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Abstract

This thesis presents experimental studies on the the tantalum and rhenium dichalco-

genides (TaX2 and ReX2, respectively), both of which exhibit distorted structures de-

scribed in terms of a Peierl’s transition of the crystal lattice. In the case of TaX2,

this distortion occurs as a transition from the high-temperature metallic phase to a

charge-density-wave (CDW) state at low temperatures. On the other hand, the dis-

torted structure of ReX2 is known to be stable throughout its solid state. Here, the

structural, optical and electrical properties of these distorted materials are studied

using a number of experimental techniques. Firstly, TaX2 samples have been grown

using the chemical-vapour-transport method, producing bulk single crystals with large

lateral dimensions. Crystals with mixed chalcogen compositions have been produced

(TaS2–xSex), with good control of stoichiometry. These crystals have been chemically

analysed using X-ray photoemission and energy-dispersive X-ray spectroscopies. In

particular, the alloy 1T-TaS1.2Se0.8 has been grown and then studied at a range of

temperatures, wherein several CDW transitions are observed. This specific alloy dis-

plays marked hysteresis in its phase transitions during cooling and heating, which is

evidenced in electrical transport, Raman spectroscopy and X-ray diffraction measure-

ments. Additional photoemission measurements have allowed the electronic structure

of the material to be studied. The unusual hysteresis observed in 1T-TaS2–xSex is

explained by considering the effect of substituting sulphur for selenium on the crystal

structure, and the impact this has on the dynamics of the CDW phase transitions. Next,

this thesis demonstrates the embedding of ReX2 directly within photonic waveguides,

for future nonlinear optical studies. This benefits from the distorted crystal structure

of this material, which results in anisotropic in-plane properties. The micro-mechanical

exfoliation of ReS2 flakes is presented, in which the flakes are found to preferentially

cleave along one in-plane crystallographic direction, producing flakes with high aspect

ratios that are ideal for incorporation within waveguides. These flakes are characterised

using atomic force microscopy and polarised Raman spectroscopy, of which the latter is

demonstrated to provide a reliable means of identifying the in-plane orientation of ReS2.

Flakes fabricated and characterised by the author have subsequently been embedded

within chalcogenide-glass waveguide structures by collaborators. To characterise these

devices, an optical set-up was designed and constructed. The use of this set-up has

been verified with a characterisation of blank waveguides, additionally showing the

linear and nonlinear optical properties of chalcogenide glasses.
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Chapter 1

Introduction

1.1 Motivation and outline

The transition metal dichalcogenides (TMDs) comprise a family of materials that has

been well studied for a number of decades, initially as naturally-occuring minerals

[1] [2], and later as bulk single crystals grown in the laboratory [3] [4]. The TMD

family encompasses a wide variety of materials, which exhibit a wealth of condensed-

matter states including semiconducting [5], semi-metallic [6] and superconducting [7]

[8]. Their layered structure allows them to be thinned down to a single layer, as first

demonstrated in 2005 with molybdenum disulphide (MoS2) and niobium diselenide

(NbSe2) [9], following on from the isolation of monolayer graphene in 2004 [10]. Similar

to graphene, such a reduction in dimensionality of the TMDs has been found to lead to a

multitude of changes in the properties of these materials. For example, semiconducting

MoS2 exhibits a transition from an indirect to a direct band gap when going from

bulk to monolayer [5]. Indeed, even bilayer MoS2 is found to have an indirect band

gap [5], emphasising the particular importance often associated with a single atomic

layer. Further changes to properties can be induced in the TMDs through, for example,

pressure [8], strain [11] and intercalation [12].

Amongst the TMD family, the tantalum dichalcogenides (TaX2) exhibit a particularly

rich phase diagram, with several polytypes [13], which often display a number of phases

as a function of temperature [14] [15]. These phases include superconducting [7], Mott

insulating [16] and charge density waves (CDWs) [17] [18] [19]. Similar to other TMDs,

the properties of TaX2 can be modified by further tuning parameters such as pressure

[16] and thickness [20]. The CDW phases of TaX2 are of particular interest, as the
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mechanism of their formation is not always well understood [21]. Furthermore, the

interplay of such CDW states with other condensed-matter phases is yet to be fully

elucidated in this material system [22] [23]. Recently, the effect of varying chalcogen

composition in TaS2–xSex has been investigated by a number of research groups [24]

[25], with superconductivity observed to emerge for certain stoichiometries [25], as well

as strong impacts on the CDW properties, such as the type of CDW phases and their

transition temperatures [26]. Fully elucidating the complex phase diagram of TaS2–xSex

should contribute to our wider understanding of complex condensed-matter systems.

This thesis investigates the mixed-chalcogen alloy TaS2–xSex, with a specific selenium

composition of x=0.8, which is found to display marked hysteresis in its electrical,

structural and optical properties.

As well as furthering our fundamental physical understanding of the TMDs, it is also

important to begin incorporating these materials within devices with real-world applica-

tions. In the case of TaS2–xSex, the controllable switching between the material’s CDW

states, each with their own resistive properties, could find uses in memory devices, as

has been recently demonstrated with TaS2 [27]. Potential applications of other TMDs

have also been demonstrated, such as the use of rhenium disulphide (ReS2) in transis-

tors [28] and polarisation detectors [29]. Of growing interest is the use of such materials

in nano-photonic integrated circuits, due to their reduced dimensionality and often high

nonlinear optical properties [30]. For example, it has recently been demonstrated that

MoS2 deposited on photonic waveguides can considerably enhance nonlinear optical

processes occuring within the structures, such as four-wave mixing [31] and the Kerr

effect [32]. This thesis investigates such integration of TMDs with photonic devices by

embedding ReS2 flakes directly within chalcogenide-glass waveguide structures. This

integration benefits from the anistropic in-plane properties of this peculiar member of

the TMD family, which arise from the distorted crystal structure of ReS2 [33].

The rest of this chapter will introduce the field of layered materials and the TMD family

in particular. Next, the features and origins of CDWs are presented, followed by a

summary of their observed phases in the TMDs. A short description of Mott insulators

is included at the end of the chapter. The second chapter presents the experimental

techniques used in this work to fabricate and measure samples. The following chapter

presents the results of the growth method used to produce bulk single crystals of

1T-TaS1.2Se0.8, as well as a chemical characterisation of stoichiometry using X-ray

photoemission and energy-dispersive X-ray spectroscopies. This is followed by a chapter

investigating the CDW behaviour in 1T-TaS1.2Se0.8 using electrical and spectroscopic

techniques. The final results chapter details the embedding of ReS2 within waveguides,
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with an introduction to the field of nonlinear optics in two-dimensional TMDs. The

fabrication and characterisation of ReS2 samples is presented, followed by a description

of their integration within waveguides by collaborators, and our development of an

optical set-up for characterising the photonic devices. Finally, the results of the thesis

are summarised alongside a brief discussion of future avenues for research.

