbSX )

a − Rg + bcot hbSX
(2.30)

where R is the reflectance of the layer over a background of reflectance Rg , X is the

layer thickness, a = 1 + K /S , and b = (a2 − 1)0.5. For measurements on samples

thick enough, that a further increase in thickness will fail to change the reflectance,

the reflectance is given by R∞, and Equation 2.30 yields Equation 2.31.

K

S
=
(1 − R∞)2

2R∞
= F (R∞) (2.31)
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This is the Kubelka-Munk equation, and F (R∞) is an approximation for the actual

absorption spectrum of the polycrystalline sample. This is only the case when the

average grain size is large relative to the wavelength of the incident radiation.

For the case of thin films i.e. a flat surface and a sample of known thickness,

the Beer-Lambert law (Equation 2.32) is used to obtain the absorption coefficient

using the reflectance and transmittance (Equation 2.33)

T = (1 − R2)e−αd (2.32)

α = −
1
d

ln

(
T

(1 − R)2

)
(2.33)

Where α is the absorption coefficient (cm−1), d is the thickness (cm), T is the

transmittance (as a fraction) and R is the reflectance (as a fraction).

UV-visible spectra were taken on a Shimadzu UV-600 instrument with an in-

tegrating sphere in both reflection and transmission mode to measure the diffuse

reflectance and transmittance. The inclusion of the integrating sphere means that

the diffuse scattering is normalised against the values of a BaSO4 standard. Themea-

surements on the powder samples consisted of a small amount of powder pressed

between twoglass slides thatwasexposed to lightbetweenwavelengths600-1400nm.

Tauc plots are ubiquitous in determining the band gaps of powders (Equa-

tion 2.34) and films (Equation 2.35).

(hv F (R))1/n (2.34)

(hvα)1/n (2.35)

Where n=1/2 and 2 for direct and indirect band gaps, respectively. F(R) is the

Kubelka-Munk function of the powder and α is the absorption coefficient of the film.
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Tauc plots are based on an empirical fitting of the optical absorption spectra at the

band edge.149 Firstly one plots Equation 2.34 against hv . Straight lines in the plotted

functions show regions where the band is a direct or indirect transition, depending

on which value of n was used. The straight line segment is fitted with a straight line

that extends to the x-axis, or to an extended straight line that has been fitted to the

band below. Where these two lines intersect is the value of the band gap.

For calculating the absorption coefficients, the thickness of the films were

measured using a Ambios Technology XP-200 contact profiling system or a WYKO

NT1100 Optical Profiling System, calibrated using the manufacturer’s standards.

A strip of the film was scratched off of the glass substrate (using paper so that the

glass was not scratched) to produce a step profile for each film. The reported film

thickness is the average height of the film profile with errors corresponding to the

roughness.

2.4.2 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) was developed in the 1960s by Kai Siegbahn

at the University of Uppsala, Sweden, for which he later received the Nobel prize for

Physics in 1981.

XPS is a surface analysis technique in which a solid is irradiated in a vacuum

withmonochromatic soft X-rays. The X-ray beams interact with atoms in the surface

region, causing electrons to be emitted by the photoelectric effect (Figure 2.12).150

The emitted electrons havemeasured kinetic energies K E given by Equation 2.36.

K E = hv − BE − φδ (2.36)

WhereBE (binding energy) is the change in energy between the initial andfinal states

of the ion after the photoelectron has been ejected, h is Planck’s constant, v is the
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Figure 2.12: The photoelectric process.

Figure 2.13: The Auger process.

frequency of the incident beam, and φδ is the work function of the sample. There are

a number of different binding energies for the emitted electrons of an atom as well

as a different probability (cross section) for each. The detector measures the kinetic

energies of the electrons, but can be plotted as the binding energies (relative to the

vacuum level) if the workfunction is known, using Equation 2.36. The peak areas

hold information regarding the chemical composition at the surface of the sample,

and the chemical states present can often be determined from peak positions and

separations.

Auger electrons may also be emitted due to the relaxation of ions after the

photoelectric effect (Figure 2.13). Auger electrons posses kinetic energies equal to

the difference between the energy of the initial ion and the doubly charged final ion,

and are independent of the initial ionisation. Auger electrons are also obtained in

the collected energy spectrum.

For this work, XPS was used to gain understanding of the valence band maxi-

mum (VBM) states and obtain the VBM position with respect to the vacuum energy.
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The optical band gaps were then used to obtain the conduction band minimum

(CBM) position with respect to vacuum energy. Measurements were carried out

by Dr. Thomas Whittle (AgBiI4) and James Gibbon (CuAgBiI5 and Cu2AgBiI6) in

Dr Vin. Dhanak’s group at the Stephenson Institute for Renewable Energy (SIRE),

University of Liverpool. The instrument used consisted of a PSP VacuumTechnology

Al kα X-ray source (hv=1486.6 eV) operated at 200 W and PSP Vacuum Technology 5

channeltron hemispherical electron analyser, calibrated to the Ag 3d5/2 peak. For

sample workfunction measurements, a 20 V bias is applied to the sample to shift

the sample workfunction from the analyser workfunction. Samples were measured

at a base pressure of 1x10−10 mbar. C 1s occurred at 284.9 eV, consistent with that

expected for adventitious carbon.

2.4.3 Seebeck and Resistivity Measurements

The Seebeck coefficient and thermal conductivity of AgBiI4 was measured in a

Quantum Design PPMS Dynacool system using the thermal transport option (TTO)

by Dr. Jon Alaria, Department of Physics, University of Liverpool. They were

measured on a cold pressed pellet in a two probe configuration (Figure 2.14) using

disc shaped copper leads attached with conductive epoxy. The TTO measures the

thermal conductivity, thermopower and electrical resistivity at the same time. This

is done by applying a temperature gradient across the pellet. The TTO can calculate

thermal conductance κ directly from the applied heater power and the resulting

change in temperature across the sample ∆T (Equation 2.37).

κ =
H e at er power

∆T
(2.37)

For the calculation of the Seebeck coefficient (S), the potential difference across the

sample ∆V is alsomeasured (Equation 2.38).

S =
∆V

∆T
(2.38)
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Figure 2.14: The two probe configuration used for the measurements of Seebeck coefficients and
thermal conductivities using the thermal transport option (TTO).V andT are probes which measure
the voltage and temperature, respectively. I is a current probe.

Figure 2.15: The two probe configuration used for themeasurements of resistivity.V and I are probes
which measure the voltage and current, respectively. L is the length of the bar and A is the cross
sectional area of the bar.

The electrical resistivity was measured a second time in a Quantum Design PPMS

Dynacool system using the electrical transport option (ETO). The resistivity was

measured on a bar shaped sample in a two probe configuration (Figure 2.15) with

gold wires attached using silver paint, achieving ohmic contacts. The resistance R is

measured by applying a voltageV across the sample,measuring the current I passing

through the sample, and using Ohms law (Equation 2.39).

R =
V

I
(2.39)

The resistivity is calculated from the resistance ρ and the geometry of the sample

(Equation 2.40)

ρ =
RA

L
(2.40)

Where L is the length of the bar and A is the cross sectional area of the bar.
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2.5 Solar Simulator

Two experiments were performed to measure the stability of the material toward

the solar spectrum: the first under ambient conditions in an open system and the

second under controlled atmospheres in sealed vessels. For both experiments, a

Solar Light Model 16S-300-002 Solar Simulator was used which has a spectral output

that complies with the air mass 1.5 (AM1.5) solar spectrum per the ASTM standard

definition. The combination of a neutral density filter and lamp-to-sample distance

allowed for the tuning of the intensity of the incident light to 1000W·m−2 asmeasured

by a Solar Light Pyranometer PMA2144 and datalogging radiometer PMA2100. For

measurements under an ambient atmosphere, AgBiI4 powder was sprinkled onto a

glass slide. Sample temperatures were monitored using a T-type thermocouple and

were found to stay below 35 °C. For measurements in sealed atmospheres, powders

were loaded into thin-walled (0.01 mmwall thickness) borosilicate capillaries under

ambient air, dry synthetic air, and helium, and these were sealed with a gas-oxygen

torch.

72



Chapter 3

Synthesis, Composition and Phase

Identification

3.1 Introduction

In the literature there are several Ag1−3xBi1+xI4 compounds that have been reported.

The earliest of which were synthesised as powders by Fourcroy et al. in 1979 in

an attempt to target new ternary ionic conductors.151 Using PXRD and DSC they

reported the cell parameters of two phase pure regions within the phase field

which melted incongruently. One compound had a hexagonal cell with x=-0.20

(Ag2BiI5) which exhibited a large compositional inhomogeneity between x=-0.25

(Ag7Bi3I16) and x=-0.05 (Ag23Bi19I80). The other compound had a cubic cell and a

composition of x=0.14 (AgBi2I7), with a compositional inhomogeneity which was

apparent but difficult to quantify. The associated closest stoichiometric compounds

are represented in the parentheses. In 1985 Dzeranova et al. then reported the

cell parameters of two congruently melting phases with different compositions; a

hexagonal phasewith x=-0.33 (Ag3BiI6) and a cubic phasewith x=0 (AgBiI4).152 These

compositions were confirmed in 2005 when Oldag et al. grew crystals of both via

solvothermal methods and was able to solve the structures via SXRD.153Mashadieva

et al. then confirmed the existence of the original hexagonal x=-0.20 and cubic x=0.14
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Figure 3.1: The relationship between x in Ag1−3xBi1+xI4 and the BiI3 mol% for reported phases in the
AgI-BiI3 phase field. The graph shows that when the sample has equal amounts of Bi and Ag, or is
Bi-rich, a cubic cell is obtained. The rhombohedral cell is obtained when the sample is Ag-rich.

phases in 2013,154 finding that the range of compositional inhomogeneity for the

cubic structure reached to a lower x limit of x=0.09 (Ag2Bi3I11) using their particular

synthetic procedure. The PXRD patterns that they obtained are consistent with the

R3̄m space group for the hexagonal cell and the Fd3̄m space group for the cubic cell,

the same as for the structures solved by Oldag et al. The literature, therefore, shows a

variety of compositions being reported via different synthetic procedures, indexing

to the same space groups and cells with slightly varying lattice parameters. All

reported compositions are consistent with the notion of a cubic cell indexed to the

Fd3̄m space group for Bi-rich compositions (x ≥ 0), and a hexagonal cell indexed to

the R3̄m space group for Ag-rich compositions (x < 0) (Figure 3.1). It is possible that

all the different reported compositions exist as the reported phase diagrams show

signs of compositional inhomogeneity and it may be that the composition depends

heavily on the synthetic method and temperatures used. However, for these reports

there were no direct elemental analysis carried out. For the structural refinement of

SXRDdata carried out by Oldag et al. Bi3+ occupancywas fixed to 0.5. This is because

Ag+ and Bi3+ share the octahedral site, so they cannot be refined independently (the
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structureswill be shown anddiscussed inChapter 4). For compounds reported in the

rest of the literature the compositions were assumed to be the same as the nominal

compositions with no compositional analysis carried out on the final product.

The Cu1−3xBi1+xI4 system was studied by Fourcroy et al. in 1991.155 Crystals

were grown from the melt and similarly, there were two phases found that refined to

x=0 (CuBiI4) and x=-0.20 (Cu2BiI5). For the structural solution from SXRD data the

Bi3+ content could be refined as Cu+ occupies tetrahedral sites. The x=0 compound

crystallises in the cubic Fd3̄m space group, as for in the Ag1−3xBi1+xI4 system. The

x=-0.20 compound crystallises in the rhombohedral R3̄m space group, as for in the

Ag1−3xBi1+xI4 system.

Aforementioned studies concentrate on the identification of new phases in

the Ag1−3xBi1+xI4 and Cu1−3xBi1+xI4 phase fields, with no functional properties

of the materials being reported. The exception is that Oldag et al. carried out a

measurement on the ionic conductivity of AgBiI4. They found the Ag+ ions to be

mobile and the material to have conductivity values of 10−6 to 10−4 Scm−1 over the

temperature range of 40 to 150 °C, which is similar to β-AgI before it undergoes a

phase transition into the superionic α-AgI phase at 147 °C.156, 157 Due to the lack

of the optical property measurements, and the rarity of 3D Bi-I networks in the

literature, the cubic AgBiI4 and CuBiI4 were considered excellent candidates to

study. In addition to the synthesis of AgBiI4 (Section 3.3) and CuBiI4 (Section 3.4),

two new phases in the previously unexplored CuI-AgI-BiI3 phase field (CuAgBiI5

and Cu2AgBiI6) were synthesised (Section 3.5). The materials were subject to direct

compositional analysis using SEM and TEM EDX. This chapter focuses on the

effect of the synthetic procedure and nominal compositions on sample purity,

composition and compositional homogeneity.
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Figure3.2: (a) PXRDpatternof commercial BiI3withaBiOCl impurity. (b) PXRDpatternof synthesised
pure BiI3. Black tick marks correspond to the BiI3 phase and red tick marks and asterisks to the BiOCl
impurity.

3.2 StartingMaterials

3.2.1 BiI3 powder synthesis

During the initial compositional screening of the Ag1−3xBi1+xI4 series it was found

that there were extra peaks in the PXRD which did not correspond to any of the

reported Ag1−3xBi1+xI4 phases or the BiI3 and AgI startingmaterials. The PXRD of the

commercially-sourced BiI3 (99.999 % trace metal basis, Alfa Aesar) starting material

revealed that it contained a BiOCl impurity which was inhomogeneously spread

throughout the sample. Figure 3.2a shows a PXRD of the BiI3 powder (black tick

marks) where a relatively large amount of BiOCl is present (red tick marks and red

asterisks). This is likely due to its commercial production in which BiCl3 is dissolved

in HI.158 HI is commonly 57% by mass due to it forming an azeotrope with 57% HI

and 43% H2O at 127 °C which means distillation cannot increase the concentration

further. Therefore the presence of water during this reaction gives a route for BiCl3

to hydrolyse to BiOCl.159
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Figure 3.3: (a) PXRD pattern of pure commercial AgI indexed to a hexagonal cell associated with the
β-AgI Wurtzite structure. (b) PXRD pattern of pure commercial CuI indexed as a cubic cell associated
with the rocksalt structure.

Thus, BiI3 was synthesised from the elements. 0.712g Bi metal was filed off of

a 100g block (99.998% trace metal basis, Alfa Aesar) which was kept in a glove box.

The Bi was added into a fused-silica tube with 1.520g I2 (99.998% trace metal basis,

Alfa Aesar), which corresponds to an excess of 16 mol% I2. The powders were sealed

in the evacuated fused-silica tube of length 150 mm, inner diameter of 6 mm and

1 mm thick walls, at a pressure of 10−4 mbar. During the sealing a liquid nitrogen

bath was used to prevent the sublimation of I2. The tube was placed vertically in a

furnace with enclosed heating elements and ramped at 1°C·min−1 to 427°C to melt

the powders and kept there for 2 days before cooling down to room temperature at

1°C·min−1. The slow heating rate of 1°C·min−1 is due to the high vapour pressure

of elemental I2.160 The fused-silica tube was scored and carefully snapped open

and the melt was recovered and ground into a black powder. Around 2g of the

product was retrieved each time. PXRD showed that the peaks could be indexed

to the reported BiI3 cell in the R3̄H space group, reported by Trotter et al.,119 with

no impurity phases (Figure 3.2b). TEM EDX measurements showed a pure sample
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with an average composition of Bi1.00(5)I3.00(5). The Bi mol% for each measurement

has been plotted on an average shifted histogram161 (Figure 3.4a), where a value of

25 mol% corresponds to BiI3. High quality BiI3 was prepared in this way throughout

the project. Commercially-sourced AgI (99.999 % trace metal basis, Alfa Aesar) and

CuI (99.999 % trace metal basis, Sigma-Aldrich) were confirmed to be pure by PXRD

(Figure 3.3a,b) and had well defined elemental ratios via TEM EDX (Figure 3.4b,c).

The PXRDof AgIwas indexed to a hexagonal cell in theP63mc space group associated

with the β-AgI Wurtzite phase162 and had an average composition of Ag1.00(2)I1.00(2).

Similarly, CuI was indexed to a cubic cell in the F4̄3m space group associated with

the rock salt phase163 and had an average composition of Cu1.00(3)I1.00(3).

3.3 AgBiI4

3.3.1 Powder synthesis

Initial compositional screening of the nominal composition on the phase purity

of Ag1−3xBi1+xI4 powder showed a phase pure region for 0.05≤x≤0.07 (Figure3.5).

At this stage a BiOCl impurity from commercially sourced BiI3 was still present.

When using pure BiI3 as synthesised in Section 3.2.1, a nominal composition

corresponding to x=0.07 led to the synthesis of the pure AgBiI4 powder. All phase

pure AgBiI4 powder samples were synthesised from 0.0577g AgI and 0.1923g BiI3

powders in sealed fused-silica tubes. The tubes had an internal diameter of 6 mm, 1

mm thick walls and were sealed to 200 mm long. The tubes containing the powder

were then vacuum sealed at 10−4 mbar and placed upright inside a furnace with

enclosed heating elements. To mix the powders they were melted at 610°C ramped

up at 5°C·min−1 and held there for one day. The tube was then cooled to 350°C at

5°C·min−1 and kept there for 5 days, before quickly taking it out of the furnace and

quenching the bottom half (containing the powder) to room temperature in a water

bath. When taking the tube out of the furnace, a black powder was at the bottom

of the tube. However, in addition to this there were black dendritic crystals around
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Figure 3.4: (a) Themol% of Bi in BiI3, (b) Ag in AgI and (c) Cu in CuI startingmaterials, asmeasured by
TEM EDX.
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Figure 3.5: Initial compositional screening of the ratio of starting materials AgI:BiI3 on the phase
purity of Ag1−3xBi1+xI4 powder showing a region of pure phase material, as determined by PXRD, for
0.05 ≤ x≤0.07. There is a small BiOCl impurity (+) which was later determined to be present in the
commercially sourced BiI3. BiI3 (∗) and x<0 Ag1−3xBi1+xI4 phases (‡) impurity peaks are highlighted.
Whenusing pure non-commercial BiI3,x=0.07was used for the synthesis of the pure AgBiI4 powder for
the rest of the study.
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the top of the tube and a red/purple iodine gas filled the whole tube. This indicates

the inhomogeneiety of the reaction product and shows why nominal composition

does not necessarily equate to the composition of the retrieved powder. This was

the first indication that controlled crystal growth may be possible via CVT. After the

quenching of the tube, the iodide gas condenses above the water line, allowing the

retrieval of the powder. The powder was retrieved by mechanically separating it

from the rest of the products by scoring and carefully snapping open the tube. The

black dendritic crystals (Figure 3.6) that formed around the top of the tube were

measured by SEM EDX to have a well-defined composition of Ag0.75(1)Bi1.11(1)I4.00(1),

corresponding to x=0.09. The quenching was found to be necessary to obtain a

pure powder by suppressing the formation of BiI3 at this composition under these

conditions (Figure 3.7b). PXRD shows a phase pure powder consistent with the

PXRD pattern reported for cubic x≤0 compositions crystallising in the Fd3̄m space

group.151–154 No peaks associated with likely impurities; BiI3, BiOCl, AgI or the x<0

rhombohedral phases were found (Figure 3.7a). From a Pawley fit a cubic lattice

parameter of a=12.21449(4) Å was obtained, between 12.212 Å and 12.223(1) Å, the

cubic lattice parameters of previously reported x≥0 Ag1−3xBi1+xI4 phases.153,154

Direct elemental analysis was carried out by using SEM EDX. Measurements gave

an average composition of Ag0.97(8)Bi1.06(5)I4.00(10) with errors corresponding to one

standard deviation. The spread in elemental composition can be broken down into

each element which gives an 8% spread in Ag, 5% spread in Bi, and 3% spread in

I. The same experiment on the AgI and BiI3 starting materials give compositional

spread of 2% for Ag and 2% for I in AgI, and 4% for Bi and 2% for I in BiI3. The spread

in composition of the AgBiI4 powder is larger than that of the AgI and BiI3 standards,

showing a degree of compositional inhomogeneity in the newly synthesised powder

that has beenmentioned in previous reports.154

To ensure reproducibility, the synthesis protocol was repeated twice. The av-

erage compositions and spreads for these samples are shown in Figure 3.8a. The
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Figure 3.6: SEM image of a representative dendritic crystal taken from around the top of the inside
of the tube after the synthesis of the powder. SEM EDX shows it has a well-defined composition of
Ag0.75(1)Bi1.11(1)I4.00(1), corresponding to x = 0.09.

Figure 3.7: (a) PXRD pattern of pure AgBiI4 obtained by quenching sample from 350°C (b) PXRD of
AgBiI4 with a BiI3 impurity (∗), obtained when sample is cooled from 350 °C to room temperature at 5
°C·min−1.
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Figure 3.8: (a) SEM EDX measurements of the powders from the initial AgBiI4 synthesis and the two
repeats. The average compositions and spreads in compositions agree for the different sample. All
samples are within error to AgBiI4 (b) SEM EDXmeasurements of one of the samples before and after
refiring; showing the increase in compositional inhomogeneiety caused by the refiring.

repeated samples have the same average compositions within error and have similar

levels of compositional homogeneity. A second firing of the powders was carried

out to see if the samples could be homogenised further. The powders were sealed in

fused-silica tubes in the same way used for the first firing. The samples were heated

at 5°C·min−1 to 350°C and quenched to room temperature. SEM EDX showed that

this led to a further spread in composition along the Ag1−3xBi1+xI4 line (Figure 3.8b).

3.3.2 Crystal growth

The formation of Ag1−3xBi1+xI4 crystals from the vapour phase during the powder

synthesis suggested that CVT could be used for the controlled growth of crystals by

using iodine as the transport agent. The same amounts of AgI and BiI3 powders as

used for the powder synthesis were placed in fused-silica tubes of 6 mm internal

diameter, 1mm thickwalls andwere sealed to 120mm long. Excess I2, corresponding

to 1 mg·cm−3 was placed inside the tube to aid the chemical transport process. The

tube was placed horizontally in the middle of a horizontal two-zone tube furnace.

