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OXYCHALCOGENIDES FOR
TRANSPARENT P-TYPE CONDUCTORS

Gregory James Limburn, MSci

The quinary layered oxychalcogenide, Sr38c2OsCusSz, was used as a prototype to investigate the effect
of composition and structure, on transparency and conductivity of analogous materials. A selection of
analogues was computationally screened for predicted stability and optical transparency. The compounds
Ba3Sc205CusS2 and CazALOsCusS, were both expected to show band gap energies higher than 3.1 eV
and conductivities higher than that of the prototype. The compound Bas;Sc2OsCu,S; was successfully
synthesised here by solid-state reaction at 800 °C for 12 h, apparently for the first time. Its measured
band-gap energy was 3.24 eV. Synthesis of CazAl,Os5Cu,S; was not achieved. It was concluded that a
high-pressure synthetic route would be required to realise this compound.

The compounds intermediate between the prototype and new member BaSr3.,.Sc2OsCusS; where x = 1
and 2, were also successfully synthesised. Refinement of their crystal structures showed a preference of
barium for the ‘intra-layer’ site in the perovskite layer, as rationalised by the Goldschmidt tolerance
factor. The perovskite A site mixing yielded extreme bond distances and angles in the conductive copper
sulfide layer of x = 2, beyond the range spanned by the end-members. Williamson-Hall analysis revealed
increased strain and reduced crystallite size for the intermediates and general anisotropic growth of these

compounds favouring the direction of conduction, as confirmed by scanning-electron microscopy.

The successful syntheses of the analogous compounds Basln,OsCuzS;, BasScoOsCusSes,
BasY205CuzSez, Basln,OsCusSez, BasScaOsAgaSer and BaslnaOsAgSes were also reported here, for the
first time to the authors knowledge. It was found that the increased radius of the perovskite M cation,
increased the basal lattice parameter and linked coinage metal-metal distance, expected to benefit
transparency. However, observed reductions in band-gap energy for both the indium and yttrium
analogues, relative to those of the scandium compounds, were rationalised by electronegativity and
(n-1)d-orbital occupancy, respectively. The coinage metal-chalcogenide distance increased, and angle
deviated from the ideal tetrahedral, with increasing M cation radius, in all cases. Barium and scandium
proved to be the optimal candidate perovskite layer cations. Substitution of selenium and silver into the
conductive layer was expected to increase conductivity at the expense of an observed decrease in band

gap for the scandium analogues.

The compounds Ba;Sc2O5CusS; and BasScoOsCuaSez showed promise as improved transparent p-type
conductors. Their compositions and structures suggested improved conductivity compared to that of
S138¢205Cu2S2. The 3.05 eV band gap of BasSc2OsCusSex may be increased above the visible light
threshold by p-type doping. A preliminary investigation saw the prototype successfully doped by 5 at. %
sodium with an accompanied Moss-Burstein shift in band gap energy of + 0.5e¢V to 3.2 eV.
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Chapter 1 Introduction

1.1 Transparent Conductors | Development and Applications

Transparent conductors (TCs) are materials which simultaneously possess optical transparency and
electrical conductivity. Farly transparent conductors were made by depositing thin films of high-
conductivity metals such as silver and platinum.! The eatliest example of a transparent conducting oxide
(TCO) is CdO.2 The compound was produced upon oxidation of pure cadmium films being investigated
for the same purpose. The films were of relatively low transparency (40 %) with the intrinsic n-type
conductivity observed, resulting from the presence of compensating cadmium interstitial point defects,
which increased the free electron carrier concentration to 102! cm=3. However, the toxicity of the
carcinogenic cadmium compound was a major barrier to commercialisation — it was already banned from
some applications at the time.> Dopant elements such as tin and indium, were employed to improve the
properties of these films. However, it was later realised that the oxides of the dopant metals were better

structural prototypes for effective TCs.

For example, tin oxide, SnO», proved less toxic, cheaper and showed greater chemical stability than its
predecessor, CdO, and, as such, was the first transparent conducting oxide to find commercial
application.* Known to be a TCO since 1942, a patent was taken out on chlorine-doped SnO; thin films
by McMaster of the Libbey-Owens-Ford (LOF) Glass Company in 1947.5¢ Today’s widely used fluorine-
doped tin oxide (FTO), F:SnOs, was later developed and protected by the competing Pittsburgh Plate
Glass (PPG) Company with continued commercial interest in the development of doped forms of the

metal oxide shown by Bell Telephone Laboratories and IBM.7°

Indium oxide, In»O3, was also being commercially developed as a candidate TCO at the same time.!0 Its
use in high-performance applications eclipsed that of doped SnO, owing to its improved conductivity.
In 1972 Fraser et al. of the Bell Labs reported an observed conductivity of 5.65 kS cm! for a 9 at. % tin-
doped thin film sample, with simultaneous 83 % light transmission at 500 nm.'! High-quality films with
these conductivities were routinely produced until the early nineties. Technological developments in flat-
panel display screens required the use of thinner electrodes which in turn, demanded higher conductivity
from the material. It was known that the resistivity of such films was proportional to the sputtering
voltage used during the deposition procedure.!? Shigesato ¢f 4/ used a low-voltage DC magnetron
sputter-coating technique to synthesise films of 10 at. % indium tin oxide (ITO), Sn:In,Os, with
conductivity as high as 7.40 kS cm!. Today, the conductivity of indium oxide-based films has reached
149 kS cm™ with reported mobility as high as 250 cm? V- s for 100 nm thick films of 2 at. %
Mo:1n»O3.13 Its average visible transmittance of 87 % accompanied by the highest known mobility, makes

doped indium oxide a widely used TC today, and the benchmark for future development.'*
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Subsequent work on n-type TCs included the alloying of combinations of the established materials in an
effort to improve their conductivity and transparency, while reducing the content of the rare and costly
indium.'> ZnO-based materials were also investigated. Their potential came not from their conductivity,
which could not compete with that of the doped indium oxide compounds, but from their high
transparency, a feature that resulted in their widespread use in current photovoltaics, and above all, their

ability to be doped p-type.16:17
1.2 Applications

Materials which were developed to exhibit electrical conductivity and visible-light transparency were first
applied in a militarian context as anti-frosting coatings on aircraft windows.! Their partial conductivity
allowed resistive heating, preventing condensation and ice formation, while their transparency was
crucial in maintaining visibility. This combination of properties also enabled application in the same

aircraft as anti-static coatings for cockpit instruments and dials.

Transparent conductors are still used as anti-frosting coatings today in the transport, and food and drink
sectors, for example on the windscreens of large vehicles, such as aircraft and trains, and drinks
refrigerators in the hospitality industry. A subsidiary of the Ford motor company owns a patent for
similar coatings designed for automobile windows, however, these have not been commercialised,

partially owing to the high energy needed to supply the required voltages.8

Some transparent conducting materials are doped to such an extent that the plasma frequency
(section 1.3.2) borders on the low-energy end of the visible spectrum, causing high reflectivity in the infra-
red (IR) region. This IR reflectivity makes transparent conductors applicable as thermally efficient
materials where visible transparency is required, for example, as coatings for glazing in the built
environment or on food oven doors. In the case of vending refrigerators, these materials serve two

purposes: frost prevention and energy conservation.

In addition to coatings, the other area of application for transparent conducting materials is as
transparent electrodes in optoelectronic devices, such as, photovoltaic (PV) cells, touchscreens and
displays.!® Currently, n-type inorganic oxide transparent conductors, I'TO in particular, act as windows
in PV cells which allow the transmission of visible light onto the absorber layer, and collection and
conduction of the charge carriers produced by the photoexcitation.?0 In liquid-crystal displays (LCDs),
the TC acts again as a transparent window; allowing light to be emitted from the device, whilst applying

the required voltage across the liquid-crystal cell.

In touchscreens the transparent conductors form the plates of the capacitors, the voltage gradient across
which is registered by the device as a touch input. The capacitive layers are overlaid across a conventional

display, wherein their visible transparency is imperative.
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1.3 Design Considerations for Transparent Conductor Development

In designing novel TC materials, it is of obvious importance to determine the effects of the composition
and structure of a compound, on its optoelectronic properties; namely its transmittance of light in the
visible range, T, and electrical conductivity, o. All light incident on a sample must be accounted for by
one or more of the phenomena of absorption, reflection and transmission, as is summarised in
equation 1.1. It follows, therefore, that in order to maximise transparency (determined by the
transmission), the contributions from absorption and reflection must be minimised. An idealised
qualitative spectrum for a visibly transparent material is shown in figure 1.7. It can be seen that it is
necessary for a desirably transparent material, to exhibit an absorption (green) onset at energies above
those of visible light and for the reflectance (7ed) to have subsided at lower energies; thus, yielding high

transmittance (b/ue) throughout the visible region.

A+R+T=1 1.1

A — Absorption
R — Reflection
T — Transmission

|isible Region

Intensity / arb. units

Energy / eV

Figure 1.1 Sketch of idealised absorption (green), reflection (red) and transmission (blue) spectra for a wvisibly
transparent material. The region enclosed by the black dashed lines represents the energy range of visible
light photons.
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1.3.1 Absorption

Absorption of photons by a sample, occurs at energies corresponding to allowed electronic transitions
between states described by its electronic structure. In a simple semiconductor, electronic states in the
valence band are fully occupied and those in the conduction band unoccupied. The lowest possible
energy of electronic transition, disregarding any selection rules, is given by the energy separation between
the bands, known as the band gap. The onset of absorption occurs as the energy exceeds this value and
rises sharply beyond. In order to support the visible transparency of a sample, its crystal structure, and
therefore electronic band structure, is engineered in such a way as to ensure the band gap is at a greater
energy than the maximum energy of visible light photons, 3.1 eV (corresponding to a wavelength of
400 nm). This ensures that the absorption edge, the point in the spectrum where the absorption rises

rapidly, lies beyond the energy region spanned by visible light photons (black dashed lines), as illustrated in
Sigure 1.1.

1.3.2 Reflection

Reflection of incident electromagnetic radiation by a material occurs when photons arriving at the surface
are effectively ‘screened’ by the conduction electrons present and prevented from penetrating the sample.
This occurs more readily at low incident frequency (energy) when the displacement of conduction
electrons in a sample by the incoming electromagnetic wave, results in coordinated oscillations of the
conduction electrons and reemission of radiation out of the surface, that is detected as reflected light.
This occurs when the incident frequency is below the plasma frequency and the reemission/reflection is
possible within the period of the incident radiation. Above the plasma frequency, the displacement of
the conduction electrons does not occur within the period of the incident wave and it passes through
unscreened. In assessing and designing candidate TCs, the plasma frequency is required to be lower than
that of the minimum frequency of visible light radiation. The plasma frequency can be calculated as
shown in eguation 1.2. A derivation of this equation is given in appendix A. It can be seen that the greater
the charge carrier number density, the higher the plasma frequency. For metals, with high electron
densities, this explains why reflection occurs throughout the visible region. The plasma frequency lies in
the high-frequency UV range, resulting in the screening of all lower frequency visible light radiation. For

example, silver, from which many mirrors are made, has a plasma energy of e, = 8.9 eV.2!

ne

€ m

wp — plasma frequency

n — charge carrier number density
¢ — fundamental charge

€0 — vacuum permittivity

m — mass of charge carrier
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1.3.3 Electrical Conductivity

The observed macroscopic electrical conductivity, o, of a medium is defined as the degree to which it
permits the flow of electric charge (given by the current density, /) in response to an applied electric

field, E. It can be described as the proportionality constant between the two, as shown in equation 1.3.

It is shown in appendix B, that equation 1.3 can be used to derive a more telling expression for the
conductivity: eguation 1.4. From this, it can be seen that the bulk conductivity, o, depends on the number
of charge carriers, 7, the mean free time between their collisions or scattering events, 7, and their mass, 7.
The charge carrier density is primarily controlled in semiconductors by extrinsic doping. Similarly, the
mean free time was expected be majorly affected by the microstructure of the crystallites in solid
materials and was therefore, deemed important, along with the charge carrier mass. In order to predict
the conductivity in these materials and to design new candidates, it was important to understand how
the composition and crystalline structures affected the mass of the charge carriers. In order to do this, it
was necessary to consider the electronic structure of solid-state crystalline materials. This is the subject

of the following section.

j =ocE 1.3
j - current density
o - conductivity
E - electric field strength
ne‘rt
o= 1.4
m

o - conductivity

n - volumetric number density of charge carriers
e - fundamental charge

T - mean free time

m - mass of charge carrier

1.3.4 Band Theory

Band Theory is a method used for describing and interpreting the fundamental electronic structures of
the crystalline solid candidate materials studied in this project. The band theory of electronic structure
in solids is commonly introduced to chemists with respect to its molecular analogue, molecular orbital
(MO) theory. Taking the diatomic hydrogen molecule as an example, the formation of the two observed
electronic energy levels can be understood by the overlap of the contributing s orbitals from each
constituent hydrogen atom. The interaction of the component atomic orbitals upon spatial ovetlap,
results in the formation of molecular orbitals with a difference in energy. The loss of degeneracy in

combining molecular orbitals is described by the Pauli exclusion principle.
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The qualitative idea of combining constituent atomic orbitals to form larger, ‘delocalised” molecular
orbitals can be extended to solids. These can be thought of as very large, periodically repeating arrays of
atoms, each with their own atomic orbitals. These atomic orbitals interact with the same loss of
degeneracy, resulting in the formation of crystal orbitals, analogous to lower energy bonding and higher
energy antibonding molecular orbitals. The result for very large numbers of constituent atoms, as are
found in macroscopic solid samples, is the formation of a series of orbitals separated, yet very closely
spaced in energy. These are approximated to continua, referred to as bands, and give the basis for the

band structure interpretation.

In the ground state, electrons occupy the orbitals in order of increasing energy, as described by the
Aufbau principle. The equilibrium energy between the occupied and unoccupied states, or chemical
potential of the system, is given by the Fermi energy, Er. The separation between the highest energy
bands occupied in the ground state and the lowest energy unoccupied bands, if distinct as is the case in

semiconductors and insulators, is known as the band gap, E,.

The size of the band gap, if present, and therefore the thermal accessibility of these states, is what dictates
the conductivities of materials. For example, metals show no band gap. In the ground state the Fermi
level lies within the energy range of a partially occupied band. Thermal population of electrons into
delocalised states is easily possible at room temperature and electrical conductivity readily observed. On
the other hand, semiconductors and insulators possess a band gap. Their Fermi energy is positioned
below the minimum energy of the conduction band (CBM). In their ground states, these materials do
not conduct electricity. The broad division between the two depends on the size of the band gap.
Semiconductors have band gaps typically less than 4 eV whereas those of insulators are usually larger.
The relatively small band gaps in semiconductors mean that it is possible that electrons can be excited
thermally or by absorption of electromagnetic radiation, to energies of partially occupied states above

the CBM and, hence, carry charge and conduct electricity.

At room temperature, metals and semiconductors will both have electrons in thermally excited states
which may allow observable electrical conductivity. Semiconductors typically possess charge carrier
concentrations several orders of magnitude lower than those of metals, in addition to lower mobilities.
Therefore, their conductivities are also lower. Semiconductors can be extrinsically doped to increase
their charge carrier concentration. When this occurs to such a degree that the Fermi energy lies within
the conduction band, the semiconductor is said to be ‘degenerately’ doped and shows metallic conductive

behaviout.
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1.3.4.1 Linear Combination of Atomic Orbitals

In building a picture of the electronic band structure for a particular atomic arrangement, the linear
combination of atomic orbitals (LCAO) is used. This is an approximation used to combine the individual
atomic orbitals described by wavefunctions, to derive a quantitative picture of the band structure. It
produces an expression for the energy as a function of the wave number, Eg, in terms of o and B,
representing the energy of the constituent atomic orbitals and the extent of overlap between
neighbouring orbitals, respectively (egn. 1.5).22 In order to directly relate the ‘sub-microscopic’ properties
of orbital energy and overlap extent to the macroscopic property of conductivity, required to evaluate

the expected electronic performance, an extension to this approach was required.

Eg rcao = (o +28) - B(ka)? 1.5

Ex 1cao - energy as a function of wave number

o - self-ovetlap integral/ energy of atomic orbitals
B - overlap integral of neighbouring atomic orbitals
k - wave number

a - lattice spacing

1.3.4.2 Nearly-Free Electron Model

The nearly-free electron (NFE) model is used to link to the band structure produced by the LCAO to
the conductivity.?? It is a method wherein the wave function for free particles (electrons) is used and the
effect of a periodic potential, described by the host lattice structure, is applied to generate a band
structure model. The advantage of modelling the band structure in this way is that the energy is described,
not in terms of the individual orbitals, but in terms of the mass of the particles in the free gas, which is

more easily related to the conductivity.

The nearly-free model of electron dynamics models the behaviour of electrons in crystalline solids by
considering the effect of a periodic electrostatic potential, Ze. the cationic lattice, on electrons modelled
as a free electron or ‘Fermi gas’. Electrons considered to be unbound in a free electron gas can be
represented by the wave function in eguation 1.6 overleaf. This is written in terms of the wave number
which, as eguation 1.7 shows, is inversely related to the wavelength. Using de Broglie’s relation (egn. 1.8), it

is shown in eguation 1.9, that the wave number is proportional to the momentum of the charge carrier.

The energies of the electrons in a solid are of prime importance when considering conductivity. The
total energy, of the electron in this case, can be decomposed into contributions from kinetic energy and
potential energy. Substituting eguation 1.9 for momentum into the eguation 1.10 for kinetic energy gives
an expression (egn. 1.117) for the total energy within a constant potential, g, in terms of the wave number,
4. The band structure is described by this energy dispersion in reciprocal space and adopts a parabolic

form owing to the energy dependence on the square of the wave number.
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b = exp(7kx) = cos(kx) + 7sin(kox) 1.6

$x - wave function

7 - square root of negative one

k - wave number

x - position along one dimensional axis

A - wavelength of electron
P :E 1.8
A
p - momentum
h - the Planck constant
p = hk 1.9
h - the reduced Planck constant
2
=L 1.10
2m
T - kinetic energy
m - mass
2
(hk) 111

g =—— +
k, NFE 2m 0

E - energy as a function of wavenumber
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1.3.4.3 Combination of Models and the Concept of Effective Mass

It has been shown that the energy function in £-space or band structure can be modelled using two
different approaches, namely from the LCAO or the NFE model. The first is known as a ‘bottom up’
approach as the energy function is calculated from the wavefunctions of the constituent atomic orbitals.
The ‘top down’ approach of the nearly-free electron model, derives the energy distribution in terms of

the wavenumber of a free electron in constant potential.

In order to relate these differing models, the electron mass constant in the NFE model is treated as a
variable, the effective mass, 7%, and permitted to vary to achieve a fit between the functions calculated
by the two different routes. Once equivalence is achieved, the two functions can be equated and the

integrals from the LCAO related to the effective mass and, therefore, the optoelectronic properties.

The expressions from eguations 1.5 and 1.11 for the energy distribution in £-space from the LCAO and
the NFE model are repeated in equations 1.12 and 1.13, respectively. The two kinetic energy terms can be
equated, if the mass is treated as a variable, as in equation 1.14, and rearranged to yield an expression for

the variable, ‘effective’ mass (egn. 1.75).

Ex 1cao = (o +28) - B(ka)? 1.12

Ey - energy as a function of wave number

o - self-ovetlap integral/ energy of atomic orbitals
B - neighbouring atomic orbital overlap integral

k - wave number

a - lattice spacing

(hk)?
K NFE == Vo 113
Ex - energy as a function of wavenumber
h - the reduced Planck constant
m* - effective mass variable
hk)?
(2_)* =-B(ka)? 1.14
m
m =- ﬁ 1.15
a
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1.3.5 Summary

By combining these two band structure models, the effective charge carrier mass can be derived from
the wavefunctions of the constituent atoms. This can then be related to the optoelectronic properties
via the conductivity and plasma frequency, as shown in eguations 1.16 and 1.17, respectively. It can be
seen that the properties desirable for conductivity, including high charge cartier density and orbital
overlap of atoms contributing to the relevant band edge state, also increase the plasma frequency which
must be kept below the visible region to prevent reflectivity. Understanding these factors, which
determine the properties affecting the often-competing optoelectronic behaviours, enables appreciation
of the rarity of, and difficulty in, making materials of this type but, most importantly, can guide the

investigation into compounds which exhibit the delicate balance of attributes required.

6 ntpa’ 1.16

o - conductivity

n - charge carrier density
T - mean free time

B - overlap integral

a - lattice parameter

wpocwlnﬁaz 1.17

wp - plasma frequency
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1.4 Potential Applications and Development of Transparent p-Type

Conductors

The realisation of a transparent p-type conductor with electrical conductivity and visible light
transmission comparable to that of the currently commercialised n-type counterparts, could increase the
performance of current devices and allow the fabrication of novel architectures and apparatus. The use
of wide-gap p-type hole transport layers in photovoltaic cells could alleviate traditional design rules, allow
for a wider range of absorber materials to be used and permit the construction of more efficient
devices.?>?* The presence of a p-type transparent electrode could also pave the way to visibly transparent
solar cells, that would harvest the energy of UV and IR light. This could result in the manufacture of
energy harvesting windows which, by enabling utilisation of the side of high-rise buildings, could
significantly increase the urban area over which solar energy could be collected.?> Transparent p-type
conductors could also be applied to the fabrication of fully transparent p-n junctions that are
fundamental to diodes and transistors, the vital components in modern electronic devices. These could
lead to ‘invisible’ circuitry or to transparent ‘smart glass’ displays being made: apparatus with application
in the security of valuable display items, or in glasses and windscreens, in which images are overlaid upon

the natural visual field.26.27

The first step in trying to synthesise these desirable high-performance p-type analogues, was to introduce
p-type dopants into the existing intrinsically n-type TCs. One of the earliest ‘transpatent’ p-type
semiconductors to be synthesised in thin film form was ZnO:N.?® Monovalent cation doping of copper
and silver into zinc oxide, ZnO, was also attempted with little success. The solid-solubility of the dopants
in the host lattice was low, and defect compensation resulted in low charge carrier concentration of

=~ 108 cm3, of = 102! cm3 in ITO.2:30

Zinc oxide has since been doped with arsenic and shown to exhibit significantly higher carrier
concentrations (= 102 cm3) and, therefore, conductivities of up to 3.45 x102 S cm1.3! The benefit of p-
type doping current n-type TCs is that, by having the same host crystal structure, the two oppositely
doped semiconductors can be grown in a single chemically bonded layered structure, on top of one
another, enabling the fabrication of p-n junction components. This was first demonstrated by Ryu ez 4/
whereby p-type arsenic-doped zinc oxide films were deposited on top of the n-type material
Al:ZnO (AZO), to form the first transparent p-n junction that demonstrated non-ohmic, current
rectifying behaviour.!” While this proof-of-concept demonstration of a transparent p-n homojunction

was a milestone in the field, its development was still fundamentally limited.

The main issue with ‘reverse’ doping known n-type TCs lies in their band structure. For n-type
semiconductors, as are all of the commercial TCs, conduction occurs in the conduction band by donor-
doped electrons. The CBM of the cutrrent n-types comprise bands formed primarily by the ovetlap of
empty metal ns © orbitals.3 These are high in energy and diffuse, promoting good overlap, hybridisation,

mobility and, therefore, n-type conductivity.
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On the other hand, synthesis of high-conductivity p-type analogues required the introduction of acceptor
defects that create positive hole charge carriers at the VBM, and facilitation of their mobility within. The
VBs of current n-type oxides consist of ovetlapping 2p orbitals of the highly electronegative oxygen
atoms. As a result, the orbitals are compact and highly localised. The poor orbital hybridisation and high
electrostatic potential of the lattice, results in low mobility of p-type charge carriers and poor
conductivity. Without alteration of the fundamental band structure by an overhaul of material design,
including composition and crystal structure, p-type conductivity in the current compounds is inherently

limited.

In a letter to Nature published in 1997, Kawazoe ¢/ a/. of the Hosono group, reported on the synthesis
of thin films of the compound AlCuO; with p-type conductivity of 1S cm™ and high mobility of
10 cm? V-1 571, previously unsurpassed for a transparent sample.?* This compound possessed 3410 Cu(l)
ions hybridising with oxygen 2p orbitals with tetrahedral coordination at the VBM, interspersed with
aluminium oxide layers. The compound AICuO: possessed the general delafossite crystal structure of
the eponymous mineral, CaFeO», discovered in Ekaterinburg, Russia by Charles Friedel in 1873.3* The
mineral was named in honour of Gabriel Delafosse, the then Professor of Minerology at the Sorbonne,
Paris.?> Its structure is represented in figure 1.2. The compound consisted of O-M-O linear dumbbell-like
moieties (shown with ‘sticks’), with the oxygen atoms being tetrahedrally coordinated with the M atom and
three 4 atoms. The intervening 4O layers were formed of corner-shared, tilted [.4Og] octahedra (shown

shaded in grey).

Fignre 1.2 Extended unit cell (grey lines) crystal structure of a generic delafossite oxide mineral AMO:.
Colour key: grey - A, blue - M and red - O. Crystallographic representations, such as this, included
thronghout this thesis were created with the Visualization for Electronic and Structural Analysis
(VESTA) software programme.°
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The success in achieving increased p-type mobility and conductivity in a transparent sample was
rationalised by a series of structural and compositional features of CuAlO,. These were summarised by
Kawazoe ¢z al. as steps in a procedure called “chemical modulation of the valance band” (CMVB). These
were reported as ‘design rules’ to guide the further development of materials with these desirable

optoelectronic properties and are summarised here:
1. Occupancy of d-orbitals of transition metals used.

The energies of intra-band -4 transitions frequently coincide with those of visible light photons, giving
the wide range of observed colours of transition metal compounds. The use of the fully occupied 3410

copper (1) ions in CuAlO; precluded this.
2. Energy of d-orbitals of transition metals used.

The energy of the copper 34 orbitals were similar to those of the oxygen 2p orbitals. This increased the
hybridisation, dispersion and charge carrier mobility within the VB, to which these electronic states

contributed.
3. Coordination geometry in target crystal structure.

The tetrahedral geometry of the oxide ions was shown to be preferable. Their crystal-field splitting
produced no non-bonding orbitals which reduced the localisation of the charge carriers and promoted

their conductivity.
4. Dimensionality of target crystal structure.

As a result of the layers of intervening aluminium, the crystal structure of CuAlOz served to reduce the
hybridisation between the copper and oxygen in the ¢ direction, and therefore limited the curvature of

the VB and maintained a wide band gap.

The groundwork laid by Kawazoe provoked investigations into the p-type doping and thin film
fabrication of this and related compounds. The conductivities were improved by alteration of the host

oxide composition and subvalent doping at the M sites. These are summarised in Zzble 1.7 ovetleaf.
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Table 1.1 Summary of reported properties of delafossite transparent p-type conducting thin films. The rows are
arranged in order of decreasing conductivity. *n/a = data not applicable. *n/r = data not reported.

Composition
M Dopant Carrier Band
(CuMOy) Dopant Conc. | Conductivity | Conc. Mobility Gap Ref/s

/ at. % / S cmt /cm3 |/ cm?Vistl| [/eV

Cr Mg 5 2.2x 102 n/r* 101 3.1 37

Cr Undoped n/a* 1x 10! n/r n/r n/r 37

Sc Undoped n/a 3x 101 n/r n/r 3.3 38

B Undoped n/a 1.65 x 100 1017 100 4.5 39

Al Undoped n/a 1x100 1.3x10"7 10 3.5 33

Y Ca 2 1x100 n/r <1 3.5 40

Y undoped n/a 2x 102 n/r <1 3.5 40

In 2000, Ueda ¢f al., again of the Hosono group, first reported on the use of the known oxychalcogenide
compound LaCuOS for transparent optoelectronic applications.*! In its solid crystalline form, it
exhibited a structure layered at the unit cell level consisting of [LaO] and [CuS] moieties of the litharge
and anti-litharge structures, respectively (fg. 7.3). The two-dimensional layers consisted of [CuS4] and
[LasO] tetrahedra, shown as the blue and red polyhedra, respectively. The natural segregation into these
layers can be rationalised by the relative so-called litho- and chalcophilicity of the lanthanum and copper,

respectively.

A computational review of the electronic structure of the compound showed that it was indeed a wide-
gap material with a band-gap energy of 3.1 ¢V, and that the CBM and VBM consisted of copper 4s, and
hybridised copper 34 and sulfur 3p states, respectively.*? This study confirmed that LaCuOS was a
promising candidate for a wide-gap high-mobility p-type conductor. The tetrahedral copper sulfide layer
showed good orbital overlap, large extent of hybridisation, high dispersion and good mobility. The
layered structure served to reduce overlap between neighbouring copper atoms and, therefore their
vacant 4s orbitals. As these composed the CBM, the layering had the effect of reducing the width of the

CB and increasing the band gap, relative to an analogous three-dimensional structure, e.g. CusS.
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Figure 1.3 Extended nnit cell (grey lines) structure of the layered oxychalcogenide componnd LaCuOS
Colour fey: green — La, red — O, blue — Cu and yellow — S.

The report on this material in the context of transparent p-type conductivity, sparked increased research
activity in this area over the following years. Dopants were incorporated into the material, as in the
original study, and their concentration varied, along with the synthetic conditions. Post-annealing of the
thin film samples, synthesised by radio-frequency sputtering, improved the observed conductivity by two
orders of magnitude.*’ The substitution of sulfur for selenium showed an increase in conductivity for
magnesium-doped samples of nearly a further two orders of magnitude to 910 S cm!, for epitaxial thin
films.* However, a decrease in the band gap was also observed as a result of increased hybridisation and
widening of the VBM. A summary of the properties of the LaCuOS-based thin films, developed as a

result of the early work by Hiramatsu, is given in zable 1.2.
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Table 1.2 Summary of the properties of LaCuQS-based thin films investigated for transparent p-type conductivity. The rows are arranged in order of decreasing conductivity. *n/a = data not applicable.
*n/r = data not reported.
Composition
Ch
(LaOCuCh) Dopant Dopant Conc. | Conductivity | Carrier Conc. Mobility Band Gap Form Thickness Ref./s
/ at. % / S cmt / cm3 / cm? V-1 g1 / eV / nm

Se Mg 20 9.1 x102 1.7 x102 3.4 = 2.8 | Epitaxial 40 #
Se Mg 20 1.4 x102 2.2x102 4 2.8 | Epitaxial 40 45
Se Undoped n/a 2.4 x10! =~ 101 8 n/r Polycrystalline ~ 150 45
S St 3 2x10! 2.7 x1020 0.47 = 3.1 | Polycrystalline = 150 B3
S St 5 2.6 x10 n/r n/r 3.1 | Polyctystalline 130 4
S Undoped n/a 1.2 x102 n/r n/r 3.1| Polyctystalline 200 4
S Undoped n/a 0.4 x10° = 1015 0.2 = 3.1 | Polycrystalline = 150 43,46
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Liu et al. extended the chalcogen substitution of sulfur in LaCuOS to include tellurium. LaCuOTe was
synthesised in polycrystalline powder form, along with the original LaCuOS for comparison.#’ The
optoelectronic properties of the samples are summarised in fable 1.3. The telluride, as with the selenide
analogue, exhibited an expected decrease in band gap energy compared to that of the sulfide. The
chalcogen np orbitals increased in energy and hybridised with the copper to a greater extent. This had
the effect of increasing the energy and width of the VB at the expense of the band gap. However, the
telluride analogue exhibited a high mobility of =80 cm? V- s, an increase in intrinsic carrier

concentration by two orders of magnitude, and a resultant 103 increase in conductivity.
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Table 1.3 Summary of the optoelectronic properties of bulk polycrystalline powder samples of layered oxychalcogenides
investigated by Lin et al. for potential application as p-type transparent conductors. *n/r = data not
reported.