1.2 Layered and two-dimensional materials

Layered materials consist of planes of atoms stacked upon one another, in which there

are strong in-plane bonds but only weak interlayer interactions. These out-of-plane

interactions are dominated by Van der Waals (VdW) forces, and hence these layered

compounds are sometimes also dubbed VdW materials [34]. Single layers of these

materials can be isolated experimentally, either by the top-down removal of layers [9],

or by the bottom-up deposition of a single layer [35]. These monolayers are commonly

referred to as ‘two-dimensional’ (2D) materials [36], due to the reduced dimensionality

of their crystal structures. The first 2D material to be isolated and extensively studied

was graphene [9] [10]: the monolayer form of layered graphite, an allotrope of carbon.

Monolayer graphene consists of an atomically-thin, hexagonal lattice of carbon atoms

with strong in-plane covalent bonds.

The isolation of graphene by Novoselov, Geim et al. in 2004 [10] sparked an explosion

of interest in layered and 2D materials, due to the fascinating properties induced by

the reduction in dimensionality. Graphene’s unusual electronic structure, consisting of

linearly dispersive cones rather than quadratic bands, leads to charge carriers which

behave as massless Dirac fermions [37], with exceptionally high mobilities of up to

200,000 cm2 V-1 s -1 [38] [39]. Monolayer graphene was further found to possess a

high flexibility [40], large transparency [41], and the highest mechanical strength of

any material [42]. Notably, these properties are much suppressed in bulk graphite:

even beyond thicknesses of a few layers, both the breaking strength and electrical

conductivity have been found to decrease significantly [43] [44]. These initial studies

on monolayer graphene prompted further work isolating other layered materials [9],

many of which displayed similarly fascinating properties in their monolayer form [5].

Such materials include hexagonal boron nitride and the transition metal dichalcogenides

(TMDs) [36].
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1.3 Transition metal dichalcogenides

The transition metal dichalcogenides (TMDs) are a class of layered materials that can

be thinned down to a single layer [45]. The TMDs have the chemical formula MX2,

where M is a transition metal element, and X is a chalcogen element. The elements

that form TMD compounds are highlighted in the periodic table shown in Figure 1-1, of

which the chalcogens are sulphur, selenium and tellurium; whilst many transition metal

elements can form TMD materials. The TMD compounds that are the focus of this

work are the tantalum and rhenium dichalcogenides (TaX2 and ReX2, respectively),

with sulphur and selenium as the chalcogen elements - the four elements Ta, Re, S

and Se have been highlighted with darker colours in Figure 1-1. In total, there are

known to be more than thirty layered TMDs [45]. One should note that the elements

cobalt, rhodium, iridium and nickel each only form TMD compounds with some of the

chalcogen elements; the remaining transition metals react with all three highlighted

chalcogens.

Figure 1-1: The periodic table, indicating the elements which are known to form
TMD compounds. Transition metal elements are boxed in green, chalcogen elements in
blue. The darker boxes indicate the elements that compose the tantalum and rhenium
dichalogenides, TaX2 and ReX2 (with X = S and Se), that are the principal focus of
this thesis.

14



1.3.1 TMD crystal structure

A single layer of a TMD consists of three planes of atoms, between which there are

strong covalent bonds: a plane of transition metal atoms sandwiched between two

planes of chalcogen atoms. Within each of the three planes, the atoms are generally

arranged hexagonally, though other structures are known to occur. Each transition

metal atom is bonded to six chalcogen atoms; meanwhile there are no such bonds

between neighbouring chalcogens, nor between neighbouring metal atoms.

The TMDs exhibit a number of structural polytypes, some which are displayed in Figure

1-2. The notation commonly used to describe the polytypes consists of a number and

a letter, e.g. 1T. The number indicates the number of monolayers per unit cell, whilst

the letter indicates the crystal symmetry of the polytype. Here, the letters T, H and

R represent tetragonal, hexagonal and rhombohedral symmetries, respectively. Within

the monolayers of the 2H and 3R polytypes, there is trigonal prismatic co-ordination,

Figure 1-2: Schematic drawings of some of the structural polytypes exhibited by the
TMD materials. Chalcogen atoms are displayed in orange, metal atoms in purple,
green and pink. For the notation of the polytypes, numbers indicate the number of
monolayers per unit cell, letters indicate the crystal symmetry. The in-plane and out-
of-plane crystal axes, a and c, are shown by arrows. Side views are shown of the 1T,
2H and 3R polytypes. The top views of the 1T and 2H polytypes show the hexagonal
arrangement of atoms within each atomic plane. Reproduced from [46].
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i.e. the top plane of chalcogen atoms is stacked directly above the bottom one; whilst for

the 1T polytype, the co-ordination is octahedral, meaning the stacking of the chalcogen

planes is displaced. The in-plane crystallographic axes a and b point between adjacent

chalcogen atoms, whilst the c axis denotes the out-of-plane direction. The lattice

constants are defined by the distances between nearest-neighbour chalcogen atoms (a

and b), and the distance between transition metal atoms stacked directly above one

another (c). As well as those displayed in Figure 1-2, other polytypes exist amongst

the TMD family, e.g. 6R amongst TaX2 [47], and distorted 1T (1T’) in the ReX2 [48].

1.3.2 TaX2 crystal structure

The binary tantalum dichalcogenide compounds, TaS2 and TaSe2, are known to exist

as a number of different polytypes. The most stable polytypes at room temperature are

2H and 3R [47], whilst the 1T polytype is found to be energetically favourable at high

temperatures of around 900 °C and above, and only metastable at room temperature

[49]. In order to obtain the 1T polytype at room temperature, it is necessary to quench

the crystal from high temperature with rapid immersion in water [47]. This 1T polytype

will then undergo an irreversible transition to the more stable 2H or 3R polytype if it

is heated above 600 K [50]. It is interesting to note that the colour of the TaX2 crystal

depends on its polytypism. It has been observed that the 1T polytype possesses a

golden colour, whilst the 2H and 3R polytypes are found to be more silvery in colour

[51] [52]. This variation in colour provides a quick and easy method for checking the

polytype, and has been used in this work on TaX2 alloys - see Figure 3-3 for an example.

1.3.3 ReX2 crystal structure

The rhenium dichalcogenides (ReX2, where X = S or Se) are unusual members of

the TMD family. Unlike the majority of TMDs, they have a distorted 1T’ structure,

where the 1 indicates that there is a single layer per unit cell, and the T’ indicates

a distortion from an octahedral symmetry. This distortion is thought to arise from a

Peierl’s transition of the periodic lattice and the resulting crystal has a low-symmetry

triclinic structure. The in-plane structure of ReX2 is highly anisotropic (see Figure

1-3) - unlike for other polytypes, the metal atoms bond together in groups of four,

forming chains of Re diamonds along one crystal direction, commonly defined as the b

axis. The second in-plane direction is denoted a, whilst the out-of-plane crystal axis is

c. The lattice values for these directions are summarised in Table 1, along with those

for the 1T polytype of TaS2 and TaSe2. Sandwiching the layer of Re atoms, there are

two layers of chalcogen atoms; again, unlike for undistorted polytypes, these chalcogen
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planes have corrugated surfaces, in which certain chalcogen atoms are closer or nearer

to the Re plane, resulting in four non-equivalent sites that a chalcogen atom can occupy

in the ReX2 unit cell [53].