A temperature gradient was introduced by heating the end with the powder in to

363 °C, and the other end to 350 °C. A thermocouple showed a uniform temperature

gradient of 1.1 °C · cm−1 was obtained. After two weeks the furnace was switched
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Figure 3.9: a) Optical microscope images of some recovered octahedral-faceted and elongated plate
crystals. (b) SEM image of octahedral-faceted crystals. (c) SEM image of elongated-plate crystals. (d)
SEM images of layered motifs on an octahedral-faceted crystal. The elongated plate crystals showed
the same layeredmotif.

off and allowed to cool to room temperature. Black shiny crystals grew close to the

powder andwere retrievedby carefully scoring and snapping open the tube. Using an

opticalmicroscope it was possible to identify two different crystal habits; octahedral-

faceted crystals of dimensions approximately 0.5 mm × 0.5 mm × 0.5 mm (which

made up the majority) and elongated plate crystals of faces approximately 0.1 mm

× 0.5 mm (Figure 3.9). Four of each type of crystal habit were used for elemental

analysis via SEM EDX. All crystals measured are within three standard deviations of

AgBiI4 powdermeasurements (Table 3.1). The octahedral-faceted crystals are slightly

more rich in Ag, whereas the elongated plate crystals have compositions within 1σ

error of AgBiI4. The compositions in bold correspond to the crystals that were used

for single crystals X-ray diffraction for structural studies (Section 4.2). SEM imaging

showed that crystals belonging to both crystal habits were built up of a layeredmotif

(Figure 3.9d).
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Octahedral-faceted crystals Plate crystals
Ag1.26(2)Bi0.92(2)I4.00(1) Ag0.99(2)Bi1.06(1)I4.00(1)
Ag1.15(4)Bi1.06(3)I4.00(3) Ag0.88(2)Bi1.17(4)I4.00(6)
Ag1.43(2)Bi0.98(3)I4.00(4) Ag1.08(5)Bi0.99(3)I4.00(3)
Ag1.16(6)Bi0.93(6)I4.00(5) Ag1.06(5)Bi0.97(5)I4.00(5)

Table 3.1: Compositions of four octahedral-faceted and four elongated-plate crystals as measured by
SEM EDX. The compositions in bold font are the crystals that were used for SXRD structural studies.

3.4 CuBiI4

3.4.1 Powder synthesis

Cu1−3xBi1+xI4 powders were synthesised using the same protocol as for AgBiI4

powders in Section 3.3.1. A screening of the effect of nominal composition on phase

purity showed that equimolar amounts of CuI and BiI3 (x=0) gave pure powders

(Figure 3.10). For the synthesis of pure powders 0.0610g CuI and 0.1889g BiI3 were

placed in fused-silica tubes. The tubes had an internal diameter of 6 mm, 1 mm

thick walls and were sealed to 200 mm long. The tubes were vacuum sealed at

10−4 mbar and placed upright inside a furnace with enclosed heating elements.

To mix the powders they were ramped up at 5°C·min−1 to 610°C and melted. After

one day the furnace was cooled to 350°C at 5°C·min−1. After 5 days, the tube was

quickly taken out of the furnace and the bottom half (containing the powder)

was quenched to room temperature in a water bath. When the tube was taken

out of the furnace at 350°C there was a red/purple iodine vapour filling the tube,

which condensed above the water line, away from the powder, when quenched.

The reaction formed a black powder at the bottom of the tube and tiny black

crystals around the inside of the tube. The small black crystals were very fragile and

would smear when trying to retrieve them. The black powder was mechanically

separated by carefully scoring and snapping open the tube. Figure 3.11 shows the

resulting PXRD pattern corresponding to the cubic structure reported by Fourcroy

et al.155 with no impurity peaks. SEM EDX shows the average composition to

be Cu1.21(5)Bi1.11(7)I4.00(9), within error of CuBiI4 (Figure 3.12). The one standard
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Figure 3.10: The PXRD patterns of Cu1−3xBi1+xI4 powders for -0.09≤x≤ 0.09. The main BiI3 and CuI
impurity peaks are marked by black and red ∗, respectively. A pure powder was obtained for the
nominal composition corresponding to x=0.00.
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Figure 3.11: PXRDpattern of pureCuBiI4 synthesised fromequimolar CuI andBiI3. The PXRD indexes
to a cubic cell in the Fd3̄m space group as reported by Fourcroy et al. in 1991.155
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Figure 3.12: SEM EDXmeasurements of CuBiI4 powder show a well defined region within error to the
Cu1−3xBi1+x I4 line. The nominal CuBiI4 x = 0 point is plotted in orange. The average composition is
measured as Cu1.21(5)Bi1.11(7)I4.00(9).

deviation errors correspond to a 4% spread in the Cu mol%, 6% in the Bi mol% and

2% in the I mol%. This can be compared to the compositional homogeneiety of the

starting materials which exhibited a 3% error in Cu and 2% error in I for CuI, and 4%

for Bi and 2% for I in BiI3. There is a comparable spread in the I mol% distribution

between the starting materials and the product. However, Cu and Bi show slightly

more inhomogeneiety which can suggest a non-stoichiometric, disordered cation

distribution in a well-defined anion sub-lattice. A Pawley fit gives a lattice parameter

of a=12.1580(2) Å,which is larger than the a=12.134(6) Å reportedbyFourcroy et al.155

CuBiI4 powder proved to be unstable when kept in an enclosed vial, in air, at

room temperature in the dark. Under these conditions it decomposed into BiI3

and CuI (Figure 3.13). The decomposition could be slowed down by keeping the

sample at -20°C. It is likely that CuBiI4 is a metastable phase which was trapped

due to quenching from 350°C. Keeping the sample cooler then slows down the

decomposition which suggests a spinodal decomposition (the decomposition of

solids from one thermodynamic phase to form two coexisting phases, facilitated
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Figure 3.13: (a) PXRD pattern of CuBiI4, as synthesised. (b) PXRD pattern of CuBiI4 kept in the dark,
in air at room temperature for 3 weeks. (c) PXRD pattern of CuBiI4 kept in the dark, in air at -20 °C for
3 weeks. Themain peak of BiI3 is marked by ∗.

solely by diffusion). Such a property would not be desirable for photovoltaic

applications and therefore CuBiI4 was not studied as extensively as the other

materials. However, some structural (Section 4.3) and optical (Section 5.2) studies

were carried out.

3.4.2 Crystal growth

The formation of Cu1−3xBi1+xI4 crystals from the vapour phase during the powder

synthesis suggested that CVT could be used for the controlled growth of crystals by

using iodine as the transport agent. Equimolar amounts of CuI and BiI3 powders

were placed in fused-silica tubes of 6 mm internal diameter, 1 mm thick walls and

were sealed to 120 mm long. Excess I2, corresponding to 1 mg·cm−3 was placed

inside the tube to aid the vapour transport process. The tubewas placed horizontally

in the middle of a horizontal two-zone tube furnace. A temperature gradient was
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Figure 3.14: (a) SEM image of one of the Cu1−3xBi1+x I4 crystals grown via CVT. (b) The average
composition of the crystals was Cu1.64(18)Bi0.84(13)I4.00(9), within error to the x=-0.20 phase reported by
Fourcroy et al., and aremore Cu-rich than the synthesised powder.

introduced by heating the end with the powder in to 363°C, and the other end to

350°C. A thermocouple showed a uniform temperature gradient of 1.1°C·cm−1 was

obtained. After two weeks the furnace was switched off and allowed to cool to room

temperature. Black shiny crystals grew close to the powder and were retrieved by

carefully scoring and snapping open the tube (Figure 3.14). The average composition

of the crystals was Cu1.64(18)Bi0.84(13)I4.00(9), within error to the x=-0.20 phase reported

by Fourcroy et al.,155 and aremoreCu-rich than the synthesisedpowder. No structure

has been reported for crystals of these compositions, only that they crystallise in a

rhombohedral cell. The structure is solved in Section 4.3.

3.5 CuAgBiI5 and Cu2AgBiI6

3.5.1 Phase diagram exploration

In order to stabilise a structure containing Cu, the CuI-AgI-BiI3 phase field was

explored. Figure 3.15 shows the nominal compositions of points or regions that

were investigated in the search for new phases. No phases containing all of Cu, Ag,

Bi and I have been reported to date. The synthetic protocol for the points in Figure

3.15 was the same as used for AgBiI4 and CuBiI4 (Section 3.3.1) but without the
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Figure 3.15: Ternary CuI, AgI, BiI3 phase field, showing the different areas explored. Black points are
the nominal compositions that were used for synthesise. Red lines show the solid solutions.

quenching step at the end because the aim was to avoid metastable materials like

CuBiI4. Instead, after the 5 days annealing at 350°C, the tube was cooled to room

temperature in the furnace at 5°C·min−1. For all these points there were no crystals

found around the inside of the tube, unlike for the AgBiI4 and CuBiI4 reactions.

Point 1 on the ternary diagram represents a composition that would corre-

spond to a "spinel analogue" Cu(Ag1.5Bi0.5)I4; it is the point where the material

would have the same tetrahedral to octahedral site occupancy ratio as the classic

oxide spinel MgAl2O4 and at the same time satisfy charge balance. It was decided

to investigate this particular composition because of the reported defect-spinel

structures for CuBiI4 and AgBiI4. The peaks from the resulting PXRD pattern can

be indexed to a cubic F4̄3m cell (rock salt phase) and a rhombohedral R3̄m cell

(Figure 3.16). Using Pawley fits to obtain lattice parameters of phases in this system

was crucial in identifying the correct phases and understand these systems due

to the closely related nature of the ternary and quarternary phases. A Pawley

fit shows that the rhombohedral phase has lattice parameters a=4.3552(4) Å,
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Figure 3.16: Pawley fit of the PXRD pattern obtained for the reaction of nominal composition
Cu(Ag1.5Bi0.5)I4. The measured pattern is in red, calculated pattern in black and difference between
the two in blue. Red tick marks represent the Bragg reflections for the rock salt phase and black tick
marks for the rhombohedral phase.

c=20.761(2) Å (hexagonal axes), within error to the lattice parameters reported for

the rhombohedral x<0 Ag1−3xBi1+xI4 phases; a=4.34-4.35 Å, c=20.76-20.820 Å. The

lattice parameter of the cubic rock salt phase is a=6.2868(5) Å which is significantly

bigger than CuI, which has a reported lattice parameter of a=6.06 Å.164 Using the

data from Chessin et al.,164 a study which measured how the lattice parameters of

the rock salt changed over the AgI-CuI solid solution, one can plot a graph in order

to extrapolate the estimated composition (Figure 3.17). The lattice parameter of

a=6.2868(5) Å corresponds to a CuI mol% of 45% in the Cu-Ag-I rock salt impurity.

The line labelled 2 on Figure 3.15 represents the solid solution between AgBiI4 and

CuBiI4, which can be represented as CuxAg1−xBiI4. A screening of the solid solution

line consisted of synthesising powders at x=0.25, 0.33, 0.50, 0.66 and 0.75. Figure 3.18

shows the PXRD of the series. All the peaks in the PXRD patterns can be assigned to a

mixture of a rock salt (black tickmarks), BiI3 (red tickmarks) and a cubic Fd3̄m phase
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Figure 3.17: The lattice parameters of the rock salt phase across the CuI-AgI solid solution. The graph
is produced from the data presented by Chessin et al.164

(blue tick marks). The lattice parameters of the phases were refined with respect to a

LaB6 internal standard (Figure 3.19). The cubic phase has a lattice parameter bigger

than CuBiI4 (a=12.1580(2) Å) and smaller than AgBiI4 (a=12.21446(4) Å) suggesting

a new phase containing both Cu and Ag. Although this is the first sign of a new Cu

and Ag-containing cubic phase, the PXRD of the series shows that the cubic phase

does not lie on this solid solution line. The lattice parameters of the rock salt phase

suggest a small intake of Ag, less than 5%, into the structure. The increase in lattice

parameters of both the cubic and rock salt phases over the series suggest that when

more CuI was added to the reaction both phases took onmore Ag. The unaccounted

for CuI is therefore accounted for by the increase in the amount of rock salt impurity.

The fact that CuBiI4 was not present is expected as the sample was not quenched

from 350 °C, the metastable CuBiI4 phase is avoided and instead the rock salt and

BiI3 impurities are obtained.

Point 3 in Figure 3.15 refers to the nominal composition Cu1.5Ag0.5BiI5, a

composition which gives equal tetrahedral and octahedral site occupancy. Figure

3.20 shows a Pawley fit to the PXRD pattern. It shows a rock salt impurity (black tick

marks), BiI3 impurity (red tick marks) and a Fd3̄m cubic phase (blue tick marks).
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Figure 3.18: PXRD of the CuxAg1−xBiI4 series,. Each pattern can be fitted to a mixture of a rock salt
(black tick marks), BiI3 (red tick marks) and a cubic Fd3̄m phase (blue tick marks). The marked peaks
show that as x increases, the amount of rock salt and BiI3 increases with respect to the cubic phase.

Figure 3.19: Refined lattice parameters of the Fd3̄m cubic phase (a) and rock salt phase (b) over the
CuxAg1−xBiI4 series. Lattice parameters were refined against an internal LaB6 standard using a Pawley
fit.
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Figure 3.20: Pawley fit for the nominal composition Cu1.5Ag0.5BiI5 including rock salt impurity (black
tick marks), BiI3 impurity (red tick marks) and a Fd3̄m cubic phase (blue tick marks).

The lattice parameters of the rock salt phase corresponds to CuI, whereas the Fd3̄m

cubic phase has a lattice parameter of a = 12.2050(3) Å which is smaller than AgBiI4

( a = 12.21446(4) Å) and larger than CuBiI4 (a = 12.1580(2) Å). This suggests a phase

containing both Ag and Cu in the cubic Fd3̄m phase, however the large amount of

rock salt and BiI3 impurities in the PXRD show that the pure phase is far off this

nominal composition.

The line labelled 4 on the ternary diagram on Figure 3.15 represents the CuI-

AgBiI4 solid solution, or xCuI+(1-x)AgBiI4. A screening of the solid solution consisted

of synthesising powders at the nominal compositions corresponding to x=0.1, 0.2,

0.25, 0.3, 0.33, 0.4, 0.5, 0.6, 0.66, 0.7, 0.75, 0.8, 0.9. The lattice parameters were
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obtained for the different phases present over the series using Pawley fitting of the

PXRD data and a LaB6 internal standard. For the samples corresponding to x≤0.4 a

mixture of a cubic Fd3̄m and a rhombohedral R3̄m phase is seen. The cubic Fd3̄m

phase has a constant lattice parameter over the series, with an average value of

12.209(1) Å which suggests a phase containing Cu, Ag, Bi and I. The rhombohedral

R3̄m phase has constant lattice parameters, with average values of a=4.3530(4)

Å and c=20.764(2) Å, corresponding to the reported x<0 Ag1−3xBi1+xI4 phases. As

more CuI is added the x<0 Ag1−3xBi1+xI4 rhombohedral impurity weight percentage

decreases up until x=0.5. At x=0.5 the rhombohedral phase is not present however

there starts to be a peak asymmetry which can be fitted to a rock salt impurity. The

lattice parameter of the rock salt impurity varies over the series and indicates that

the composition is changing by incorporating different ratios of Ag and Cu into the

structure. The weight percentage of the rock salt phase continues to increase as

more CuI is added. As this happens, the lattice parameter of the rock salt decreases

indicating that the rock salt phase is becoming more Cu-rich. To identify the phase

pure region a compositional screening between 0.40≤x≤0.70 was carried out with

smaller increments of 0.02. Pawley fits show the presence of the rhombohedral R3̄m

impurity between 0.40 ≤x≤0.44 (Figure 3.21a). For sample x=0.46, the rhombohedral

impurity phase has been removed but Pawley fits show that there is a rock salt

impurity which continues to grow for higher x values (Figure 3.21b). TEM EDX was

carried out on particles to find the composition of themain cubic Fd3̄m phase. It was

found that an individual sample exhibits a complete compositional inhomogeneiety

along the solid solution line (Figure 3.21c).

Additionally, an interesting point in the series lies between 0.62 ≤x≤ 0.64 in

which the PXRD looked pure and the rocksalt impurity only slightly improves the

Pawley fit by improving peak shapes (Figure 3.22a). However, lattice parameter

analysis, using internal LaB6 standards, shows that the lattice parameter of the rock

salt impurity is decreasing with x and for 0.62 ≤x≤ 0.64 it is half the lattice parameter

96



Chapter 3. Synthesis, Composition and Phase Identification

Figure 3.21: (a) The PXRD peaks corresponding to a rhombohedral R3̄m impurity for x≤0.44. (b)
The asymmetric PXRD peakshape caused by a rocksalt impurity for x ≥0.46. (c) The ternary diagram
showing compositions of particles measured by TEM EDX, showing a compositional inhomogeneiety
across the solid solution line for samples that PXRD shows as almost pure.

of the main cubic Fd3̄m phase (Figure 3.22b). This means that the rock salt impurity

peaks are aligned with the main phase peaks and cannot be deconvolved from the

PXRD pattern during the Pawley fit. Powder samples measured around this range

were also found to be compositionally inhomogeneous along the solid solution line

(Figure 3.23).

The refined lattice parameters of the cubic phase in this series suggests a

new phase containing both Cu and Ag, along the CuI-AgBiI4 solid solution. In order

to achieve this phase as a homogeneous sample the synthetic conditions had to

be changed. It was found that quenching from 350°C rather than cooling at 5°C·

min−1 resulted in a much more homogeneous sample (Figure 3.24a). By avoiding

the melt the samples were homogenised further (Figure 3.24b). Due to removing the

melting step, which acted as a way to mix the starting materials, the samples had to

be ground together by hand in a pestle andmortar and pressed into a pellet 5 mm in

diameter by applying a weight of 0.5 tons, and sealed into an evacuated sealed tube.

By altering the synthesis procedure to utilise quenching, and avoiding the melt, two

well-defined phase pure regions were eventually isolated (Sections 3.5.2 and 3.5.3).
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Figure 3.22: (a) The pawley fit of a PXRD peak with a rocksalt and Fd3̄m phase. The contribution of
the fit due to the rocksalt phases is in blue, the total calculated pattern in red, and the collected data
in black. (b) The lattice parameters of the fitted Fd3̄m and the rocksalt lattice parameter doubled, with
respect to x.

Figure 3.23: The composition of Cu-Ag-Bi-I particles taken from samples x = 0.60, 0.62, 0.64, 0.66 as
measured by TEM EDX.

98



Chapter 3. Synthesis, Composition and Phase Identification

Figure 3.24: (a) The composition of particles measured by TEM EDX for samples with the same
nominal compositions. One was quenched from 350°C (red) and the other cooled at 5°C ·min−1 to
room temperature (black). (b) The composition of particles for samples quenched from the melt at
610°C (red) compared to 350°C (black).

Melt - grown crystals CVT - grown crystals
Cu1.50(18)Ag0.96(10)Bi0.86(6)I5.00(9) Cu0.61(13)Ag1.56(20)Bi1.00(12)I5.00(13)
Cu1.56(14)Ag0.93(10)Bi0.85(4)I5.00(1) Cu2.37(54)Ag0.96(12)Bi0.56(22)I5.00(19)
Cu1.41(8)Ag0.98(5)Bi0.91(4)I5.00(2) Cu2.12(1.2)Ag1.14(13)Bi0.62(61)I5.00(44)
Cu1.31(9)Ag0.93(6)Bi0.85(5)I5.00(3) Cu0.60(6)Ag1.25(5)Bi1.12(8)I5.00(2)

Table 3.2: Compositions of four melt-grown and four CVT-grown crystals as measured by SEM EDX.

Large 1 mm × 1 mm × 1 mm Cu-Ag-Bi-I crystals could be retrieved from the

samples mentioned in this section, which likely grew during the melting stage of the

synthetic protocol, because they were not apparent in the new synthetic protocol.

Similarly large crystals could be grown via CVT by using the same method as for

AgBiI4 and Cu2BiI5 crystals (Sections 3.3.2 and 3.4.2). SEM EDX showed that the

melt-grown crystals had consistent compositions whereas the CVT-grown crystals

showed inhomogeneiety; even certain regions on the same crystal would differ

considerably (Table 3.2, Figure 3.25a). However, crystals grown by these methods

were highly twinned and ultimately were not suitable for structural studies via SXRD.

The crystals lack a well-defined shape as one would expect from a conventional

crystal (Figure 3.25b-d).
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Figure 3.25: (a) The composition of melt-grown and CVT-grown crystals measured by SEM EDX. SEM
images of the melt-grown (b) and CVT-grown (c) crystals. (d) shows a close-up of the morphology of
the CVT-grown crystal.
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3.5.2 CuAgBiI5 powder synthesis

The CuI-AgBiI4 solid solution was screened with the new synthetic protocol. CuI,

AgI and BiI3 powders were ground together in a pestle and mortar and pressed into

a pellet. The pellet was place in a fused-silica tube with a 6 mm inner diameter and

1 mm wall thickness. The tube was sealed at a length of 150 mm at a pressure of

10−4mbar, while keeping the sample in a bath of liquid nitrogen to prevent iodine

sublimation. The tube was placed upright in a furnace and heated at 5 °C ·min−1 to

350 °C and kept there for 5 days. The tube was taken out after 5 days and the bottom

half of it (containing the pellet) was quenched to room temperature in a water bath.

The tube was scored and carefully broken open to retrieve the pellet which was then

ground into a powder. There were no crystals around the inside of the tube.

The PXRD patterns suggested that the nominal composition of a phase pure

sample should lie slightly off the solid solution line. This meant it was necessary to

perform Rietveld refinements, to obtain the weight percentage of impurity phases,

to direct the nominal composition in the three-component phase field. In order to

obtain rough weight percentages from the Rietveld refinements; AgBiI4 was used as

the Fd3̄m cubic phase, Ag2BiI5 for the rhombohedral R3̄m phase, CuI as the rock

salt phase and BiI3. The weight percentages of the present phases with respect to

the nominal composition were plotted on ternary diagrams (Figure 3.26). Using this

technique it was possible to zone in on a nominal composition of Cu0.68Ag1.14Bi1.06I5

which gave a pure powder. The powder looked pure by in-house PXRD. The pattern

could be fitted to a cubic Fd3̄m phase with a lattice parameter of a = 12.20757(6) Å

and a χ2 = 1.13 (Figure 3.27). Fitting the data to a rhombohedral R3̄m phase did not

increase the goodness of fit and the cell refined to very close to metrically cubic.

The lattice parameters were a = 4.31605(8) Å, c = 21.1427(7) Å, corresponding to

a rhombohedral strain of 0.008(5)%. The PXRD pattern was measured up to high

angles on the in-house diffractometer to look for signs of rhombohedral strain.

