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Abstract

Transparent p-type semiconductors with optoelectronic properties comparable to those of
n-type semiconductors are essential for advancing transparent electronics applications. The
development of a completely transparent p-n junction remains a significant challenge due to the lack
of high-performing p-type transparent (semi)conducting materials. These materials often exhibit low

carrier mobilities, making them unsuitable for industrial-scale applications in modern "invisible"
circuitry. Enhancing mobility is essential for improving the speed, efficiency, and overall
performance of transparent electronic devices, which are increasingly relevant as technology
evolves. Achieving a high figure of merit for p-type materials is regarded as the 'holy grail' for
fabricating technologically relevant, fully invisible electronic devices.

One promising approach to enhance carrier mobility is strain engineering, which can
significantly improve mobility by altering the band structure due to interatomic displacement. This
thesis focuses on the effect of strain on the hole mobility of delafossite copper chromium oxide
(CCO). Various mechanisms to induce strain were reviewed and applied, including mechanical
bending, magnetostriction, thermal expansion and extrinsic doping.

We synthesised thin films using metal-organic chemical vapour deposition. Thermal strain
was induced by growing CCO on substrates with different coefficients of thermal expansion.
Mechanical bending resulted in minimal changes in mobility for very small strain values, as higher
strains were unattainable due to substrate breakage. No changes were observed in the electrical
properties of CCO grown on a magnetostrictive nickel substrate when strain was induced. For
thermally induced strain, the electrical conductivity exhibited semiconductive behaviour, while the
temperature-dependent Seebeck coefficient indicated energy dispersion within the polaronic states
in these polycrystalline films. A distinct feature in the electrical conductivity curve emerged at the
deposition temperature, indicating the shift between tensile and compressive strain regimes in the
thin films. This feature is more pronounced in thinner films and nearly vanishes in thicker films due
to reduced average strain. This observation suggests that strain could influence mobility, although
definitive quantitative conclusions cannot yet be drawn.

This study also explored the effect of doping CCO with trivalent (Al, Mn, Sc, Y) and divalent
(Mg, Zn) cations. Although doped films exhibited off-stoichiometry characterised by excess oxygen,
all doped films exhibited similar room-temperature electrical conductivities. X-ray diffraction sin’W
profile analysis revealed compressive strain in all doped films, but the differences were too
negligible to conclude a linear variation of strain with dopant cation radii. The sin¥ method also
indicated compressive strain in both (006) and (012) reflections at room temperature, suggesting
that the first epitaxially grown layers altered the effect of thermal strain.

The findings indicate that strain engineering in polycrystalline CCO can influence mobility,
but not significantly enough to achieve the high values required for technological applications. The
results confirm that the hole effective mass in polaronic materials is inherently high and challenging
to manipulate. The peculiar behaviour of the Seebeck coefficient was investigated, and a method to
extract accurate values of optoelectrical parameters may provide insights that could resolve ongoing
debates regarding mobility values in small polaronic materials.
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General introduction

In the 21st century, society has become increasingly reliant on electronic technologies. One
field that has seen remarkable advancements is transparent electronics. At the heart of this domain
lie thin films, which have permeated nearly every aspect of our daily lives. This widespread adoption
of transparent electronics has had a profound impact on modern society. For instance, transparent
displays have transformed the way we consume information, allowing for the creation of sleek,
unobtrusive interfaces that blend seamlessly into our surroundings. Additionally, transparent
electronics have also played a crucial role in advancing renewable energy technologies, such as solar
panels and energy-harvesting windows, which are poised to revolutionise the way we generate and
consume power. As a result, transparent electronics have become an integral part of our modern
infrastructure, shaping the way we live, work, and interact with the world around us.

The development of materials for transparent electronic devices relies on achieving both
high visible transparency and high electrical conductivity (o). These fundamental properties of
materials appear contradictory from the from the traditional band-structure perspective. Typically,
transparent materials possess wide band gaps of at least 3.0 eV, preventing visible photons from
exciting electrons from the valence band (VB) to the conduction band (CB) and thus allowing the
transmission of visible light. However, by virtue of their band gap, they are usually insulators and
difficult to dope. Conversely, semiconductors exhibit low activation energy for charge carriers to
participate in band conduction, but this is often at the cost of having a narrow band gap (less than 2
eV) [1]. Transparent conductive materials (TCM) represent a unique category that combines these
desirable properties. These materials can be either n-type or p-type, depending on the predominant
charge carriers (electrons or holes) and exhibit with high carrier concentrations (n) up to the order of
10%* cm3, along with band gaps exceeding 3 eV. This combination of properties enables TCMs to
maintain high electrical conductivity while allowing visible light to pass through, making them
essential for a variety of applications in transparent electronic devices.

Most industry-standard TCMs, such as Sn-doped In;05 (ITO) [2], Al-doped ZnO (AZO) [3], and
F-doped SnO; (FTO) [4], are oxides with n-type conductivity and belong to the subcategory of
transparent conductive oxides (TCOs). Among these, ITO is the most important n-type TCM in the
market, standing out with an electrical conductivity up to 10® S/cm and transparency exceeding 80%
in the visible range [2], [5]. For applications involving active devices, such as thin-film transistors
(TFTs), charge carriers are controlled; thus, TCOs in this context are usually referred to as
transparent semiconductive oxides (TSOs), as their key properties may lie within the limited to non-
conductive regime [6]. The primary applications of these materials in the market include their use as
transparent electrodes for flat panel displays (FPDs) and photovoltaic cells, as well as active layers in
TFTs, ultraviolet (UV) light-emitting diodes (LEDs), gas sensors, and other transparent electronic
devices.

All these applications rely exclusively on n-type TCMs, as the performance of investigated p-
type TCMs has not matched the advancements of their n-type counterparts. Despite decades of
research, challenges remain in identifying a reliable p-type TCM. Since the report of the first p-type
TCO, nickel oxide (NiO) [7], numerous materials have been investigated as potential p-type TCMs for
industrial applications. However, to date, they have failed to fully meet the required optoelectronic
characteristics for large-scale applications, often due to inadequate electrical properties or
insufficient optical transparency in the visible range.

23



Obtaining a p-type TCM exhibiting properties on par with their n-type counterpart for high-
scale production is a challenging task, mainly due to intrinsic limitations such as the localisation of
VB holes and difficulties in introducing holes through p-type doping while minimising compensating
defects. The scientific community has focused on strategies to improve p-type mobility. Low mobility
in p-type TCMs is primarily due to several factors, including the localised nature of the VB holes,
which hinders their ability to move freely. Additionally, introducing sufficient p-type doping while
avoiding compensating defects is difficult, as these defects can trap charge carriers and further
reduce mobility. Furthermore, the structural and electronic properties of many p-type materials
inherently limit the ease with which charge carriers can traverse the material, resulting in lower
overall mobility compared to n-type materials [8]. Low mobility in TCMs restricts the speed at which
charges can move through the material, limiting the performance of electronic devices. Increasing
mobility can be achieved through material engineering, such as optimising crystallinity and reducing
defects, or by exploring alternative materials with inherently higher mobilities, such as organic
semiconductors or novel hybrid materials. These approaches are crucial for achieving high-
performance transparent electronics capable of competing with traditional opaque counterparts.

In 1997 the theory of “chemical modulation of valence band” (CMVB) was proposed for
designing p-type TCMs to optimise the mobility and was implemented in p-type delafossite copper
aluminate (CuAlO3) [9]. This theoretical advancement significantly boosted research into a wide
array of materials as potential high figure-of-merit p-type TCMs for large-scale applications,
including other materials with delafossite structures. Among these, copper chromium oxide
delafossite was intensively studied due to its superior properties [10]. Off-stoichiometric Cu-Cr-O, in
particular, has garnered attention due to its enhanced electrical conductivity and improved
transparency. The slight deviation from stoichiometry can introduce defects that act as acceptors,
thereby increasing the hole concentration and improving p-type conductivity. These properties make
off-stoichiometric Cu-Cr-O a promising candidate for advanced transparent electronic applications.

One of the strategies to improve the electrical mobility is by engineering the strain to alter
the band valence edge dispersion. This approach has been proven successful for the optimisation of
the active channels of metal-oxide-semiconductor field-effect transistors (MOSFETs). More recently,
the advent of flexible electronics has boosted the research into the properties of thin films with
induced strain [11], [12].

Fabricating a high figure of merit p-type TCM would transform transparent electronics by
making possible applications that cannot be achieved with n-type TCMs alone. These applications
include transparent p-n heterojunctions, which are the fundamental block of active devices [13]-
[15], and complementary transistors [16]-[18]. This advancement would pave the way for a new
range of fully transparent devices, such as smart windows [9],[19]-[21], transparent UV LEDs [22],
[23], solar cell heterojunctions [24], [25], gas sensors [26]-[29], and electromagnetic shielding [30].
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Objectives and outline of work

The goal of this work is to understand how the electronic mobility is affected by the induced
strain on off-stoichiometric delafossite copper chromium oxide (Cu;xCri1.02) thin films. Strain was
induced by various methods and the influence on delafossite thin films was investigated.

Chapter 1 begins with a general description of p-type TCMs reported in literature. Next, a general
description of delafossite materials is given, with an emphasis on their physical and functional
properties. It then narrows down to Cu-based delafossites, considered one of the most promising p-
TCM candidate. The chapter ends with the state of the art of delafossite copper chromium oxide, the
material of interest for this work.

Chapter 2 examines on charge carrier transport mechanisms semiconductors, with a particular focus
on those reported on delafossite structure. It begins by introducing fundamental concepts, including
conductivity, carrier concentration doping, and the degeneracy in semiconductors, highlighting their
impact on mobility. Both band conduction and hopping mechanism are thoroughly discussed, with
an emphasis on their roles in determining mobility. The chapter also explores the effects of strain on
critical parameters such as effective mass and band structure. Finally, it concludes with an analysis of
the Seebeck effect in semiconductors, paying special attention to the Emin-Wood formalism, which
is characteristic of semiconductors exhibiting semi-metallic behaviour.

Chapter 3 is consecrated to the deposition and characterisation techniques of delafossite thin films
used in this work. The first section details the dynamic liquid injection metal-organic chemical
vapour deposition technique used in this thesis for the synthesis of copper chromium delafossite
thin films. The second section describes the characterisation techniques assessed for the
investigation of the chemical composition, morphology, optical and structural properties of
delafossite thin films. The next section discusses the electrical measurements methods engaged
during the work. The last section is dedicated to the description of the methods to induce and
measure the strain in thin films.

Chapter 4 presents a detailed characterisation of delafossite thin films, examining their morphology,
chemical composition, and structural properties, specifically for undoped films. Special attention is
given to the stability of these films through investigations involving thermal treatments.

Chapter 5 provides an in-depth analysis of the experimental data on delafossite films under strain. It
begins with a discussion of the results on the impact of strain induced by magnetostriction and
mechanical bending, placing these findings in a broader scientific context. This is followed by an
exploration of strain effects due to extrinsic doping, achieved through the incorporation of various
elements. Next, studies on thermally induced strain are presented, using substrates with different
thermal expansion coefficients. Electrical measurements are then analysed to determine the effects
of strain on electrical properties. The chapter concludes with an in-depth discussion of the films'
electrical properties, using the interpretive framework of the Emin-Wood model for a detailed
evaluation of the Seebeck coefficient in semi-metallic materials.

Chapter 6 concludes by summarising the results obtained throughout this work and discusses the
quest of finding a p-type TCM with properties matching their n-type counterpart. It suggests new
candidate materials and strategies to improve the actual ones.
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Chapter 1 — p-type transparent conductive materials:
fundamentals and state of the art

This chapter begins with a comprehensive overview of p-type Transparent Conducting
Materials (TCMs) to date. It starts by categorising the main types of p-type oxide and non-oxide
TCMs and discussing their primary limitations. The chapter then narrows its focus to the family of
chalcogenide semiconductors, which includes the material under study in this work, copper
chromium oxide. The focus is on the significance of chemically modulating the valence band to
design the band structure of p-type TCMs. The chapter concludes with a comprehensive overview of
the functional properties of the delafossites family and summarises the current state of knowledge
on copper chromium oxide delafossite.

1.1. P-type transparent conductive materials

Transparent semiconductors can be divided into the material classes as depicted in Figure 1,
depending on the periodic table group containing their respective anions. Mixed anion compounds
are composed by at least two chalcogens or one chalcogen and one halide (e.g. AgBilSeO, BaCuSF
and CuSCN).

Carbon nanotubes,

Group IV Carbides graphene, SiC
GaN, ZnN
Group V
Phosphides BP
Transparent Binary TCOs,

semiconductors

multinary TCOs,
mixed anions

Group VI
Binary, ternary,
Chalcogenides quaternary, mixed
anions
. Cul, mixed
Group VI lodides anions

Figure 1 — Schematic network diagram of wide band gap semiconductor's categories. They are
categorised according to the periodic table group of the compound's anions. Adapted from [8] and
revised.

A panoply of materials has been identified by high-throughput computational screening as
potential candidates as p-type TCMs with low effective mass, based on the delocalisation of the VB,
combined with a favourable defect formation for doping. Materials featuring mixed-anion chemistry
and non-oxide compositions have emerged as promising candidates for next-generation p-type
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TCMs [31]. Non-oxides have limitations such as experimental difficulty of safely and controllably
source elements for thin film deposition, avoiding formation of secondary phases, and ensuring air
stability to avoid the formation of competing oxide phases [31].

1.1.1. Non-oxide p-type transparent semiconductors

Non-oxide p-type transparent semiconductors have received considerable attention in
recent years for their potential to address the limitations of traditional oxide-based transparent
conducting materials. Most of these non-oxide TCMs were proposed through high-throughput ab
initio calculations. They can be categorised as follows:

e Carbides (Group IV): Graphene, carbon nanotubes, SiC

e Nitrides and phosphides (Group V): GaN, ZnN, BP

e Non-oxide chalcogenides (Group VI): binary (MCh): ZnS, ZnSe, ZnTe, CdS, SnS,, In,Ss, Cu,S;
ternary (MiM,Ch): CsZnsSes, CsZnsTey, CuAlS,, CuAlSe;, CuAlTe;, CuGas,, AgAlS,, AgAlSe,,
AgAlTe,, AgGaSs,, a-BaCu,S,, CusTaSs; 2D chalcogenides (MoS;)

e Halides (VIl): Cul

e Mixed anions (Groups VI/VII): BaCuSF, BaCuSeF, CuSCN

1.1.2. Oxide p-type transparent semiconductors

All p-type TCOs belong to groups VI and/or VII. Since the first report of a semi-transparent p-
type oxide, NiO [7], numerous materials have been proposed and investigated as potential p-type
TCOs for novel materials design. Compared to non-oxides, p-type TCOs are distinguished by their
high negative formation enthalpy, wide band gaps and chemical stability [6]. They can be
categorised as follows:

e Chalcogenides: binary oxides (Cu>O [32],[33], ZnO [34]-[36] BsO [37], In,0s [38], NiO [7],
[39]-[41] SnO/SnOy [42]-[45] and B-Ga,0s [46]-[48]); delafossites (CuAIO,, CuScO,, CuCrOs,,
CuFe0,, CuGa0;, Culn0,, CuYO,) [9], [49]-[57]; chromium based oxides (LaCrOs [58], Cr203
[59],[60] and CuSrO [61]); spinel-based oxides (NiCo,04 [62],[63], ZnCo,04 [64],[65] Znlr,04
[64] and ZnRh,04 [64], [66], [67])

e Mixed anions: mixed oxides (In,0-Ag,O [68],[69]); oxychalcogenides (LaCuOS [70]-[73],
LaCuOSe [74] and (Cu,S;)(SrsSc20s) [75], SnSeO [76]

e Others, notably Ba,BiTaOg [77] and SrCu,0, [78]-[80]

Similar to non-oxide TCMs, these materials, from a broad perspective, have not completely
met the criteria for a high figure of merit p-type TCO: they typically exhibit either low mobilities or
low transparency, both of which are essential for advancing novel applications in optoelectronics. A
fully functional transparent p-n junction, the fundamental block of active devices, requires a p-type
TCM matching the high figure of merit n-type TCMs already available. The actual n-type
semiconductors used at technological level shows electrical mobility of the carriers around 100 cm?
V1s1), electrical conductivities of 10® S/cm and visible transparencies beyond above 80% [2], [5].
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1.1.3. Chalcogenides

Chalcogenide-based transparent semiconductors are notable for their ability to be p-type
doped, high mobility, and high valence band (VB) positions. They typically include at least one
chalcogen (Ch) anion (oxygen?, sulphur, selenium, tellurium) and at least one metallic cation.

There are several differences between non-oxide and oxide chalcogenides. Moving down
group XVI (O 2p, S 3p, Se 4p, Te 5p), the chalcogenides demonstrate higher mobilities due to the
stronger hybridisation of their p orbitals with s,d metallic cation orbitals, forming more disperse,
delocalised VBM than oxides (O 2p), leading to lower hole effective mass. Moreover, chalcogenides
show greater propensity for p-type doping compared to oxides due to their valence levels being
closer to the vacuum, resulting in lower ionisation energy. Additionally, M-O bonds in chalcogenides
are stronger than other M-Ch bonds, facilitating synthesis.

However, chalcogenides are more susceptible to degradation and instability in air and
aqueous environments compared to oxides. Additionally, they have narrower band gaps compared
to oxide TCOs, which correlates with the electronegativity of the chalcogen anion.

Oxychalcogenides, compounds mixing oxygen with another chalcogen, have also been
investigated. O 2p orbitals at the VBM hybridise with more dispersed 3p orbitals from the
chalcogenide, enhancing hole conductivity while maintaining the transparency imparted by oxides.
For example, Mg-doped LaCuOSe exhibits high p-type conductivity (910 S cm?), yet lacks sufficient
transparency (Eg < 2.8 eV) and electrical mobility (3.5 cm? V1s?) [74].

Chemical modulation of the valence band

The concept of Chemical Modulation of the Valence Band (CMVB), proposed by Kawazoe et
al. in 1997, serves as a design framework for developing p-type TCMs [9]. CMVB aims to enhance
valence band delocalisation through the hybridisation of nd*® metal cations and chalcogen p orbitals.
This approach seeks to create a dispersed VBM and a shallow ionisation potential, essential for
effective p-type doping without self-compensation, resulting in lower effective hole masses and
higher carrier mobility. CMVB follows three main criteria to optimise the VBM of p-type TCOs while
maintaining optical transparency [81]:

e Selection of Cations: Cations with closed nd-orbitals and energy levels similar to anion p-
orbitals are chosen to foster hybridisation in the valence band, forming covalent bonds. This
hybridisation produces a more dispersive VBM that rises above the non-bonding anion 2p
level or metallic cation nd states, thereby enhancing hole delocalisation and increasing
carrier mobility (Figure 2). Moreover, the closed electronic shells nd*® prevent colouration
due to d-d excitations.

e Linear Coordination: These cations are arranged in a linear coordination with the anions,
ensuring chalcogen ligands remain at a distance due to strong repulsion between the 2p
electrons on the nd*® cations and anion ligands.

e Tetrahedral Coordination: Structures with anions in tetrahedral coordination are selected,
which minimises the non-bonding character of the metal-anion bonds. In this arrangement,
all eight electrons around the anions are in o, sp® hybrid orbitals, which reduces the
localisation of the VBM edge.

T when the chalcogen is oxygen, the compounds are called oxides.
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Figure 2 — (a) Localised and (b) delocalised due to covalent bonds between nd metallic cations and
oxygen (chalcogen). Adapted from [82].

The group explored and implemented these criteria by fabricating a stable p-type undoped
copper aluminate (CuAlO,) with delafossite structure. At the time they obtained considerable
electrical conductivity and optical band gap (E) for a p-type TCM candidate (60 =1S cm™ and Eg = 3.5
eV). Although the results were promising, the electrical conductivity was still too low for large-scale
p-type TCM applications. The design concept of Kawazoe work fuelled the hope that invisible circuits
might be feasible and sparked the research on several p-type transparent conducting oxides, and
also device fabrications using them [15], [83].

1.1.4. Delafossite materials

Among p-type semiconducting materials, those possessing a delafossite structure have been
extensively studied for their exceptional properties and wide-ranging applications. The origins of
materials with this structure trace back to Charles Friedel's identification of CuFeO, in 1873, named
in tribute to the French mineralogist and crystallographer Gabriel Delafosse [84]. However, it took
more than a century for these materials to attain scientific prominence, when in 1997 p-type
conductivity and transparency in delafossite CuAIO, were demonstrated experimentally by applying
the CMVB principles [9]. Subsequently, p-type TCOs with this structure underwent thorough
investigation due to their promising electrical conductivity, reasonable optical transparency and
stability. In absence of intentional doping, their p-type? conduction is attributed to acceptor defects,
but the high formation energies of the defects and the large transition/activation energy lead to
poor electrical conductivity [85],[86].

2 Delafossite CulnO, [153] was reported to have either p- or n-type conductivity, due to its
favourable band edge positions.
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Structure and composition

Delafossite compounds are ternary oxides characterised by a layered AMO, structure?,
where A and M represent monovalent and trivalent cations, respectively. The A cations exhibit linear
coordination with two oxygen atoms, while the M cations have octahedral coordination with six
oxygen atoms. The oxygen atoms are tetrahedrally coordinated, forming pseudo-tetrahedral
structures with one A and three M cations, as MsAO. The delafossite structure consists of two
alternating layers: one layer of slightly distorted, edge-shared MOg octahedra and another layer of
tightly packed A cations arranged in a triangular pattern, which forms the conduction path for
charge carriers. The two-fold coordination of A-O induces a dumbbell-shaped structure O-A-O
parallel to the c-axis, connecting adjacent MOg octahedra. Additionally, each oxygen atom from the
dumbbell is coordinated to three M cations, arranged such that the MOg octahedra form MO, layers
parallel to the ab plane. The MOg and A layers can form two different polytypes depending on the
stacking sequence along the c-axis [86]—[90]:

e The 3R rhombohedral structure (space group symmetry R-3m, No. 166) consists of
duplicated three-layer stacks arranged in an "ABCABC" sequence (Figure 3a,c). The A layers
are oriented in the same direction relative to each other but are offset from each other in a
three-layer sequence. Its unit cell contains 12 atoms (3 A cations, 3 M cations, and 6
oxygens), equivalent to 3 formula units.

e The 2H hexagonal structure (space group symmetry P63/mmc, No. 194) consists of
duplicated two-layer stacks with alternating A layers oriented 180° relative to each other,
arranged in an "ABAB" sequence (Figure 3b,d). Its unit cell contains 8 atoms (2 A cations, 2
M cations, and 4 oxygens), equivalent to 2 formula units.

Palladium and platinum-based delafossites, CuAlO,, CuGa0;, CulnO; and CuCrO, crystallise
in 3R, whereas delafossites with unoccupied 3d levels (M = Sc, Y, La) are more stable with 2H
polytype. This layered structure leads to highly anisotropic physical properties. Hence, delafossites
represent natural nanolaminates offering a wide array of design possibilities, determined by the
selection of monovalent and trivalent cations [91]—[95].

Lattice parameters in delafossites

The dimensions of both cations contribute significantly to the lattice parameters of
delafossites. Specifically, the A cation exerts a notable influence on the c-axis parameter due to the
dumbbell-shaped O-A-O bond length being aligned parallel to the c-axis. The A cations have small
size — the interatomic distance between these cations ranges between 2.8 and 3.0 A for most
compounds — favouring a linear coordination. On the other hand, the M cations have larger size and
oxidation state +lll, leading to a stronger M-M repulsion compared the smaller A cations with +I
oxidation state. This results in an increase of the M-O distance, increasing the a-axis parameter,
whereas the O-O distance is barely altered. Therefore, the M cations have negligible influence on the
c-axis lattice parameter [92].

3 Non-oxide chalcogenides with the structure AMCh, (such as copper aluminium sulphide CuAlS;)
have similar stoichiometry but crystallise as a chalcopyrite and not as a delafossite.
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Figure 3 — Unit cells and 2 x 2x1 stacks for delafossite structure. (a) Rhombohedral a-3R polymorph
(R-3m); (b) Hexagonal a-2H polymorph (P63/mmc). In R-3m the layers stack in ABCABC (c), whereas
in 2H they stack in ABAB sequence (d). Adapted from [96].

Monovalent cations in delafossites

Figure 4 depicts the structure field map of AMO; oxides in ambient conditions, including the
ones that crystallise in delafossite phase. It shows that the delafossite structure is stable only when
the A site is a cation with small size — noble metals from group X or XI (Pd, Pt, Ag and Cu).
Delafossites can be classified into two groups based on the electronic configuration of these cations:

e nd®ions from group X: Pd* and Pt* [93], [97]-[100]
e nd¥jons from group XI: Cu* and Ag* [95], [101], [102]

Depending on these cations, delafossites can exhibit behaviours ranging from insulating to
metallic. Figure 5 depicts the reported highest electrical conductivities of selected delafossites. The
values vary widely, spanning approximately eight orders of magnitude, and are heavily influenced by
both the A and M cations. It is clearly remarkable that the A cation plays a crucial role in the
conductivity [103]-[106].
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doped and doped delafossite materials. Adapted from [107].
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Palladium and platinum-based delafossites

Figure 5 shows that Pd and Pt-based delafossites comprise the ones with highest reported
electrical conductivities (> 10° S cm™). This phenomenon arises from an unconventional oxidation
state stabilised by a metal-metal bonding within these delafossites. They show high reflectivity
(optical metallic behaviour), although ultrathin films have reasonably low sheet resistance (even at
critical thicknesses) and high transmittance (particularly in the near infrared (IR) region), making
these delafossites as potential candidates for application as transparent electrodes. Moreover, the
high cost and scarcity of Pd and Pt impede their widespread use in semiconductor applications [54]-
[57], [98], [102].

Silver and copper-based delafossites

When A = Ag or Cu, the delafossites typically present semiconducting or insulating behaviour
and reasonable optical transparency. They satisfy all the required criteria outlined by the CMVB
approach to achieve high-performing p-type TCOs [108]-[110]:

e The A cations have a closed electronic d-shell (Cu 3d'® and Ag 4d'°), which are free from
visible colouration arising from a d-d transition;

e The Cu 3d' and Ag 4d™ energy levels are proximate to the O 2p°® level, fostering covalent
bonding between these levels and leading to a significant dispersion in the valence band or a
reduction in the localisation of positive holes;

e The oxygen ions are in tetrahedral coordination.

Ag-based delafossites are expected to exhibit wider band gaps and reduced visible-light
absorption due to the lower energy position of the VBM influenced by the Ag 4d'° states. However,
synthesising these materials in open systems has proven difficult due to the low free energy of
formation of Ag,O (2.6 kcal mol?) [111], which decomposes into metallic silver and oxygen at 300°C
before any reaction occurs [53], [101], [104]. Consequently, the most effective deposition methods
to date involve closed-system or low-temperature techniques. These include ion-exchange methods
such as hydrothermal synthesis in sealed autoclaves [111], [112], metathetical cation exchange
[113], and oxidising flux [114], rather than conventional solid-state reactions [51].