Lattice parameter 1T’-ReS2 1T’-ReSe2 1T-TaS2 1T-TaSe2
a / Å 6.35 6.60 3.32 3.51

b / Å 6.45 6.71 3.32 3.51

c / Å 6.39 6.72 5.86 6.24

V/ Å3 217.2 247.3 56.0 66.6

Table 1.1: Lattice parameters for 1T’-ReS2, 1T’-ReSe2, 1T-TaS2 and 1T-TaSe2, taken
from the literature. These values were determined by X-ray diffraction at room tem-
perature - Ref [33] for ReS2 and ReSe2, Ref [54] for TaS2 and TaSe2.

Figure 1-3: The crystal structure of ReX2, in this case X = Se. (a) A top view of the
ReX2 structure, in which one can see the in-plane anisotropy with chains of Re atoms
lying along the b axis. (b) A side view of the crystal structure, where one can see
the corrugated surfaces of the chalcogen layers above and below the middle Re plane.
Reproduced from [55].
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1.4 Charge density waves

Upon lowering the temperature of low-dimensional metallic systems, a transition may

occur from the normal metallic phase to a charge-density-wave (CDW) state, which

is characterised by a periodic modulation of the density of electronic charge and a si-

multaneous periodic distortion of the crystal lattice. CDWs were first theorised in the

1950s [56] [57], and have been studied experimentally in bulk TMDs since the 1970s

[17] [18], as well as in other materials such as the cuprate superconductors [58] [59]

and transition metal bronzes [60]. Despite these decades of research, the mechanisms

underlying the formation of CDW phases is not always well understood. Often (for

example, in the case of metallic TMDs), there can be a number of competing and in-

tertwined mechanisms, such as electron-electron and electron-phonon interactions [21].

Furthermore, the dominant driving force can vary significantly between materials. This

section will discuss the formation and features of CDWs in metallic systems, beginning

with the idealised case of a one-dimensional chain of atoms, in which the CDW forma-

tion is driven by electron-phonon coupling. This is followed by the theory of CDWs

in two-dimensional and quasi-two-dimensional systems, where one must additionally

consider details of the electronic band structure. Finally, the current understanding of

CDWs in the metallic TaX2 will be presented.

1.4.1 One-dimensional systems

The original theory of CDWs considers their existence in one-dimensional metallic sys-

tems, as set out by Rudolf Peierls [56]. In this case, one begins with a one-dimensional

chain of atoms, as drawn in Figure 1-4. In this ‘normal’ state, the atoms are regularly

spaced out with period a0, and thus the density of electronic charge, ρ(x), is constant

throughout the system. The electronic band structure comprises a partially-filled band

crossing the Fermi level, EF, at the Fermi wavevectors, ±kF = ±π/2a. Peierls theorised

that below a certain temperature, the presence of electron-phonon coupling, i.e. inter-

actions between the electrons and the underlying lattice, should lead to an instability

in the system and a transition to a CDW state. This transition is characterised by a

Peierl’s distortion of the crystal lattice, in which pairs of atoms are formed along the

chain, as shown in Figure 1-4b. As a result of these atomic displacements, the lattice

periodicity is increased - in the case of a half-filled band the periodicity is doubled from

a0 to 2a0. The normal lattice has thus been reconstructed to form a new superlattice.

Associated with the periodic lattice distortion is a concomitant redistribution of the

electronic charge density, whereby the uniform density in the ‘normal’ system is mod-

ulated to form a periodic wave-like distribution, hence the term ‘charge density wave’.
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Figure 1-4: a) The ‘normal’ state of a 1D metallic chain of atoms, in which the
atoms are regularly spaced out with periodicity a0. The corresponding electronic charge
density is uniform. The electronic band structure of the normal phase consists of a single
band crossing EF at ±kF. b) In the CDW phase, there is a periodic lattice distortion,
forming a new superlattice with periodicity 2a0. There is a concomitant modulation
of the electronic charge density, forming what is known as a CDW. In the CDW state,
the Brillouin zone is halved in size, and gaps open up at the new zone boundaries at
±kF, lowering occupied states below EF.

The period of the CDW can be expressed as:

λCDW =
π

kF
; (1.1)

whilst the charge is modulated as:

ρ(x) = ρ0 + ρ1cos(2kFx+ φ); (1.2)

where ρ0 is the uniform charge distribution of the normal state; ρ1 and φ represent the

amplitude and phase of the CDW, respectively.

The formation of a CDW superlattice leads to a reconstruction of the Brillouin zone -

for a half-filled band, the doubling of the periodicity results in a halving of the Brillouin

zone. The zone edges of the new Brillouin zone now lie at ±kF, and gaps open up at

these wavevectors, leading to a reduction in energy of the occupied states and thus of

the electronic energy of the system. Peierls theorised that a CDW transition occurs
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when the energy gained by the electronic reconstruction is greater than the energy

required to distort the crystal structure, i.e. a CDW phase should form when these

reconstructions lead to a net reduction in the energy of the system. This can be

summarised by stating that the formation of a CDW phase is stable if:

δEband + δElattice < 0; (1.3)

where δEband and δElattice represent the respective changes in energy of reconstructing

the electronic band structure, and of distorting the crystal lattice.

As the CDW transition is driven by electron-phonon coupling, it is to be expected that

materials with higher coupling strengths are more likely to form CDW states, and that

such transitions will occur at higher temperatures. At finite temperatures below the

CDW transition, the electron-phonon interactions that drive the CDW formation are

somewhat screened by thermally excited electrons. This leads to a suppression of the

of the periodic lattice distortion and thus to the strength of the CDW. As temperature

is lowered, there is increasingly less screening, and thus the amplitude of the CDW can

be expected to increase at low temperatures.

A number of CDW phases can be distinguished, based upon their relation with the

underlying lattice, i.e. their ‘commensurability’. A fully commensurate charge density

wave (C-CDW) is one in which the periodicity of the CDW matches the periodicity

of the distorted superlattice - more specifically, where λCDW is an rational multiple of

aCDW . In this commensurate case, the CDW is essentially pinned to the underlying

lattice, leading to an increase in the insulating behaviour of the system. In the case of an

incommensurate CDW, however, there is no such match to the underlying lattice. The

CDW is not pinned and is able to move somewhat freely through the system, leading to

an increase in electrical conductivity. However, this movement is not entirely free and

the CDW is still somewhat pinned by the presence of impurities in the crystal lattice.

An intermediate phase is also known to exist, known as a nearly commensurate charge

density wave (NC-CDW), in which domains of full commensurability are separated by

regions of incommensurability. A single CDW material may well display all these CDW

phases, with transitions between the states occuring at certain temperatures [14]. In

general, the CDW phases appear in the following order: as temperature is lowered, the

normal metal transitions to an IC-CDW, and then to a C-CDW, either directly or via

a NC-CDW phase.