Composition
Ch Carrier
(LaOCuCh) | Conductivity Conc. Mobility | Band Gap Ref.
/ S cmt / cm?3 / cm? V-1 g1 / eV
LaCuOSe 2.4 1019 8 2.8 45
LaCuOTe 1.65 1.3 x 1017 80.6 2.31 &
LaCuOS 4.5x 1073 3x 101 n/r 3.1 47
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1.5 Layered Perovskite Oxychalcogenides

The inclusion of tellurium proved promising in increasing the conductivity of the LaCuOC)h p-type
semiconductors, however, this came at the expense of transparency. In an attempt to maintain the wide
band gap, later that year, Liu ¢ a4/ investigated the more complex layered oxysulfide,

“[Cu2S2][St3Sc205]” 7, already reported regarding its potential superconductivity.*8:49

This compound was an example of a quinary layered perovskite oxychalcogenide. It consisted of
perovskite- and litharge-like building blocks alternating in the ¢ unit cell direction, the direction of
asymmetry in the tetragonal litharge structural building block. As a result, an overall tetragonal symmetry
was exhibited. The ‘composite’ layered structure is illustrated in figure 7.4. The structure of the compound
S138¢205Cu2S; contained a double-perovskite layer with two cubic perovskite units face sharing and
stacked in the ¢~direction. The M environment, as a result of the alternate layering of the building-blocks,

was described as square-pyramidal with the axial oxygen shared across the double perovskite layer.

The original perovskite mineral was discovered in 1839 in the Ural Mountains of Russia by mineralogist
Gustavus Rose and named in honour of fellow professional Lev Perovski. The elemental composition
of perovskite was later found to be CaTiO;. However, the term perovskite now applies more generally
to a wide range of typically cubic materials of general composition XILAVIMXG;, where the preceding
roman numeral superscript describes the coordination environment of the ions. Its structure can be

described by twelve-coordinate 4 cations residing in the volume between corner-shared [MXj] octahedra

(grey, fignre 1.4, lef?).

Litharge, from M0O&oyvpoc/ lithargyos’, describes the lead oxide mineral, PbO, and derives from the Greek
for stone (MBoc/ lithos’) and silver (dpyvpoc/ ‘argyos’) referring to the remnant mineral residue from the
silver smelting process.” Its crystal structure was characterised in 1924 by Levi and can be described as
a three-dimensional network of edge shared lead tetrahedra (red, figure 1.4, right) with oxygen ions at the

centre of alternate tetrahedra in the ~direction of the tetragonal structure.>!

* The compound will be referved to here as SrsSe205CuzS82. This deviates from conventional nomenclature in an effort to
mafke clear the layered structure. The formula of the cationic perovskite layer, [Sr38c205)?*, is written prior to that of the
anionic litharge-like layer, [CuzS2/%, and the square brackets and charges omitted for clarity.
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Layered Perovskite
Perovskite Oxychalcogenide Litharge
PbO
AMOs AMOM>Chy MCh
Pm-3m 14/ mmm 14/ mmm

Figure 1.4 Exctended unit cell crystal structures of the perovskite and litharge "building blocks' and a layered perovskite

oxcychaleogenide. The parent mineral formulae (of the building blocks), general formulae (parentheses) and

space groups (italicised) of the structures are given below. Key: green — A, grey— M (perovskite) lead
(litharge), red — oxcygen, blue — copper and yellow — sulfur.
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The natural layering in the crystal structure of Sr3Sc2OsCuzS2 was a result of interactions between
particular elements that can be rationalised by simple ionic radii arguments and the Hard-Soft Acid-Base
(HSAB) theory. An idea introduced by Ralph Pearson to describe the relative stability of vatious acid-
base pairs.>? The cations in these structures were considered as Lewis acids and the counter anions as
Lewis bases. Empirical observations have shown that bonding preferentially occurs between like
acid/base paits, 7¢. hard bonds to hard and soft with soft. The harder alkali earth metal cations and oxide
anions aggregate in the perovskite-like layer and the softer copper and sulfide ions in the litharge-like
block.

The compound Sr3Sc20OsCusS; was reported to possess a hole mobility of 150 cm? V-1 s-!, higher than
that reported for any other potential p-type transparent conductor, and higher too than reported for its
n-type counterparts at the time *. Coupled with high mobility, a conductivity of the same order of
magnitude as the LaCuOTe (around 500 times greater than for LaCuOS) was observed with maintenance

of a wide band gap energy of 3.1 eV.

The compound Sr3Sc205CusS, conformed to the design rules devised by Kawazoe ¢7 a/. rationalising the
promising optoelectronic properties of the compound AlCuO2.3* The 3410 copper (I) ions possessed
fully-occupied d-orbitals; the copper and sulfur, and their tetrahedral coordination in the litharge-like
layer, resulted in significant hybridisation of their 34 and 3p states; and the dimensionality of the layered
structure, reduced copper-copper hybridisation in the ¢direction. This reduced broadening of the band

edges and maintained the desirably high transparency.

* A year later a mobility of 250 cn? V! 51 was reported for thin films of n-type Mo:In:05 synthesised by Gupta et al.”’
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1.6 Project Aim

The electronic band structure and, therefore optoelectronic properties of materials such as
S135¢205Cu2Ss, are directly linked to the geometry of the litharge-like layer. It can be seen by inspection
of fignre 1.5 that the rigidity of the perovskite-like layer in these compounds results in a linear correlation
between the weighted mean ionic radius of the ions within, and the basal lattice parameter, as determined

experimentally for oxychalcogenide/-pnictide compounds reported in the literature.
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Figure 1.5 Plot illustrating the effect of the mean weighted ionic radius of the perovskite ions on the basal lattice
parameter, a, for a series of layered perovskite oxychalcogenide and oxypnictide componnds with the general
Jormutae AM0sM2Ch/ Pz, reported in the literature.

On the other hand, the litharge-like layer has shown geometric flexibility. Single composition litharge-
like layers, namely [CuzSz)%, [CusSez]?, [AgsSes]> and [FexAsz)?, exhibit a range of Ch/Pu-M*-Ch/Pn
angles, which vary linearly with basal lattice parameter, as illustrated by figure 1.6. The effect of the ionic
radii in the perovskite-like layer on the basal lattice parameter and, in turn, on the geometry of the
tetrahedral layer, through which conductivity was proven to occur, makes these layered perovskite mixed
anion oxides ideal candidates for investigation of the effect of compositional modification on their

optoelectronic properties.
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Plot to illustrate the linear relationship between the basal lattice parameter and the Ch/ Pn-M’-Ch/ Pn angle in the tetrabedral litharge-like layer of the componnds AM,0.CuzS> (top left),
AMOLCuzSez (top right), AN, 0. Ag2Sez (bottom left) and A.M,OFexAsz (bottom right), where xyz = 212, 213 and 325. The data from which this plot was constructed and information

of the composition of the respective compounds is tabulated in appendix C.
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After the report of the compound Sr;Sc20OsCuzS;, the only example of its structure investigated to the
end of transparent p-type conductivity, the field has seemingly stagnated. None of the twenty-one
citations of the paper in which this compound is reported, report on any novel analogous quinary
oxychalcogenide structures, with only one reporting a new material for application as a p-type transparent
conductor.’ The authors themselves apparently neglected the compound and moved on to investigate

other candidate materials of alternative structures.53.54

The compound Sr3Sc20sCuzS; was found to show high p-type mobility and its structure, by investigation
of analogous layered compounds, exhibited rigidity in the perovskite-like layer and flexibility in the
litharge-like layer that was found to dictate its electronic structure. In this project the compound was
therefore used as a structural prototype for compositional modification in search of novel optoelectronic
properties with the aim of realising a transparent p-type conductor with increased conductivity, closer to

that of the commercialised n-type counterparts.

“Thus [S135¢205CusS: |, which was originally synthesized as a candidate
superconductor, could possibly represent the ideal structural motif for designing

high figure of merit p-type transparent conducting matetials”

Scanlon, 2009

Initially, modification of the composition of the perovskite-like layer was to be attempted with any
success monitored by powder x-ray diffraction. The effect of successful substitution in the perovskite
layer on the optoelectronic properties of the compound was to be investigated. The electronic properties
were to be predicted by using an understanding developed by empirical observations and computational
calculation from any observed crystal structure. The optical properties were to be determined by diffuse

reflectance measurements using a spectrophotometer.

Any results obtained were expected to improve understanding of the relationship in these compounds
between structure and composition, and optoelectronic properties, with any new knowledge gained
employed to improve the transparency and conductivity in these candidate transparent p-type

conductors.
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Chapter 2 Employed Analytical Methods

2.1 X-ray Diffraction

211 The Phenomenon of Diffraction

Diffraction is a physical phenomenon of waves. When waves propagating through space encounter an
obstacle, such as a slit or isolated obstruction, some of the waves are attenuated. This gives a region of
the field beyond that remains initially unperturbed. Waves passing through or around the obstacle
propagate into regions of the field originally shielded from the waves in the initial direction of
propagation, spreading and increasing their directional range. If two or more emergent wave-fronts are
generated they will spread towards each other. Upon meeting, these wave-fronts interact. The two waves
will continue to propagate through each other; the total ‘observed’ perturbation in the field is given by
the sum of the two waves. Waves of a given wavelength can be described using a complex function of
amplitude (the magnitude of maximum displacement) and phase (the relative position of nodes and
displacement minima/maxima). When two waves propagate through the same space their amplitudes
may reinforce each other by constructive interference if the phases are aligned, or cancel each other by
destructive interference if the phases are anti-aligned. The interference of two initially parallel waves
emergent from a double slit and the subsequently observed combined intensity at a distance from the

obstacle is represented in figure 2.1.

Figure 2.1 Llustration of the diffraction of a wave by a donble-slit and resulting observed intensity of the interference
Dpattern.
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2.1.2 A Brief History of X-Ray Discovery, Generation and Diffraction

X-rays were discovered in 1895 by the first Nobel Prize winning physicist, Wilhelm Réntgen, when
investigating the cathode-ray tube; a device that accelerated electrons through a vacuum between two
electrodes.> By chance, it was found that during the operation of the device an unrelated (fluorescent)
material in the laboratory began to glow. This phenomenon persisted even when the tube was covered
with visually opaque material and objects were placed in its path. The penetrating waves emanating from
the cathode-ray tube were termed ‘Réntgen rays’ (now x-rays) in honour of the discoverer. Another
revelation occurred when Anna Ludwig placed her hand between the cathode-ray tube and the
fluorescent material. The produced shadow showed her skeletal structure, owing to the contrasting
attenuation of the x-rays by the soft tissue and bone in her hand. This was the first demonstration of the

principles behind the now routine medical imaging technique.

While the contrasting attenuation of x-rays by various components of matter has proved useful in x-ray
imaging, it is the diffraction of x-rays that is concerned here. In work that would earn the Nobel Prize
of 1914, physicist Max von Laue first reported on the ability of crystalline solids to diffract x-ray radiation
in a paper entitled Rontgenstrahlinterferenzen or ‘interference of Rontgen rays/x-rays’5¢ In this
document, the now-called Laue equations were published, which first described a mathematical basis for
the observed diffraction patterns in terms of physical sub-microscopic dimensions of the crystals, within

which the planes of atoms were providing slits and obstacles and acting as a diffraction grating.

Rapid progress was made, as the following year the Nobel Prize in Physics was once again awarded to
researchers in the field; this time the father-and-son team of William Henry and William Lawrence
Bragg.>7 The father William Henry, made instrumentation to produce higher-quality more consistent
diffraction patterns while his son William Lawrence, simplified and generalised von Laue’s
mathematics®. The equation of William Lawrence, known as ‘Bragg’s law’, is given in eguation 2.1 and
shows the relationship between the interplanar spacing, 4, between the sets of parallel lattice planes and
the angle of observed diffraction peaks, 0. Between them, the Braggs essentially founded the process of
analysis of crystalline solids by x-ray diffraction by both mass-production of the diffractometer and the
development of the underlying mathematical basis which allowed reliable collection, and meaningful

physical interpretation of diffraction data.

n\ = Zdhkl sln(@) 2.1

n - integer value

A - wavelength of (X-ray) radiation

d - interplanar spacing

0 - observed diffraction angle (see figure 2.2)
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2.1.3 The Powder Diffraction Experiment

The modern process of the collection of diffraction data employed during this project is fundamentally
the same as that developed by William Henry Bragg. In the Bruker D2 Phaser and Rigaku SmartlLab
diffractometers used, the sample was placed on a stationary holder while the x-ray source and detector
scanned a range of angles, typically 20 < 26 < 80°, measuring the intensity of ‘observed’ x-rays as a
function of the diffraction angle, 26. The source and detector both operated in a plane perpendicular to
that of the sample surface. The incident angle spanned between both the source and detector, and the
sample surface, was equal in so-called ‘theta/two-theta’ (0/20) or Bragg-Brentano geometry. A divergent
beam was also used by default in the Bruker D2 Phaser to increase crystallite sampling at each angle. See
frgure 2.2 for a schematic of the geometry of this diffraction experiment. The 111 beamline at Diamond
Light Source was also utilised during this project. In this diffractometer the sample was mounted in a
capillary and rotated in 0 during the experiment. In this set-up the source remained stationary while a

bank of 45 multi-analyser crystals (MAC) detectors rotated 40° giving a total range of 3 < 20 < 150°.

Source Detector

Figure 2.2 A schematic depiction of a typical powder diffractometer in 0/ 20 Bragg-Brentano geometry showing a
divergent/ convergent x-ray beam path.
The laboratory x-rays were generated in the same manner as in the original cathode ray tubes. Electrons
were released by thermionic emission at the cathode and accelerated through a vacuum across a potential
difference of 30 kV causing collision with the copper anode. Upon collision, the electrons excited those
within the cathodic atoms. Electrons from higher energy orbitals relaxed to fill the vacancies created,
emitting excess energy in the form of x-ray photons. The x-rays emitted formed emission peaks of precise
wavelengths owing to the energy level separation in the metallic atoms from which they were emitted.
Here, the Cu Ko emission peaks were used. Emitted x-rays accompanying electronic transitions between
2p3/2 and 2p1/2 to 1s states (Kol and K2 with A = 1.54056 and 1.54439 A, respectively) were selected by
use of a filter for the Bruker D2 Phaser and Rigaku SmartLab. Synchrotron x-ray radiation of wavelength
A = 0.826027(10) A was also used on the 111 beamline at Diamond Light Source, as discussed further in

section 3.3.3.
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Polycrystalline powder samples were regularly produced during this project containing many randomly
orientated grains, which in turn may have comprised a single crystal or many crystalline domains.
Different planes within these crystal domains scattered the x-rays in different directions. When the angle
of the detector was equal to the angle of diffracted x-ray beam for a given set of parallel lattice planes,

x-ray photons were diffracted towards the detector.

When x-rays were incident on the solid-state detector, the energy caused excitation of electrons from
their equilibrium positions generating electron-hole pairs. The pairs were separated with an applied
potential across the photoconducting layer and the resulting current was used as a direct indicator of
observed x-ray intensity. The observed current with detector angle was interpreted by the commanding
computer running Bruker DiffracSuite software to yield the x-ray diffraction patterns or diffractograms

of observed x-ray intensity versus the diffraction angle, 20, which are reported throughout this thesis.

2.14 Data Analysis
2.1.41 X-Ray Diffraction by the Crystalline Lattice

It was found that the internal structure of a diffraction grating was related to the diffraction pattern
observed at a distance by a Fourier Transform.? In the case of x-ray diffraction, it is the atoms, or more

precisely their surrounding electrons, that diffract the x-ray electromagnetic radiation.

The Fourier Transform that yielded the structure factor, F, describing the emanant x-rays that caused
the diffraction patterns observed here, is given by equation 2.2. The structure factor is a complex number
encoding information of both the amplitude, | Fax|, and phase, ¢, as shown in equation 2.3. The observed
intensity of the diffracted x-rays is proportional to the square of the structure factor amplitude as shown
in equation 2.4. The aim of the analysis of the diffraction data is therefore to deduce the structure of the
diffracting crystal lattice (given by its electron density function) from the recorded intensities of the

diffracted x-rays.

This cannot be directly performed by reversing the Fourier Transform, as it is not the structure factor
itself that is calculated from measurement of x-ray diffraction, but rather only its amplitude. In the
analysis of x-ray diffraction data, one is blind to the phase of the detected waves. This is known as the
phase problem and it is a fundamental limitation in crystallography, prohibiting the direct transformation

between observed diffracted x-ray intensity and the underlying crystal structure.
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F., = 0 eZni(hx+k}f+lz) dv 2.2
hkl xyx
Cell Vol

Fru - structure factor of diffracted x-rays

o - electron density

xyz - Cartesian coordinates of real space

hkl - Miller indices describing sets of lattice planes in reciprocal space
V - volume of real space

Fpug = |Fpyl e’ 2.3

| Frua| - structure factor amplitude
¢ - phase of x-ray wave

Ly o [Fyl? 24

I - intensity of diffracted x-ray diffracted from the crystalline lattice

2.1.4.2 Structure Solution

Instead, the solution of the crystal structure is performed by taking a starting/‘trial’ crystal structure,
modelling the diffracted x-ray intensity and comparing it to the observed data, modifying the model as
appropriate to achieve the best fit. To model the observed diffraction data, the forward Fourier
Transform (egn. 2.2) in the direction of the diffraction experiment was calculated using the expected
crystal structure containing the known constituent atoms by the General Structure Analysis System
(GSAS) software suite.” The software calculated the structure factor of the diffracted x-rays from the
trial crystal structure. To simplify the mathematical calculations, the software approximated the electron
density, continuous throughout space, to discrete regions of electron density localised on each of the
atoms in the structure. This allowed summation of these contributions for each atom, as shown in
equation 2.5 ovetleaf. The contribution that each atom makes to the overall diffraction of x-rays is
quantified by its fundamental atomic scattering factor, /(0). This is a function of incident angle, 0, and

unique for each element. The scattering factor increases with the atomic number of the element.

* Written by Larson and von Dreele of the 1os Alamos National Iaboratory, New Mexico, USA.
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It can be seen that the structure factor is modelled as a function of diffraction angle, consistent with that
recorded from the experiment, instead of Miller indices, as per the Rietveld method. Formerly, the
observed diffraction data would have been ‘reduced’. Each diffraction peak in the observed profile
assigned Miller indices and an intensity, equivalent to its area, then compared to the predicted intensity
as a function of Miller indices. In one-dimensional polycrystalline diffraction patterns, peaks typically
overlap in the angular range spanned. The crystallographer Hugo Rietveld was part of a group at the
central neutron source in the Netherlands which attempted to overcome this issue. The group used long-
wavelength neutron diffraction which increased the angular separation of diffraction peaks resulting
from planes with larger 4-spacing.®® However, neutron diffraction yielded poor atomic resolution and

proved time consuming,.

Rietveld’s main contribution to crystallography was the notion of refining the diffraction pattern profile
as a whole.® To deal with the increased data load required, Rietveld identified that the process required
automating. He used his experience in the computerisation of diffraction data analysis developed a few
years earlier to develop a programme for such purpose.®! The whole-profile refinement method of

diffraction data fitting employed here is widely used in crystallography today and still bears his name.

The amplitude of the calculated structure factor, now a function of diffraction angle, was used to describe
the intensity with diffraction angle, Iz, to model the pattern as a whole, as pioneered by Rietveld. The
proportionality constant between this and the structure factor amplitude, included corrections
accounting for the relative multiplicity of the lattice planes in the crystal structure, the polarisation of the
diffracted x-ray radiation, the anisotropy of the crystals and the partial absorption of the incident x-rays
by the sample (egn. 2.6). In the diffraction experiments undertaken throughout this project the x-ray
source was non-polarised (and assumed to remain so after diffraction), the crystallites assumed initially
to be isotropic (see section 4.3.5) and the x-ray scattering events assumed to be perfectly elastic, ze. no
absorption accompanied the diffraction. The multiplicity of the lattice planes was fixed by the expected

trial crystal structure and calculated by the software.

erz Z fl(ze) eZni(thrksz) dv 25
j

£j(260) - fundamental atomic scattering factor

Lyg = myy Loy Py Agg |F2(—)|2 2.6

myg - multiplicity

Loo - Lorentz polarisation correction
P2 - preferred orientation correction
Agg - absorption correction
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In calculating the expected diffraction profile, L., 26 instrumental corrections were also made to the
observed intensity expected from the diffracting lattice alone as in eguation 2.7. These included the
background intensity, i, generated by the diffractometer, a scaling factor, s, relating to the intensity of
the source, a zero-point error correction, 20, to account for detector alignment, and a profile-shape
parameter, 2, describing the peak geometry dependent on the instrument and crystallite size and strain
in the sample. The peak profiles were modelled by the software using Psexdo-1"vigt, 1'p, functions that
are linear combinations of Gaussian, G, and Lorentzian (Canchy), L, distributions as described in

equation 2.8, where 1 is a mixing parameter.

Lo, cale = Loo, bkg 8 Z 20,10 X g 2.7
20

Teate - calculated detected x-ray intensity
Inkg - background detected x-ray intensity
s - global scale factor

20,er0 - sample displacement parameter

2 - peak profile shape

I - intensity of diffraction

L=Vpor=nle,+(1-1) Gy, 2.8

I"por - Pseudo-Voigt function of diffraction angle, 6, and total full-width at half-maximum, I"
1] - mixing parameter

Ly, , - Lorentzian (Cauchy) distribution of diffraction angle, , and width parameter, y

Gy, - Gaussian distribution of the diffraction angle, ¢, and width parameter, o

The modelled observed x-ray intensity profile required starting values for all of the parameters
contributing to the calculated intensity which were determined by user input. The details of the
crystallographic model were read, in this case, from standard Crystallographic Information Files (‘CIFs’)
derived from previously determined experimental results for samples expected to exhibit crystal
structures analogous to that of the target compounds. These were loaded to the GSAS software via the
EXPGUI graphical user interface and the constituent elements modified to match the intended
composition. Instrumental parameters were stored in “ins’ computer files for access by the refinement

software and described the contribution to observed profile by the Bruker D2 Phaser diffractometer.
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2.1.4.3 The Refinement Process and Quality of Fit

The refinement method used was a least-squares procedure, in which the aforementioned user-selected
parameters contributing to the observed x-ray intensity were systematically varied, the predicted
diffraction pattern generated and subsequently compared to the observed diffractogram. If the new
calculated profile deviated further from the original it was discarded and if it showed improvement it

was retained by the algorithm and the cycle repeated.

The ‘least-squares’ referred to the statistical analysis used to quantify the quality of fit between the
calculated and observed whole-profile diffraction patterns. The algorithm controlling the Rietveld
refinement process ultimately strived to minimise the value of the sum of squared differences between
the calculated and observed diffracted x-ray intensity (egn. 2.9). Intuitively, this meant that the smaller
the resulting sum of squared differences, the smaller the difference between the model and experimental
data and the ‘better’ the fit. Various other statistical parameters which are all commonly reported in the
literature, were used to quantify the value judgement of a ‘good’ fit, namely the weighted profile reliability
factor, R,p, and the ‘reduced chi squared’, y?.4, and are reported from Rietveld least-squares refinements

of x-ray diffraction data throughout this project.

s = Z(Ize, obs ~ Log, calc)2 2.9

I

s - sum of squared differences
1 20, obs - Observed intensity of detected x-rays
120, cale - calculated or predicted intensity of detected x-rays

The (unweighted) profile reliability factor, Rp (egn. 2.70) took the root of the sum of squared differences
between the observed data and the calculated model divided by the total squared intensity of observed
x-rays. The larger the observed intensity compared to the differences, the less significant the deviation
between the two, the smaller the reliability factor and the more reliable the refined model was concluded
to be. However, the more accurate weighted-profile reliability factor was reported for refined x-ray
diffraction data throughout this thesis (egn. 2.77). This lent greater weight to the fit of lower intensity
peaks owing to the inclusion of a weighting factor inversely proportional to the peak intensity (egn. 2.12).
The smaller the peaks, the greater the relative error on their values and the more they increased the

weighted reliability factor.
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B 2
R,= M 210
ZI (I()bs)2

R, - profile reliability factor

_ 2
R = ZI (I()bs Icalc) 211

P Zl Wi (Iobs)2

Ry - weighted profile reliability factor
wi - weight factor, where. ..

1

|Iobs |

2.12

Wi

The reduced chi squared, y?.s, values which were used to monitor the refinement process, compared
the weighted profile reliability factor with that expected from the data given by the ‘expected profile
reliability factor’, R.y. The number of observed data points collected, N, the number of parameters
which were refined, P, and constraints used, C, (none in this case) were taken into account to give a
‘maximum expected reliability’, given the quality of the data collected (egn. 2.73). The weighted profile
and expected reliability factors were combined in a ratio to yield the reduced chi squared (egn. 2.74), a
more generic reliability factor which enabled a fairer comparison of the reliability of crystallographic
models refined to a wider range of diffraction data collected with different parameters across different

instruments.

-P+C
ZI Wi (I()bs)

Rexp - expected reliability factor
N - number of observations

P - number of refined parameters
C - number of constraints

Zl (Iobs - Icalc)2
N+P-C

2.14

Y’eed - reduced chi squared value

33



Employed Analytical Methods

Once a satisfactory quality of fit was achieved by the refinement process, the crystallographic information
was extracted from the trial model generating the well-fitting calculated intensity. This ‘best’ theoretical
model, as defined using the fit statistics; the one which most closely matched the observed data, was

then taken to represent the underlying ‘true’ crystal structures which are reported throughout this thesis.

2.2 Optical Properties

2.2.1 The Tauc Equation and Band-Gap Energy Derivation

The attenuation coefficient, «, can be related to the optical band-gap energy by the Tauc relation
(eqn. 2.15), where the absorbed energy is proportional to the energy difference between the incident light
and the optical band-gap raised to a power.0263 The proportionality constant, .4, depends on the
probability of electronic excitation across the band gap and the order depends on the nature of the
transition process: # = 2 for direct allowed transitions was used here. A thorough derivation of the Tauc
equation can be found in Appendix A of the thesis of Huxter.%* It can be seen that the absorbed energy
is proportional to the incident energy for a given material (with constant band-gap energy). The Tauc
equation (eqn. 2.15) shows that in order to reduce absorption of visible light, desirable for the transparent
conducting materials targeted here, the band-gap energy must be greater than that of the maximum

energy of visible light photons, 3.1 eV.

In assessing the potential of candidate transparent p-type conductors, the band gap is calculated using
the Tauc equation. The absorption coefficient is measured across a range of incident light intensity and
the resulting data used to construct a Tauc plot of the square root (# = 2) of the energy absorbed versus
the incident energy, as described by eguation 2.16. The absorption onset, across which A4 is constant, is

fitted by a linear function which gives the band-gap energy, E,, as the x-intercept.

ohv = A(hv - E,)" 2.15

o - attenuation (absorption) coefficient

h - Planck’s constant

v - frequency of incident light radiation

A - constant

E, - optical band-gap energy

n — order (= 2 for a direct allowed electronic transition)

(ahv)n = A(hv-E,) 2.16
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2.2.2 The Kubelka-Munk Theory of Diffuse Reflectance

However, the absorption coefficient could not be directly measured owing to the inhomogeneity of solid
powder samples, such as those which were investigated here, and the significant contribution to their
reflectance by scattering process from the particle surfaces. The ratio of attenuation (absorption)
coefficient to that of scattering, is described by the Kubelka-Munk function of diffuse reflectance
(egn. 2.17).95:66 A more recent derivation and discussion of the Kubelka-Munk function is given by
Dzimbeg e al.%7 The scattering coefficient is dependent on particle size, however, is proposed not to vary
significantly with incident light energy, particularly over the visible region.® The Kubelka-Munk function
of diffuse reflectance, f(R), is therefore assumed to be proportional to the absorption coefficient and
can be used in its place in the construction of a Tauc plot. The proportionality constant affected the

gradient of the plot but not the x-intercept required to calculate the band gap energy.

In practice during this project, the diffuse reflectance, R, was measured as a function of incident light
wavelength (250 — 2000 nm at intervals of 5 nm) using a Perkin Elmer LLambda 750 S spectrophotometer
equipped with deuterium and tungsten lamps and a 100 mm integrating sphere. Data was processed and
exported using the Perkin Elmer UVWinLab software package. The resulting diffuse reflectance data
was used to calculate the Kubelka-Munk function. The function was assumed proportional to the
absorption coefficient and used along with the varied wavelength, to construct a Tauc plot. The band
gap energy was calculated as the x-intercept of the linear fit of the absorption edge. The linear fits were
made in Microsoft Excel using the two data points in the Tauc plot between which the gradient was at

its greatest.

o (1-Ry)?
s VR 2R,

o - attenuation (absorption) coefficient

s - scattering coefficient

/r - Kubelka-Munk function of reflectance
R - measured diffuse reflectance for ‘infinitely thick’/opaque sample

2.3 Scanning Electron Microscopy (SEM)

Images of the microstructure of the samples investigated in chapter 4 were produced on behalf of the
author by Alexander Kulak of the University of Leeds using a Nova Nano scanning-electron microscope.
Images on the scale of 1-5 pm were produced under magnifications of 8000 to 50000 times, indicated

on each of the images presented in section 4.3.6.
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Chapter 3 Attempted Syntheses of 325-type Layered
Oxychalcogenides Computationally Predicted to Show

Promise as Improved Transparent p-Type Conductors

3.1 Introduction

The compound Sr3Sc2OsCuzS; was found to be a promising candidate high-performance p-type
conductor.® Liu ¢/ a/. demonstrated the high mobility (150 cm? V-1 s-1) of the sample, the origin of which
was verified by a subsequent computational study by Scanlon e# 242" The phase space of these quinary
oxysulfides, AsM>O5CusS,, remains relatively unexplored: only twelve examples of oxychalcogenides
with the same ‘325’-type crystal structure were found to have been reported in the literature. Only one
of these, Sr3Fe205CuzS,, shared the copper sulfide layer but was unsuitable for transparent applications
as a result of the partially-filed d-orbitals of the iron (II).4%%%-7> This prompted the computational
investigation by Williamson and Scanlon of the Scanlon Materials Theory Group, UCL, with whom the
work in this chapter was in collaboration. The stability and optoelectronic properties were investigated
of compositional variants of the strontium scandium prototype, A3M>OsCusSs, where .4 = Mg, Ca, St
and Ba, and M = Al, Sc, Ga, Y, In and La. These elements were chosen as they are isovalent with the
cations in the perovskite block of the prototype and do not possess partially filled d-states, electronic
transitions between which could result in optical absorption and loss of transparency of the resultant

compounds.