The binding interactions of O 2p orbitals with holes are strong, with the Ag 4d'° orbitals
playing a minimal role in the VB. The low electrical conductivity stems from exceptionally low carrier
mobility due to the unfavourable energy alighment between O p and Ag 4d'° levels [115].
Consequently, Ag-based delafossites have been reported with low electrical conductivities [10], [52],
[112]. Nagarajan et al. reported doped and non-doped Ag-based delafossites in powder form with
very low conductivities (10%-10* S cm™) [102]. Wei et al. [53] reported a facile chemical solution
synthesis under open conditions (spin-coating and annealing) of 12% Mg-doped AgCrO,, achieving a
conductivity of approximately 7x103 S cm™.

Finally, following the experimental results of CMVB on CuAlO;, a multitude of Cu-based
delafossites with different trivalent cations but similar properties were discovered [9]. Doped and
undoped Cu-based delafossites have renewed interest in optoelectronic technology due to the
potential fabrication of all-oxide transparent active devices [116]. In this regard, they have been
extensively reported as potential candidates as high-conductive transparent p-type semiconductor.
Figure 6 shows that, with the exception of CulnO,, Cu-based delafossites exhibit enhanced
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conductivity attributed to the alignment of Cu 3d® energy levels with O 2p, resulting in a more
dispersed VBM and consequently a lower effective mass.
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Figure 6 — Hybridisation of cations with Cu 3d*® with O 2p energy levels in Cu based delafossites.
Adapted from [9].

Trivalent cations in Cu-based delafossites

The delafossite structure features octahedral coordination for the M cation site, which can
accommodate trivalent M cations with ionic radii ranging from 0.5 to over 1.0 A [92]. This flexibility
enables the tuning of properties in delafossites. Consequently, these materials have been
extensively investigated due to their intriguing properties in various fields: antibacterial [117], [118],
electrical [119], [120], luminescent [121]-[124] magnetic [125]-[131], ferroelectric [132],
optoelectronic [133], [88], superconducting [134], [135], and thermoelectric properties [126], [136],
[137], as well as for sensors [138], supercapacitors [139],[140], (photo)catalysis [136], [141]-[144]
and batteries [145].

The M trivalent cation is generally an element from the p-block, a transition metal or a
lanthanide [92], [146]. Numerous publications reported this structure hosting a multitude of M
cations, namely:

o p-block: Al [9], [80], [109], [147], B [148]—-[150], Ga [51], [80], [91], [152], [153] and In [153]-
[156].

e Transition metals: Co [139], [157], [158], Cr [49], [159], [160], Fe [161]-[163], Mn
[140],[164], Rh [165], Sc [166]-[169] and Y [102], [121], [167], [170], [171].

e Lanthanides: La [94], [121], [122], [172], Nd [173], Pr [174], Sm [174] and Eu [175].

Table 1 includes these cations’ radii in coordination six [176]. The optoelectronic properties
of Cu-based delafossites can be engineered depending on the size of the trivalent cation. Firstly, the
Cu-Cu basal planes make up the path for conducting holes, giving anisotropic conductivity [126]. As
the radii of M cation decreases, The M-M repulsion is decreased and the lattice parameter a as well.
Therefore, the Cu-Cu distance decreases accordingly [177]. This in turn increases the overlap of Cu
3d% orbitals, improving the hole mobility. For this reason CuBO; is the reported undoped delafossite
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with highest conductivity (1.65 S cm™), as the B ionic radii is the smallest among the trivalent cations
in delafossites [150].

Secondly, when the trivalent cations have larger ionic radii (e.g., Sc and Y), the delafossite
structure becomes more amenable to extrinsic doping and oxygen intercalation along the Cu
triangular planes. The expanded lattice can accommodate more excess oxygen, leading to tail states
within the band gap and reducing transmittance [1], [51], [167]. Conversely, for smaller M cations,
the compact lattice makes oxygen intercalation difficult, hindering oxygen penetration. The oxygen
conditions and annealing process during film deposition also significantly influence this phenomenon
[170]. For smaller cations (such as Fe), forced oxygen intercalation generates structural shear and
defects [178]. Beyond a certain level of oxidation, the structure transforms into CuO and spinel oxide
phases (CuM,0,) [1].

Table 1 - Trivalent cations' radii in coordination VI [176].

pblock r(M*)(A) oot (M) (A) Lanthanides r(M*) (A)
metals
B 0270 cr 0.615 Pr 0.990
Al 0535 Mn 0.645 Nd 0.983
Ga 0620 Fe 0.645 sm 0.958
I 0800 Rh 0.665 Eu 0.947
Co 0.685 La 1.032
Sc 0.745
Y 0.900

Ultimately, the mixing of the M d orbital with O 2p orbitals diminishes the binding effect on
Cu atoms surrounding the Cu vacancy (Vc). By enhancing this covalent bond, the delocalisation of
Cu atom around V¢, is reinforced as well, increasing the hole density [179]. Among the reported M
cations in delafossites, Cr has the strongest covalent bonding interaction with oxygen, which
explains the better conductivities reported on CuCrO; than other Cu-based delafossites. It is worth
mentioning here that the Cu-O distance is confined within a very narrow range (1.83 + 0.02 A)
regardless the size and nature of the M3* cation [121].
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1.2. Delafossite copper chromium oxide

Among the wide range of delafossites, CuCrO, and its out-of-stoichiometry derivatives are
considered the most promising one to achieve the desired optoelectronic properties of a p-type
TCO, mainly due to its foremost trade-off between optical and electrical properties. Figure 5 shows
that, apart from metallic delafossites, CuCrO, is the only one reported to surpass an electrical
conductivity above 100 S cm™. As mentioned earlier, within Cu-based delafossites, chromium stands
out as the trivalent cation with the most pronounced covalent bonding interaction with oxygen. As a
result, the CuCrO; structure benefits from advantageous covalent mixing between Cr 3d and O 2p
states, leading to improved hole mobility, a high density of Cr 3d states near the valence band
maximum (VBM), and a wide band gap [180], Furthermore, its optoelectrical properties are highly
tuneable, allowing for easy substitution with aliovalent and/or isovalent cations at the Cr site due to
its moderate ionic radius [86], [160], [180]-[184] It also features a low synthesis temperature and
favourable thermal stability in air, remaining the most stable delafossite when heated in air up to at
least 1000 °C [185].

Currently, the highest reported electrical conductivity for delafossite materials is 278 S cm™
for Mg-N co-doped CuCrO, produced via solid-state reaction, with a transmittance of 69% over the
visible spectrum [49], and 220 S cm™ for Mg-doped CuCrO, deposited by sputtering, with
approximately 30% transmittance [159]. Despite these advancements, the conductivity remains an
order of magnitude lower than that of state-of-the-art n-type TCOs.

1.2.1. Crystalline structure
Spatial representation and lattice parameters

Similar to other delafossite structures, in CuCrO; the CrOg and Cu layers can exist in both 3R
(R-3m) and 2H (P6s/mmc) polytypes, as documented in the International Center for Diffraction Data
(ICDD) powder diffraction files (PDF 04-010-3330 and PDF 04-010-3329, respectively). The transition
between these phases typically occurs during crystallisation at elevated temperatures, with the 3R
phase demonstrating greater stability and higher electrical conductivity compared to the 2H phase
[10],[92],[186]. The primitive rhombohedral unit cell of CuCrO, consists of four atoms: one copper,
one chromium, and two oxygen atoms [187], [188]. Despite this, the hexagonal cell is often
employed to describe rhombohedral structures due to its conventional usage in crystallography
[132]. Among Cu-based delafossites, CuCrO, is characterised by relatively compact a and c axes.
Nonetheless, variations in lattice parameters arise from different deposition or computational
methods, resulting in a significant range of reported values. Table 2 summarises the lattice
parameters and unit cell volumes obtained from various experimental and theoretical studies.
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Table 2 - Reported values in the literature for the lattice parameters and unit cell volume of CuCrO,.
Data adapted from [82] and revised accordingly.

a(A) c(A) Vv (A3) System Exp./Theory Reference
2.962 17.01 129.24 3R Experimental [189]
2.97 17.24 - 3R Experimental [190]
2.9748(1) 17.1016(5) 131.06 3R Experimental [136]
2.975 17.10 - 3R Experimental [191]
2.970 11.40 87.09 2H Experimental [192]
2.9734(3) | 17.100(4) 130.9 3R Theoretical [188]
3.050 17.09 - 3R Theoretical [191]
2.9740(3)  11.400(1) 87.32 2H Theoretical [187]
3.01-3.05 11.40-10.47 89.73-92.25 2H Theoretical [180]

The computed bond lengths for Cu-O and Cr-O are 1.881 A and 1.972 A, respectively,
aligning well with the values derived from Shannon’s atomic radii ("O* = 1.38 A, "Cu* = 0.46 A, V'Cr** =
0.615 A [176]). Notably, significant deviations from these values have been reported in doped films.

Band structure

Theoretical analyses of the band structure of CuCrO, have employed several methodologies.
Common approaches include Density Functional Theory (DFT) with a screened exchange local
density approximation (sX-LDA) [193], the Heyd-Scuseria-Ernzerhof hybrid functional (HSEO6) [180],
the Generalized Gradient Approximation (GGA) with Perdew, Burke, and Ernzerhof correction for on-
site Coulomb interactions (PBE + U) [180], the LDA+U method [184], and many-body perturbation
theory using Green functions with Coulomb interactions (GW approximation) [194]. These
approaches generally predict a direct band gap (E¢%") ranging from 2 to 4 eV and an indirect band gap
(Es") between 1 and 3 eV. A summary of these results is shown in Table 3.

Table 3 - Calculated direct and indirect band gaps for CuCrO; using various theoretical methods.

Method E." (eV) E;™(eV) Ref.

sX-LDA  3.10 2.90  [193]
HSEO06 - 3.09  [180]
GGA 1.97 112 [193]
GGA - 2.14  [195]
GGA+U  2.55 2.04  [160]
PBE - 1.06  [180]
PBE 1.83 1.07  [196]
PBE 1.30 0.96 | [194]
PBE+U - 2.06  [180]
PBE+U  2.39 1.71  [196]
PBE+U  1.72 1.67  [197]
GW 3.42 3.29  [194]
GW 3.42 3.42  [198]
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The variation in predicted values arises from the differing assumptions and specifics of each
theoretical method. For instance, the PBE method tends to overestimate lattice parameters and
underestimate self-interaction, while HSEO6 provides more accurate structural and band gap data
compared to LDA/GGA [180]. Nonetheless, these models primarily address bulk materials with ideal
crystalline structures, whereas deposited films often exhibit random defects that are challenging to
model accurately.

The nature of the band gap in CuCrO, remains debated. Some experimental studies indicate
an indirect band gap [199], while others report direct band gaps, both within the range of 2.95 to
3.30 eV, which correlates with the material’s optical transparency.

Density of states

Analysis of the total electronic density of states (EDOS) for the delafossite CuCrO, reveals
several distinct features (Figure 7). The electronic states below -4 eV are predominantly composed
of broad, intense O 2p states. These are succeeded by narrower, yet still significant, Cu 3d
nonbonding states centred around -2 eV. The Cu 3d states in this range are energetically
degenerated with the weakly dispersive nonbonding O 2p states observed at the same energy level.
The interaction between bonding Cu 3d and O 2p states results in the formation of a mixed Cu-O
state that is positioned above the less dispersed background at the VBM.

CuCrO, EDOS
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Figure 7 - EDOS for CuCrO,. (a) Overall EDOS; (b) EDOS projected onto Cu (Cu-PEDOS); (c) EDOS
projected onto Cr (Cr-PEDOS), with magnification of 2x; (d) EDOS projected onto O (O-PEDQOS), with
magnification of 2x. In the plots, d states are depicted by blue lines, s states by green lines, and p
states by red lines. Adapted from [180].

This characteristic has been corroborated by experimental data from X-ray resonant
photoemission and X-ray absorption spectroscopy studies conducted by Yokobori [184] and Arnold
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[160]. Their investigations, which focused on Mg-doped CuCrO,, revealed the simultaneous presence
of copper in both +1 and +2 oxidation states. Additionally, Cr 3d states primarily contribute to the
conduction band minimum (CBM), with some minor contribution to the VBM arising from hybridized
Cr-O bonds formed between three Crions and one O ion [86].

1.2.2. Electrical conductivity and sources of charge carriers

In undoped, stoichiometric CuCrO,, intrinsic point defects are typically the primary source of
hole carriers, yet the material exhibits low electrical conductivity. This is attributed to the low
concentration of acceptor defects and their high energy levels [131], [200].

Reported conductivity values vary based on the synthesis method used. For instance,
Poienar et al. [201] observed a conductivity of 3x10* S cm™ in a single crystal produced via the flux
technique. Yu et al. [202] measured a conductivity of 0.2 S cm™ in films prepared by radio frequency
sputtering, while Sadik et al. [203] reported a significantly lower value of 1x10% S cm™ for films
grown by pulsed laser deposition (PLD). It is widely acknowledged that pure CuCrO; has low
conductivity, whereas non-stoichiometric or doped delafossites can achieve better electrical
performance. Notably, the highest conductivity reported is 278 S cm™ for a Mg and N co-doped
delafossite [49], and 100 S cm™ for a non-stoichiometric variant [190].

TCMs can be modified either through extrinsic or intrinsic doping. Extrinsic doping involves
the incorporation of aliovalent or isovalent ions, whereas intrinsic doping involves altering the
electronic properties through the introduction of native defects. In the case of CuCrO,, several
defects can enhance conductivity based on the processing conditions and type of dopants used.
These include copper vacancies (Vc), interstitial oxygen atoms (O;"), and dopants substituting at the
chromium site (Xcr). These modifications can be achieved either during the initial synthesis or
through post-synthesis processes such as rapid thermal annealing or ion implantation [8].

Extrinsic doping

The primary function of dopants is to enhance carrier concentration while maintaining the
integrity of the delafossite structure [49]. Typically, doping is more straightforward when the size
difference between the dopant and the substituted cation, as well as the M cations, is minimal.
However, Marquadt et al. elucidated that the difference in electronegativity between the M cation
and the dopant plays a more significant role in stabilising the delafossite structure than the size of
the cations [92]. It is noteworthy that extrinsic doping does not invariably enhance electrical
conductivity due to the limited solubility of certain dopant cations within the delafossite structure, a
limitation likely attributed to non-stoichiometric constraints.

The valence state of dopant cations significantly impacts the electrical properties of
delafossites. Notably, several studies have reported substantial enhancements in electrical
conductivity upon the incorporation of divalent cations at the Cr site. This enhancement is attributed
to an increase in hole concentration due to the charge discrepancy at the substitutional site,
involving Cu*/Cu?* [126], [204] and/or Cr¥*/Cr* [136] hole mechanisms, thereby enhancing the
conductivity. It is generally accepted that hole conduction in delafossites predominantly occurs via
the Cu*/Cu®* hole mechanisms [126], [130], [136], [147], [180]. Additionally, internal stress might
play a role on divalent cations’ effect on delafossite: for instance, the lattices parameters of CuCrO,
increase with the doping of Mg, as it allocates on the octahedral site, replacing Cr®* which has a
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smaller ionic radius (0.720 A and 0.615 A, respectively) [205]. Note that aliovalent dopants can lead
to formation of compensation ionic defects or defect associates [92].

Doping with a trivalent cation X3 (isovalent doping) results in a compound that exhibits
properties of both CuCrO; and CuXO; [92]. The carrier concentration remains constant due to the
identical oxidation states of the cations; however, notable changes in electrical properties are often
observed [134], [206]. These changes can be attributed to the difference in ionic radii between the
dopant and the substituted atom. The resulting internal stress can alter the band structure, thereby
affecting electronic charge mobility. This phenomenon has been demonstrated in polycrystalline
films of Ge [207], Si [208] or graphene [209].

Table 4 provides a summary of studies on extrinsic doping of CuCrO, delafossite. Commonly
reported CuCrO, dopants are Cd, Co, Fe, Mg, Mn, N, Ni, Sc, Sn and Zn. Among these, Mg has
demonstrated the most significant improvement in the electrical properties of delafossite [51],
[205], [210]. There is an extensive list of reported dopants in CuCrO,
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Table 4 — Summary of various extrinsic dopants for copper chromium delafossite and their reported

effects. Adapted from [107].

Al

Fe

Mg

Mg + Ag

Mg + Mn

Mg + Ni
Mg + S

Mg + N

Ni

Rh

Sc

Sc + Mg

Sn

Ti

Zn

Doped-CuCrO; reported characteristics

Destabilise Cr®* antiferromagnetic order, inducing weak ferromagnetism.
Substitutional randomness reduces conductivity.
Enhances electrical and optical properties slightly. Fe induces hole-mediated
Fe3*-Cr**  super-exchange coupling, leading to room-temperature
ferromagnetism. Fe doping does not directly create holes, but alters the
delafossite  structure, increasing interstitial oxygen in the lattice.
Superconductivity in Fe-doped CuCrO; has been reported up to 118 K.
Mg-doped CuCrO, exhibits enhanced conductivity compared to other p-type
TCOs. Mg?* substitutes at the Cr®* site, converting Cu* to Cu®, and this
substitution reduces both resistivity and the Seebeck coefficient. However, if
Mg?* occupies a Cu* site instead of a Cr** site, it may act as a donor rather
than an acceptor.
The dopants are not localised at grain boundaries. Mg?* substitutes Cr*, and
Ag* substitutes Cu”, increasing the electrical conductivity up to 560 times.
Incorporation of Mg?* generates mixed valence states Mn* and Mn?*,
facilitating a hole-mediated double-exchange mechanism between Mn3*-Cr3*
and Mn*-Mn*, resulting in a noteworthy diluted magnetic semiconductor.
Enhance thermoelectric properties.
Sulphur incorporation enhances mobility values.
Despite being undetectable in films, the best optoelectronic properties are
observed when N, is present during deposition. Nitrogen acts as an acceptor,
increasing hole carriers in the delafossite lattice as follows:

N - Ng +h*
The material shows a ferromagnetic transition. Conductivity improves slightly
with Mn content up to 10%.
An increased electrical conductivity was observed with Ni** doping in CuCr;.
«NixO2 for 0 < x < 0.6.
There is good matching in oxidation states and ionic radii, and weak
ferromagnetism is induced at low temperatures.
Local lattice distortions disrupt the residual magnetic degeneracy.
Incorporation of Sc and Mg into the delafossite structure introduces
microstrain with anisotropic characteristics. The substitution of (Sc, Mg)
creates additional space for oxygen intercalation.
The emergence of mixed Cr3*/Sn* states impacts the thermoelectric
properties, resulting in decreased electrical conductivity.
A dilution of spin is observed, with corresponding magnetic properties
reported.
The delafossite phase remains stable with up to 3% Zn content, and electrical
conductivity improves as Zn concentration increases.
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Intrinsic doping

Defect chemistry significantly impacts the p-type conductivity of delafossites. In non-
stoichiometric delafossites, metal deficiency or excess oxygen are common introduced defects that
alter stoichiometry and introduce holes within the material to enhance conductivity. However, the
formation energies of cation vacancies and excess (interstitial) oxygen anions are relatively high.
Consequently, they are counterbalanced by native compensating defects, such as anion vacancies
[76]. Adjusting the preparation conditions can control the stoichiometry of the material [116], [230].
Copper vacancies act as hole donors and introduce shallow acceptor states according to [180],
[234]:

VCu - h+ (1)

Excess oxygen atoms might be substituted in the lattice sites (Cu and Cr sites) and produce
holes or intercalate within the crystal structure to form CuCrO,.s phases. This process traps electrons
and leaves behind empty states in the valence band, which act as holes, according to [116]:

0,(g) — 20/ +4h* (2)

This defect behaviour is more pronounced for larger M cations, because a bigger lattice would
accommodate more excess of oxygen [232]. Conversely, smaller M cations with radii less than 0.7 A
shrink the lattice, hindering oxygen penetration [170]. Consequently, the structure cannot
accommodate oxygen intercalation without distortion, as the M octahedron defines the cell edge
[178]. Additionally, the extent of oxygen intercalation is influenced by the oxygen environment and
annealing conditions during film deposition. Under oxidising conditions, oxygen intercalates into the
Cu triangular layers. At elevated temperatures, the lattice expands to accommodate oxygen
intercalation, but this can sometimes lead to the formation of spinel and copper oxide phases [96].
Oxygen intercalation introduces tail states into the band gap, reducing optical transmittance.

Off-stoichiometric copper chromium delafossite

Off-stoichiometric delafossite materials are characterised by a significant excess or deficit of
copper, chromium, and/or oxygen [120], [190], [233], [234]. Despite these deviations from the ideal
1:1:2 stoichiometry, structural analysis using techniques such as X-ray diffraction (XRD), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS) confirm that the delafossite structure remains
intact. For instance, Ling et al. [235] fabricated Cr deficient CuCr1xO> films (0 < x < 0.1) via solid-state
reactions, achieving a minimum resistivity of 2 kQ cm for CuCro.9,0,. This behaviour, similar to Mg-
doped CuCrO,, is attributed to an increased carrier concentration resulting from excess holes
created by chromium deficiency, where each missing Cr atom might introduce three holes.

Subsequent research using Chemical Vapor Deposition (CVD) techniques revealed the
synthesis of Cu-Cr-O delafossite layers with significant copper deficiencies. Farrell et al. [233] first
reported such a material exhibiting a 20% copper deficit, synthesised via spray pyrolysis with
acetylacetonate precursors for copper and chromium in methanol. These 90 nm thin films
demonstrated an electrical conductivity of 12 S cm™® and an optical transmittance of 55%.
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Additionally, the same group fabricated Cuo.4CrO; films with notable optoelectronic properties [244].
Raman, XPS, and XRD analyses confirmed the delafossite structure, although an increased number of
Cr-O octahedra were observed compared to crystalline CuCrO,. Furthermore, off-stoichiometric
copper chromium delafossite films exhibiting both copper deficiency and chromium excess (Cua.
«Cr1.x02) were synthesized using dynamic liquid injection metal-organic chemical vapour deposition
(DLI-MOCVD) [236],[82]. These films have a unique 2/3:4/3:2 stoichiometry, with one-third of the
copper atoms missing and an additional one-third of chromium atoms present. These films currently
show the highest conductivity values (102 S cm™ [190]) for a non-intentionally doped copper
chromium delafossite.

The doping mechanisms in these off-stoichiometric delafossite materials cannot be solely
attributed to point defects, and ongoing research aims to elucidate the charge sources and transport
mechanisms. Recently, chains of copper vacancies were identified and investigated as potential
doping sources [190]. Using positron annihilation spectroscopy on Cuy/3Crs/30, samples, Lunca-Popa
et al. [237] linked the reduction in conductivity to a decrease in the size of these vacancy chains.
They proposed that a ripening mechanism occurs, where the dissolution of copper vacancy chains
during annealing leads to decreased electrical conductivity. This hypothesis is supported by
theoretical work from Art and Zunger [238], [239], which suggests that in transparent conductors,
the formation of such defects is thermodynamically favoured as it incurs no energy cost.

Despite significant differences between extrinsically doped CuCrO; and highly conductive
Cuy3Cra/30,, their electric properties show notable similarities. For instance, in Mg-doped CuCrO,,
Okuda et al. [126] observed different temperature dependencies of the Seebeck coefficient (S) for
undoped (x = 0) and doped samples (Figure 8). The Seebeck coefficient for x = 0 is about 350 pV K
at 300 K, with a broad peak in the temperature dependence. As the Mg content increases, the
Seebeck coefficient decreases significantly, and the broad peak structure gradually disappears. With
2% Mg, the Seebeck coefficient becomes nearly proportional to temperature up to 300 K, indicating
reduced resistivity. A similar behaviour was observed in Cu,/3Crs/30; films. As-deposited samples
exhibit an almost linear temperature dependence, while annealed samples display a bell-shaped
curve, akin to undoped CuCrO,. This similarity suggests that chained copper vacancies in Cu,/3Crs/30;
act as dopants in a manner similar to Mg in standard CuCrO,.
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Figure 8 — Seebeck coefficient temperature dependence for CuCr;xMgyxO- (black curve, x =0 and
0.05) and Cuy/5Crs30; (red curve, as-deposited and annealed). Adapted from [126] and [190].
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The formation enthalpy (AH) of different defects in CuCrO, was evaluated with HSEQ6, LDA,
PBE and PBE+U theoretical approaches [180],[240] (Table 5).

Table 5 — Formation energy calculations for various defects and Mg doping in CuCrO; different
theoretical approaches.

Defect Calculation Method AH (eV) Ref.

Mgc: -2.13
Ve LDA 2.5 | [240]
o’ 2.1

Mgcr 0.62
Ve HSE06 1.45
o 1.63

Mgcr -0.54
Ve PBE 0.16  [180]
o 1.27

Mgcr 0.46
Ve PBE+U 0.95
o/ 1.38

The results indicate that the most thermodynamically favourable defect is chromium
substitution by magnesium (Mgc), followed by copper vacancies (Vc,) and oxygen interstitials (O;").

However, recent theoretical models indicate long chains of metallic vacancies as the primary
source of p-type doping in complex oxides. These defects were observed for the first time in
thoroughly analysis, previously performed by our group. High-Resolution Scanning TEM (HRSTEM)
images from earlier studies detected regions with chains of Cu vacancies in off-stoichiometric
Cuy/3Crqy30, [190], as shown in Figure 9.

Figure 9 - High angle annular dark field images from STEM of as-deposited Cu-Cr-O. The missing
planes of Cu are shown inside the red rectangles. Adapted from [190].
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HRSTEM shows also a significant rearrangement of Cu and Cr due to the annealing of the
thin films. Bright-field images of the samples before and after annealing (Figure 10) were obtained.
In the as-deposited sample, a density of approximately 18 structural defects/um was observed.
Vertical columns separated by these defects are visible, corresponding to twinned domains. After
annealing, a decrease in the number of defects is observable, and the thickness of crystallographic
domains increased, characterised by having the same crystalline structure as before the treatment.
The Fast Fourier transform (FFT) patterns (inset of Figure 10) display the typical distance of the main
delafossite plane (012), supporting the previous statement [237].

Before annealin

Before annealing

nm

After annealing

10 nm

(b)

Figure 10 — (a) Cross-sectional bright-field STEM images of Cu-Cr-O. Structural defects are indicated
by the arrows; (b) high resolution images; the epitaxial layer and the twinned domain are shown,
with the arrows representing their thickness. Inset: FFT patterns of as-deposited and annealed
samples. Adapted from [237].