To summarise the Peierls model of CDW formation: below a certain critical tempera-
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ture, electron-phonon coupling may drive the formation of a CDW, in which there is a

periodic modulation of the electronic charge density, and a concomitant periodic lattice

distortion. An interesting question to ask is whether there is a precedence in which

these ‘concomitant’ modulations take place. In other words, does the formation of an

electronic CDW drive the displacement of the atomic positions; or, does the periodic

distortion of the crystal lattice lead to a redistribution of the conduction electrons, and

thus the formation of a CDW? In the former case, the CDW is a primarily electronic

phenomenon, with the periodic lattice distortion a secondary effect. In the latter, the

phase transition can be thought of more as a structural transition, with the CDW

forming as a result of the modulated potentials of the atomic landscape. Disentangling

these two processes, and understanding the mechanisms that drive them, is still not

well understood.

1.4.2 Two-dimensional systems

In two-dimensional and quasi-two-dimensional systems, the mechanism for CDW for-

mation can be considered as an extension of the one-dimensional Peierl’s distortion

described in Section 1.4.1, in which the CDW formation is driven by interactions be-

tween electrons and the underlying lattice. In this case, Equation 1.2 is modified by

replacing x with ~r(x, y), such that:

ρ(~r) = ρ0 + ρ1cos(2kF~r + φ); (1.4)

Additionally, one may consider the details of the electronic band structure near to EF

(i.e. the Fermi surface), and the role of electron-electron interactions in driving the

CDW transition. Figure 1-5 shows the shape of the Fermi surface for systems with

different dimensionalities. In 1D, the Fermi surface consists of two sheets situated at

±kF. As these sheets are exactly parallel, every point on one sheet can be mapped

onto a corresponding point on the second sheet via the CDW vector ~qCDW = 2kF .

This mapping is known as Fermi surface nesting, and in this 1D case the nesting is

perfect. In this model, each state that is mapped by ~qCDW participates in the CDW

phase transition. Therefore, in the vicinity of EF, each occupied state is shifted down

in energy and each unoccupied state is shifted up, thus opening the CDW gap. In

the perfect nesting case of 1D, all of the Fermi surface can be gapped in this way, and

thus the entire band structure is removed from EF. This 1D case demonstrates how the

shape of the electronic band structure can drive CDW formation, whereby systems with

a high degree of Fermi surface nesting are highly susceptible to an electronically-driven
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Figure 1-5: Fermi surface nesting for systems with different dimensionalities. a) in 1D,
the Fermi surface consists of two parallel sheets situated at ±kF, which can be perfectly
mapped by the CDW wavevector, ~qCDW = 2kF . b) and c), in higher dimensions, there
is no longer perfect nesting, though in quasi-2D systems, there are large parallel portions
of the Fermi surface that may be mapped by ~qCDW , and thus there is good nesting
that might drive CDW formation.

CDW transition.

In higher dimensions, the shape of the Fermi surface is modified, see Figure 1-5b and c.

In 2D, the Fermi surface is circular, resulting in poor nesting as only a small region of

the Fermi surface can be mapped by ~qCDW . However, in a quasi-2D system - such as

that displayed by TMDs - the Fermi surface is often observed to be elliptical in shape

[21], with large parallel portions along the sides of the ellipse. These parallel portions

can be well-mapped by ~qCDW and may thus participate in the CDW transition. This

demonstrates how the particular shape of the Fermi surface in low-dimensional systems

can drive the formation of CDW phases.

1.4.3 CDWs in TMDs

CDW phases are known to exist in a number of metallic TMDs, such as 1T-TaX2

[52] [61], 2H-TaX2 [19] [62], 2H-NbX2 [62] and 1T-TiX2 [21]. Despite their similar

structures, the details of the CDW phases and transitions in these materials are found

to vary significantly depending on the specific polytype, transition metal, and chalcogen

element involved. These variations include a range of transition temperatures, periodic

lattice distortions, and the presence or absence of certain commensurability phases.

Table 1.2 summarises the details of the CDW phases for some metallic TMDs. The

focus of this thesis is the mixed alloy 1T-TaS2–xSex. As a prelude, the rest of this section
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TMD material CDW Commensurability TCDW / K Supercell

1T-TaS2 [61] Incommensurate 550 -

Nearly commensurate 350
√

13×
√

13

Commensurate 180-225
√

13×
√

13

1T-TaSe2 [52] Incommensurate 600 -

Commensurate 473
√

13×
√

13

2H-TaS2 [19] Incommensurate 75 -

2H-TaSe2 [62] Incommensurate 122 -
Commensurate 90 3×3

1T-TiSe2 [21] Commensurate 202 2×2

2H-NbSe2 [62] Incommensurate 34 -

Table 1.2: Details of the CDW phases for selected bulk TMD materials. The supercell
corresponds to the in-plane reconstruction to the new commensurate lattice. In the
nearly commensurate CDW, the

√
13×

√
13 commensurate structure exists in domains

separated by regions of incommensurability.

covers the CDW properties of the two binary compounds 1T-TaS2 and 1T-TaSe2.

Figure 1-6 shows electrical transport data previously measured from bulk crystals of

1T-TaSe2 [15] and 1T-TaS2 [14]. For 1T-TaSe2, the situation is relatively straightfor-

ward: there is a phase transition from an IC-CDW to a C-CDW at 473 K, and this

commensurate phase is maintained all the way down to low temperatures. There is a

further, estimated transition at around 600 K between the IC-CDW and the normal

metallic state; however, this transition is inaccessible due to an irreversible transition

from the 1T to 2H polytype at a temperature somewhere between 400 and 600 K [18]

[49] [50].

As for 1T-TaS2, electrical transport measurements present a more complex picture.

Upon cooling from the normal metallic state, the material is believed to transition to

an IC-CDW phase at around 550 K [63]. Further cooling leads to a sharp IC-CDW to

NC-CDW transition at 350 K, followed by another transition to a fully commensurate

CDW phase at 180 K. This C-CDW phase is then maintained down to low temper-

atures. An interesting feature is observed upon warming the material back up from

low temperatures: the C-CDW to NC-CDW transition is observed to occur at a higher

temperature than for the reverse transition on cooling (225 K vs. 180 K). 1T-TaS2

thus demonstrates hysteresis in its lowest-temperature transition between C-CDW and

NC-CDW; such pronounced hysteresis is not observed in any other transition in either

1T-TaS2 or 1T-TaSe2.