Density functional theory (DFT) was used to evaluate the thermodynamic stability (at 0 K), dynamical
stability (at 800 °C) and electronic structure of the twenty-four compositions.”® For details of the
computation, please see ‘Computational Methodology’ in the cited literature. All compositions were
found to ‘geometry relax’ into the predicted tetragonal I4/mmm space group, isostructural with the
prototype. Evaluation of the thermodynamic stability of the candidate compounds, indicated that eight
new compositions analogous to St3Sc205CusS;, were expected to be stable in the tetragonal I4/mmm
crystalline structure. These were each determined by calculation of their ‘E above Hull’, the calculated
enthalpy change of decomposition of the candidate compound into the relevant competing products.
Values of 0 — 0.09 eV atom! were considered to be stable.”” The calculated stabilities for the twenty-four
compounds investigated are provided in Zable 3.7 and summarised graphically in figure 3.7. It can be seen
that eight of these were predicted to be stable, in addition to the Sr3Sc2OsCusS; already reported:
CasAlLO5CusSs, CazScoOsCusS,, CazGaxOsCusSz, Sr3AlLOsCusSs,  Sr3GaxOsCusS,, BasAl,OsCusS,,
BasSc205CusS:2 and BazGa;OsCusS:2. No compositions containing magnesium on the A site nor yttrium,
indium nor lanthanum on M, were calculated to be stable. The small atomic radius of magnesium (II)
precluded it from hypothetical crystallisation in high-coordination sites, such as, the twelve-coordinate

XIL42+ site in the perovskite oxysulfide prototype.
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Figure 3.1 Graphical summary of the stabilities of compounds with general composition AsMrOsCuzS. predicted by
Williamson and Scanlon.”® Data from which the plot was constructed are provided in table 3.1.Componnds
with predicted stability in the region 0 — 0.09 el atonr! (shaded) are expected to be thermodynamically
stable at room temperature. The point in red corresponds to the AM = SrSc compound already reported to
have been synthesised in the literature.

Table 3.1 Stabilities of compounds with general composition AsM205CuzS 2. predicted by Williamson and Scanlon.™
Compounds with predicted stability in the region 0 — 0.09 eV atonr’ (shaded) are expected to be
thermodynamically stable at room temperature. The entry in bold font corresponds to the AM = SrSe
componnd already reported to have been synthesised in the literature. The componnds where AM = Mgl a
and Cal_a were not amenable to geometric relaxation and, therefore, their stabilities not reported.

M
Al Sc Ga Y In La
Mg n/a

Ca | 0.00
A

St | 0.00

Ba | 0.07
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The electronic band structures and band gap energies (fignre 3.2 and fable 3.2) for the compounds
predicted to be stable were calculated. This was done by calculating the absorption coefficient for all
possible allowed electronic transitions, taking the square of the coefficient to yield predicted absorption
spectra provided in the SI in the literature.’® Of those predicted stable, the compounds .AM = CaAl and
BaSc were predicted to possess band gap energies above the 3.1 eV threshold (3.17 and 3.24 eV,
respectively), in addition to the prototype where AM = SrSc.” The predicted intrinsic conductivity of
the compound Sr385c20sCu»S2 was calculated to be 1673 S cm!, for a charge carrier concentration of
102t cm3, of 1.49 x104S cm! for ITO."? In order to achieve a predicted conductivity close to the
2.8 S cm! measured in the literature at a charge carrier concentration of around 107 cm?3, a carrier
concentration of 108 cm> was required.*® This indicated that the predicted conductivity at 102! cm-3

would be an underestimate.

However, in addition to the effective mass and charge carrier concentration, the bulk conductivity of a
sample depends on the mean free time between scattering events, as is illustrated in equation 1.4, page 5.
This is neglected in the theoretical calculation, suggesting that the predicted conductivities are actually
overestimates, and it is only the ‘intrinsic’ conductivity that is calculated (ignotring microstructural
variables). It is more likely the case as is suggested by Williamson, that overall the charge carrier

concentrations calculated and reported in the literature are actually over-estimates.*8.76

Nonetheless, the predicted ‘intrinsic’ conductivity of the compounds CazAl,OsCu.S2 and BazSc2OsCusS»
were both expected to be higher than that of the strontium scandium prototype, 1767 and 2058 S cm'!,
respectively, «f 1673 S cml. It was, therefore, deemed worthwhile to attempt the syntheses of the

predicted compounds in pursuit of novel high-performance transparent p-type conductors.
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Graphical summary of the computationally predicted optical band gap energies (E) for the compositions
(AsM205CuS85) investigated. Compounds with predicted optical band gaps > 3.1 el (shaded) are
expected to be visibly transparent. The point in red corresponds to the AM = SrSc compound already
reported in the literature. Its band gap was reported as 3.1 eV on the cusp of the cut-off criterion for
transparency. The data from which this plot was constructed is provided in table 3.2.

Computationally predicted optical band gap energies (Eg?) for the compositions (AsM205CuzS5)
investigated. Compounds with predicted optical band gaps > 3.1 el (shaded) are expected to be visibly
transparent. The entry in bold font corresponds to the AM = SrSc compound already reported in the
literature. Its band gap was reported as 3.1 eV on the cusp of the cut-off criterion for transparency.

M

Al Sc Ga

Ca | 3.14| 275 201

A St | 297| 3.04| 1.69

Ba | 242 324| 0.74
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3.2 Experimental

The compounds investigated were targeted by the conventional solid-state synthesis of 0.5 g-scale
polycrystalline bulk powder samples according to the general equation 3.1. The powder precursors in the
appropriate stoichiometric ratio were ground, pressed into pellets (= 0.75 GPa) and placed in alumina
crucibles. The alkali earth oxides and sulfides were synthesised in-house (a@ppendices D.1 and D.2). (It is
noted that it was necessary to fracture the pellet into several pieces in order to fit it into the crucible).
The crucible was placed inside a quartz tube sealed at one end. A quartz spacer, made from a narrower
tube, was placed in the bottom of the main tube to avoid the thermal expansion of the alumina crucible
from applying pressure on the inner walls of tube at the weaker tapered end. The entire process thus far
was conducted under the inert atmosphere (< 10 ppm O) of a nitrogen-filled glovebox. Once the
sample-containing crucibles were loaded, the tube was sealed at the open end by use of a Swagelok union,
linking the tube to a side arm adapter fitted with a Youngs’ tap. The tap was closed and the ensemble
removed from the glovebox. The tube was clamped in place and the side arm adapter connected to a
vacuum pump. The tap was opened, and the tube kept under dynamic vacuum for > 15 mins. An
oxypropane blowtorch (O2/C3Hg = 2.5/0.25 bar) was used to seal the quartz tube, creating an ampoule
sealed under static vacuum. The ampoule was then heated in a box furnace at a rate of 10 °C min! to
800 °C at which point the temperature was held for 12 h before cooling naturally to room temperature.
The ampoules were opened under inert atmosphere and the contents analysed by air-sensitive powder
x-ray diffraction. The samples were subjected to further heating cycles until consistent product(s) were

observed by x-ray diffraction.

2 AO + AS + M>0O3 + CusS — AsMxO5CusS; 3.1
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3.3 Results and Discussion

3.3.1 Repeated Synthesis of Literature Prototype Sr3Sc:0sCuzS;

In order to verify the repeatability of the synthesis described in the literature and to confirm the reliability
of the experimental set-up and procedure used, the synthesis of the prototype compound was initially
attempted. The synthesis of the compound Sr38c2OsCusS: was successfully completed from the
precursors SrO, St§, Sc203 and CusS, after two 12 h cycles at 800 °C, using the experimental procedure
described in the previous section. The Rietveld refined powder x-ray diffraction pattern is shown in
fagure 3.3. The band gap of 3.1 eV was confirmed by linear fitting of a Tauc plot constructed from the
raw diffuse reflectance data (#nset) shown in figure 3.4. The synthesised compound was beige/ light brown
in colour, consistent with the “brownish white” reported by Liu.*® It can be seen from inspection of the
Tauc plot in figure 3.4, that there is considerable absorption (consistent with that observed in the
literature) at the high-energy (blue) end of the visible spectrum, possibly due to copper (II) defects
causing the red/ brown colouration.?’48 It can be seen in fable 3.3 that the observed band-gap energy of
3.1 eV was consistent with that reported by Liu ¢7 /. and slightly higher than the 3.04-3.06 eV, predicted
by Williamson and Scanlon.” The lattice parameters and, distances and angles showed good agreement
with both of those previously reported by Liu ¢ a/. and predicted by Williamson e¢f 4l apart from the
sulfur-copper-sulfur angle. It was found here to be 114, as predicted by Williamson, which was

considerably larger than that previously experimentally determined and reported.
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Figure 3.3 Powder x-ray diffractogram for the observed prototype compound SrsSc205CusS2. The observed data is
represented by black crosses, the calenlated diffraction pattern by a solid red line and the difference profile
as a solid grey line below. The blue tick marks show the expected peak positions from the Rietveld refined
model. The compound crystallised into a structure with the tetragonal 14/ mmm space group. R, = 6.26 %
and y 20 = 2.396.
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(fR)v)?* / arb. units
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Figure 3.4 Tauc plot for the prototype compound SrsSc205Cu2S2 constructed from the collected raw diffuse reflectance
data (inset). The solid red line shows a linear fit to the region of steepest gradient; its x-intercept marking
the band gap energy at 3.1 el
Table 3.3 Summary of the lattice parameters and key distances and angles, in terms of the electronic structure, for the
prototype componnd SrsSc205CuaSs, as determined by various methods (column 1).

Method a/A| c¢/A| Cu-Cu/A | Cu-S/A | S-Cu-S/° E,/ eV
Predicted? 4.08| 26.07 2.89 2.45 114.55 3.04
Literature 4.08| 2599 2.88 2.49 110.00 3.1
Observed*

Observed 4.07| 26.02 2.88 2.43 114.14 3.1
Here
3.3.2 Attempted Synthesis of Predicted Transparent p-Type Conductor CazAl,05Cu2S:

The compound CazAlOsCusS; structurally analogous to the strontium/scandium prototype, was
predicted by Williamson to be thermodynamically stable (E above Hull = 0.00 ¢V atom) and to show
increased transparency (Egort = 3.14 eV) and conductivity (1767 S cm™), compared to the 3.04 eV and
1673 S cm! calculated for the strontium/scandium analogue, at a charge carrier concentration of
102! ¢m3.76 The synthesis of this compound was attempted using the relevant precursors in the generic
reaction scheme in eguation 3.1, namely CaO, CaS, ALO3 and CuzS, for heating cycles of 12 h at 800 °C.
The x-ray diffraction pattern for the powder sample observed after the second synthetic cycle showed
no clear evolution in phase composition from the product obtained after a single cycle and is shown in
Signre 3.5. 1t was refined against the crystal structures of the identified phases present. The predicted
diffraction pattern (black line) is shown for reference. This was calculated for each of the structurally

relaxed compositions.
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Figure 3.5 Observed PXRD pattern for products from attempted synthesis of target componnd with composition
CazALOsCuzS2. The black crosses illustrate the observed data points, the red line shows the calenlated
profile from the Rietveld refined model and the grey line is the difference profile between the two. The black
profile (bottom) shows a predicted pattern calenlated from the predicted crystal structure of the target.
Observed phases included ALOs (blue, 28 wt. %), CaO (green, 27 wt.%), Al14Ca120s5 (red, 25 wt.%)
and CaS$' (¢yan, 20 wt.%). Ry = 11.77 %o and y?na = 5.042.

It was found that the resultant powder sample consisted of the precursors calcium oxide, calcium sulfide
and alumina, in addition to the seemingly competing phase Ali4Cai2Os3. This was considered by
Williamson as one of the 313 potential competing phases, yet the target compound was still predicted to

be stable and observed experimentally in its place. This was not found to be the case experimentally here.

It was found that in the literature the synthesis had been reported of layered oxypnictides that possessed
the same perovskite-like layer in the same 325-type structure as in the targeted compound, Ze.
CasALbOsFexPmo, where Pz = P and As.”> However, the synthesis of these compounds was carried out
under high pressure (4.5 GPa). It may be that while the compound CasAl,OsCu,S; is stable, high
pressures are required to force the constituent atoms into the high-density configuration required. It is
noted that the predicted unit cell volume of 353.84 A3 is larger than that of the reported iron pnictide
analogues yet smaller than that of Sr3Fe;OsCusSs, the analogous compound with the smallest unit cell
volume synthesised without application of mechanical pressure.’! Therefore, it was anticipated that the
synthesis of the potential p-type transparent conductor CazAlOsCusS; would benefit from the

application of high-pressure, requiring facilities not available to this project.
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3.3.3 Synthesis of Predicted Transparent p-Type Conductor Ba3;Sc;05Cu.S;

The barium analogue of the prototype compound, Ba;Sc2OsCusS», was also predicted by Williamson to
be stable, with an Energy above Hull of 0.00 eV atom™; shows the greatest transparency of the
compounds investigated (Eqort = 3.24 €V); and possess an intrinsic conductivity of 2058 S cm!, higher
than any other composition calculated, and only an order of magnitude below those measured

experimentally for the current commercialised n-type TCs.

The target compound of composition Ba3;ScoOsCusS, was successfully synthesised, apparently for the
first time, after a single cycle at 800 °C for 12 h. The compound is isostructural (I4/7mm) with the
analogous strontium prototype, as confirmed by laboratory and synchrotron powder x-ray diffraction.
The diffractogram resultant from the synchrotron analysis is shown in figure 3.6. Laboratory PXRD
showed the compound to be phase pure, yet small contributing peaks corresponding to the barium

sulfide precursor were observed in the synchrotron data.

The geometric parameters relevant to the electronic structure in these compounds, were extracted from
the Rietveld refined crystallographic model (gppendix E) and are presented in table 3.4 and summarised
graphically in figure 3.7. It can be seen from inspection of the data in fable 3.4 that the effective
substitution of strontium (IT) (Mtine = 1.44 A) by barium (1.61 A) had the predicted effect of expanding
the lattice as indicated by the increase in unit cell parameters a(=5), from 4.08 to 4.14 A, and ¢, from
25.99 to 27.44 A. A similar increase from @ = 4.07 to 4.13 A and from ¢ = 26.88 to 28.63 A was observed
between the analogous iron arsenide compounds 435¢2OsFexAsy where .4 = Sr and Ba, reported in the

literature.”278

The predicted decrease in copper-sulfur bond length and increase in sulfur-copper-sulfur angle from the
strontium to barium analogue, expected to increase conductivity was not observed here. Conversely, a
large increase in copper-sulfur bond length was observed in addition to a decrease in sulfur-copper-
sulfur angle. The effect of the observed alteration in conductive layer geometry on the conductivity could
not be qualitatively determined. An increase in copper-sulfur distance was expected to reduce
hybridisation and conductivity at the VBM, whereas a decrease in sulfur-copper-sulfur angle towards

ideal tetrahedral geometry may have had a competing effect.

The predicted increase in visible transparency relative to the strontium analogue, as determined by the
predicted optical band-gap energy of 3.24 eV, was confirmed by measurement of the band gap for the
compound Ba;Sc205Cus,S; from a linear fit to the Tauc plot shown in figure 3.8. The calculated band gap
energy of 3.24 eV is in exact agreement with that predicted by Williamson.” Despite the observed band
gap energy being greater than the 3.1 eV threshold, the sample still showed significant colouration,
similar to the ‘sandy’ beige/ light brown colour observed for the strontium analogue synthesised here
and reported in the literature.® The close agreement between the predicted and observed band gap
energy indicates that the electronic band structure is close to that predicted and that BasSc2OsCuzS; may
still be a promising candidate transparent p-type conductor in spite of the deviation in observed

crystalline geometry in the conductive layer.
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Summary of the lattice parameters and key distances and angles, in terms of the electronic structure, for the
prototype and newly synthesised compounds A3S8c205CuzS82, where A = Sr and Ba, respectively, as

determined by varions methods (column 1, parentheses).

Compound a c Cu-Cu Cu-S S-Cu-S E,
(Method) /A /A /A /A /e / eV

Sr3SC205Cu252
(Predicted)7®

4.08 26.07 2.89 2.45 114.55 3.1

S135¢205CusS;
(Literature)8

4.08 25.99 2.88 2.49 110.00 3.1

BasSC205Cu282
(Predicted)7®

4.15 27.44 2.94 245 115.37 3.24

Ba3SCzo5Cuzsz
(Observed here)

4.14462(2) | 27.12390(8) | 2.92894(9) | 2.45532(6) | 115.024(3) 3.24

46

Polycrystalline  powder  synchrotron  x-ray diffraction  pattern of the sample with composition
BasSe:05CuzS2. Data was  collected on the 111 beamline at the Diamond Light Source
(A =0.826027(10) A, E = 15 kel” and I = 300 mA). Data was collected over a 20 angular range of
0 - 150 ° at intervals of 0.007 "The 20 range 8 - 60° and 60 - 100° (inset) is shown. The data regions
20 <10 “and 11.35 <20 < 11.5 ° were excluded from the refinement. The initial region showed complex
background features and the second corresponded to a diffraction peak by the additive used to prevent x-ray
absorption. Data was re-binned to 0.003 °. This was deemed suitable to retain peak definition and reduce
computation time. The observed data points are represented as black crosses, the calenlated profile, the red
line and the difference between the two, the grey line. The reflection tick-marks are not shown in the plot as
the increased spatial frequency of reflections for the smaller wavelength radiation, rendered many
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Graphical representation of the data in table 3.4 summarising the lattice parameters and fey distances and angles, in terms of the electronic structure; and band-gap energies (see axes titles) for the
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prototype and newly synthesised compounds AsSc205Cuz82, where A = Sr and Ba, respectively, as determined by varions methods (see legend).
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Tanc plot for the compound BasSc:05CusS2 constructed from the collected raw diffuse reflectance data

(inset). The solid red line shows a linear fit to the region of steepest gradient; its x-intercept marking the
band gap energy at 3.24 el
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334 Sr;Ga205Cuzsz

When attempting the synthesis of the target compound with the formula Sr3Ga,OsCusS; at the
conventional synthetic conditions of 800 °C for 12h, it was found that the competing phase,
Sr4GarO6CusSy, already reported in the literature, was present as the resulting product phase.” The
resultant x-ray diffraction pattern can be seen in figure 3.9. It was expected by Scanlon ¢ a/. that the 325-
type target compound would be the most thermodynamically stable potential component formed from

the mixture of elements in the proportions used.

It was proposed that the observed competing phase may have been a meta-stable kinetic product,
potentially formed at a faster rate than the target from the precursors used. In order to investigate this,
the synthesis of the 325-structured target was attempted at reduced temperature (600 °C) for the same
time of 12 h. It can be seen from the resulting diffraction pattern in figure 3.10 (lower), that the competing
426 phase was still present, however, in a lower proportion, compared to the phase Sr3GasOy now
observed. In order to ensure that the reaction at lower temperature had gone to completion, and in an
attempt to observe the predicted thermodynamically stable compound Sr3Ga,OsCusS; targeted, the
sample synthesised at 600 °C for 12 h was recycled for a further 100 h (at 600 °C). The resulting
diffraction pattern of the product of the increased-duration synthesis is shown in figure 3.10 (upper). 1t
can be seen that the same mixture of competing phases Sr3Ga4sOy and Sr4GaxOsCuzS; are observed after
the much-prolonged synthesis indicating that these are the most thermodynamically stable phases under

these conditions.

Despite its synthesis having been previously reported in the literature, the band gap energy of the
observed competing layered oxysulfide phase, Sr4Ga,OsCusS,, was not found to have been reported.”
It was, therefore, decided to attempt the phase-pure synthesis of the 426-type compound to measure its
band gap energy and evaluate its potential as a transparent p-type conductor. This is the subject of the

tollowing section 3.3.4.1.
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Figure 3.10  Observed PXRD patterns for products from reduced temperature (600 °C) attempted syntheses of target
compound with composition SrsGa:05CusS2 for differing times (12 b, bottoms; 100 b, top). The black
crosses illustrate the observed data points, the red lines show the caleulated profiles from the Rietveld refined
models and the grey lines are the differences between the two. Observed phases included SrsGasOg (blue,
53 wt. %), S1Sc205Cu2S2 (green, 35 wt. %) and 18’ (red, 12 wt.%), after the second cycle at 600 °C
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3.9 Observed PXRD pattern for products from attempted synthesis of target compound with composition

Sr3Ga:05Cuz82. The black crosses illustrate the observed data points, the red line shows the calculated

profile from the Rietveld refined model and the grey line is the difference profile between the two. The black
profile (lower) shows a predicted pattern calenlated from the predicted crystal structure of the target. Observed
phases inclnded SriGaOsCuzS2 (blne, 94 wt. %) and SrS (green, 6 wt.%). R,y = 14.82 % and
X Prnd = 9.459.
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(t9p). Rop = 6.96 % and s = 2.705.
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3341 SI‘4Gazo6CU282

The compound Sr4GaxOsCuzS2 observed previously as a competing phase in the synthesis of the 325-
type analogue, was successfully synthesised as the sole product phase, as determined by PXRD. The
same synthetic conditions of 800 °C for 12 h were used, as was the procedure previously described, with
the addition of a further stoichiometric equivalent of the SrO precursor. It is noted that this phase-pure
synthesis was achieved at a temperature 150 °C lower than that reported in the literature after the same
duration of 12 h.” The Rietveld refined PXRD pattern for the compound Sr4GaxOsCuzS: synthesised

here is shown in figure 3.11.
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Figure 3.11  Observed PXRD pattern for products from attempted synthesis of target compound with composition
Sr1Ga:05Cu2S8 2 previously reported in the literature The black crosses illustrate the observed data points,
the red line shows the caleulated profile from the Rietveld refined model and the grey line is the difference
between the two. R,y = 9.60 % and y?ns = 3.561.
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Figure 312 Tauc plot for the literature reported compound with composition SriGa0sCusS2 constructed from the
diffuse reflectance spectrum (inset) indicating the experimentally calculated band gap energy of 2.42 €1/, as
given by the point at which the linear fit (red) intercepts the abscissa.
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Table 3.5 Comparison of the lattice parameters and key distances and angles, in terms of the electronic structure, for
the compounds Sr38c205CuzS82 and SrsGaOsCnaS, respectively.

Compound a/A c/A Cu-Cu/A| Cu-S/A | S-Cu-S/° E./ eV
S138¢c205CusS, 48 4.08 25.99 2.88 2.49 110.00 3.1
Sr4GayOsCusS, 7 3.86 15.73 2.73 243 124.15 2.4*

The sample appeared a light brown/beige colour, similar to that of Sr3Sc20sCusSs. Its fundamental band
gap energy was measured by diffuse reflectance (fignre 3.12). The band gap, not found to have been
previously reported, was measured here to be 2.42 eV. This may have been due in part, to the reduced
copper-copper interatomic distance and copper-sulfur bond length in the crystal structure. (Selected
lattice parameters, bond lengths and angles, and band gap energies are provided in zabl 3.5.) The smaller
ionic radius gallium (IIT) ion had the effect of reducing the basal lattice parameter and compressing the
flexible conductive layer. Most notably, was the increase in sulfur-copper-sulfur angle away from that of
anideal tetrahedron. While the competing effects of the reduced copper-sulfur distance and the increased
sulfur-copper-sulfur angle on the hybridisation and conductivity at the VBM could not be quantitatively
determined, the large increase in angle and reduced band gap is likely to preclude the compound

S14Ga,06CusS; from application as a transparent p-type conductor.

3.3.5 Attempted Synthesis of Remaining Analogous Compounds

The syntheses of the remaining members of the shortlist of compounds predicted to be stable with
general formulae A3M>O5CuzS;, where AM = CaSc, CaGa, StAl, BaAl and BaGa, were attempted using
the experimental process described previously. The heating process was continued in cycles until
consistent PXRD patterns were observed. In each case a single cycle was sufficient to observe the phases
deemed to be the final stable products for each composition. The observed PXRD patterns (figures 3.13
to 3.17) were fitted to known crystallographic phases using the Rigakuu PDXIL.2 software package and
the ICSD. PXRD patterns were phase-matched and refined as far as possible; however, in many cases
some peaks remain unattributed to known crystalline phases. In each case, simple (binary or tertiary)

apparently competing crystalline phases were observed in place of the intended compound.

* The band gap energy was not reported in the referenced literature and was determined experimentally here.
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Figure 3.13  Observed PXRD pattern for products from attempted synthesis of target compound with composition
Cas8Sc205Cu282. The black crosses illustrate the observed data points, the red line shows the calculated
profile from the Rietveld refined model and the grey line is the difference between the two. The black profile
(bottom) shows a predicted pattern calculated from the predicted crystal structure of the target. Observed
phases included CaSc:04 (blue, 70 wt. %), CaS (green, 16 wt.%) and CaO (red, 14 wt.%).
Rip= 13.98 % and y?na = 5.585.
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Figure 3.14  Observed PXRD pattern for products from attempted synthesis of target compound with composition
Ca;Ga:05Cn282. The black crosses illustrate the observed data points, the red line shows the calculated
profile from the Rietveld refined model and the grey line is the difference between the two. The black profile
(bottom) shows a predicted pattern calculated from the predicted crystal structure of the target. Observed
phases included CasGax0s (blue, 47 wt. %), CasGasOo (green, 41 wt.%) and CaS (red, 13 wt.%).
Rup = 12.75 and y?na = 6.221.
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Figure 3.15  Observed PXRD pattern for products from attempted synthesis of target componund with composition
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Sr2ALOsCuzS2. The black crosses illustrate the observed data points, the red line shows the calcnlated
profile from the Rietveld refined model and the grey line is the difference between the two. The black profile
(bottom) shows a predicted pattern calculated from the predicted crystal structure of the target. Observed
phases included 1S (blue, 88 wt. %) and Cu (green, 12 wt.%). R,y = 18.78 and y 20 = 14.68. The
observed diffraction pattern was also matched to the phase Sri2A4040s5 (red). The 20 positions were
gathered from analysis conducted by Yamuguchi as no crystallographic information file or crystal structure
data suitable for its construction counld be found30 The djffraction data extracted from the reference
apparently only covered a 20 range of around 17 — 46 °.
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Figure 3.16  Observed PXRD pattern for products from attempted synthesis of target componnd with composition

Ba;ALOsCuzS2. The black crosses illustrate the observed data points, the red line shows the calcnlated
profile from the Rietveld refined model and the grey line is the difference between the two. The black profile
(bottom) shows a predicted pattern calculated from the predicted crystal structure of the target. Observed
phases included ALBaOy (red, 38 wt. %), BaCuaS2 (green, 37 wt. %). BaS' (blue, 20 wt. %) and Cu
(cyan, 4 wt. %). Ryp = 13.79 and y?rq = 4.969.
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Figure 3.17  Observed PXRD pattern for products from attempted synthesis of target compound with composition
BasGa:05Cu2S82. The black crosses illustrate the observed data points, the red line shows the calculated
profile from the Rietveld refined model and the grey line is the difference between the two. The black profile
(bottom) shows a predicted pattern caleulated from the predicted crystal structure of the target. Observed
phases included BaCnzS2 (blue, 60 wt. %), BaGazOq (green, 30 wt. %) and BaS' (red, 10 wt.%).
Rup = 1534 and y?.q = 4.210.
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Conclusions and Outlook

The thermodynamic stability of the compounds A3M>O5CusS; (where A4 = Mg, Ca, Sr and Ba;
and M = Al, Sc, Ga, Y, In and La) were predicted by Williamson and Scanlon. Eight were
predicted to be stable in addition to the strontium/scandium prototype already reported in the
literature. The synthesis of these nine compounds was attempted. Three of the eight, including
the prototype, were expected to possess optical band gap energies above the 3.1 eV visible light
threshold. The additional compounds had the formulae CazAl,O5CuzS; and BasSc2OsCusS;» and

their syntheses were attempted initially.

In order to confirm the effectiveness of the synthetic procedure, the syntheses of the prototype
compound Sr38¢205CusS; already reported in the literature was attempted. It proved successful
as monitored by powder x-ray diffraction. The structural geometries conformed to those
predicted and previously reported apart from the sulfur-copper-sulfur angle. The value reported
in the literature differed by = 4° from that predicted by Williamson and confirmed here. The
band gap energy as measured by diffuse reflectance spectrophotometry was in good agreement

with that previously reported and predicted.

The compound CazAlbLOsCusS; predicted stable and transparent was not realised here. The
synthesis resulted in the observation of simple binary oxide and sulfide precursor phases with
significant contribution of Ali4Ca120335. Iron pnictides sharing the same perovskite-like layer
with the target, [CazsALOs]**, were reported in the literature. Their syntheses, however, required
high-pressure. The predicted unit cell volume of the target compound was larger than those
synthesised under high pressure yet smaller than that of Sr3Fe;OsCusS;, the analogous
compound with the smallest unit cell volume reported to have been synthesised under
conventional pressure. These findings indicated that the target transparent conductor

compound CazAl,OsCuzS; may be amenable to high-pressure synthesis.

The attempted synthesis of the compound Ba3ScoO5CusS; resulted in the observation of a new
candidate transparent conductor as confirmed by synchrotron powder x-ray diffraction. Its band
gap energy of 3.24 eV was in exact agreement with that predicted, showing promise towards
transparency. This indicated that its predicted band structure and therefore high conductivity,
was close to that observed, despite the discrepancy in trend in copper-sulfur bond length and

sulfur-copper-sulfur angle between the strontium prototype and barium analogues.
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The attempted synthesis of the targeted compound Sr;GaOsCuxS; persistently resulted in the
observation of the related layered perovskite oxysulfide, St4Ga;OsCuzSz, previously reported in the
literature. The band gap energy of this compound could not be found in the literature. The synthesis of
the 426 structure-type analogue was targeted and successfully achieved. The band gap energy of the
compound was measured experimentally and reported here to be 2.42 eV, a value undesirable for high

visible-light transparency.

The syntheses of the remaining compounds predicted to be stable; CasScOsCusSz2, CazGaOsCusSs,
Sr3A1LO5CusS,, BazALOsCusS: and BazGaOsCusS,, were attempted without success. The observed

crystalline phases identified in the case of each targeted compound are summarised in Zable 3.6.

In the case of the barium aluminium composition, the observed crystalline phases were consistent with
those expected by Williamson et al. with the addition of BaCusS». The expected BaSO4 was not observed,
however. The phases predicted from the expectedly unstable Ca/Sc compound differed from those
found experimentally with the presence of CaS being the only similarity. The other combinations were

expected to be the most thermodynamically stable possible phases at the synthetic temperatures used.

Table 3.6~ Summary of the crystalline product phases observed after attempted solid-state synthesis of targeted
oxcychaleogenides AsM205CuzS2 where A = Ca, Sr and Ba and M = Al, S¢ and Ga. Observed phase
compositions are reported in order of decreasing weight fraction as calenlated from the Rietveld refined
calenlated diffraction profile.