TEM EDX showed this to be a homogeneous phase with an average composition
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Figure 3.26: Black data points are the nominal compositions of synthesised points. The colour map
shows how the weight percentage of certain phases according to Rietveld refinements. (a) shows the
targeted main cubic phase, (b) the rock salt impurity, (c) the BiI3 impurity, and (d) the rhombohedral
phase and how they change with respect to nominal composition.
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Figure 3.27: The Pawley fits of room temperature in-house PXRD data for CuAgBiI5. (a) Is the Fd3̄m
cubic cell with a lattice parameter of a = 12.20757(6) Å and a χ2 = 1.13. (b) Is the R3̄m rhombohedral
cell fitwith lattice parameters corresponding to an insignificant rhombohedral strain of 0.008(5)%and
the same goodness of fit χ2 = 1.13.

of Cu0.88(17)Ag1.10(6)Bi0.98(8)I5.00(11) (Figure 3.28a). For structural studies, a small

crystal was picked out of the powder (Figure 3.29). SEM EDX measured its average

composition as Cu0.77(1)Ag1.27(3)Bi1.10(5)I5.00(4), putting it within error of the powder.

In order to produce larger powder samples for neutron powder diffraction,

attempts to scale up the reaction were carried out. Directly scaling up the synthesis

from a 0.25g pellet to a 2.5g pellet resulted in an increase in inhomogeneiety (Figure

3.28b) and therefore larger batches were made by combining 0.25g batches. The

0.25g batches showed that the reaction was repeatable with composition (TEMEDX)

and lattice parameters and purity (PXRD) screened before combining each sample

in to one large batch (Figure 3.30).
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Figure 3.28: (a) The TEM EDX composition for particles taken from the initial 0.25g CuAgBiI5 powder
sample. (b) The TEM EDX composition for particles taken from a direct scale up of the synthesis to
2.5g (red), along with those of a second firing of the 2.5g batch (green).

Figure 3.29: (a) SEM image of the crystal used for structural studies. The crystal was picked out of the
original CuAgBiI5 powder sample (b) SEM EDXmeasurements of the crystal compared with the TEM
EDX of the powders.
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Figure 3.30: (a) The TEM EDX composition for particles taken from the initial 0.25g CuAgBiI5 powder
sample compared with 4 repeats. (b,c) Show a histogram for the refined a and c lattice parameters of
the repeated samples, respectively. The lattice parameters were refined using an internal Si standard.
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Figure 3.31: TEM EDX measurements of particles taken from samples with nominal composition
corresponding to xCuI+(1-x)AgBiI4 x=0.64 after the first firing and the second firing. The distributions
show that after the second firing the sample is homogenised.

3.5.3 Cu2AgBiI6 powder synthesis

Using the old synthesis protocol (Section 3.5.1), it was shown that for x=0.62 and 0.64,

powders were obtained that looked pure by PXRD, however lattice parameter trends

over the series suggested a rock salt impurity could be present and hard to detect

via PXRD (Figure 3.22b, Section 3.5.1). The TEM EDX of these samples also showed

the composition of the particles were spread along the solid solution line (Figure

3.23). The x=0.64 sample was exposed to a second firing to see if the composition

could be homogenised in the same way as for x =0.38. For the second firing, the

x=0.64 sample from Section 3.5.1 was ground in a pestle and mortar, pressed into

a 5 mm pellet using 0.5 tons of weight, and sealed in a fused-silica tube. It was

heated at 5°C ·min−1 to 400°C for 16 hours and quenched to room temperature. By

quenching and avoiding the melt the sample was indeed homogenised according to

TEM EDX. TEM EDX gives an average composition of Cu1.79(13)Ag0.87(4)Bi0.77(6)I5.00(9)

(Figure 3.31). The in-house PXRD data showed this pattern could be fitted to a single
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Figure 3.32: TEM EDX measurements of particles taken from samples with nominal composition,
corresponding to x=0.64, after the first firing and the second firing. The distributions show that after
the second firing the sample is homogenised.

rhombohedral phase with lattice parameters a=4.31357(8) Å and c=21.1102(2) Å

showing a slight rhombohedral distortion away from metrically cubic (Figure 3.33).

The c/2a rhombohedral distortion is calculated as α=2.4469(2), where for metrically

cubic α=2.4495, giving a rhombohedral strain of 0.1057(1) %. The goodness of

fit parameter was χ2=1.12 for the R3̄m rhombohedral phase and χ2=1.14 for the

Fd3̄m cubic phase. For structural studies, a small crystal was picked out of the pure

powder using an optical microscope (Figure 3.32a). It had an average composition

of Cu1.46(5)Ag1.05(11)Bi0.90(6)I5.00(16), within error of the average powder composition

(Figure 3.32b).

In order to make a large enough sample for NPD measurements, an attempt

was made to scale up the synthetic protocol directly from 0.25g to 2.5g. The scale

up caused a slight decrease in compositional homogeneiety (Figure 3.34). As the

quenching has shown to be an important step, it is expected that the increase in

homogeneity is due to the reduced effectiveness of the quenching on the larger

sample. Therefore, to preserve homogeneity, samples were synthesised on a 0.25g

107



Chapter 3. Synthesis, Composition and Phase Identification

Figure 3.33: Pawley fits to the PXRD pattern collected for the x=0.64 sample after the second firing.
(a) shows the fit for an Fd3̄m cubic phase with a goodness of fit as χ2=1.14 and (b) shows the fit for
an R3̄m rhombohedral phase with a goodness of fit of χ2=1.12. The rhombohedral phase is distorted
from beingmetrically cubic by 0.1057(1)%.

Figure 3.34: TEM EDX measurements of particles taken from samples with nominal composition,
corresponding to x=0.64, for a 0.25g (black) and 2.5g batch (orange). The measurement show that the
reaction is more homogeneous when synthesised on the smaller scale.
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scale and combined into a large sample for NPD. Before combining the powders

they were screened in terms of their TEMEDX composition and homogeneity, lattice

parameters using an internal Si standard, and purity (Figure 3.35). It is important to

note that for the 50+ TEM EDX measurements, no Ag-Cu-I compounds were found,

which would have likely indicated a rock salt impurity. The average compositions of

the original sample and the repeats are within error of Cu2AgBiI6 (Figure 3.35d).

3.6 Summary

In this chapter the synthesis of AgBiI4 (Section 3.3.1), CuBiI4 (Section 3.4.1),

Cu2BiI5 (Section 3.4.2), CuAgBiI5 (Section 3.5.2) and Cu2AgBiI6 (Section 3.5.3) are

discussed. Figure 3.36a shows the contribution of this work to the exploration of the

Cu-Ag-Bi-I phase field. The quarternary CuAgBiI5 and Cu2AgBiI6 compounds are

newmaterials. As it has beenmentioned, the ternary Ag1−3xBi1+xI4 and Cu1−3xBi1+xI4

compounds have been previously synthesised but it was necessary to resynthesise

them to characterise their properties towards potential use as solar absorbers. Their

structural and optical characterisation was also necessary for better understanding

of the quarternary compounds. Figure 3.36b (and Table 3.3) shows the average

compositions of the materials measured by SEM and TEM EDX with 1σ errors

(blue hashed areas). The red circles are the compositions AgBiI4, CuBiI4, Cu2BiI5,

CuAgBiI5 and Cu2AgBiI6. These compositions have been chosen to represent the

materials in this thesis for convenience and they are within error of the measured

compositions, however the measured average composition is much more accurate.

These compounds are not stoichiometric and it is therefore difficult to represent

them with stoichiometric compositions. AgBiI4, CuBiI4 and Cu2BiI5 were measured

by SEM EDX and CuAgBiI5 and Cu2AgBiI6 by TEM EDX.

The materials were synthesised from their constituent iodides. To obtain

pure samples, BiI3 had to be synthesised from the elements due to the commercially-
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Figure3.35: ThePXRDof the repeated two-step x=0.64 synthesiswerefittedwith aR3̄m rhombohedral
cell using a Pawley fit. The cell parameters were refined against an internal Si standard. The lattice
parameters a (a) and c (b) show good agreement across the repeats, showing the reproducibility of
the sample. (c) shows that the rhombohedral strain α = c/2a parameter is significant and away from
beingmetrically cubic for all samples. (d) showshow theTEMEDXmeasurements overlapwell and the
average compositions are all within error to each other with similar levels of homogeneity. Therefore
thesematerials can be combined into a bigger batch.
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Figure 3.36: (a) Shows the known compounds in the Cu-Ag-Bi-I phase field. The compositions
in black were synthesised in this work; with the quarternary CuAgBiI5 and Cu2AgBiI6 compounds
being newmaterials. The compositions in red have been reported in work elsewhere.151–155(b) Shows
the measured average compositions with 1σ errors (blue hashed areas), with a close stoichiometric
composition chosen to represent them for convenience (red circle). These compounds are not
stoichiometric and the averagemeasured compounds aremore accurate.

Representation used Measured average composition (SEM or TEM EDX)
AgBiI4 Ag0.97(8)Bi1.06(5)I4.00(10)
CuBiI4 Cu1.21(5)Bi1.11(7)I4.00(9)
Cu2BiI5 Cu2.05(23)Bi1.05(16)I5.00(11)
CuAgBiI5 Cu0.88(17)Ag1.10(6)Bi0.98(8)I5.00(11)
Cu2AgBiI6 Cu2.15(16)Ag1.04(5)Bi0.92(7)I6.00(11)

Table 3.3: The chemical formula used to represent the materials, and their measured average
composition. AgBiI4, CuBiI4 and Cu2BiI5 were measured via SEM EDX, and CuAgBiI5 and Cu2AgBiI6
by TEM EDX.
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sourced BiI3 containing BiOCl (Section 3.2.1). All pure powder samples were

synthesised in vacuum-sealed fused-silica tubes and were quenched from 350-400

°C (see relevant sections for specific procedures). All samples were kept outside the

glove box, in closed vials wrapped in aluminium foil for the duration of the studies.

The quenching step was found to be very important in all samples. For AgBiI4,

quenching was used to obtain a pure phase without a BiI3 impurity. For CuBiI4, it

meant we could trap this metastable phase, rather than just obtain the CuI and BiI3

starting materials. The CuAgBiI5 and Cu2AgBiI6 samples were particularly sensitive

to quenching. It was found to be crucial in producing compositionally homogeneous

samples, whereas cooling down to room temperature produced samples with a

complete compositional spread along the CuI-AgBiI4 solid solution.

The AgBiI4 and CuBiI4 powder reactions provided crystals on the inside of

the tubes, showing how nominal composition is not necessarily the same as the

composition of the retrieved powder. Indeed, in the Ag1−3xBi1+xI4 system we find a

powder within error to AgBiI4 x=0 using a nominal composition of x=0.07, but also

dendritic crystals in the same reaction with a well-defined composition correspond-

ing to x=0.09. Crystals within error of the composition of the powders were grown for

AgBiI4 via CVT (Section 3.3.2). Two crystal habits were found; octahedral faceted and

elongated plate crystals, which were used for structural studies. The composition of

the retrieved CuBiI4 powder was within error to the nominal composition. CuBiI4

powder was found to be unstable at room temperature and was therefore not

studied as extensively. Cu2BiI5 crystals were grown via CVT (Section 3.4.2). The

exploration of the CuI-AgI-BiI3 phase field showed two new compounds on the

CuI-AgBiI4 solid solution line: CuAgBiI5 and Cu2AgBiI6. The powders still contain

some compositional inhomogeneiety but a histogram shows that the two ranges

are significantly different, which is why we have identified these as two separate

regions (Figure 3.37). Crystals, 1 mm × 1 mm × 1 mm in size, were grown frommelts

and via CVT, however they were too twinned and were unsuitable for structural
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Figure 3.37: A histogram of the Cumol% of particles of the two pure samplesmeasured via TEMEDX.
Two separate distributions are shown. The first is within error of CuAgBiI5 and the second Cu2AgBiI6.

studies via SXRD. Small crystals, in the order of 10 µm × 10 µm × 10 µm in size, were

picked out of the pure powders, synthesised by a subsolidus route, for structural

studies. The ternary and quarternary phases studied are all closely structurally

related. As they can be indexed to a Fd3̄m cubic cell, or an R3̄m rhombohedral cell

with a slight rhombohedral strain away from metrically cubic, it was important to

use the lattice parameters to distinguish between phases containing both Cu and

Ag, rather than just Ag or just Cu. Lattice parameters and impurity phases weight

percentages analysed over the series of solid solutions allowed some understanding

of these systems, and directed the nominal composition and procedures needed to

synthesise pure powders.
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Structural Studies

4.1 Introduction

TheAg1−3xBi1+xI4 x=0defect-spinel structure (AgBiI4) and the x=-0.33CdCl2 structure

(Ag2BiI5) with partially occupied interlayer octahedral sites (henceforth referred to

as i-CdCl2) were solved by Oldag in 2005.153 The structures were solved by SXRD

measured at 100 K on crystals grown by a solvothermal method. Both structures

consist of cubic close-packed (CCP) iodide sub-lattices with ABCABC stacking

(Figure 4.1a). The CCP iodide sub-lattice facilitates octahedral and tetrahedral

interstitial sites, as shown in Figure 4.1b. The sub-lattice allows one octahedral site

and two tetrahedral sites per anion.

The defect-spinel structure is solved in the cubic Fd3̄m space group (Figure

4.2a). The symmetry of the unit cell means that the 32 octahedral sites can be

grouped into two different octahedral sites, each with a multiplicity of 16. One of

these sites consists of edge-sharing octahedra occupied by either an Ag+ or Bi3+

cation, giving rise to an extended 3D network. The other site is vacant giving rise to

a 3D network of vacancies. Figure 4.2b shows the networks of the two octahedral

sites by connecting them using coloured lines. It is an attempt to show how the

two networks are ’inverses’ of each other; we can switch which octahedral site is
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Figure 4.1: (a) The cubic close-packed (CCP) iodide sub-lattice which is stacked ABCABC down the
cubic (111) or rhombohedral (001) direction. (b) An example of an octahedral site (purple) and a
tetrahedral site (blue) facilitated by the CCP sub-lattice.

occupied andwhich one is vacant, and then by shifting the unit cell by one half in the

a, b, or c direction, we would end up with the same structure. The structure can be

considered as a spinel-type structure with all of the tetrahedral sites vacant, hence

the term ’defect-spinel’ (Figure 4.2c). When Oldag et al. first solved the structure in

2005, the structure was solved from SXRD data by fixing the Bi3+ occupancy to 0.5

on the octahedral site and refining the rest of the electron density as Ag+, arriving

at a composition close to AgBiI4. The authors specifically mention that no left over

electron density is seen on the possible tetrahedral sites. Recently, Kim et al.165

proposed a crystal structure for the AgBi2I7 x=0.14 phase which was isostructural

with ThZr2H7. However, Xiao et al.166 explain that this structure contains [BiI8]

polyhedra with unphysically short Bi-I bonding, and the structure is more likely to

be a Ag-deficient AgBiI4 defect-spinel structure. Both of these studies were based on

the PXRD of Ag1−3xBi1+xI4 thin films.

The i-CdCl2 structure is solved in the R3̄m space group in a trigonal cell (Fig-

ure 4.3a). The symmetry of the unit cell means that the six interstitial octahedral

sites can be grouped into two different octahedral sites, each with a multiplicity of 3.

One of these sites consists of edge-sharing octahedra occupied by either an Ag+ or

Bi3+ cation, resulting in an extended 2D layered network. The other octahedral site
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Figure 4.2: (a) The previously reported defect-spinel structure for AgBiI4. (b) Shows the octahedral
networks of the two different octahedral sites generated by the symmetry of the Fd3̄m space group,
by connecting them using red and purple coloured lines. (c) The MgAl2O4 spinel structure, for
comparison.
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Figure 4.3: (a) The previously reported i-CdCl2 structure for Ag2BiI5. (b) Shows the octahedral
networks of the twooctahedral sites generatedby the symmetry of theR3̄m space groupby connecting
them using red and purple coloured lines. (c) The CdCl2 structure, for comparison.

is sparsely occupied with Ag+, resulting in an extended 2D layered network, every

other layer. Figure 4.3b shows the networks of the two octahedral sites by connecting

them using coloured lines. All of tetrahedral sites are vacant. The structure is closely

related to CdCl2, first solved by Pauling in 1929,167 but with low occupancy Ag+ on

the interlayer octahedral site (Figure 4.3). Hence the term, i-CdCl2, where i denotes

the partially occupied interlayer sites, to distinguish it from the CdCl2 structure.

Similarly, in the Cu1−3xBi1+xI4 system, CuBiI4 (x=0) and Cu2BiI5 (x=-0.20)

were first synthesised in 1991 by Fourcroy et al. and were reported to be isostructural

with the x=0 and x=-0.33 structures, respectively.155 The CuBiI4 cubic phase

was solved by SXRD to have the defect-spinel structure. However without Ag+

the octahedral sites are 50 % vacant (Figure 4.4a). The introduced Cu+ ions

are reported to fill every interstitial tetrahedral site in the rock salt lattice with

low occupation (Figure 4.4b). The symmetry of the unit cell means there are

three different tetrahedral sites with multiplicities of 8, 8 and 48. Figures 4.4c
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Figure 4.4: (a) The reported cubic Fd3̄m defect-spinel structure for CuBiI4 reported by Fourcroy et
al. in 1991155 (b) The network of the Cu+ tetrahedral sites represented by a blue line. (c and d)
The comparison of the occupied tetrahedral sites for the CuBiI4 defect-spinel and MgAl2O4 spinel
structures, respectively.

and d show how this differs from the spinel structure in which only one of the

tetrahedral sites with a multiplicity of 8 is occupied, and is fully occupied. No struc-

turalmodel of themetrically rhombohedral x=-0.20Cu1−3xBi1+xI4 has been reported.

In this section it will be useful to be able to compare metrically cubic and

metrically rhombohedral structures. To do this the cubic defect-spinel structure can

be represented in its equivalent trigonal axes, and the rhombohedral structure in

its trigonal axes can be doubled in the a and b directions to obtain the same sized

trigonal cell. The transformationmatrices and origin shifts needed for this are shown

in Figure 4.5. It can be shown that the defect-spinel structure can be thought of as

consisting of layers alternating between 3/4 and 1/4 of the octahedral sites being
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Figure 4.5: (a) The transformation of the cubic defect-spinel structure into its equivalent trigonal
setting. (b) The transformation and origin shift of the i-CdCl2 structure in to the same sized trigonal
cell as the cubic was transformed in to.

occupied, maintaining the total octahedral site occupancy of 1/2.

Rhombohedral strain will be calculated in this section to show by how much

a lattice differs from being metrically cubic. Qualitatively, rhombohedral strain

can be thought of as stretching or compressing the opposite corners along the

body-diagonal of the cubic lattice (Figure 4.6). Quantitatively, a trigonal cell is

metrically cubic when c/2a =
√
6. In this section, rhombohedral strain will be

expressed in a percentage which is calculated as the percentage by which the c/2a

value differs from
√
6 (Equation 4.1).

Sr homb =

����1 − c/2a√6
���� × 100 (4.1)
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Figure 4.6: Visual representation of rhombohedral strain on the cubic cell, corresponding to a stretch
or compression along the cubic <111> directions.

4.2 AgBiI4

SXRD was carried out on the elongated plate crystal of composition

Ag0.99(2)Bi1.06(1)I4.00(1) (Section 3.3.2) at 100 K. The data were indexed to a sin-

gle domain of a trigonal cell with a=4.3187(1) Å and c=20.6004(8) Å, in space group

R3̄m. As AgBiI4 has previously been reported with a metrically cubic cell, the

degree of rhombohedral strain was calculated. It was found that the rhombohedral

distortion was significant with c/2a = 2.3850(1), corresponding to a rhombohedral

strain of 2.6328(1) %. This level of rhombohedral distortion is readily resolvable

via SXRD and PXRD. A simulation of the PXRD pattern of the solved rhombohedral

structure shows that it would be distinguishable from the cubic structure (Figure 4.7).

The structure of the crystal was solved by direct methods and was found to belong

to the CdCl2 structure type (Figure 4.8, Table A.1). It consists of a rhombohedrally

distorted face-centered cubic close packed iodide sub-lattice, with statistically

disordered Ag+ and Bi3+ ions occupy every other layer of octahedral interstices in the

sub-lattice, forming the layered structure. There was no residual electron density in

the interlayer octahedral sites as for the reported x=-0.33 structure. Octahedral site
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Figure 4.7: (a) Simulated PXRD pattern for the rhombohedrally distorted CdCl2 structure crystal with
composition Ag1.06(5)Bi0.97(5)I4.00(5). (b) Rietveld refinement of the PXRD pattern of the AgBiI4 powder.
There are distinct differences between the two PXRD patterns due to the rhombohedral distortion in
(a), marked with ∗ for the Q range 0.6-5.2 Å.
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Site x y z Occ BE q
iso

I1 0 0 0.75322(3) 1 0.011(3)
Bi1 1/3 2/3 2/3 0.50 0.021(3)
Ag1 1/3 2/3 2/3 0.50 0.021(3)

Figure 4.8: The non-metrically cubic CdCl2 structure of AgBiI4 solved by directmethods on SXRDdata
collected on the elongated plate crystal at 100K.

occupancy was fixed to half Bi3+ and half Ag+, as crystal compositions were within

error to the AgBi4 powder when measured by SEM EDX. Rhombohedral strain by

contraction along the trigonal [001] causes the interlayer I-I distance to decrease

which decreases the closest Bi-Bi distance compared to the previously reported

defect-spinel structure. Interatomic distance and angles are presented in Table A.2.

No sign of octahedral distortion causedby the possible lonepair effect of Bi3+ is seen.

The SXRD of the octahedral-faceted crystal of composition Ag1.26(2)Bi0.92(2)I4.00(1)

(Section 3.3.2) collected at 100 K could be indexed according to two different

solutions. Initially, the data were reduced in the cubic cell and the structure was

solved in the Fd3̄m space group. This led to the defect-spinel structure previously

publishedwith a lattice parameter ofa=12.1075(1) Å (Table A.3). On closer inspection

of the data, the indexed reflections in an Ewald sphere projection show systematic

absences throughout the crystal lattice (Figure 4.9). If the cubic unit cell is correct,

these absences must be coincidental based on the structure factor. Alternatively,

the SXRD data can be indexed to four twinned metrically cubic trigonal cells with
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cell dimensions corresponding to the CdCl2 structure, where the c axis [001] of each

trigonal cell points along a body diagonal <111> of the cubic defect-spinel cell.