Figure 1-6c shows a schematic diagram of the in-plane crystal structure of 1T-TaS2 and
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1T-TaS
2

Figure 1-6: Electrical transport measured from bulk 1T-TaX2 crystals. Top) 1T-TaSe2
transitions directly from IC-CDW to C-CDW at 473 K, with no hysteresis effects.
Reproduced from [15]. Middle) 1T-TaS2 displays a transition from IC-CDW to NC-
CDW at 350 K. The transition between NC-CDW and C-CDW occurs at 180 K upon
cooling, but at 225 K upon warming, thus exhibiting hysteresis. Reproduced from [14].
Bottom) The superlattice in the C-CDW phase of TaX2. Only Ta atoms are drawn.
The Ta atoms displace to form ‘star-of-David’ clusters comprising 13 Ta atoms. The
shading of the atoms represents the 3 different atomic sites: star corners, edges and
centres. Reproduced from [21].
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1T-TaSe2 in their C-CDW phases [21]. There is a reconstruction of the lattice to form a√
13a0×

√
13a0 superlattice. Groups of thirteen Ta atoms displace towards one another

to form ‘star-of-David’ clusters. Within these stars, there are three inequivalent atomic

sites: the star corners (six atoms), the star edges (six atoms) and the star centre (one

atom). These three positions exhibit electronic environments which are different to one

another, allowing these inequivalent sites to be distinguished in electronic spectroscopic

techniques such as X-ray photoemission (XPS). This is explored further in Chapter 4.

Finally, in the C-CDW phase, there is a 14° rotation of the superlattice with respect

to the undistorted superlattice [21].

Referring back to Table 1.2, it is noticeable that the CDW transition temperatures of

1T-TaX2 are rather elevated, with upper transition temperatures of 550 K and 600 K

for 1T-TaS2 [61] and 1T-TaSe2 [52], respectively. These temperatures are some of the

highest amongst the TMD family: 1T-TiSe2 transitions at 202 K [21], whilst CDWs

only appear in 2H-TaS2 and 2H-NbSe2 below 100 K [62]. What factors contribute to

these elevated temperatures? Firstly, we might examine the role of electron-phonon

coupling in the CDW formation. Experimental results (summarised in Ref [21]) have

demonstrated that the atomic displacements in the C-CDW phases of 1T-TaX2 are large

compared to other TMDs: relative to the undistorted lattice, these atomic displace-

ments are 7 % for 1T-TaX2, but only 2.4 % for 1T-TiSe2 and 1.5 % for 2H-TaSe2. These

results suggest that 1T-TaX2 exhibits strong electron-phonon coupling that might drive

a CDW transition to a Peierls-like phase.

Meanwhile, one might examine the details of the Fermi surface in 1T-TaX2 - this is

displayed in Figure 4-9 alongside the Fermi surface for 2H-TaSe2 [21]. In both cases, the

Fermi surface comprises bands that are derived from Ta 5d orbitals. These bands form

pockets around the M points, which are elliptically shaped for 1T-TaS2 and dogbone

shaped for 2H-TaSe2. Clearly, for 2H-TaSe2, the Fermi surface nesting is poor, as only

an infinitesimal region of the dogbone pocket (at its narrowest point) can be directly

mapped by the CDW wavevector. On the other hand, the nesting for the elliptical

pockets of 1T-TaS2 is good, as depicted in Figure 1-8. Large sections along the sides of

the pocket are parallel, and therefore a large number of states can be mapped by the

CDW wavevector and removed from the Fermi surface. In the Fermi surface nesting

model, this should encourage a CDW transition to occur.
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(a) 1T-TaS2 (b) 2H-TaSe2

Figure 1-7: Fermi surfaces of a) 1T-TaS2 and b) 2H-TaSe2. The original and recon-
structed Brillouin zones are drawn in black (large and small hexagons, respectively).
The high-symmetry Γ, M and K points of the normal-phase Brillouin zone are marked.
The grey contours represent the Fermi surface, which includes Ta-5d-derived pockets
centred on the M points. These are elliptically shaped for 1T-TaS2 and dogbone shaped
for 2H-TaSe2. The red arrows represent the wavevectors of the three in-plane CDWs.
Reproduced from [21].

Figure 1-8: A schematic of the Ta-5d-derived pocket at the Fermi surface of 1T-TaS2.
The pocket possesses large parallel regions along its sides, which can be mapped by
~qCDW , and thus 1T-TaS2 exhibits good Fermi surface nesting.
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1.4.4 CDWs in 1T-TaS2–xSex

In addition to the binary compounds 1T-TaS2 and 1T-TaSe2, the properties of the

mixed alloy 1T-TaS2–xSex have previously been studied by a number of research groups

[54] [64] [65], for various selenium compositions between x = 0 and x = 2. Many of

these results date back to the 1970s and 80s [54] [64] [65], when such CDW materials

were initially investigated.

(a)
(b)

Figure 1-9: The electrical resistivities of several compositions of 1T-TaS2–xSex as a
function of temperature, reproduced from Di Salvo et al. [64]. For each composition,
the resistivity versus T is normalised to the resistivity at 380 K (a) or 500 K (b). For
curves that show hysteresis, the arrows indicate the direction of heating or cooling.

Di Salvo et al. [64] studied the electrical-transport properties of several compositions

of 1T-TaS2–xSex, with the results reproduced in Figure 1-9. For the binary compounds,

the expected behaviour is observed: for 1T-TaSe2, there is a transition between an

IC-CDW and a C-CDW phase at a temperature of 473 K; for 1T-TaS2, there is an

intermediate NC-CDW phase, as well as lower transition temperatures and hysteresis

during cooling and warming. For selenium-rich mixed compounds, up to and including

1T-TaS1.0Se1.0, the transition appears similar to that observed in binary 1T-TaSe2,

but with a decreasing transition temperature with decreasing Se concentration. For

sulphur-rich mixed compounds, with x < 0.8, the transport behaviour resembles that
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seen in binary 1T-TaS2, but with a widening in the hysteresis loop with increasing

Se concentration. For the compound with x=0.8, the transport behaviour displays

some unusual hysteresis: the NC-to-C transition is not observed during cooling, but

does occur during re-warming, leading to a hysteresis loop that is unique amongst the

compositions studied [64].

In this thesis, the aim is to examine this unusual composition in more detail. Di Salvo

et al. [64] studied 1T-TaS1.2Se0.8 over one cooling-heating cycle. This thesis expands

the understanding of this material by studying the electrical transport over multiple

cooling-heating cycles (see Section 4), in which further hysteretic and ‘memory’ effects

are observed. In addition, this thesis studies in detail the effect of cooling rate on the

CDW transitions of 1T-TaS1.2Se0.8.

Another technique that has previously been used to study 1T-TaS2–xSex is Raman

spectroscopy. Duffey and Kirby [65] used this technique to study several compositions

of 1T-TaS2–xSex - see Figure 1-10. For all compositions, they observed mostly the same

modes. The modes were found to be sharpest for the binary compounds and more broad

for the mixed alloys, with the largest broadening observed for 1T-TaS1.0Se1.0. The

Raman shifts of the individual modes were also tracked: for increasing Se composition,

the peaks were found to shift to lower frequency, as expected for the substitution of

S atoms with heavier Se. For each mode, the authors observed an approximately

linear relationship between mode frequency and Se concentration. Note that the mixed

compound 1T-TaS1.2Se0.8, which is the focus of this thesis, was not studied in this paper

- the nearest composition is x = 0.7. Furthermore, the spectra were all collected at a

fixed temperature of 90 K [65]. By comparison, the Raman measurements in this thesis

are temperature dependent, in which many spectra have been acquired between room

temperature and 80 K, during both cooling and heating cycles. These temperature

cycles encompass a number of the low-temperature phases transitions displayed by 1T-

TaS1.2Se0.8, allowing us to examine the effect of the CDW transitions on the vibrational

modes of this material.