A Cation M Cation | Observed Phase(s) Composition

Al Ale3, CaO, Atha14033 and CaS

Ca Sc CaScy04, CaS and CaO

Ga Ca3Ga,0g, Ca3GasOy and CaS

Al SrS, Cu and Al14Sr12033

Sr Sc Sﬁ,SCzO5Cuzsz

Ga Sr4GazO(,Cu282 and StS

Al BaAlO4, BaCusS,, BaS and Cu

Ba SC Ba3SC205Cu252

Ga BaCu,S;, BaGaxO4 and BaS
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Chapter 4 Conductive Layer Geometry Modification

by Isovalent Mixing of Perovskite A Cations

4.1 Introduction

The perovskite ‘building-block’ of the layered oxychalcogenides reported here, shows compositional
flexibility. The analogous layered oxychalcogenides and oxypnictides with the 325 structure type found
to be reported in the literature, contain seven different combinations of perovskite cations, namely:
calcium, aluminium”; strontium, iron”; strontium, scandium®; europium, scandium’™; barium,
scandium’?; barium, lutetium®; and barium, yttrium®. In addition to the range of elements reported in
‘site-pure’ 325-type mixed anion oxides, mixing of the pairs of elements aluminium, titanium?®!;
magnesium, titanium®?; and scandium, titanium’ was reported in the similar layered iron oxyarsenide
COl’npOul’ldS Ca4(A10,67Tio,33)zogFezASZ, Sr4(Mgo_5Tio,5)zoeFezASZ and Sr4(SCXTi1.X)3OgF62ASZ, where
x=0.4, 0.5 and 0.6. This confirmed that although the substitution was shown to occur on the M
perovskite cation site and the titanium transition metal exhibited varying oxidation state, the perovskite
could support significant mixing, of up to 50 %, of different cations in these layered mixed anion

structures.

Isovalent cation mixing on the perovskite .4 site has been previously reported, for example between
strontium and batium in the compounds Sr2.Ba,CoO2CuzS2 and BazSr1.4MnsOsCusS2.8384 Complete
substitution of strontium for barium in the prototype compound Sr3Sc205CusS; reported by Liu ef al,
to yield the analogous compound BasSc2OsCusS,, was reported by the current author in the previous
chapter. Tt was shown that the increased radius of XBa?* (1.61 A), of fionc(X1Sr2*) = 1.41 A, had the
effect of increasing the basal lattice parameter (from 4.08 to 4.14 A) and therefore, copper-copper
distance required to raise the energy of the CBM, desirable for high visible transparency.®> An increase

in band gap energy from 3.11 to 3.24 eV was observed.

It was decided that the phase space between the prototype and analogous compounds Sr3Sc2O5CuzS2
and Ba3ScoOsCusS: respectively, would be investigated with a focus on the effect of cation mixing in the
perovskite layer on the geometry and therefore optoelectronic properties of the conductive copper
sulfide layer. The present chapter reports on the synthesis of two intermediate compounds in the phase

space Ba,Sr3.,Sc205CusS,, where x =1 and 2.
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4.2 Experimental

The syntheses of compounds with compositions Ba,St3,:ScoO5CusS,, where x = 1 and 2 were attempted
in bulk powder form using the same solid-state synthetic procedure as is described in seczion 3.2. The end-
members where x = 0 and 3 had already been synthesised. The powder precursors were combined in the
stoichiometric ratios given in equations 4.1 and 4.2, mixed and ground into homogeneous powders. They
were then pressed into pellets (= 0.75 GPa), loaded into oven-dried (70 °C) alumina crucibles, sealed
under static vacuum in quartz tubes and subsequently heated in a box furnace at a rate of 10 °C min! to
800 °C, at which point the temperature was held for 12 h before cooling naturally to room temperature.
The preparations were carried out under inert atmosphere owing to the moisture and carbon dioxide
sensitivity of the oxide and sulfide precursors. The precursors Sc2O3 (99.9 % Sigma-Aldrich) and CusS
(99.5 % Alfa Aesar) were purchased and used as supplied. The alkaline earth oxides (BaO and SrO) and
sulfides (BaS and SrS) were synthesised from their corresponding carbonates (@ppendices D.1 and D.2).

x=1 2 SrO + BaS + Sc203 + CuzS — BaSt:ScOs5CulSs 4.1

x=2 2 BaO + StS + Sc203 + CuzS — BaxStScx;Os5CulSs 4.2
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4.3 Results and Discussion

4.3.1 Evidence for the Successful Single-Phase Mixing of Perovskite A Site Cations

The synthesis of the compounds BaSr2Sc205CuzS; and BaxStScaOsCusS: (intermediates in the phase
space Ba,Sr3.:Sc205Cu2S,, where x = 1 and 2) after a single heating cycle at 800 °C for 12 h is reported
here. Refinement of models, isostructural to the x = 0 and 3 strontium and barium end-members, to the
intermediates, for which x =1 and 2 respectively, successfully modelled all of the observed diffraction
peaks as can be seen in figure 4.1. The diffraction patterns for the intermediate compounds were initially
modelled by the crystal structures of the end-members closest in composition ze. BaSr2Sc2OsCuzSz
(> =1) by Sr3S¢c205CuzS2 (x = 0) and BaxStSc205CuzS2 (x = 2) by BasSc2OsCusS; (x = 3). Refinement
of the unit cell parameters revealed an increase for x = 1 relative to the strontium end-member and a
decrease for x = 2 compared to the barium end-member, indicating successful incorporation of the two
perovskite A site cations in a single phase for each of the intermediates. The refined unit cell parameters
a=b, ¢ and the resulting volume, 17, are summarised graphically in fignre 4.2 in addition to those of the

end-members.

x=1
g Lo b Ly LW
3 — -y
£
=
~
B
z 1 '
£ ] w A ; x=2
L ] H LA ‘w"\wwwfv_—_w \““l“\//\——f—vx—/\,%-‘k—-——/\/%w
L BB B B
20 25 30 35 40 45 50 55 60 65 70 75 80

26/0

Figure 4.1 Rietveld refined powder x-ray diffraction patterns for the compounds in the homologons series
Ba.S75..80205Cu28, where x =1 and 2. The diffraction measurements were performed on pulverised
bulk samples using the bigher flux (9 £W) Rigaku SmartLab with observed intensity collected across a
20 range of 20 — 80 .
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Figure 4.2 Summary of the trend in unit cell parameters a=b (blue squares; top), ¢ (red circles; middle) and V" (crossed
squares; bottom), for the series of compounds BanSrs.Sc205CusS2, where x = 0, 1, 2 and 3. The raw
data used in this plot is provided in appendix F.1.
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The increase in unit cell volume, I, with increasing nominal barium content, x, confirms the successful
substitution of the strontium ions by the barium with larger ionic radii, 7onc(XUSt2*) = 1.41 A of.
fonic(XMBa2*) = 1.61 A.85 The trend in the basal direction was found to be linear, reflecting the rigidity of

the perovskite building-block that limited expansion in this dimension.

In order to seek further evidence for the successful incorporation of both strontium and barium of the
A cation sites, the fractional occupancies of the A cations in the modified end-member composition
models of the intermediate compounds were refined without constraint. The results of these refinements
are shown in zable 4.1, with the refined fractional occupancies in the end-members shown for

comparison.

Table 4.1 Summary of the freely refined fractional occupancies of the A site cations in the series of compounds
Ba.S15.80205Cu285, where x = 0, 1, 2 and 3. The fit statistics are also provided. The intermediate
compounds where x =1 and 2 were modelled by the unmixed end-member closest in composition i.e. x =1
was modelled with a composition equal to x = 0 and x =2 by x = 3.

Nominal
Composition, x
(Ba,Sr3.,8¢c205Cu2S2) Al A2 Ruwp / % Xted

A=Sr

0 1.00061 0.9966 21.31 33.34

1 1.3832 1.0508 14.47 11.43
A=Ba

2 1.0044 0.8607 21.97 22.00

3 1.0164 1.008 14.11 9.005

It can be seen from the refined A site fractional occupancies for the intermediate compound where
x = 1, that there is an overall tendency of the occupancy to increase relative to the strontium-only end-
member, the composition of which is used in the model. The increase in fractional occupancy to values
greater than unity is physically unrealistic, however, suggests that a better fit to the observed diffraction
data is achieved by increasing the electron density on the 4 sites. This expected increased electron density
on the A sites gives evidence for the incorporation of the higher atomic number barium. The converse
is observed for the refined fractional occupancies of barium in the compound where x = 2. A reduction
in electron density is observed, indicating substitution in the crystal structure for the relatively lower-Z

strontium.
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It was noted that the changes in fractional occupancies across the two crystallographically unique .4
cation sites, .41 and .42, did not change in proportion to one another. This indicated that the mixed .4
cation elements strontium and barium were not evenly distributed across the two sites. To probe this
further, both strontium and barium were incorporated into the models for the intermediate compounds
for which x = 1 and 2. Their occupancies were set to match the nominal composition and were initially
set to show an even distribution across the two .4 sites as illustrated in figure 4.3. The fractional
occupancies were constrained to maintain the overall nominal composition in the compound and the A4
sites assumed fully occupied. The atomic coordinates of the A site cations were also constrained to
maintain single sites for 41 and .42. The fractional occupancies and atomic coordinates of the .4 cations
were then refined. Those which achieved the best fit, as determined by the fit statistics (provided), are

summarised in figure 4.4 and table 4.2.

Figure 4.3 Representation of the initial crystallographic model used in the refinement of the mixed A compounds
Ba.S13..80205Cus82 where xc = 1 (left) and 2 (right) showing the excpected even distribution of strontinm
(light green) and barium (dark green) across the A perovskite cation sites (green) and constraint of the
elements to both occupy crystallographic sites with the same coordinates.
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S1: 0.9076 Sr: 0.4735
Ba: 0.0924 Ba: 0.5265
Sr: 0.1848 Sr: 0.0530
Ba: 0.8152 Ba: 0.9470

Figure 4.4 Visual summary of refined fractional occupancies of A site cations barinm (dark green) and strontinm
(light green) in the compounds BaSrs.Sc205Cu282, where x = 1 and 2. Those of the end-members are
shown for comparison.

Table 4.2 Summary of refined fractional occupancies of cations barinm and strontium across the A perovskite-like
layer crystallographic sites in the compounds Ba,SrsSc205CuzS2, where x = 1 and 2.

%)
P
25 2
EE Q
£ 3
O 4
) Srl Sr2 Bal Ba2 Rup / % ¥red
1 0.1848 0.9076 0.8152 0.0924 12.45 8.90
2 0.0530 0.4735 0.9470 0.5265 30.75 19.64
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It can be seen that the fractional occupancy of the 41 site remained high while the ‘remaining’ mixture
of A elements was spread across the 42 sites for both compounds where x = 1 and 2. This was
rationalised by invocation of the ‘Goldschmidt tolerance factor’, described in appendix G. This factor
semi-empirically describes the expected stability of cubic perovskites comprising given combinations of
elements. The factor is calculated using the ionic radii of the given elements and effectively describes
their fit with one another in a cubic perovskite lattice. Values closest to unity are expected to most likely
yield stable perovskite structures. The Goldschmidt tolerance factors were calculated for the hypothetical
perovskite moieties [StScOs]- and [BaScOs]- and were found to be 0.94 and 0.99, respectively. This
indicates a ‘better’ fit of the barium cations into a scandium oxide perovskite-like lattice, compared to

that of strontium.

Closer inspection of each of the A cation sites, reveals that they have different local coordination
environments. The A1 sites shown in dark green in figure 4.5, lie within the perovskite layer and are as
such termed ‘intra-layer’ sites herein. The 42 sites (light green) lie between the perovskite and litharge-
like layers and are, as such, named ‘inter-layer’ sites. The intra-layer .4 cations exhibit immediate
coordination environments identical to those in bulk perovskite lattices, namely [AinraO¢] octahedra,
whereas the inter-layer .4 cations border the copper sulfide litharge-like layer and as such are found in
[AinerO4S4] square anti-prismatic geometry. It was therefore concluded that the mixed A element
compounds had crystallised in their most stable form which included the ‘better’ fitting barium cation
predominately occupying the more rigid A4 intra-layer sites. The ‘poorer’ fitting strontium (and any
remaining barium) was found to be mainly distributed across the .4 inter-layer sites in coordination with
the copper sulfide layer shown to be more flexible and stable in a wider range of geometries.*” The

idealised observed occupancies are represented in figure 4.6.

Analysis of the Goldschmidt tolerance factor shed light on the observed trend in ¢ unit cell parameter
with increasing barium content, x (figure 4.2). It was suggested that a two-gradient function could be fitted
to the observed trend in ¢, increasing linearly from x = 0 to 1 where a change in gradient is observed,
then continuing to increase linearly from x = 1 to 3 as shown in the plot. This was explained by
substitution on the intra-layer site until x =1, after which substitution occurred at the inter-layer

position.
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Figure 4.5

Figure 4.6
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‘Inter-layer’
‘Intra-layer’

‘Inter-layer’

Unit cell representation, shown mainly along ‘a’, of the crystal structure of the AsM2O05M 2Chs family of
quinary oxychalcogenide componnds crystallising into a lattice described by the tetragonal 14/ mmm space
group. The A cations (green) occupy two crystallographically unigue sites: A1 Gntra-layer’ (dark green)

and A2 Gnter-layer’ (light green).

Graphical representation of the unit cell, viewed mainly along ‘a’, illustrating the idealised most stable
distribution of strontium (light green) and barium (dark green) mixing across the A cation sites (green) in
the layered osxcysulfide compounds BaxSr558c205Cu282 where x =1 (left) and 2 (right), as predicted by
the Goldschmidt tolerance factor.

67



Conductive Layer Geometry Modification by Isovalent Mixing of Perovskite A Cations

4.3.2 Effect of Perovskite A-Site Cation Mixing on the Geometry of the Copper Sulfide
Layer

In order to investigate the effect of the perovskite A4 cation isovalent mixing on the geometry of the
conductive copper sulfide layer and, therefore, the optoelectronic properties of the compound, the
refined unit cell parameters and atomic coordinates (@ppendices F.1 and F.2) for the compounds were used
to calculate the distances and angles between atoms in the compounds for which x = 0, 1, 2 and 3
(appendix F.3). The values for a selection of the distances and angles pertaining to the geometry of the
conductive copper sulfide layer, illustrated in fioure 4.7, are summarised graphically in figure 4.8 and
provided in Zable 4.3. Those previously reported in the literature for the end-members are also given for

comparison.

Figure 4.7 Llustration of the geometric parameters (lengths and angles) investigated in the conductive copper sulfide
layers in the layered oxcysulfide compounds studied here.

68



Oxychalcogenides For Transparent P-Type Conductors

4.15 — 2.94 —
414 203 |
413 —| ..
412 _
=< 291
< 411 A 3
[ T
S 3 290 —
410 )
409 - 289
4.08 — 2.88 —
4.07 ‘ ‘ ‘ ‘ 2.87 ‘ ‘ ‘ ‘
250 — 0 1 2 3 0 1 5 3
115
249 -
114
248 -
113
<L 247 i
>~ I
« 3 112
3 246 — 9
245 —| 111
2.44 —| 110 —|
243 ‘ ‘ ‘ ‘ 109 ‘ ‘ ‘ ‘
0 1 2 3 0 1 2 3
x (Ba,Sr;y Sc,0,Cu,S,) x (Ba,Sr;y Sc,0,Cu,S,)

Figure 4.8 Graphical summary of selected interatomic distances and angles describing the geometry of the conductive copper sulfide layer in the mixed perovskite A cation compounds BaSrs..8c205CusS 2,
where x = 0, 1, 2 and 3. The raw data from which the plot was constructed is provided in table 4.3.
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Table 4.3 Summary of selected interatonic distances and angles describing the geometry of the conductive copper sulfide
layer in the mixed perovskite A cation compounds Ba.Sr5.5c205Cu282, where x =0, 1, 2 and 3.

04 1 2 3
a= 4.0748(2) 4.09645(7) 4.1212(4) 4.14458(2)
/A
2
% | Cu-Cu 2.88203(9) 2.89663(6) 2.9141(3) 2.93067(1)
2| /A
~
3]
g Cu-S 2.48909(4) 2.43606(4) 2.4776(2) 2.46951(6)
2 /A
A
S-Cu-S 109.916(2) 114.448(2) 112.543(8) 114.1015(3)
/ o

It can be seen by inspection of the plots in figure 4.8 that, as expected, the basal unit cell parameter
increases linearly with increasing content of the larger radius barium ion, providing evidence for the
successful single-phase .4 perovskite site cation mixing. The copper-copper distance followed the same
trend as 4, given that the distance is directly related to the basal unit cell parameter by a factor of (\/2)/ 2.
This increase was expected to reduce copper-copper hybridisation, and thus reduce the curvature and

raise the energy of the CBM, known to benefit transparency.

The copper-sulfur length was previously shown to decrease between the end-members where x = 0 and
3. The same length in the intermediate compound where x = 2, lay between those in the end-member
compounds. However, the copper-sulfur length in the compound where x = 1, exhibited a reduced value
below the range spanned by the two end-members. The reverse trend is seen in the sulfur-copper-sulfur
angle: an increase is observed from the strontium to barium end-members with that of the x =2
compound intermediate between the two, with a notable increase beyond the range spanned by the end-
members for x = 1. The reason for this was unclear. Nonetheless, it is an interesting observation that
the observed site preference within the perovskite layer yielded intermediate compositions with extreme
geometries in the conductive copper sulfide layer beyond the range covered by the end-members. The
effect of these observed geometries on the electronic properties of the compound was difficult to predict
qualitatively, owing to the competing effects of the copper-sulfur length and sulfur-copper-sulfur angle
on hybridisation at the VBM. The optical properties, however, were considered and are the subject of

the following section.
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4.3.3 Effect of Copper Sulfide Layer Geometry on Optical Properties

In order to assess the transparency of the mixed 4 cation compounds discussed here, their band gaps
were determined by construction of Tauc plots (figure 4.9) from the raw diffuse reflectance data collected

and shown inset.

When compared to those of the end-members, the copper-copper distance for the compound x = 1
suggested that the energy of the CBM, a result of hybridisation of unoccupied copper states, would be
intermediate between the two end-members. The band-gap energy was the measured difference between
the energies of the CBM and VBM. The hybridisation of, and therefore energy at, the VBM was
determined by the overlap between the copper and sulfur states. The relatively short copper-sulfur
distance, if considered alone, would have had the effect of increasing the hybridisation and energy of the
VBM, however, this is accompanied by a large increase in the sulfur-copper-sulfur angle. The deviation
of this angle away from that of an ideal tetrahedron, contributed to reducing the hybridisation. The net
effect of these competing geometric contributions to the curvature of the VB and energy of the VBM,
combined with that of the intermediate copper-copper distance on the energy of the CBM, resulted in
the observation of a band-gap energy of 3.21 eV, which fell within the range spanned by the end-

members, as can be seen in the summary in figure 4.10.

The coppet-copper and copper-sulfur distances both increased with barium content from the compound
where x =1 to 2, as previously discussed. This alone would be expected to result in a relative increase
in band-gap energy owing to the loss of hybridisation at both the VBM and CBM. There was, however,
an accompanying reduction in sulfur-copper-sulfur angle for the compound x = 2 towards that of the
ideal tetrahedral angle of 109.5°. The observed reduction in band gap to 3.12 eV was attributed to the
increase hybridisation at the VBM by the reduced angle in spite of the increase copper-sulfur length. It
is also noted that a large contribution to the absorption was observed in the region prior to the
absorption onset for the compound x = 2. This has been attributed in the literature to absorption by
copper (II) defects in the strontium end-member and was expected to be most significant in this

compound with the most disorder in the perovskite layer.?”
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Tanc plots caleulated from the diffuse reflectance spectra (inset) for the mixed A homologous series of
composition BaSrs..8c205CusS2, where xc = 1 and 2. The x-intercepts of the linear fits at the absorption
edges (red solid lines) gave band gap energies of 3.21 and 3.12 for x = 1 and 2, respectively.

Figure 4.10

x (BaSr; Sc,0,Cu,S,)

Graphical plot of the observed band gap energies, as calenlated from raw diffuse reflectance data via Tanc
plots (figure 4.9), for the mixed A cation compounds BaSrs..8Sc205CusS82, where x = 0, 1, 2 and 3.
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4.3.4 Prediction of the Effect of Copper Sulfide Layer Geometry on Electronic Properties

The intrinsic p-type conductivity in these layered oxysulfide compounds has been shown to arise from
migration of positive holes at the VBM which comprises hybridised copper 34 and sulfur 3p electronic
states.?”* The conductivity of the compound is in part dependent on the hybridisation of the states as
given by the overlap integral, §, in eguation 4.3. The overlap integral increases with the inverse of the
crystallographic distance between the ions, and with proximity of the sulfur-copper-sulfur angle to the

ideal tetrahedral angle of 109.45e.

2¢2
h2

o - conductivity

e - fundamental charge

h - reduced Planck constant
n - charge carrier density

T - mean free time

B - overlap integral

a - lattice parameter

Referring back to fignre 4.8 on page 69, it can be seen that the copper-sulfur bonding distance was
markedly lower for the compound with composition in which x = 1 with the copper-sulfur length in the
remaining compounds decreasing with barium content. However, the seemingly desirable, in terms of
conductivity, small copper-sulfur distance in the x = 1 compound, was found to be accompanied by the
largest sulfur-copper-sulfur angle of 114. 448 °, showing the largest deviation from the ideal of 109.5° to
which the strontium end-member (x = 0) is closest at 109.916°. Quantification of the net expected
effects of these contributing factors was not possible and, therefore, a computational model of the band
structure for these observed mixed compounds and calculation of the emergent intrinsic conductivity is
warranted. Empirical conductivity measurements were seen as desirable, however the effect of the
geometry on the band structure and therefore conductivity could not be deconvoluted from the sample
parameters affecting the free path of the charge carrier also contributing to the conductivity. This is the

subject of the following section.
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4.3.5 Williamson-Hall Line Profile Analysis

4.3.5.1 Introduction and Instrumental Correction

The mean free time, t, on which conductivity depends (egn. 4.3), is inversely proportional to the
frequency of scattering events between the charge carriers and the lattice. The potential effect of
crystallite size, and therefore the spatial frequency of scattering grain boundaries, and lattice strain on
the conductivity was evaluated by Williamson-Hall line profile analysis of the powder x-ray diffraction
pattern. The peaks in observed powder x-ray diffraction profiles result from the observation of x-rays
diffracted from particular sets of lattice planes within the diffracting crystalline samples and subsequently
amplified by the process of constructive interference. This constructive interference occurs at precise
angles and gives rise to sharp peaks. Observed diffraction peaks are never as sharp as would be predicted
by scattering from a petfect lattice alone. There are factors relating to both the diffractometer and the
diffracting specimen under analysis, that give rise to peak broadening. The total broadening observed in
the resultant diffraction pattern is a simple sum of broadening from both of these sources as described

in equation 4.4.

BT()t - BT()'c, Ins. + BT()t, Smpl. 44

Brot - total observed broadening of the diffraction peaks
Brot, 1ns - the component of the total broadening attributed to the diffractometer used
Brot, smpl - the component of the total broadening attributed to the analysed sample

In order to extract information on sample broadening from the x-ray diffraction profile, the broadening
pertaining to only the instrument was calculated. This was determined empirically by measurement of
the observed x-ray diffraction peak broadening for a very well defined, large-crystallite-size and strain-
free standard sample, lanthanum hexaboride (NIST 660a). By use of the standard, the sample broadening
was minimised and the observed broadening when the diffraction pattern of the standard was measured,

was attributed directly to the instrument.

The individual peaks of the raw observed diffraction data from the standard were fitted with pseudo-
Voigt functions which were used to calculate the full-width at half-maximum intensities, equated to the
broadening. The measured broadening was plotted against peak position/diffraction angle as shown in
fignre 4.11. The raw data from which it was constructed is tabulated in appendix F.4. The plot was fitted
with the Caglioti equation (egn. 4.5), the refined parameters of which are shown inset in figure 4.71.61:80
The fitted function was then used to perform an interpolation of the Bro, 1ns versus 0 plot to calculate
the instrumental broadening contribution to the width of the observed diffraction peaks at the given

peak angles for the samples under analysis.
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Plot of peak width assigned to the instrument (Bru, 1ss) as a_function of detector angle (20) for the LaBs
instrumental broadening standard. The raw data is provided in appendix F.4.

B 1 = VU tan?(6) + Vian(6) +W 4.5

Bror, 1ns - Observed full-width at half-maximum for peaks in PXRD pattern for the standard
U, V, W - variable ‘half-width parameters’
6 - median diffraction angle of peak

Once the instrumental broadening, Brot, ns., Was known by calculation of the total broadening of the

diffraction profile peaks for the standard, the broadening due to the sample under analysis was deduced

by simple subtraction of the expected instrumental broadening.

The sample broadening, Brotsmpl, Occuts as a result of a sum of contributions from the crystallite domain

sizes, Scps, and lattice strain, eraw, as shown in eguation 4.6. The smaller the crystallites, the larger the

contribution from the surface planes (the spacing of which show deviation from that of those in the

bulk), the greater the range of interplanar spacing sampled and the broader the diffraction peaks.

Inhomogeneous bulk lattice strain also contributes to diffraction profile peak broadening for the same

reason. Both broadening contributions from the crystallite size and lattice strain vary independently with

diffraction angle, 0. These relationships are quantified by the Scherrer and Wilson equations given in

equations. 4.7 and 4.8 respectively.87-88
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BTot, Smpl. - Bscrys, * Belmt. +6
s B KA
Crys. = Bs(~, cos(6) 7

Scrys. - crystallite size
K - shape factor, commonly approximated to 0.9
A - x-ray wavelength

P geLatt. 4.8
A 4 tan(6)

CLa. - lattice strain

These can be rearranged to expressions for the contributions to peak broadening, substituted into
equation 4.6 and multiplied by cos(8) to yield the Williamson-Hall equation (egn. 4.9).8° The observed
sample diffraction peak profile widths, Brosmpl, and their corresponding diffraction angles, 0, were used
to create Williamson-Hall plots of Sru,sur cos(8) vs. sin(6) for each sample. Linear fits to the Williamson-
Hall plots were made, the gradients and y-intercepts of which were related to the lattice strain and

crystallite sizes as shown in eguations 4.10 and 4.71, respectively.

_ _ KA
FS‘T()t,SmpL COS(G) =4 €Latt. Sln(e) + Cys 4.9
- 4.10
€ =— .
Latt. 4
m — gradient of line of best fit of W-H plot
KA

Scrye. == 411

; c

¢ — y-intercept of line of best fit of W-H plot
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4.3.5.2 Results

The Williamson-Hall plots made from the instrument-corrected pseudo-Voigt modelled diffraction
profile peaks for the series of compounds Ba,Sr3.:Sc20sCusS,, where x = 0, 1, 2 and 3, are shown in
fignre 4.12. The raw data from which the plots are constructed is tabulated in appendix F.5. The gradient
and y-intercepts were used to calculate the lattice strain and crystallite sizes. These are represented

graphically for each of the compounds in the plots in figure 4.13 and from the raw data in fable 4.4.

It can be seen by inspection of the plot in figure 4.13, lower, that the calculated inhomogeneous lattice
strain was higher in the intermediate compounds (x =1 and 2) than in the unmixed end-members
(> =0 and 3). The mixing of strontium and barium cations across the A4 sites resulted in regions in the
bulk crystal lattice which were occupied by barium and those occupied by strontium. These cations
possessed different ionic radii and therefore resulted in differing localised lattice spacing. The increased
inhomogeneous strain calculated for the intermediates confirmed the successful mixing of these elements

across the A4 sites.

It was also observed that the lattice strain was greatest (0.26 %) for the compound Ba;StScO5Cu,S,. This
confirms the observation made as a result of A4 site occupancy modelling, that the barium ions show a
preference for the intra-layer sites with the remaining elemental mixture distributed across the inter-layer
sites bordering the more flexible copper sulfide layer. The idealised observed .4 site occupancies for the
compounds for which x =1 and 2 are repeated in figure 4.74. It can be seen that for the composition
where x =1, the intra- and inter-layer .4 cation sites are fully occupied by barium and strontium,
respectively. The compound x =2, shows barium wholly occupying the intra-layer site with the
remaining mixture of barium and strontium disordered across the inter-layer sites. It was this increased
disorder in the compound where x = 2, owing to the relative ‘fits’ of barium and strontium in the
scandium oxide perovskite lattice as calculated by use of the Goldschmidt tolerance factor, that explained

the increased inhomogeneous strain calculated for this compound.
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Figure 4.12  Linearly-fitted Williamson-Hall plots made from the instrument-corrected psendo-1"vigt modelled observed
diffraction profile peaks for the series of compounds BaSr5.5c205Cu2S2, where x = 0, 1, 2 and 3. The
underlying raw data is provided in appendix F.5.

78



Oxychalcogenides For Transparent P-Type Conductors

2.5+

X
| x4
2.0
1.5 A
i . o

Mean Crystallite Domain Size / pm

1.0 \ \ T \
0 1 2 3
x (BaSt; Sc,0.Cu,S,)
3.0
25

Lattice Strain x 107 / %

0.0 T T T T
0 1 2 3

x (Ba,Sr; Sc,0.Cu,S,)

Figure 4.13  Graphical summary of the lattice strain (bottom) and crystallite size (top) values calculated from the
gradients and y-intercepts of the linear fits to the data in the Williamson-Hall plots in figure 4.12
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Table 4.4 Summary of the lattice strain and crystallite sige values calcnlated from the gradients and y-intercepts of the
linear fits to the data in the Williamson-Hall plots in figure 4.12, from which figure 4.13 was constructed.

Composition
(x) Ave. Lattice Strain | Ave. Crystallite Size
/% / pm
0 0.03 2.14
1 0.12 1.26
2 0.26 1.27
3 0.10 2.07

Figure 4.14  Repeat of the graphical representation of the unit cell viewed mainly along ‘a’, illustrating the idealised most
stable distribution of strontium (light green) and barium (dark green) mixing across the A cation sites in
the layered oxcysulfide compounds BaxSr558c205Cu282 where x =1 (left) and 2 (right), as predicted by
the Goldschmidt tolerance factor.
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It was also noted that the calculated crystallite sizes were smaller for the intermediate compounds
compared to the end-members. This was rationalised by the previously observed increase in
inhomogeneous lattice strain. It was anticipated that the increased strain would retard the rate of

crystallite growth, resulting in smaller calculated crystallite sizes for the intermediate compounds.