The fitting of the Ewald sphere to the twinning of the four rhombohedral cells in

three dimensions is shown in Figure 4.10. Fitting the reflections using the twinned

rhombohedral cells removes the zero-intensity cubic reflections by reducing the size

of the unit cell. The structurewas reduced and solved in theR3̄mCdCl2 structure and

refined against the outputted combined twin reflection listing, with all four twins

giving an equal fractional volume contribution (Table A.4). The resulting cells have

metrically cubic trigonal cells with a=4.2816(4) Å, c=20.975(3) Å with no resolvable

rhombohedral strain; calculated as 0.004(16) %. SXRD is thus unable to determine

whether the octahedral-faceted crystal has the defect-spinel structure or a twinned

CdCl2 structure. SXRD weighted R parameters for the defect-spinel (wR2=0.0377)

and twinned CdCl2 (wR2=0.0898) models show that both are valid solutions, and

neither model may be disregarded on this basis (the difference in values is due to

the deconvolution of the overlapped reflections for each trigonal cell in the twinned

refinement and that the twinned refinement is fitted against 7 times the number of

data points).

Analysis of high resolution synchrotron PXRD data of AgBiI4 powder samples

(Section 3.3.1) also cannot distinguish the two models. As for SXRD data, Figure

4.11b shows a series of symmetry allowed reflections for the cubic defect-spinel

model for which there is no observed Bragg intensity (highlighted is the (022)

reflection). Rietveld refinements of the two candidate models, shown in Figure

4.11 and Table A.5, produce equivalent fits to the data (χ2=1.229 for the cubic

defect-spinel model, versus 1.227 for the CdCl2 model) and equivalent refined cell

parameters: the refined rhombohedral model is metrically cubic with a=4.31844(1)

Å, c=21.15553(8) Å, with no resolvable rhombohedral strain; calculated as 0.002(4)%.

To test whether the defect-spinel and CdCl2 models could be distinguished
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Figure 4.9: Reconstructed SXRD pattern from the 〈011̄〉 plane of the Fd3̄m cubic cell. Indexing this
pattern to thecubicFd3̄mcell reveals several allowedBraggpeakswithzero intensity (e.g., theexpected
[220] reflection is indicated by a green circle and arrow). Alternatively, the pattern can be indexed
to two rhombohedral R3̄m twins (red and blue circles), with the [001] axis of the rhombohedral cell
aligned along the [111] axis of the cubic cell. Uncircled peaks arise from the CCP sub-lattice and are
common to all twins. This solution has no zero-intensity allowed Bragg peaks. Note that while two
rhombohedral R3̄m twins are required to fit this particular region of reciprocal space, by extension
four rhombohedral R3̄m twins are required to fit the full data set.

from a statistical combination of the two, a new cell was constructed which

accommodates both cation ordering motifs by using the equivalent trigonal cell

setting (Figure 4.12). A series of Rietveld refinements were then carried out at fixed

defect-spinel:CdCl2 ratios, as defined by the occupancies of their characteristic

octahedral sites in the close packed iodide sub-lattice. These refinements show a

monotonic increase in χ2 up to a maximum at the 50:50 ratio (Figure 4.13), showing

clearly that the structure must adopt either the defect-spinel structure or the CdCl2

structure but is not a statistical mixture of the two.

Density functional theory (DFT) calculations were performed by Dr. Matthew

Dyer to investigate the physical plausibility of the two candidate models. For

both defect-spinel and CdCl2 models, the disorder of the Ag+ and Bi3+ cations

was accounted for by computing energies for all possible Ag+/Bi3+ distributions

within a supercell. No significant separation was found between the calculated
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Figure 4.10: The fitting of the Ewald sphere to the twinning of the four rhombohedral cells in three
dimensions. Each cell has a different colour. Each point in the reciprocal lattice is coloured codedwith
the cell that it has been fitted with. A white point is where all four cells contribute. The green ring
shows the position of an allowed Bragg peak when fitting with the cubic cell, which has no measured
intensity.

energies of the lowest energy defect-spinel and CdCl2 models, suggesting that the

twomodels are expected to have a similar level of stability (Table A.6); neither one of

the structures can be disregarded on computational grounds. The two lowest energy

solutions are shown in Figure 4.14.

In summary, it is shown unambiguously by SXRD that AgBiI4 can crystallise

in a CdCl2-type structure which is metrically rhombohedral. The existence of a

second polymorph is also demonstrated, but its structure is more enigmatic: it

must be either a metrically cubic equivalent of the CdCl2 structure or the cubic

defect-spinel structure which has been reported previously. These two structures

are indistinguishable via PXRD and SXRD. The structure has been shown not to be

a statistical mixture of the two structure types. This work has featured in a recent

publication.168
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Figure 4.11: PXRD and Rietveld refinements of AgBiI4 synchrotron data for (a) CdCl2-type and (b)
defect-spinel structures, with the structures inset. Tick marks in (b) show the absence of expected
Bragg intensity.
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Figure 4.12: (a) The defect-spinel model transformed to its equivalent trigonal setting. (b) The CdCl2
structure doubled in the a and b directions with an origin shift of (-2/3, -1/3, 1/6) to align octahedral
layerswith those of the defect-spinel structure. (c) The construction of a structurewhich is a statistical
mixture of both original structures in the trigonal cell. Shown is the 50 % defect-spinel, 50 % CdCl2
model with the octahedral sites of the defect-spinel structure in blue, the CdCl2 in red and black for
octahedral sites that feature in both original structures. The I− anions are in green.

Figure 4.13: The goodness of fit parameter χ2 for Rietveld refinements performed on synchrotron
PXRD data. The x-axis corresponds to the ratio of defect-spinel:CdCl2 structures used in the
refinement. This ratio is alteredmanuallyby changing theoccupancyof theoctahedral sitespertaining
to the defect-spinel and CdCl2 structures as shown in Figure 4.12. The I− anions are in green, and the
octahedral sites are in purple.
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Figure 4.14: The computed lowest energy Ag+ and Bi3+ configurations for (a) the defect-spinel and (b)
the CdCl2 structures. Calculated by DrMatthewDyer at the University of Liverpool.

4.3 CuBiI4

The PXRD pattern of CuBiI4 powder (Section 3.4.1) was measured at room tempera-

ture on an in-house diffractometer. In Section 3.4.1, it was shown that the resulting

PXRD could be indexed to a cubic cell in the Fd3̄m space group, as reported by

Fourcroy et al.155 Whilst studying the AgBiI4 structure it was found that the layered

CdCl2 structure could also be a solution to the PXRD and SXRD, due to coincidental

zero intensity peaks (Section 4.2). The PXRD pattern of CuBiI4 powder showed

the same zero intensity reflections (Figure 4.15). Using this information, the cubic

defect-spinel previously reported for the CuBiI4 structure was transformed in to the

CdCl2 structure, using the transformation shown in Figure 4.16. The defect-spinel

model, taken from the ICSD database, and the transformed CdCl2 structure were

found to fit the PXRD equally well, with the refined parameters shown in Table A.7.

Therefore, it is shown that the same problem exists as for the AgBiI4 structure; the

PXRD cannot distinguish between a cubic defect-spinel or CdCl2 cation motif, and

that this ambiguity remains with the inclusion of Cu+ tetrahedral sites.

In order to see if the solution could be attributed to a statistical mix of the

two structure types, the two structures were transformed in to the same large

trigonal cell (Figure 4.17a), using the same method as in Section 4.2. The ratio
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Figure 4.15: The Rietveld refinements of in-house PXRD data collected at room temperature for the
reported ICSDmodel (a) and the transformed layeredmodel (b).

Figure 4.16: The CuBiI4 defect-spinel model as reported by Fourcroy et al.155 transformed in to the
layered CdCl2 structure.
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Figure 4.17: (a) The structural model corresponding to 50% defect-spinel and 50% CdCl2 by fixing
octahedral site occupancy. Octahedral sites of both models are in black, the defect-spinel model in
orange, and the CdCl2 model in red. The Cu sites (blue) fill every tetrahedral hole facilitated by the
iodide sub-lattice (green). (b) The change in the goodness of fit parameter for Rietveld refinements
with respect to the ratio of defect-spinel:CdCl2 cationmotif in themodel used in the refinement.

of the defect-spinel:CdCl2 structure was controlled via fixing the octahedral site

occupancies. The Cu+ occupancies were fixed during the refinements to ensure

the composition was maintained. These refinements show a monotonic increase

in χ2 up to a maximum at the 50 : 50 ratio (Figure 4.17b), showing clearly that the

structure must adopt either the defect-spinel structure or the CdCl2 structure but is

not a statistical mixture of the two.

Crystals of the Cu1−3xBi1+xI4 system were grown via CVT (Section 3.4.2). The average

composition of the crystals was measured by SEM EDX as Cu1.64(18)Bi0.84(13)I4.00(9),

within error to the x=-0.20 phase reported by Fourcroy et al,155 for which no

structural solution has been reported, and are more Cu-rich than the synthesised

powder. The Bragg peaks of the SXRD data collected at 100 K could be indexed to the

cubic Fd3̄m cell. The defect-spinel structure was solved from direct methods with

the structure shown in Figure 4.18 and the refinement parameters shown in Table

A.8. The occupancies were fixed to the average composition measured by SEM EDX;

Cu1.64(18)Bi0.84(13)I4.00(9), assuming that the Cu+ sites were equally occupied. However,
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Site x y z Occ BE q
iso

I1 0.49766(6) 0.25234(6) -0.00234(6) 1.0 0.011(1)
Bi1 1/2 0 0 0.42 0.017(1)
Cu1 3/8 3/8 -1/8 0.2064 16(7)
Cu2 0.6259(8) 3/8 -0.125 0.2064 18(6)
Cu3 5/8 1/8 1/8 0.2064 14(7)

Figure 4.18: Visual representation and structural parameters of the defect-spinel model solved from
the SXRD of Cu1−3xBi1+xI4 crystalsmeasured at 100 K. This is not the correct solution as there is a large
negative residual electron density of -14.19 eÅ−3 in the Fourier differencemap.

Site x y z Occ BE q
iso

I1 2/3 1/3 0.08455(4) 1.0 0.037(1)
Bi1 0 0 0 0.326(7) 0.048(2)
Bi2 1/3 2/3 1/6 0.092(9) 0.056(9)
Cu1 2/3 1/3 0.2086(11) 0.2052 0.051(7)
Cu2 1/3 -1/3 0.0414(10) 0.2052 0.056(9)

Figure 4.19: Visual representation and structural parameters of the layered model solved from the
detwinning of the SXRD data of Cu1−3xBi1+xI4 crystals measured at 100 K.

this model leaves a big negative peak in the differencemap of -14.19 eÅ−3, located on

the I− site, showing it is not the correct solution.

The SXRD data was therefore fitted with a twinning of four smaller trigonal

cells; with the 3-fold axis of each trigonal cell [001] aligned with each 3-fold axis

of the cubic cell <111> (body diagonals). The solution was worked up against the

detwinned reflection listing. This resulted in a i-CdCl2 structure with partially

occupied Bi3+ interlayer octahedral sites (Figure 4.19). The refinement parameters

are shown in Table A.9. This solution fitted the data well with an acceptable negative

peak of -4.07 eÅ−3 in the residual difference map. Therefore, for SXRD data, the

interlayer octahedral site leads to a negative difference peak in the defect-spinel

model which allows the distinction between the two structures. For the solving of the

structure, the sum of the occupancy of the two Bi3+ sites (layer and interlayer sites)

131



Chapter 4. Structural Studies

Figure 4.20: The simulated PXRD pattern of the i-CdCl2 model for the x=-0.20 Cu1−3xBi1+xI4
crystal solved via SXRD collected at 100 K. The pattern shows peak splitting at high angles due to
rhombohedral strain, which would be detectable via in-house PXRD even with a reasonable amount
of noise, showing that the crystals are different from the powder. Themost substantial peak splittings
at high angles are highlighted using red asterisks.

was constrained to be equal to the average SEM EDX composition. The refinement

was carried out in this way as the occupancy of the two octahedral sites were heavily

correlated which caused an unstable refinement when not constrained by the

average SEM EDX composition. The two Cu+ sites were assumed to have equal

occupancy. The lattice parameters of the layered structure in the trigonal cell are

a=4.2653(5)Å, c=20.839(4) Å corresponding to a rhombohedral strain of 0.27095(6)%.

The simulated PXRD of the solved layered structure shows peak splitting due to

rhombohedral strain which would be detectable by in-house PXRD, and therefore

further confirms that the crystals are different from the powder (Figure 4.20). The

rhombohedral strain causes the same structural distortion as in the metrically

rhombohedral AgBiI4 CdCl2 structure; the interlayer I-I distance decreases. There is

no evidence of the inert pair effect of Bi3+ via octahedral distortion.

In summary, the PXRD of the x=0 sample can be solved in the defect-spinel

or CdCl2 model. The more Cu-rich x=-0.20 crystals show that the i-CdCl2 model can

be distinguished from the defect-spinel model by SXRD due to the presence of the
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partially occupied interlayer octahedral site. Simulation of the PXRD of the i-CdCl2

structure solved from the SXRD of the crystal at 100 K, shows that the crystals are

different from the powder. The crystals belong to the Cu-rich Cu1−3xBi1+xI4 phase

which was reported to crystallise in the trigonal system155 but with no structure

reported hitherto, likely due to the complexity of the twinning.

4.4 CuAgBiI5

In this section, the structure of the CuAgBiI5 powder (Section 3.5.2) is solved via

a combination of PXRD, NPD and SXRD. These three diffraction data sets were

used together to solve the complex structural model and distinguish between the

defect-spinel and CdCl2 structures.

Although the in-house PXRD data could be fitted to a metrically cubic cell

(Section 3.5.2), high resolution synchrotron PXRD data collected on the MAC

detector at I11 shows rhombohedral strain at high angles (Figure 4.21); this is very

small and refined as 0.0132(2)%. This meant that, strictly, the defect-spinel should

be refined in its’ trigonal setting so that the rhombohedral strain can refine.

Combined PXRD and NPD Rietveld refinements were carried out using both

the defect-spinel and CdCl2 cation motifs to see if they were distinguishable by

powder diffraction. The starting defect-spinel and CdCl2 models were built based

on the Ag1−3xBi1+xI4 and Cu1−3xBi1+xI4 structures, in which Ag+ and Bi3+ share the

octahedral sites and Cu+ is on the tetrahedral sites. There cannot be any Ag+ on the

tetrahedral sites for both these structures otherwise there is not enough electron

density on the tetrahedral sites to account for the amount of Cu+ in the average

TEM EDX composition. The refinement of the combined PXRD and NPD data sets

allowed the refinement of the disordered cations without having to fix occupancies

to the average TEM EDX composition. Furthermore, DFT calculations carried out by
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Figure 4.21: High resolution PXRD pattern of CuAgBiI5 powder measured by theMAC detector at I11.
(a) High angle peak fitted to a cubic Fd3̄m phase. (b) The same peak fitted to a rhombohedral R3̄m
phase. (c) The Pawley fit over the whole measured Q range, for the rhombohedral R3̄m phase. In each
case themain phase tick marks are in black and the rock salt impurity in red.
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Xiao et al.,169 in which related theoretical double perovskites are studied, showed

that the Cu+ is not stable in octahedral coordination, whereas Ag+ is stable in both

tetrahedral or octahedral coordination.

The room temperature structural solution for the defect-spinel model is

shown in Figure 4.22 and Table A.11. The Rietveld fits to the combined PXRD

and NPD data are shown in Figure 4.23. The model shows that the Cu+ does

not occupy all of the possible tetrahedral sites equally, and instead only the

tetrahedral sites corresponding to a classic spinel structure are occupied. When

considering the defect-spinel structure as alternating layers of 1/4 and 3/4

octahedral site occupancy, the Cu+ sites are in the layers of 1/4 octahedral site

occupancy. When the cation occupancies were allowed to refine without constraint

the defect-spinel model refined to a composition of Cu0.65(1)Ag1.04(2)Bi1.05(2)I5.00

within error of the average powder composition of Cu0.88(17)Ag1.10(6)Bi0.98(8)I5.00(11)

measured by TEM EDX. There was no evidence of octahedral off-centring from the

Bi3+ lone pair effect; any off-centring forced on to the model causes an extra peak

in the calculated PXRDpatternwhich is not apparent in themeasuredPXRDpattern.

Alternatively a CdCl2 model could be refined against the combined PXRD

and NPD data sets. The solution for the CdCl2 model is shown in Figure 4.24

and Table A.10. The Rietveld fits to the combined PXRD and NPD data sets for

the CdCl2 structure are shown in Figure 4.25. The model shows partial layered

ordering of the Cu+ sites; the occupancy of the Cu+ sites located in the layer

of the octahedral sites refined to double the occupancy of the interlayer Cu+

sites. When the cation occupancies were allowed to refine without constraint

the CdCl2 model refined to a composition of Cu0.84(3)Ag1.23(15)Bi0.95(10)I5.00 within

error of the average powder composition of Cu0.88(17)Ag1.10(6)Bi0.98(8)I5.00(11) mea-

sured by TEM EDX. There was no evidence of octahedral off-centring from the

Bi3+ lone pair effect; any off-centring forced on to the model causes an extra peak
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Site x y z Occ BE q
iso

I1 1/2 1/2 0.25322(4) 1 0.0216(1)
I2 0 0 0.25322(4) 1 0.0216(1)
Bi1 1/2 1/2 1/2 0.421(1) 0.0382(2)
Ag1 1/2 1/2 1/2 0.414(2) 0.0382(2)
Bi2 2/3 1/3 1/3 0.421(1) 0.0382(2)
Ag2 2/3 1/3 1/3 0.414(2) 0.0382(2)
Cu1 1/12 2/3 0.2975(6) 0.173(2) 0.073(2)

Figure 4.22: Visual representation and structural parameters of the defect-spinel cation arrangement
model in its trigonal setting, solved from the refinement of combined PXRD and NPD data collected
at room temperature. This is the finalised structure for CuAgBiI5, with a refined composition of
Cu0.65(1)Ag1.04(2)Bi1.05(2)I5.00.

in the calculated PXRDpatternwhich is not apparent in themeasuredPXRDpattern.

Both structures fit equally well to the powder diffraction data (χ2=1.53 for the

defect-spinel structure and χ2=1.57 for the CdCl2 structure). For the Ag1−3xBi1+xI4

(Section 4.2) and Cu1−3xBi1+xI4 (Section 4.3) materials a model could bemade which

contained a statistical mix of the defect-spinel and CdCl2 structures within a single

unit cell. These cells were then refined against the PXRD data to show that the

structural solution was based on either the defect-spinel or CdCl2 structure, and not

a statistical mixture of both. With the CuAgBiI5 defect-spinel and CdCl2 structures

it is not possible to represent the statistical mix in the same unit cell due to the

difference in occupancy of the Cu+ sites; the defect-spinel structure does not have all

possible tetrahedral sites occupied. I11 synchrotron data showed there to be a small

CuI impurity of 2(1) wt%.

At room temperature the I-I atomic distances were refined as 4.1981(8) Å for

the layers with 1/4 of the octahedral sites occupied (these layers are also where the

tetrahedral sites are occupied by Cu+), and 4.4363(8) Å for the layers with 3/4 of the
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Figure4.23: TheRietveldfits of thedefect-spinelCuAgBiI5 structure for I11MACPXRDdata andHRPD
bank 1 and bank 2 NPD data, collected at room temperature.
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Site x y z Occ BE q
iso

I1 0 0 0.24778(5) 1 0.0153(2)
Bi1 2/3 1/3 1/3 0.38(4) 0.0356(2)
Ag1 2/3 1/3 1/3 0.49(6) 0.0356(2)
Cu1 0 0 3/8 0.118(3) 0.128(5)
Cu2 0 0 1/8 0.050(1) 0.016(3)

Figure 4.24: Visual representation and structural parameters of the CdCl2 model solved from the
refinementof combinedPXRDandNPDdatacollectedat roomtemperature. This solution to thePXRD
is not a solution to the SXRD data.

octahedral sites occupied (these layers have no tetrahedral site occupancy). At 100K

the SXRD structure shows that the I-I atomic distances expands to 4.2035(3) Å for

the layers with 1/4 of the octahedral sites occupied (these layers are also where the

tetrahedral sites are occupied by Cu+), and decreases to 4.3745(3) Å for the layers

with 3/4 of the octahedral sites occupied (these layers have no tetrahedral site

occupancy). The expansion in the layers containing the Cu+ sites may be due to the

localisation of the Cu+ at lower temperatures.

The defect-spinel and CdCl2 structures solved via the combined PXRD and

NPD Rietveld refinements were fitted against the 100K SXRD data, with the lattice

parameters, thermal parameters and atom positions allowed to refine. The atom

positions had to be refined due to anisotropic thermal expansion/contraction

between the room temperature and 100K data sets. The occupancies, however, were

fixed to those of the powder refinementmodel. The defect-spinel structure fitted the

SXRD data set well, with the refined parameters in Table A.11.

In Section 4.3 it was learned from the structural study of Cu2BiI5 that a large
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Figure 4.25: The Rietveld fits of the CdCl2 CuAgBiI5 structure for I11MAC PXRD data and HRPD bank
1 and bank 2 NPD data, collected at room temperature.
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negative difference peak on the I− site indicated that the defect-spinel structure was

not a solution, and that a twinning of the i-CdCl2 structure was the correct solution

to the SXRD data. The CuAgBiI5 defect-spinel model showed a largest difference

peak of -3.73 eÅ−3 which is not enough to conclusively distinguish between the two

models in the presence of such heavy ions, showing that the defect-spinel model

(with a small rhombohedral strain) is a possible solution to the powder and crystal

diffraction data sets as well as the TEM EDX.

The SXRD Bragg peaks could be indexed to the twinning of the four smaller

trigonal cells, as previously seen for AgBiI4 and CuBiI4 (Sections 4.2 and 4.3). The

CdCl2 model from the combined PXRD and NPD Rietveld refinement was fitted

against the 100K detwinned SXRD reflection listing. In the same way that the

defect-spinelmodelwas fitted against the SXRDdata; the lattice parameters, thermal

parameters and atom positions were allowed to refine and the atom occupancies

were fixed. The twinning of theCdCl2 structure did not fit the SXRDdata and resulted

in bad fitting parameters with a residual electron density peaks of 20.64 eÅ−3 and

-23.48 eÅ−3, and a goodness of fit of 3.1 (Table A.12). Therefore, the CdCl2 model

which could fit the PXRD and NPD data could not be used to fit the SXRD data and

is concluded to not be the structural solution. Even when deviating from the model

solved via PXRD and NPD combined refinement, it becomes clear that a well fitting

solution cannot be obtained by the twinning of the small R3̄m cell.