Also used in this thesis to study 1T-TaS1.2Se0.8 is X-Ray diffraction (XRD). XRD has

been previously used to study 1T-TaS2–xSex [54], where the authors measured a large

number of different compositions, extracting the crystal lattice parameters from each.

By plotting the in-plane a and out-of-plane c lattice constants (see Figure 1-11), the

authors observed a monotonic increase in both parameters with increasing Se concen-

tration. This is due to the larger diameter of a Se atom relative to a S atom. Whilst

the increase in lattice constants is approximately linear, the authors noted two bumps

in the curves for concentrations of x = 0.7 and 1.4. The first of these compositions
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(a) (b)

(c)

Figure 1-10: The Raman spectra of several compositions of 1T-TaS2–xSex, repro-
duced from Duffey and Kirby [65]. a) and b) show the Raman modes for sulphur- and
selenium-rich samples, respectively. In all cases, the data were collected at a temper-
ature of 90 K. c) shows how the observed Raman modes shift as one varies selenium
composition.
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is close to the 1T-TaS1.2Se0.8 that is the focus of much of this thesis, suggesting that

around this concentration of Se, there is some kind of ‘special’ stoichiometry. The XRD

measurements presented in this thesis are only on 1T-TaS1.2Se0.8, but over a large range

of temperatures (100 - 300 K), and over multiple temperature cycles. Thus, these mea-

surements examine how the crystal lattice parameters of 1T-TaS1.2Se0.8 vary over the

CDW transitions displayed by this material. In contrast, the measurements made by

Suzuki et al. [54] only use high and ‘low’ temperatures (290 K and >220 K, respec-

tively), and the effect of cooling and heating cycles is not studied.

To summarise, it appears that amongst the TMDs, the 1T-TaX2 materials exhibit rela-

tively high-temperature CDW transitions, driven by a combination of strong electron-

phonon coupling and good Fermi surface nesting. This has previously been demon-

strated for the binary compounds 1T-TaS2 and 1T-TaSe2, as well as for the intermediate

alloy 1T-TaS2–xSex that is the subject of much of this thesis. Chapter 4 will investigate

the unusual CDW phases of this alloy in more detail, and the mechanisms driving the

phase transitions: the electronic band structure will be analysed using photoemission

spectroscopy; whilst structural and electron-lattice interactions will be probed using

Raman spectroscopy and XRD.

Figure 1-11: The crystal lattice parameters of 1T-TaS2–xSex as a function of Se com-
position (x), reproduced from [54]. ‘Low’ temperature corresponds to a temperature
between 220 and 272 K.

30



1.5 Metal-insulator transitions

In addition to CDW phases, the 1T polytypes of TaX2 are known to exhibit metal-

insulator transitions at low temperatures. This is commonly described in terms of a

Mott transition, which occurs in bulk 1T-TaS2 [67] and at the surface of 1T-TaSe2

[68]. Such transitions may explain the electrical transport behaviour observed in these

compounds (Figure 1-6), in which 1T-TaS2 displays insulating-like behaviour at low

temperatures [14], whilst bulk 1T-TaSe2 remains metallic upon cooling [15]. It should

be noted, however, that there is some disagreement about the Mott-like nature of

the low-temperature state, with some groups suggesting that the insulating behaviour

derives from out-of-plane stacking in the C-CDW phase [69].

A Mott transition is depicted schematically in Figure 1-12, and occurs in materials

with strong electron-electron interactions. Above the Mott transition, the band struc-

ture comprises a partially-filled conduction band crossing EF, and thus the material is

conductive. In the case of 1T-TaX2, this band is derived from Ta 5d electrons. If the

material displays sufficiently high electron correlations, then the Coulomb repulsion

Figure 1-12: The Mott insulating transition in 1T-TaSe2. The Ta-5d-derived band
crossing EF splits into two sub-bands, the upper and lower Hubbard bands, UHB and
LHB. Reproduced from [66].
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between conduction electrons may lead to their localisation, and thus a transition from

metal to insulator. In this picture, the Coulomb repulsion becomes strong compared

with the transfer integral of electrons between neighbouring atomic sites, and thus con-

duction electrons are no longer able to move through the material. This metal-insulator

transition is characterised by the Ta 5d band splitting into two sub-bands, one above

and one below EF, with an insulating Mott gap between them. These sub-bands are

known as the upper and lower Hubbard bands (UHB and LHB), respectively, with the

LHB being occupied and the UHB unoccupied. Experimentally, the occupied LHB can

be observed using photoemission spectroscopy, and the Mott transition appears as a

lowering of the Ta 5d band across the entire Brillouin zone [68].
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Chapter 2

Experimental methods

2.1 Sample fabrication

Transition metal dichalcogenides (TMDs) are known to occur naturally as minerals;

for example as molybdenite (MoS2) [1], tungstenite (Ws2) [2] and rheniite (ReS2) [70].

Such minerals have been used for many decades as dry lubricants [71] [72], due to their

layered structures and resulting low frictional coefficients. The earliest studies on the

physical properties of TMDs were performed on these naturally-occuring samples [1]

[73]; however, such experiments were limited by the high concentration of impurities

present in these minerals, as well as the polycrystalline nature of the samples. In

order to produce single crystals of TMDs, with high purities and large dimensions,

the chemical vapour transport (CVT) method was developed, and has been used to

grow TMDs since the 1960s [3] [4]. In short, this method involves reacting elemental

powders in a sealed ampoule, together with a transport agent, commonly iodine. The

growth lasts a number of days or weeks, at the end of which large-area single crystals

are produced. The CVT method for fabricating TMD samples is described in more

detail in Chapter 3, where it is employed to produce bulk 1T-TaS2–xSex crystals for

structural, electrical and optical measurements.

Having produced bulk TMD crystals by CVT, it is often desirable to thin down these

layered materials to their quasi-2D form. For example, Chapter 5 details the thinning

of ReS2 crystals to produce flakes that can be embedded within microscopic photonic

structures. The benefits of thinning in such an instance are twofold. Firstly, it allows

physical properties to be studied as a function of the material’s thickness, where the

addition or removal of a single layer can have profound effects on the optical and
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Figure 2-1: A schematic depiction of the dry transfer process. (1) A two-dimensional
flake exfoliated onto a PDMS stamp is attached to a glass slide. The slide can be
moved vertically and laterally so that the position of the flake above the substrate can
be adjusted. (2) The stamp and flake are brought down into contact with the substrate.
(3) The stamp is slowly peeled away, (4) leaving the flake attached to the substrate.

electrical properties of the TMDs [36]. Secondly, the fabrication of an almost flat

flake allows this material to be incorporated without large modifications to the size

or dimensions of the structures in which they are embedded [74]. To produce 2D

flakes in this project, the micromechanical exfoliation technique was employed. This

technique was used by Novoselov and Geim in their initial studies on graphene [9]

[10], and involves rapidly and repeatedly peeling a piece of adhesive tape from a bulk

layered crystal. This repeated peeling removes more and more layers from the material,

eventually leaving a 2D flake on the adhesive tape. This flake can then be deposited

either directly onto a substrate or onto a piece of polydimethylsiloxane (PDMS) for

dry transfer.