When labelling the data points in the Williamson-Hall plots with the Miller indices describing the lattice
planes represented by each peak, the data points for peaks with corresponding lattice planes primarily
stacked in the ¢ direction, consistently showed greater § cos(0) values. Therefore, the decision was made
to divide the data points in the Williamson-Hall plots for each compound, into two sets — those resultant
from planes with the majority lattice vector component in the direction parallel to the ¢ axis and those
with vector mainly oriented in the b direction. These sets (¢/ and ¢), plotted separately in figure 4.15 were
independently fitted with linear functions and their gradients and y-intercepts used to calculate the lattice
strain and crystallite sizes in those directions. These are shown in the plot in figure 4.16. The data

represented is given in fable 4.5.
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Figure 4.15  Williamson-Hall plots derived from powder x-ray diffraction profile peak widths of mixed A cation samples
Ba.S75.:8205Cu28, where xx = 0, 1, 2, and 3. The composition for each sample is indicated on the plots.
Each data point represents a peak in the diffraction profile described by the Miller indices characterising
the lattice plane from which it originates. The data points are divided into two categories: those from planes
with lattice vectors with a majority component in the ab plane (blue squares) and those with interplanar
Spacing primarily occurring along the ¢ axis direction (red circles) as indicated in the key. Linear functions
were fitted to the two sets of data points. The gradients of these functions are proportional to the lattice strain
and the y-intercepts inversely proportional to the size of the coberently scattering crystal domains (crystallite

size).
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Figure 4.16  Graphical summary of the inbomogeneous lattice strain and crystallite domain sizes calculated independently
Jfor lattice planes with vector oriented primarily in the ab (blue squares) and ¢ (red circles) unit cell directions,

by separate linear fits to the corresponding sets in the Williamson-Hall plots in figure 4.15, and derived
[from the raw data provided in table 4.5.
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Table 4.5 Summary of the inbomogeneons lattice strain and crystallite domain sizes calenlated independently for lattice
planes with vector oriented primarily in the ab and ¢ unit cell directions by separate linear fits to the
corresponding sets in the Williamson-Hall plots in figure 4.15.

Lattice Strain Crystallite Size
/ % / nm
Composition

(x) Ave. | ab c | Ave. | ab c
0 0.03| 0.03| 0.02| 2.14| 3.25| 1.31
1 0.12| 0.11| 0.18| 1.26| 1.81| 1.19
2 0.26| 0.21| 027 1.27| 1.80| 0.30
3 0.10( 0.11| 0.10| 2.07| 7.83| 0.99

It was observed that the lattice strain calculated independently in the two perpendicular lattice directions
were very similar and close to the average value for the two end-member compounds. For the
intermediate compounds, where x = 1 and 2 however, a greater separation in strain was observed. In
both cases the lattice strain was greatest in the ¢ direction. This was rationalised by the flexibility of the
copper sulfide compared to the rigidity of the perovskite building-block.#’ The compound is formed by
alteration of these two layers in the ¢ lattice direction. The flexibility in that direction, therefore, allows
for a greater range of lattice spacing and, therefore, observed strain to accommodate the disorder induced
by the elemental mixing of strontium and barium across the .4 perovskite cation sites. Less strain was

observed in the basal @b direction as this was limited by the dense, highly ionic and rigid perovskite lattice.

Inspection of the calculated crystallite size in the different lattice directions showed that the crystallite
domains were consistently larger in ab than in ¢ It was suspected that the growth rate in the a4 direction
was greater than in the ¢ as the required growth mode would have been ‘like-layered’ meaning that when
growing in the b direction a perovskite-like lattice would have been forming at the perovskite block and
the litharge-like layer at the copper sulfide block. Growth in the ¢ direction of crystallographic layering,
however, required the formation of boundaries between the perovskite and litharge-like units. This was
expected to exhibit a higher activation energy owing to the energy required to overcome the lattice

mismatch and as a result show a retarded growth rate and smaller size in the ¢ dimension.
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The largest crystallite domain size was observed in the @/ dimension of the barium end-member
compound, Ba;Sc205CusS,. It was proposed that the increased fit of the barium cation into the scandium
oxide perovskite-like lattice, increased the rate of like-layer growth of the perovskite layer in the barium

end-member compound, resulting in the largest @b dimension.

The lattice strain was found to be lowest in the strontium (x = 3) end-member in both b and ¢ directions.
This indicated the potential of this compound as a high-conductivity material, by consideration of lattice
strain alone. The observed anisotropic growth rate and, therefore, geometry of the crystallites was
expected to benefit the conductivity of the materials. The conduction of positive-hole charge carriers in
these compounds was shown to occur only in the copper sulfide layers by Williamson ez 2.7 The naturally
observed preferred growth direction in these compounds was proposed to reduce the spatial frequency
of grain boundaries in the zb conduction direction, contributing to an increased mean free time between
carrier collision events and conductivity. Based solely on the crystallite size measurements, the
conductivity was expected to be greatest for the barium end-member. The anisotropy of these
compounds was confirmed by imaging with a scanning-electron microscope. This is the subject of the

following section.

85



Conductive Layer Geometry Modification by Isovalent Mixing of Perovskite A Cations

4.3.6 Scanning-Electron Microscopic Analysis

The anisotropic ‘slab-like’ structure of the layered oxysulfide compounds investigated here was
confirmed by inspection of the images in fignres 4.17 to 4.20 collected on behalf of the author by Dt
Alexander Kulak of the University of Leeds, using a Nova Nano scanning-electron microscope (SEM).
The images were collected over a range of magnifications of 8000 to 50000 x with the scale displayed

inset in each of the images.

The images confirmed the crystallite sizes of the order of 1 um as calculated by the Williamson-Hall line
profile analysis and the slab-like crystallite geometry with higher dimension in the @/ plane. This is most
easily seen in image ‘c’ in figures 4.17 and 4.78; and ‘@’ in 4.79 and 4.20. In addition to the expected slab-
like crystallites, an additional form is shown in the SEM images wherein crystallites seemingly grew from
a central point along an axis increasing in angular span with distance from the central point to form
bundles of needle-like crystallites. These can be most easily described as having shapes reminiscent of
that of sheaves of wheat, the ends of which are so small that they were poorly resolved at magnification
of 50000 x. The structures seemingly grew at the surface of particles comprising the slab-like crystallites
as shown in image ‘b’ in figures 4.17 to 4.20. They seemed to be present for each of the compounds and

their effect on the calculated crystallite size is unknown.

In addition, single high-aspect-ratio needle-like crystallites were found in the compositions where x = 2
and 3 (image ‘d’ in figures 4.19 to 4.20). Without elemental analysis, it is not possible to confirm that these
structures are composed of the compounds in question. It is a possibility that these structures could have
resulted from sample contamination by PTFE, alumina or quartz used during the synthetic process. The
sizes of these needles are between 5 — 10 um in length and may give rise to the larger crystallite sizes
(= 8 pm for ab) in the compound Ba;Sc2Os5CusS,. However, it is highly unlikely that the population of
these needle-like structures is enough to significantly contribute to the widths of the peaks in the XRD

pattern and therefore the crystallite domain sizes calculated.

It is also likely that the crystallite sizes calculated by Williamson-Hall analysis, while of the same order,
were still overestimates of the true domain sizes. It is likely that the instrumental broadening calculated
using the lanthanum hexaboride standard was overestimated. While highly crystalline, the standard will
have contributed to broadening to some extent, artificially inflating the estimated instrumental
broadening. The correction made in construction of the Williamson-Hall plots, whereby the calculated
instrumental broadening was subtracted, was too great a correction. The real broadening as a result of
the samples under investigation was expected to be slightly higher than that calculated, resulting in a

linear fit with a more positive y-intercept and, therefore, smaller calculated crystallite sizes.
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1pm
Nova NanoSEM

Figure 4.17  Scanning electron microscopy images taken of the componnd SrsSc:05CuzS82 at magnifications 12000 x
(a), 8000 x (b), 15000 x (¢) and 50000 x (d). The reference scales are indicated in the bottom right of
each plot and show the distances 4, 5, 3 and 1 um for images a, b, ¢ and d, respectively.

Figure 4.18  Scanning electron microscopy images taken of the compound BaSr:8c:05Cn2S> at magnifications 8000 x
(a), 25000 x (b), 50000 x (c) and 15000 x (d). The reference scales are indicated in the bottom right of
each plot and show the distances 5, 2, 1 and 3 um for images a, b, ¢ and d, respectively.
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Figure 4.19  Scanning electron microscopy images taken of the compound BasSrSc205CuzS» at magnifications 10000 x
(a), 10000 x (b), 25000 x (¢c) and 10000 x (d). The reference scales are indicated in the bottom right of
each plot and show the distances 5, 5, 2 and 5 um for images a, b, ¢ and d, respectively.

Fignre 4.20  Scanning electron microscopy images taken of the compound BasSe:OsCusS2 at magnifications 10000 x
(a), 25000 x (b), 12000 x (c) and 8000 x (d). The reference scales are indicated in the bottom right of
each plot and show the distances 5, 2, 4 and 5 ym for images a, b, ¢ and d, respectively.
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4.4 Conclusions and Outlook

Successful mixing of the elements barium and strontium across the 4 perovskite sites in the compounds
Ba,S13.:85c205CusS, where x =1 and 2, was achieved as confirmed by PXRD. The diffraction peaks
observed were matched to those generated from end-member models with refined lattice parameters.
The trend in refined lattice parameters increased with increasing barium content, as expected. The
refined fractional occupancy of the A sites in the end-member models further supported the successful
incorporation of the two 4 elements into a single crystallographic phase. Inspection of the refined .4
site occupancies showed preference of barium for the ‘intra-layer’ perovskite site, as rationalised by the

Goldschmidt tolerance factor.

Analysis of the extracted atomic distances and angles revealed extreme copper-sulfur and sulfur-copper-
sulfur distances and angles in the compound where x =1, beyond those of the end-members. This
demonstrated the benefit of elemental mixing in these compounds to achieve conductive layer
geometries not attainable by the end-members. The net effect of the competing extreme geometries on
the conductivity could not be qualitatively predicted. Quantitative computational modelling of the band
structure would be required to predict the intrinsic conductivity contributions of these compounds.
Despite the remarkable distances and angles observed, diffuse reflectance measurements showed that

the band gap energies of all compounds in this series remained above the 3.1 eV visible threshold.

Williamson-Hall line-profile analysis revealed the anisotropic growth of the ‘slab-like” crystallites in all
members in this series. The crystallites show high aspect ratio in the direction of conduction, expected
to benefit conductivity. The calculated crystallite sizes were found to be lowest in the intermediate
compounds. This was likely a result of the increased lattice strain observed for the intermediates relative
to the end-members. These observations provided further evidence for elemental mixing on a single
crystallographic site in the intermediates. The highest strain was observed in the compound for which
x =2, consistent with the disorder found across the ‘inter-layer’ sites as determined from refined

fractional occupancies.

In summary, perovskite A site cation mixing was found to be possible in these compounds to achieve
extreme conductive layer geometries and therefore potentially novel optoelectronic properties, with
desired maintenance of transparency. Care must be taken to consider the possible detrimental effect of

the increased strain and reduced crystallite size observed for the intermediates, on the conductivity.

The barium end-member reported in the previous chapter was shown here to possess the highest
crystallite aspect ratio, favouring the ab planar direction of conductivity. This furthered its case as a

promising high-performance transparent p-type conductor.
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Chapter 5 Effect of Isovalent Substitution of
Elements on Crystal Structure and Optoelectronic

Properties in 325-Type Layered Oxychalcogenides

5.1 Introduction

The layered oxysulfide, Sr38c20sCusS,, investigated with respect to transparent p-type conductivity by
Liu ez al. in 2007, exhibited band gap energies greater than the 3.1 eV visible limit, as did the analogous
BasSc205CusS; reported here in chapter 3.4 It was also reported that the strontium compound possessed
hole mobility at the VBM of 150 cm? V-! s-1. Hole mobility is proportional to the extent of hybridisation
of its constituent states, namely the copper 34 and sulfur 3p, in this case. It was shown previously that
substitution of strontium with barium at the XIL42* site, had the effect of increasing the basal lattice
parameter. This resulted in a corresponding predicted increase in copper-copper distance with observed

band gap energy of 3.24 eV.

This chapter reports on the phase-space investigation of candidate transparent p-type conducting
materials sharing the 325-type layered structure with the current ‘benchmark’ compound, S135¢205CusS2,
of general formula AsM>OsM>Ch. A and M are perovskite-layer cations; and M’ is the softer cation,
and Ch, a group V1/chalcogen anion, in the litharge-like layer. Candidate substitute elements were chosen
for each site in terms of their potential effect on the geometry of the conductive metal-chalcogenide

tetrahedral layer and therefore the expected resultant optoelectronic properties of the compound.

The complete substitution with the elements indium, yttrium and lanthanum,; silver; and selenium on the
M, M’ and Ch crystallographic sites of the oxychalcogenide BasM>OsM >Ch, respectively, was attempted
synthetically in various combinations. The compositions of the targeted compounds are listed below and
the results of these syntheses are discussed in section 5.3: Copper sulfides: BasIn,OsCusSz, BasY>O5CusS»
and BasLa,OsCusSz;  copper selenides: BazSc2OsCusSes, BazlnoOsCuzSez, BasY2OsCuzSez  and
BasLaxOsCusSe; silver sulfides: BasScoOsAg:S2, BasInaOsAg:Ss, BasY205Ag:S2 and Baszla,OsAgsSs; and
silver selenides: BasScoOsAgaSez, BaslnaOsAgrSes, BasY20s5Ag:Ser and BazLa,OsAgsSes.
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5.2 Experimental

The potential compounds investigated in this chapter were targeted in = 0.5g batches by the
conventional solid-state synthetic route as described previously. The powder precursors in the
appropriate stoichiometric ratio (given by eguation 5.1') were ground, pressed into pellets (= 0.75 GPa)
and placed into alumina crucibles. The alkali earth oxides, sulfides and, in the case of this chapter,
selenides, were synthesised in-house via the procedures described in appendix D. (It is noted that it was
necessary to fracture the pellet into several pieces in order to fit it into the crucible.) The crucible was
placed inside a quartz tube sealed at one end. A quartz spacer, made from a narrower tube, was placed
in the bottom of the main tube to avoid the thermal expansion of the alumina crucible from applying
pressure on the inner walls of tube at the weaker tapered end. The entire process, as described thus far,
was conducted under the inert atmosphere (< 10 ppm O2) of a nitrogen-filled glovebox. Once the
sample-containing crucibles were loaded, the tube was sealed at the open end by use of a Swagelok union,
linking the tube to a side arm adapter fitted with a Youngs’ tap. The tap was closed and the ensemble
removed from the glovebox. The tube was clamped in place and the side-arm adapter connected to a
vacuum pump. The tap was opened and the tube kept under dynamic vacuum for > 15 mins. An
oxypropane blowtorch [p(O2/CsHs) = 2.5/0.25 bar] was used to seal the quartz tube, creating an
ampoule sealed under static vacuum. The ampoule was then heated in a box furnace at a rate of
10 °C min! typically to 800 °C, at which point the temperature was usually held for 12 h before cooling
naturally to room temperature. It is specified in the discussion where these conditions were not used.
The ampoules were opened under an inert atmosphere and the contents analysed by air-sensitive powder
x-ray diffraction. The samples were subjected to further heating cycles until consistent product(s) were

observed by x-ray diffraction.

AO + 2 ACH + MOs + M50 — AsMoOsMHChy 5.1
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5.3 Results and Discussion
5.3.1 Isovalent Substitution at the Perovskite Metal, M, Site
5.3.1.1 Attempted Syntheses of BazM>05Cu.S;, where M =Y and La

It was previously shown in chapter 3 and described in the introduction of this chapter that the isovalent
substitution of the strontium for barium in the literature compound had the effect of increasing the basal
lattice parameter, which had the effect of increasing the band gap energy and predicted conductivity.
Further lattice expansion by increased-radius isovalent substitution on the 4 site was precluded by the
radioactivity of the larger-radius alkali earth metal, the eponymous radium. The focus was therefore
moved to the other perovskite cation site. Here, three alternative M site cations were considered which
possessed larger VIM 3+ jonic radii than scandium; namely yttrium, indium and lanthanum. The instability
of compounds including these cations predicted by Williamson, was empirically suspected to arise from
the size ‘mismatch’ between the barium 4 cation and the increasing radii of the M cations, as indicated
by the decrease away from unity in Goldschmidt tolerance factor. These are summarised in fable 5.7 for
the candidate M site elements when included in a hypothetical bulk barium oxide perovskite lattice,

[BaMOs]>.

Table 5.1 Summary of the ionic radii and tolerance factors in a barium oxide perovskite lattice, of the candidate
replacement M site elements. Those for the current M site element, scandinm, are shown for comparison

(bottom).
M3+ Cation|  tionic(V'M3*) | t ([BadO3]2)
/A
La 1.032 0.88
Y 0.9 0.93
In 0.8 0.97
Sc 0.745 0.99

93



Effect of Isovalent Substitution of Elements on Crystal Structure and Optoelectronic Properties in

325-Type Layered Oxychalcogenides

Promising properties were observed upon geometric modification by successful incorporation of barium
onto the A site. To develop this further, the syntheses of compounds with the larger ionic radii M site
elements yttrium, indium and lanthanum, were attempted. The largest A site cation, barium, was
maintained in the targeted compounds to further increase the basal lattice parameter compared to that
in Ba3Sc20s5CuzS,. The aim was to determine the effects of any successful compositional, and

corresponding structural modification, on the predicted optoelectronic properties of these materials.

The yttrium and lanthanum-containing targeted compounds, Ba;Y>OsCu.S: and BazLaxOsCu,Ss, were
not observed by PXRD after 2 x 12 h heating cycles of the corresponding precursors at 800 °C. The
PXRD patterns for the powders resultant from the attempted syntheses of compounds with intended
compositions BazY2OsCuzS, and BasLaxOsCusS», refined against the identified impurity phases, are
provided in figures 5.1 and 5.2. The resultant powders were found to contain mixtures of the crystalline
phases of the precursors barium sulfide and the metal oxide, M>O3, corresponding to each intended
composition, in addition to elemental copper metal. A barium yttrium oxide, BaY2O4, phase was also

observed as a product in the attempted synthesis of the yttrium-containing analogue.

5312 Ba31n205CuZSZ

The phase-pure compound with intended composition of Bazln,OsCusS; was successfully synthesised
after a single cycle of 800 °C for 12h. This was confirmed by the Rietveld refinement of a
crystallographic model describing the compound isostructural to the prototype, to the x-ray diffraction
data collected from the resultant powder shown in figure 5.3. The fractional atomic coordinates describing
the crystallographic model that were refined to the observed PXRD data, are tabulated in appendix H.1.
The compound BasIn,OsCu,S: was observed despite a calculated E above Hull value of 0.34 ¢V atom-!,
as reported by Willlamson e a/, indicating its thermodynamic instability with respect to its

decomposition products.”

The observed synthesis of the indium compound and lack of that of the yttrium and lanthanum
analogues is consistent with the empirical Goldschmidt tolerance factors for the candidate M substitutes
in a barium oxide perovskite structure as given previously in zable 5.1. The calculated tolerance factor is
closest to unity for the indium compound and decreases further from a value of one for the yttrium and
lanthanum analogues respectively, indicating increasing perovskite cation ‘mismatch’, strain and

decreasing thermodynamic stability, as predicted and supported by the observed synthetic results.
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Figure 5.1 Observed PXRD pattern for products of the attempted synthesis of target compound BasY :05CuzS2. The

Intensity / atb. units

black crosses illustrate the observed data points, the red line shows the calenlated profile from the Rietveld
refined model and the grey line is the difference between the two. Observed phases, the diffraction peak
positions of which are represented by the tick marks, included BaS (blue), Y205 (green), Cu (red) and
BaY:0y (agna). R,y = 14.57 % and y ?va = 4.278.
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Figure 5.2 Observed PXRD pattern for products of the attempted synthesis of target componnd BasLa:0sCuS 2. The

black crosses illustrate the observed data points, the red line shows the calenlated profile from the Rietveld
refined model and the grey line is the difference between the two. Observed phases, the diffraction peak
positions of which are represented by the tick marks, included BaS' (biue), La>Os (green), and Cu (red).
Rip = 19.85 % and y %ns = 1.934.
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Figure 5.3

Figure 5.4
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Powder x-ray diffractogram for the observed componnd BasIn:OsCusS2. The observed data is represented
by black crosses, the calculated diffraction pattern by a solid red line and the difference profile as a solid grey
line below. The blue tick marks show the expected peak positions from the Rietveld refined model. The
compound crystallised into a structure with the tetragonal 14/ mmm space group. R,y = 9.93 % and
X Pra = 9.260.

Llustration of the geometric parameters (lengths and angles) investigated in the conductive copper sulfide
layers in the 325-type layered oxcysulfide compounds studied here.
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Table 5.2 Summary of the ionic radii of the M cations being substituted and the resultant lattice parameters and
interatomic distances/ angles of the observed phases. A graphical illustration of the bond lengths, distances
and angles is repeated in figure 5.4.
Compound | fionic(VIM3*) a=b Cu-Cu Cu-S S-Cu-S
/A /A /A /A /o
Ba3Sc205CusS: 0.745 4.14458(4) 2.93067(4) 2.46951(5)| 114.1015(9)
Ba31n205CusS; 0.8 4.18552(5) 2.95961(4) 2.450243)| 117.3217(9)

As shown in fable 5.2 the successful substitution of scandium for indium to yield the compound
BasInaOsCusSy, led to the expected relative increase in basal lattice parameter. The same trend was
observed between the two compounds reported in the literature also related by isovalent substitution at
the M site, BasM>Os5Ag:S; where M =ILu and Y. The basal expansion was accompanied by the
inevitable increase in coppet-copper distance, seen as desirable for the retention of the band gap. The
complete substitution of scandium for indium also further decreased the copper-sulfide distance with an

observed increase in sulfur-copper-sulfur angle.

The net effect of the reduction in copper-sulfur bond length and increase in sulfur-copper-sulfur angle
away from the ideal tetrahedral, on the hybridisation at the VBM and therefore band gap and charge
carrier mobility, could not be qualitatively predicted. The effect of the complete indium incorporation
on the band gap was determined by linear fitting of a Tauc plot in figure 5.5 constructed from raw diffuse

reflectance data (inset).
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Figure 5.5 Tauc plot for the compound BasInzOsCuzS» constructed from the collected raw diffuse reflectance data
(inset). The solid red line shows a linear fit to the region of steepest gradient; its x-intercept marking the
band gap energy at 1.8 el/. A change in diffraction grating on the spectrophotometer was responsible for
the feature at around 2.5 el

It was found that the band gap of the compound Bas;In,OsCusS; was appreciably lower than that of the
scandium analogue; a band gap of 1.8 eV was observed compared to that of 3.1 eV. It can be seen from
inspection of the data provided in zzble 5.3 that the electronegativity of indium is higher than that of
scandium. Qualitatively, comparable occupied bonding states involving indium were expected to lie
lower in energy than those of scandium, precluding the possibility that indium p-states were involved in
a raised VBM, reducing the band gap. It was realised that the indium atom was the only of the candidates
to possess a filled (n-1)d sub-shell, namely the 4419, It was expected that these 4 electrons occupied non-
bonding states within the band gap region, essentially cutting the band gap in two and resulting in the
large observed reduction in band gap energy to 1.8 eV.32 Regardless of the combined effect of the
reduced copper-sulfur distance and increased sulfur-copper-sulfur angle, the compound BasIn,OsCusS,,
and most likely many analogous indium-containing compounds, was deemed unsuitable for transparent

applications, owing to its band gap energy of 1.8 eV.

While it was not found to be possible in the BasM>OsCusS, prototype compound, the use of perovskite
M elements yttrium and lanthanum were still thought to have potential for increasing the transparent
conductive properties by expansion of the perovskite layer and its effects on the geometry of the

conductive layer.
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Table 5.3 Extension of table 5.1 including the electronegativity and (n-1)d sub-shell electronic occupany for the
candidate replacement M site elements for the discussion of observed band-gap energy. Those for the current
M site element, scandinm, are shown for comparison (bottom).

(n-1)d Atomic
M3+ Cation Tionic(VIM %) t ([BaMOs)%") | Electronegativity | Sub-shell Occupation
/A

La 1.032 0.88 1.10 | Empty

Y 0.9 0.93 1.22 | Empty

In 0.8 0.97 1.78 | Full

Sc 0.745 0.99 1.36 | Empty

5.3.2 Isovalent Substitution at the Chalcogen Site, Ch

The perovskite layer had apparently been exhausted of options for suitable isovalent substitutes. At the
A site, the largest ionic radius 42+ cation of the element barium was already employed. Those elements
with larger radii are radioactive and therefore undesirable for this application. Scandium at the VIAP*
perovskite cation site, seemingly possessed the optimum combination of radius, electronegativity and
(n-1)d sub-shell occupancy, at least when compared to indium. The use of the elements yttrium and
lanthanum may show improvement in optoelectronic properties, however, could not be incorporated
into the barium oxide perovskite lattice in combination with the copper sulfide conductive layer. The
oxygen was not considered for isovalent substitution for sulfur, as it is the high electronegativity,
chemical hardness and radius of the oxygen, compared to that of the sulfur in the conductive layer, that

leads to the segregation of these compounds into layered structures, crucial for transparency.

However, isovalent chalcogen substitution is possible in the litharge-like conductive layer. The possibility
of substituting sulfur for the heavier chalcogen, selenium, was investigated. Selenium was observed on
the conductive-layer chalcogen site of a range of compounds with the same layered 325 structure. For
example, in the compounds Sr3Fe2OsM %Ses, where M = Cu and Ag, and BasM>OsAgSes, where M =Y
and Lu, reported in the literature.®.70 The substitution of sulfur for selenium in the prototype compound
Ba3Sc20O5CusS2 was expected to increase the mobility at the VBM, owing to the expected increased
hybridisation between the copper and chalcogen in the conductive layer.?” The increase in conductivity
in layered mixed anion compounds as a result of a complete substitution of sulfur for selenium on the

chalcogen site was reported in the literature for the compounds StFCuCh, where Ch = S and Se.”
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This increase in hybridisation was also expected to have the effect of increasing the energy of the VBM.
The effect of this on the band gap energy was difficult to predict as the increased radius of the selenide
compared to the sulfide in the conductive layer was expected to increase the basal lattice parameter and
coppet-copper distance. This increase was expected to increase the energy at the CBM, the net effect of
which in combination with the increased VBM on the band gap energy, was not possible to qualitatively
predict. Decreases in band gap energy were reported in the literature when sulfur in the layered
oxychalcogenides StFCuCh and LaOCuCh, for example, was substituted for selenium.””! This indicated
that the effect of the reduced copper-chalcogen bonding distance, in addition to the increase in energy
of the occupied electronic states owing to reduced electronegativity, had a greater effect on the band gap
than the increased copper-copper distance, at least for these 202’-type (A2MoO2Cu2Chr = AOCuCh)

layered oxychalcogenides.

5321 Ba;SCzoscquez

The synthesis of the compound with the target composition BasSc2OsCusSez was attempted using the
synthetic conditions of 800 °C for 12 h. It was anticipated that the complete incorporation of selenium
would increase the conductivity compared to that of the literature and previously synthesised prototypes,
S135¢205Cu2S2 and BasSc2OsCusSy, respectively. A decrease in band gap energy in relation to the sulfur
analogue, Ba;Sc2O5Cu,S,, was also expected. The band gap of the barium sulfur compound was found
to be 3.24 eV. It was thought that this increase relative to the 3.11 eV of Sr3Sc2O5CusS,, may have been
sufficient to allow increased conductivity by the incorporation of selenium, whilst maintaining the band
gap energy, by use of the larger barium perovskite .4 cation, when comparing the compound targeted

here, BasScoOsCusSes, with the current literature benchmark, Sr3Sc2OsCusSs.

The compound BasSc2O5CusSez was observed, albeit impure, by x-ray diffraction after an initial cycle
under the standard conditions of 800 °C for 12 h (figure 5.6, top). A significant fraction of the barium
selenide precursor (the diffraction peak positions of the crystalline phase of which were highlighted and
indicated with the green tick marks) remained after this initial cycle. A second cycle at 800 °C for 12 h
was completed on the resultant sample which had been reground and stored under an inert atmosphere.
X-ray diffraction analysis of this product found that the fraction of the barium selenide precursor
impurity (green tick marks) had decreased, yet remained significant as can be seen in figure 5.6, bottom. In
order to ensure completion of the reaction, the resulting product was reground and subjected to a further
heating cycle at the increased temperature of 900 °C, for a prolonged duration of 24 h. X-ray diffraction
analysis showed that this third cycle of increased temperature and time was sufficient to ensure complete
reaction of the barium selenide precursor, leaving no detectable indication in the diffraction pattern in
fignre 5.7. The phase purity of the observed BasSc2OsCusSe; was confirmed by Rietveld refinement of a
crystallographic model (appendix H.2) isostructural to the tetragonal layered 325-type oxychalcogenides

to the observed powder diffraction data.

100



Intensity / arb. units

Fignre 5.6

Intensity / atb. units

Figure 5.7

Oxychalcogenides For Transparent P-Type Conductors

g Cycle 1

IS T

il

oo WWWJMWM o) sy ] Mwww

Cycle 2

|
QJM i P

20 25 30 35 40 45 50 55 60 65 70 75 80
29 / O

number of cycles completed for each observed phase composition is indicated.

Cycle 3
900 °C, 24 h

M M

eSS
aka—hﬂ_w

p Lm'\ bt th "y Y 'n fren M

L
20 25 30 35 40 45 50 55 60 65 70 75 80

29/()

5 2nd = 1.086.

101

Powder x-ray diffractograms of samples with intended composition BasSc205CusSes. The observed data is
represented by black crosses, the caleulated diffraction patterns by solid red lines and the difference profiles
as solid grey lines below. The blue tick marks show the expected peak positions from the Rietveld refined
model of target compound and the green ticks and highlighted peaks indicate the peak positions of the
remnant BaSe precursor impurity phase. The synthesis was attempted at 800 °C for cycles of 12 h. The

Powder x-ray diffractogram of phase-pure BasSc205CuzSez. The observed data is represented by black
crosses, the calenlated diffraction pattern by a solid red line and the difference profile as a solid grey line
below. The blue tick marks show the expected peak positions from the Rietveld refined model and the
highlighted regions the peak positions of the barium selenide precursor. The compound crystallised into a
structure analogous to the prototype with the tetragonal 14/mmm space group. R,y = 13.05 % and
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Figure 5.8  Graphical summary of the effect on the lattice parameters and distances and angles, of ionic substitution of sulfur for seleniunm on the chalcogen (Ch) site, in the two sets of analogous compounds
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Table 5.4 Summary of ionic radii of the chalcogen ions being substituted and the lattice parameters of the resultant
crystalline phases. Those for the analogous pair of compounds SrsFe:O5sCusCha, where Ch = S and Se,
also related by isovalent substitution at the chalcogen site, are shown for comparison (bottom). These data
are summarised graphically in fignre 5.8.