In Figure 10b (top), STEM image shows the growth of similar crystallographic planes at the
interface with the substrate, with a different contrast observed beyond a thickness of around 5 nm.
This behaviour likely results from the epitaxial growth of Cuy/3Crs/302 on a-Al,03 substrate. It should
be noted that the thickness of this layer might vary in some regions, affecting the density of defects.
Far from the interface, the structure appears bulky due to the relaxation of structural strain
correlating with the lattice constant shrinkage observed after thermal annealing, as evidenced by
XRD data. Dark-contrast 3D islands are visible at the interface with the substrate, suggesting the
diffusion of atoms in the crystallographic defects, which rearranges the epitaxial layer at the
interface [237].
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Chapter 2 — Electronic transport in semiconductors

This chapter offers an in-depth examination of the core main concepts underpinning the
optoelectronic properties and electronic transport mechanisms in conductive materials. It starts
with an introduction to fundamental properties, such as electrical conductivity, carrier concentration
and doping, and the differences between non-degenerate and degenerate semiconductors. The
discussion then shifts to carrier scattering mechanisms, which play a crucial role in determining
mobility and overall charge transport. Following this, various charge transport mechanisms are
presented, with particular attention to band conduction and the hopping mechanism. The chapter
then addresses the electrical mobility, describing distinct cases of free carriers and small polarons.
The next section concerns the influence of strain on effective mass and band structure. Finally, the
chapter explores thermoelectric effects, focusing on the Seebeck effect and the theoretical
framework of the Emin-Wood expression for semiconductors exhibiting semi-metallic behaviour.

2.1. Electrical conductivity

According to Drude’s transport model, the electrical conductivity (o) and its reciprocal,
electrical resistivity (p), are directly proportional to the carrier concentration (n), the elementary
charge (q) and carrier electrical mobility (u):

1
_ T (3)
0=—=puqn
p

In simple terms, two main “knobs” can adjust electrical conductivity. The first, fairly straightforward,
is carrier concentration, which relates to the number of charge carriers. The second, more complex,
concerns electrical mobility, which refers to how fast these carriers can move in the material [241].
The electrical mobility in semiconductors is influenced by the intrinsic band dispersion, which is
characterised by the charge carrier effective mass. It depends on the carrier scattering time (t) and
effective mass, and can be expressed by the following relation:

at (4)
m*

u=

The electrical mobility can be improved by decreasing the effective mass and/or increasing
the carrier scattering time [8].

2.1.1. Carrier concentration and doping

Doping is the process of intentionally introducing impurities into a semiconductor material
to modify its electrical properties. This is a common strategy to increase the carrier concentration
and thereby improve the electrical conductivity. To facilitate the process of doping, n-type
semiconductors should have the CBM far from the vacuum level (i.e. large electron affinity); for p-
type doping, the VBM should be close to the vacuum level (i.e. small ionisation energy — higher
position of p-orbital derived VBs).
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Figure 11 depicts the band offsets of oxides in the "Schottky limit," where electron affinities
and ionisation potentials are assessed via photoemission spectroscopy or electrochemical methods.
The pinning-limit energies define the range within which the Fermi level (E¢) can be adjusted without
inducing compensating defects that halt doping. For an oxide to be doped n-type, the n-type limit
must lie above the conduction band edge (Ec) of that oxide, allowing Er to shift to Ec without defect
formation. Conversely, for p-type doping, the p-type limit must be below the valence band edge (Ev),
enabling doping without defect formation.

Figure 11 emphasizes that for effective n-type doping, a high electron affinity is required,
indicating that the Ec should be significantly below the vacuum level. Conversely, for p-type doping,
a low valence band ionisation potential is preferred, meaning the Ey should not be excessively below
the vacuum level. These criteria ensure that the material can be effectively doped n-type or p-type
without causing the formation of compensating defects [242], [243].
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Figure 11 - Band energies of various oxides relative to the vacuum level, depicting doping limits and
categorising dopable versus undopable cases. Adapted from. Adapted from [243].

Importantly, there is a fundamental trade-off to engineer between carrier concentration and
mobility, as the former influences both the transparency and the conductivity of the material. The
plasmon frequency (wy) is a fundamental property that describes the natural oscillation frequency of
the free carriers in a material. This parameter is essential for understanding the optical and
electronic properties of materials, as it determines how the material interacts with electromagnetic
radiation. The plasmon frequency is defined as:

_na’ (5)
m*en€g

where m* is the charge carrier effective mass, €~ is the high-frequency dielectric constant and g, the
permittivity of vacuum. High carrier concentrations (greater than 5 x 102! cm™) can shift the plasmon
frequency from the near infra-red (NIR) towards visible wavelengths, leading to reduced optical
transparency. Consequently, a TCM cannot be doped too heavily as this can lead to a visible light
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reflection. Additionally, increasing the carrier concentration through introduction of defects might
decrease the free scattering time (t) due to increased scattering processes. At elevated doping
levels, intraband scattering and free carrier absorption can result in diminished transparency in both
the NIR and visible spectra. Additionally, dopants might create defect states within the band gap,
further reducing optical transparency, and excitonic absorption may also become pronounced in
certain materials. Therefore, increasing the electrical mobility is the realistic alternative strategy to
improve the electrical conductivity [242].

Several key factors must be considered to achieve a high hole concentration in a p-type
semiconductor, when doping is based on point or extended defects engineering [81], [244], [245]:

e The point or extended defects responsible for creating holes, such as native acceptors like
cation vacancies or oxygen interstitials, should have low formation energies.

e The defects should have a low ionisation energy to effectively release holes, meaning they
should have shallow acceptor levels relative to the host valence band.

e |t is crucial to ensure that native defects which neutralize holes, such as native donors like
anion vacancies, have a high formation energy to minimise their impact.

Additionally, doping can enhance the material's transparency near the band edge. When the
CBM is occupied, optical transitions require higher energy levels. This phenomenon, known as the
Burstein-Moss shift, is observed in heavily doped transparent conducting oxides [200].

2.1.2. Non-degenerate and degenerate semiconductors

Semiconductors can be classified into non-degenerate and degenerate types based on the
level of doping and the concentration of charge carriers. In non-degenerate semiconductors, the
doping level is relatively low, resulting in a concentration of charge carriers (electrons in the CB and
holes in the VB) that is much less than the density of states (DOS) in their respective bands.
Consequently, the Fermi level lies within the band gap (Figure 12a). The behaviour of charge carriers
follows classical Boltzmann statistics, and the distribution function (F(E)) can be approximated by the
Boltzmann function under these conditions:

F(E) = exp (— Ek;fF) (6)

where E is the energy of the charge carrier.

Degenerate semiconductors are heavily doped, leading to a high concentration of charge
carriers. In such cases, the Fermi level may move into the CB for n-type semiconductors or into the
VB for p-type semiconductors (Figure 12b). Under these condition, with the energy levels of the
carriers close to the Fermi level, the behaviour of charge carriers follows Fermi-Dirac statistics. Here
the distribution function is given by:

=[]
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For non-degenerate semiconductors, therefore, F(E) approaches classical Boltzmann behaviour,
while in degenerate semiconductors, the carrier behaviour more closely resembles that of metals,
following the full Fermi-Dirac function.

Degenerate semiconductors exhibit metallic-like conductivity and are employed in
applications requiring high conductivity, such as certain types of sensors and thermoelectric devices.
The major differences between the non-degenerate and degenerate semiconductors can be
summarised as follows:

e Doping level: Non-degenerate semiconductors have moderate doping levels, whereas
degenerate semiconductors have high doping levels.

e Impurity interactions: In non-degenerate semiconductors, dopant atoms are well-separated
and do not interact with each other. In degenerate semiconductors, the high concentration
of dopant atoms causes them to interact and merge into an impurity band.

These differences lead to distinct electrical properties. Non-degenerate semiconductors are
used in applications where high thermal conductivity and electrical conductivity are important, while
degenerate semiconductors are used in high-power and optical applications where high carrier
concentrations are necessary [246], [247].
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Figure 12 — (a) Position of the Fermi level in non-degenerate n-type and degenerate n-type
semiconductor; (b) Non-degenerate limit and degenerate case for n-type and p-type semiconductor.
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2.1.3. Carrier scattering mechanisms

Carrier scattering leads to a finite mobility. The carrier scattering time is influenced by
several scattering mechanisms, as charge carriers can be scattered by various phenomena. These
mechanisms differ significantly by material and depend on several factors, such as crystal film
microstructure, processing conditions, crystal purity, and doping level. The mobility varies inversely
with the number of scattering events taking place; thus, an increase in motion-impeding collisions
decreases the mobility. Carriers in a semiconductor are scattered by their interaction with the
following excitations [246],[247]:

e Phonons (both acoustic and optical);
e |onised impurities;

e Grain boundaries;

e Neutral defects;

e Surfaces and interfaces;

e Scattering between charge carriers.

In polycrystalline TCM films, the total T is typically decomposed into three main scattering
components: ionised impurity (t;), grain boundary (tg) and lattice (phonon) scattering (t). According
to the Matthiessen’s rule, the total t is given by [248]:

11,11 (8)
S=

Phonon scattering

Phonon scattering, also known as lattice scattering, originates from interactions between
charge carriers and thermally vibrating lattice atoms. This scattering mechanism is influenced by
intrinsic material parameters and is dominant at low carrier concentrations (n < 10'® cm) and in the
high-temperature range. Within phonon scattering, polar-optical phonon scattering occurs in polar
semiconductors with partially ionic bonding, arising from the dipole moment induced by lattice
vibrations that interact with electromagnetic waves. Acoustic phonon scattering, often termed
deformation potential scattering, results from atomic displacements that create local compressions
and extensions in the crystal lattice, causing shifts in the band edges.

Phonon scattering is unavoidable but can be mitigated by operating at lower temperatures,
as the scattering rate is highly temperature-dependent [249].

Scattering on ionised impurities

This extrinsic scattering mechanism occurs in all doped semiconductors due to ionised
impurities, which deflect carrier trajectories via the Coulomb potential. It is particularly significant at
low temperatures and is typically the dominant scattering mechanism in degenerately doped
semiconductors with carrier concentrations exceeding 10'® cm™ [248]
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Grain boundary scattering

Grain boundary scattering is commonly the predominant mechanism affecting
polycrystalline TCO thin films, resulting in lower mobility relative to single-crystal materials. A
polycrystalline material is composed of crystallites joined together by grain boundaries, which are
transitional regions between different orientations of neighbouring crystallites. Each crystallite has
atoms in a periodic manner, so they can be considered single crystals. The grain boundary is a
complex structure containing typically few atomic layers of disordered atoms [250].
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2.2, Charge carrier transport mechanisms

Charge carrier transport mechanisms are the fundamental processes that govern the flow of
electric current through various materials. These mechanisms involve the movement of charge
carriers, within a material in response to external stimuli like electric fields and thermal gradients.
The transport of charge carriers can occur through two primary mechanisms: carrier drift, where the
carriers move under the influence of an electric field, and carrier diffusion, driven by thermal energy
and random motion. Charge carrier mechanisms include the following ones [248]:

e Band conduction: it occurs in crystalline semiconductors and metals. Charge carriers move
freely through delocalised energy states.

e Hopping transport: it is observed in disordered solids, polycrystalline, and amorphous
semiconductors. Charge carriers move by hopping between localised sites via tunnelling or
overcoming potential barriers. The mobility is typically lower than in band transport and
depends on the electric field.

o Thermally activated conduction: it is observed in disordered materials where charge
transport occurs through thermally activated transitions between localised states. The
conductivity is temperature-dependent and follows an Arrhenius-like behaviour.

e Space charge limited current: it is observed in “trap-free” materials with a high
concentration of charge carriers. The current is limited by the space charge region formed by
the accumulation of charge carriers near the electrodes.

e Poole-Frenkel conduction: it is observed in materials with a high concentration of charge
carriers. The conductivity is influenced by the electric field and temperature, following an
Arrhenius-like behaviour. It involves the reduction of the potential barrier for charge carrier
emission due to the applied electric field.

e Schottky emission: it occurs at metal-semiconductor junctions where the charge carriers
surmount a potential barrier at the interface. The current increases exponentially with the
applied voltage and temperature, exhibiting an Arrhenius-like behaviour.

e Fowler-Nordheim tunnelling: it involves quantum mechanical tunnelling of charge carriers
through a potential barrier under a high electric field. It is characterized by a strong
dependence on the electric field and follows an exponential relationship with the applied
voltage.

The most common mechanisms are the band conduction and hoping conduction. In band
conduction, “free carriers” — electrons in the conduction band and holes in the valence band — are
not strongly bound to atoms or localised lattice distortions, allowing them to move freely. Small
polaron hopping, however, becomes important in materials with strong charge-lattice interactions,
where charge carriers are more localised due to coupling with lattice distortions, affecting their
mobility and conduction behavior.
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2.2.1. Band conduction

Band transport mechanisms in semiconductors involve charge carriers moving through the
crystal lattice, where their motion is primarily governed by the band structure of the material. In
ideal cases where scattering events are minimal or negligible, this process can approach ballistic
transport, a regime characterised by charge carriers traversing the material without scattering [246].
However, in typical band transport, some degree of scattering due to impurities, phonons, or lattice
imperfections is present.

The mobility of charge carriers in band transport is generally high and, within certain limits,
independent of the electric field strength, making it a crucial mechanism for high-performance
electronic devices. In this regime, charge carriers possess a mean free path that exceeds the inter-
atomic spacing, leading to mobilities often surpassing 1 cm?Vis?,

In the band conduction mechanism, charge carriers move freely under the influence of an
external electric field. As the temperature increases, thermal energy contributes to the excitation of
charge carriers (as shown in Figure 13, red curve, for a doped semiconductor). At low temperatures,
dopants are gradually ionised, releasing free carriers (electrons or holes) into the conduction
process. This ionisation enhances the number of charge carriers, thereby increasing the material's
electrical conductivity (as shown in Figure 13, violet curve).

However, as the temperature continues to rise and all dopants become fully ionised, the
electrical conductivity begins to decrease due to a reduction in carrier mobility. This reduction is
attributed to increased thermal scattering, where interactions with lattice vibrations (phonons)
become more frequent, hindering the free movement of charge carriers.

At very high temperatures, the conductivity experiences a sharp increase due to the
significant generation of intrinsic carriers. This occurs because a substantial number of electrons and
holes are thermally excited across the band gap, leading to a dramatic rise in overall conductivity as
more semiconductor atoms become ionised. This intrinsic carrier generation dominates over the
effects of scattering, thereby increasing the conductivity despite the presence of phonon
interactions. The electrical conductivity in such a scenario is often described by:

E
0 = 0y exp (— kB%T) (9)

where g is a pre-exponential factor that includes the effects of carrier mobility and density, and E; is
the activation energy for conduction [205], [241], [251].
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Figure 13 - Temperature dependence of electrical conductivity, carrier concentration, and mobility in
band conduction semiconductors.

2.2.2. Hopping conduction

In certain semiconductors, free carriers do not exist in the traditional sense. Instead, charge
carriers "hop" between localised states. This hopping occurs between different oxidation states of
the same chemical element, which are localised at equivalent sites within the crystal structure. The
following redox equation illustrates this process, where the charge hops between site A and site B,
both occupied by M atoms:

M5 + Mgy D = MO MG (ol

These semiconductors exhibit thermally activated conductivity behaviour; however, in this
case, the carrier concentration remains constant or varies slowly, while the mobility is exponentially
dependent on temperature. Thermal energy assists in overcoming potential barriers between states,
thereby increasing the probability of charge carriers hopping from one localised state to another
without significantly increasing the carrier concentration [252].

The localised states can result from the absence of any long-range order — a phenomenon
known as Anderson localisation — or from lattice-distortion localisation caused by a strong electron-
phonon interaction, commonly referred to as small polaron hopping. This process, known as
thermally activated hopping, is typically observed in disordered solids, polycrystalline, and
amorphous semiconductors [253],[254].
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Main categories of hopping transport mechanisms

Nearest-neighbour hopping

In nearest-neighbour hopping (NNH), charge carriers hop to the nearest available localised
state. This mechanism typically dominates at higher temperatures, where thermal energy is
sufficient to overcome the energy barriers between adjacent states. The conductivity follows an
Arrhenius-type temperature dependence, where it increases exponentially with temperature [255].

Variable-range hopping

In variable-range hopping (VRH), charge carriers hop to localised states that are not
necessarily the nearest neighbours but may be energetically more favourable. It becomes significant
at lower temperatures, where the thermal energy is insufficient to facilitate NNH. The carriers hop
over larger distances to find states closer in energy. This mechanism occurs in disordered correlated
systems and mixed valence compounds such as those involving transition metals, lanthanides or
actinides, oxides with delafossite and spinel structure [252],[256]. There are two main categories of
VRH: Mott VRH and Efros-Shklovskii VRH.

Mott VRH occurs when the DOS near the Fermi level is constant. At low temperatures
(below 200 K), the conductivity dependence on temperature is given by [257], [258]:

1
Ty \n+1 (11)
0 = gy exp (— —)

T
where oo and n are an exponential pre-factor and the transport dimensionality parameter,
respectively. Tw is the Mott temperature, related to the degree of disorder and the density of
localised states, and is expressed as [258], [255]:

18
__ 18 (12)
= N EDE

where N(Ef) is the DOS in the vicinity of the Fermi energy and € is the carrier localisation length.
Efros-Shklovskii VRH occurs when Coulomb interactions create a gap in the DOS at the Fermi
level, leading to a T"Y2 dependence [259].

Polaron hopping

Polaron hopping describes a mechanism where charge carriers are coupled with lattice
distortions, known as polarons. There are two primary categories of polarons: small polarons and
large polarons. Small polarons form when the charge carriers are tightly bound to the lattice
distortion, and hopping occurs through a thermally activated process. In contrast, large polarons are
more loosely coupled with the lattice, allowing for higher mobility. Materials that conduct via large
polaron hopping exhibit behaviour similar to conventional band materials, where the activation
energies of thermopower and resistivity are comparable.

The differences between these polaronic mechanisms are illustrated in Figure 14, which
depicts the polaron potentials.
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Figure 14 — Schematic representation of potentials of (a) large polaron and (b) small polaron.
Adapted from [260].

The potential of a large polaron is wide and shallow, allowing it to 'roll' down smoothly
under an electric field, which results in high mobility. In contrast, the narrow and deep potential of a
small polaron causes it to become trapped, requiring it to escape either by tunnelling or by thermally
hopping to adjacent wells [260].

Phonon-assisted hopping

Phonon-assisted hopping involves phonons assisting charge carriers in hopping between
localised states. This mechanism can occur in both nearest-neighbour hopping and variable-range
hopping, depending on the energy landscape and temperature [261].

Tunnelling-assisted hopping

This mechanism is significant at very low temperatures, where thermal activation is minimal.
In this scenario, charge carriers may hop via quantum tunnelling, bypassing energy barriers through
quantum mechanical effects. This mechanism is particularly important in highly disordered systems,
where direct tunnelling between localised states becomes feasible [262].

Band conduction vs hopping mechanisms

Figure 15 illustrates the main distinctions between band conduction and hopping
mechanisms in solids under an applied electric field. In band conduction (Figure 15a), charge carriers
move freely across energy bands with relatively minimal scattering, primarily interacting with lattice
vibrations (phonons). As a result, mobility generally decreases with increasing temperature due to
phonon scattering, making band conduction slightly temperature-dependent. In contrast hopping
transport (Figure 15b) involves charge carriers moving between localised states rather than
extended energy bands. Lattice vibrations assist carriers in overcoming potential barriers, leading to
thermally activated transport. The hopping rate thus increases with temperature, making this
mechanism highly temperature-dependent.
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Figure 15 - lllustration of the transport mechanisms in solids with applied electric field. (a) Band-like
conduction. (b) Hopping between localised states. Adapted from [263].
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They key differences between these transport mechanisms can be summarised according to the
following:

e Scattering: Band transport involves minimal scattering of charge carriers, while hopping
transport involves significant scattering due to the localised nature of the sites.

e Carrier Mobility: Band transport typically exhibits higher carrier mobility than hopping
transport due to the delocalised nature of the charge carriers.

e Temperature Dependence: Hopping transport is highly temperature-dependent, with the
hopping rate increasing with temperature. This is because thermal energy helps overcome
potential barriers between localised sites. In contrast, band transport is less temperature-
dependent, with mobility often decreasing with increasing temperature due to increased
phonon scattering.

e Energy Gaps: Band transport involves transitions between energy bands, while hopping
transport involves transitions between localised sites [255], [259].
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2.3. Electrical mobility

The electrical mobility is a fundamental property in solid-state physics, describing the ease
with which charge carriers move through a material when an electric field is applied. This property
reflects the average drift velocity of charge carriers per unit electric field, effectively quantifying
their response rate to an applied field. Mathematically, mobility (i) is defined as the ratio of the drift
velocity (vq) to the electric field (E) [264]:

by = uE (13)

2.3.1. Electrical mobility of the free carriers

Several factors influence the electrical mobility, and their effects can vary depending on
whether free carriers or polarons are considered. In the simpler case of free carriers, the primary
factors affecting mobility are the following:

e Crystal structure: A more ordered crystal structure generally leads to higher mobility due to
fewer scattering events.

e Doping concentration: While doping can increase the number of charge carriers, it also
introduces impurities that act as scattering centres, potentially reducing mobility. In non-
degenerate semiconductors, increased doping concentration usually leads to decreased
mobility due to enhanced ionised impurity scattering. In contrast, in degenerate
semiconductors where the Fermi level lies within the conduction band, mobility behaviour
becomes more complex and can sometimes improve due to screening effects.

e Scattering mechanisms: The scattering mechanisms impact significantly the mobility. Each
mechanism contributes differently depending on temperature and carrier concentration
(see Equation (8)).

e Effective mass: Carriers with lower effective mass demonstrate higher mobility.

Additionally, the presence of defects, impurities, and grain boundaries in the material can
significantly reduce mobility by acting as scattering centres for both free carriers and polarons. Even
with free carriers, the temperature dependence of mobility is complex, influenced by various
scattering mechanisms that dominate over different temperature ranges, each contributing distinct
mobility behaviours.

To illustrate the fundamental principles underlying temperature-dependent mobility, a
selection of widely studied models will be presented, each describing mobility in systems with free
carriers. These models serve as foundational examples, demonstrating how mobility may be
characterised under various regimes and assumptions. In contrast, carrier mobility in small polaron
systems is governed by distinct mechanisms, differing significantly from those of free carriers and
necessitating a specialised approach to address the effects of temperature on polaron dynamics.

In non-degenerate semiconductors, simpler models can be used to describe mobility,
particularly at lower doping levels. In nonpolar semiconductors such as Ge and Si, scattering
primarily results from acoustic phonons and ionised impurities. At low temperatures, ionised
impurity scattering often dominates, resulting in a mobility (i) with a T2 dependency [264]:
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where €;is the static dielectric constant, and N; is the ionised impurity concentration.
As temperature increases, phonon (lattice) scattering becomes more significant. For acoustic

phonon scattering, common in many semiconductors at room temperature, the mobility typically
follows the power law pac o< T2 [264]:

_ V87Tq1;l4Cl
Hac = 3252 (o) /2 (15)

where ¢ is the average longitudinal elastic constant, and Eq is the deformation potential of the band
edge per unit dilation of the lattice. The temperature dependence of mobility due to these scattering

mechanisms is illustrated in Figure 16.
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Figure 16 — General diagram of mobility-temperature dependence in ionised impurity and lattice
scattering mechanisms. Adapted from [248].

The models to describe scattering mechanisms for degenerate semiconductors are more
complex and less common. The mobility due to ionised impurities (Uideg) for degenerate
semiconductors with non-parabolic bands was derived by Zawadzki and simplified by Pisarkiewicz,
assuming statistically homogeneously distributed scattering centres (i.e. dopants):

_ 3(esg9)?h* n 1 (16)
Hijdeg = sz*2q3 N; Fii(folfl)

where h is the Planck’s constant, Z is the charge of the impurities in units of the elementary charge q
(usually +1), and Fi(&o,&1) is the screening function for ionised impurity scattering for a non-parabolic

conduction band:
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Fi(§0 &) = [1 + %(1 - %)] In(& + 1) — ;i -2, (1 _ %) (17)

where & is the reduced scattering length, which depends on the electron density and is given by:

1
1g.80h?n3 (18)
§o = (3n?)3 .

and &; describes the non-parabolicity of the conduction band and is given by:

mg (19)

where mq’ is the effective mass of the electron at the conduction band edge. The variation of the
effective mass with electron energy is described by:

m* = my[1+ 2B(E — E¢)] (20)

where B denotes the non-parabolicity parameter. A temperature-independent mobility is usually
indicative that this is the dominant scattering mechanism, as according to Equation (16), Higdeg iS
proportional to the intrinsic material parameter [e/(Zm*)]%. Note that for very high dopant
concentrations (n > 5x10%° cm3), the dopants tend to form clusters, leading to even lower mobilities
(i = Z%) owing to their higher charge (Z > 1) and the model is no longer valid [265]-[267].

Bardeen and Shockley derived an expression for the mobility associated with acoustic
phonon scattering in degenerate semiconductors (Hac,deg), given by [268], [269]:

1
m )5 hciq (21)

Hac,deg = (g Eém*szT

According to Askerov, under the conditions ksT << hwo and E << hwo (where E is the CB
electrons’ energy and hwy is the average energy of the longitudinal optical phonons) the electrical
mobility from polar optical phonon (Uopt,deg) SCattering is given by [270]:

q h(l)o 22
Hopt.deg = 4awom* [exp (kB_T) * 1] 2

where h is the reduced Planck’s constant and a is the polaron coupling constant, given by:

(23)
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where Ey is the first ionisation energy of the hydrogen atom (13.595 eV), and m. denotes the
electron mass in vacuum. It is important to note that there is no suitable formula in literature
available to explain this mobility for n > 10'° cm, as at this carrier concentration range the condition
E << hwo is actually violated [271].

Finally, in polycrystalline materials, grain boundary scattering introduces an additional layer
of complexity, each with its own temperature dependence. The overall temperature dependence of
mobility can often be approximated by combining these mechanisms. This combined effect typically
results in a decrease in mobility as temperature rises within the usual operating range of most
semiconductor devices. However, the exact relationship can vary depending on material properties,
doping levels, and the temperature range. In certain instances, more sophisticated models are
required to accurately describe the temperature dependence, particularly when considering
additional factors such as intervalley scattering or when addressing complex semiconductor
structures. The mobility associated with grain boundaries (L) is given by:

Ugp = —nah3 In [1 + exp (n - kETT)]

where L is the lateral grain size, n, is the average free carrier concentration in the grain (including
the depletion region and the bulk), Eg is the potential barrier height, and n is the reduced Fermi
energy, given by (for an n-type semiconductor):

Er — Ec (25)

1= kT

This model describes the mobility as function of both the free carrier concentration and
temperature, applicable for both non-degenerate and degenerate semiconductors across a range of
carrier concentrations [271].
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2.3.2. Case of small polarons

In delafossite materials, conduction electrons occupy incomplete inner shells (d or f). Due to
limited electron overlap, they form extremely narrow bands, leading to the emergence of small
polarons [272]. This mechanism is commonly used to explain charge carrier transport in Cu-based
delafossites.

Small polaron transport involves the thermal "diffusion" or hopping of a charge carrier and
its associated lattice polarisation field between equivalent sites with different valence states. Key
characteristics include [256]:

o Activated mobility: The mobility of small polarons increases with temperature due to
thermally activated hopping.

e Thermal diffusion: Charge carriers jump from one atom or ion to a neighbouring one,
facilitated by thermal energy that helps overcome potential barriers from lattice distortions.

e Effective mass: Polaronic interactions significantly increase the effective mass of charge
carriers, as they must drag local lattice distortions along while moving.