Dry transfer allows for the deterministic placement of a 2D flake onto another material,

using an all-dry method [75] [76]. The experimental set-up and steps involved are

depicted in Figure 2-1. The technique involves exfoliating a 2D flake onto a stamp of

PDMS: this is a visco-elastic polymer, meaning that it behaves more adhesively when

it is deformed quickly and at low temperatures, and less adhesively when it is deformed

slowly and at high temperatures. Therefore, the initial rapid exfoliation onto the stamp

allows the thin flakes to adhere to the PDMS. Following this, the stamp is brought

down onto a substrate, such that the flakes are in contact with the substrate’s surface.

By slowly peeling away the stamp - whereby the PDMS behaves less adhesively - the

flakes detach from the PDMS and are transferred onto the substrate. The transfer

of the flakes can be made either directly onto a substrate such as Si/SiO2, or onto

another 2D flake that has already been deposited, thus allowing the fabrication of
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van der Waals heterostructures [36]. Transferring onto another 2D layered material

additionally benefits from the attractive van der Waals forces between the flakes, thus

facilitating the transfer from the PDMS stamp. The principal advantage of the dry

transfer methods over traditional wet-transfer methods such as the PMMA carrying

layer [77] or wedging transfer methods [78] is the speed and straightforwardness of the

technique, as no time-consuming, wet-chemistry steps are needed [76].

Optical microscopy images of a ReS2 flake are shown in Figure 2-2, at two steps during

the dry transfer process. Firstly, the bulk crystal is repeatedly exfoliated using adhesive

tape, and the thinned flakes are deposited onto a PDMS stamp, as shown in Figure

2-2a. Generally, a number of flakes of different sizes and thicknesses are deposited, and

one must closely examine the stamp using an optical microscope to identify suitable

flakes for dry transfer. Due to the transparency of the PDMS, thin flakes are often

difficult to see, with only a small contrast between the flake and PDMS - one such

few-layer flake is outlined in red in Figure 2-2. Flakes can then be transferred to a

suitable substrate using the dry transfer process. Figure 2-2b shows the ReS2 flake

transferred from the PDMS stamp to a Si/SiO2 substrate. One can see that the thin

flake has successfully transferred, though not all of the larger, thicker flakes have done

so. This selective transfer of certain flakes can be encouraged by more rapidly lifting

the PDMS stamp when over undesirable flakes, thus making these flakes less likely to

(a) ReS2 on PDMS (b) ReS2 on Si/SiO2

Figure 2-2: Example images of the dry transfer of a ReS2 flake onto Si/SiO2. a) The
flake is initially deposited onto a PDMS stamp. b) The flake is then transferred onto a
Si/SiO2 substrate using the dry transfer process described in the text. In both images,
a thin region of less than three layers is marked in red.

35



transfer to the substrate. The thin flake is also easier to see on the Si/SiO2 substrate

compared with on the PDMS stamp. This is due to the use of an oxide thickness of

around 300 nm, which is known to provide good optical contrast between thin flakes

and the substrate [79].

2.2 Atomic force microscopy

Atomic force microscopy (AFM) was used in this project to study the topographies of

2D flakes; in particular, their thicknesses. AFM is well-suited for these measurements,

as it has atomic-layer resolution of a few Angstroms. This makes it possible to dis-

tinguish between few-layer flakes of, for example, ReS2 which has an AFM-measured

interlayer thickness of 0.6-0.7 nm [33].

The experimental set-up for AFM is shown in Figure 2-3. It consists of a cantilever

with a tip at its end that moves in a raster pattern over the sample surface. As the tip

scans the surface, the cantilever is deflected by the sample’s topography. By reflecting

a laser off the top of the cantilever, this deflection can be measured by a photodetector,

producing a three-dimensional image of the sample topography.

As the tip is brought towards a sample, its interactions with the surface can be char-

acterised by a force response curve [80], as depicted in Figure 2-4. At long distances,

Figure 2-3: A schematic depiction of AFM. A tip scans over the sample and is deflected
by the sample topography. A laser beam is reflected off the top of the cantilever and
detected.
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there are weakly attractive Van der Waals interactions between tip and surface, which

increase in magnitude as the tip is lowered. In this force regime, the AFM technique is

referred to as ‘non-contact mode’, whereby the tip remains separated from the surface

at all times, and is deflected by variations in the long-distance attractive forces. As

the tip is lowered further, short-range repulsive forces become important. These inter-

actions lead to a peaking of the force response curve, before it rapidly switches from

an overall attractive to an overall repulsive nature. At very short distances, where the

repulsive forces dominate, the AFM technique is known as ‘contact mode’, whereby

the tip is in constant contact with the sample, and is essentially dragged across the

surface. Thus, contact-mode AFM can be quite violent in nature, and samples can

easily be damaged as the tip is pulled over the surface [81]. In between the contact

and non-contact modes is a regime known as tapping-mode AFM. in which the tip

oscillates above the sample, periodically coming into contact with the surface as the

tip is raster scanned. This allows the tip to closely interact with the surface, whereby

both long-range attractive and short-range repulsive forces are significant, thus pro-

viding good information on the sample’s topography. Meanwhile, the tip is only ever

momentarily in contact with the sample, and is retracted before being moved laterally

over the surface, and thus tapping-mode AFM is much less likely to cause damage than

Figure 2-4: The response curve (red) as a function of tip-surface distance. Attractive
forces dominate at long distances, whilst repulsive interactions become significant at
short distances. The AFM modes used are characterised by different regimes of the
force response curve.
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contact mode [81].

For the measurements described in this report, tapping-mode AFM was employed, using

an Asylum Research MFP-3D system. Suitable measurement areas could be identified

using the in-built optical microscope. AFM scans were performed over square windows,

with lateral dimensions of up to 25×25 µm2. Each square window was divided into

256×256 measurement points (256 ‘points and lines’). This could be increased to 512

to achieve higher resolution images, with a consequent doubling of the scan time. The

scan rate was generally set to 1 Hz, meaning that each scan line takes 1 second to

measure. AFM data were processed and analysed using the Gwyddion software [82].

This can be used to zero and level data, in cases where the sample has a constant slope.

The software can then be used to extract linescans across topographical features; for

example, across the edge of flakes in order to analyse their heights. AFM results are

presented in Chapter 5, in which the topographies of ReS2 flakes have been studied.