Compound tionic(*Y Ch*) a=b Cu-Cu Cu-Ch Ch-Cu-Ch Ref.
/A /A /A /A /°
Ba3Sc:0sCusS: 1.84 4.14458(4) 2.93067(4) 2.46951(5)| 114.101509)| #/a
Ba;Sc205CusSes 198|  418227(8)|  295731(6)| 2.54316(5)|  110.623(3)| /4
Sr3Fex05CunSs 1.84 3.9115 2.766 2.424 124.792 |70
\St3Fe205CuzSes 1.98 3.95770 2.798 2.510 123.875|70

Substitution of sulfur, fienc(VS?) = 1.84 A, for selenium, fionc(IVSe) = 1.98 A, in the structural
prototype, yielded an expected increase in basal lattice parameter as can be seen by the summary of
crystallographic geometries in zable 5.4 represented graphically in figure 5.8. In terms of the geometry of
the conductive layer, the copper-copper distance was found to increase with selenium addition, as was
expected owing to its inextricable link to the basal lattice parameter. In contrast to the effect on the
conductive layer geometry of lattice expansion by substitution in the perovskite layer, the increase in the
radius of the chalcogenide had the effect of, unsurprisingly, increasing the copper-chalcogen bond
length. However, the increase in copper-chalcogen distance was not as great as was expected by the sum
of the atomic radii alone. The distance calculated by the simple sum of the ionic radii of the copper (I)
and sulfur (-IT) ions was 2.44 A and for copper (I) selenium (-II), 2.58 A. The copper-chalcogen
distances calculated from the atomic coordinates in the crystallographic model refined to the collected
powder x-ray diffraction data for the compounds Ba;ScoOsCuxCha, where Ch = S and Se, were found to
be 2.46951 and 2.54316 A, respectively. As the combined ionic radii of the elements in the conductive
layer increased by 5.7 %, the observed extension in the distance between them increased by only 3.0 %,
indicating a greater degree of overlap between the copper and selenium atoms compared with that of

the copper and sulfur.
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It was also found that the effect of the substitution of sulfur by the increased-radius selenium was to
reduce the chalcogen-copper-chalcogen angle. This is in contrast to the effect on the same angle induced
by the substitution of larger radius cations on the M site, found previously. The trend in effects on lattice
geometry of substitution of sulfur for selenium in this example was found to be the same as that found
between the compounds Sr3Fe,OsCuxChs, where Ch = S and Se, as reported in the literature, as illustrated

in the plot (fig. 5.8, bottom right).”

The geometry of the conductive layer in the compound BasScoOsCuaSex suggested relatively high
intrinsic mobility and therefore potentially increased bulk conductivity. The larger radius of the selenium
had the effect of increasing the basal lattice parameter and therefore the copper-copper distance desirable
for maintaining transparency at the CBM; increasing the copper-chalcogen distance, but to such an
extent that an increase in hybridisation was still anticipated; and reducing the chalcogen-copper-
chalcogen bond angle towards the ideal tetrahedral angle, maximising hybridisation. The expected
increase in p-type conductivity upon substitution of sulfur for selenium in a layered oxychalcogenide was
consistent with empirical conductivity trends observed for the analogous compounds in the literature,

as described previously.?0%1

The effect on the band gap energy of the chalcogen substitution was investigated by diffuse reflectance
measurement. The resulting Tauc plot constructed from the raw data shown plotted inset, is shown in
Signre 5.9. It was found that the band gap energy of the compound Ba;Sc2OsCusSez was 3.05 eV. This
showed a small expected decrease relative to that of BazSc2OsCuzS2. However, this is promising as the
expected increase in conductivity, relative to the current benchmark candidates, was shown to be coupled
with relatively high maintenance of the band separation, and therefore transparency. The measured band
gap energy of 3.05eV lay only 0.05eV below that of the widely-excepted criteria for visible light
transparency. It may be that, given the expected increase in conductivity, the transparency can be
sacrificed for some applications. Furthermore, in preparing these materials for high-conductivity, p-type
doping is required. The increase in positive hole charge carrier concentration at the VBM that this is
intended to cause, may affect the band gap by a Moss-Burstein shift sufficiently that the band gap is
increased above the 3.1 eV threshold, once doped.”? Therefore the compound BasSc2OsCusSez is a

promising candidate for a high-performance transparent p-type conductor.
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Figure 5.9 Tauc plot for the compound BasSe:05CusSez constructed from the collected raw diffuse reflectance data
(shown plotted inset). The solid red line shows a linear fit to the region of steepest gradient; its x-intercept
marking the band gap energy at 3.05 ¢l

5.3.3 Isovalent Substitution at the Perovskite Metal, A, Site | Revisited

The potential towards improved transparent conductivity of substitution of scandium by yttrium or
lanthanum on the M perovskite cation site was identified previously in section 5.3.1. The yttrium and
lanthanum were expected to increase the basal perovskite lattice parameter owing to their increased ionic
radii compared to that of scandium. The increase in basal lattice parameter by cationic substitution in
the perovskite layer was previously shown to potentially benefit transparent conductivity by alteration of
geometry in the conductive copper sulfide layer. This was observed for indium, however, as discussed
previously, the filled (n-1)d states of the indium led to the formation of ‘interband’ states, consistent with
those indicated by Hosono, and a corresponding large reduction in band gap energy from 3.24 to
1.8 V.32 Despite its calculated tolerance factor which deviates from unity (0.93) and the previous failure
to synthesise the compound Ba3Y>O5CusS,, the perovskite oxide block containing barium and yttrium
cations, [BasY2Os)?*, was reported in the literature in the analogous compound, Ba;Y2OsAg>Se». It was
proposed that the larger silver and selenium ions, compared to those of copper and sulfur,
accommodated the mismatch in the perovskite lattice between the barium and yttrium cations. In light
of the observed synthesis of the compound Ba;Sc;OsCuxSesz, the possibility of using a larger
chalcogenide, selenium in this case, to stabilise the incorporation of the larger yttrium and lanthanum
cations in the perovskite layer was investigated. The syntheses of the compounds with target

compositions BasM>OsCuaSez, where M =Y, La and In, were attempted at 900 °C for durations of 24 h.
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5.3.3.1 Ba3Y205CuZSez

The compound Ba3Y>O5CusSes was successfully synthesised, apparently for the first time, as confirmed
by Rietveld refinement of a representative crystallographic model to the collected powder x-ray
diffraction data shown in figure 5.70. The refined atomic coordinates of the model are provided in
appendix H.3 and were used to calculate the geometries of the conductive layer. These are summarised in

table 5.5 with those for the analogous compound BasSc2OsCuaSe: for comparison.
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Figure 5.10  Powder x-ray diffractogram of Ba;Y ,05CusSes. The observed data is represented by black crosses, the
calenlated diffraction pattern by a solid red line and the difference profile as a solid grey line below. The blue
tick marks show the expected peak positions from the Rietveld refined model. The compound crystallised
into a structure with the tetragonal 14/ mmm space group. Rop = 11.77 % and y?ra = 1.095.

Table 5.5 Summary of ionic radii of the M site cations being substituted in BasM>O05CuzSez and the corresponding
lattice parameters describing the crystalline phases formed.
C d Fionic(VLM3) a=b Cu-Cu Cu-Se Se-Cu-Se
ompoury /A /A /A /A /e
BasSc,05CusSes 0.745 4.18227(8) 2.95731(6) 2.54316(5) 110.623(3)
Ba3Y>05CuzSe; 0.9 4.3912(1) 3.10505(7) 2.57504(5) 117.002(3)

The complete substitution of scandium for the larger ionic radius yttrium observed in the compound
BasY205CuzSe; had the expected effect of increasing the basal lattice parameter and coppet-copper
distance. The copper-selenium distance increased in this case, which opposed the trend observed by the
substitution of scandium for the larger indium in the BasM>0O5CuzS; reported previously. The combined
increases of the copper-selenium length and selenium-copper-selenium angle were expected to be
detrimental to conductivity. The effect of the yttrium on the band gap energy was investigated by
calculation of the band gap from the Tauc plot shown in figure 5.11, derived from the collected raw

diffuse reflectance data shown inset.
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Figure 5.11  Tauc plot constructed from raw diffuse reflectance data (inset) for the compound BasY 205CusSes, the solid
red line shows a linear fit to the region of steepest gradient — its x-intercept marking the band gap energy at
2.67 el

The band gap energy of Ba;Y>OsCusSez of 2.67 eV showed a reduction compared to the 3.05 eV of the
scandium analogue. The increased ionic radius of the yttrium compared to that of the scandium had the
anticipated effect of expanding the basal lattice parameter and the copper-copper distance. This was
expected to have the effect of reducing hybridisation of the copper states and raising the energy at the
CBM. Therefore, the reduction in band gap must have arisen from a change in average energy of the
band edges or presence of additional states between the copper-copper and copper-selenium bands. The
increased copper-selenium bond length (contrary to that observed for increased radius M ion
substitution in the copper sulfides) and increased angle away from the ideal tetrahedral, was expected to
also reduce hybridisation at the VBM. Seen as detrimental to the p-type mobility, this would, however,
have been expected to increase the band gap energy. Therefore, the observed reduction is likely to be a
result of the incorporation of yttrium states into either the CBM or VBM, or both, as a result of its lower
electronegativity compared to that of scandium, causing their energies to converge and the band gap to
decrease. A small decrease in electronegativity from 1.36 for scandium to 1.22 for yttrium resulted in the
M states likely hybridising with the copper-copper and copper-selenium states typically occupying the
band edges in the scandium analogous and encroaching on the band gap. This indicated that the
scandium states lay close to, but crucially beyond those of the band edges, resulting in the consideration
of electronegativity, in addition to the (n-1)d state occupancy previously discussed with regard to indium,

when seeking to expand the lattice by isovalent substitution at the M perovskite lattice site.
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5.3.3.2 Ba3La205CuZSez

To further investigate this trend, the synthesis was attempted of the compound Bazla,OsCusSes
containing the larger, and less electronegative still, lanthanum ion on the M site. The powder resulting
from the attempted synthesis was analysed by powder x-ray diffraction and the precursor phases barium
sulfide, lanthanum oxide and elemental copper were identified as being present. A model containing the
crystal structures of the identified precursors was fitted against the observed diffraction pattern as shown

in figure 5.12.
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Figure 5.12 Observed PXRD pattern for products of the attempted synthesis of target compound BasLaOsCuzSez.
The black crosses illustrate the observed data points, the red line shows the calenlated profile from the
Rietveld refined model and the grey line is the difference between the two. Observed phases, the diffraction
peak positions of which are represented by the tick marks, included BaS' (blne), La:0s (green), and Cu
(red). Ryp = 13.63 %o and y?n.a = 1.671.
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The reason for the unsuccessful attempted synthesis of this compound was expected to be illustrated by
its tolerance factor describing the mismatch in ionic radius between the barium and lanthanum in a
perovskite lattice. Neither the yttrium nor the lanthanum compounds BasM>O5Cu,S; were reported to
have been synthesised, both possessing tolerance factors further from unity than that of the scandium
analogue which was found to exist. The yttrium-containing perovskite block, [Ba;Y2Os]** was found to
exist within the analogous compound Ba;Y20sAg:Se; reported in the literature and was observed here
in the successful synthesis of the targeted compound Ba;Y>OsCuzSe,. The increased mismatch compared
to that of the barium/scandium perovskite oxide was expected to have been stabilised by the increased
lattice parameter as a result of the selenium ion on the chalcogen site of the conductive layer. The
mismatch between barium and lanthanum was deemed to be too large to have been supported even by
the copper selenide layer. In fact, to the authot’s knowledge, there has been no barium/lanthanum
containing perovskite building-blocks in the layered oxychalcogenides or pnictides reported in the
literature. The only example of lanthanum incorporation onto the M site in these compounds is in
conjunction with bismuth, in the compound Bi2l.aO4CuzSe;, with which it has a tolerance factor of 0.81

in a bulk oxide perovskite.”

5333 Ba31n205Cuzsez

In addition to that of yttrium and lanthanum, the substitution of scandium for indium to yield the
compound BazInOsCusSes, was attempted to further evaluate the relationship between ionic radius and
conductive layer geometry. This was despite the fact that the indium M site element had been concluded
to be detrimental to transparency by virtue of the position of its occupied (n-1)d states between the
valence and conduction band edges. The indium compound Ba3lnOsCusSez, was successfully
synthesised and its structure verified by Rietveld refinement to the observed PXRD data as shown in
frgure 5.13 overleaf. The atomic coordinates describing the positions of atoms in this refined model are
given in appendix H.4, from which the distances and angles are calculated which are tabulated in z2ble 5.6
and summarised graphically in figure 5.15. The band gap energy of this compound was calculated by
analysis of the Tauc plot shown in figure 5.74 which was constructed using the raw diffuse reflectance

data collected shown inset.

Table 5.6 Summary of ionic radii of the M site cations being substituted in BasMoOsCuzSez and the corresponding
lattice parameters describing the crystalline phases formed. The analogous yttrinm-containing compound
previously discussed which completes this homologous set is also repeated for comparison.

Compound | fionic(VTM %) 2=b Cu-Cu Cu-S S-Cu-S
/A /A /A /A /°
Ba:;Sc;0sCusSes 0.745 4.18227(8) 2.95731(6) 2.54316(5) 110.623(3)
BasIn,OsCusSes 0.8 4.2220(1) 2.98542(9) 2.54431(6) 112.136(3)
BasY,0sCu:Ses 0.9 43912(1) 3.10505(7) 2.57504(5) 117.002(3)
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Figure 513 Powder x-ray diffractogram of BasIn:20sCusSes. The observed data is represented by black crosses, the
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calenlated diffraction pattern by a solid red line and the difference profile as a solid grey line below. The blue
tick marks show the expected peak positions from the Rietveld refined model. The compound crystallised
into a structure with the tetragonal 14/ mmm space group. R,y = 10.33 % and y2ns = 1.838.

S
3
g
4
2
A

500 1000 1500 2000 2500

A/ nm
‘ \ \ \ I \
1.0 1.5 2.0 2.5 3.0 3.5
Energy / eV

Figure 5.14  Tauc plot of the compound Basln205CusSez constructed from the raw diffuse reflectance spectrum (inset)

collected from the sample. The solid red line shows a linear fit to the region of steepest gradient — its x-
intercept marking the band gap energy at 1.31 el
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As can be seen in figure 5.15, the effect on the lattice parameters of substitution of scandium for the
larger ionic radius indium in the compound BasM>OsCusSes, conformed to the same trend as was
observed for the previous substitution of the yet larger yttrium. Namely, the expansion in the lattice
parameter and increase in the copper-copper, copper-selenium distances and selenium-copper-selenium

angle, away from the ideal tetrahedral.

Indium obeyed the same trend as yttrium, albeit it to not such an extent, owing to its ionic radius which
is intermediate between that of scandium and yttrium. The use of larger M site cations in the homologous
series BasM>OsCusSex was expected to show reduced mobility at the VBM owing to the increased
coppet-selenium distance and angle. In the case of indium and yttrium, reduced transparency was
observed, as measured by the band gap energy. This was expected to be a result of the occupied (n-1)d

states and reduced electronegativity, respectively.

5.3.4 Isovalent Substitution at the Coinage Metal, A", Site
5.3.4.1 ... in the Silver Sulfides, Ba;M>05Ag>S:

After the successful substitution of the sulfur for selenium in the conductive layer and the observed
resultant crystallographic geometry apparently beneficial for high p-type mobility with reasonably high
maintenance of the wide band gap, attention was shifted towards the cationic site in the conductive layer,
M’ in AsM>OsM>Ch,, currently occupied by copper (I) ions. The pairs of analogous 325-type layered
oxychalcogenide compounds Sr3FexOsM »S; and Sr3FeOsM Ses, where M’ = Cu and Ag, related by the

substitution of copper for silver, were reported in the literature to have been observed.”"!

To investigate the effect of the substitution at the cationic site in the conductive layer on its geometry
and therefore optoelectronic properties, the synthesis of the compound BasSc2OsAg:S» was attempted,
along with that of the set of analogous silver sulfide compounds with general formulae, BasM>OsAg:S,,
where M =Y, In and La. The results of the syntheses were monitored by x-ray diffraction of the powders
resultant after a single synthetic cycle at 800 °C for a duration of 12 h. It was found for the compounds
attempted here that in each case, the crystalline phases identified in the powder x-ray diffraction patterns
(fignres 5.16 to 5.19; top, overleaf) corresponded to the precursor compounds, indicating a lack of reaction

in each case.

It is noted that Bragg peaks were observed in the diffractograms which could not be confidently assigned
to those of any known, anticipated phases. Of these unaccounted peaks, that with the highest intensity
in each case lies around 26 = 30 . This is also the case with the predicted diffraction patterns of the
three target compounds, admittedly along with the patterns of crystalline phases of many other
compounds. It may have been the case, particularly as many of the observed phases were precursors,
that the reactions had not gone to completion and, given longer time duration and/or higher

temperature, conversion of the precursors to the potential target phase may have been observed.
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It is worth noting here that Cario e /. reported the necessity for a temperature 100 °C higher (900 versus
800 °C) than that for the other copper sulfide, copper selenide and silver selenide analogues in the
synthesis of the silver sulfide analogues of the isostructural layered compounds Sr3FexOsM »>Cha, where
M’ = Cuand Ag and Ch = S and Se.” A time of “3 days” was also used. The synthetic conditions of
900 °C and an assumed 72 h found to be required for the synthesis of the compound St3Fe;OsAg>So,
were then used in a second attempt of the syntheses of the compounds BasM>O5Ag>S,, where M = Sc,
Y, In and La.

The resultant powder samples were again analysed by PXRD and crystalline phases were assigned to
their resultant patterns. The patterns can be seen for each cycle and for each compound in the fignres 5.16
to 5.19 (bottom). In the cases of the compounds where M = Sc, In and La, the phases assigned to the x-
ray diffraction pattern of the sample treated at 900 °C for cycles of 72 h were the same precursor phases
as were identified after the attempted synthesis at 800 °C for 12 h. In the case of M =Y, the yttrium
oxide precursor phase was seemingly no longer present. The impurity precursor phases present in the

resultant powder samples for each attempted composition are summarised in Zable 5.7.

The peaks at angles of around thirty degrees found after the first cycle were shown to decrease in relative
intensity for the compound where M =Y and remained for M = Sc and In, indicating that, for these
compounds, while the peaks were not able to be assigned, it is suspected that the samples contained a
minor undesirable phase comprising at least the M site cation. It can be seen in the diffraction patterns
for the compounds where M = Sc and In, that between each cycle, the relative intensity of the unassigned
peaks change. While this may be due to preferred orientation, which was confirmed to occur in these
compounds (as was previously reported on in chapter 4), it is more likely that the peaks are a result of at
least two different minor impurity phases and are not indicative of the presence of a single target phase.
The compounds BasM>OsAg:S2, where M = Sc, Y, In and La, were not observed after the syntheses at
800 °C for 12 h nor 900 °C for 72 h, attempted in this project.

Table 5.7 Summary of the composition of crystalline phases identified by PXRD for the attempted syntheses at 900 °C
Sfor 72 b of the family of compounds BasM>05Ag0S8 2, where M = S¢, Y, In and La.

Attempted Composition BazM>05Ag>S;, Identified Post-Synthesis Crystalline Phases
M Present
Sc BaS, Ag
Y Y203, Ba§, Ag
In 1n203, BaS, Ag
ILa La,Os3 BaS, Ag
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Figure 5.16  Observed PXRD patterns for products from attempted syntheses at 800 °C for 12 b (top) and 900 *C for
72 b (bottom) of the target compound with composition BasSe:05.Ag2855. The black crosses illustrate the
observed data points, the red lines show the calenlated profile from the Rietveld refined model and the grey
lines are the difference between the two. Observed phases, the diffraction peak positions of which are
represented by the tick marks, included BaS' (blue) and Ag (green). Ry = 19.21 % and y?pa = 24.71
and 21.84 and 3.215 for the plots top and bottom, respectively.
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Figure 517 Observed PXRD patterns for products from attempted synthesis at 800 °C for 12 b (top) and 900 *C for
72 b (bottom) of target compound with composition BasY05.4g:85. The black crosses illustrate the
observed data points, the red lines show the calenlated profile from the Rietveld refined model and the grey
lines are the difference between the two. Observed phases, the diffraction peak positions of which are
represented by the tick marks, included BaS (blue), Y205 (green) and Ag (red). R,y = 18.55 % and
X 2rd = 1.869 and 17.26 and 2.657 for the plots top and bottom, respectively.
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Figure 518 Observed PXRD patterns for products from attempted synthesis at 800 °C for 12 b (top) and 900 *C for
72 b (bottom) of target compound with composition BasIn:054g282. The black crosses illustrate the
observed data points, the red lines show the calenlated profile from the Rietveld refined model and the grey
lines are the difference between the two. Observed phases, the diffraction peak positions of which are
represented by the tick marks, included In2Os (blue), BaS' (green) and Ag (red). R,y = 26.73 % and
X 2rd = 3.094 and 14.49 and 4.679, for the plots top and bottom, respectively.
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Figure 519 Observed PXRD patterns for products from attempted synthesis at 800 °C for 12 b (top) and 900 *C for
72 b (bottom) of target compound with composition BasLaO0sA4g:82. The black crosses illustrate the
observed data points, the red lines show the calcnlated profile from the Rietveld refined model and the grey
lines are the difference between the two. Observed phases, the diffraction peak positions of which are
represented by the tick marks, included BaS' (bine), La:Os (green) and Ag (red). R,y = 16.56 % and
Kra = 1.770 and 17.77 and 2.088, for the plots top and bottom, respectively.
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5.3.4.2 ... in the Silver Selenides, Baz1>0sAg>Se>

In a continued search for novel conductive layer geometry, the isovalent substitution of the conductive
layer cation, M’, in the 325-type layered oxychalcogenide compounds, BasM>OsCusSer previously
discussed was investigated. It was anticipated that the increased radius selenium (-1I) ions would
contribute to a lattice expansion with the potential of incorporating the larger radius silver ions. This was
not found to be possible in the set of silver sulfide compounds BasM>O5Ag>S», discussed in the previous
section. The effect of substitution on this site could not be evaluated from the literature as, although the
analogous pair of compounds St3Fe2O05CusS; and Sr3Fe2OsA:S: related by the isovalent substitution of
copper for silver at the conductive cationic site, was found to have been reported in the literature, neither
the interatomic distance and angles, nor the refined atomic coordinates, from which they could have

been calculated, were found to be available for the silver analogue.”"!

Here, the synthesis of the homologous series of compounds with formulae BasM>OsAg>Sex where
M = Sc, In and La, were attempted. The compound for which M =Y was already found to have been
reported in the literature by Ogino ¢f a/% It was found that the resultant powder x-ray diffractograms,
shown subsequently in figures 5.20 and 5.21, could be modelled by the refined crystal structures of the
intended layered oxyselenides after a single cycle at 800 °C for 12 h for the compounds where M = Sc
and In. The lanthanum analogue was not observed after the attempted synthesis under the same
conditions (figure 5.22). The identified crystalline phases present in the resultant sample were found to be
the precursors barium selenide, lanthanum oxide and silver, the predicted diffraction peak positions of

which are shown relative to the observed diffraction data.
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Figure 5.20  Powder x-ray diffractogram of the componnd BasSc:O0sAgaSer which crystallised into a structure with the
tetragonal 14/ mmm space group. The observed data is represented by black crosses, the calenlated diffraction
pattern by a solid red line and the difference profile as a solid grey line below. The biue tick marks show the
expected peak positions from the Rietveld refined model. R,y = 8.42 % and y?ns = 1.431.
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Powder x-ray diffractogram of the compound Basln:OsAgsSer which crystallised into a structure with the
tetragonal 14/ mmm space group. The observed data is represented by black crosses, the calenlated diffraction
pattern by a solid red line and the difference profile as a solid grey line below. The biue tick marks show the
expected peak positions from the Rietveld refined model. The peaks at 20 = 27 and 29° could not be
assigned to a phase. R,y = 22.74 % and y?rq = 2.979.
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Figure 5.22 Observed PXRD pattern for products from attempted synthesis of the target compound with composition

BasLa:05Ag:8e2. The black crosses illustrate the observed data points, the red line shows the calculated
profile from the Rietveld refined model and the grey line is the difference between the two. Observed phases,
the diffraction peak positions of which are represented by the tick marks, included BaSe (blue) LazOj (red)
and Ag (green). Ryp = 18.82 % and y?ns = 1.686.
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The lattice parameters and interatomic distances and angles calculated from the refined fractional atomic
coordinates of the compounds for which M = Sc and In (appendices H.5 and H.6), are summarised in
table 5.8 and represented graphically in figure 5.23. It can be seen that the substitution of copper with
silver, the ionic radii of which is considerably larger than that of copper (0.6 compared to 1.0 A for the
tetrahedrally coordinated (I) ions), had the expected effect of expanding the lattice parameter and
therefore also the metal-metal distance in the conductive layer of the compounds Ba3ScoOsM »Se» and
BasInaOsM%Ses, where M’= Cu and Ag. This was expected to have the desirable effect of reducing

hybridisation at the CBM, contributing to maintenance of high transparency.

As was observed when substituting sulfur for the larger selenium ion on the chalcogen site, the increased
radius introduced into the conductive layer had the expected effect of increasing the coinage metal-
chalcogen distance. As was also the case with the chalcogen site substitution, the incorporation of the
silver in place of copper had the effect of increasing the metal-chalcogen interatomic distance but not to
such an extent as was predicted by consideration of the ionic radii alone, an 8 versus 16 % increase
respectively. A decrease in chalcogen-coinage metal-chalcogen angle was again observed. However, in

this case, the angle was decreased to values further beyond that of an ideal tetrahedron.

While the increase in basal lattice parameter and coinage metal-metal distance was seen as beneficial for
transparency, the net effect of the competing inctrease in coinage metal/ selenium hybridisation and
decrease in angle on the conductivity, could not be predicted. The effect on the band gap energy of the
successful substitution of M’ = Cu for Ag in the compounds BasM>OsM »Sez> where M = Sc and In, was
investigated by calculating the band gap energy from the diffuse reflectance spectra measured from the

samples. These plots are shown in figures 5.24 and 5.25.

Table 5.8  Summary of ionic radii of the M’ site cations, Cu and Ag, being substituted in the compounds
BasM>OsM 58 ez where M = S¢ and In, and the corresponding lattice parameters describing the crystalline

phases formed.
Compound Lionic(TYM’ 3%) a=b M’ M-Se Se-M*Se
/A /A /A /A /e
Ba3Sc205CusSer 0.6 4.18227(8) 2.95731(6) 2.54316(5) 110.623(3)
Ba3Sc205Ag:Ser 1 4.2168(2) 2.9818(1) 2.74680(9) 100.277(4)
Ba3In,O5CusSe 0.6 4.2220(1) 2.98542(9) 2.54431(6) 112.136(3)
Ba3InxOsAg:Ser 1 4.2601(4) 3.0123(3) 2.7822(2) 95.406(4)
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Figure 5.24  Tauc plot constructed from the raw diffuse reflectance data (inset) of the compound BasSe¢205.4g:85¢2. The
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The observed band gap energies were found to equal 2.56 and 1.44 eV for the compounds
BasSc20Os5Ag:Sez and BaslnaOsAgsSes respectively. Comparison of the band gap energies for the indium
analogues Basln,OsM5Se; where M’= Cu and Ag, showed a small observed increase from 1.31 to
1.44 eV upon substitution of copper for silver. A contrary decrease in band gap energy from 3.05 to

2.56 ¢V was found between the scandium analogues, BazScoOsM %Sex.

The reason for the increase in band gap energy observed between the indium analogues was attributed
to the position of the filled (n-1)41° sub-shell in the indium (I1I) ion between the metal-chalcogen and
metal-metal states, typically comprising the VBM and CBM respectively. The band gap in these
compounds either exists between the VBM and indium inter-band states or indium states and the CBM.
It may have been the case that the net effect of the increased hybridisation of the coinage metal and
selenium, and the decreased angle was to reduce the energy of the VBM, increasing the band gap. This
would have indicated loss of hybridisation at the VBM and reduced p-type mobility. Conversely, it was
known that the CBM comprised the coinage metal states in these compounds. Substitution of copper
for silver had the effect of reducing the hybridisation and raising the energy of the CBM. This would
have been countered by the use of the less electronegative silver. It may have been that the increase in
MM’ length outweighed this and the band gap, possibly between the indium states and the CBM,

increased as observed.

It was expected that the increased basal lattice parameter and coinage metal-metal distance in
BasSc20sM »Ses, where M’ = Cu is substituted for Ag, reduced the energy of the CBM, contributing to
a wide band gap. Therefore, the observed decrease in band gap energy suggested that hybridisation at
the VBM increased as the net result of the increased hybridisation and reduced angle between the coinage
metal and selenium. The band gap of 2.56 ¢V of the compound Bas;Sc2OsAg:Se; lay below that of the
3.1 eV benchmark. However, given the possible increase in mobility compared to the high-transparency
candidates discussed so far, the reduction in transparency may be acceptable for applications where

conductivity is of primary importance.
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5.4 Conclusions

This chapter focussed on the effect of compositional modification in the layered perovskite
oxychalcogenides on the geometry of the tetrahedral layer shown to have the greatest influence over the
optoelectronic properties in these materials.?” Barium substitution of strontium on the perovskite .4 site
in the literature benchmark compound Sr3Sc2OsCuzSz, led to the discovery of the isostructural

compound with composition Ba;Sc2O5CusS,, apparently previously unreported.

The substitution for the larger radius X"Ba?* ion was found to expand the basal lattice parameter which
had the effect of increasing the copper-copper distance and reducing hybridisation at the CBM, useful
for maintaining a wide band gap. An increase in the copper-sulfur distance and angle was also reported.
The net effect of these observed alterations in geometry did not look promising for hybridisation at the
VBM. However, the recorded band gap was in good agreement with that calculated from the predicted
band structure, indicating that Ba;Sc2OsCusS; may well be a promising candidate transparent p-type

conductor as expected.

This result suggested that simple isostructural compositional modification at different crystallographic
sites in the initial compound could lead to alterations in conductive layer geometry measurable by PXRD
and possibly qualitatively predictable effects on the predicted optoelectronic properties of these

compounds.

5.4.1 Perovskite Metal Site (M)

Systematic substitution of scandium on the M perovskite cation site by the candidate elements indium,
yttrium and lanthanum was attempted. The series of compounds Ba3;Sc,O5CusS; and BasInOsCusSa;
Ba3Sc205CusSez, BazInaOsCusSez and BasY20s5CusSez; and BasSc2OsAgaSes and BasInaOsAgrSer” were
discovered apparently for the first time. The effect of substitution at the M site on selected optoelectronic
properties is summarised for each series in figure 5.26, the members within each sharing the common
conductive layers [CuzSz|%, [CuzSez]? and [AgaSez]?. The perovskite layer within which the substitution

occurred in each case had the general formula [BasM>Os)2*, where M = Sc, In and/or Y.

It can be seen that the increased radius of the VIM?* site cation scandium, indium and yttrium in each
series, increased the basal lattice parameter in proportion to the radius. The coinage metal-metal distance
in the conductive layer is not shown as it is proportional to the basal lattice parameter and therefore

exhibited the same increasing trend.

* The yttrium member of this series BasY 205.4g:85¢2 was found to have already been reported in the literature.%
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The effect of the substitution of a larger radius M site cation on the metal-chalcogen distance in the
conductive layer, seemingly depended on the combined radii of the conductive-layer metal and chalcogen
atoms. In the case of the largest combined conductive-layer radii, the silver selenide series, the trend in
metal-chalcogen distance showed a clear increase with increasing perovskite metal ionic radius. In the
copper selenide series, for which the combined ionic radii in the conductive layer was intermediately
smaller, the trend of increased conductive metal-chalcogen bond length was less pronounced. In the case
of the copper sulfides, with the smallest combination of ionic radii in the conductive layer, the increase
in perovskite metal cationic radii had the opposite effect of decreasing the conductive metal-chalcogen

length.