Small polaron transport properties are strongly temperature-dependent. At high
temperatures (where ksT > % hvg, with vo as the phonon frequency), the polaron band collapses,
leading to diffusive transport via thermally activated hopping. Thermal-induced atomic distortions
around trapping sites destabilise charge carrier localisation, facilitating hopping between
neighbouring sites and enhancing electrical mobility. Conversely, at low temperatures (ksT < % hvo),
charge carriers move more freely through the crystal but with increased effective mass, resembling
behaviour within a band of large effective mass, albeit with tunnelling possibilities .

The mobility behaviour of polarons differs significantly from that of free carriers. Polarons,
as quasiparticles coupled with lattice distortions, exhibit increased mobility with temperature due to
thermally activated hopping mechanisms. The strength of electron-phonon coupling influences
polaron mobility; stronger coupling generally leads to lower mobility as polarons become more
localised. Additionally, the frequency of lattice vibrations and the lattice's ability to relax around the
charge carrier also affect polaron mobility.

Unlike free carriers, which are hindered by lattice vibrations at elevated temperatures,
polarons benefit from increased thermal energy to overcome potential barriers between localised
states. The temperature dependence of polaron mobility can be described by various models, such
as the small polaron hopping model, where mobility follows an Arrhenius-like behaviour: uT « exp(-
En/ksT), with E, as the activation energy for hopping. More complex relationships, such as Mott's
variable range hopping model, may apply, where conductivity (and consequently mobility) follows o
= 0o exp[-(To/T)**]. The fundamental difference in charge transport arises from the nature of these
carriers: free carriers move through delocalised band states and are hindered by lattice vibrations at
higher temperatures, whereas polarons, as quasiparticles coupled to lattice distortions, take
advantage of increased thermal energy to overcome potential barriers between localised states
[252], [273]-[276].
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Electrical mobility in small polarons

The activation energy for polarons participating in electrical conduction varies between
adiabatic and non-adiabatic regimes, which represent the two limiting cases of the Holstein model
[277]. Adiabatic hopping occurs when the hopping rate is slower than the phonon frequency. During
this period, the charge carrier tunnels multiple times between potential wells while experiencing an
excited lattice state. Given the total density of conducting sites (N) and the fraction of sites (c)
occupied by polarons, the Nernst-Einstein equation yields the following relation:

KgT

o = Ncqu =

where D is the small polaron diffusion coefficient, given by:

(27)

2 En
D = ukgT = g(1 — c)qa“vy exp (_ﬁ)
B

Here, g is the probability of successful hopping (close to 1 in the adiabatic regime), a is the hopping
distance between equivalent sites, vo is the maximum frequency for carrier jumps (generally 103
Hz), 1-c represents the probability that the adjacent site is unoccupied for exchange to occur
(assuming that the two states are randomly distributed), and the exponential factor exp(-En/ksT) is
the probability that a given site will possess the thermal energy necessary for the hopping. The
relationships above yield the temperature dependence of electrical conductivity:

5 = INel —qta’vy (~2) (28)
IpT KT

This expression demonstrates that the thermally activated mobility in adiabatic regime is given by:
_(-9qa’v (- ﬂ) (29)
kgT kgT

The overall activation energy for conduction (Es) in small polarons is the sum of two terms:

E,=E,+E, (30)

where E, is the energy associated with carrier generation, which is typically zero. This assumption
arises because small polarons are formed from charge carriers that are already localised due to
electron-phonon interactions, meaning that no additional energy is required for their generation in
the system. Therefore E; = Ep.

In the non-adiabatic regime, where the hopping rate is much slower than the phonon
frequency, mobility is given by:

_ P(1-c)qa? Ey 31)
T kT O ( )
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where P is the tunnelling probability, given by:

]2< - )1/2 (32)
P=(—— 1
AV B

Here, J represents half of the rigid-lattice bandwidth. In this regime, the rapid ion vibrations coupled
with slower carrier hopping vyield a low probability of transfer during each excitation (J << wo). In
conclusion, the low probability of charge transfer per phonon excitation in the non-adiabatic regime
significantly limits carrier mobility. This inefficiency arises because the charge hopping rate is much
slower than the frequency of ion vibrations, resulting in a reduced likelihood of successful carrier
transfer and, consequently, lower overall mobility in the material [147], [256], [261], [278]—-[280].
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2.4. Strain-engineering the electrical mobility of
semiconductors

2.4.1. Effective mass and electronic band structure

The effective mass describes the apparent mass of a charge carrier as it moves through a
lattice under the influence of external forces. This intrinsic property of materials can be
characterised in relation to a specific crystal direction, averaged over all directions, or aligned with
the least favourable direction to reflect a more detrimental impact. The effective mass is closely
linked to the electronic band structure of the material, particularly the dispersion at the band edges,
where free carriers reside, such as the CBM for electrons and the VBM for holes. The parabolic
approximation used to model the energy of these bands is expressed as follow:

h%k? (33)
2m*

E(k) = Ey +

where E(k) denotes the energy of a band as a function of the wave vector k (which represents the
momentum of electrons within the crystal lattice), and Eq is the band edge energy. In this quadratic
approximation, m* is determined by the second partial derivative of E(k) with respect k according to:

L_[LdEd)” (34)
~ |h2 dk?

The second derivative term represents the band edge dispersion, providing important information
regarding m*. The higher d?E/dk?, the sharper the curvature of the energy band, meaning lower m*.
Conversely, smaller d?E/dk? causes flatter curves, leading to higher m*. Both cases are illustrated in
Figure 17 in an E-k diagram.

+ E(K)

electron

hole

Highm,* © k

Low m, ]

Figure 17 — Relationship between band dispersion and effective mass in an in E-k diagram.
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From the chemical perspective, the CBM in current n-type TCOs is mainly formed by of two
spherical ns-orbitals (that are less localised and have spherical symmetry) from a p-block heavy
metal cation and chalcogen p-orbital. This leads to strong chemical hybridisation resulting in very
dispersive bands (with very low m*) and hence high electrical mobility [295]-[297].

TCOs primarily exhibit n-type conductivity due to the favourable formation of oxygen
vacancies or cation interstitials, which serve as donor states. These defects contribute additional
electrons to the CB, thus enhancing n-type conductivity [6]. In contrast, the VBMs of many p-type
TCMs are formed through the hybridisation of d-orbitals from metallic cations with p-orbitals from
chalcogens. The d-orbitals, being highly localised and directionally dependent, result in weak
bonding with the chalcogen p-orbitals, leading to nearly flat VBs at the VBM [281]. Furthermore, the
p-orbitals of chalcogens are significantly lower in energy compared to the valence orbitals of the
metallic cations and possess high electronegativity, which traps holes and thereby hampers the
introduction of shallow acceptors while increasing the hole effective mass [37], [110], [281].
Consequently, enhancing the mobility of p-TCMs primarily involves engineering the band structure
to reduce the effective mass, which is generally more feasible than improving the scattering time.

2.4.2. Strain in semiconductors

The wave vector and effective mass in semiconductors are closely intertwined with strain,
which alters the electronic band structure. Strain (g) in semiconductors arises from various sources,
such as phonon-induced lattice vibrations in homogeneous semiconductors, lattice-mismatched film
growth in epitaxial heterostructures, intrinsic stress in deposited thin films, or applied external stress
[251], [285], [286]. Strain modifies bond lengths and lattice parameters at the atomic level,
perturbing the material's band structure by modifying the interaction potential (energy) felt by an
electron in the crystal (V(r)) [265]:

A 35
V(r)=U(r)—Z i‘j (35)
] L

where U(r) represents the time-averaged potential, in which the electrons move independently. The
summation term accounts for electron-nucleus interactions over distances r; between the electron
at position i and each nucleus J. Here, q is the elementary charge at position |, and Z; is the atomic
number of nucleus J. These interactions contribute to variations in the effective mass, which is
critical because free carriers are situated at the minima or maxima of the CB and VB, corresponding
electrons and holes, respectively.

With the advent of flexible electronics applications, understanding the impact of mechanical
strain on devices performance has become crucial. The relationship between mobility and strain has
been used to optimise the active channels in silicon metal-oxide—semiconductor field-effect
transistors (MOSFETs). For instance, early 1990s studies reported enhancement factors of 2.2 [11]
and 1.5 [12] in transconductance (gm) (channel mobility) for n- and p-channels, respectively (Figure
18).
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Figure 18 — Comparison of transconductance vs gate voltage in (a) n-type and (b) p-type strained-
silicon MOSFETs. Adapted from [11], [12].

Applied stress in semiconductors can positively impact physical properties such as
magnetoelasticity [287] or piezoelectricity [288], [289], where mechanical energy is converted into
magnetic or electrical energy, respectively. Consequently, the manipulation of electrical mobility
through strain has been extensively studied. For instance, DFT predicts a 3000% increase in mobility
for monolayers of phosphorus allotropes subjected to -6% strain [290]. Experimental studies
frequently report mobility enhancements of up to an order of magnitude with increasing stress in
semiconducting thin films [285].
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2.5. Thermoelectric effects

2.5.1. Seebeck effect overview

The Seebeck effect (S) is a fundamental thermoelectric phenomenon that describes the
generation of an electric potential in a conducting material when exposed to a temperature gradient
(AT). When a temperature gradient is applied, charge carriers at the hotter end gain additional
thermal energy, causing them to diffuse toward the cooler end. This movement of carriers generates
a charge buildup, resulting in an electric potential difference (AV) expressed as:

AV (36)

S=E

The Seebeck effect is inherently linked to charge transport mechanisms in materials. The sign of S
indicates the dominant charge carrier type, with a negative S signifying n-type (electron-dominant)
conduction and a positive S indicating p-type (hole-dominant) conduction. The Seebeck coefficient’s
sensitivity to the energy dependence of scattering mechanisms provides valuable insights into a
material’s electronic structure. Generally, the magnitude of S is inversely related to carrier
concentration under specific conditions, due to the influence of the Fermi level. In non-degenerate
p-type semiconductors, S can be approximated as:

kg [Ep —E k N
S=+-2 u+A]=+—B[ln<—")+A] (37)
q Ll kgT q P

where Er-Ey is the Fermi energy relative to the VB edge, N, is the effective DOS per unit volume in
the VB, and A is a dimensionless parameter that depends on the primary scattering mechanism
[291]. For degenerate semiconductors, the Fermi level is within or near the VB, and carrier statistics
must consider Fermi-Dirac behaviour, which leads to a Seebeck coefficient approximated by [254]:

szkéT (38)
3qEF

~
=~

Here, S exhibits a weaker linear dependence on temperature due to the lower sensitivity of carrier
concentration with temperature near the Fermi level. For narrow-band or polaronic semiconductors
where carriers undergo hopping conduction, the Seebeck coefficient is described by Heikes' formula
[292]:

k 1-— .
S=+—ln (& C) (39)
q g2 ¢

% The sign of S can change for a given type of small polaron conduction when ¢ >g1/(gi1+g2). In CuCrO,,
S<0if c>0.2 [256]. However, this never occurs in the experimental data of this work.
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where g; and g; are the spin degeneracies of two distinct charge states (e.g., Cu* and Cu?* in CuCr0,),
and c is the fraction of sites occupied by carriers. This form, sensitive to carrier concentration rather
than temperature, indicates no temperature dependence in small polaron conductors.

2.5.2. Emin-Wood expression for Seebeck coefficient in semiconductors
with semi-metallic behaviour

The dependence of the Seebeck coefficient on temperature in copper chromium delafossite
remains a contentious topic in the literature, with various values and behaviours reported for this
material. For instance, Sinnarasa [293] demonstrated that the Seebeck coefficient remains invariant
with temperature between 40 and 220 °C in magnesium-doped CuCrO, thin films, with values
around 300 pV K measured across this entire temperature range for films exhibiting a conductivity
of 0.60 S cm™. In contrast, Tripathi [294] observed a linear dependence of the Seebeck coefficient
within the same temperature range for ALD-deposited pure delafossite films, which displayed similar
conductivity values. As previously discussed, our off-stoichiometric delafossite samples exhibit a
Seebeck behaviour comparable to that of Mg-doped CuCrO, films deposited by Okuda [126], where
an increase in dopant concentration induces a linear temperature dependency in the Seebeck
coefficient.

To investigate these aspects further, a more in-depth analysis of the Seebeck coefficient is
necessary. Emin and Wood [295] proposed that the Seebeck coefficient can be derived
independently of scattering mechanisms by focusing on shifts in the electron chemical potential due
to temperature changes. Their theoretical framework provides valuable insight into the Seebeck
coefficient within the context of small polaron hopping conduction, helping to explain the unusually
high Seebeck coefficients observed in semiconductors with substantial charge carrier densities — a
combination rarely seen in conventional semiconductors. Diverging from the traditional Boltzmann
kinetic transport model, the authors adopted a thermodynamic approach, suggesting that the
Seebeck coefficient could be determined solely by the EDOS. Their work highlights how localised
carriers can displace surrounding atoms from their equilibrium positions and reduce their vibrational
frequencies, thereby significantly influencing carrier conductivity. Emin and Wood proposed that the
Seebeck coefficient can be expressed as the sum of two terms:

g IAS+Er (40)
qT

The first term represents the classical contribution, linked to the average change in entropy (AS),
associated with the thermal energy transported by the charge carriers. The second term relates to
the thermal energy transported by phonons (vibrational energy) during the hopping process. Carrier
hopping between localised states is a common transport mechanism in disordered materials, such as
semiconductors with low carrier densities.

The probability of a carrier hopping between two sites, i and j, Pij, depends on the spatial
separation rij and the energy difference AE;; between these sites:

ﬁ) (41)

P;j = Pyexp (—Zarij ~%T
B
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where Pg is a pre-factor associated with the phonon frequency, and a is a parameter reflecting the
overlap of wavefunctions [296]. At high temperatures, transport is primarily driven by nearest-
neighbour hopping with activated behaviour. As temperature decreases, variable-range hopping
becomes more favourable, allowing carriers to hop over longer distances but with smaller energy
differences.

The localisation length ¢ of the localised states is typically on the order of a few angstroms,
related to the lattice constants. This short localisation length indicates that hopping occurs between
highly localised states around defects or impurities within the material.

Several factors influence the Seebeck coefficient, with the most significant being the entropy
change: the Seebeck coefficient is proportional to the average entropy change when a charge carrier
is introduced into the material. In most cases, this entropy term is the primary factor considered.
However, other influences also contribute, such as the vibrational energy transported with the
carrier during hopping, and charge carrier asymmetry at the Fermi level, which is crucial in
determining both the sign and magnitude of the Seebeck coefficient. Emin and Wood [295], and
Tewari [297] considered a probabilistic approach of the phonon-assisted hopping.

In copper chromium delafossite, the polarons are related to the copper sites. These are not
energetically equivalent, especially in the presence of a significant off-stoichiometry. Furthermore,
the polarons are strongly coupled with phonons, making it essential to consider the second term of
the Seebeck coefficient. The vibrational energy transferred during the jump of a polaron from site i to
site j is [295]:

gioi _ 1(E —E)(L ~T) (42)

T T2 Th-T

where E; and Ej are the energies of the system when the polaron is located at site i and site j,
respectively, and [ and [ are parameters related to the strength of charge-lattice coupling. The net
current (l,) associated with a particle moving from site i to site j can be described in terms of Einstein
diffusion as [295]:

! = (1= )Ry = £(1 = Ry )

where fi and f; are the occupancy probabilities of sites i and j, respectively, with 1-fi and 1-f
representing the probabilities of these sites being vacant Rij and R;i denote the transition rates
between the two sites. When a temperature gradient is applied, the system moves out of
equilibrium. Following Emin's reasoning [295], the vibrational energy transported depends on
temperature and on the temperature derivatives of the transition rates at equilibrium:

2 d ln(Ri,j/Rj,l-) N d ln(Rj’i/Ri,j)

(44)
dr; dT;

i~j _
ES = jT
TAjiat 0K

If the transition occurs between two states with the same energy or identical phonon coupling
strength, this term is zero. Since the hole-lattice coupling depends on the energy of the states, Emin
approximated:
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I —Tj ~ E — E; (45)

thus simplifying Er to:

E.Ii:)j = C(Ej - Ei)z (46)

Where C is a constant calculated by Wood [295] as:

-4 (47)
16E}

where z is the number of nearest neighbours, E, is the average binding energy of the small polaron,
and J is the inter-site transfer energy. Averaging the term from Equation (46), assuming a broad
distribution of energy, the vibrational energy transferred is:

BT = X gci, T (48)
q
When replacing Er in Equation (40), the complete expression for the Seebeck coefficient becomes:

AS 8kiC
S=—+—2°T (49)
q q

In this expression, only the temperature-independent part relates to carrier concentration, as per
the Boltzmann entropy formula:

S = kg In(Q) (50)

where Q is the number of microstates available to the system — the thermodynamic probability.
Hence, Equation (49) can thus be used to determine carrier concentration and, further, to assess
electrical mobility. Figure 19 illustrates this discussion.
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Figure 19 — Temperature dependence of Seebeck coefficient, accounting for contributions from to
vibrational energy and entropy variation.

In typical experiments, what is measured is the combined contribution from both the energy
transported by carriers and by phonons. For accurate carrier concentration estimation, the
contribution due to vibrational energy transfer must be isolated. This approach by Wood and Emin
provides a broad physical insight into the increase in S with temperature, applicable even for non-
metallic samples.

Tewari [297] developed a similar approach, focusing on intrinsic semiconductors with donor
impurity levels. For CuCrSe,;, Tewari demonstrated the following expression for the Seebeck
coefficient:

s=te [A +BI(T) + 8 (51)

q 2kgT
where AEq is the activation energy required to excite an electron from the donor level to the
conduction band minimum. This approximation for doped semiconductors remains valid in our case,
as CuCrO; is a semiconductor with a defined DOS, although its conduction mechanism is that of a
small polaron. We can assume that the carrier density approximates the defect density, as most
defects would be ionised at high temperatures. In Tewari's work, the 1/T term only accounts for the
low-temperature part of the curve, so we can infer that at higher temperatures, the Seebeck
coefficient comprises two contributions, as in Emin’s model. However, Tewari does not assign
physical meanings to the constants A and B, though his conclusions align with those of Emin,
indicating a Seebeck coefficient with both a temperature-independent component a In(T) dependent
term.

These approaches offer a deeper understanding of the Seebeck coefficient in complex
semiconductors, such as boron carbides. They provide explanations for atypical phenomena,
including high Seebeck coefficients at elevated charge carrier densities and the behaviour of the
Seebeck coefficient in materials exhibiting small polaron hopping conduction.
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Chapter 3 — Experimental methods and approaches

This chapter outlines the experimental methods and approaches utilised in this work. It
begins with a detailed description of the Metallo-Organic Dynamic Liquid Injection Chemical Vapour
Deposition (MODLI-CVD) method employed to synthesise the films under study, including a
discussion of both the experimental setup and the deposition process. A special section is devoted to
the characterisation methods, covering established techniques such as X-ray Diffraction (XRD),
Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), and electrical
characterisation. Additionally, emphasis is given to specific methods and in-house developed setups
for inducing strain, including those utilising magnetostriction and mechanical bending. The chapter
also describes the specific techniques used for data interpretation in this thesis, such as the Pseudo-
Voigt and sin?¥ methods for investigating strain, as well as methods for estimating thermally
induced strain.

3.1. Chemical vapour deposition

Chemical vapour deposition (CVD) is a versatile vacuum deposition technique widely
employed in the semiconductor industry for the growth of thin films. It involves the dissociation
and/or chemical reactions of gaseous reactants in an environment containing a source that initiates
the reaction, typically in the form of heat, light or plasma. The deposition process involves
homogeneous gas-phase reactions and/or heterogeneous chemical reactions occurring on a heated
substrate, leading to the formation of powders or films, respectively.

The conventional CVD method — thermal activated CVD (TACVD) — uses thermal energy to
activate chemical reactions. There are a multitude of thin film growth techniques relying on the CVD
principles, including atmospheric pressure CVD (APCVD), low-pressure CVD (LPCVD), plasma
enhanced CVD (PECVD) rapid thermal CVD (RTCVD) and atomic layer deposition (ALD). All these
variations share the main sequential steps of a CVD deposition, as described below and identified in
Figure 20:

1) Generation of active gaseous reactant species through processes such as sublimation of
powder, liquid evaporation, or gas introduction.

2) Transport of the generated gaseous species into the reactor chamber.

3) Gaseous reactants undergo gas phase reactions forming intermediate species.

a) If the temperature exceeds the decomposition temperatures of intermediate
species, a homogeneous gas phase reaction may occur. In this process, species
decompose or chemically react to form powders and volatile by-products, with
the powders collecting on the substrate surface potentially serving as
crystallisation centres. The by-products are evacuated from the chamber, and
poor adhesion of the deposited film may result.

b) At temperatures below the dissociation point of intermediate species, diffusion
or convection transports these species through a boundary layer near the
substrate surface, where they proceed to subsequent stages (4-7).

4) Absorption of gaseous reactants onto the heated substrate. heterogeneous reaction at
the gas-solid interface leads to the formation of adatoms or solid clusters and additional
gaseous by-products.
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5) The adatoms diffuse across the substrate surface, initiating crystallisation and film
growth.

6) Gaseous by-products are removed from the boundary layer through diffusion or
convection.

7) Unreacted gaseous precursors and remaining by-products are transported out of the
deposition chamber.

Engineering of the process conditions is necessary to favour either a more heterogeneous or
homogeneous reaction. The former promotes the growth of dense films (as in the case of this work),
whereas the latter is more suitable for porous coatings.
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Figure 20 - Schematic illustration of the main CVD steps during a deposition. Adapted from [298].

The main advantages of CVD methods are as follows:

e Growth of highly dense, pure films, with good reproducibility and adhesion at reasonably
high deposition rates.

e Possibility for high conformality depositions, making them suitable for substrates with
complex 3D geometries.

e Control over crystal structure, surface morphology and orientation by adjusting the process
parameters.

e Adjustability of deposition rate, enabling for instance the preference for growth of epitaxial
films.

e Availability of a wide range of chemical precursors, including organometallics.

e Relatively lower deposition temperatures than those for other conventional growth
techniques, such as PVD or PLD, hence achieving smaller energetic costs [299],[300].

On the other hand, significant challenges with this technique include the handling of toxic,
corrosive, flammable, and/or explosive precursor gases, as well as challenges in controlling the
stoichiometry of multicomponent-materials. Furthermore, the adoption of more sophisticated
reactors for CVD variants may introduce drawbacks related to advanced reactor designs and the
associated costs of ultra-high vacuum systems [298].
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3.1.1. Metal-organic chemical vapour deposition

Common precursors used in the CVD process include metals, metal hydrides, halides,
halohydrides, and metal-organic compounds. When employing the latter, the process is known as
Metal-organic CVD (MOCVD). These compounds consist of metal atoms bonded to organic radicals.
Their primary feature is the lower decomposition/pyrolysis temperature compared with other
precursors. Consequently, they enable film growth at temperatures lower than those typically
reported by conventional CVD. Moreover, these precursors tend to be less toxic and pyrophoric,
making them safer to handle. These advantages propelled MOCVD for wider applications,
particularly in the growth of 1I-VI and IlI-V semiconductors. In contrast, the precursors for this
method tend to be more expensive and often require specialised synthesis tailored to specific
applications. Furthermore, as they are volatile liquids, precise pressure control is essential during the
process. MOCVD enables the growth of uniform thin films with excellent crystallinity, mechanical
stability, good adhesion and easy mass production on large substrates [301]. Additionally, it offers
versatility in utilising a wide range of materials to grow amorphous, epitaxial, and polycrystalline
films. It can be effectively employed for depositing semiconductors, metallic and dielectric films. The
specific properties of the resulting film are determined by the choice of precursors and the reactions
involved [302]. In this work, a variant of MOCVD is used — Dynamic Liquid injection MOCVD (DLI-
MOCVD), also referred to as pulsed injection CVD. This was developed by Senateur et al. [303]. It
involves the sequential direct injection of the precursor solution into an evaporator via a high-speed
microelectrovalve, assisted by a pressurised inert gas at room temperature within the container,
causing the solution to vaporize instantly. The flow rate is regulated by successive fast opening of
the valve. This approach offers unique advantages, including [298]:

e Reduction in the number of process parameters.
e More precise control over the thickness, stoichiometry and growth rate of the films.
e Enhancement of the reproducibility of the properties of the grown films.

3.1.2. DLI-MOCVD Setup

In this work Cu-Cr-O thin films were grown using DLI-MOCVD (MC-200 Annealsys). The main
sequential steps of DLI-MOCVD deposition are outlined below:

1) Precursor injection: A pressure of 5 mbar pressure is applied to the cannister to drive the
precursor liquid into the injector head (at 100 °C). Here the carrier gas (N2) mixes with the
liquid.

2) Introduction of precursor and reactant gases into the reactor: when the precursor enters the
reactor, it instantly evaporates due to the sudden decrease of pressure and the elevated
temperature within the reactor. Oxygen as reactant gas is introduced separately at the same
time in this step.

3) Both the precursor and oxygen are transported to the substrate holder vicinity due to the
vacuum pumping line below the substrate holder.

5 Precursors containing one or more direct metal-carbon covalent bonds are termed
organometallics. When these are used, the CVD technique is referred to as Organometallic CVD
(OMCVD).
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4) The heated substrate, which in the presence of the precursor gas and oxygen at the vicinity,
triggers the chemical reaction near the substrate surface, leading to film growth.

The DLI-MOCVD reactor parameters that were tuned throughout this work are described in
Table 6. Here the parameters were tailored to promote the growth of crystalline and dense films
without formation of powders, with an electrical conductivity of at least 5S cm™ [182], [190], [236],
[237], [304], [305].

Table 6 - DLI-MOCVD parameters used for Cu-Cr-O film growth.

Parameter Value ‘
Substrate holder temperature 580-630 K
Reactor pressure 12 mbar
Precursor flow 2 gmin? (2.6 mL min?)
O, flow 1000 sccm
N, flow 75 sccm
N, precursor carrier flow 350 sccm
Injector frequency 2.5 Hz
Substrate holder height 10-16cm
Substrate holder rotation 10 rpm
Deposition time 10 - 60 min

The reactor was operated at temperatures of 580 or 630 K, with N serving as the carrier gas.
A continuous flow of 30% nitrogen and 70% oxygen was introduced into the reactor to sustain a total
pressure of 12 mbar throughout the deposition process.

All precursors used are metalorganic compounds belonging to the metal B-diketonates class,
with the formula M(THMD)x (tetramethyl heptanedionato), where M = Cu or Cr for delafossite
(Merck Life Science BV, Belgium) and M = Al, Mg, Mn, Sc, Y, Zn for dopants (STREM Chemicals,
Massachusetts, USA) and x = 2 or 3. Solutions with an equimolar Cu/Cr concentration [Cu(THMD),] =
[Cr(THMD)s] = 2.5 mM were prepared using cyclohexane (= 99%, Merck Life Science BV, Belgium) as
solvent. Due to the limited solubility of the dopants and to prevent precipitation of secondary
phases that could affect the physical properties, their concentration was fixed at 5 at.% [306].