In summary, CuAgBiI5 has the defect-spinel structure with a small rhombo-

hedral strain and is distinguishable from the twinning of the four CdCl2 structures

via SXRD. The powder diffraction techniques cannot make this distinction, however

it was vital in determining a small rhombohedral strain, showing the importance of

the combination of the crystal and powder studies. Refinement of the combined

NPD and PXRD data allowed the solving of the defect-spinel room temperature

structure without fixing the composition to the average TEM EDX composition. The
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refined composition matched the average TEM EDX composition. The structural

analysis shows that for the finalised room temperature defect-spinel structure of

CuAgBiI5, the Cu+ does not occupy all of the possible tetrahedral sites in the rock

salt lattice, and instead only the tetrahedral sites corresponding to a spinel structure

are occupied. Only one other spinel structure with an iodide sub-lattice has been

confirmed, Rb2CoI4, which is ordered and stoichiometric with Rb+ on the octahedral

sites and Co2+ on the tetrahedral sites.170

4.5 Cu2AgBiI6

Crystals were picked out from the Cu2AgBiI6 powder (Section 3.5.3) and screened for

structural studies. Once a suitable crystal was found the SXRD data was collected

at 100K. The data was solved as the defect-spinel structure in a trigonal unit cell

due to the rhombohedral strain of 0.1057(1) % from the Pawley fit in Section 3.5.3.

The occupancies were fixed to be equal to the average TEM EDX composition of

the powder (Cu1.46(5)Ag1.05(11)Bi0.90(6)I5.00(6)) that the crystal was picked out from. To

do this, it was assumed that Ag+ and Bi3+ occupied octahedral sites and that Cu+

occupied every tetrahedral site in the rock salt lattice equally. These assumptions

are justified in Section 4.4. The structure of the solved defect-spinel model is shown

in Figure 4.26 and Table A.13. This model showed a large negative residual electron

density peak of -15.28 eÅ−3 which, in Section 4.3, indicated that defect-spinel

structure is not the correct solution, and that the twinning of an i-CdCl2 structure is.

The i-CdCl2 structure was solved against the 100K SXRD detwinned reflec-

tion listing. The occupancies were fixed to be equal to the average TEM EDX

composition of the powder (Cu1.46(5)Ag1.05(11)Bi0.90(6)I5.00(6)) that the crystal was

picked out from. To do this, it was assumed that Ag+ and Bi3+ occupied octahedral

sites and that Cu+ occupied every tetrahedral site in the rock salt lattice equally.

These assumptions are justified in Section 4.4. The structure of the solved i-CdCl2
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Site x y z Occ BE q
iso

I1 0.83624(9) 0.6728(2) 0.41577(6) 1 0.046(1)
I2 1/3 2/3 0.41496(9) 1 0.034(1)
Bi1 1/2 1/2 1/2 0.308 0.045(1)
Ag1 1/2 1/2 1/2 0.344 0.045(1)
Bi2 2/3 1/3 1/3 0.3072 0.050(1)
Ag2 2/3 1/3 1/3 0.3432 0.050(2)
Cu1 2/3 1/3 0.2078(17) 0.18 0.06(1)
Cu2 0 0 0.3744(16) 0.18 0.06(1)
Cu3 0.8334(9) 0.6668(17) 0.2913(14) 0.18 0.06(1))
Cu4 0.1663(9) 0.8337(9) 0.4585(14) 0.18 0.06(1)

Figure 4.26: Visual representation and structural parameters of the defect-spinel model in its trigonal
setting, solved from theSXRDofCu2AgBiI6 crystals collected at 100K. A largenegative residual electron
peak of -15.28 eÅ−3 shows this not to be the solution.

model is shown in Figure 4.27 and Table A.14. For this solution there was an

acceptable negative residual electron density peak of -2.84 eÅ−3 in the Fourier

difference map, showing it to be the solution of the crystal studied. At 100K the

rhombohedral strain was refined as 0.0150(1)%. However, the crystal solved was

not completely representative of the average powder structure, despite screening 18

crystals with the same solution. The simulated PXRD data of the i-CdCl2 structure

solved by SXRD shows the large difference in relative peak intensities between the

expected and measured PXRD patterns (Figure 4.28). The peaks with the largest

intensity differences between the simulated PXRD from the SXRD structure and the

measured PXRD data are marked by asterisks. The peaks all contain the <0,1,2l>

reflections and so a Rietveld refinement was performed on the PXRD data set

using the i-CdCl2 SXRD structure and this preferred orientation however it did not

significantly improve the fit.

Pawley fits on the high resolution synchrotron data up to high angles (collected on

the original 0.25g sample, not the combined batch) clearly showed peak splitting

and broadening which could not be fitted to solely the trigonal cell. Cubic structures
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Site x y z Occ BE q
iso

I1 2/3 1/3 0.08222(2) 1 0.0123(5)
Bi1 1/3 2/3 1/6 0.312 0.0251(6)
Ag1 1/3 2/3 1/6 0.150 0.0251(6)
Ag2 0 0 0 0.199 0.032(3)
Cu1 0 0 0.1249(5) 0.18 0.033(3)
Cu2 2/3 1/3 -0.0417(5) 0.18 0.033(3)

Figure 4.27: Visual representation and structural parameters of the i-CdCl2 structure, solved from the
SXRD of Cu2AgBiI6 crystals collected at 100K.

are known to commonly exhibit rhombohedral and monoclinic distortions in, for

example, LiMNCs; the structure of Li1+xNi1/6Mn1/6Co4/6O2.25+x/2 evolves from rhom-

bohedral R3̄m, tomonoclinicC2/m, to cubic Fd3̄m upon an increase in Li content171

(for this particular study the structural variations could be determined due to extra

peaks in the PXRD). Different combinations of cubic, rhombohedral andmonoclinic

cells were therefore systematically fitted to the PXRD pattern, starting with the

least number of high symmetry phases, and increasing the number of phases and

decreasing the symmetry of the cells until a good fit was achieved. The monoclinic

cell was obtained by passing the cubic cell through the ISODISTORT programme on

the Bilbao crystallography server and the lattice parameters were allowed to refine

in accordance with monoclinic symmetry. A meaningful fit can only be obtained

by using a mixture of three phases (Figure 4.29). Fitting the PXRD pattern using a

fewer number of phases and/or higher symmetry phases, clearly demonstrated they

were not able to fit the peak splittings and strain which is portrayed through the

goodness of fit parameters in Table A.15. It should be noted that the three phases
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Figure 4.28: The simulated PXRDpattern of the i-CdCl2 solved via SXRD (red), compared to the PXRD
of thepowder that the crystalwas pickedout of (black). Thepeakswith the largest intensity differences
between the simulated PXRD from the SXRD structure and the measured PXRD data are marked by
asterisks.
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Figure 4.29: The Pawley fit of room temperature PXRD data for the x = 0.64 sample measured using
the MAC detector on beamline I11 at Diamond Light Source. To get a meaningful fit (G.O.F <2) three
phases were needed. In this figure, the fit for the combination of a rhombohedral R3̄m phase (blue
tick marks), a monoclinic C2/m phase (red tick marks), and a cubic Fd3̄m phase (black tick marks), is
shown.

used have close lattice parameters, for example the three cubic phases used to fit

thePXRDdatahave lattice parameters of 12.1805(1) Å, 12.19254(9)Å and12.2006(1)Å.

The FWHM of the peaks of the PXRD pattern for the Cu2AgBiI6 powder sam-

ple are consistently higher than for the CuAgBiI5 powder sample (Figure 4.30a). The

FWHM of the Cu2AgBiI6 room temperature PXRD is five times of that for CuAgBiI5

at 50° 2θ. The increase in broadness between the CuAgBiI5 and Cu2AgBiI6 samples is

also present in theNPDdata, showing that it is not due to decomposition in the X-ray

beam (Figure 4.30b). Comparing the 100K and room temperature PXRD data sets

for Cu2AgBiI6 samples show that peaks broaden significantly at room temperature

compared to 100K and that this effect increases at higher angles. However for

CuAgBiI5 samples there is little difference in the FWHM between the 100K and

room temperature data sets. The two phases also have very similar compositional

homogeneities via TEM EDX (Section 3.5.2 and 3.5.3). For these reasons, the

Cu2AgBiI6 powder is likely to contain a mixture of very similar pseudo-cubic

phases, perhaps with slight rhombohedral and monoclinic distortions. Such phases
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Figure4.30: (a) TheFWHMforCu2AgBiI6 PXRDpeaksmeasuredat 100K (blue) and roomtemperature
(green), compared to those of CuAgBiI5 (red and black, respectively). (b) The FWHM of NPD peaks
measured at room temperature for Cu2AgBiI6 (red) and CuAgBiI5 (black).

would posses slightly different thermal expansion coefficients which would explain

the larger increases in the FWHM from 100K to room temperature, compared to

CuAgBiI5. It is important to note that the TEM EDX measurements of 50 particles

show no sign of a rock salt phase containing just Ag, Cu and I, which one could

have argued for based on the lattice parameter trend over the series (Section 3.5.1).

Although the different distortions were not able to be deconvoluted in this work, the

Cu2AgBiI6 i-CdCl2 structure was solved via SXRD.

4.6 Raman Spectroscopy of powders

The structural ambiguity that exists between the spinel and the twinning of layered

structures in PXRD and SXRD patterns has a wider importance in solid state

chemistry. For LiCoO2, the spinel and layered phases can both be synthesised

but are indistinguishable via PXRD. Studies show that the two structures can be

distinguished using Raman spectroscopy, as the two structures have a different

number of Raman active modes.172 Raman spectroscopy was carried out on AgBiI4,

CuAgBiI5 and Cu2AgBiI6 powders down to 100 cm−1. All powder patterns show no

Raman active modes until just above 100 cm−1, where there are two signals (Figure

4.31). Threemeasurementswere taken on each powder sample in different locations.

146



Chapter 4. Structural Studies

The relative intensities of the two peaks changed depending on location of the

measurements which shows a level of compositional homogeneity in the samples

(spot size 5 µm), which are also seen via EDX measurements. For each spectrum

collected, the two peaks were fitted with two Guassian peak shapes to obtain the

peak positions (Table 4.1).

To asses whether Raman shifts below 100 cm−1 would help distinguish between the

AgBiI4 defect-spinel and layered structures, samples were sent to Renishaw for mea-

surement due to the specialist instrumentation needed to measure the modes of the

heavy elements at wavenumbers less than 100 cm−1. Figure 4.32 shows the spectrum

that was obtained. Unfortunately is it not as trivial as for the case of LiCoO2. The

AgBiI4 defect-spinel structure (point group Oh) should possess three Raman active

modes for the I− ions; A1g , Eg and T2g . The AgBiI4 CdCl2 structure (point group D3d)

should possess two Raman active modes for the I− ions; A1g and Eg . The problem

comes from the ambiguity in being able to assign the Raman signals due to possible

disorderingof theAg+ andBi3+ andassigning them to thedifferent vibrationalmodes.

From the structure of AgBiI4, it is known that Ag+ and Bi3+ share the same

octahedral sites. It can be assumed that the lower frequency peak (at 111 cm−1) is

due to the heavier Bi3+ octahedral environment because the Raman spectrum of BiI3

was measured, and has a single peak at 114.8(1) cm−1 (Figure 4.31d). By rearranging

Equation 2.23 the spring constant k of the Bi-I vibration was estimated (Equation

4.2).

k = (2πv )2
mI mBi

mI +mBi
(4.2)

where k is the spring constant, v is the wavenumber of the peak (110.7 cm−1), mI is

the mass of I, mBi is the mass of Bi. By using the calculated Bi-I spring constant as

an approximate spring constant for the Ag-I vibration, and the mass of Ag, Equation

2.23 was used to calculated a wavenumber of 128 cm−1 for the Raman shift of the

Ag-I octahedral vibration. Even with this relatively crude method, this is in good
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Figure 4.31: The Raman spectrum of AgBiI4 (a), CuAgBiI5 (b), Cu2AgBiI6 (c) and BiI3 (d) powders.

agreementwith thehigher frequencyRamanshift observed forAgBiI4 (126.7(6) cm−1).

It is not therefore clear, whether the three observable Raman shifts are due to three

different modes of vibration, or a fewer number, with the extra signals coming from

the disordering of Ag+ and Bi3+ on the octahedral site. Due to the broadness of the

peaks and low signal at lower wavenumbers it is also difficult to tell if there are any

weak Raman active modes in this region.

4.7 Discussion and Summary

The structure types found in this study are summarised in Figure 4.35 and all

are based on an CCP iodide sub-lattice. The structures of AgBiI4 and CuBiI4

are found to be metrically cubic. There are two possible structural solutions to
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Sample Site Peak 1 Raman shift (cm−1) Peak 2 Raman shift (cm−1)
AgBiI4 1 110.2(2) 127.0(4)

2 111.1(9) 127(2)
3 110.9(2) 126(1)

average 110.7(5) 126.7(6)
CuAgBiI5 1 110.8(2) 126.9(6)

2 110.4(3) 128.4(3)
3 111.9(3) 127(2)

average 111.0(8) 127.4(8)
Cu2AgBiI6 1 110.2(2) 127.4(3)

2 109.8(3) 127.7(3)
3 111.2(2) 126.9(7)

average 110.4(7) 127.3(4)

Table 4.1: A table summarising the peak positions obtained from the fitting of the two peaks in the
Raman spectra of AgBiI4, CuAgBiI5 and Cu2AgBiI6 powders.

Figure 4.32: Raman spectrum of AgBiI4, BiI3 and AgI at low wavenumbers, measured by Renishaw.
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the PXRD and SXRD data; the defect-spinel and CdCl2 cation motifs, but not a

statistical mixture of both. Both the structures can be considered as different

vacancy ordered derivatives of a rock-salt structure with half the octahedral

sites vacant. The difficulty in distinguishing these two models derive from the

homometry173 of the defect-spinel and CdCl2 type structures in the PXRD, and

the homometry of the defect-spinel and twinning of four CdCl2 structures in the

SXRD; where each 3-fold axis of the CdCl2 cells (001) are aligned along the four

3-fold axes [111] of the cubic cell. It should be noted that the defect-spinel and

a single domain of the CdCl2 structure are not strictly homometric and would

be distinguishable via single domain diffraction techniques such as SXRD and

electron diffraction. The defect-spinel model requires a bigger unit cell (four times

the volume as the CdCl2 model) which leads to zero intensity where peaks would

be expected in both the PXRD and SXRD, allowing the alternative fitting with the

smaller trigonal cell of the CdCl2 structure. AgBiI4 elongated-plate crystals (Sec-

tion 3.3.2) studiedhad a single domain of ametrically rhombohedral CdCl2 structure.

The octahedral occupancy in the anion sub-lattice of CuBiI4 is 1/4, which is

the lowest of the structures studied and is likely the reason for its low stability at

room temperature. This material decomposes to BiI3 which has a 1/3 of all possible

octahedral sites filled. The other structures studied have atleast 1/2 of octahedral

sites filled. How the defect-spinel and CdCl2 structures compare to that of BiI3 is

shown in Figure 4.33.

The same crystallographic problem is not restricted to this family of materi-

als, and has a wider importance to solid state crystallography. Li and Na transition

metal oxides for battery cathodematerials commonly crystallise in different vacancy

ordered derivatives of the rock salt structure, where the distinction between the 3D

and 2D networks is crucial in understanding material properties. In the majority

of cases, PXRD can be used to distinguish between Fd3̄m cubic (spinel), R3̄m
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Figure 4.33: (a) Reported crystal structure of BiI3,119 showing its layered structure in which layers of
edge-sharing octahedra are occupied by 2/3 Bi3+ cations and 1/3 vacancies and alternatewith entirely
vacant layers. The iodide packing is hexagonally close-packed (ABA). (b) Cubic defect-spinel structure
of AgBiI4 is shown in its trigonal setting. The interstitial octahedral sites are occupied by mixed silver
and bismuth in alternating layers of 3/4 and 1/4 occupancy. (c) CdCl2-type structure of AgBiI4 with
doubled a and b directions. In both (b) and (c) the iodide packing is cubic close-packed (ABC). The
dimensions of a CdCl2 single cell are shown in blue in all panels to show the relationship between the
different unit cells.
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rhombohedral (layered) and C2/m monoclinic (layered with partially ordered

interlayer sites) variants due to the presence of peak intensity for the reflections

that are absent for AgBiI4 and CuBiI4. An example of this includes the LiNMC

Li1+xNi1/6Mn1/6Co4/6O2.25+x/2 which crystallises in each of the three crystal systems

mentioned, depending on Li content.171 For LiCoO2, the spinel and layered phases

can both be synthesised but are indistinguishable via PXRD. Studies show that

the two structures can be distinguished using Raman spectroscopy, as the two

structures have a different number of Raman active modes.172 For the case of

AgBiI4, the assigning of Raman active modes to the spectrum was not as straight

forward due to the disordering of the Ag+ and Bi3+ on the octahedral sites. Due to

the broadness and low signal of the peaks at low wavenumbers, it is also difficult

to tell if there are any weak Raman active modes in this region. It is acknowledged

that electron diffraction would be able to identify a single domain of the layered

structure if it were not twinned, however samples were not stable enough under the

electron beam (TEM EDX was collected at lower electron doses). One way forward

would be to use low dose high resolution TEM imaging using a subsampling algo-

rithm. This techniquehas recently beenused to imageMAPbI3 onan atomic scale.174

CuAgBiI5 was shown to have a very small rhombohedral strain by high reso-

lution PXRD. The defect-spinel model was therefore solved in the trigonal setting by

SXRD and refined against combined PXRD and NPD to obtain the final structural

solution. The twinning of the four CdCl2 cells would not fit the SXRD data well

despite still fitting the PXRD and NPD patterns. The combined refinement meant

that compositional constraints could be released compared to refining against a

single data set. By removing the constraints that the occupancy of all Cu+ sites had

to be equal, it was discovered that the tetrahedral sites present are those associated

with the classic spinel structure.

When there is an extra occupied octahedral site in the interlayer spacing of
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the CdCl2 structure (the i-CdCl2 structure) SXRD shows this as a large residual

negative electron density in the Fourier differencemap of the defect-spinel solution.

This makes it possible to distinguish the i-CdCl2 structure from the defect-spinel

structure via SXRD. Cu2BiI5 has previously been reported only that it crystallises in

a hexagonal setting. We show that its’ structure is the i-CdCl2 structure via SXRD.

Cu2AgBiI6 also has the i-CdCl2 structure, solved by SXRD. However PXRD suggests

that the crystal is not completely representative of the powder and, although the

phase is present in the powder, the powder consists of a mixture of very similar,

distorted phases.

The completeness of the study allows us to suggest that when there is rhom-

bohedral strain present in the system, the defect-spinel, CdCl2 and i-CdCl2 cation

motifs are distinguishable via SXRD but not by powder diffraction for reasons

presented throughout the chapter. Structural studies show that rhombohedral strain

causes a decrease in interlayer I-I distances. How the structure changes over the

CuI-AgI-BiI3 phase field is shown in Figure 4.34. The metrically cubic structures

are favoured by higher Bi3+ content, although there is ambiguity whether these

structures crystallise in a defect-spinel or a CdCl2 structure. When there is more

Ag+ or Cu+ in the system, then the metrically rhombohedral i-CdCl2 is formed. This

is because Cu+ occupies interlayer tetrahedral sites and Ag+ occupies interlayer

octahedral sites when it is in excess compared to the amount of Bi3+ (the octahedral

site in the layer is fully occupied with a 1:1 ratio of Ag+ to Bi3+).

The rhombohedral distortions detected in this study could have easily been

overlooked when studying the systems by SXRD alone. The rhombohedral strain

of 0.0132(2)% for CuAgBiI5 was not detectable via in-house PXRD either, and only

resolvable at high angles using high resolution PXRD or NPD measured at national

facilities. Rhombohedral strain of 0.1057(1)% for Cu2AgBiI6 and greater could

be resolved by in-house PXRD. This stresses the importance of high resolution
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Figure 4.34: (a) Shows the known compounds in the CuI-AgI-BiI3 phase field. The compositions in
black were synthesised in this work; with the quarternary CuAgBiI5 and Cu2AgBiI6 compounds being
new materials. The compositions in red have been reported in work elsewhere.151–155(b) States the
geometric nature of the unit cell and the structure type eachmaterial has been found to crystallise in,
in relation to the composition in the CuI-AgI-BiI3 phase field.

PXRD/NPD and SXRD studies in unison for these types of materials.
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Figure 4.35:Overviewof the structure types found in this study for the ternary andquarternaryCu-Ag-
Bi-I system. The cubic defect-spinel AgBiI4 153 andCuBiI4 155 structures havebeenpreviously reported,
the other structures are new.

155



Chapter 5

Bulk Property Measurements and

Solution Processing of Thin Films

5.1 Introduction

The band gaps of AgBiI4, CuAgBiI5, Cu2AgBiI6 andCuBiI4 are assessed in this chapter,

and the band edge states are investigated via XPS, to gain understanding of the

structure-band gap relationship. There are a number of properties which can

affect a material’s suitability as a solar absorber in a thin film photovoltaic device

such as optical absorption coefficient and recombination times and lengths. Here

suitable AgBiI4, CuAgBiI5 andCu2AgBiI6 films are obtained for absorption coefficient

measurements. A high absorption coefficient is one of the properties amaterialmust

possess to be suitable for thin film application. The decomposition routes ofMAPbI3

all result in crystalline PbI2 as a decompositionproductwhich is detectable via PXRD.

All three relyon thechemistryof theorganic cation; in thefirst case thedeprotonation

of the ammonium group, in the second case the solubility of MAI in water, and in

the third the dissociation of MAI into gaseous methylamine and HI. It is therefore

important tomeasure the stabilities of the inorganic AgBiI4, CuAgBiI5 and Cu2AgBiI6

powders, which are presented in this chapter.
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Figure 5.1: Thenormalised optical absorbance spectra of BiI3, AgBiI4, CuAgBiI5, Cu2AgBiI6 andCuBiI4
powders plotted against the normalised solar spectrum. The solar spectrum is divided in to the visible
region (blue) and infrared region (red). Absorbance spectra weremeasured via diffuse reflectance.