A trend contrary to that observed in the metal-chalcogen bond length, was found for the chalcogen-
metal-chalcogen bond angle in the conductive layer. The greatest increase in angle was observed in the
series possessing, in this case, the smallest combined conductive metal chalcogen ionic radii, the copper
sulfides. A less obvious increase was observed in the copper selenides and a very small decrease found
for the largest combined conductive layer ionic radii series, the silver selenides. In each case the
substitution of larger radius cations had the effect of distorting the chalcogen-metal-chalcogen angle

away from the ideal tetrahedral, one way or the other, compared to that of the scandium analogues.

In all series the calculated band gap energy decreased for the indium substitution and increased again for
yttrium, although not to the values observed for scandium. The occupied (n-1)d states in the indium
resided between the usual band edges, effectively halving the band gap. The yttrium, whilst possessing
unoccupied (n-1)d orbitals, had lower electronegativity and therefore higher energy states contributing
to the VBM, raising its energy and reducing the band gap energy into that of the visible light region. It
was concluded that the performance of these compounds could not be improved by isovalent
substitution of scandium and that it was therefore the (I1I) ion found to occupy the M site, that showed

most promise for improved transparent conductive properties in this family of compounds.
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5.4.2 Conductive Chalcogen Site (Ch)

When comparing the sets of compounds BasSc2:OsCuxCha (red squares, fignre 5.27) and Basln,OsCuxChr
(green circles), where Ch =S and Se in each case, it can be seen that, as expected and as is the case in the
perovskite layer, the incorporation of the larger ion, selenium, has the effect of expanding the basal lattice

parameter and therefore also the copper-copper distance, desirable for the maintenance of a wide band

gap-

The copper-chalcogen bond length was shown to increase upon substitution of sulfur for selenium in
both cases, as would have been expected. However, the increase was not as great as was anticipated from
the sum of the increased radii alone, indicating increased overlap. It was found that the chalcogen-
coppet-chalcogen angle decreased for the selenide relative to the analogous sulfide closer to the 109.5 ©
of an ideal tetrahedron in both cases. In fact, the angle in the compound Ba;Sc2O5CusSes is the closest
of any compound synthesised in this project. The reduced orbital distance and optimised angle indicated
increased hybridisation between the copper and chalcogen, the electronic states of which constitute the
VBM. It was anticipated that this compound would exhibit the highest mobility of the compounds
investigated here, higher than the current literature benchmark, Sr38c20O5CusS;. The compound was
calculated to possess a band gap energy of 3.05 eV, close to the 3.1 eV requirement. This may be suitable
for some applications if the conductivity was proven to show a marked increase from that of the literature
analogue. It was also posited that successful p-type doping would yield an increase in band gap energy

owing to a Moss-Burstein shift in energy of the VBM, possibly raising it above the visible threshold.

The isovalent substitution of M = § for Se at the chalcogen site of BasM>O3CurCha, where M = Sc and
In, was shown to increase hybridisation at the VBM, potentially increasing mobility while increasing the
energy of the CBM sufficiently to maintain a wide band gap energy of 3.05 eV for the scandium/selenium

analogue.
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543 Coinage Metal Site (M)

As shown in fignre 5.28, substitution of copper for silver on the conductive layer metal site had the effect
of expanding the basal lattice parameter and metal-metal distance in the conductive layer, as is the case
on each site investigated here. The metal-selenide bond length was shown to increase, but again as with
substitution on the chalcogen site, not to such an extent as would have been expected by the sum of the
increased radii. The full incorporation of silver ions into the structure had the effect of reducing the
selenium-metal-selenium angle to further below that of an ideal tetrahedron. The combined competing
effects of the relatively reduced metal-selenium bond length and the reduced angle on the mobility within
the VBM was not possible to predict qualitatively. It was calculated that the band gap energy decreased
for the scandium set BasScoOsM %Sez upon substitution of M’ = Cu for Ag. The CBM was expected to
exhibit a reduction in curvature as a result of the increased metal-metal distance. At the VBM, a
competition of distance and angle affecting the hybridisation and electronegativity controlling the
average energy were expected to contribute to an overall change the energy of the CBM. The observed
reduction in band gap energy from 3.05 to 2.56 eV for the Ba;ScoOsM >Se» copper to silver substitution,

suggested that the hybridisation of the CBM had increased, beneficial for p-type conductivity.

An increase in band gap energy was observed for the same substitution between the compounds of the
analogous indium containing set, BasInoOsM »Sez. As previously discussed, it was determined that the
occupied d states lie between the bands at a fixed energy. The band gap was then proposed to be the
difference between these occupied indium states and the CBM. As this was observed to increase for
BasInyOsM%Ses, it was concluded that the energy of the CBM must have increased as a result of the

increased metal-metal distance, again beneficial for p-type conductivity.
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5.4.4 Summary

In summary, the isovalent substitution of elements with larger ionic radii exhibited an expected
expansion of the basal lattice parameter and associated increase in metal-metal distance in the conductive
layer, beneficial for retention of a wide band gap. Substitution of scandium with yttrium, indium and
lanthanum at the M site in the series BasM>OsM%Cha, where M2Ch, = CuzSz, CuzSez and AgsSes,
highlighted the dependence of the trend in conductive layer geometry with the M ionic radius, on the
combined ionic radii in the conductive layer. Increased combined atomic radii in the conductive layer
caused an increase in M*-Ch and reduction in Ch-M™-C) angle. However, the use of indium or yttrium to
do this was detrimental to transparency, owing to their (n-1)d states and reduced electronegativity
respectively. In all series, the bond angle in the conductive layer deviated from the ideal tetrahedral angle
with increasing radius of perovskite M’-site cation. It was, therefore, deemed that scandium was the most

promising of the suitable elements for transparent p-type conductivity in these compounds.

Substitution of sulfur for selenium on the chalcogen site, in addition to expanding the basal parameter
and metal-metal distance, increased the metal-chalcogen length. The increase, however, was less than the
relative increase in ionic radii. The chalcogen-copper-chalcogen angle was reduced towards that of an
ideal tetrahedron with sulfur to selenium substitution in both sets of compounds, Ba3ScoOsCu2Chz and
BasInyOsCuxCho. These effects were predicted to increase hybridisation and mobility at the VBM. The
use of indium in these compounds for transparent conductivity was ruled out owing to the reduced band
gaps of its compounds. The chalcogen substitution in the scandium analogues showed a small reduction
in band gap energy to 3.05 eV. Coupled with the expected increase in hybridisation and possibility of
increasing the band gap energy by acceptor doping, the here newly synthesised compound
Ba3Sc20O5CusSer was expected to be a promising candidate for a high-performance transparent p-type

conductot.

Substitution of M’ = Cu for Ag in the conductive layer in the compounds Ba;Sc.OsM>Se; and
BasIn,OsM2Sez caused an increase in metal-selenium distance, yet expected increase in hybridisation,
and reduction of the selenium-metal-selenium angle beyond that of the ideal tetrahedral angle. The effect
of this on mobility at the VBM was not possible to qualitatively elucidate. The net effect of the change
in geometry was proposed to be an increase in mobility at the VBM, as supported by the measured band
gap energy of 2.56 eV. Given the expected increase in conductivity, the band gap energy within the

energy range of visible light photons, may be tolerated in some applications.

As a result of the investigation of compositional variation on optoelectronic properties via geometric
modification, the syntheses of the following analogous 325-type layered oxychalcogenide compounds
was achieved and reported here apparently for the first time: Basln,OsCusSz, BasScoOsCuaSes,

Ba3Inzo5Cuzsez, Ba3Y205Cu2862, Ba3SC205Ag2862 and Ba31n205AgZSeZ.
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Chapter 6 Final Conclusions and Outlook

6.1 Conclusions

The aim of this project was to use the compound Sr3;Sc2OsCusS; reported by Liu e al. to possess a band
gap energy of 3.1 eV and notably high p-type charge carrier mobility of 150 cm? V-1 51, as a structural
prototype to investigate the transparent p-type conductive potential of related 325-type layered

perovskite oxychalcogenides.

Initial collaboration with the Scanlon Materials Theory Group, UCL afforded a list of eight structural
analogues of the prototype compounds of general formula A3M>OsCulS2 proposed to be
thermodynamically stable by computational prediction. Two of these, Ca3AlLOsCuS; and
Ba3Sc20O5CusS: were expected to exhibit band gap energies greater than the 3.1 eV required for visible-

light transparency.

The syntheses of the eight compounds in addition to the strontium scandium prototype were attempted
here. The syntheses of the compounds Sr38¢205Cu»S2 and BazSc2OsCusS; were confirmed successful by
polycrystalline x-ray diffraction, that of the barium analogue apparently for the first time. Its band gap
energy as measured by diffuse reflectance was confirmed to be in exact agreement with the 3.24 eV
predicted, desirable for visible-light transparency. BasScoOsCusS; was predicted to increase p-type
conductivity compared to that of the analogous strontium prototype. The synthesis of the compound
CazALOsCusSs, the conductivity of which is also expected to exceed that of the prototype, is proposed
to be achievable by use of high-pressure synthesis. The related compound Sr4GaxOsCusS: already
reported in the literature was synthesised and its band gap energy of 2.42 eV, not found in the literature,

is reported here.

The realisation of a second compound, Ba3Sc2O5CuzS,, isostructural to the strontium prototype, with
desirable transparency and p-type conductivity, allowed for investigation of the effect of A site elemental
mixing in the perovskite-like layer, on the optoelectronic properties in these layered perovskite

oxychalcogenides.
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The intermediate compounds BaSr3.Sc2OsCuzS2 where x =1 and 2, were successfully synthesised in
single phases showing lattice parameters intermediate between the two end-members. Refinement of the
fractional occupancy of the elements across the perovskite .4-sites revealed a preference of the barium
for the intra-layer site within the perovskite block, with any remaining .4 atoms distributed across the
more flexible inter-layer sites at the boundary between the building-block layers. This observed
preference was found to be rationalised by evaluation of the respective Goldschmidt tolerance factors.
This preference and disorder induced in the x = 2 analogue, was found to affect the geometry in the
conductive layer to such an extent that the copper-sulfur distance was reduced and the sulfur-copper-
sulfur angle increased to values outside of the range spanned by the end-members. The unique
preference observed upon single-site elemental mixing in the perovskite layer and the extreme geometries
achieved in the conductive layer, confirmed the promise of these layered perovskite compounds for

transparency and p-type conductivity.

Williamson-Hall line profile analysis was performed on the observed diffraction patterns of this series
of compounds to investigate the effect of the site mixing on the lattice strain and crystallite sizes.
Increased strain and reduced crystallite size in the intermediate compounds further evidenced the
successful single-phase elemental mixing achieved. Further analysis of the anisotropy of the crystallite
sizes in these compounds revealed preferential growth in the ab lattice direction, confirmed by the slab-
like crystallites observed in the scanning-electron microscope images. The conductivity in the
compounds was reported by Scanlon and Williamson to occur in the two-dimensional copper sulfide
planes. This was found to be largest in the barium end-member, contributing to increased predicted

conductivity compared to the strontium prototype.

The successful substitution of strontium for barium to yield the compound BasSc2OsCu,S; with
increased predicted conductivity resulted in the observation of a band gap of 3.24 eV. In attempts to
further increase the conductivity, the sulfur was successfully substituted with selenium to yield the
compound BasSc205CuzSez, which, to the author’s knowledge was also synthesised here for the first
time. It possessed a measured band gap energy of 3.05 eV. Considering its increased conductivity, this
may be suitable for some applications. Furthermore, it is anticipated that, should the compound be

successfully doped, it will exhibit an increased band gap energy as a result of a Moss-Burstein shift.

To realise a compound with increased conductivity and band gap energy above 3.1 eV, the synthesis of
the analogous compound Ba3Sc2OsAg:S» was attempted. This synthesis, along with that of all silver
sulfides attempted here, proved unsuccessful. However, the silver selenide BasScoOsAg:Ses, with
predicted increased conductivity yet reduced band gap energy of 2.56 eV, was successfully realised,

apparently for the first time.
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The possibility of realising a compound with increased band gap energy was investigated by attempted
substitution of scandium for the cations with larger ionic radii: indium, yttrium and lanthanum. The
seemingly novel compounds Basln,OsCusSes, BasY>O5CusSex and BaslnaOsAgaSes were synthesised
with band gaps of 1.31, 2.67 and 1.44 eV, respectively. These results highlighted the benefit of scandium
as the perovskite-like layer M site cation. The general decrease in band gap energies observed in these
compounds from scandium to yttrium was attributed to its reduced electronegativity and the more
profound drop with inclusion of indium a result of interband states formed from its occupied (n-1)d

states.

The remaining combinations of substitute elements in this structural prototype were investigated to
ascertain relationships between the M site cation size and geometry of the various conductive layers. As
a result of this, the compound Ba31n,OsCusS, was realised. It was found that, as expected, the increased
radius M site cations had the effect of increasing the basal lattice parameter in all cases. As a result of the
aforementioned competing effects of the substitute elements, the band gap energies actually decreased,
despite this expansion. Both the conductive layer metal-chalcogen bond length and angle, increased with
increased ionic radius at the perovskite M site, for both copper sulfides and copper selenides, and
decreased for the silver selenides. In all cases, the band gap increased and the angle in the conductive

layer deviated from the ideal tetrahedral.

6.2 Outlook

6.2.1 Conductivity and Hall Effect Measurements

Difficulty arose in the synthesis of sintered whole-pellet samples suitable for conductivity measurements.
As a result, such measurements were not performed in the timescale of the project. The conductivities
of the original group of analogues investigated in chapter 3 were predicted at a given charge carrier
concentration from the calculated band structure via the charge carrier mobility. The microstructural

effects of defects and crystallite geometry in physical samples was not, therefore, taken into account.

Conductivity can be inferred from the directly measured sheet resistance by the four-probe method and
knowledge of the sample geometry.?+> Hall effect measurements are required to deconvolute the
observed conductivity into charge carrier concentration and mobility contributions.? These involve the
measurement of the induced Hall voltage across a sample through which a current and magnetic field is
applied in mutually orthogonal directions. The charge carrier concentration can be inferred from the
calculated Hall coefficient, and this then combined with the previously measured resistivity, to yield the

mobility of the charge carriers.”’
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6.2.2 Extrinsic p-Type Acceptor Doping

A charge carrier concentration of =1 x10'7 cm? was reported for the Sr3ScoOs5CuzS, benchmark
compound.®® In the calculations of Williamson and Scanlon, however, an arbitrary charge carrier
concentration of 1 x10%! ecm3 was employed to achieve predicted conductivities within an order of
magnitude of those observed for the current commercialised n-types.’® In order to realise these

concentrations in physical samples, extrinsic p-type carrier doping of the samples was required.

In a preliminary investigation into the p-type dopability of these compounds, the synthesis of 5 at. %
Na:Sr38c205Cu2S, was attempted. The .4 cation site in the perovskite-like layers of the 325-type
compounds studied here, were chosen for doping. This process had been accomplished and reported in
the literature, for example in the compound SrJa;CuOS.% There are relatively few reports on
compounds with these structure types and investigations of these materials with the aim of transparent
p-type conductivity rarer still. The call for further research into the doping of the compound

S138¢205CusS; was exemplified by the following quotations:

“Further investigation of aliovalent and isovalent doping of [St3Sc205Cu»S;] is thus
warranted.”

Liu 2007 27

“We suggest that doped, transparent p-type [Sr3Sc:05CuzS;] thin film devices could
be a very promising candidate for optoelectronic applications.”

Scanlon 2009 48

“It is undoubtedly of significant interest to [...] dope [Sr3Sc205Cu.S;] with
monovalent cations (K*) at Sr sites or divalent (Mg?2*) at Sc sites to improve the

conductivity in this material”

Zhang 2016 %

In this project, the subvalent alkali metal sodium was chosen as a dopant as its monovalent ions
possessed ionic radii closest to those of the XIISr>* used currently and was therefore expected to reduce
any strain induced. In order to introduce the Na* dopant in place of St2*, the StS precursor was partially
substituted by Na,S and the CusS partially replaced with the more sulfur rich CuS, to compensate for
the accompanying sulfur deficiency. The ratio of precursors used to synthesise the compound
NaxSr3..8¢205Cu,S2 where x = 0.15 or 5 at. % is summarised in eguation 6.1. The NasS was synthesised

from its elements in a liquid ammonia solvent under an inert atmosphere as described in appendix D.4.
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0.075 NasS + SrO + 0.85 StS + Sc203 + 0.925 CusS + 0.15 CuS — Nag.15512.855¢205CusS» 6.1

The refined diffraction pattern of the powder sample resulting from a single heat treatment cycle of
800°C for 12 h, is shown in figure 6.1 along with its Tauc plot (inset). The observed pattern closely
matched that of the undoped compound Sr3Sc2OsCusS;. It was observed that the refined occupancy of
the strontium inter-layer site was 0.9685, tending towards that expected for the 5 at. % sodium-doped
sample. Sodium was introduced onto the A sites in the model which was then refined with constraints
such that an increase in sodium on the A site would be countered by a corresponding decrease in
strontium, to represent the physically realistic situation of site competition. The refinement yielded a
modified model with seemingly identical fit statistics of Ryp = 6.68 % and y%.q = 1.722. However, the A4
site occupancy gave an indication of successful sodium incorporation onto the .4 sites. The average
strontium occupancy of the A sites fell to 0.9479 from 0.9771 in the undoped model. A corresponding
average sodium occupancy of 0.0522 was also observed. These values are close to the intended

concentrations of 0.95 and 0.05 respectively, confirming successful doping.
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Figure 6.1 Powder x-ray diffractogram and Tauc plot (inset) of the newly observed doped compound
Nap.158512.855c205Cu282. The observed data is represented as black crosses, the calenlated diffraction
pattern as a solid red line and the difference profile as a solid grey line below. R,p = 6.68 % and
X Pra = 1.722. Peaks bighlighted in yellow are currently unassigned. It has been ruled out as far as possible
that they correspond to a sodinm containing impurity phase and the shoulder peak at 20 = 31.55 0 is also
present in the undoped sample Sr3Sc205Cn2S2, ruling ont a sodinm containing phase as its origin. In the
Tanc plot, the solid red line shows a linear fit to the region of steepest gradient; its x-intercept marking the
band gap energy at approximately 3.2 el
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The individual site occupancies were also monitored. It was seen that sodium dominated the the inter-
layer site, adjacent to the more flexible copper sulfide layers, and strontium the intra-layer sites at the
centre of the perovskite layer. (Occupancy Ainer: Na = 0.0652 and Sr = 0.9348; Ainira: Na = 0.0391 and
St = 0.9609) These were rationalised by consideration of the tolerance factor. The strontium showed the
higher tolerance factor of 0.94, compared with the 0.92 for sodium and hence had a better fit in a
scandium oxide perovskite structure. Therefore, the strontium preferentially occupied the intra-layer
sites and the ‘poorer-fitting’ sodium distributed across the inter-layer sites in which its smaller size could
be accommodated by the more flexible tetrahedral layer. This result was consistent with that observed

in the isovalent mixing of A4 site cations within the same structure reported in chapter 4.

Further evidence for successful doping was gleaned from the band gap analysis. The calculated band gap
of the doped sample increased by 0.09 eV, from 3.11 to 3.20 eV, compared to the undoped equivalent.
This can be explained in terms of a Moss-Burstein shift ze. the reduction in energy of the VBM as holes
are introduced and the electron occupation decreased.” Synthesis of this compound as a sintered pellet
and conductivity/Hall measurements are recommended, in addition to the attempted doping of the

analogous compounds BazSc2OsCusS; and BazScaOsCusSes with higher predicted undoped conductivity.

6.2.3 Further Layered Perovskite Mixed-Anion Oxide Structure Types

Continued investigation into layered perovskite mixed-anion oxides for application as transparent p-type
conductors may benefit from consideration of the range of structure types other than the 325

investigated here.

Some of the earliest work on these compounds was that of Zhu and Hor who reported on their
observations of four of the “rare” and “unusual” structure types described here as xyz = 212, 426 and
438 in the general formula AM,O,M2Chy 7179100101 A 214 structure type was also reported by Evans
¢t al. in a brief Chemical Communications paper.'%2 These have the general formulae Bix[.#O4CusSes
wherein Lz =Y, Gd, Sm, Nd and La. Interestingly, these are the only known examples in which a post-
transition metal resides on the 4 cation site. The only other structure type known for these quinary
oxychalcogenides has the xyz ratio 448, or 224 when simplified. This was reported in 2008 by Hyett e a/.
and possessed the formula BasMnsOsCu».55,.84 In the two decades following the early work of Zhu and
Hor, thirty-five related oxychalcogenide compounds have been found to be reported and are summarised
in appendix C. Representations of the crystal structures of these quinary oxychalcogenides, including the

325-type investigated here, are depicted in figure 6.2.
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212 426 (213) 214 448 (224) 325 438
{Sr>Mn2Sbh,O5} {S1,CuGa0sS} {U2CusAss} {Ba,Mn,O4CuS} {NizSmGes} {n/a}
4/ mmm [139) P4/ nmm [129] 4/ mmm [139] P4/ nmm [129] 4/ mmm [139] T4/ mmm [139]
AMOMCh: AM0M>Ch, AMOM2Ch: AiM4OsM>Ch; AsM>05M>Ch AM0MCut

Figure 6.2 Summary of the crystal structures of quinary layered perovskite oxychalcogenides. The unit cells are shown and expanded by a multiple of b in the b direction to clarify the layered structure. Structure
types are given showing the simplified ratio in parentheses () where applicable. The text in braces { } refers to the structure tipe as assigned by the ICSD, the space group is provided below with
its assigned number in square brackets | | and the italicised text gives the general formula for each structure type. Colonr key: green - A, grey - M, red - O, blue - M yellow — Ch.
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The expansion of the range of prototype structures considered may well enable the possibility of the
incorporation of elements or the synthesis of compositions not attainable for the 325s, for example the
silver sulfides, proposed to show increased conductivity. These other structures may also yield novel
conductivity layer geometries and therefore optoelectronic properties which may not vary with ionic

substitution in the perovskite-like layer in a way consistent with that for the 325s studied here.

Interesting series of compounds have also been reported, in which extreme layer thickness had been
obsetrved in both the intervening perovskite-like and tetrahedral conductive layers. Ogino ef a/. reported
on an interesting modification of the existing 426 structure type.!> This oxypnictide exhibited
magnesium (II) and titanium (IV) cations sharing the M site in a compound with the formula
Sr4(Mg,T1)OgFe2Asz. The parentheses indicated that the two elements were found to share the same

crystallographic site in single-phase solid solution.

This technique based on the site sharing of aliovalent cations permitted the realisation of a new
homologous series of layered perovskite oxypnictides with expanded perovskite layers and hence new
structure types. The aluminium analogue of this new mixed 426 structure, Cas(Al,T1)O¢Fe2Asz, proved
to be the first in a three-membered series with general formulae Can+2(ALT1)nOsFe2As2 where n = 2, 3
and 4.8! The nominal ratios between the M site ions were reported as 2:1, 1:1 and 1:2 respectively. This
resulted in the expansion of the set of known structure types to include those with idealised structures

termed here as 539 and 6412. The n = 2 structure (426) was already known.

A report on a second series was published in which the same idea was employed to substitute aluminium
for scandium.!% This was found to enable the synthesis of an oxygen deficient variant on the known 438
structure using the mixed M cations: Cay(ScoT1)O7.sFeaAsz. This was again the first in a new homologous
series including the new structure types 5411 and 6514. A year later, an analogue of the 5411 was reported
by the same group, this time including the original combination of magnesium and titanium as the M

site cations.105

Gal ¢t al. under the supervision of Clarke, the same group behind Hyett’s report of the 448 structure,
published on a homologous series of compounds based on the Sr2MnO2CuzS2 compound, with 212
structure.!% This series possessed the general formula StyMnO>Cuom5Sm+1, where 7 = 1, 2 and 3, and &
represents the observed vatrying copper deficiency, and exhibited the expanded litharge layers [CusS3]*
and [CueS4]%. The novel and rare layering observed in these examples may yield unique optoelectronic

properties and further investigation of their structure/property relationships is therefore worthwhile.
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6.3 Summary

The successful synthesis of the compound Ba;ScoOsCusS, was achieved. It possessed a larger band gap
and increased predicted conductivity compared to the current literature benchmark, Sr3Sc205CusS;. The
intermediates Ba,Sr3Sc205CusS; where x = 1 and 2 were successfully synthesised by elemental mixing
on the perovskite 1 site. An interesting preference for the intra-layer site of the barium led to increased
observed disorder in the compound x = 2 and extreme geometry in the conductive layer beyond the
range spanned by the end-members. Williamson-Hall PXRD line-profile analysis of lattice strain and
crystallite size proved that the strain was increased as expected in the mixed samples and that the
crystallite growth mode in all cases was anisotropic, resulting in slab-like structures elongated in the ab
plane. It was found that this dimension was largest in the compound Ba3ScaOsCu.,S; and was predicted

to further contribute to high experimental conductivity.

Phase space investigation by isovalent elemental substitution yielded the compound Ba;Sc2OsCusSes,
with a band gap of 3.05 eV and a predicted increase in conductivity compared to the prototype and its
barium analogue. The analogous compounds Ba3Sc2OsAgxSes, BasY2OsCuxSez, BaslnaOsCusSa,

BasIn,OsCusSez and Basln,OsAg»Ses were also successfully synthesised apparently for the first time.

Investigation of the crystal structure of these compounds revealed that increasing cationic radius on the
M perovskite site had the effect of increasing the conductive coinage metal-metal (M™-M’) distance and
decreasing coinage metal chalcogen (M*-Ch) distance for the copper sulfides and selenides, seen as
desirable for conductivity and transparency. Scandium, however, was found to be the optimum cation
in terms of transparency with the less electronegative yttrium and (n-1)d-filled indium exhibiting

undesirably low band gaps in all cases.

Looking forward, it is recommended that the conductivity of the samples (and its mobility and charge
carrier concentration contributions) is investigated experimentally by four-probe van der Pauw and Hall
effect measurements. In order to achieve high p-type conductivity in these compounds, acceptor doping
is still required. To this end, the p-type carrier doped literature prototype compound,
Nag.155912859c205Cu2S,, was successfully realised in a preliminary investigation and confirmed by
refinement of PXRD data and observation of a Moss-Burstein shift resulting in a band gap energy of

32eV.

The full range of structure types reported for other layered perovskite mixed-anion oxides is yet to be
investigated for transparency and p-type conductivity. These structures may exhibit novel conductive
layer geometry. The extreme examples of compounds showing increased layer thickness in both the
perovskite-like and conductive layers invoke intrigue with regard to novel optoelectronic properties and

their investigation to this end, is suggested.
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Appendices

A Derivation of the Plasma Frequency

The plasma frequency is a characteristic of the conduction electrons in an electrically conductive
sample.l9” These electrons are modelled most simply as a ‘cold’ electron gas or plasma. The ‘cold’
indicating that the thermal motion of the electrons is ignored. It is assumed that the equilibrium charge
distribution in the sample is constant throughout. Upon interaction with the electric field of an incident
electromagnetic wave, the conduction electrons are displaced relative to the stationary (again, neglecting

thermal motion) cationic lattice.

The electrons displaced by the electric field of the incident radiation, expetience a restoring force, as a
result of their mutual Coulombic repulsion, proportional to and opposing the electric field, E, created
by the displacement, as in eguation A 1, overleaf. The electric field density at the surface of the sample
(given by the surface integral of the electric field) is related to the displacement of the oscillation as
shown in eguation A 2. Differentiating gives an expression for the magnitude of the electric field in the
direction of the displacement, as in equation A 3. This can be substituted into equation A 1 and rearranged
to give equation A 4, which has the second-order differential equation form of a harmonic oscillator,
shown generally in eguation A 5, with solution as given by equation A 6. An expression for the plasma
frequency (egn. A 9) is obtained by substitution of the expression for the spring constant, £ (eqn. A 8),
into an equation for the frequency (egn. A 7) from the general solution of the harmonic oscillator partial

differential equation A 6.
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F — force

m — mass

x — displacement
t — time

q — charge

E — electric field

Appendices

E£=g=€%3x

€0

dS — infinitesimal surface element vector

Q — charge

€0 - vacuum permittivity
n. — electron number density
e — fundamental charge on electron

me. — electron rest mass

k — spring constant

o — angular frequency

d’x  k
_2+_X:O
dt m
x=Acos(wt)
k
0= |—
m
nce2
k=
€0
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B Derivation of the Conductivity Equation

The current density, as previously expressed in eguation 1.3 (repeated here in eguation A 10), can also be
written in terms of the volumetric number density, charge and velocity of the charge carriers (egn. A 17).
This expression can then be substituted into eguation A 10 and rearranged to yield an expression for
conductivity as given by eguation A 12. This can be simplified by use of the mobility. This is the
proportionality constant, relating the charge carrier velocity to the applied electric field strength (egn. A
13). Rearranging eguation A 13 and substituting into equation A 12, gives the simplified equation for
conductivity in equation 4 14. The mobility can also be expressed in terms of the mean free time between
scattering events, and the mass, of the charge carriers (egn. A 75). This can be substituted into equation A

14 to yield equation A 16, as in equation 1.4.

j — current density
G — conductivity
E — electric field strength
j —nev A1
n — volumetric number density of charge carriers
e — fundamental charge
v — charge carrier velocity
o= nev A12
E
v=uE A 13
L - charge carrier mobility
c=neu Al4
== A15
m
T - mean free time
m — charge carrier mass
ner
6= A6
m
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C Selected Lattice Parameters for Quinary Layered

Mixed Anion Oxides

Table AT Selected lattice parameters of analogous quinary layered mixed-anion oxides extracted from the literature.
Compound Selected Lattice Parameters
AM,O.M’s(Ch/Pn):
Structure a M’-Ch | Ch-M’-Ch | Ch-M’-Ch
Type A | M | M | Ch/Pn cis trans Ref.
xyz
212 Ba [Co |Ag |Se 4.22323 2.7440 100.62 114.07 108
212 Ba |Co |Cu |S 4.06420 2.4395 107.824 112.82 £
212 Ba |Mn |Ag |Se 4.26514 2.7576 113.70 101.31 108
212 St |Co |Ag |Se 4.0980 2.7647 116.77 95.69 oz
212 St |Co |Cu |S 3.99129 2.4356 109.185 110.04 83
212 St |Co |[Cu |Se 4.0488 2.5235 110.88 106.69 oz
212 St |[Mn [Cu |S 4.0018 2.446 109.31 109.79 100
212 St [Nt [Cu |S 3.9248 2.440 110.7 107.1 ¥
212 St |Zn |[Cu |S 4.0079 2.450 109.31 109.79 100
426(213)|Ba |Sc |Fe |As 4.1266 2.441 160.6 115.39 L0
426213)|Ca |Fe |Cu |S 3.8271 2.411 111.72 105.07 B
426(213)|Ca |Fe |Cu |Se 3.8605 2.505 113.99 100.78 i
426213)|S¢r |Cr |Cu |S 3.9000 2.449 111.46 105.56 £
426213)|Str |Cr |Fe |As 3.918 2.413 109.921 108.575 iz
426(213)|Sr |Fe |Cu |S 3.9115 2.424 111.8 104.9 &
426(213)|St |Fe |Cu |Se 3.9367 2.515 112.79 103.02 i
426213)|Sr |Ga |Cu |S 3.8606 2.432 111.70 105.10 K
426(213)|St |Sc |Fe |As 4.05 2434 107.9219| 112.6164 e
426213)|Sr |V Fe |As 2.9296 2427 110.1573| 108.1076 115
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Compound Selected Lattice Parameters
AM,0.M’(Ch/Pn):
Structure a M’-Ch | Ch-M’-Ch | Ch-M’-Ch
Type A | M | M | Ch/Pn cis trams Ref.
xyz
325 St |[Fe |Ag |Se 3.94505 2.65 116.43 96.30 O
325 St |Fe |Cu |Se 3.95770 2.51 112.2 104.8 70
325 St [Fe |Cu |S 3.9115 2.424 110.42 107.60 7l
325 St |Sc¢ |Cu |S 4.0758 2.489 109.2 110 4
325 St [Sc  |Fe |As 4.0781 2.447 107.37 113.76 B
438 St |[Mn |Cu |Se 3.888 2.5006 113.46 101.76 101
438 St [Mn |Cu |S 3.890 2.430 111.05 106.4 i

145




Appendices

D Precursor Syntheses

D.1 Alkali Earth Oxides

The alkali earth oxides, with general formulae 4O, used in this project were synthesised by the thermal
decomposition of the corresponding carbonate, .4COs, under dynamic vacuum according to the

equation A 17.