Prior to deposition, all substrates were cleaned in an ultrasonic bath with acetone for 15
min, followed by cleaning in isopropyl alcohol for 15 min. Subsequently, the substrates were cleaned
with deionised water and dried under N,.
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3.2. Chemical, morphological, optical and structural
characterisation techniques

3.2.1. Scanning electron microscopy

Scanning electron microscope (SEM) technique used to analyse the morphology and
topography of a specimen. The principle of this technique is based on an electron beam that
interacts with the specimen, losing energy in the form of heat, secondary electrons, backscattered
electrons, cathodoluminescence or X-rays. Each of these emitted energies allows to obtain different
information about the sample. For instance, the detected secondary electrons allow for the
production of an image of the specimen’s surface. Since SEM image relies on surface processes, it
can image bulk samples [248].

SEM analyses were conducted using a Helios 650 FIB-SEM (FEI Company, USA) High
Resolution system. The observations were carried out under vacuum conditions (10 mbar), and
images were captured through secondary electron detection. Both top-view and cross-sectional
imaging configurations were used to examine surface morphology and verify film thickness. The
electron source voltage and current were adjusted according to surface charging effects, ranging
from 2 to 5 kV and 25 to 100 pA, respectively.

3.2.2. Atomic force microscopy

Atomic force microscopy (AFM) is a high-resolution imaging technique used to analyse the
surface topography of materials at the nanoscale. It operates by scanning a sharp tip, mounted on a
cantilever, very close to the sample surface. As the tip moves across the surface, forces between the
tip and the sample cause the cantilever to deflect. These deflections are measured by a laser beam
reflected from the top of the cantilever onto a photodetector. By recording these deflections, AFM
generates a detailed three-dimensional map of the surface. AFM is widely used in materials science,
biology, and nanotechnology due to its ability to provide atomic-scale resolution without requiring
extensive sample preparation [307].

The surface morphology of the doped films was investigated using an MFP-3D Atomic Force
Microscope (Oxford Instruments, UK) operating in tapping mode, by maintaining the amplitude of
the cantilever’s first resonance constant. Scans were acquired over a 1 um x 1 um area at a scan rate
of 2 Hz. The tip used was an OPUS 160AC (MikroMasch, Bulgaria), with a cantilever stiffness of 26
N/m and an apex diameter of 8 nm. Data post-treatment for roughness measurement and grains
segmentation was performed using MountainsSPIP software (DigitalSurf, France).

3.2.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique used to determine
the elemental composition and chemical states of elements within a material, based on the
photoelectric effect. When the surface of the specimen is irradiated by X-rays with energy hv, the
core electrons are ejected with a kinetic energy (Ewn), Which can be related to the binding energy of
the electrons the following way:
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Ep =hv — Eyin — ¢ (52)

where ¢ denotes the work function of the detector. XPS typically probes a depth of up to
approximately 5 nm from the surface, allowing for a detailed surface analysis. The relative intensity
of the peaks in the XPS spectrum enables the quantitative determination of the elemental
composition.

The technique also allows for the identification of binding and oxidation states. Chemical
composition in the bulk of the material is possible by a sequential use of argon sputtering and XPS
measurements. XPS is capable of detecting elemental concentrations down to approximately 1% [8],
[308].

In this study, XPS analysis was performed using a Kratos Axis Ultra DLD system equipped
with a monochromated Al Ka X-ray source (hv = 1486.6 eV) and an argon gun for depth profiling,
with a power setting of 150 W. The analysis was conducted over an area of 300 um x 400 um, while
the depth profiles were obtained from a 3 mm x 3 mm etched area using an Ar* ion beam operating
at 2 kV. Elemental quantification was carried out using the Cu 2ps/,, Cr 2p12 and O 1s peaks, with
their relative sensitivity factors (RSF) detailed in Table 7.

Table 7 - RSF of the peaks considered for XPS quantification.

Peak RSF

Cu2ps, 3.547
Cr2py, | 0.809
O1s  0.780

3.2.4. Transmission electron microscopy

Transmission electron microscopy (TEM) is a powerful imaging technique that uses a focused
beam of electrons to investigate the internal structure of thin specimens at high resolution. In a
TEM, an electron beam is accelerated at high voltages (100-300 kV) towards the specimen down a
column held under vacuum. As the electrons interact with the thin specimen, typically less than 100
nm thick, some are transmitted through it, while others are scattered or absorbed. This interaction
allows to gather information regarding the specimen's structure and composition.

Unlike SEM, which relies on secondary electrons emitted from the surface, TEM images are
formed based on the transmitted electrons. This enables much higher resolution imaging, down to
the atomic scale, due to the shorter wavelength of the high-energy electrons that penetrate
between the atomic columns. However, this advantage comes at the cost of requiring meticulous
sample preparation to achieve the necessary thinness.

TEM can be operated in two primary modes: TEM mode and Scanning TEM (STEM) mode, as
described below.
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Transmission electron microscopy mode

In this mode, a broad electron beam illuminates a large area of interest. The transmitted
electrons form an image that reveals microstructure details of the sample. Two imaging techniques
were employed in this work. The electron beam itineraries for both are illustrated in Figure 21.

e Bright Field Images: These images are produced by allowing the central beam of electrons to
pass through the objective aperture, providing high contrast images.

e Dark Field Images: In contrast, dark field images are generated by allowing only the
diffracted electrons to pass through the objective aperture, emphasising differences in
structural features based on electron scattering.

Another specialised mode within TEM mode, High-Resolution Transmission Electron
Microscopy (HRTEM), enables the visualisation of atomic arrangements within a sample. In HRTEM,
the electron beam is focused to achieve extremely high resolution, allowing for the observation of
features as small as 0.1 nm. This technique relies on the interference of electron waves, where both
transmitted and scattered electrons contribute to the formation of high-contrast images. HRTEM is
particularly useful for analysing crystal structures, defects, and interfaces at the atomic level [309],
[310].

Scanning transmission electron microscopy mode

In STEM mode, the electron beam is focused to a nanometre-scale diameter and scanned
across the area of interest. This method enables high-resolution imaging and the collection of
elemental information through Energy Dispersive X-ray Spectroscopy (EDS), as the probe position
can be precisely controlled [309], [310].
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Figure 21 — Electron beam itineraries for bright-field and dark-field imaging in TEM. Adapted from
[311].
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Experimental procedures

The TEM equipment used in this work was a JEOL F200 Cold Field Emission Gun (FEG)
TEM/STEM operating at an acceleration voltage of 200 kV. Sample preparation was conducted using
a Focused lon Beam (FIB) SEM technique. For bright field and dark field imaging analysis, high-
contrast apertures with three different hole sizes (120 um, 60 um, and 20 um) were used to
optimise image quality.

HRTEM was performed using a condenser lens (CL) aperture of 200 um and a beam current
of 20 nA. This setup allowed for the acquisition of detailed micrographs, particularly at the interfaces
of the substrate and film.

STEM imaging was conducted with a CL size of 40 um and a camera length of 300/120 mm,
resulting in a beam current of 95 pA. This configuration enabled the collection of high-resolution
images and EDS data, facilitating a comprehensive analysis of the sample's composition and
structure.

3.2.5. Energy dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) is a powerful analytical technique used to
identify the elemental composition of a sample. It relies on the interaction X-ray source with the
sample, which stimulates the emission of characteristic X-rays from the atoms within the material.
Each element has a unique atomic structure, resulting in a unique set of peaks on its
electromagnetic emission spectrum. The positions of these peaks are predicted by Moseley's law,
enabling the elemental analysis of a sample. EDS was performed to determine the chemical
composition and evaluate the distribution of the chemical elements on delafossite extrinsically
undoped and doped films.

In this study, EDS was performed under the STEM mode as mentioned previously. This
method is particularly advantageous for providing precise elemental quantification at specific beam
scanning positions.

3.2.6. Ultraviolet-visible-infrared spectroscopy

Transmittance and reflectance measurements of the films were conducted using a Perkin
Elmer Lambda 950 Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) spectrometer. This instrument
employs a deuterium lamp for UV and a tungsten lamp for visible light, along with a photomultiplier
for UV-Vis detection and an InGaAs detector for NIR detection. The setup utilises an integrating
sphere to collect diffuse light transmittance and reflectance from the sample, covering a range from
2500 nm to 250 nm with a 5-nm interval. The optical band gap of the films was determined using
Tauc plots, based on the equation [312],[313]:

1
(ahv)n = C(hv — Eg) (53)

where a is the absorption coefficient, hv the photon energy, E; the optical band gap and C a
constant. The exponent n depends on the nature of the optical transition: its value is 1/2, 2, 3/2 or 3
for direct allowed transitions, indirect allowed transitions, direct forbidden transitions, or indirect
forbidden transitions respectively [312].
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3.2.7. X-ray diffraction

X-ray diffraction (XRD) is a non-destructive technique commonly used to determine the
crystal structures of films and their defects introduced during the film growing. The principle of this
technique relies on the interaction of X-rays with a specimen, as the atomic distances in condensed
matter are of the same order as the wavelength of X-rays. By directing monochromatic X-rays into
the specimen, the interaction of X-ray photons with the lattice atoms leads to scattering in all
directions. Then, the photons scattered coherently will be in phase, forming diffracted beams that
obey the Bragg’s law (Figure 22), given by:

Zdhkl Sln(9) =nl (54)

where dna is the distance between two adjacent planes (interplanar spacing) with the indices
specifying the Miller indices of the appropriate lattice planes, 0 is the Bragg angle where the
constructive interference (maximum intensity) occurs, n is the diffraction order and A is the
wavelength of the X-ray beam incident on the specimen.

incident S diffracted

Figure 22 - Visualisation of Bragg’s law in a crystalline sample. Constructive interference occurs
between scattered X-rays when the path difference AB (nA) equals 2dnusin(8). Adapted from [314].

The main characteristics of a Bragg peak include position and intensity. The ideal XRD
pattern of a polycrystalline material consists of a narrow, symmetrical, delta function-like peaks at
the positions of the Bragg angles according to the crystal unit cell. An X-ray line profile analysis is
crucial to analyse the deviations from an ideal powder pattern. These deviations can be attributed to
numerous microstructural properties of the specimen, summarised in Table 8 [315], [316].

Table 8 - Peak characteristics and the corresponding information.

Peak characteristic Concerning information
Position (20) Lattice spacing (dh)
Broadening Crystallite size and lattice faults, grains and microstresses
Intensity Texture

The crystalline structure of the thin films was analysed using a Bruker D8 Discover
diffractometer equipped with a Cu Ko radiation source (A = 1.54184 A) and operated at 40 kV and 40
mA. Grazing incidence X-ray diffraction (GIXRD) measurements were conducted with an incident
angle of 0.5° and a step size of 0.02°.
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3.3. Electrical characterisation of delafossite thin films

3.3.1. Electrical measurements at room temperature
Four-point probe

The four-point probe technique is a method used to measure the sheet resistance (Rs) of
bulk or thin film semiconductors. If the film thickness (h) is known, the in-plane conductivity can
also be determined. Conceptually a source current (lIoc) passes through two (external) terminals
while a generated voltage (V) from the other two (inner) terminals is measured [8], [246].
Considering the geometric correction factor of the sample (f = 4.532), the sheet resistance is given
by:

Ry =S (55)
Ipc
and then the conductivity by:
1
o= (56)
Rshys

The electrical measurements were conducted using a Multiheight four-point probe system
from Jandel Engineering Limited (UK), which features a linear probe arrangement with a 1 mm
spacing between probes. The setup was connected to a Keithley 2401 SourceMeter® (Keithley
Instruments, USA).

Hall effect

In classical semiconductors, both the carrier concentration and electrical mobility can be
obtained through Hall effect measurements. The Hall effect measures the response of drift carriers
in a magnetic field [6]. However, applying this technique to degenerate semiconductors with very
low charge carrier mobilities presents significant challenges and is generally considered
guestionable, particularly in semiconductors that rely on hopping conduction [51], [85], [258], [272],
[317], [318].

In such cases, accurately determining the carrier concentration and identifying the dominant
carriers require either very high magnetic fields or complex mathematical models, which are not
always reliable [205], [319]. The general formulas for the Hall coefficient (Ry) and the Hall mobility
(un) are given by:

R, = Ey _ Vuhy _ 1 (57)
H jx X BZ IX' X BZ nq
o__p" _Ry (58)
Uy = — —

ng q(qRy)™'  p
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where Ry is the Hall coefficient, E, is the y-component of the electric field, Ix current in the x-
direction, jx is the x-component of the current density of the charge carriers, Vu is the Hall voltage,
and B, is the z-component of the magnetic field [246].

In the case of high carrier concentrations, the Hall signal is very small compared to sizable
offset voltages, leading to significant errors and uncertainties. Previous measurements on off-
stoichiometric copper chromium delafossites reveals values around 0.01 cm?Vs? after numerous
approximations and corrections (Figure 23) [319]. In such cases, the Seebeck effect is more reliable.
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Figure 23 - Limiting case for the offset correction for Hall measurements of a non-intentionally-
doped CuCrO; thin film. The linear fits yielded a p-type conduction with a mobility of the order of
0.01 cm?Vis?, Adapted from [319].

Seebeck effect

The Seebeck effect, also known as thermopower (S) is defined as the open-circuit potential
difference (AV) generated across a sample in response to an imposed temperature gradient:

V=V _ AV (59)
T, — T, AT

where the subscripts h and c refer to the hot and cold terminals, respectively. Thermoelectric
measurements are valuable for providing information regarding the predominant charge carriers
and the dominant scattering mechanisms. The Seebeck effect arises from an electric field
established under steady-state conditions, balancing the diffusion current caused by a temperature
gradient with the counteracting current. The direction of the field tells the type of dominant carriers
[6], as the predominant charge carriers diffuse to the colder side; therefore, the sign of S is negative
(positive) for a n (p)-type material. The carrier concentration is typically inversely related to the
magnitude of the Seebeck coefficient. This relationship is influenced by electrical conductivity, with
higher conductivity generally resulting in a lower Seebeck coefficient.

Room-temperature thermoelectric measurements were performed using a home-built
Seebeck effect setup. The sample was clamped between two copper plates as electrical contacts. A
temperature gradient was applied across the sample by heating and cooling the extreme opposite
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sides of the sample. The potential difference across each side was measured using a Keithley 2614B
SourceMeter® (Keithley Instruments, USA). The Seebeck coefficient was then determined by
analysing the slope of the plot of the voltage potential difference (AV) as a function of the
temperature difference (AT), as described by Equation (58).

3.3.2. Thermoelectric and electrical measurements with temperature

Measurements of the electrical resistivity p(T) and Seebeck coefficient S(T) as functions of
temperature were both performed using a Linseis LSR-3 system, utilising the steady-state DC-
method/slope-method. In this setup, a rectangular sample (15 mm x 5 mm) is placed vertically
between two electrodes. The lower electrode block contains a heating coil, referred to as the
secondary heater. When the furnace heats up and reaches the target measurement temperature,
the secondary heater generates a predefined temperature gradient along the sample. Two
thermocouples, in lateral contact with the sample, measure the temperature gradient between the
hot (Th) and cold (T¢) contacts on the sample. Additionally, one of the two thermocouples measures
the potential difference (AV) (Figure 24a). The Seebeck coefficient is then calculated according to
Equation (58).

Electrical resistivity is measured using the DC four-point probe method, with a 4-mm
distance between the inner probes. Under thermal equilibrium conditions (AT = 0 K), the
measurement principle is the same as that described for the four-point probe technique. The
resistivity is calculated using the following equation:

pot_ YV wrhy (60)
o Ipc 1
where V is the measured voltage, Ioc is the applied DC current, ws and h¢ are the width (0.5 cm) and
thickness of the delafossite film, and | is the distance between the thermocouples (Figure 24b) [320].
Before the measurements, helium was purged and pumped into the closed furnace twice.
Then the vacuum was then achieved up 102 bar. The temperature gradient was set to 2 K, and the
absolute Seebeck coefficient value was adjusted using a platinum wire reference.

upper gradient heater (optional)

I

upper
electrode
upper

upper
probe-thermocouple measures T, probe-thermocouple

P —

OOKCO'QOCO KO
lower lower

robe-thermocouple
probe-thermocouple measures T, ross-sectional 9 P

e
arehA lower
electrode

lower gradient heater

(a) (b)

Figure 24 — (a) Seebeck coefficient and (b) resistivity measurement modes in LSR - 3 system [320].
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3.4. Techniques for inducing and measuring strain

The following techniques were employed in this work to induce strain and study its effects
on the electrical properties of delafossite thin films:

e Applying an external magnetic field on a delafossite film deposited on a magnetostrictive
material (nickel).

e Bending the substrate using a home-built strain gauge setup, where the change in the
resistivity of the delafossite film was measured as a function of the applied external stress.

e Thermal strain generated by the mismatch between coefficients of thermal expansion of the
film and substrates.

e Extrinsic doping.

In this thesis, the focus is on polycrystalline delafossite thin films deposited on planar
substrates, where a thin-film approximation is applied. Except in the case of doping, strain is
transferred from the planar substrate into the thin film, which exhibits a randomly oriented
polycrystalline structure. The strain components in the substrate can be transferred to the film,
affecting its structural properties. To analyse this, we use two orthogonal reference systems: one
attached to the substrate strain and the other to the film (Figure 25). We represent a crystalline
grain within the film to understand how strain is transferred.

In the substrate, the strain components in an orthogonal reference system are related to the
lattice parameters of the substrate and are denoted as:

Soub = (fx'fy' ¢z2) (61)

In the orthogonal system associated with the film, the components correspond to the lattice
parameters (a, b and c) of the film:

$r = Gu v $w) (62)

The relationship between the strain in the substrate and the film is given by:

S(f =R &up (63)

where R is the 3 x 3 rotation matrix that transforms vectors from the substrate's coordinate system to
the film's coordinate system. This matrix is constructed from the direction cosines between the old
and new coordinate axes:

cos(e) cos(B)  cos(y)
R =1 cos(a’) cos(B’) cos(y’)
cos(a’) cos(B") cos(y")

where:
e q, B,y are the angles between the u-axis and the x, y, z axes, respectively.
e a', B,y are the angles between the v-axis and the x, y, z axes, respectively.
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e ", B", y" are the angles between the w-axis and the x, y, z axes, respectively.

For epitaxially grown films, the rotation matrix R simplifies to the identity matrix, making the strain
transfer straightforward. However, for polycrystalline films, the strain components in the film can be
expressed in terms of the substrate strain components:

Se(f,u) = cos(a) - §x + cos(B) - ‘Ey + cos(y) - ¢, (64)
f(f,v) = cos(a’) - & + cos(B") 'Ey +cos(y') - &, (65)
$irwy = cos(@”) - & +cos(B") - &y +cos(y") -, (66)

In most cases, & = 0 as this component acts perpendicular to the film's surface, not deforming the
film significantly. Importantly, the magnitudes of the strain vectors should be conserved, assuming
no energy losses:

fszub,x + fszub,y = ’f}g,u + ’f}g,v + E]%w (67)

This implies that the strain in the x and y directions of the substrate is distributed among the
u, v, and w directions of the film, converting the substrate's surface strain into a volumetric strain in
the film. Consequently, the deformation in the film's planar directions (u and v) is typically smaller
than the substrate's planar deformation.
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Figure 25 — Orthogonal reference systems considered for the strain transferred from the substrate to

a polycrystalline film.

Let us consider the TEM results discussed earlier. Initially, the film grows epitaxially with
respect to the substrate for the first few nanometres, meaning that the x and y strain components of
the substrate are fully transferred to the u and v strain components in the film. However, as the
growth proceeds, the random orientation of the grains results in a redistribution of strain in all
crystallographic directions.
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It is important to note that there are limited reports on the elastic properties of delafossite
thin films, and none on off-stoichiometric ones. For bulk stoichiometric delafossite, the Young's
modulus is approximately 0.045 GPa. Such a low Young's modulus indicates that delafossite is
relatively elastic or flexible, meaning that it requires minimal stress to induce strain within the elastic
region.

3.4.1. Magnetostriction

Magnetoelastic effects refer to the coupling between the magnetic and elastic properties of
a material and can be classified into direct and inverse effects. Magnetostriction is a direct
magnetoelastic effect observed exclusively in ferromagnetic materials. In the absence of an external
magnetic field, the spins in a ferromagnetic material are aligned within magnetic domains, but these
domains are oriented randomly with respect to each other, resulting in no net magnetization. Upon
application of a magnetic field, these spins gradually align in the direction of the field, causing a
change in the material's shape or dimensions. This phenomenon is known as the Joule
magnetostriction effect. The magnetostriction coefficient (A) quantifies this effect and is defined as
the ratio of the change in length Al to the original length (lo) of the material:

P (68)
Iy

In a saturated field, A is known as the saturation magnetostriction (As). This discussion focuses solely
on the longitudinal effect; other effects such as induced volume changes, torsion, or bending under
a magnetic field are beyond the scope of this work. The inverse magnetoelastic effect is known as
the Villari effect [321].

In this study, the effect of strain on delafossite was investigated by applying a magnetic field
to a delafossite film grown on a magnetostrictive nickel substrate. Prior to the magnetoelastic (ME)
measurements, a 50 nm insulating layer of Al,Os; was deposited on the nickel substrate (As =—11.2
ppm) using ALD. Subsequently, a 70-nm thick delafossite film was grown atop the of Al,Os layer via
MOCVD.

The magnetostriction coefficient was measured using a custom-built magnetoelastic
measurement setup comprising Helmholtz coils and an electromagnet to produce both a small
alternating current (AC) magnetic field and a direct current (DC) bias magnetic field, respectively
(Figure 26). The sample was secured in a holder positioned between the coils, and a Hall probe (Hirst
Magnetics, GM08) was placed near the sample to measure the magnetic field. The AC and DC bias
fields were generated using a dual-channel frequency generator (Tektronix, AFG1062).

The output signal from the ME sample was analysed using a lock-in amplifier (Stanford
Research Systems, SRS865A, 4 MHz) and data were collected with an oscilloscope (Teledyne LeCroy,
WaveAce 2024). The key specifications of the ME measurement setup are summarised in Table 9.
For electrical contacts, the sample was mounted on a printed circuit board (PCB), and silver glue was
used to attach wires to the top and bottom electrodes of the ME chip.

The ME voltage (Vour) Was measured with the lock-in amplifier while the sample was
subjected to a DC magnetic field (Hoc) ranging from -200 to 200 Oe, combined with a small AC
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magnetic field of 8.5 Oe at a constant frequency of 46 Hz. The magnetostriction coefficient was
calculated using the following equation:

1= Vout (69)
thAC

where h;s is the thickness of the nickel substrate (600 um), and Hac is the magnitude of the applied
AC magnetic field.

Table 9 - Capabilities of ME bench setup.

Parameter Range

AC field max. with Helmholtz coils = 20 mT (% 200 Oe, + 16 kA m™)
DC field max. with electromagnet | +0.25 T (+ 2500 Oe, + 200 kA m™?)
AC field frequency range 1 Hz -5 kHz

‘ Oscilloscope
“ ¥ Frequency generator A >
) o s < i
- -
|| & Pre-amplifier
y L “ 2
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/)

7%,

=

). Electromagnets

Figure 26 - Magnetostriction bench setup.

3.4.2. Strain induced by mechanical bending

Piezoelectric effect

When an external uniaxial or hydrostatic stress is applied to a material, resulting in a change
in its electrical resistivity, the material exhibits piezoresistive behaviour [322]. This phenomenon is
closely related to the direct piezoelectric effect, wherein mechanical stress induces an electric
charge within material. Additionally, mechanical strain can alter the film's geometry — such as
causing it to contract — which, in turn, affects its resistance. This geometric alteration interacts with
the piezoresistive effects, leading to a complex overall response of the material to the applied stress.

Before the development of heteroepitaxy and CVD, variable strain transducers were
developed to exploit the piezoresistive effect in silicon and germanium, enabling the construction of
strain gauges and stress transducers that responded to strain or stress [286]. The gauge factor (k)
measures the ratio of the relative change in electrical resistance to the applied mechanical strain.
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This resistance change has two primary components: one due to changes in the physical dimensions
of the resistor (such as length and cross-sectional area) and another due to semiconductor-specific
effects, including changes in resistivity effects, including changes in resistivity (Ap) and mobility (Ap),
relative to their unstrained values (po and o).

AR1 Ap1l 1A
= =1+2v+ Lo =1+42v——— (70)

k=—2
R € Po € e Hu

where AR is the change in resistance, Ro is the resistance of the unstrained sample, € is the
mechanical, v¢ is the Poisson’s ratio. The term 1+2v¢ is associated with changes in dimensions of the
semiconductor due to its Poisson ratio, while Ap/(pog) and Ap/(ue) are attributed to the
piezoresistive effect. In semiconductors, k is primarily influenced by Ap, with the geometric factor
playing a minor role. For instance, in silicon and germanium, the piezoresistive term is 50-100 times
larger than the geometric term. Consequently, strain gauges are commonly used for experimental
stress analysis [288], [289], [323].

A custom-built strain gauge bench setup was employed to measure the electrical resistance
variation of the semiconducting sample under externally induced strain through controlled bending
(Figure 27 and Figure 28). This setup consists of an aluminium double clamped cantilever (140 mm
length, 30 mm width, 0.5 mm thickness) where the test sample is glued (Loctite 401, RS) in the
middle of the beam. The deflection in the centre of the cantilever is precisely controlled by a
differential micrometer drive (DRV304, ThorLabs) with a coarse adjustment range of 13 mm with a
resolution of 5.0 um, along with a fine adjustment range of 300 um with a resolution of 0.5 um. To
calibrate deflection-to-strain values, reference strain gauges (RS PRO, 120 Q, ref.: 865-6226, RS) with
Cu/Ni electrodes embedded in polyimide foil are also glued on the same cantilever location. The
setup allows for a controlled strain sensitivity of 3x107 um™ with a maximum applied strain limit of
4x10°3 [304].

A 200-nm thick Cuy/3Cra30; film was deposited on Schott D 263° T eco glass (length = 55 mm,
width = 7 mm and Ro = 4.9 kQ), and subsequently glued in the centre of the aluminium bar with a
test cantilever attached. The relationship between the deflection (d) applied at the centre of the
beam and the strain at the same point is described by:

12td (71)

e=——

where t is the combined thickness of the aluminium bar and the sample, d is the deflection and | the
length of the beam [304],[324].
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Figure 27 — Schematic of the home-built strain gauge bench setup used to apply stress on the
semiconducting sample (t = thickness of bar + delafossite sample, d = deflection, | = beam length)
[304].
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Figure 28 - Strain gauge bench setup.

Figure 29 depicts the schematic of the pre-amplifier for the strain gauge. The calibration
curves of the strain gauge are depicted in Figure 30.

Vdd = 5V

R1
AV=Vout=Av.G

s
s {ﬁp

\/

Figure 29 - Schematic of the pre-amplifier for strain gauge.
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Figure 30 - Calibration of strain gauge.