Sample Direct (eV) Indirect (eV)
BiI3 1.77(1) 1.69(1)
AgBiI4 1.72(1) 1.63(1)

CuAgBiI5 1.84(1) 1.33(1), 1.77(1)
Cu2AgBiI6 1.81(1) 1.31(1), 1.76(1)
CuBiI4 1.74(1) 1.03(1),1.64(1)

Table 5.1: A table summarising the smallest direct and indirect optical transitions measured for the
powder samples.

5.2 Optical band gaps and band edge states

The optical absorption spectra were measured for the AgBiI4, CuBiI4, CuAgBiI5 and

Cu2AgBiI6 powders via diffuse reflectance spectroscopy (Section 2.4.1). Figure 5.1

shows the normalised absorbance of the powders plotted against the solar spectrum.

The absorption spectrum of synthesised BiI3 was measured for comparison. All

powder samples show absorption of the visible region (λ < 750 nm); the aim of

a solar absorber. By using Tauc plots, the smallest direct and indirect optical

band gaps of the powders were extrapolated (Figure 5.2, Table 5.1). The band

gap of BiI3 was measured as 1.69(1) eV indirect, in good agreement with previous

reports.118,120,121 In comparison AgBiI4 shows a slight decrease in the band gap, to
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Figure 5.2: The Tauc plots of direct and indirect band gaps plotted for (a) BiI3, (b) AgBiI4, (c) CuAgBiI5,
(d) Cu2AgBiI6 and (e) CuBiI4 powders. The extrapolated optical gaps are shown in each case, as well as
in Table 5.1.
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1.63(1) eV indirect. Measurements on CuAgBiI5, Cu2AgBiI6 and CuBiI4 show that the

addition of Cu+ further decreases the band gap; to 1.33(1), 1.31(1) and 1.03(1) eV

respectively, pushing their absorbance into the near infrared. According to the Tauc

plots, the band gaps of CuAgBiI5,Cu2AgBiI6 and CuBiI4 are indirect. XPS (Section

2.4.2) measurements (Figure 5.3), and DOS calculations of the BiI3 (Figure A.1), the

AgBiI4 defect-spinel structure (Figure 5.3b) and the AgBiI4 CdCl2 structure (Figure

5.3c) show that the band edge states of BiI3 and AgBiI4 are closely related. The

top of the valence band is mainly I 5p states, while the bottom of the conduction

band is a mixture of Bi 6p and I 5p states. This closely resembles the band edge

states of MAPbI3, where the top of the valence band is mainly I 5p states, while the

bottom of the conduction band is a mixture of Pb 6p and I 5p states.51 XPS and DOS

calculations show that the Ag 4d states of AgBiI4 contribute mainly to the bottom of

the valence band (Figure 5.3).

XPS measured on CuAgBiI5 and Cu2AgBiI6 powders show extra states at the

top of the valence band maximum (VBM), which increase in number from CuAgBiI5

to Cu2AgBiI6. Based on the composition, these states are expected to be Cu 3d

states, which result in the decreasing of the band gap (Figure 5.4a). The absolute

band positions were obtained by using the work function of the sample to find the

VBM with respect to vacuum, and using the optical band gap to find the position

of the conduction band minimum (CBM) (Figure 5.4b). The VBM and CBM are

then plotted against other bismuth halides studied as solar absorbers, MAPbI3,

and common hole and electron transport layers Spiro-OMeTAD and TiO2 in Figure

5.5. CuAgBiI5 andCu2AgBiI6 showgoodbandaligningwith Spiro-OMeTADandTiO2.

Dehnhardt et al. report that a joint experimental and computational study of

the effect of Cu+ and Ag+ on the optical properties of [PPh4]4[Cu2Bi2I12] and

[PPh4]4[Ag2Bi2I12] also finds that Cu+ 3d states add to the top of the valence band

states, decreasing the band gap, whereas Ag+ 4d states mainly contribute to the
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Figure 5.3: (a) Valence band states asmeasured by XPS on BiI3 and AgBiI4 powder samples, measured
by Thomas Whittles in Dr Vin Dhanak’s group at the University of Liverpool. (b) and (c) are
the calculated partial DOS for the lowest energy defect-spinel and CdCl2 structures, respectively,
calculated by Dr. MatthewDyer at the University of Liverpool.
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Figure 5.4: (a) Valence band states as measured by XPS on CuAgBiI5 and Cu2AgBiI6 powder samples,
measured by James Gibbons in Dr Vin Dhanak’s group at the University of Liverpool. (b) The absolute
band positions relative to vacuum, according to the measured ionisation potential and optical band
gaps.

Figure 5.5: The absolute band positions relative to commonly used Spiro-OMeTAD175 and TiO2 176

transport layers, other recently studied bismuth iodide solar absorbers,111,121,165 andMAPbI3.177
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bottom of the valence band.178

The band gaps of these materials are the most suitable (lowest) for single

junction solar cells to date (based on the Shockley Quiesser limit) for non-toxic,

lead-free, bismuth halide semiconductors. Previous materials, based on the

perovskite structure show band gaps above 1.9 eV,111,112,114–116 too large for single

junction solar cells. It is proposed that this is due to the CCP iodide sub-lattice of

BiI3 and the materials synthesised in this study. The perovskite structure has 1/4

anion sites replaced by a cation, interrupting the otherwise CCP anion sub-lattice

(Figure 5.6). By maintaining the CCP iodide sub-lattice, the I-I overlap is maximised,

increasing dispersion of the band edge states, which consist of I 5p character, which

slightly lowers the band gap. The addition of Cu+ then produces a more significant

reduction in the band gap by contributing extra states at the top of the valence band.

With the addition of Cu+ the band gap is reduced to the ideal range of 1.1-1.5 eV.

These band gaps show that for bismuth iodide semiconductors, defect-spinel and

layered systems are a plausible alternative route to lower the band gap compared to

the perovskite structure.

5.3 Thermoelectric properties of AgBiI4

The thermoelectric properties (Section 2.4.3) of AgBiI4 were studied because of the

reported low thermal conductivities reported for MAPbI3 (0.3-0.5W/Km).179,180 At

300 K, bulk AgBiI4 has a large positive Seebeck coefficient (Figure 5.7a) and resistivity

(Figure 5.7b) of 500 µV/K and 1MΩ·cm, respectively, which are comparable to those

of MAPbI3 (820 µV/K and 38 MΩ·cm).179,181 This large positive Seebeck coefficient

suggests a small hole majority carrier concentration and shows that AgBiI4 behaves

as a p-type band semiconductor with low dopant concentration. This is in com-

parison to BiI3 which has been characterised as an n-type semiconductor, thought

to be due to I− vacancies within the sub-lattice.182 Resistivity presents Arrhenius
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Figure 5.6: The anion sub-lattice networks, highlighted in red, for bismuth halide structures recently
studied as solar absorbers. The halides are shown in green, bismuth octahedra in purple, and the
A cation in yellow. BiI3, and the AgBiI4 structures have uninterrupted close packed iodide sub-
lattice, where as the other structures are based on perovskite sub-lattices which have a cation site
interrupting the anion sub-lattice. All those based on the perovskite sub-lattice have band gaps above
1.9 eV,111,112,114–116,120 whereas those with a close packed sub-lattice have 1.6-1.8 eV.
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Figure 5.7: AgBiI4 powder was processed into a dense bar and pellet for resistivity and thermal
conductivity measurements. Figure (a) shows the Seebeck measurements and (b) the resistivity
measurements over the temperature range 210-300 K.

behavior between 190 and 300 K, giving an impurity level with an activation energy

of 0.40(1) eV similar to those found in BiI3 (0.43 eV)183 andMAPbI3 (0.48 eV).179 This

activation energy has recently been attributed to I− ionic conductivity in MAPbI3.184

The thermal conductivity is measured as 0.6 W/K·m and is also comparable to that

of MAPbI3 (0.3-0.5 W/K·m).179

The electronic properties of AgBiI4 are more closely related to MAPbI3 than

to those of BiI3, in spite of the closer structural similarity with the latter. Previous

reports of the resistivity of BiI3 at room temperature give values of 100-1000

MΩ·cm182,185 with n-type charge carriers, whereas AgBiI4 has an increased conduc-

tivity of 2-3 orders of magnitude (1 MΩ·cm) with a small number of p-type charge

carriers, as doesMAPbI3.181

5.4 Powder stability

Generally, AgBiI4, CuAgBiI5 and Cu2AgBiI6 powder samples were kept outside of the

glovebox, wrapped in aluminium foil to keep them out of the light, and showed no

signs of decomposition over the months studied. This shows them to be stable in a
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moist, oxygen atmosphere in the dark, and therefore more stable to moisture than

MAPbI3.

The effect of the AM 1.5 solar spectrum on AgBiI4, CuAgBiI5 and Cu2AgBiI6

powders in sealed atmospheres were assessed by PXRD and Raman spectroscopy

(Section 2.5). The powders were sealed in 0.3 mm diameter capillaries under

air, synthetic (dry) air, and He atmospheres. The capillaries were exposed to the

solar spectrum for 1 hour, 1 day and 1 week. All of the capillaries showed no

decomposition after 1 hour and 1 day. PXRD measurements showed no signs of

decomposition for any of the AgBiI4, CuAgBiI5 and Cu2AgBiI6 powders after 1 week

in the solar spectrum, sealed in air, synthetic air and He atmospheres (Figure 5.8).

It was noticed, however, that some discolouring of black to yellow was observed

for the CuAgBiI5 samples in all atmospheres. Raman spectroscopy showed that for

CuAgBiI5 there is a peak in the Raman spectrum which is not present in the control

sample and persists in all atmospheres (Figure 5.9). Raman spectroscopy showed no

signs of decomposition for AgBiI4 and Cu2AgBiI6 after the week, showing they are

stable in the AM1.5 solar spectrum in sealed environments for extended periods of

time. CuAgBiI5 has some sensitivity to light, even in a sealed atmosphere, which is

more sensitive thanMAPbI3, as MAPbI3 additionally requires an oxygen atmosphere

to decompose in the presence of light. The experiment was repeated to ensure the

integrity of the atmospheres of the capillaries, and the same results were obtained.

In particular, the measurement of CuAgBiI5 in a He atmosphere was repeated an-

other two times andall showed theRaman signal associatedwith thedecomposition.

The stability of AgBiI4 powder towards light in air was investigated further.

The powder was spread over a glass PXRD slide, in the open air, and was exposed

to the full AM 1.5 solar spectrum. It was found by PXRD that after 144 minutes of

exposure there was a decomposition product of crystalline AgI (Figure 5.10), but not

BiI3 or Bi suggesting volatilisation of BiI3.
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Figure 5.8: The PXRD patterns of AgBiI4, CuAgBiI5 and Cu2AgBiI6 powders after being exposed to one
week in the solar spectrum, sealed in capillaries in air. Also shown are the PXRD of the controls, which
were kept in thedark in air. The range shown includes the largest peaks for possible possible impurities
AgI (black tick marks), CuI (red tick marks) and BiI3 (blue tick marks), should they have been present.
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Figure 5.9: (a) The Raman spectra of AgBiI4, CuAgBiI5 and Cu2AgBiI6 powders for control samples,
showing the characteristic 2 peaks. The Raman spectra of AgBiI4, CuAgBiI5 and Cu2AgBiI6 powders
afterbeingexposed to the solar spectrum indifferent atmospheres are shown inb, c andd, respectively.
An additional peak appears in the CuAgBiI5 spectrum after 1 week in the solar spectrum in all
atmospheres (*).

167



Chapter 5. Bulk Property Measurements and Solution Processing of Thin Films

Band-pass filters were applied to investigate the wavelength dependent pho-

tostability of AgBiI4 powder spread over a glass slide. The lower transmissions of the

band-pass filters were taken into account by extending the time that the samples

were exposed to the light for to maintain the same number of incident photons on

the sample. When a 500 nm band pass filter was used, a similar decomposition to

crystalline AgI was observed (Figure 5.10). With a 600 nmband pass filter, the sample

showed no decomposition via PXRD. This implies that AgBiI4 is stable in longer

wavelength, lower energy visible light. A wavelength range of 600-761 nm would be

accessible to the material, without inducing decomposition. This corresponds to

c.a. 21 % of the solar spectrum. This information shows that AgBiI4 is sensitive to

the AM1.5 solar spectrum in a moist, oxygen-containing atmosphere, however this

sensitivity is towards higher energy light, and it would be stable in an open device

using a cut-off filter of 600 nm.

Additionally, the stabilty of AgBiI4 towards heat was measured by in situ

PXRD collected from 0-290°C in 10°C intervals. During themeasurements the AgBiI4

powder was sealed in a capillary in air. Results show the first change in the PXRD

pattern occurs at 90°C (Figure 5.11a). This change consists of a small shoulder on

the [111]c/[003]r peak which corresponds to an Ag2BiI5 impurity. The impurity does

not grow fast and even at 290°C this is a minor impurity (Figure 5.11b). No major

structural phase change is seen in AgBiI4 up to 90°C, as shown by the linear increase

in lattice parameters (small trigonal axes) with temperature. Plotting up to 90°C was

chosen because it is an important temperature for the international testing of solar

cell stability, the lattice parameters over the full temperature range can be found in

the appendix (Figure A.2). The fact that no crystalline BiI3 or AgI decomposition

product was seen, shows that AgBiI4 is more stable towards heat thanMAPbI3.
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Figure 5.10: The in-house PXRD patterns of AgBiI4 powders exposed to light of different wavelengths.
The region shown is where likely impurities AgI and BiI3 would be clear. There is an AgI crystalline
decomposition product (*) when the sample is kept in the full solar spectrum and 500 nm light which
is not presentwhen the sample is exposed to the samenumber of photons of lightwithwavelength 600
nm.
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Figure 5.11: (a) The evolution of the [111]c/[003]r PXRD peak showing a gradual shift to the left due to
thermal expansion (black arrow), and a shoulder on the peak at 90°C (white arrow). (b) The same peak
shown at 90°C and 290°C, showing the small growth of the Ag2BiI5 impurity (*).
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Figure 5.12: The change in the a and c lattice parameters and the volume of the AgBiI4 unit cell over
the 22-100 °C temperature range, showing the linear trend.
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5.5 Drop cast AgBiI4 films

5.5.1 Solution processing

Shortly before the completion of this study, AgBi2I7 films (nominal composition,

no elemental analysis) were reported to be cast from n-butylamine as the authors

state that the AgI precursor is insoluble in polar aprotic solvents such as DMF and

DMSO.165 When this was attempted it was found that the n-butylamine solution

had to be heated to dissolve the AgI and that upon cooling a yellow powder,

consistent with AgI, precipitated. Therefore a number of different acids, polar and

non-polar solvents were tested in order to dissolve the AgI and BiI3 precursors.

It was found that the powders could not be dissolved at room temperature. At

room temperature, polar solvents such as DMSO and DMF would dissolve BiI3,

however the only thing that was able to dissolve AgI was HI, which did not dissolve

the BiI3. It was found however, that the powders could be dissolved in hot DMSO

and DMSO:DMF mixes. Due to the recent reclassification of DMF as a teratogen,

DMSO was used for the solution processing. The film purity and homogeneity

(homogeneity of the film morphology, not compositional homogeneity) was found

to depend upon the nominal composition of the solution, the heating regime

used to anneal the film, and the atmosphere in which it was annealed. These

variables are presented here as if they were optimised independently, but in reality

theywereall correlated, as afilmhad tobehomogeneous to showaspure in thePXRD.

AgI and BiI3 powders were dissolved in DMSO at 50°C in a sonicator. A com-

positional screening of the system was carried out between -0.20≤x≤0.26

Ag1−3xBi1+xI4 (Figure 5.13). The total amount of powder was altered over the series

to keep a 5 mol% solution in 1 ml of DMSO, a 10 mol% solution would not dissolve

all of the AgI powder under the mentioned conditions. It was found that the purest

films were made with a composition corresponding to x=0.16 (Fire 5.14). For x≤0.16

characteristic peaks corresponding to the Ag2BiI5 phase were observed. For x>0.16 a
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Figure 5.13: The nominal compositions of AgI and BiI3 used in the compositional screening for the
solution processing of Ag1−3xBi1+xI4 films. The optimised value is shown in green, corresponding to
x=0.16. Previously reported crystalline structures are shown in red.

characteristic peaks corresponding to a BiI3 impurity was observed. Two different

methods of applying the solution to glass slides was used; spin coating and drop

casting. Glass slideswere prepared and cleaned as in Section 2.1.3. For bothmethods

of application the solutions were dropped on to the glass slides using a pipette,

until full coverage was achieved. For spin coating, the glass side was then spun

between 100-500 rpm, all of which led to inhomogeneous films with poor surface

coverage and morphology (after the annealing step, Figure 5.15a). It was clear that

the solution was not concentrated or viscous enough for this method, even at low

spin speeds. As the insolubility of AgI restricted the concentration of the solution,

the drop castingmethod was investigated, in which the glass slide and solution were

annealed promptly after the deposition. It was found that for the 5 mol% solutions,

the films were too thick (absorption coefficient cannot be measured on an opaque

film), and often had inhomogeneous surface morphologies (Figure 5.15b). Solutions

of lower concentration were therefore investigated using the drop casting methods.

Solutions of lower concentration were made by using increasing amounts of DMSO
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Figure 5.14: The PXRD patterns of the compositional screening for the solution processing of
Ag1−3xBi1+xI4 -0.20 ≤ x ≥ 0.26 films. For x≤0.16 characteristic peaks corresponding to the Ag2BiI5
phase aremarkedby black asterisks. For x>0.16 a characteristic peaks corresponding to aBiI3 impurity
is marked by red asterisks. The value used for the optimised procedure is x=0.16.

174



Chapter 5. Bulk Property Measurements and Solution Processing of Thin Films

Figure 5.15: (a) Optical microscope image of a back-lit film made by spin coating a 5 mol% solution.
(b) Image of a film made by drop casting a 5 mol% solution. (c) and (d) are images of drop cast films
using 5mol%, 2.5mol%, 1.25mol% and 0.625mol% solutions before and after annealing, respectively.
Drop casting of a 1.25mol% solution was found to produce homogeneous and transparent films.

to dissolve the powders in. Figure 5.15c and d shows the application of 5, 2.5, 1.25,

and 0.625 mol % solutions and their morphologies after annealing, respectively. It

was found that the 5 and 2.5mol% solutions often led to a thick, opaque agglomerate

which did not cover the whole glass slide. For the 0.625 mol% solution, films were

transparent, however surface coverage and morphology were poor, due to the low

concentration. The 1.25 mol% solution was found to produce homogeneous and

transparent films.

The heating regime greatly affected film homogeneity and purity. Figure 5.16

shows the PXRD patterns of films with the same nominal composition (x=0.16),

annealed at different temperatures, in air. The films were heated from room

temperature at 5 °C·min−1 and then annealed at the stated temperature. The

films could not be put directly in to a hot furnace otherwise bubbles would

appear in the film. The total heating time includes the ramping time i.e. for

200°C 45 minutes, the film was ramped up to 200°C over the course of 40 minutes,

kept at 200°C for a further 5 minutes, and then removed from the furnace. The

film annealed at 70°C shows that the desired reaction takes place, as the AgBiI4
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phase is formed, however there is some amorphous nature to the film. This

is likely due to solvent remaining because of the high boiling point of DMSO

(189°C); the drying is incomplete. Heating to 200°C led to an AgBiI4 film, closely

resembling that of the AgBiI4 powder, with a smaller BiI3 impurity. If the film was

heated at 200°C for a longer amount of time, or heated to a higher temperature,

then thefilms lighten in colour, decomposing in toBiOI and thehexagonalAgIphase.

The atmosphere the films were heated in also affected the films. The PXRD

patterns of films heated in different atmospheres are shown in Figure 5.17. The final

optimised film, annealed in air, produced films which match the PXRD pattern of

the AgBiI4 powder with a preferred orientation in the [0, 0, l ]c , l = 4n or [h, 0, l ]r ,

h = 1n, l = 4n directions. Films prepared in the same way prior to heating, were

also annealed in a vacuum oven, and in a tube furnace with an N2 flow, at the same

temperature, for the same amount of time. The film annealed in a vacuum produced

an equally pure film but with preferred orientation in a different direction; the

[h,h,h]c or the [0, 0, 3l ]r , direction. When the filmwas annealed in an N2 flow, a large

BiI3 impurity appeared in the PXRD pattern. The was caused by the gas flowing

across the film as it dried, which led to inhomogeneous regions of the film. For the

same reason, it was important that annealing in air was carried out in an oven that

was not fan assisted.

The final optimised procedure for the films characterised further is as fol-

lows. The microscope slides were prepared and cleaned as described in Section

2.1.3. AgI (0.058 mmol) and BiI3 (0.117 mmol) powders were dissolved in DMSO (4

cm3) at 50 °C in a sonicator to make a 1.25 mol% solution. The solution was allowed

to cool and then was dropped onto the glass microscope slides using a pipette until

full coverage was achieved. The glass slide and deposited solution was annealed

in an oven and heating to 200 °C at a rate of 5 °C min−1. After 5 minutes at 200 °C,

the films were removed from the oven. These parameters were found via extensive
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Figure 5.16: The PXRD patterns of films with the same nominal composition (x=0.16), annealed at
various temperatures and heating times in air. Ticks marks correspond to AgBiI4 (black), BiOCl (red),
and hexagonal AgI (blue) hkl reflections.
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Figure 5.17: PXRD patterns of films heated in different atmospheres, compared to the pure AgBiI4
powder. Peaks corresponding to preferred orientation have been marked with black asterisks. The
highest intensity PXRD peak characteristic of BiI3 has beenmarked with red asterisks.
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Figure 5.18: An image showing the evolution of films from initial experiments (a) to the optimised
procedure (b).

experimentation, and by processing and characterising over 160 films (Figure 5.18).

The aim of preparing AgBiI4 films was to show the solution processibilty of

this system using a commonly used solvent for the processing of thin film pho-

tovoltaics and to make films suitable for absorption coefficient measurements.

Since we reported the procedure168 Ag1−3xBi1+xI4 films have been made elsewhere

using spin coating techniques all using a hot DMSO solution to dissolve the powder

precursors.165,186–189 Two AgBiI4 films are now characterised.