ACO; — A0 + COq, A 17

The carbonate was loaded into an alumina boat that was placed at the end of a quartz tube sealed at one
end. The open end was capped with a quartz head fitted with a Young’s tap adaptor, which was then
attached to a vacuum pump by rubber tubing. The sample was placed under dynamic vacuum, allowed
to purge and heated to 1000 °C at a rate of 10 °C min''. Once heated, the temperature was held for 12
and 14 h for calcium and strontium, and barium respectively, before being allowed to cool naturally to
room temperature. After the synthesis, the Young’s tap was closed, vacuum line removed and the quartz
tube assembly taken into a glovebox and the alkali-earth oxide removed and stored within. Storage in an
inert gas-filled glovebox was necessary as the oxides have a thermodynamic tendency to revert to the
carbonate under atmospheric carbon dioxide concentrations. The phase purity of the synthesised

precursors was verified by PXRD and the refined resulting patterns shown in figure A 1.
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Figure A1 Powder x-ray diffraction patterns indicating the successful syntheses of the phase-pure alkali earth oxide
precursors CaO (top), SrO (centre) and BaO (bottom). The black crosses represent the intensity and angle
of the observed diffracted x-rays, the red line the calculated profile from the Rietveld refined model, the grey
line the difference between these two profiles and the blue tick marks show the expected 20 peak positions
Jor the corresponding rock-salt structure (Fm-3m). CaO: R,y = 15.63 % and y?ns = 3.309. SrO:
Rip = 8.25 % and y?ng = 2.209. BaO: R,p = 18.58 Yo and y?ns = 1.505.
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D.2  Alkali Earth Sulfides

Alkali earth metal sulfides (A4S, where .4 = Sr and Ba) used as precursors for the solid-state synthesis of
target compounds in this project were synthesised in-house via the sulfurization of the corresponding
carbonates (COs3). The carbonates were heated in the presence of carbon disulfide vapour according

to the equation A 18.

2 ACO;3 9+ CSag — 2AS 9 +3COz A18

In practice, this was achieved by placing the carbonate powder inside an alumina boat, which was then
positioned centrally inside a quartz tube closed at one end, passing through a tube furnace. The tube
head contained both an inlet and outlet such that the whole tube could be removed from the furnace,
evacuated and transferred to a glove box without opening. The inlet gas consisted of the inert nitrogen
carrier that had passed through a sequence of two bubblers. The first was empty to prevent back-fill in
the event of a negative pressure difference and the second was filled with carbon disulfide liquid to
generate a reactant CS; vapour. The exhaust gasses were worked up by passing them through two
hydroxide/bleach bubblers. This would have neutralised the unteacted CS; and any hydrogen sulfide
inadvertently produced before releasing the gas into the ventilation system of the fumehood. The quartz
tube was purged with reaction gas before heating at a rate of 10 *C min! to 900 °C. This temperature
was held for 4 and 8 h for StS and BaS respectively, prior to cooling naturally to room temperature under
continued inert gas flow. The purity of the resultant sulfides were monitored by PXRD and the

corresponding refined patterns are shown in figure A 2.
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Figure A2 Powder x-ray djffraction patterns indicating the successful syntheses of the phase-pure alkali earth sulfide
precursors SrS' (top) and BaS' (bottom). The black crosses represent the intensity and angle of the observed
diffracted x-rays, the red line the calenlated profile from the Rietveld refined model, the grey line the difference
between these two profiles and the blue tick marks show the expected 20 peak positions for the rock-salt
structure (Fm-3m). SrS: Ryp = 9.33 %o and y?ra = 3.049. BaS: R,p = 14.76 %o and y?rng = 3.59.
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D.3  Barium Selenide by Selenate Reduction

Barium selenide was made by the reduction of barium selenate. The water-insoluble barium selenate was
prepared by precipitation upon mixing two aqueous solutions over ice; one of sodium selenate and the
other of barium nitrate, as described by eguation A 19. The barium selenate precipitate was removed by
filtration and dried in an oven at approximately 70 “C in air. The resulting barium selenate powder was

then reduced under 5 % hydrogen, as per equation A 20.
Na2SeOs ag + Ba(NO3)2 o) — BaSeOs ) + 2 NaNO3 g A19

BaSeOs ¢ + 8 Hag — BaSe ¢ + 4 H20 A20

The powder was placed in an alumina boat slid to the end of a quartz tube sealed at one end. The open
end was sealed with a quartz cap containing Young’s tap adaptors for inlet and outlet. The inlet was
attached to a 5 % H/Ny cylinder gas supply with which the tube was purged before heating to 500 °C
at a rate of 10 °C min'!. The maximum temperature was held for 4 h before cooling naturally to room
temperature. During the reaction, the exhaust gases were passed through a fan-cooled coil of tube before
exiting the reactor system through a silicone oil bubbler to prevent back diffusion of air. After the
reaction was completed the reactor tube was sealed, evacuated, removed from the furnace and
transported to an inert-atmosphere glovebox in which the sample was removed from the reactor tube

and stored. PXRD analysis confirmed the phase purity of these compounds (figure A 3).
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Figure A3 Powder x-ray diffraction patterns indicating the successful synthesis of the phase-pure precursor BaSe (top)
and BaSeOy (bottom) from which it was synthesised. The black crosses represent the intensity and angle of
the observed diffracted x-rays, the red line, the calculated profile from the Rietveld refined model, the grey
line, the difference between these two profiles and the blue tick marks show the expected 20 peak positions
Jor the rock-salt (Fm-3m) BaSe and orthorhombic (Pnma) BaSeOy structures. BaSe: R, = 14.00 %
and yra = 1.621. BaSeOy4: Ryp = 11.59 % and y ?na = 3.016. The pattern for the BaSeOy was
collected on bebalf of the anthor by undergradnate student, Mathew Stephens.
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D4 Sodium Sulfide

Sodium sulfide was synthesised by direct reaction between the elemental sodium and sulfur dissolved in
liquid ammonia. Stoichiometric quantities of each were weighed out in an inert-atmosphere glovebox,
placed together in a borosilicate glass ampoule sealed with a Young’s tap, and stoppered at the ground
glass joint. The ampoule was removed from the glovebox and kept under inert gas on a Schlenk line. A
second ampoule was placed under inert gas on the Schlenk line and cooled with a bath of solid carbon
dioxide in isopropyl alcohol. Ammonia from a cylinder supply was condensed into this via a sidearm
joint and dried by addition of a sodium flake, taking care to maintain the gas seal for as long as possible.
Once a suitable volume of ammonia had condensed (~ 30 cm?), the sidearm was removed and re-
stoppered. To prevent explosion, care was taken to maintain an open path through the Schlenk line from
the liquid ammonia and bubbler outlet at all times. A cannula was placed through the Suba-Seals of the
drying flask, in which the ammonia was condensed, and the reaction flask, in which the reactants were
placed, connecting the two. The drying flask was closed to the Schlenk line and the ‘dry ice’ bath
removed. The pressure of the evaporating ammonia induced a flow of the gas into the reaction flask
under which the dry ice bath was then placed. The ammonia condensed onto the reactants that were
agitated by stirring with a glass-coated magnetic stirrer. Once all of the ammonia had transferred, the
stirring and cooling was maintained until the sulfur had fully dissolved. The metal dissolved immediately
within a suitable volume of ammonia, its solvated electrons yielding a dark red when concentrated and
then blue solution as it became more dilute. Stirring and manual agitation was required to ensure that all
sulfur had visibly reacted. After being allowed to warm naturally overnight, the off-white/pale yellow
sample was transferred to a glovebox where it was stored and its identity verified by powder x-ray

diffraction (fig. A 4).
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Figure A4 Powder x-ray diffraction pattern indicating the successful synthesis of the phase-pure precursor NazS. The
black crosses represent the intensity and angle of the observed djffracted x-rays, the red line, the calculated
profile from the Rietveld refined model, the grey line, the difference between these two profiles and the blue
tick marks show the expected 20 peak positions for the NasS of rock salt structure (Fm-3m).
Rip = 9.54 % and y?na = 1.947. A diffraction peak at 20 = 50° was identified and attributed to the
metal beam knife in the custom air-sensitive x-ray diffraction holder. The data points corresponding to the
peak were excluded from the refinement process and the plot shown.
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E Bas3Sc;05Cu,S; Refined Crystal Structure Parameters

Table A2 Summary of the Rietveld refined crystal structure parameters of the componnd with composition
BﬂjS&zO5Cﬂ252.

Fractional Coordinates Isotropic

Fractional Thermal

Atom X z Occupancy Parameter

/ A2

Bal -0.5 0.5 0 0.9573 0.01309
Ba2 0 0 -0.353818 0.9265 0.01454
Cul 0 0.5 -0.25 0.8791 0.01892
O1 -0.5 0 -0.081964 0.9469 0.01654
02 0 0 0 0.8604 0.02021
S1 0 0 -0.200477 1.0000 0.00504
Scl 0 0 -0.072790 0.8573 0.00108
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F Chapter 4 Supplementary Data

F1 Refined Unit Cell Parameters

Table A3 Summary of lattice parameters, as determined by refined powder x-ray diffraction data, of the intermediate
mixced A perovskite cation componnds Ba.Srs.Sc205CuzSs, where x = 1 and 2.
b
BaxSI’3.xSC205CuZSz a=b C Vol
/A /A / A3
4.09645(7) 26.1258(8) 438.41(2)

4.1212(4)

F.2 Refined Fractional Atomic Coordinates

Table A 4

26.568(3)

mixced A site compounds of composition Ba.Sr5..Sc202Cn282, where x = 1 and 2.

Fractional Atomic Coordinates

451.2(1)

Fractional atomic coordinates exctracted from the Rietveld refined model describing the crystal structures of

Composition (x) 1 2
Atom y v/ X y z

Al 0.5 0.5 0 0.5 0.5 0
A2 0.5 0.5] 0.1457(1) 0.5 0.5| 0.1461(2)
Scl 0 0] 0.0750(2) 0 0| 0.0699(4)
o1 0.5 0] 0.0872(4) 0.5 0| 0.0844(7)
02 0 0 0 0 0 0
Cul 0.5 0 0.25 0.5 0 0.25
S1 0 0] 0.1995(3) 0 0| 0.1986(5)
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F.3  Crystal Structure Geometry (Distances and Angles)

Table A5 Summary of distances, bond lengths and angles calculated from the Rietveld refined model for the crystal
structures of the mixed A compounds with compositions Ba,Srs..5c205Cu25>.

0 1 2 3

Parameter Length / A
Perovskite Thickness 7.501(3)|  7.6125(3)|  7.7630(9)|  7.9296(3)
Sc-Ogq 2.0581(9)| 2.07272(4)| 2.0954(2)| 2.09468(7)
Sc-Oax 1.9643(8)| 1.96061(7)|  1.8560(3)| 1.93964(8)
Alnera-Oax 2.881(1)| 2.89663(6)| 2.9141(3)| 2.92894(9)
Alntra-Org 3.0408(9)| 3.06368(6)|  3.0409(3)| 3.06044(8)
Alnter-Ogg 2.5256(8)| 2.55534(5)| 2.6368(2)| 2.68681(7)
Alneer-S 3.197(1)| 3.2200006)|  3.2266(3)| 3.28852(9)
Cu-S 2.4446(8)| 2.43006(4)| 24776(2)| 2.45532(6)
Cu-Cu 2.881(1)| 2.89663(6)| 2.9141(3)| 2.92894(9)

Angle / ©

Ogq-Sc-Ogq 88.836(1)| 88.6534(1)| 88.1123(6)| 88.7160(1)
Ogq-Sc-Oax 98.193(5)| 98.8180(4)| 100.457(2)| 98.6092(5)
AlnerOrg-Alneer 107.52(4)| 106.556(3)| 102.791(8)| 100.857(3)
Alnter-OEg-Alntra 84.18(4)| 84.766(3)|  85.946(9)|  86.983(3)
Alnter-S-Atnter (ab) 128.62(3)| 128.204(2)| 129.149(7)| 125.911(3)
S-Cu-S 112.88(3)| 114.448(2)| 112.543(8)| 115.024(3)
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F.4  Instrumental Broadening Calibration Data

Table A6 Summary of peak parameters in collected powder x-ray diffraction profile for the LaBg instrumental

broadening standard.
Position Full-Width at Half-Maximum
(20) (FWHM)
/° /°
43.5143 0.0652219
48.9663 0.0674172
53.9988 0.0669132
63.2305 0.0693324
71.7597 0.0716105
75.8594 0.0739486
79.8863 0.0768121
83.8632 0.0802645
87.8106 0.0850684
95.693 0.0873722
107.776 0.0992633
111.963 0.112414
116.276 0.123103
120.757 0.13774
130.451 0.159683
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F.5  Williamson-Hall Analysis Raw Data
Table A7 Raw data used in the construction of the Williamson-Hall plots.
Composition
(x) Orientation 20 B To. B Tot., Ins. B Tot., Smpl. B cos (9)
hkl /e /e /e /e sin (0) /e

0 ab 101 22.0365 0.103515 0.063293449 0.040221551 0.1911217 0.000689058
0 ab 103 24.096 0.0952713 0.063246935 0.032024365 0.2087311 0.000546619
0 ab 105 27.7862 0.093544 0.06324167 0.03030233 0.2401111 0.000513403
0 ab 110 30.9886 0.110348 0.063321338 0.047026662 0.2671425 0.000790941
0 ab 112 31.7637 0.121952 0.063352776 0.058599224 0.2736545 0.000983709
0 ab 114 33.9944 0.106896 0.063470428 0.043425572 0.292325 0.000724813
0 ab 116 37.4517 0.117874 0.06373491 0.05413909 0.3210403 0.000894887
0 ab 200 44.4111 0.130944 0.064589498 0.066354502 0.3779305 0.001072213
0 ab 217 56.1848 0.130219 0.067139627 0.063079373 0.4708949 0.00097124
0 ab 2012 62.5736 0.13258 0.069195599 0.063384401 0.5193222 0.000945392
0 c 006 20.4865 0.145717 0.063348476 0.082368524 0.1778276 0.001414689

154




Oxychalcogenides For Transparent P-Type Conductors

Composition
%) Orientation hkl 20 B Tot. B Tot, Ins. B Tot., Smpl. sin (0) B cos (0)
/e /° /° /° /e
0 c 008 27.4437 0.137885 0.063237848 0.074647152 0.2372086 0.001265654
0 c 0014 49.0838 0.194912 0.065424555 0.129487445 0.4153586 0.00205581
0 c 107 32.6023 0.122964 0.063392239 0.059571761 0.280686 0.000997926
0 c 1110 47.0685 0.139108 0.065037302 0.074070698 0.3992972 0.001185246
0 c 1114 59.2048 0.160053 0.068047045 0.092005955 0.4939783 0.001396208
1 ab 101 21.9193 0.179028 0.063297014 0.115730986 0.1901176 0.001983047
1 ab 103 23.9592 0.212263 0.063249071 0.149013929 0.2075634 0.002544143
1 ab 105 27.6149 0.151294 0.063239647 0.088054353 0.2386597 0.001492429
1 ab 110 30.8079 0.156946 0.063314699 0.093631301 0.2656226 0.00157547
1 ab 112 31.5754 0.180305 0.063344696 0.116960304 0.2720737 0.001964336
1 ab 114 33.7842 0.158625 0.063457598 0.095167402 0.2905703 0.001589319
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Composition
x) Orientation hkl 20 B Tot. B Tot., Ins. B Tot., Smpl. sin (0) B cos (0)
/e /e /° /e /e

1 ab 116 37.2077 0.212873 0.063712884 0.149160116 0.319023 0.002467303
1 ab 200 44.1286 0.211325 0.064545983 0.146779017 0.3756469 0.00237416
1 ab 112 31.5754 0.180305 0.063344696 0.116960304 0.2720737 0.001964336
1 ab 114 33.7842 0.158625 0.063457598 0.095167402 0.2905703 0.001589319
1 ab 116 37.2077 0.212873 0.063712884 0.149160116 0.319023 0.002467303
1 ab 200 44.1286 0.211325 0.064545983 0.146779017 0.3756469 0.00237416
1 ab 217 55.7895 0.249496 0.067029039 0.182466961 0.4678488 0.00281462
1 ab 204 46.3677 0.12757 0.064912374 0.062657626 0.3936828 0.001005271
1 ab 211 49.7976 0.213626 0.065571876 0.148054124 0.4210168 0.002343853
1 ab 208 52.6434 0.318972 0.066213772 0.252758228 0.4434107 0.003954076
1 ab 2012 62.0944 0.336067 0.069023108 0.267043892 0.515744 0.003993102
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Composition
%) Orientation hkl 20 B Tot. B Tot, Ins. B Tot., Smpl. sin (0) B cos (0)
/e /° /° /° /e
1 ab 220 64.1792 0.291783 0.069796314 0.221986686 0.5312448 0.003282462
1 ab 2113 69.2618 0.382961 0.071940919 0.311020081 0.5682876 0.004466588
1 ab 301 68.6989 0.168657 0.07168442 0.09697258 0.5642388 0.00139734
1 ab 316 76.5847 0.359208 0.075749983 0.283458017 0.6196742 0.003882914
1 ab 228 71.0615 0.244598 0.072794328 0.171803672 0.5811398 0.002440223
1 ab 310 72.8756 0.342887 0.073707577 0.269179423 0.5939498 0.003779605
1 c 008 27.2529 0.253492 0.063236106 0.190255894 0.2355908 0.003227125
1 c 107 32.3863 0.214608 0.063381529 0.151226471 0.2788763 0.002534687
1 c 0012 41.3891 0.309519 0.064163528 0.245355472 0.3533859 0.004005959
1 c 1110 46.7296 0.268978 0.064976269 0.204001731 0.396584 0.003268535
1 c 0014 48.6967 0.374199 0.065346905 0.308852095 0.4122833 0.004911033
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Composition
%) Orientation hkl 20 B Tot. B Tot., Ins. B Tot., Smpl. sin (0) B cos (0)
/e /e /e /e /e

1 c 1013 50.4821 0.329845 0.065718239 0.264126761 0.4264275 0.004169738
1 c 1114 58.7392 0.341424 0.067899798 0.273524202 0.4904414 0.004160329
1 c 1019 72.3439 0.466525 0.073434268 0.393090732 0.5902105 0.005538318
2 ab 101 21.7788 0.176505 0.063301417 0.113203583 0.1889138 0.001940199
2 ab 105 27.3374 0.366184 0.063236843 0.302947157 0.2363074 0.005137677
2 ab 110 30.6278 0.187368 0.063308341 0.124059659 0.264107 0.002088369
2 ab 112 31.3753 0.205821 0.063336421 0.142484579 0.2703929 0.002394191
2 ab 114 33.5279 0.15756 0.063442449 0.094117551 0.2884294 0.00157285
2 ab 116 36.8684 0.349812 0.063683115 0.286128885 0.3162154 0.004737642
2 ab 200 43.8769 0.273997 0.064507862 0.209489138 0.3736104 0.003391509
2 ab 211 49.5108 0.23336 0.065512036 0.167847964 0.4187453 0.002660289
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Composition
%) Orientation hkl 20 B Tot. B Tot, Ins. B Tot., Smpl. sin (0) B cos (0)
/e /° /° /° /e

2 ab 208 52.1729 0.364607 0.066101518 0.298505482 0.4397268 0.004679179
2 ab 215 52.4848 0.251993 0.066175657 0.185817343 0.4421697 0.00290886
2 ab 208 52.1729 0.364607 0.066101518 0.298505482 0.4397268 0.004679179
2 ab 217 55.3448 0.426355 0.066906842 0.359448158 0.4644155 0.005555969
2 ab 2012 61.3912 0.631602 0.068775538 0.562826462 0.5104769 0.008446804
2 ab 228 70.4977 0.318088 0.072521442 0.245566558 0.5771288 0.00350013
2 ab 220 63.8054 0.301144 0.069653293 0.291490707 0.5284783 0.004318993
2 ab 305 70.7594 0.575416 0.072647473 0.502768527 0.5789923 0.007154519
2 ab 310 72.4407 0.396196 0.073483674 0.322712326 0.5908922 0.004543936
2 ab 316 76.0439 0.513004 0.075436964 0.437567036 0.6159633 0.006016225
2 c 008 26.7952 0.527799 0.063233053 0.464565947 0.2317072 0.007887545
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Composition
%) Orientation hkl 20 B Tot. B Tot., Ins. B Tot., Smpl. sin (0) B cos (0)
/e /e /e /e /e

2 c 107 32.0048 0.400273 0.063363539 0.336909461 0.2756776 0.005652323
2 c 0012 40.692 0.665491 0.064077425 0.601413575 0.3476885 0.009841762
2 c 1114 57.9172 0.752818 0.06764645 0.68517155 0.4841775 0.010463326
2 c 2014 66.9568 0.830222 0.070921142 0.759300858 0.5516226 0.011053662
2 c 2016 73.1079 0.812075 0.073828477 0.738246523 0.5955794 0.01035034
3 ab 101 21.6618 0.129534 0.06330519 0.06622881 0.187911 0.001135319
3 ab 105 27.0411 0.163963 0.063234496 0.100728504 0.2337941 0.001709322
3 ab 110 30.4709 0.133505 0.063303011 0.070201989 0.2627862 0.001182193
3 ab 112 31.1921 0.173991 0.063329127 0.110661873 0.2688534 0.001860302
3 ab 114 33.2714 0.134619 0.063427831 0.071191169 0.2862854 0.001190514
3 ab 116 36.5034 0.173559 0.063652203 0.109906797 0.313192 0.001821729
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Composition
x) Orientation hkl 20 B Tot. B Tot, Ins. B Tot., Smpl. sin (0) B cos (0)
/e /° /° /° /e
3 ab 118 40.0542 0.149804 0.064072884 0.085791116 0.3473792 0.00140409
3 ab 200 43.6446 0.164084 0.064473221 0.099610779 0.3717292 0.001613955
3 ab 2060 48.275 0.112118 0.065264093 0.046853907 0.4089278 0.000746256
3 ab 208 51.656 0.222009 0.065981023 0.156027977 0.435671 0.00245117
3 ab 217 54.8695 0.204758 0.066778804 0.137979196 0.4607382 0.002137357
3 ab 2010 55.7852 0.221107 0.067027846 0.154079154 0.4678157 0.002376775
3 ab 2012 60.5739 0.250503 0.068495986 0.182007014 0.504331 0.002743046
3 ab 220 63.4446 0.179331 0.06951708 0.10981392 0.5258028 0.001630285
3 ab 2113 67.5542 0.307545 0.071177745 0.236367255 0.5559634 0.003429049
3 ab 310 72.0157 0.258264 0.073267916 0.184996084 0.5878961 0.002611887
3 ab 307 72.6121 0.361619 0.073571539 0.288047461 0.5920983 0.004051391
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Composition
(%) Orientation hkl 20 B To. B Tot., Ins. B Tot., smpl. sin (0) B cos (0)
/e /° /° /° /e

3 ab 316 75.4834 0.243752 0.075118143 0.168633857 0.6121027 0.002327431
3 c 107 31.5729 0.182583 0.06334459 0.11923841 0.2720527 0.002002609
3 c 0010 32.9826 0.131936 0.063412019 0.068523981 0.2838698 0.00114677
3 c 0012 39.8376 0.278764 0.063977962 0.214786038 0.3406881 0.003524461
3 c 1011 42.6222 0.267269 0.064326892 0.202942108 0.3634317 0.003299808
3 c 0014 46.845 0.323201 0.064996921 0.258204079 0.3975083 0.004135168
3 c 1013 48.8223 0.262853 0.065371927 0.197481073 0.4132816 0.003138572
3 c 1114 56.9281 0.283805 0.06735263 0.21645237 0.4766073 0.003321131
3 c 2014 65.9588 0.236809 0.070504203 0.166304797 0.5443375 0.002434865
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G Derivation of the Goldschmidt Tolerance Factor

The Goldschmidt tolerance factor is a measure of stability of a cubic perovskite. It is defined as the ratio
between the « lattice parameter calculated in terms of the different metal cationic radii, ra and ry.116-118
The expression for a in terms of the ionic radius of cation A4 is derived by inspection of the right-angled
triangle across the unit cell face as in figure 4 5 (I1I). The lattice parameter is equal to the short sides of
the triangle and Pythagoras’ theorem was used to relate the lattice parameter, 4, to the known radii, 74
and 7o as in equation A 21 overleaf. This can be rearranged to yield the expression for the lattice parameter
as in eguation A 22. An alternative expression for « in terms ry (eqn. A 23) can be easily obtained by
inspection of the line bisecting the unit cell central plane in figure A 5 (I1”). The tolerance factor, 7 is then
given by the simplified ratio between the lattice parameter, # and 4, calculated in the two different terms

as provided in equation A 24.

111 v

Figure A5 Ball-and-stick’ (1) and ‘space-filling’ (I1) representations of the generic perovskite, AMOs, unit cell and
the [A4O] square plane on the unit cell face (I11) and the [MOy] plane at 0.5a (IV), as viewed along the
cubic crystallographic ascis. Colour key: green - A, grey - M and red - O.

163



Appendices

a2 +22= 21y +210)°

a — lattice parameter calculated in terms of ra and ro
ra — ionic radius of generic A site ion

. 2(rA+fo)

V2

aVZZrM+2rO

a’ - lattice parameter a calculated in terms of ry and ro

a (ra +10)
t=—==

a _\/E(IM+IO)
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H Chapter 5 Fractional Atomic Coordinates of Rietveld

Refined Crystallographic Models

HA1 Ba;Il’lesClleZ

Table A8 Summary of the fractional atomic coordinates of the atomic sites within the Basln:OsCuzS2 14/ mmm
crystal structure. a = b = 4.18552(5) and ¢ = 27.4242(3) A.

Atom X y z
Bal -0.5 0.5 0
Ba2 0 0] -0.35243(9)
In 0 0 -0.763(1)
o1 -0.5 0] -0.0853(5)
02 0 0 0
Cu 0 0.5 -0.25
S 0 0] -0.2035(3)

HZ Ba350205cuzsez

Table A9 Summary of the fractional atomic coordinates of the atomic sites within the BasSe:OsCuzSez 14/ mmm
crystal structure. a = b = 4.18227(8) and ¢ = 27.7381(9) A.

Atom X y z
Bal -0.5 0.5 0
Ba2 0 0] -0.3573(2)
Sc 0 0] -0.0718(5)
o1 -0.5 0] -0.0824(9)
02 0 0 0
Cu 0 0.5 -0.25
Se 0 0] -0.1978(2)
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H3 Ba3Y205Cque2

Table A 10 Summary of the fractional atomic coordinates of the atomic sites within the BasY:05CuzSez 14/ mmm
crystal structure. a = b = 4.3912(1) and ¢ = 27.460(1) A.

Atom X y z
Bal -0.5 0.5 0
Ba2 0 0| -0.3537(2)
Y 0 0| -0.0758(4)
O1 -0.5 0 -0.088(1)
02 0 0 0
Cu 0 0.5 -0.25
Se 0 0 -0.2010(3)

H4 Ba;Il’lesClleez

Table A 11 Summary of the fractional atomic coordinates of the atomic sites within the BasIn:OsCuzSez 14/ mmm
crystal structure. a = b = 4.2220(1) and ¢ = 27.992(1) A.

Atom X y zZ
Bal -0.5 0.5 0
Ba2 0 0] -0.356307(2)
In 0 0] -0.073883(1)
O1 -0.5 0] -0.082920(4)
02 0 0 0
Cu 0 0.5 -0.25
Se 0 0] -0.199332(3)
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H5 Ba;SCzo_r,Angez

Table A 12 Summary of the fractional atomic coordinates of the atomic sites within the BasSc:05Ag:Se2 14/ mnmm
crystal structure. a = b = 4.2168(2) and ¢ = 28.657(1) A.

Atom X y z
Bal -0.5 0.5 0
Ba2 0 0] -0.3634(1)
Sc 0 0] -0.0684(4)
O1 -0.5 0] -0.0802(8)
02 0 0 0
Ag 0 0.5 -0.25
Se 0 0] -0.1885(2)

H.6 Ba;InzosAngez

Table A 13 Summary of the fractional atomic coordinates of the atomic sites within the Basln:05Ag2Sez 14/ mnm
orystal structure. a = b = 4.2601(4) and ¢ = 28.885(3) A.

Atom X y z
Bal -0.5 0.5 0
Ba2 0 0] -0.3617(2)
In 0 0] -0.0711(2)
o1 -0.5 0 -0.081(1)
02 0 0 0
Ag 0 0.5 -0.25
Se 0 0] -0.1830(4)
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Appendices

Table A 14 Summary of interatomic distances and angles for compounds successfully synthesised and reported in Chapter 5.

Distance / A

Parameter Ba;In;05Cu.S: Ba;Sc205CusSe; Ba;Y>05Cu:Se> Ba;In;O05CuzSe; Ba;Sc205Ag:Se; Ba;In;OsAg:Se>
M*-Ch 2.45024(3) 2.54316(5) 2.57504(5) 2.54431(6) 2.74680(9) 2.7822(2)
M-M’ 2.95961(4) 2.95731(0) 3.10505(7) 2.98542(9) 2.9818(1) 3.0123(3)

Angle / °
Ch-M™-Ch 117.3217(9) 110.623(3) 117.002(3) 112.136(3) 100.277(4) 95.406(4)
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