The variation of resistance of the sample (AR/R) is obtained as described below. For Vou: = 0:

Vorrset mVDD =0 (72)
For Vou = AV:
R, + AR AV 73
Voffset_mVDD =dv=— (73)
This yields the following expression for AR:
R; + Ry)?
aR = ——Fa R (74)

(1+722) R, +R,

When R; = R, =R, it yields:

AR 2AV (75)
R

3.4.3. Thermal strain

Nearly all materials undergo a change in volume or dimensions with temperature, as the
increase in thermal energy leads to an increased amplitude of atomic vibrations [96]. The fractional
change in the lattice parameter per unit temperature is defined as the coefficient of thermal
expansion (CTE or a):
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1 /0
0= (_a) (76)
(20 aT To

where ap is the original lattice parameter of the substance at temperature To, and da/dT is the rate
of change of the lattice parameter with respect to temperature To [248]. It is more commonly
represented as a cumulative expansion coefficient a along each lattice direction, referred to as the
linear coefficient of thermal expansion (auin):

Hin =T T )ag T -T,

The lattice parameters can be calculated from XRD measurements using the Rietveld method [325].
Common values for a are on the order of 10° K. Typically, a can be determined using the
dilatometry method. a is strongly dependent on multiple factors such as the synthesis method,
particle size, morphology and crystal phases [326].

Typically, the substrate material and the growth film have different CTEs. This mismatch
results in thermal strain (ew) due to the difference between the film's CTE (af) and that of the
substrate (as). The thin film approximation assumes that the film's thickness is negligible compared
to the substrate's dimensions, allowing the substrate to dominate the mechanical behaviour and
simplifying the strain analysis. This strain can be tensile (e: > 0) or compressive (e < 0), depending
on whether o is larger or smaller than as, respectively, at room temperature (Figure 31). For a
continuous, non-epitaxially film deposited at a temperature T4, €n can be calculated (within the
elastic regime) using the following expression [327]-[329]:

Tm
En = (as —ap)dT = (as — af)(Tm —T4) (78)
Tq

where T, is the temperature at which the thermal strain is measured post-deposition, typically room
temperature. The resulting thermal stress (o) is given by [328],[330],[331]:

Er
1-— Vf

Oth = (0(5 - af)(Tm - Td) (79)

where E; is the Young modulus of the film. Additionally, it is crucial to consider the strain distribution
along the z-axis. The maximum strain occurs at the film-substrate interface, after which the film
begins to relax. The average stress across the film thickness (0av) can be obtained by integrating the
in-plane stress (oin) from the film-substrate interface (z = 0) to the film’s surface (z = hy) [327]:

E 1 (s
f
Oavg = msavg - E -fo oin(2) dz (80)

where €, represents the average strain within the film. In thicker films, the impact of strain may be
less significant due to the predominant elastic behaviour of the entire film [304].
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Figure 31 — Schematic representation of thermal strain development in a thin film deposited on a
substrate with differing CTEs. The films are stress-free at Tq. When T4 # 0, the films experience either
compressive or tensile strain based on the difference between as and ar. Adapted from [304].

Considering these factors, the influence of thermal strain on the electrical properties of
delafossite was evaluated by depositing films with thicknesses of approximately 70 nm and 200-300
nm onto six different substrates. The CTEs, thicknesses and suppliers of the substrates are detailed
in Table 10. Given the limited data on reported CTEs of CuCrO,, this study used the value reported by
Ross, which indicates a nearly linear thermal expansion for CuCrO, with of = 10.26 ppm K [96]. The
calculated thermal strain of CuCrO, on different substrates, as derived from Equation (78) is
illustrated on Figure 32.

Table 10 - Properties of the substrates used throughout this work.

Substrate os (ppm K?) Thickness (um) Orientation Supplier
Fused-silica quartz 0.54 500 £ 20 Amorphous .
Siegert Wafer GmbH,
Hexagonal
a-Al,0;3 6.7 (||a) 480 + 20 Germany
(0001)
Schott AF 32° eco glass 3.2 70 Schott Benelux B.V.,
- Amorphous
Schott D 263" T eco glass 7.2 50 The Netherlands
SrTiOs 9.0 . Crystal GmbH,
500 Cubic
MgO 12.8 Germany
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Figure 32 - Expected thermal strain on delafossite film in the temperature range T = 300 - 850 K, for
a deposition at 630 K [304].

Equation (78) implies that € is zero when Tn, = Tq. At temperatures below Tq, the stress is
positive if as > as, and negative if the opposite is true. This suggests the presence of thermal strain
during room-temperature measurements on thin films. Among the used substrates, only MgO
exhibits a as > ay, provided the referenced values are accurate.

3.4.4. Strain measurements by X-ray diffraction
sin’» method

Residual stresses can be assessed by X-ray Stress Analysis (XSA), where the strain is derived
by comparing the interplanar spacing of the stressed sample with that of the unstressed reference
(do). The in-plane strain can be quantified using a direct strain assessment via the sin?p method, a
widely used technique for XSA. In films under stress, by measuring the position of a Bragg reflection
at various tilt angles® () of the sample with respect to the scattering plane, the Bragg peak shifts
with varying orientation. Considering the biaxial strain model (which is valid for the thin film
approximation), for various tilt angles, the strain gy is determined according to:

dy—d
_ 0 81
0

5 The tilt angle Y quantifies the amount of tilting of the sample normal with respect to the scattering
vector or with respect to the scattering plane. Note that sometimes the tilt angle is denoted by ¥,
where x=90° -
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where dy is the interplanar spacing measured at a tilt angle . A tensile (compressive) strain causes
a peak shift to lower (higher) scattering angles, corresponding to higher (or lower) d values,
respectively. By plotting dy vs sin?(), the stress can be obtained, provided the elastic constants are
known:

(1 + vf)

i d, sin®>y + d, (82)
f

dll):O-

where d, corresponds to the lattice spacing at { = 0. The slope of the plot yields a linear behaviour
when the film is under biaxial stress. A positive (negative) slope indicates that the film is under
tensile (compressive) stress [315].

incident beam
(x-ray tube)
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exiting beam |
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— - .
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Figure 33 - Schematic of sin? X-ray diffraction configuration. Change of the sample orientation
relative to the scattering vector via { tilts. Adapted from [332].

Pseudo-Voigt fitting function

In this study, the average crystallite size and microstrain were estimated using single-line
profile analysis with a Pseudo-Voigt (fpy) fitting function. This function combines a Cauchy-Lorentz
function (fc) with a Gaussian function (fg), defined as:

fov =nfc(20) + (1 —n)f;(26) (83)

where the n is the profile shape factor, describing the contribution of the Cauchy-Lorentz
component to the mixed profile. This factor is empirically related to the integral breadths of the
Cauchy-Lorentzian (Bc) and Gaussian components (Bc), as well as the integral breadth of the Bragg
peak (B), according to:

B = (0.017475 + 1.500484n — 0.53415612)8 (84)

Be = (0.184446 + 0.812692,/1 — 0.9984977 — 0.659603 + 0.445542n2)p  (85)
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The average crystallite size (D) is determined using the Debye-Scherrer equation:

(.BC - ﬁC,inst) COS(G)

where K is the Scherrer constant (0.89 < K < 1.0) and Bc,inst is the Cauchy-Lorentzian instrumental
broadening, determined using a reference sample (corundum). This equation provides the crystallite
size along the direction of the diffraction planes.

The Gaussian component of f,y function is used to determine the microstrain (€), defined as
the average relative change in lattice spacing within the crystallites. This is given by:

_ d—dy cotan(6) [ 5 2 87
€= dO = 4 ﬁG_ﬁG,inst ( )

where d and dp are the strained and unstrained lattice spacings, respectively, and Bg inst is the

Gaussian instrumental broadening [315].
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Chapter 4 — Characterisation of delafossite thin films

This chapter provides a thorough presentation and interpretation of the experimental
results obtained during this research concerning the properties of the delafossite thin films.

It starts by examining the morphology of films deposited on different substrates, presenting
and analysing micrographs obtained from Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM). Following this, the chapter details the results from X-ray Photoelectron
Spectroscopy (XPS), with a focus on the chemical environment and compositional analysis. A
dedicated section then discusses the X-ray diffraction results, highlighting the use of the Pseudo-
Voigt fitting function to estimate the average crystallite size and microstrain. The chapter concludes
by addressing the stability of delafossite under various thermal post-treatments. Given the
anticipation of high-temperature experiments at the outset of this research, it was essential to
confirm that no phase changes occurred.

4.1. Thin films morphology

The morphology and thickness of copper chromium oxide delafossite thin films were
analysed using SEM. To investigate the influence of strain on the electrical properties of delafossite
thin films, two batches of films were intentionally grown on various substrates: one with minimal
thickness and another with thicker films. According to Equation (80), the average stress is inversely
proportional to the film thickness, indicating that thinner films experience higher average stress. It
was observed that continuous and conductive films with thicknesses below approximately 70 nm
could not be synthesized. When the deposition time (tq) was less than 20 min, no continuous films
were formed due to the particulate growth and nucleation process, resulting only in particle growth
during these shorter deposition periods. This phenomenon is attributed to the insufficient surface
diffusion and limited adatom mobility, which are crucial for the coalescence of nanoparticles into a
uniform film. Figure 34 shows the growth of copper chromium oxide particles on silicon after 2 min
of deposition, illustrating the incomplete coalescence of these delafossite particles. Therefore, the
deposition times for delafossite films by MOCVD were set to 20 and 60 min, yielding thicknesses of
approximately 70 and 200-300 nm, respectively. Under these conditions, continuous films are
formed, and their room temperature electrical conductivity is measurable using the Linseis LSR-3
setup, with conductivity values exceeding 5 S cm™.
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Figure 34 - Surface SEM image of CCO particles grown on Silicon for 2 min.

Figure 35 depicts top-view micrographs of films grown for 60 min at 630 K on various
substrates used in this study. The films exhibit a granular structure, which can be attributed to
differing thermal expansion coefficients between the delafossite films and these substrates, which
influence the nucleation and growth kinetics during deposition. The granular nature indicates a
polycrystalline growth mode where individual crystallites are separated by grain boundaries, which
can impact the electrical and thermal properties of the films. The varying morphologies observed
highlight the significant role of substrate choice in determining the microstructural properties of
delafossite thin films. Figure 36 illustrates cross-sectional SEM micrographs of Cu,/3Crs/30, deposited
on various substrates for 60 min at 370 °C. The films are compact and dense, with a granular
appearance and small particle size, characteristic of the polycrystalline nature of delafossite.
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Figure 35 - Top-view SEM micrographs of delafossite films on (a) fused-silica quartz, (b) Schott AF
32% eco glass, (c) Schott D 263® T eco glass, (d) a-Al,0s, (e) SrTiOs, and (f) MgO.
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Figure 36 - Cross-section SEM micrographs of delafossite films on (a) fused-silica quartz, (b) Schott
AF 32° eco glass, (c) Schott D 263® T eco glass, (d) a-Al,0s3, (e) SrTiO; and (f) MgO.
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4.2. Chemical composition

High-resolution X-ray photoelectron spectroscopy (XPS) depth profiles were analysed on 70-
nm thick Cuy/3Cra/30; thin films deposited on a-Al;0s. This analysis aimed to assess the delafossite
phase and examine the elemental composition as a function depth. Figure 37 shows XPS spectra,
providing detailed profiles across the binding energy ranges of interest. The spectra were recorded
both at the surface and after sputtering for intervals of 300, 600, 900, and 1200 seconds. The
observed spectra revealed characteristic peaks corresponding to Cu?®, Cr?, and O%.

Beginning with Figure 37a, two small satellite peaks (indicated by arrows) were detected at
the sample surface, corresponding to the presence of Cu?*, which indicates surface oxidation. These
peaks disappear after sputtering, confirming the absence of CuO phase in the bulk sample [333].

In Figure 37b, the binding energies of Cr?’3;, Cr*1, at 586.4 and 576.5 eV, respectively,
correspond to the +3 oxidation state of chromium [334]. The Auger Cuvm peak at 568.4 eV signals
the presence of copper oxide phases.

Reference spectra for CuO (Cu?*), Cu,0 (Cu*), and metallic Cu (Cu®) were used to elucidate
the oxidation state of Cu, as shown in Figure 38 across the binding energy ranges of the respective
copper oxide phases [335]. Two small shoulders (indicated by arrows) are visible, corresponding to
contributions from Cu® and Cu*. The presence Cu* is consistent with the pure delafossite phase,
while Cu® results from Ar* sputtering reducing Cu* to metallic copper (Cu®). As sputtering time
increases, the amount of Cu® detected also increases, explaining the shift in the Cuiwm peak with
increasing sputtering time (Figure 37b).

Moreover, the position of the Auger Cupum peak (568.4 eV) and the energy separation of
46.3 eV between Cr?*3/; and O peaks (Figure 37b, c) indicate the presence of pure delafossite
phase. These findings are consistent with previous studies [190], [236], [160].
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Figure 37 — High resolution XPS spectra in the binding energy range of (a) copper, (b) chromium and

(c) oxygen.
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Figure 38 - XPS spectrum of 70-nm thick Cuy/5Cra/30,, after sputtering for 300 s, over the binding
energy range with Cuuwwm reference peaks of copper oxidation states Cu®, Cu* and Cu?* also displayed.

Figure 39 depicts the in-depth elemental quantification of as-deposited 70-nm thick
Cuy/3Crqy30; thin films grown on both a-Al,0s and silicon substrates. The depth profiling revealed
average atomic percentages of approximately 17% for Cu, 33% for Cr, and 50% for O in the films,
corresponding to a stoichiometry of Cu/3Cra/30,, with a Cr/Cu ratio of approximately 2. These values
represent averages over the entire area covered by the XPS beam (3 mm x 3 mm), suggesting that
variations in stoichiometry may occur in different regions of the film.
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Figure 39 — In-depth elemental quantification of Cu,/3Crs/30; thin films grown on (a) silicon and (b) a-
Al,0O3 substrates [304].
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4.3. Structural characterisation of thin films

The structure of Cuy/3Cra30; films grown for 60 min on different substrates was assessed
through XRD analysis. Figure 40 shows that the pure rhombohedral delafossite structure was
observed in all samples, regardless of the substrate The characteristic peak reflection (012) at 26 =
36.4° is the most intense, with minor contributions from (104), (018) and (110) reflections. No peaks
related to non-conductive parasitic phases were identified, confirming the possibility of growth of
pure delafossite on various substrates.

Moreover, the average crystallite size and microstrain were determined for each sample
using Pseudo-Voigt fitting function (Figure 41). The average crystallite size is nearly double when
delafossite is grown on both cubic substrates (SrTiOs and MgQO). The values for the other three
samples are similar between each other, with a-Al,03 being the only non-amorphous substrate of
these. Crystalline substrates such as SrTiO3; and MgO offer well-defined nucleation sites and lower
surface energy, which promotes the formation of larger crystallites. These substrates facilitate
better nucleation and growth kinetics, resulting in larger average crystallite sizes. In contrast,
amorphous substrates have higher surface energy and more random nucleation sites, leading to a
higher density of smaller crystallites. Additionally, the structured surface of crystalline substrates can
lead to more uniform and larger crystallite growth even in the absence of epitaxial alignment. This
results in a significant increase in crystallite size on SrTiO; and MgO compared to amorphous

substrates.
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Figure 40 — GI-XRD diffractogram of as-deposited Cuy/3Crs/302 grown on various substrates (offsets
for clarity).
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Figure 41 - Average crystallite size and microstrain from (012) diffraction peaks using pseudo-Voigt
fitting function of as-deposited Cu,/3Cra/30, for 60 min, in different substrates.

However, in a-Al,0s, the epitaxial growth of rhombohedral Cu,;3Cra30; on its surface is
favourable due to the crystallographic compatibility between the two materials, which might restrict
crystallite growth. To evaluate this, the structure of Cuy/3Cra30; near the a-Al,O; interface was
inspected by HRTEM analysis (Figure 42). The corresponding FTT images (inset of Figure 42) show
that the film aligns with the substrate (006 reflection) near the interface, implying epitaxial growth in
the early stages of delafossite formation. Beyond approximately 40 nm, the delafossite exhibited
random polycrystalline growth, suggesting that crystallite growth in the initial layers is limited by a-
Al,Os. Lattice parameters. To further understand this phenomenon, the influence of growth time and
temperature on crystallite size was examined.

Figure 43a illustrates the dependency of the average crystallite size and microstrain on the
deposition time, as calculated using Pseudo-Voigt function. For tq = 30 min, the crystallites grew up
to 8 nm, and nearly doubled when ty = 60 min. It is important to note that the crystallite size
determined by Pseudo-Voigt profile analysis reflects the average size of crystallites throughout the
entire depth of the measured spot in the thin film, accounting for both epitaxial and non-epitaxial
regions. The initial increase in the microstrain might be attributed to the initial epitaxial growth of
the delafossite film, which induces strain due to lattice mismatch. As tq increases the crystallites
growth larger and the microstrain decreases, likely due to the transition to a random polycrystalline
growth. This growth mode allows for the accommodation of misfit dislocations more effectively,
reducing overall internal strain. Larger crystallites distribute strain more uniformly, minimising
localised stress concentrations. Additionally, as the overall grain boundary area decreases with the
growth of larger crystallites, the number of strained interfacial areas also diminishes. This reduction
in grain boundary area leads to fewer sites where dislocations and strain can accumulate, further
contributing to the overall reduction in microstrain.
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CuCr-0 10 nm’

Figure 42 — HRTEM micrographs of Cuy/3Crs30, deposited on a-Al,0ssubstrate for 10 min at 580 K.
The insets show the FFT images of both substrate and Cuy/3Crs/30; regions.

The effect of deposition temperature on crystallite size and microstrain was also

investigated. These dependences are represented Figure 43b for films grown at 580, 605 and 680 K,
with tg= 60 min.
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Figure 43 —Average crystallite size and microstrain from (012) diffraction peaks using the Pseudo-
Voigt fitting function of as-deposited Cu,/3Crs/30, on a-Al,05 (a) for different tq at 580 K and (b) at
different Tq for tq = 60 min.
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At higher temperatures, the crystallite sizes are similar, possibly due to the combined effects
of growth time, growth temperature, and the constraints imposed by epitaxial growth in the early
stages of thin film formation. The epitaxial substrate-film relationship observed in TEM micrographs
suggests that the crystallite sizes are “restricted” by the substrate's lattice parameters during initial
growth. This restriction likely sets an upper limit on crystallite size that is maintained even as
temperature increases. Additionally, the growth time of 60 min may not be sufficient to allow
significant further growth beyond the initial epitaxial alignment, further contributing to the similar
crystallite sizes observed at these temperatures.
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4.4. Stability of thin films upon thermal post-treatments

This section presents the characterisation results of off-stoichiometric delafossite
(Cuz/3Cray302) thin films grown by MOCVD and subjected to a post-treatment process. This evaluation
aimed to assess the stability Cuy/Crs30, phase at high temperatures, in order to establish the
optimal temperature range for Seebeck effect measurements. Specifically, three parameters were
investigated for the Cuy/Cra/30; thin films, which were deposited at 400 °C for 15 min on a-Al,Os:
temperature, pressure and atmosphere.

Figure 44a depicts the ratio between the electrical conductivity after and before the post-
treatment (o¢/oi). The parameters adjusted were atmospheric gas (Ar, N, and O3), temperature (400
and 600 °C) and pressure (1.6 mbar, 12 mbar and atmospheric pressure), for 10 min.

The as-deposited samples displayed an electrical conductivity of approximately 50 S cm™.
Following post-treatment at 400 °C, this value remains stable across different pressures, indicating
the inherent stability of the Cu,/5Crs4/30, phase at this temperature. Moreover, the large radius of O,,
and the inert nature of Ar and N, gases, coupled with the thermal energy at this temperature, are
insufficient to significantly intercalate and alter the delafossite structure.

r,‘,,,,,,,,,,,J ,,,,,,,,,,,, ?T{‘ T T T
100? 384000(: f ’i | 100% ‘ 4
e ' n
AR ;
al L Al ]
10 s T 10 ?
G ¢
| ! b
©102} 1 P02 |
m Ar i
AN, | = Ar
103 | * 92 1 0t Ne A
600°C . 0, ¢ .
1.6 mbar 12 mbar . ATM 400 550 600
Pressure Temperature (°C)

(a) (b)

Figure 44 — (a) o¢/o; for post-treatments on Cuy3Crs;30, samples at three different pressures and two
temperatures using three different atmosphere gases and (b) at three different temperatures using
three different atmosphere gases, all at atmospheric pressure.

At 600 °C, the electrical conductivity of the samples post-annealed under pressures of 1.6
and 12 mbar decreased by an order of magnitude. Similarly, at atmospheric pressure, samples
annealed in Ar and N, exhibit a reduction of approximately one order of magnitude. In contrast,
under an O, atmosphere, the conductivity decreases by three orders of magnitude.

This substantial decline in conductivity can be attributed to two primary mechanisms. First,
the CuysCra30, phase contains structural defects, specifically chains of copper vacancies, which
were reported to be responsible for high electrical conductivity. These defects start to heal at higher
temperatures (above approximately 600 °C), leading to a decrease in the electrical conductivity
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[305]. Second, the presence of O, at high temperatures favours the formation of parasitic phases
with significantly lower electrical conductivity and optical transparency compared to the delafossite
phase. O, reacts with the delafossite phase, oxidising Cu(l) species to form copper(l) oxide (CuO) and
spinel (CuCr,04), where Cu is in the +2 oxidation state. This reaction can be represented as follows
[232],[336]:

1
2CuCro0, + EOZ — CuO + CuCr,0, (88)

The formation of CuO and CuCr,04 results in a drastic reduction in electrical conductivity due
to lower charge carrier concentration in these parasitic phases compared to the delafossite phase.

To further investigate the impact of temperature at atmospheric pressure, post-treatments
were conducted at 400, 550 and 600 °C, as shown in Figure 44b. As previously observed, at 400 °C,
the electrical conductivity remains unchanged regardless of the atmospheric gas. However, at 550 °C
and 600 °C, the conductivity decreases, with the most significant reduction — up to three orders of
magnitude — occurring in the presence of O,. This effect is likely due to enhanced oxidation and the
formation of non-conductive phases. In N> and Ar atmospheres, the slight decrease in conductivity
can be attributed to partial healing of the copper vacancies, which also reduces the number of
available charge carriers.

To verify the reliability of these findings, the presence of parasitic phases in the thin films
was evaluated using GI-XRD measurements. The diffractograms of thin films post-treated at 600 °C
under Ar, N3, and O atmospheres at atmospheric pressure are illustrated in Figure 45.
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Figure 45 — GI-XRD diffractogram of delafossite samples post-annealed at 600 °C, under N,, Ar and
0O, atmosphere.

According to ICDD, three phases were identified in the diffractograms. Table 11 details all
identified phases and their corresponding Bragg angles reflections. The pure rhombohedral
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delafossite structure belonging to the R-3m space group (ICDD PDF #04-010-3330) was observed in
both samples post-treated in N, and Ar atmospheres, with the characteristic peak reflection (012) at
20 = 36.4° being the most intense. Minor contributions from (104) and (018) reflections are
observed. No characteristic peaks from parasitic non-conductive phases were identified in either
delafossite thin films, which confirms that inert atmosphere helps to preserve of Cu,/3Crs/302 without
inducing oxidation or phase transformations.

However, characteristic peaks from phases of CuO and CuCr,04 (ICDD PDF #00-041-0254 and
#00-034-0424, respectively) were identified in the samples post-treated in an O, atmosphere;
moreover, the characteristic peak of the delafossite phase is absent. Additionally, the colour of this
sample became dark grey, indicative of the presence of CuO and CuCr,0,, as their band gaps are
both lower than the delafossite. These observations confirm the stability of the delafossite phase
under inert atmospheres and its conversion to non-conductive phases under the presence of oxygen
at higher temperatures.

The reversibility of the delafossite phase and the formation of parasitic phases were
investigated using in situ XRD measurements, at various temperatures. Diffractograms of as-
deposited Cu,/3Crs30, were measured in situ at 30, 450, and 600 °C, and again at 30 °C after
cooldown, under both ambient conditions and vacuum, to evaluate the thermal stability and phase
transitions of the films. Each measurement took 2 h, with a heating step of 20 °C/min each between
each temperature step. The cooldown took approximately 10 hours.

Table 11 - Phases identified in diffractograms from Figure 45 according to ICDD, and their
corresponding Bragg angles and reflections.

20(°) (hkl) Phase
31.064 112

35159 211

35.437 002  CuO
36.409 012 CuCrO;

CUCF204

103
37.692 CuCr,04

202

38.730 | 111

CuO

38.940 200
40.878 | 104 @ CuCrO;

48.649 213
CUCF204

53.426 @ 312

53.465 020 CuO
55.853 | 018 | CuCrO;
56.172 321

CuCr;04
57.965 | 303

Figure 46 depicts the Gl diffractogram measured under ambient air conditions. At 30 °C, it
shows the characteristic peaks of the rhombohedral delafossite structure, confirming the presence
of the delafossite phase. As the temperature increases to 450 °C, the diffractogram remains largely
unchanged, indicating the stability of the delafossite structure up to this temperature. This is
consistent with previous studies showing that delafossite phases, such as CuCrO,, exhibit good
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thermal stability at moderate temperatures [191]. At 600 °C, the diffractogram shows peaks
corresponding to CuO and CuCr,04 phases, suggesting the formation of parasitic non-conductive
phases. The intensity of the delafossite main peak is also reduced at this stage. Upon cooling down
to 30 °C, the diffractogram shows a further reduction in the intensity of the delafossite phase peaks,
while the intensity of the parasitic phase peaks increases. As the system was cooling down, the
delafossite phase was still converting into CuO and CuCr,04 phases, which explains their higher peak
intensities after cooling down. This also indicates that the phase transformation to CuO and CuCr,0,
is irreversible under ambient conditions, probably due to kinetic barriers preventing the reformation
of the original delafossite phase from the parasitic phases. Additionally, the colour of this sample
turned dark grey, further confirming the reduced band gap associated with the presence of parasitic
phases.
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Figure 46 — GI-XRD diffractogram of as-deposited Cu/3Cra/30, samples measured in situ at different
temperatures, and after cooldown (marked by *), under ambient air.

The final experiment involved measuring in situ Gl diffractograms of Cu/3Crs/30; at different
temperatures and under vacuum (Figure 47). It is clearly visible that the pure delafossite phase is
maintained at each in situ temperature measurement, demonstrating the stability of delafossite
phase in the absence of oxygen atmosphere. Additionally, the intensity of the main peak increases,
which is associated with an increase in crystallite dimensions.