5.5.2 Phase identification and composition

PXRD data were collected on the AgBiI4 films and showed patterns consistent with

the AgBiI4 powder PXRD pattern, with preferred orientation in the [0, 0, l ]c , l = 4n

or [h, 0, l ]r , h = 1n, l = 4n directions (5.19). One of the films had a small BiI3

impurity. The average compositions of the films were measured by SEM EDX as

Ag0.79(10)Bi0.90(9)I4.00(10) andAg0.72(13)Bi1.06(6)I4.00(10) (5.20). Thefilmshavebeenreferred

to as AgBiI4 because they are within error to the average powder composition. The

lattice parameters of the films were obtained via Pawley fits, which gave a lattice
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Figure 5.19: The PXRD patterns of AgBiI4 films 1 (blue) and film 2 (green) compared to the AgBiI4
powder (red). Strong preferred orientation is seen in the [0, 0, l ]c , l = 4n or [h, 0, l ]r , h = 1n, l = 4n
directions. BiI3 impurities in film 2 are highlighted by asterisks.

parameter of a=12.2104(3) Å for film 1, and a=12.2135(6) Å for film 2. The films show

a slight decrease in lattice parameters compared to the powder which has a refined

latticeparameterof a=12.21499(5)Å,which is consistentwith theAgdeficiency shown

in the SEM EDX.

5.5.3 Morphology and absorption coefficient

The AgBiI4 drop cast films had thicknesses which allowed for the measurement

of absorption coefficients; they were translucent, however finer control over the

thickness was not obtained. The thicknesses of films 1 and 2 were measured, as

described in Section 2.4.1., as 241(97) nm and 343(116) nm, respectively. An example

of a film profile is shown in Figure 5.21. Optical microscope images showed that they

did not contain pinholes however they did contain some powder particles which had

not dissolved (Figure 5.22). SEM images showed that the films contained uniform

areas on the mm scale, however the surface coverage is not very high on the micron

scale. Due to the poor surface morphology, the films were too rough to bemade into
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Figure 5.20: The SEM EDX compositions of AgBiI4 films 1 and 2 (green), compared to the AgBiI4
powder (black), and crystals used for SXRD solutions (red and blue). Also shown are x values for
reported Ag1−3xBi1+xI4 phases (orange).

devices. The surface coverage and morphologies of Ag1−3xBi1+xI4 x=0.14 films have

since been improved upon in the literature.186,187,189,190

The absorbance spectra of films were measured via diffuse reflectance spec-

troscopy and shows a slight blue shift compared to the powders (Figure 5.23a). The

band gapswere extrapolated fromTauc plots as being 1.75(1) eV for film 1 and 1.73(1)

eV for film 2, whereas for powder it was 1.63(1) eV (Figure 5.23b). The absorption

coefficients of the films were measured as explained in Section 2.4.1. They were

measured in the region of 105-106 cm−1 for light with energy larger than the band

gap, which is considered high and suitable for thin film devices (Figure 5.23c). The

absorption coefficients are in the same order of magnitude as MAPbI3 and shows

that similar film thicknesses of 200-300 nm should be optimal for a device.
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Figure 5.21: The profile of an AgBiI4 film where the films had been scratched away for step thickness
measurements so that the lowest points are due to the glass substrate. (a) A 2D profilemeasured using
a contact profilometer, showing the large roughness of the films. (b) A 3D profile using an optical
profilometer.

5.6 Spin coated CuAgBiI5 and Cu2AgBiI6 films

5.6.1 Solution processing

Due to the poor surface coverage of the AgBiI4 films made by the drop casting

method, a spin coating method was developed to process Cu-Ag-Bi-I films onto

glass microscope slides. CuI, AgI and BiI3 powders were added in different ratios

to DMSO to make a 50 mol% viscous solution by heating the solution to a much

higher temperature of 180°C. Tomake a CuAgBiI5 film and a Cu2AgBiI6 film, nominal

compositions of Cu0.54Ag0.93Bi1.07I5 and CuAg0.83Bi0.70I5 were dissolved in solution,

respectively. The solutions were heated to 180 °C on a hot plate and allowed to cool

down to room temperature. The solutions were filtered using 25 µm syringe filters

to remove any undissolved particles. The filtered solution was dropped on to static

glass microscope slides achieving full coverage. The glass slides were prepared and

cleaned as in Section 2.1.3. The glass slides were then spun at 2000 or 3000 rpm, for

CuAgBiI5 and Cu2AgBiI6 films respectively, for 1 minute. During the last 10 seconds

182



Chapter 5. Bulk Property Measurements and Solution Processing of Thin Films

Figure 5.22: Optical images of film 1 (a) and film 2 (d). The optical images show particulates have
formed in the film. SEM imaging of film 1 (b,c) and film 2 (e,f) at increasing magnifications. The
lowest magnification shows uniformity on the mm scale, whereas the highest magnification shows
poor surface coverage on themicron scale.
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Figure5.23: (a)Theabsorbanceoffilms1 (blue) and2 (green) compared toAgBiI4 (red) andBiI3 (black)
powders, plotted against the solar spectrum. (b) The indirect Tauc plots for the same samples. (c) The
absorption coefficient of film 1 (blue) and 2 (green). The coloured areas are due to the error in the
average thickness caused by the roughness of the films.
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of spinning, 1 ml of toluene was dropped onto the films as an antisolvent to help the

films dry, as reported by Turkevych et al. for AgBi2I7 film processing.187 The resulting

orange, smooth and shiny films were heated to 200 °C in air, ramping the furnace at

5°C·min−1. The films were taken out after 45minutes heating in total i.e. at 200°C for

5min. Smooth, shiny black films were obtained.

It was important that the solution was used to make the films on the same

day that they were made otherwise either yellow needles or large black crystals

would form (depending on composition). The yellow crystals were likely to be

recrystallised CuI or AgI. The structure of the large 1cm × 1cm × 1cm black crystals

were solved via SXRD to be [Cu((CH3)2SO)6]I4 (Figure A.3a) and the PXRD pattern

of the structure was simulated, to ensure the phase was not present in the solution

processed films (Figure A.3b).

5.6.2 Phase identification and composition

The composition of the films (small particles scraped off the films and measured

by TEM EDX) were dependant on the nominal composition of the solution. The

films were always slightly richer in Cu than the nominal composition of the starting

solution. By utilising this, films were made with the same composition as the two

pure powder phases that were synthesised; CuAgBiI5 and Cu2AgBiI6 (Figure 5.24).

Additionally a film with a nominal composition of CuAg2BiI6 dissolved in solution,

was processed to show how the composition of the films were not necessarily

restricted to the powders synthesised by the solid state route. It was characterised by

TEM EDX but not characterised further. TEM EDX and PXRD show that films made

in this way includeminority impurity phases. For the CuAgBiI5 film, TEMEDX shows

impurities of AgBiI4. This is consistentwith the PXRDpattern, which could be Pawley

fitted to a rhombohedral main phase with lattice parameters of a=8.6964(2) Å and

c=20.747(2) Å and a cubic impurity phase with a lattice parameter of a=12.1962(6)

Å (Figure 5.25). The lattice parameters of the trigonal CuAgBiI5 and cubic AgBiI4
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powders were refined as a=8.63300(5) Å, c=21.1462(2) Å and a=12.21499(5) Å,

respectively (Sections 4.2 and 4.4). The lattice parameters of the solution processed

CuAgBiI5 phase is more rhombohedrally distorted than for the powder phase, as the

a lattice parameter has been increased, and the c lattice parameter decreased. A

similar trend was seen for the latice parameters of the AgBiI4 drop cast films. The

lattice parameter of the solution processed AgBiI4 phase has also been decreased

compared to the powder phase.

The TEM EDX of the Cu2AgBiI6 films shows that there are two impurity phases of

CuBiI4 and Cu2BiI5. Using this information the PXRD can be Pawley fitted to a main

rhombohedral phase with lattice parameters of a=8.6851(4) Å and c=20.713(1) Å,

a cubic impurity phase with lattice parameter a=12.160(2) Å, and a rhombohedral

impurity with lattice parameters of a=8.73309(3) Å and c=20.549(5) Å. Only a room

temperature lattice parameter for CuBiI4 powder was obtained out of these three

phases, which was refined as a=12.1592(3) Å. This matches the lattice parameter of

the cubic impurity phase in the film. From TEMEDX it is then inferred that themain

rhombohedral phase is Cu2AgBiI6 and the rhombohedral impurity is Cu2BiI5.

5.6.3 Morphology and absorption coefficient

The thickness of the films could be tuned over the 200 nm-1 µm range by choosing

the rotation speed during spin coating (Figure 5.26). Line profiles of the CuAgBiI5

and Cu2AgBiI6 films are shown in Figure 5.27 and were measured as described

in Section 2.4.1. The CuAgBiI5 film had an average thickness of 221(42) nm and

Cu2AgBiI6 has an average thickness of 275(49) nm. The number in the parenthesise

is the error in thickness due to the roughness. The roughness of the films, relative

to the average thickness, have been halved compared to the drop cast AgBiI4 films.

SEM images show homogeneous filmswith excellent surface coverage on themicron

scale (Figure 5.28).
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Figure 5.24: The TEM EDX measurements of particles from films synthesised from three different
nominal compositions in solution. Particles were obtained by scraping the films off of the glass
substrate. Nominal compositions were tuned to obtain films with a composition that matched
the CuAgBiI5 powder and Cu2AgBiI6 powder. Also shown is a film with a nominal composition of
CuAg2BiI6. Themeasured compositions for the CuAgBiI5 film is in black, Cu2AgBiI6 film is in blue and
nominal composition CuAg2BiI6 in orange. The nominal compositions are represented by stars. The
red spots are the average compositions of the CuAgBiI5 and Cu2AgBiI6 powders. All films contained
either Ag1−3xBi1+xI4 or Cu1−3xBi1+xI4 impurities.
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Figure 5.25: The Pawley fits to the PXRD data for (a) CuAgBiI5 and (b) Cu2AgBiI6 films. The CuAgBiI5
film is fitted to a main rhombohedral phase (red tick marks) and a cubic AgBiI4 impurity (black tick
marks and asterisks). The Cu2AgBiI6 film is fitted to a main rhombohedral phase (red tick marks and
asterisk), a second Cu2BiI5 rhombohedral phase as an impurity (blue tick marks and asterisks), and a
cubic CuBiI4 phase impurity (black tick marks and asterisk). The inset is to show the justification of
the use of the three phases mentioned. The phases fitted are in accordance with impurities found via
TEM EDXmeasurements.
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Figure 5.26: The graph shows how the thickness of the films could be controlled using the spin coating
rotation speed, for the specific solutions used. The thickness range of 200 nm to 1 µm is useful for
thin film PV. The photograph shows the films of different thicknesses and how the line of the paper is
increasingly easier to see through the thinner films going from left to right.
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Figure 5.27: The line profile of (a) the CuAgBiI5 and (b) the Cu2AgBiI6 films as measured by a
contact profilometer. The profiles show a well determined thickness with low roughness. The average
thicknessesweremeasured as 221(42) nm for theCuAgBiI5 filmand 275(49) nm for theCu2AgBiI6 film.

The absorbance spectra of the films compared to the powders are shown in

Figure 5.29a. The band gap of the CuAgBiI5 film is indirect extrapolated from the

Tauc plot (Figure 5.29b) as 1.20(1) eV, showing a slight red shift compared to the

powder (1.33(1) eV). The smallest direct transition is extrapolated as 1.96(1) eV

which is blue shifted compared to that of the powder (1.84(1) eV). Similarly, the band

gap of the Cu2AgBiI6 film is indirect extrapolated from the Tauc plot (Figure 5.29c)

as 1.16(1) eV, showing a slight red shift compared to the powder (1.31(1) eV). The

smallest direct transition is extrapolated as 1.96(1) eVwhich is blue shifted compared

to that of the powder (1.81(1) eV). The films have high absorption coefficients of

around 105cm−1 for light with wavelengths greater than 600 nm (Figure 5.29d). The

indirect transitions at wavelengths below 600 nm have an absorption coefficient an

order of magnitude less, measured as 104cm−1.
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Figure 5.28: SEM images of the spin coated CuAgBiI5 and Cu2AgBiI6 films at decreasing
magnifications. The surface coverage and homogeneiety has been vastly improved compared to the
AgBiI4 drop cast films (Figure 5.22).
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Figure 5.29: (a) The optical absorbance of solution processed films compared to the synthesised
powders. The indirect and direct Tauc plots for the CuAgBiI5 film (b) and Cu2AgBiI6 film (c). (d) The
absorption coefficients of the films based on the measured film thicknesses where the coloured areas
correspond to the error in thickness due to the roughness of the films.
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5.7 Summary

In summary, the search for newmaterials in this field is led by the Shockley-Quiesser

approach, in which finding new, non-toxic materials with a suitable band gap is the

main objective. BiI3 (1.69(1) eV), AgBiI4 (1.63(1) eV), CuAgBiI5 (1.33(1) eV), Cu2AgBiI6

(1.31(1) eV) and CuBiI4 (1.03(1) eV) have the lowest band gaps of any bismuth

iodide semiconductors which are suitable for single junction photovoltaics. For BiI3

and AgBiI4 this is due to the uninterrupted CCP sub-lattice, which perovskite-type

structures do not possess. For the Cu-containing compounds, the low band gap is

due to Cu 3d states at the top of the valence band. This shows the potential of the

layered and spinel structure types as an alternative to the perovskite structure type.

In AgBiI4 Ag 4d states contribute to the bottom of the valence band, meaning

the band edge states closely resemble those of BiI3. CuAgBiI5 and Cu2AgBiI6 have

band gaps in the optimal 1.1-1.4 eV range as implied by the Shockley-Quiesser

limit. In CuAgBiI5 and Cu2AgBiI6 the Cu 3d states are at the top of the valence

band and the band gaps are indirect. CuBiI4 has an indirect band gap of 1.03(1)

eV however it is a metastable material at room temperature and decomposes

into BiI3 and CuI (Section 3.4.1); attempts to stabilise this phase could lead to

a useful solar absorber. How the band gap of the powders change in relation

to composition over the CuI-AgI-BiI3 phase field is shown in Figure 5.30. It

can be seen that adding more Bi3+ in to the system is the biggest reduction in

band gap until around 50 mol% where it stops having this effect. Adding Cu+

in to the system then has the effect of reducing the band gap further, with a

minimum band gap being found at CuBiI4. Adding Ag+ in to the system has a small

effect on thebandgap. ThebandgapofAgBiI4 ismeasured as slightly lower thanBiI3.

The investigation has progressed to show that thin films of the materials can

be processed from solution and exhibit high absorption coefficients of 105-106cm−1

for wavelengths lower than 600 nm, excellent for thin film photovoltaic devices,
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Figure 5.30: (a) Shows the known compounds in the CuI-AgI-BiI3 phase field. The compositions in
black were synthesised in this work; with the quarternary CuAgBiI5 and Cu2AgBiI6 compounds being
new materials. The compositions in red have been reported in work elsewhere.151–155(b) Shows the
trend in the band gap of the powder samples in relation to the composition in the CuI-AgI-BiI3 phase
field.

matching MAPbI3. AgBiI4 films were drop cast and were rough. Using the spin

coating method described for CuAgBiI5 and Cu2AgBiI6 with viscous solutions, the

film thicknesses can be tuned across a 200 nm-1µm range for thin film PV. The

technique gives homogeneous, smooth, pin-hole free films. The composition of

the film in the Cu-Ag-Bi-I system is dependant on the nominal composition of the

powders dissolved in the solution. The absorption coefficients of Cu 3d states at the

top of the valence band for CuAgBiI5 andCu2AgBiI6 filmsweremeasured as 104cm−1.

These materials generally showed a higher stability than MAPbI3 towards

moisture, heat, and light and oxygen. AgBiI4, CuAgBiI5 and Cu2AgBiI6 powders are

more stable tomoisture thanMAPbI3 as they can be handled outside of the glove box

for months, in the dark, without showing any signs of decomposition. AgBiI4 also

showed a high thermal stability, compared to MAPbI3. In terms of stability in likely

operating conditions of devices; AgBiI4 and Cu2AgBiI6 exhibit prolonged stability in

the AM1.5 solar spectrum, especially in sealed environments, making them fantastic

candidates for PV devices. CuAgBiI5 undergoes a colour change from black to yellow

when exposed to the solar spectrum for extended lengths of time, even in sealed

inert atmospheres. PXRD shows that the decomposition product is not crystalline
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but there is an extra signal in the Raman spectrumwhich is not in the control sample.

An additional experiment shows that AgBiI4 is stable towards light with wavelengths

longer than 600 nm when unsealed in air which means it could be applicable in an

unsealed device with a 600 nm cut-off filter.

It is important now that these, and related, materials are studied further and

thin films are optimised for devices and further electronic characterisation. So far

there are no reasons why devicesmade from thesematerials shouldn’t excel as useful

solar absorbers. Indeed, since publication, AgBiI4 devices have shown properties

which mimic those of MAPbI3 i.e. long recombination lengths,187 high photon to

current conversion,186 and extended stability ,189 whereas CuAgBiI5 and Cu2AgBiI6

remain completely unstudied. AgBiI4 devices have reached 4.3%187 efficiency in the

first year of study, whichmatches the initial gains of MAPbI3.
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Thus far, perovskitematerials havebeenalmost exclusively studied as post-transition

metal halide solar absorbers for thin film photovoltaics, however non-toxic, stable

Bi-I perovskite phases all possess band gaps too large for single junction solar cells.

A literature review found that 3D Bi-I networks should help lower the band gap, and

that all-inorganic compounds have the potential to be more stable towards heat,

moisture and light. A structural database search showed that the only two materials

that matched these criteria were AgBiI4 and CuBiI4, which had been synthesised,

and their structures solved, however their optical properties had not been reported.

The work is best summarised by the use of ternary diagrams; which can also

show how the structure and properties changed in relation to composition in the

CuI-AgI-BiI3 phase field (Figure 6.1). The work presented in this thesis started with

the synthesis of AgBiI4 powders via a solid-state route in Section 3.3.1 and crystal

growth via CVT in Section 3.3.2. Although thismaterial had been previously reported

to crystallise in a 3D Bi-I network in the form of a defect-spinel, it was found that a

metrically cubic CdCl2 2D layered structure could also be a solution to the PXRD and

SXRD data; although not a statistical mix of both (Section 4.2). Two crystal habits

were grown; octahedral-faceted crystals, which possessed the structural ambiguity,

and elongated-plate crystals which had a metrically rhombohedral CdCl2 structure.

The AgBiI4 powder has a band gapmeasured as 1.63(1) eV indirect in Section 5.2. XPS

and DOS calculations (for both possible structure types) show that the band edge

states are similar to those of BiI3 and that the Ag 4d states are lower in the band. The
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Figure6.1: (a) Shows theknowncompounds in theCuI-AgI-BiI3 phasefield. Thecompositions inblack
were synthesisedorused in thiswork; with thequarternaryCuAgBiI5 andCu2AgBiI6 compoundsbeing
new materials. The compositions in red have been reported in work elsewhere.151–155 (b) The form
of material processed in this work, and in the literature, for each material. (c) Shows the measured
average compositions with 1σ errors (blue hashed areas), with a close stoichiometric composition
chosen to represent them for convenience (red circle). These compounds are not stoichiometric and
the average measured compounds are more accurate. (d) States the geometric nature of the unit cell
and the structure type eachmaterial has been found to crystallise in, in relation to the composition in
the CuI-AgI-BiI3 phase field. (e) Shows the trend in the band gap of the powder samples in relation to
the composition in the CuI-AgI-BiI3 phase field.
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top of the band is mainly I 5p states, while the bottom of the conduction band is a

mixture of Bi 6p and I 5p states. AgBiI4 was found to have a low thermal conductivity

(0.6 W/K·m) often associated with iodide lattices. The resistivity was measured as

1MΩ·cm, 100-1000 times less than that of BiI3. The large positive Seebeck coefficient

of 500µV/K shows it to be a p-type semiconductor with low carrier concentration. As

discussed in section 5.3, these values are similar to those of MAPbI3. In Section 5.4

it is shown that AgBiI4 powder is stable towards light in inert atmospheres, stable in

light with wavelengths larger than 600 nm and in heat within the temperature range

reached in the operating/testing of solar cells. Additionally, the fact that the powder

was handled outside the glove box for months without signs of decomposition show

it to bemuchmore stable towardsmoisture in the absence of light thanMAPbI3. The

AgBiI4 was importantly shown to be solution processable in Section 5.5.1. Although

films processed were too rough to be made in to devices, the work crucially showed

that AgBiI4 could be cast from DMSO; the problem with the insolubility of AgI could

be overcome by heating the solvent. Films had high absorption coefficient exceeding

105 cm−1. Since publication, devices have been made by various groups,71,106,186,189

with the record efficiency of 4.3%,187 all casting from a DMSO solution obtained by

heating.

CuBiI4 powder was synthesised in Section 3.4.1 and possessed the same

structural ambiguity for the PXRD data as for AgBiI4. The CuBiI4 phase was found

by PXRD to decompose at room temperature in to CuI and BiI3. The decomposition

could be slowed by keeping the CuBiI4 in a -80°C freezer, showing the CuBiI4 phase

to be metastable. The band gap was measured as 1.03(1) eV indirect in Section 5.2.

The material was not studied further due to the metastable nature of the phase.

Crystals grown via CVT in Section 3.4.2 were found to be Cu2BiI5, a phase which had

been reported to crystallise in a hexagonal cell but no structure had been solved. By

detwinning the Bragg reflections in the SXRD data the Cu2BiI5 structure could be

solved as an i-CdCl2 structure in Section 4.3.

198



Conclusions

Work then progressed on to the exploration of the CuI-AgI-BiI3 phase field

(Section 3.5.1), eventually yielding pure powder phases of the quaternary CuAgBiI5

and Cu2AgBiI6 (Section 3.5.2 and 3.5.3, respectively). Crystals were grown via CVT

(Section 3.5.1), by cooling the melt (Section 3.5.1), or by picking them out of the

synthesised powder. By using combined PXRD and NPD, and SXRD, the CuAgBiI5

was found to crystallise in a defect-spinel structure, and is only the second confirmed

spinel reported based on an I− sub-lattice; the other being CoRb2I4, an ordered

spinel (Section 4.4). The Cu2AgBiI6 structurewas solved via SXRD to have the i-CdCl2

structure however this was not completely representative of the PXRD data (Section

4.5). FWHM peak analysis of PXRD and NPD data collected at 100K and room

temperature can be used to present a case that the powder contains a number of very

similar, slightly distorted phases. The band gaps of CuAgBiI5 and Cu2AgBiI6 powders

were measured as 1.33(1) indirect and 1.31(1) eV indirect, respectively (Section 5.2).