The average crystallite size and microstrain were extracted from (012) diffraction peaks
using Pseudo-Voigt fitting function (Figure 48). In situ temperature XRD measurements on
Cuy/3Crqy30; revealed that the delafossite crystallite size increases with temperature, while the
microstrain decreases. This can be attributed to several factors. Higher temperatures facilitate the
annealing process, where defects and dislocations within the crystals are reduced, leading to a
decrease in internal strain. Additionally, as crystallites grow larger, they tend to have fewer grain
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boundaries, which are common sources of microstrain. Each measurement took 120 min, during
which the high temperatures promoted the growth of delafossite crystallites. The system was then
allowed to cool down slowly to 30 °C, which explains the larger crystallites observed after the
measurements.
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Figure 47 — GI-XRD diffractogram of as-deposited Cu/3Crs/302 samples measured in situ at different
temperatures, and after cooldown (marked by *), under vacuum.
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Figure 48 - Average crystallite size and microstrain from (012) diffraction peaks using Pseudo-Voigt
fitting function of as-deposited Cu,/3Crs/30; samples measured in situ at different temperatures, and
after cooldown (marked by *), under vacuum.
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In summary, the delafossite phase is preserved under ambient air conditions up to 600 °C;
beyond this temperature, it converts into parasitic non-conductive phases. Under inert gas or
vacuum conditions, the delafossite phase remains stable at high temperatures. These results show
that the delafossite phase is not affected by the thermoelectric measurements at high temperatures,
as the measurements in LSR-3 Linseis setup are performed in vacuum environment. Still, the
maximum measurement temperature should be taken carefully, as at around 600 °C the chains of
copper vacancies start to heal, leading to a decrease in the electrical conductivity.
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Chapter 5 — Impact of induced strain on delafossite
thin films

This chapter is dedicated to experiments related to strain induced on delafossite thin films.
Initially, it covers a discussion of experiments employing mechanical methods to generate strain.
This is followed by investigations where internal stress is induced through doping with various
materials. The final segment addresses studies where strain is thermally induced using substrates
with differing thermal expansion coefficients. Electrical measurements are presented and analysed
to elucidate the influence of strain on the electronic properties. This section includes a critical
evaluation of the classical Seebeck coefficient in semimetals, proposing a novel approach. The
implications of this new approach on electronic properties are then contextualised within the scope
of the current research. The chapter ends by describing the mobility dependence on temperature
when thermal energy transported by phonons is considered, as described in Emin-Wood model.

5.1. Effects of induced external strain

5.1.1. Magnetostriction

The first strategy envisioned in this case focused on inducing strain via the magnetostriction
of the substrate. When a magnetic field is applied to a magnetostrictive substrate, it induces strain in
the attached film. This method offers the advantage of dynamic strain control, allowing for real-time
adjustment of the film's properties by varying the magnetic field, providing a non-invasive and
reversible means of tuning material behaviour. This approach is particularly advantageous in
applications requiring precise strain control.

However, two significant limitations were identified during our experiments. Firstly, the
electrical conductivity of the substrates interfered with the precision of electronic measurements of
the films, introducing noise and inaccuracies. Secondly, and most critically, the substrate needed to
withstand the high deposition temperature of delafossite without melting or degrading its magnetic
properties.

Unfortunately, this approach was not successful in our case. We selected a nickel foil with a
thickness of 600 um as the substrate and deposited a 50 nm layer of Al,Os to prevent contact
between the semiconductive delafossite film and the metallic foil. The delafossite films were then
deposited on this structure, and the entire assembly was placed into a Helmholtz coil system. A
more detailed description of the experimental setup is provided in the Methods chapter. However,
no change in the resistivity of the material was observed when the magnetic field was varied up to
200 Oe.

This lack of change is likely due to the insufficient magnitude of the induced strain. The
magnetostriction coefficient of nickel (Axi) is approximately -1.6x10°. The change in dimensions,
which directly correlates with the induced strain, can be calculated using the following formula:

AL (89)
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where AL is the change in length (or another dimension) of the material, L is the original length, and
H is the applied magnetic field strength. Even at the maximum applied field, the induced strain is
around 10°%, equivalent to a mere 0.001%. This strain is too small to produce any observable effects
on the resistivity of the delafossite films. Moreover, the cost and thermal stability requirements of
alternative magnetostrictive materials made their use impractical for this experiment.

5.1.2. Mechanical bending

The second strategy focused on inducing strain externally by mechanical bending. A custom-
built strain gauge bench setup was used to measure the variation of the electrical resistance of the
delafossite sample as function of the strain induced externally by controlled bending. A more
detailed description of the experimental setup is provided in the Methods chapter.

Films deposited on Schott D 263" T eco glass (flexible) were glued on the aluminium bars.
Tensile or compressive strain is induced by bending the system upwards or downwards. The
calibration gauge continuously monitors the strain values, while the Wheatstone bridge measures
AR/Ro. Measurements are conducted at a constant temperature (room temperature), ensuring that
variations in resistivity are not attributed to changes in carrier concentration. Two possible
explanations for the observed changes in resistivity remain: modifications in dimensions or
alterations in carrier mobility. To differentiate these effects, the strain gauge factor (k) is monitored
throughout the experiment (where k is calculated according to Equation (70)) . The gauge factor
consistently remains negative, which indicates that piezoresistive effects dominate over geometric
effects. Specifically, a negative k signifies that the contribution from piezoresistive effects outweighs
that from changes in the size of the material. Figure 49a,b shows the dependence of k on €. The
product eAp is always positive (compressive case both negative, tensile case both positive). Poisson’s
ratio is also positive, ranging from 0.1 to 0.5 for most materials. We assume that off-stoichiometric
delafossite is not an auxetic material, meaning that when subjected to positive strain along a
longitudinal axis, the transverse strain will be positive as well [304].

Figure 49 depicts the normalised mobility relative to the unstrained condition (p/po) under
different strain conditions: (c) compressive strain regime and (d) tensile strain regime. Here, u/uo is
calculated according to:

H _Po (90)
where the resistivity (po) of the unstrained sample is calculated according to:

Po lf

Where wr and |s are the width and length of the unstrained delafossite film, respectively.

In the compressive regime, U decreases with the increase in strain (absolute value), while in
the tensile regime, the mobility increases with the strain. Overall, we can conclude that the mobility
increases with increasing interatomic distances. Although the changes in i are small, below 0.1%,
the trends are clear. Unfortunately, the flexible substrate Schott D 263° T eco glass breaks at around
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€ = 0.06%, in absolute value, making it impossible to evaluate its behaviour at higher strain values
[304].
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Figure 49 — Strain gauge factor k() behaviour in (a) compressive and (b) tensile regimes. p/uo vs
induced strain € in (c) compressive and (d) tensile regimes [304].

The increase of mobility with interatomic distances seems to be related to phonon
scattering as this mechanism is strongly dependent on lattice constants. Imposing strain changes the
phonon speed and introduces phonon scattering centres by locally altering the phonon frequency.
Lattice strain can weaken lattice anharmonicity, which is a key factor determining the rates of
scattering processes. Anharmonicity is related to the interatomic potential and bond strengths that
depend on the lattice structure [337]-[339].

To establish quantitative relationships, we need to relate the band dispersion with the strain
sensor. The expression for the effective mass is given by Equation (34). Developing a comprehensive
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theory linking energy with strain is challenging and almost impossible (and beyond the scope of this
thesis) for this particular material. Most of the existing studies report empirical relationships derived
from experimental data. For example, Shan et al. [340] use a quadratic relation for ZnO wires and
sheets:

E(€) = E(0) + aP + BP? (92)

where P is the pressure and the coefficients a and B are determined by fitting experimental values.
To evaluate the strain sensor, one should express the strain in reciprocal space. The strain tensor is a
real-space quantity that characterises the deformation of a material. In contrast, k-space (reciprocal
or Fourier space) is used to analyse the electronic structure and properties of materials. While strain
can affect the electronic structure by modifying the band structure in k-space, there is no direct
method to represent the strain tensor itself in reciprocal space. The connection between real-space
strain and k-space electronic properties is indirect.
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5.2. Effects of induced strain by extrinsic doping

5.2.1. Chemical composition

XPS measurements were conducted to chemically quantify as-deposited 300-nm thick Cu-Cr-
O films on silicon substrates. These films were intentionally extrinsically doped with 5 at.% of Al, Mg,
Mn, Sc, Y and Zn. Figure 50 depicts in-depth XPS spectra in the binding energy ranges of the dopant
elements.

Upon initial analysis, surface contaminants, including carbon, silicon, calcium, and nitrogen
and zinc (not shown in images) were identified through XPS. Apart from Zn, these contaminants are
commonly found due to environmental exposure or sample handling. After sputtering, the
contaminants were no longer detectable, indicating they were surface-bound and not present within
the bulk material. Zn was observed on the surface of all doped films (as shown in Figure 50f for the
case of Zn-doped film). Further analysis revealed that Zn was not present in the bulk of Zn non-
doped films. This suggests that Zn contamination might have occurred post-deposition, potentially
from environmental sources or cross-contamination during sample preparation. Moreover, all
dopants were detected in the bulk films, except for Mg.

Figure 51 depicts the in-depth elemental quantification of as-deposited 300-nm thick Cu-Cr-
O films grown on silicon substrates. The depth profiling revealed that among the six dopants, only Al
(1.5 at.%) and Sc (2.2 at.%) were present in detectable quantities above the limit range. Conversely,
Mn, Y and Zn were detected below the detection limit of 0.5%, while Mg was not detected at all.
Notably, none of the intentionally extrinsically doped films exhibited dopant concentrations close to
the targeted 5 at.%. The solubility limits of the dopants in the CuCrO, likely resulted in such lower
incorporation levels. The absence of detectable Mg in the films could be due to its high volatility,
which may have prevented its incorporation during the MOCVD process. Mg may have evaporated
from the film surface or remained in the gas phase instead of being incorporated into the CuCrO,
lattice.

Another significant observation was the stoichiometry of the delafossite structure. Unlike
previous depositions, the Cr/Cu ratio was approximately 1, with the concentration of each element
remaining below 25%. Furthermore, the oxygen concentration was around 57%, indicating the
presence of an off-stoichiometric CuCrO,.s phase, with 6 = 0.15. This suggests that oxygen
intercalated into the delafossite structure. Oxygen intercalation is frequently observed in delafossite
structures containing larger trivalent cations (such as Y** and Sc3*), where oxygen intercalates within
the Cu-basal planes. For M3* cations with ionic radius less than 0.70 A, it is challenging to intercalate
oxygen anions in the Cu-basal planes without causing lattice distortion because the crystallographic
site for intercalated oxygen is too small [176]. Smaller cations like Cr®* require more forceful
conditions (high oxygen partial pressures or extended sintering) to achieve similar levels of
intercalation. In our case, oxygen may have intercalated into vacant sites associated with Cu and/or
Cr in the CuCrO; structure. This is supported by the detected concentrations of these elements
(20.2-21.8% for Cu and 20.2-22.2% for Cr), which potentially led to the formation of the off-
stoichiometric phase CuCrO2.s. Higher values 6 are expected for cations with a larger radius. In our
case, the value of & = 0.15 is close to the one reported in literature for CuFeQ,.s, (6 = 0.18), knowing
that Fe3* has an ionic radius very similar to that of Cr3* [178].
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Figure 50 — In-depth XPS spectra in the binding energy range of (a) Al?®, (b) Mg, (c) Mn??, (d) Sc?,

(e) Y3 and (f) Zn?.
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Figure 51 - Elemental composition of as-deposited intentionally extrinsically doped Cu-Cr-O samples

with (a) Al, (b) Mg, (c) Mn, (d) Sc, (e) Y and (f) Zn on a-Al,0O3 substrates.
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5.2.2. Transmission electron microscopy

The structure of two delafossite samples intentionally extrinsically doped was inspected by
TEM. Figure 52a shows HRTEM micrograph of the Sc-doped sample regions and the corresponding
Fast Fourier Transform (FFT) images (inset) around the film/a-Al,Os3 substrate. The FFT images show
that Sc-doped film follows the same orientation as the substrate (006 reflection) when near the
interface, inducing the sample is epitaxially grown on c-plane a-Al,Os;. However, around 40 nm or
above, the Cu-Cr-0 exhibits a random polycrystalline orientation.

Figure 52b shows the HRTEM micrograph of the Y-doped sample regions and the
corresponding FFT images (inset) around the film/silicon substrate. Here the film does not follow the
same orientation as the substrate.

(b)

Figure 52 - HRTEM micrographs of Cu-Cr-O intentionally doped with (a) 5 at.% Sc, on a-Al,Os;
substrate and (b) 5 at.% Y, on silicon substrate; the insets show the FFT images of both substrate and
delafossite regions.

TEM was also used to obtain an average thin films’ thickness over the mapped region by
averaging the thickness along the mapped region. The measured values are on Table 12. The Y-
doped sample has a thickness significantly less than the targeted 300 nm, likely due to
inhomogeneities that occur during the chemical deposition process and the roughness of the film.

Table 12 — Minimum, average and maximum thicknesses of the intentionally doped delafossite films,
measured by TEM.

Sample Minimum hs (hm) Average hs (nm) Maximum h¢ (nm) ‘
Cu-Cr-0:Sc 265 298 330
Cu-Cr-0:Y 176 194 211

Scanning TEM (STEM) analysis was performed to do a chemical composition mapping of the
scanned region of thin films. Figure 53 and Figure 54 depict the STEM analysis in a region of Cu-Cr-O
thin film intentionally doped with 5 at.% Sc. and 5 at.% Y, respectively. Cu, Cr, and O are distributed
homogeneously in the entire mapped regions of both doped samples.
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The presence of Sc is significantly more evident than Y for the corresponding doped films, which is in
good agreement with the chemical quantification performed by XPS (2.2 and less than 0.5 at.% of Sc
and Y, respectively).

(a) (b)

(c) (d)

(e) (f)

Figure 53 - (a) STEM analysis in a region of Cu-Cr-O thin film intentionally doped with 5 at.% Sc. (b)
Cu (c) Cr (d) O (e) Sc and (f) Al from the a-Al,Os substrate.
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(b)

() (f)

Figure 54 — (a) STEM analysis in a region of Cu-Cr-O thin film intentionally doped with 5 at.% Y. (b) Cu
(c) Cr(d) O (e) Y and (f) Si from the substrate.
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5.2.3. Surface topography

Figure 55 shows the AFM surface topography of Sc and Y-doped delafossite films. The
surface morphologies of both films appear remarkably similar, exhibiting a nanometric grain
structure. The root mean square (RMS) parameters were 11.6 nm for the Sc-doped film and 10.3 nm
for the Y-doped film. Grain size distribution, obtained via watershed segmentation, also showed
comparable values for grain diameter, with 71 nm £ 24 nm for the Sc-doped film and 76 nm + 27 nm
for the Y-doped film.
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Figure 55 — Surface topography of (a) Sc and (b) Y doped Cu-Cr-O samples on silicon substrate,
measured by AFM.

5.2.4. Optical characterisation

The transmission spectra were acquired for both undoped and doped samples over the
wavelength range of 2500 to 250 nm. The absorption coefficient (a) was subsequently calculated,
considering the sample thickness, according to:

a= —%ln T (93)

Where d is thickness of the sample and T is the transmittance. The results are depicted in
Figure 56. We observed a significant difference between the absorption edges of the undoped and
doped samples. A redshift of around 20 nm is clearly evident. However, no clear distinction can be
made among the doped samples, even for those where the dopant was not detected by XPS
measurements. It is very probable that the dopant concentrations are below the detection limit of
XPS but still significant enough to influence the film properties. This observation warrants further
discussion. The small polaron model describes charge transport in semiconductors where the charge
carriers (electrons or holes) are strongly coupled to the lattice, forming small polarons. In such
materials, optical absorption may not necessarily follow the same trends as in conventional
semiconductors with delocalised charge carriers. The small polaron model can introduce additional
features and complexities into the optical absorption spectrum. Consequently, the optical
absorption edge may not be as well-defined as in conventional semiconductors due to the presence
of polaron-related absorption features.
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Figure 56 — Absorption coefficient curves for undoped and doped samples.

As in the vast majority of reports, the absorption coefficient is used to calculate the Tauc
plot to determine the band gap. However, applying the Tauc plot to small polaron semiconductors
requires careful consideration. The interpretation of the optical band gap obtained from the Tauc
plot may be more complex, as it may not directly correspond to the electronic band gap due to
strong electron-phonon coupling. Additional analysis, such as considering the temperature
dependence of the optical absorption, may be necessary to fully understand the electronic structure
and transport mechanisms in small polaron semiconductors. Unfortunately, we could not perform
such an analysis throughout the thesis.

The exponent n in the Tauc plot may need to be adjusted to account for small polaron-
related transitions, which may not follow the same selection rules as in a delocalised semiconductor.
Small polaron semiconductors often exhibit significant structural disorder, leading to localised states
in the band gap. This disorder can further complicate the interpretation of optical absorption data,
as shown in Figure 57 for TiO, [341].

These localised states can cause an Urbach tail, an exponential absorption edge below the
band gap, complicating the identification of the optical band gap using the Tauc plot method. The
presence of small polarons can also introduce nonlinear absorption features that deviate from the
assumptions underlying the Tauc plot. For example, the absorption might not follow a simple power-
law dependence on photon energy, leading to ambiguous or misleading results when using the Tauc
method.
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Figure 57 — Surface projected band structure for donor-polaron complexes on TiO; (110): (a) Oxygen
vacancy in the +2 charge state (V*?0) with two polarons; (b) H adatom on a bridging O (H*a4) with
one polaron; and (c) substitutional H on a bridging O site (H"?0) with one polaron. The states in the
band gap are the polaronic states. Adapted from [341].

Despite these challenges, the band structure of a small polaronic material consists of the
intrinsic band structure overlapped with states induced by polarons. Therefore, to a certain extent,
the Tauc plot method can still be applied to small polaron semiconductors in a similar way as for
band conduction semiconductors. Based on Equation (53), the corresponding Tauc plots for our
samples are shown in Figure 58.
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Figure 58 - Tauc plots of undoped and doped samples.

The optical direct band gap for the undoped sample is approximately 3.2 eV, consistent with
off-stoichiometric samples and is consistent with most reports in the literature. The introduction of
the dopant leads to a slight reduction in the band gap. This behaviour is observed for all dopants,
regardless of their charge.

Two possible explanations exist for this phenomenon in the presence of high carrier
concentration. First, it might be due to the inverse Burstein-Moss effect. The Burstein-Moss effect is
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more pronounced in n-type semiconductors compared to p-type semiconductors because the DOS
at the bottom of the CB is lower than at the top of the VB. In p-type semiconductors, as the doping
concentration increases, the Fermi level moves closer to the VB edge, causing the apparent band gap
to increase, though this effect is less dramatic than in n-type materials. The negative Burstein-Moss
shifts can also occur in some cases due to changes in the band structure of the materials caused by
doping or other effects. The effect is observed in various doped material such as 120 [342].

However, in our case, the optical changes upon doping do not coincide with alterations in
electrical properties. As previously mentioned, the conductivity remains unchanged after doping
with all elements. The only phenomenon that can explain this situation is band gap renormalisation.
This refers to the reduction of the semiconductor band gap due to many-body effects, such as
carrier-carrier or carrier-phonon interactions. This narrowing of the band gap can occur without a
significant change in carrier concentration or mobility, which are the primary factors affecting
electrical conductivity. Band gap renormalisation is known to occur due to exchange interactions and
screening Coulomb interactions among free carriers in highly doped or excited semiconductors. This
effect has been observed in highly doped semiconductors, photoexcited perovskites, and
semiconductor quantum wells [343], [344]. A good description of band gap renormalisation is given
for silicon-doped Ga,03 [345]. Degenerate doping gives rise to an increase in the optical band gap
Eopt = Ego + ABM by Burstein-Moss shift (ABM) due to the occupation of bottom of CB (Figure 59
middle panel). However, the widening of Eqp: is further counteracted by band gap renormalisation
(ARN) (Figure 59 right panel).
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Figure 59 — Schematic diagram for change of the electron structure for Si doped Ga,Os.

Existing models do not explain such large relative changes in band gap and are not entirely
self-consistent. The band gap renormalisation is usually quantitively explained by various numerical
fittings techniques. For example, a coefficient law of 1/3 was used in the case of lodine doped PbTe
which reflects an electron—electron exchange interaction. The renormalisation effect in these
samples is shown to be more than 0.1 eV, on the same order of magnitude as the band gap itself
[346].

In conclusion, doping the delafossite samples induces a slight decrease in the band gap. We
can exclude the possibility of an inverse Burstein-Moss effect, as the films do not exhibit any changes
in electrical properties, and this effect is generally negligible in p-type materials. It is highly probable
that band gap renormalisation occurs in our samples. This phenomenon is commonly reported in
highly degenerate doped semiconductors with strong coupling to the lattice, conditions that are
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perfectly met by the off-stoichiometric copper chromium delafossite. The strain induced by doping is
the most frequently reported cause for band gap renormalisation in such materials. For example, the
band gap wavelength was observed to red shift 0.2% for every 0.03 increase in the indium mole
fraction, which introduces more strain into the InGaAsP system [347]. If we take closer look at the
differences among the band gaps of films with different dopants, we can write the following
relationship (although the errors, especially in linear interpolation, might seriously affect this).

Egmn < Egv < Egmg < Egai < Egsc < Egundoped

These are correlated to some extent with our analysis of strain in these samples (for
example the minimum strain is observed in scandium (Figure 62). However, the differences observed
in the case of band gaps and the levels of doping are not sufficiently significant to confirm the band
gap renormalisation in our samples.

5.2.5. X-ray diffraction characterisation

The structure of Cu-Cr-O films grown for 60 min, intentionally extrinsically doped with 5 at.%
Al, Mg, Mn, Sc, Y and Zn, on a-Al,0s; was assessed by GI-XRD analysis (Figure 60). The same peak
reflections corresponding to pure delafossite phase were identified as previously, with no peaks
related to parasitic phases visible.

T T

¥ *

— —~~

ook !

i \91:

S

* CuCrO, | |
A‘ S

Intensity (a.u.)

30 45 50

20 (deg)

Figure 60 — GI-XRD diffractogram of as-deposited intentionally extrinsically doped Cu-Cr-O samples
with Al, Mg, Mn, Sc, Y and Zn on a-Al,03 substrates (offsets for clarity).

0-20 X-ray diffraction profiles for intentionally extrinsically doped Cu-Cr-O samples at
different W values are shown in Figure 61. The peak detected at 20 = 37.7° in Sc and Zn doped
samples probably corresponds to the a-Al,O; substrate (110). The broad peak around 26 = 31.5°
(006) is a fingerprint of the epitaxial growth of delafossite on a-Al,0s substrate. A shift in both (006)
and (012) reflections with W values is visible, suggesting the presence of residual stress.
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Figure 61 — 8-20 X-ray diffraction profiles for intentionally extrinsically doped Cu-Cr-O samples with
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Figure 62 depicts the sin?¥ method plots, for 300-nm thick intentionally extrinsically doped
CCO films for (006) and (012) reflections. In (006), for sin?W =0 the d value is much smaller than the
unstrained reported values, an indication of the epitaxial growth as observed in TEM micrographs.
The approximate linear behaviour of the plots for other values of sin?W in both (006) and (012)
reflections is an indication of compressive strain, as the slope is negative. This might indicate that
the epitaxial strain overshadows the thermal strain in CCO films on a-Al,Os, because the expected
thermal strain at room temperature is tensile in CCO grown on this substrate.

unstrained
285F [ i 2.49 - _
- u
284 = & i‘: 1
< 2831 1§ .
g -
_09 m Undoped
2.82} = Al
= m Sc
Mn
281+ Y -
= Mg O "
= m Zn unstrained
2.80 1 1 1 1 1 1
0.0 0.2 04 06 0.8 1.0 0.0 0.2 O..4 , 06 08 1.0
sin“(¥) sin“(¥)

(a) (b)
Figure 62 - sinW plots for (a) 006 and (b) 012 reflections.

Finally, the small concentrations detected by XPS of some dopants, combined with the small
variation of the linear behaviour of sin?W plots and the similarities of electrical conductivity of the
films regardless the dopant, make it impossible to conclude the effect of dopant cation radii. The
lack of elastic parameters for this material, makes it challenging to fully understand the impact of
strain.

5.2.6. Electrical characterisation

Figure 63 shows the measured electrical conductivities of undoped and intentionally
extrinsically doped delafossite films. The sheet resistance of each sample was measured at room
temperature using the four-point probe technique, and the electrical conductivity was calculated
according to Equation (56). These films demonstrated high levels of electrical conductivity, likely due
to the oxygen excess detected by XPS analysis, undoped delafossite has much lower conductivity.
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Figure 63 — Electrical conductivity of undoped and intentionally extrinsically doped Cu-Cr-O samples
measured by the four-point probe method at room temperature on a-Al,Os substrates.

However, it is impossible to conclusively determine the effect of each dopant on the
electrical properties for two reasons. Firstly, the dopant concentrations vary, with three out of six
dopants detected below the XPS detection limit of 0.5%, and Mg not detected at all. Secondly,
inhomogeneities during the chemical deposition process and the roughness of the film can affect the
film's thickness, leading to imprecise measurements of sheet resistance.
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5.3. Effects of thermal strain

5.3.1. Electrical conductivity

As previously mentioned in the SEM characterisation section, two batches of off-
stoichiometric delafossite thin films were deposited on various substrates: one with minimal
thickness and another with thicker films, to investigate the influence of strain on the electrical
properties. The electrical conductivity of the samples at room temperature was calculated, following
the measurement of the sheet resistance using the four-point probe technique (Figure 64). All
samples exhibited an electrical conductivity greater than 5 S cm™, which is the minimum measurable
conductivity value for the LSR-3 setup. This confirms that all samples are within the detectable range
for subsequent thermoelectric measurements.
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Figure 64 - Electrical conductivity of all samples characterised by the LSR-3 setup, measured by the
four-point probe method at room temperature for (a) 70 nm and (b) 300 nm thick Cu,/3Cr4/30; films
on different substrates.

Following the initial conductivity measurements, thermoelectric and electrical
characterisation were performed using the LSR-3 setup.

Figure 65 illustrates the electrical conductivity dependence on temperature for the
delafossite thin films with two different thicknesses deposited on various substrates, up to
temperatures around 580 K or 630 K. This was determined based on Equation (60). Measurements
were conducted during both the heating and the cooling phases of the samples, with the plotted
points in the figure corresponding exclusively to the heating phase measurements.

The electrical conductivity data exhibit typical semiconducting behaviour, with values
increasing from approximately 5 S cm™ to 70 S cm™® as the temperature increases. The measured
electrical conductivity varies depending on the substrate used, which may be attributed to small
errors in precise thickness measurements, as SEM micrographs reveal slight differences across the
film area. Inhomogeneities might also arise during the chemical deposition process. The o(T) shows a
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small kink remarkably close to the deposition temperature (Tq) of each batch (indicated by dashed
vertical lines). The deposition temperature represents a transition from tensile to compressive
stress, as described by Equation (78). In Figure 65b, it can be observed that this feature is less
pronounced in the case of thicker samples [304].

The kink observed around T4 possibly indicates a phase transition or a stress relaxation
phenomenon. In thin film materials, such thermal transitions can be attributed to changes in
microstructure, grain boundary behaviour, or a shift from tensile to compressive stress, as
mentioned. Thicker samples exhibit a less pronounced kink, possibly due to their ability to better
accommodate or distribute the stress, leading to a more uniform strain across the film [304].
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Figure 65 — Measured o(T) for (a) 70 and (b) 300 nm thick Cu,/3Cr4/30; films on different substrates.

Arrhenius fittings were conducted to determine the dominant conduction mechanism in
delafossite films. In band conduction, the conductivity typically shows an Arrhenius-type behaviour,
characterised by a linear relationship in the In(o) vs T plot. In contrast, in materials where small
polaron hopping is the dominant conduction mechanism, the Arrhenius plots show linearity in the
In(oT) vs T plot.

Figure 66 shows the Arrhenius plots for band conduction. These were obtained by taking the
natural logarithm of both sides of Equation (9), yielding:

Es
In(o) =In(0y) ——— (94)
(0) =In(o0) = -5
The plots exhibit an almost linear dependence at temperatures lower than Tq. The Arrhenius plots

for small polaron hopping conduction (Figure 67) were obtained by taking the natural logarithm of
both sides of Equation (28):

gNc(1—-c)q?a®vy| E, (95)

In(aT) =1 -
n(eT) =In T KT
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Here, N, c and a are considered temperature-independent parameters. Under these assumptions,
the linear fit improves significantly. Moreover, in both conduction mechanisms, it can be observed
that the conductivity does not follow a linear trend at temperatures higher than T4 for the thinner
films. For the thicker films, the behaviour remains almost linear at T > Tq4. This behaviour might again
be correlated with the previously mentioned explanation regarding the kink observed in the o(T)
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Figure 66 — Arrhenius plots in band conduction for (a) 70 and (b) 300 nm thick Cu,/3Cras/30; films on
different substrates.
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Figure 67 — Arrhenius plots in small-polaron model for (a) 70 and (b) 300 nm thick Cu/3Cra/30; films
on different substrates.
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For the low-temperature range (below 200 K), the Mott variable-range hopping (VRH) is
reported to be the dominant conduction mechanism in delafossite materials. Taking the natural
logarithm of both sides of Equation (11), we obtain:

1
Ty

In(o) = In(oy) — (T)m (96)

In our case, the best fittings were obtained for the transport dimensionality parameter n = 2,
indicating that the hopping mechanism of holes is confined to two-dimensional motion within the Cu

basal planes. The Arrhenius plot In(c) vs T3 (Figure 68) shows that a linear trend is only observed at
lower temperatures.
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Figure 68 — Arrhenius plots in two-dimensional VRH model for (a) 70 and (b) 300 nm thick
Cuy/3Cra/30; films on different substrates.

However, as previously mentioned, the Mott VRH mechanism is reported to dominate at
temperatures below 200 K. In our measurements, the lowest temperature is 330 K, making it clear
that the data is not within the expected temperature range where Mott VRH is the primary
conduction mechanism.

5.3.2. Seebeck coefficient

Seebeck coefficient measurements were conducted on the same delafossite films described
previously. As observed in Figure 69, the Seebeck coefficient exhibits positive values ranging from
100 to 200 pV K. The S(T) shows an almost linear increase with temperature. Notably, deviations
are observed for films deposited on SrTiO; substrates at elevated temperatures, which may be
attributed to artefacts associated with the measurement setup.

A remarkably interesting feature, present in both batches of samples is the quasi-linear
Seebeck coefficient dependence on temperature. In the case of thinner samples, within the 300-450
K range, the Seebeck coefficient remains almost constant at values around 150-180 pV K. After 450
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K, the coefficients increase up to approximately 300 uV K at 700 K. For thicker samples, the linear
dependence on temperature begins even at lower temperatures, but some saturation is observed
after 700 K. The perfect reversibility of the curves indicates the same Seebeck coefficient before and
after the heating-cooling measurement cycles, suggesting that the carrier concentration remains
unchanged at the beginning and the end of the experiment.
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Figure 69 — Measured S(T) for (a) 70 and (b) 300 nm thick Cu/3Cr4/30; films on different substrates
[304].

We used the Heikes formalism to estimate the carrier concentration and the mobility of the
delafossite thin films (Equation (39)) [292]. Within the small polaron model, N, is considered, leading
to a temperature-independent S [256]. In contrast, the band conduction model predicts a
temperature-dependent S. As previously mentioned, the predominant conduction mechanism in
delafossite structure is small polaron hopping [272]. In the case of CuCrO,, hopping occurs between
the Cu?* sites occupied by polarons, and “empty” Cu* sites. Therefore, the density of sites occupied
by polarons [Cu?'], i.e. the hole concentration (p), is given by:

[Cu?*] = p = cNey (97)

where c is the fraction of sites occupied by polarons and Nc, is the total density of sites of Cu sites in
the crystal. In the context of small polarons, N, is the total atomic density of Cu* sites available for
small polaron hopping [167]:

N, = 1- C)NCu (98)
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In rhombohedral R3-m CuCrO,, there are 3 copper atoms per unit cell, and the unit cell has an
approximate volume (Veer) of 130.9 A (ICDD PDF #04-010-3330). Therefore, in off-stoichiometric
Cuy/3Cra/30;,, the Cu-site density is given by:

2 3
Npy = = X —— ~ 1.5 x 1022 cm ™3 (99)
3 Vcell

Equation (39) for the hole concentration as function of S in a polaronic material is written as:

-1

92 (S q) ] (100)
= Ngy |— —)+1
p cu [91 exp ks +

The spin degeneracy (gn) is given by:

gn= @S+ 1N (102)

where S is the global spin and N is the number of orbital configurations. In CuCrO; structure, Cu* has
a null spin with one configuration, whereas Cu®* has spin equal to % and two possible configurations
[205], [252], [275]:

g1=2x0+1)x1=1 (102)

1
go=(2x5+1)x2=4 (103)

However, Figure 69 reveals a temperature dependence of S, which contradicts the
predictions of the Heikes formalism and thus questions the validity of small polaron model in this
context. According to the small polaron model for semiconductors, the Seebeck coefficient should
remain temperature-independent, reflecting a constant charge carrier concentration with
temperature.

The observed reversibility in S(T) suggests that the vacancies generating the p-type charges
are not healing. Previously, it was demonstrated that healing consists in Ostwald ripening
mechanisms, based on the dissolution of shorter chains of vacancies into single Cu vacancies
migrating to grain boundaries or longer chained vacancy defects [305]. This is further confirmed by
literature indicating that the healing on defects in copper chromium delafossites occur at
temperatures beyond 600 °C.

Finally, the post-treatment annealing experiments previously described at the beginning of
this chapter indicate the stability of electronic properties within the range of temperatures studied
here. In conclusion, there is no obvious reason why the carrier concentration should decrease with
temperature.

One more aspect that must be discussed here is the difference in Seebeck coefficient values
for thin and thick samples. For example, at room temperature the Seebeck coefficient has values in
the 150-200 pV K*! for thin samples and between 100 and 150 uV K* for thicker samples on
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different substrates. This tendency is maintained over the whole large of temperatures. What we
observed is a different “packing” of the values. For the thinner samples, the S spreads (Stmax-Stmin)
over almost 150 pV K, whilst for thicker ones the spreading is only about 50 puV K. There is no
doubt that error source relies on the measurement’s errors. However, as the thermal power
coefficient is independent on the geometry of the samples, errors related for example in the
estimation of thickness might be neglected. Another possible explanation might come from strain
altering the band gap of the materials, which leads to change in carrier concentration and thus
affecting the coefficient numerical values. This is the case of InAs nanowire, where the lowest
conduction band shifts down along the energy axis, whereas for the top valence band, the heavy-
hole (HH) and light-hole (LH) bands will split [348]. Since both the valence and conduction bands
shift with strain, the Fermi level must also shift. By applying solid state equations, Wortman [349]
gave a formula for carrier concentration (holes) dependence on strain on silicon.

min 3/2

p="po Z L?,/Z exp (—%) (104)

i m,
where po is the carrier concentration with zero strain, the summation is over the number of maxima
on the valence band (typically two terms, related to the heavy (HH) and light holes (LH)) and the
AEv,; is the change in energy of HH and LH branches under the strain. The reasoning might be
applied in our case as we can consider that at room temperature all carrier charges are generated.
Additionally, strain can induce the formation of defects and dislocations in the crystal lattice. These
defects can act as trapping centres or recombination sites, thereby affecting carrier lifetime and
concentration.

Generally, experimental and theoretical studies reported that tensile strain typically reduces
the band gap, leading to increased carrier concentration, while compressive strain increases the
band gap, potentially reducing carrier concentration [350]-[353]. This might apply in our case.
However, the absence of an exact value for the delafossite CTE makes impossible the estimation of
strain in the sample. Such change on carrier concentration, even small, might lead to an observable
modification on the Seebeck coefficient values, as the formula contain an exponential function.
However, the relative tighter spread of the values on the thicker samples might be explained, if we
consider that the averaged strain is less significant in those samples. On the other hand, in the 70-
nm thin films batch, the influence of stress is more important. This might lead to an augmented
contribution of strain on carrier concentration, hence on Seebeck coefficient values.

In conclusion, the Seebeck coefficient dependence on temperature was studied for films
deposited on substrates with different thermal coefficients of expansion and with different
thicknesses. Portions with temperature linear dependence of S were observed for all samples. This
cannot be explained by considering the classical small polaron transport model, used in the vast
majority of reports on the topic. Using previous theories of Seebeck coefficient in semi-metals,
where the contribution of vibrational energy transported is accounted for, we found a possible
explanation of thermal behaviour. The delafossite films are polycrystalline and high degenerated.
The hopping of holes occurs between two copper sites. As the samples demonstrate high off-
stoichiometries (an important number of copper chained vacancies), it is then highly probable that
the initial and the final sites are not equivalent in terms of energy and the coupling with the lattice.
In this case, the second term of Seebeck coefficient cannot be neglected, and it leads to an
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overestimating of its values. Consequently, this results in an underestimation of carrier
concentration and finally to an overestimation of mobility values. In the dedicated paragraph we will
try a quantitative estimation of these overvalues.

We also advanced the hypothesis in order to explain the minor but visible differences in
Seebeck coefficient values for thinner and thicker samples. Our claim is that the strain, more
significant in thinner samples, leads to changes in carrier concentrations that directly affects the
guantitative estimation on thermopower values. Unfortunately, the level of strain induced by
thermal coefficients expansion mismatch method is not allowing significant resolution to fully
support the hypothesis.

5.3.3. Electrical mobility

The electrical mobility was calculated according to Equation (3), with the conductivity
directly measured and the carrier concentration estimated from the Seebeck acquired values
(Equation (100)). The carrier concentration, which is linked to the Seebeck coefficient, exhibits an
approximately linear dependence within this temperature range. This suggests that the observed
kink in o(T) is likely attributable to variations in mobility. As shown in Figure 70, the mobility values
are present for films from batches with two different thicknesses [304].
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Figure 70 - Estimated p(T) for (a) 70 nm and (b) 300 nm thick Cu,/3Crs/30, films on different
substrates [304].

At room temperature, the mobility values range from 0.1 to 0.4 cm? Vs, For the thinner
samples, mobility increases almost linearly with temperature, exhibiting a crossover at the
deposition temperature. In contrast, thicker films either show a less pronounced crossover or none
at all. Moreover, the mobility values at higher temperatures are lower for thicker films compared to
thinner ones. This behaviour, where the electronic properties vary with film thickness and
temperature, was previously reported by Rastogi et al. for spray-deposited Mg-doped CuCrO,
semiconductor oxide thin films [354]. In their study, which covered a temperature range including
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the deposition temperature, a similar "kink" was observed in the o(T) curve. However, the kink was
less pronounced for thicker films and was not observed precisely at the deposition temperature. The
authors attributed the observed changes to the influence of grain boundaries on conduction.
Building on this, the hopping activation energies (En) and the hopping frequency (vo) or the films
studied here were calculated. In the adiabatic regime of small polarons, the electrical conductivity
follows an Arrhenius relationship, as given by [147],[304]:

[ = (6) (03

In this expression, both the temperature-dependent Cu-Cu distance (a) and the unexpected
temperature dependence of ¢ were considered. From this equation, E, and vo can be extracted from
the slope and intercept of the plot, respectively. The lattice parameter of the delafossite at
deposition temperature (a(Tq4)) was calculated according to Equation (77), knowing that the lattice
parameter of the delafossite at room temperature is 2.97 A (ICDD PDF #04-010-3330). Then,
considering the thermal strain and re-arranging Equation (78), a(T) is given by:

a(T) = a(T)[(T = Ty)(as — ay) + 1] (106)

The Arrhenius plots are depicted in Figure 71. The extracted E, and the hopping frequency vo, as well
as the S an o at room temperature are shown in Table 13.
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Figure 71 - Arrhenius plots for extraction of E for (a) 70 nm and (b) 300 nm thick Cuy/5Crs30; films
on different substrates.
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Table 13 - S, o, En, and vo at room temperature for the studied films.

Substrate h¢ (nm) ST BEr) = Yo

atRT atRT  (meV) (x10“Hz)
Schott AF 32° eco glass 123 16 132 5
a-Al,03 =70 107 10 145 5
SrTiO3 105 37 126 5
MgO 94 32 124 5
Fused-silica quartz 118 13 131 4
Schott AF 32° eco glass 134 8 147 5
a-Al;0s ~ 300 102 12 136 4
Schott D 263° T eco glass 105 14 128 3
SrTiOs 109 12 133 5
MgO 109 7 150 5

For the thicker films, a linear behaviour of mobility was observed across the entire measured
temperature range. In contrast, the thinner films exhibited two distinct slopes with a crossover
occurring around the deposition temperature. E, for the 70-nm films ranges from 124 to 145 meV (in
the temperature range T < Tg4), while for the 300-nm films, it ranges from 131 to 150 meV. This
behaviour suggests that the thermal strain might influence the transport properties of the films.
According to Equation (78), Tq represents the crossover between compressive and tensile &
regimes. The thermal strain induced by the substrate affects the Cu-Cu interatomic distances (lattice
parameters) [147]. An increase (or decrease) in €4 results in a longer (or shorter) distance for
polarons to hop, thereby increasing (or decreasing) the mobility. In Figure 70b, the slope of u(T) is
nearly constant. According to Equation (80), & is inversely proportional to the film thickness,
suggesting that & has a reduced impact on the electrical properties of thicker films, which is
consistent with our observations. Figure 72 shows that the pu(T) data, normalised to the mobility at
deposition temperature (L), indicates no strain effects at this temperature (e = 0).

Another noteworthy observation is the electrical behaviour of Cuy/3Cra/30; films grown on
MgO. This substrate is uniqgue among those studied, exhibiting a CTE greater than that of the film (as
> ay). If & significantly influences the electrical properties of the thin films, the trend observed on
MgO should be opposite to that on other substrates. Specifically, for a temperature T # Tq, the film
on MgO would be in a tensile strain regime, while on other substrates it would be in a compressive
strain regime. However, the real CTE of delafossite thin films might exceed that of MgO (12.8 ppm K
1), potentially accounting for the similar trend observed across all substrates. Future studies should
consider substrates with even higher CTE values to further explore this effect [304].

Additionally, the variation in mobility with different strain values at fixed temperatures was
analysed (Figure 73). Here, for a fixed temperature, each datapoint corresponds to the normalised
mobility of the delafossite films, on different substrates. This allows to analyse the effect of strain
without interference of the temperature.
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Figure 72 - u/uo(T) for (a) 70 nm and (b) 300 nm thick Cu,/3Crs/30, films on different substrates [304].
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Figure 73 - /Ho(T) vs ew(T) at fixed temperatures for (a) 70 nm and (b) 300 nm thick Cu,/3Cra/30,
films on different substrates [304].

For temperatures T < T4, the normalised mobility shows little variation with strain, with
significant differences only at high temperatures for thinner films. If strain were to have a major
impact on mobility, such effects would be expected to be more pronounced at temperatures T > Ty
[304].

5.3.4. Electrical mobility using Emin-Wood model

Considering the discussion from Chapter 2, we estimated the mobility based on Equations
(3) and (100), where the carrier concentration was calculated considering S invariable with
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temperature (Table 13). In this approach, the term accounting for the phonon transport energy is
considered (Equation (49)) (Figure 74). The accounted value of S here corresponds to the one
measured at room temperature. The calculated carrier concentrations of the thin films range from
8.5t0 12 x 10% cm?3.

Compared with the previous approach, two interesting features are now observed: firstly,
the mobility decreased by one order of magnitude. These values are much closer to the Bosman-Van
Daal limit, where mobilities around 0.1 cm?Vs? are typical for materials relying on small polaron
transport [317]. Secondly, in the previous approach, the mobility seems to have an almost linear
behaviour with temperature, with the slope changing at T4 (Figure 70). In Figure 74, the mobility
shows a T* dependence. Unexpectedly, the data can be fitted with a T-*? dependence, consistent
with the lattice scattering mechanism observed in free carriers.
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Figure 74 — u(T) for (a) 70 nm and (b) 300 nm thick Cu,/3Crs/30, films on different substrates,
considering S at room temperature for the calculation of the carrier concentration.

Next, we calculated the hopping frequency and activation energy for hopping by Arrhenius

plots (Figure 75), considering the temperature dependence of mobility and hopping distance:

(CIVO) En (107)

n [ 2y = "k ) T kT

The calculated values are shown on Table 14.
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Figure 75 - Arrhenius plots for extraction of E, and v, for (a) 70 nm and (b) 300 nm thick Cu,/3Cra/30;
films on different substrates, considering S at room temperature for the calculation of the carrier
concentration.

Table 14 - Ey, and vo for the studied films, considering S at room temperature for the calculation of
the carrier concentration.

h Vo

Substrate h¢ (nm

r(nm) (meV) (x 10'? Hz)

Schott AF 32° eco glass 90 74
a-Al,03 94 46

: = 70
SrTiO3 79 86
MgO 73 61
Fused-silica quartz 96 95
Schott AF 32° eco glass 113 135
Ct-Ale;-; 98 75

: ~ 300
Schott D 263" T eco glass 99 84
SrTiOs 94 71
MgO 108 66

The activation energies for hopping range from 79 to 113 meV, which are values closer to

the reported ones in literature for copper chromium delafossite. Moreover, the hopping frequency
values are closer to the ones reported literature (102 Hz), in the order of 10 Hz
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Chapter 6 — Conclusions and future perspectives

This thesis investigates the impact of strain on the electronic properties of off-stoichiometric
copper chromium delafossite films grown by MOCVD. The study focuses on the relationship between
structural characteristics and electronic behaviour, aiming to elucidate the unique transport
mechanisms in this complex material. The primary objective was to modulate electrical mobility
through induced strain. However, the research faced significant challenges due to the lack of
available data on the elastic parameters for this material. Notably, only three studies have addressed
this topic, and they focus exclusively on bulk and stoichiometric delafossite, leaving a gap in the
literature for thin films.

In the initial experiments, strain was induced in the delafossite films by applying a magnetic
field to films grown on a magnetostrictive nickel substrate. However, this approach did not lead to
any measurable change in the electrical properties due to the minimal strain that was induced. In a
subsequent experiment, mechanical bending was used to introduce strain, which resulted in varying
mobility behaviour depending on whether the stress was tensile or compressive. Despite this, the
maximum change in mobility observed was only around 0.1% within the applied strain range. The
negative gauge factor values indicated that piezoresistive effects were more significant than
geometric effects in these experiments.

Delafossite thin films were intentionally doped with trivalent (Al, Mn, Sc, and Y) and divalent
(Mg and Zn) cations. Mg was the only dopant undetected by XPS. Sin?W method plots, together with
TEM analysis, showed that 300-nm thick films initially grew epitaxially along the (006) orientation of
o-Al;O3 substrate. As growth progressed, the films became polycrystalline without preferential
orientation. Additionally, sin?¥ plots indicated that the films were under compressive strain in both
the (006) and (012) reflections at room temperature, suggesting that epitaxial strain overshadowed
thermal strain in delafossite films grown on a-Al,Os. The differences were too negligible to conclude
a linear variation of strain with dopant cation radii. Unlike undoped films, the doped ones exhibited
off-stoichiometry characterised by excess oxygen rather than Cu deficiency and Cr excess, which
may be explained by the instability of the delafossite phase under doping conditions. Moreover, all
intentionally doped films demonstrated similar room-temperature electrical conductivities.

A thorough analysis was performed on the strain induced in films deposited on substrates
with different thermal expansion coefficients. The temperature dependence of resistivity and the
Seebeck coefficient were studied to determine the electrical mobility, assuming small polaron
transport as the governing mechanism. The resistivity dependence on temperature (p(T)) indicated
semiconductive behaviour, while the Seebeck coefficient dependence on temperature (S(T))
suggested energy dispersion within the polaronic states in these polycrystalline films. A peculiar
feature observed in the p(T) curve at the deposition temperature corresponds to the transition
between tensile and compressive regimes in the thin films. This feature was more prominent in
thinner films and nearly disappeared in thicker films, suggesting that strain affects mobility.
However, no quantitative assessments can be made at this stage, and experiments with substrates
having larger thermal expansion coefficients should be considered.

A novel approach in regarding the Seebeck coefficient in delafossites was developed in this
thesis. The acquired data shows an approximative linear dependency of the Seebeck coefficient on
temperature, that is not a characteristic for small polaronic materials. We showed that in this case,
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a second term involving the vibrational transport energy must be accounted in the Seebeck
coefficient expression.

These results demonstrate that the hole effective mass in polaronic materials is inherently
difficult to manipulate. Although strain can influence mobility, it does not significantly enhance it to
the high levels required for many technological applications. However, it does offer insights into the
fundamental physical properties of these films. There are numerous applications where high
mobility is not a necessity, such as in gas sensors, rectifiers, photodetectors and n-type junction
field-effect transistors. These applications can benefit from the unique properties of delafossites and
other p-type TCMs without the stringent mobility requirements.

It can be concluded that delafossites have played a pivotal role in the development of p-type
TCMs. These materials have garnered attention due to their relatively simple deposition methods
and wide optical band gaps, which are advantageous for applications requiring transparency and
conductivity, such as in optoelectronic devices. However, despite these favourable properties, the
dominance of polaronic conductivity mechanisms, where charge carriers become localised and
transport occurs through a hopping process, rather than a more efficient band conduction, remains
a challenge. This polaronic behaviour results in lower mobility and, consequently, reduced overall
conductivity, limiting the effectiveness of delafossites in high-performance applications. The deep
acceptor levels contribute to the formation of small polarons, where the charge carriers are strongly
coupled with lattice distortions. These distortions create localised states, making it difficult for the
carriers to move freely through the material. This inherent flaw in the electronic structure of
delafossites means that while they serve as an important model in the design of p-type TCMs, their
practical application is often restricted to scenarios where high conductivity is not the primary
requirement [242]. Despite these limitations, the delafossite structure remains a crucial template in
materials science. Research continues to explore ways to overcome these challenges, such as by
doping or alloying to modify the electronic structure and reduce the impact of polaronic effects.
Advances in this area could potentially unlock new avenues for the use of delafossites in a broader
range of applications, further cementing their role as a foundational material in the field of
transparent conductors.

Broader implications and future perspectives

The search for high-performance p-type TCMs remains a significant challenge in materials
science. Despite extensive research, no p-type material has yet matched the performance of n-type
TCMs, which are widely used in applications such as solar cells, transparent electronics, and flat
panel displays. Research in this field is focused on two primary directions: fundamental material
discovery and technological application. In the pursuit of new materials, factors such as cost and
sustainability play crucial roles. As the demand for transparent electronics, solar cells, and other
optoelectronic devices increases, the need for materials that are not only high-performing but also
economically viable becomes critical. Additionally, sustainability considerations are becoming
increasingly important, with an emphasis on sourcing materials responsibly and minimizing their
ecological footprints. The integration of lifecycle assessments in the material selection process
ensures that environmental impacts of production and disposal are considered alongside
performance metrics. The second research direction emphasizes the practical application of these
materials, prioritizing cost-effectiveness and sustainability in their deployment.
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However, given the current performance gap between p-type and n-type TCMs, prioritising
further improvements may be premature before achieving fundamental breakthroughs in material
performance. As of this writing, copper delafossites represent the best p-type TCMs available for
pursuing technological applications, holding promise for future developments in transparent
electronics, energy-efficient devices, and other optoelectronic applications. However, advancements
in material processing and doping strategies are needed to fully unlock the potential of copper
delafossites, which is currently limited by their low carrier mobility. Improving the mobility of charge
carriers is essential to enhancing the electrical conductivity of these materials without sacrificing
their transparency. A promising material in this context is copper iodide, which exhibits a band gap
of 3.1 eV and mobility up to 40 cm?V-is, However, challenges related to its poor stability in air and
moisture, especially at elevated temperatures, remain significant due to the ease of Cu migration.

It is evident that before bridging the gap toward technological applications, research should
prioritize fundamental material discovery to identify a viable p-type archetypal material. Researchers
are leveraging advanced techniques such as high-throughput computational screening to identify
promising candidates. This approach allows for the rapid evaluation of a vast array of materials, but
despite computational advancements, experimental validation of these materials remains limited.
Challenges include the safe and controlled synthesis of elements like sulphur, phosphorus, and
iodine, as well as ensuring the air stability of the materials.

The debate now centres on whether polaronic materials should be reconsidered in TCM
research. The TCO community has been cautious about using materials that rely on small-polaron
transport, often excluding them from the design of new TCOs, especially those guided by
computational approaches. The avoidance of small-polaron formation has frequently been cited as
key for developing high-performance TCOs. However, recent research reveals that TCOs using small-
polaron transport can, in some cases, outperform those based on band transport. This advantage
arises from the contrasting ways they respond to increasing carrier concentration. While band-based
TCOs suffer a decline in optical transparency at high carrier concentrations, polaronic materials can
maintain high transparency, making them potentially more effective in certain applications [37].

Computational studies have highlighted lately various materials as potential high-
performance p-type TCMs. Boron phosphide has favourable electronic properties, including low hole
effective mass, which is crucial for high p-type conductivity. Copper aluminium sulphide (CuAlS,)
offers an excellent between conductivity and transparency. Mixed-anion compounds such as such
as (Zr,Hf)0S and CsScS; have been identified as promising due to their mixed-anion chemistry, which
can lead to enhanced valence band dispersion and improved p-type dopability. Moreover, non-oxide
materials such as phosphides, sulphides, and other compounds are being explored for their diffuse
valence orbitals, which can provide better hole mobility compared to traditional oxides. This trend is
supported by studies showing that phosphides have a significantly lower median hole effective mass
than oxides, making them attractive for high-performance applications. Spinels, perovskites, and
complex oxychalcogenides are also being intensively studied and have moved to the forefront of
research. However, experimental challenges such as synthesis, stability, and scalability remain
critical for their practical application.

In conclusion, the search for p-type TCMs is advancing through a dual focus on fundamental
material discovery and practical technological applications. By tackling both the scientific challenges
in developing new materials and the economic and environmental considerations of their
implementation, researchers are well-positioned to make significant strides in transparent
electronics, aligning with the ambitious market projections for the industry.
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