XPS suggests that this is due to Cu 3d states at the top of the valence band, as has

been reported for other Cu-containing post transition metal iodides. In Section 5.4

it is shown that CuAgBiI5 powder possesses sensitivity towards the solar spectrum

even in sealed atmospheres, changing from black to yellow in colour. PXRD does not

show a crystalline decomposition product, however an extra peak appears in the

Raman spectra for parts of the sample which have undergone this decomposition.

Cu2AgBiI6 however, seems to be stable in the solar spectrum in inert atmospheres.

Pin-hole free, smooth CuAgBiI5 and Cu2AgBiI6 films with good surface coverage

could be spin coated from a DMSO solution, and their thickness tuned by the spin

coater spin speed (Section 5.6). Films had high absorption coefficients of 105 cm−1.

These newmaterials have yet to bemade in to devices.

In general the phases show a compositional inhomogeneity which is sensi-

tive to how the phases are synthesised; the composition of individual particles was

measured by TEM EDX, by lowering the beam brightness so that materials did not
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decompose. Quenching was found to be important in all systems, explained in

Section 3.6. Solving the structures of this family of non-stoichiometric, disordered

materials often proved complex due to the homometric nature of the defect-spinel

and the 4-fold twinning of the CdCl2 structure. Regardless, work here shows

confirmation of a CdCl2, i-CdCl2 and defect-spinel structure, showing all of them to

be possible for this family of materials.

To conclude, the defect-spinel and layered Cu-Ag-Bi-I structures presented

here possess the lowest band gaps of Bi-I semiconductors to date, are solution

processable in to thin films with high absorption coefficients, and show a high level

of stability. This represents a significant, exciting step in the field. The fact that they

are not perovskites opens up a new direction for finding suitable solar absorbers

for thin film photovoltaics. Devices made with Ag-Bi-I solar absorbers already

look promising and thus far there have been no reasons reported as to why these

materials should not excel as useful solar absorbers.
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Presented in this chapter are tables and figures that support the main text and have

been referred to throughout themain text.

201



Appendices

Identification code R-3m_non_metrically_cubic_AgBiI4
Empirical formula Ag1.5Bi1.5I6
Formula weight 1236.68
Temperature (K) 100(2)
Crystal system trigonal
Space group R3̄m
a (Å) 4.31873(13)
c (Å) 20.6004(8)
Volume (Å3) 332.75(2)
Z 1
ρcalc (g/cm3) 6.171
µ (mm−1) 35.829
F(000) 513
Crystal size (mm) 0.25 × 0.1 × 0.01
Radiation MoKα (λ = 0.71073)
2Θ range for data collection (°) 5.932 to 52.412
Index ranges -5 ≤ h ≤4, -5 ≤ k ≤ 5, -25 ≤ l ≤ 23
Reflections collected 1236
Independent reflections 107 [Rint = 0.0507, Rsi g ma = 0.0157]
Data/restraints/parameters 107/0/6
Goodness-of-fit on F2 1.182
Final R indexes [I ≥ 2σ] R1 = 0.0207, wR2 = 0.0539
Final R indexes [all data] R1 = 0.0207, wR2 = 0.0539
Largest diff. peak/hole (eÅ−3) 1.27/-1.22

Table A.1: AgBiI4 crystal data and structure refinement for the rhombohedrally distorted CdCl2
structure for the SXRD data collected on the plate crystal at 100 K.

Interatomic Distances (Å)
Defect Spinel Metrically Cubic CdCl2 Rhombohedral CdCl2

Bi - I 3.0664(2) 3.0671(8) 3.0653(4)
Bi - Bi 4.28065(3) 4.2816(4) 4.31873(13)
I - I 4.1704(4) 4.172(2) 4.1367(10)
I - I 4.2814(2) 4.2816(3) 4.31873(9)
I - I 4.3909(4) 4.392(2) 4.3513(10)

Interatomic Angles (°)
Defect Spinel Metrically Cubic CdCl2 Rhombohedral CdCl2

Bi - I - Bi 88.534(8) 88.54(3) 89.569(12)
I - Bi - I 88.553(8) 88.53(3) 89.568(12)
Bi - Bi - Bi 60.00(1) 60.00(1) 60.00(1)
I - I - I 60.00(1) 60.00(1) 60.00(1)
I - I - I 58.292(7) 58.34(3) 58.533(8)
I - I - I 59.150(9) 59.124(17) 59.505(15)

Table A.2: Selected interatomic distances and angles for the three AgBiI4 crystal structures. SXRD
patterns were collected at 100 K.
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Identification code Fd-3m_cubic_AgBiI4
Empirical formula Ag0.98Bi1.02I4
Formula weight 826.09
Temperature (K) 100(2)
Crystal system trigonal
Space group Fd3̄m
a (Å) 12.10750(10)
Volume (Å3) 1774.86(4)
Z 8
ρcalc (g/cm3) 6.183
µ (mm−1) 36.111
F(000) 2741
Crystal size (mm) 0.05 × 0.03 × 0.02
Radiation MoKα (λ = 0.71073)
2Θ range for data collection (°) 5.828 to 52.614
Index ranges -15 ≤ h ≤ 15, -15 ≤ k ≤ 15, -13 ≤ l ≤ 15
Reflections collected 4834
Independent reflections 114 [Rint = 0.0323, Rsi g ma = 0.0070]
Data/restraints/parameters 114/0/8
Goodness-of-fit on F2 1.545
Final R indexes [I ≥ 2σ] R1 = 0.0179, wR2 = 0.0377
Final R indexes [all data] R1 = 0.0183, wR2 = 0.0381
Largest diff. peak/hole (eÅ−3) 1.09/-1.27

Table A.3: AgBiI4 Crystal data and structure refinement for the defect-spinel structure for the SXRD
data collected on the octahedral - faceted crystal at 100 K.
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Identification code R-3m_metrically_cubic_AgBiI4
Empirical formula Ag1.49Bi1.51I6
Formula weight 1237.69
Temperature (K) 100(2)
Crystal system trigonal
Space group R3̄m
a (Å) 4.2816(4)
c (Å) 20.975(3)
Volume (Å3) 333.00(7)
Z 1
ρcalc (g/cm3) 6.172
µ (mm−1) 35.919
F(000) 513
Crystal size (mm) 0.05 × 0.03 × 0.02
Radiation MoKα (λ = 0.71073)
2Θ range for data collection (°) 5.826 to 52.478
Index ranges -5 ≤ h ≤ 4, -4 ≤ k ≤ 5, -25 ≤ l ≤ 25
Reflections collected 3296
Independent reflections 786 [Rint = 0.0733, Rsi g ma = 0.0072]
Data/restraints/parameters 786/0/11
Goodness-of-fit on F2 1.189
Final R indexes [I ≥ 2σ] R1 = 0.0390, wR2 = 0.0898
Final R indexes [all data] R1 = 0.0390, wR2 = 0.0898
Largest diff. peak/hole (eÅ−3) 1.45/-3.05

Table A.4: AgBiI4 crystal data and structure refinement for the metrically cubic twinned CdCl2
structure for the SXRD data collected on the octahedral-faceted crystal at 100 K.
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Defect-Spinel Fd3̄m CdCl2 R3̄m
Parameter Le Bail Rietveld Le Bail Rietveld

Fit parameters
Re x p (%) 5.12 5.12 5.12 5.12
Rw p (%) 5.82 6.29 5.82 6.28
G.O.F 1.14 1.23 1.14 1.27

Lattice parameters
a (Å) 12.21446(4) 12.21499(5) 4.31851(1) 4.31844(1)
c (Å) 21.15591(7) 21.15553(8)

Bi1 site
x 0 0
y 0 0
z 0 0
Occupancy 0.5 0.5
BI so (Å2) 4.12(2) 4.12(2)

Ag1 site
x 0 0
y 0 0
z 0 0
Occupancy 0.5 0.5
BI so (Å2) 4.12(2) 4.12(2)

I1 site
x 0.25273(2) 0
y 0.25273(2) 0
z 0.25273(2) 0.24727(2)
Occupancy 1 1
BI so (Å2) 2.36(2) 2.36(2)

Table A.5: Le Bail and Rietveld refinement results for the synchrotron PXRD data of the Fd3̄m defect-
spinel and R3̄m CdCl2models of AgBiI4.
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Figure A.1: Calculated electronic structure of BiI3. DFT calculations were performed on BiI3 with R3̄
symmetry in the rhombohedral cell. The structurewas optimizedwith the optB86b-vdW functional191
without spin-orbit coupling to correctly describe the van der Waals interactions between layers of I
ions, resulting in an a = b = c = 8.170 Å, α = β = γ = 54.96°cell (experimental a = b = c = 8.156 Å, α
= β = γ = 54.52°).119 The electronic structure was then calculated with the PBE functional and spin
- orbit coupling included, giving (a) the calculated band structure and (b) the calculated density of
states plots. k - point strings were taken from Setyawan et al.192 Projections onto atomic orbitals were
used to assess the relative contributions of each electronic band from different elements. An indirect
gap of 1.30 eV was obtained, with the smallest direct gap being 1.37 eV.
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Figure A.2: The change in the a and c lattice parameters and the volume of the AgBiI4 unit cell over the
22-290 °C temperature range.
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Structure Configuration optB86b-vdW/meV PBE + Spin-orbit/meV
Defect-spinel 1 0 0

2 19 13
3 42 42
4 42 42
5 72 60
6 99 82
7 192 148
8 319 312
9 516 437

CdCl2 1 18 33
2 30 41
3 39 45
4 427 411
5 450 426
6 19 961

Table A.6: The relative energies of the fifteen configurations of AgBiI4 studied computationally. All
energies are given inmeVperAgBiI4 formulaunit, andare taken relative to configuration1of the spinel
structure

Figure A.3: (a) The solved crystal structure of [Cu((CH3)2SO)6]I4 with Cu (blue), O (red), S (yellow),
C (brown) H (pink) and I (purple) (b) The simulated PXRD of the [Cu((CH3)2SO)6]I4 crystal solved
via SXRD, compared to the PXRD of the CuAgBiI5 and Cu2AgBiI6 films. The structure was solved
as having tetraiodide anions (I2−4 ) charge balanced by discrete [Cu((CH3)2SO)6]2+ units (Figure A.3a).
Although these structures are rare, this structure has been reported before with Co, Ni, Zn and Mn
analogues.193,194 The crystals were eithermetastable or hygroscopic and would turn to liquid over the
course of a day, when removed from the solvent.
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Defect-Spinel Fd3̄m CdCl2 R3̄m
Fit parameters

Re x p (%) 7.41 7.41
Rw p (%) 9.86 9.82
G.O.F 1.33 1.32

Lattice parameters
a (Å) 12.1592(3) 4.2990(1)
c (Å) 21.060(1)

Bi1 site
x 0 0
y 0 0
z 0 0
Occupancy 0.5 0.5
BI so (Å2) 4.9(2)

I1 site
x 0.2522 0
y 0.2522 0
z 0.2522 0.2478
Occupancy 1 1
BI so (Å2) 3.6(2) 3.4(2)

Cu1 site
x 0.125 0
y 0.125 0
z 0.125 0.125
Occupancy 0.18 0.09
BI so (Å2) 4.5(4) 4.2(4)

Cu2 site
x 0.3770 0
y 0.125 0
z 0.125 0.375
Occupancy 0.12 0.15
BI so (Å2) 4.5(4) 4.2(4)

Cu3 site
x 0.375
y 0.375
z 0.375
Occupancy 0.09
BI so (Å2) 4.5(4)

Table A.7: CuBiI4 Rietveld refinement results for the in-house PXRD data of the Fd3̄m defect-spinel
reported by Fourcroy et al.155 The occupancy and atoms positions were fixed as reported, with the
lattice parameters and isotropic thermal parameters refined. This model was transformed in to the
R3̄m CdCl2 model, using the same method as for AgBiI4 and the lattice parameters and isotropic
thermal parameterswere refined. Atomic positions are given in fractional coordinates, atompositions
and occupancies with no errors indicate that these values were fixed.
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Identification code Cu2BiI5_defect-spinel_100K
Empirical formula Bi0.84Cu1.65I4
Formula weight 788.00
Temperature (K) 100(2)
Crystal system cubic
Space group Fd3̄m
a (Å) 12.0355(6)
Volume (Å3) 1743.4(3)
Z 8
ρcalc (g/cm3) 6.005
µ (mm−1) 34.997
F(000) 2637.0
Crystal size (mm) 0.2 × 0.1 × 0.1
Radiation MoKα (λ = 0.71073)
2Θ range for data collection (°) 5.862 to 52.452
Index ranges -14 ≤ h ≤14, -13 ≤ k ≤ 14, -14 ≤ l ≤ 14
Reflections collected 4665
Independent reflections 109 [Rint = 0.1143, Rsi g ma = 0.0241]
Data/restraints/parameters 109/0/10
Goodness-of-fit on F2 1.427
Final R indexes [I ≥ 2σ] R1 = 0.0809, wR2 = 0.1691
Final R indexes [all data] R1 = 0.0815, wR2 = 0.1703
Largest diff. peak/hole (eÅ−3) 1.83/-14.19

Table A.8: Cu2BiI5 crystal data and structure refinement for the defect-spinel structure for the SXRD
data collected on the CVT-grown Cu1−3xBi1+xI4 crystal at 100 K.
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Identification code Cu2BiI5_layered_detwinned_100K
Empirical formula Bi0.83Cu1.64I4
Formula weight 785.89
Temperature (K) 100(2)
Crystal system trigonal
Space group R3̄m
a (Å) 4.2653(5)
c (Å) 20.839(4)
Volume (Å3) 328.32(10)
Z 1.50012
ρcalc (g/cm3) 5.963
µ (mm−1) 34.683
F(000) 493.0
Crystal size (mm) 0.2 × 0.1 × 0.1
Radiation MoKα (λ = 0.71073)
2Θ range for data collection (°) 5.862 to 52.452
Index ranges -5 ≤ h ≤5, -5 ≤ k ≤ 5, -25 ≤ l ≤ 25
Reflections collected 1041
Independent reflections 112 [Rint = 0.0755, Rsi g ma = 0.0220]
Data/restraints/parameters 112/0/15
Goodness-of-fit on F2 1.353
Final R indexes [I ≥ 2σ] R1 = 0.0753, wR2 = 0.1795
Final R indexes [all data] R1 = 0.0753, wR2 = 0.1795
Largest diff. peak/hole (eÅ−3) 2.47/-4.07

TableA.9: Cu2BiI5 crystal data and structure refinement for theCdCl2-type structure for the SXRDdata
collected on the CVT-grown Cu1−3xBi1+xI4 crystal at 100 K.
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Layered Defect - spinel
Fit parameters (Overall)

Re x p (%) 4.92 4.92
Rw p (%) 7.55 7.72
G.O.F 1.53 1.57

Fit parameters (I11MAC)
Re x p (%) 8.48 8.48
Rw p (%) 11.62 11.72
G.O.F 1.37 1.38

Fit parameters (HRPD bank 1)
Re x p (%) 2.50 2.50
Rw p (%) 4.51 4.58
G.O.F 1.80 1.83

Fit parameters (HRPD bank 2)
Re x p (%) 0.99 0.99
Rw p (%) 4.61 4.94
G.O.F 4.66 4.99

Lattice parameters
a (Å) 4.31529(1) 8.63300(5)
c (Å) 21.1414(9) 21.1462(2)

Table A.10: CuAgBiI5 Refinement parameters of the combinedNPDandPXRDdatameasured at room
temperature.
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Identification code CuAgBiI5_trigonal_defectspinel_SXRD_100K
Empirical formula Cu0.65(1)Ag1.04(2)Bi1.05(2)I5.00
Formula weight 1007.25
Temperature (K) 100(2)
Crystal system trigonal
Space group R3̄m
a (Å) 8.5832(6)
c (Å) 21.0056(17)
Volume (Å3) 1340.18(17)
Z 4.79988
ρcalc (g/cm3) 5.990
µ (mm−1) 33.315
F(000) 2015.0
Crystal size (mm) 0.02 × 0.03 × 0.01
Radiation MoKα (λ = 0.71073)
2Θ range for data collection (°) 5.82 to 52.52
Index ranges -10 ≤ h ≤10, -10 ≤ k ≤ 9, -26 ≤ l ≤ 25
Reflections collected 5119
Independent reflections 378 [Rint = 0.0236, Rsi g ma = 0.0085]
Data/restraints/parameters 378/0/26
Goodness-of-fit on F2 1.210
Final R indexes [I ≥ 2σ] R1 = 0.0915, wR2 = 0.2840
Final R indexes [all data] R1 = 0.1029, wR2 = 0.3070
Largest diff. peak/hole (eÅ−3) 4.46/-3.73

Table A.11: CuAgBiI5 crystal data and structure refinement for the defect-spinel structure (trigonal
axes) for the SXRD data collected at 100 K. The atomic occupancies were fixed to those refined by
combined PXRD and NPD Rietveld refinement.
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Identification code CuAgBiI5_trigonal_twinnedCdCl2_SXRD_100K
Empirical formula Cu0.88(17)Ag1.10(6)Bi0.98(8)I5.00(11)
Formula weight 1024.53
Temperature (K) 100(2)
Crystal system trigonal
Space group R3̄m
a (Å) 4.2885(6)
c (Å) 21.010(4)
Volume (Å3) 334.63(11)
Z 1.19988
ρcalc (g/cm3) 6.100
µ (mm−1) 33.526
F(000) 513.0
Crystal size (mm) 0.02 × 0.03 × 0.01
Radiation MoKα (λ = 0.71073)
2Θ range for data collection (°) 5.818 to 54.348
Index ranges -4 ≤ h ≤5, -5 ≤ k ≤ 5, -26 ≤ l ≤ 22
Reflections collected 899
Independent reflections 99 [Rint = 0.0496, Rsi g ma = 0.0270]
Data/restraints/parameters 99/0/9
Goodness-of-fit on F2 3.100
Final R indexes [I ≥ 2σ] R1 = 0.2681, wR2 = 0.5901
Final R indexes [all data] R1 = 0.2786, wR2 = 0.6076
Largest diff. peak/hole (eÅ−3) 20.64/-23.48

Table A.12: CuAgBiI5 crystal data and structure refinement for the twinning of the CdCl2 structure for
the SXRD data collected at 100 K. The atomic occupancies were fixed to those refined by combined
PXRD and NPD Rietveld refinement.
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Identification code Cu2AgBiI6_trigonal_defect-spinel_100K
Empirical formula Ag0.86Bi0.77Cu1.80I5
Formula weight 1002.46
Temperature (K) 100(2)
Crystal system trigonal
Space group R3̄m
a (Å) 8.5695(5)
c (Å) 20.9846(13)
Volume (Å3) 1334.57(14)
Z 4.79988
ρcalc (g/cm3) 5.9865
µ (mm−1) 30.846
F(000) 1999.9
Crystal size (mm) 0.02 × 0.03 × 0.01
Radiation MoKα (λ = 0.71073)
2Θ range for data collection (°) 5.82 to 52.58
Index ranges -10 ≤ h ≤10, -10 ≤ k ≤ 10, -26 ≤ l ≤ 26
Reflections collected 5288
Independent reflections 378 [Rint = 0.0454, Rsi g ma = 0.0152]
Data/restraints/parameters 378/0/23
Goodness-of-fit on F2 1.094
Final R indexes [I ≥ 2σ] R1 = 0.1031, wR2 = 0.2508
Final R indexes [all data] R1 = 0.1104, wR2 = 0.2736
Largest diff. peak/hole (eÅ−3) 2.64/-15.28

Table A.13: Cu2AgBiI6 crystal data and structure refinement for the defect-spinel structure (trigonal
axes) for the SXRD data collected at 100 K.
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Identification code Cu2AgBiI6_trigonal_intercalated CdCl2_100K
Empirical formula Ag0.88Bi0.78Cu1.80I5
Formula weight 1007.06
Temperature (K) 100(2)
Crystal system trigonal
Space group R3̄m
a (Å) 4.2749(3)
c (Å) 20.9395(16))
Volume (Å3) 331.40(5)
Z 1.19988
ρcalc (g/cm3) 6.055
µ (mm−1) 31.303
F(000) 508.0
Crystal size (mm) 0.02 × 0.03 × 0.01
Radiation MoKα (λ = 0.71073)
2Θ range for data collection (°) 5.836 to 55.51
Index ranges -5 ≤ h ≤5, -5 ≤ k ≤ 5, -26 ≤ l ≤ 27
Reflections collected 1224
Independent reflections 128 [Rint = 0.0479, Rsi g ma = 0.0139]
Data/restraints/parameters 128/0/13
Goodness-of-fit on F2 1.249
Final R indexes [I ≥ 2σ] R1 = 0.0322, wR2 = 0.0696
Final R indexes [all data] R1 = 0.0344, wR2 = 0.0710
Largest diff. peak/hole (eÅ−3) 0.67/-2.84

Table A.14: Cu2AgBiI6 crystal data and structure refinement for the intercalated CdCl2 structure
(trigonal axes) for the SXRD data collected at 100 K.
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One phase
Phase G.O.F Rwp
c 5.17 13.91
r 4.47 12.03
m 3.53 9.42

Two phases
Phase G.O.F Rwp
c + c 3.72 9.94
c + r 2.64 7.05
c +m 3.34 8.83
r + r 3.22 8.62
r +m 2.37 6.27
m +m 4.69 12.28

Three phases
Phase G.O.F Rwp
c + c + c 1.96 5.20
c + c + r 1.88 4.99
r + r + c 1.88 4.98
r + r + r 1.85 4.92
c + c +m 1.84 4.84
r + r +m 1.82 4.79
c +m + r 1.81 4.75
m +m + r 1.80 4.70
m +m + c 1.79 4.65
m +m +m 1.80 4.64

Table A.15: Goodness of fit parameters for the Pawley fits of different phases to the room temperature
synchrotron PXRD data of the Cu2AgBiI6 sample. c, r, and m are abbreviations denoting cubic,
rhombohedral and monoclinic phases, respectively. Data is binned at 0.004° and is fitted up to high
angle until nomore peaks can be seen.
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