As an example, an AFM image of a ReS2 flake is shown in Figure 2-5 - this is the same

flake which was shown being transferred from PDMS to Si/SiO2 in Figure 2-2. The

false-colour scale indicates the height at each point in the map, and one can identify

the ReS2 flakes at the bottom of the image. A line scan across the edge of the flake

yields a step height of 1.5 ±0.2 nm, suggesting that the flake is bilayer ReS2 [33].

The AFM image demonstrates a number of problems associated with the dry transfer

procedure. Firstly, one can observe many small contaminants on the substrate and the
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Figure 2-5: a) An AFM image of the ReS2 flake shown in Figure 2-2. The line scan
direction is indicated in blue. b) The line scan, indicating a step height of 1.5 ± 0.2
nm, which corresponds to 2 ± 1 layers.
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flakes themselves. These are often pieces of dust or PDMS residue that are transferred

when the flake is stamped onto the substrate [83]. It also seems that the flake is not

entirely flat, but has some bubbles under its surface, as well as some large creases.

These features of the transferred flake are not ideal for further measurements where,

for example, spectroscopic techniques often require ultra-clean and flat samples. It is

possible to eliminate some of the contaminants by ‘cleaning’ the flakes, using a contact-

mode AFM technique in which the tip pushes debris to one side [84]. The bubbles can

be somewhat dealt with by annealing the flakes at 200 °C for several hours, whereby

the air bubbles are encouraged to escape from between the flake and substrate [83].

2.3 Raman spectroscopy

When light interacts with a material, a number of different scattering processes take

place, some of which are depicted in Figure 2-6. The light can be scattered elastically,

in which the energy of the outgoing light is equal to the energy of the incoming light.

This process is known as Rayleigh scattering. More precisely, this process involves the

absorption of a photon by the material, leading to an excitation to a virtual energy

state. This energy state is short lived and the material rapidly returns to its initial

state by emission of a photon. In Rayleigh scattering, this photon has the same energy

as the initial photon. Expressed in terms of frequency, ν = E/h, one has:

νRayleigh = νin (2.1)

where νin and νRayleigh are the frequencies of the incoming and Rayleigh-scattered light,

respectively.

Alternatively, the scattering process can be inelastic, in which the energy of the emitted

photon is different to the energy of the initial photon. Raman scattering is an inelastic

scattering process, in which the energy difference often corresponds to the energy be-

tween vibrational states of the material (v = 1, 2, 3...). Two types of Raman scattering

process exist. If the emitted photon has a lower frequency than the initial photon, then

the process is called Stokes Raman scattering; if the emitted photon leaves with its

energy increased, then the scattering process is referred to as anti-Stokes. These can

be summarised as:

νStokes = νin − νv (2.2)
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Figure 2-6: An energy-level diagram for the Rayleigh and Raman scattering processes.
A photon is absorbed, exciting the material to a virtual state. This is followed by
re-emission of a photon back to a vibrational energy level. In Rayleigh scattering, the
initial and final vibrational states are the same and there is no change in photon energy.
In Raman scattering, the initial and final vibrational states are different and there is a
shift in photon energy.

and:

νanti−Stokes = νin + νv (2.3)

where νv is the energy difference between two vibrational states.

Figure 2-7 depicts the relative frequencies and intensities of Rayleigh and Raman scat-

tering processes. The frequency difference between Raman- and Rayleigh-scattered

light is called the Raman shift, ∆ν, and is expressed in units of wavenumber, cm-1:

∆ν(cm−1) =

(
1

λin(nm)
− 1

λRaman(nm)

)
× 107(nm)

(cm−1)
(2.4)

where λin and λRaman are the wavelengths of the incoming and Stokes-Raman-scattered

light, respectively. As Raman scattering processes often only involve the energy differ-

ence between vibrational modes, the energy gained or lost by the scattered photon can

be quite small. For example, for a typical Raman shift of 100 cm-1 and λin = 532 nm,
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Figure 2-7: A schematic depicting the relative intensities of the Rayleigh and Raman
scattering processes. Rayleigh scattering is many orders of magnitude stronger than
Raman processes. Stokes Raman is stronger than anti-Stokes, and is generally what
is measured experimentally. Raman spectra are expressed in terms of frequency shifts
away from the incident light.

Eq. 2.4 yields λin = 534.8 nm. Furthermore, compared with Rayleigh scattering, the

intensity of Raman scattering is very low: for each photon that interacts with a material

via a Raman process, approximately 106 will interact via Rayleigh scattering [85] [86].

Therefore, a high-intensity light source is required in order to produce a measurable

number of Raman-scattered photons, and furthermore, the strong Rayleigh-scattered

light must be filtered out from the detection. Typically, the light source consists of an

intense, monochromatic laser, and any light within 50 cm-1 of the laser line is filtered

out. Finally, it can be shown that the probability of Stokes Raman scattering is higher

than that of anti-Stokes [86], and therefore it is typically the former process that is

measured, and its Raman shift is expressed in terms of positive wavenumbers.

In a crystalline material, the vibrational modes probed by Raman spectroscopy corre-

spond to the phonon modes of the material. For a phonon mode to be Raman active,

the vibration must induce a change in the polarisability, α, of the material [85], where:

~p = α~E. (2.5)

Here, α represents the amount of change in polarisation, ~p, brought about by an applied

electric field, ~E. Two such Raman-active modes are shown in Figure 2-8 for a TMD

material, alongside two modes which are not Raman active (instead, these modes are
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infrared active, whereby the vibration involves a change in the dipole moment). For

the Raman-active modes, the A1g mode corresponds to symmetric out-of-plane dis-

placements of the chalcogen atoms, whilst the Eg mode involves symmetric in-plane

movements of the chalcogens.

Figure 2-8: Vibrational movements for Raman- and infrared-active modes in a TMD
material. The transition metal and chalcogen atoms are depicted in blue and orange,
respectively. The out-of-plane direction is indicated. Raman active modes involve
a change in the polarisability; infrared-active modes involve a change in the dipole
moment.

For all the measurements presented in this thesis, a Renishaw inVia Raman spectrome-

ter was used. Two lasers were available and have been used for different measurements

- this is specified for each spectrum. For the green laser with a wavelength of 532 nm,

a 1800 l/mm grating was used; for the red laser with a wavelength of 785 nm, the

grating was instead 1200 l/mm. The red laser allowed us to probe lower in wavenum-

ber: down to approximately 50 cm-1 compared with 80 cm-1 for the green laser. In all

measurements, the laser power was kept below 1 mW to minimise thermal damage to

the sample. The sample was regularly inspected with an optical microscope to check

for signs of burning. The backscattering geometry was exclusively used, in which the

incident and scattered light were both perpendicular to the in-plane crystal axes.

Finally, it should be noted that the phenomenon known as ‘resonant’ Raman scatter-

ing is applicable to some of the measurements in this thesis. Resonant Raman is a

process in which the excited state corresponds to a real electronic state, rather than

the virtual states shown in Figure 2-6, which can lead to a large enhancement of the

Raman scattering process [87]. As an example, this resonant process is relevant to the

measurement of ReS2 using a green laser with λ = 532 nm (E = 2.3 eV), whereby the

photon energy is larger than the ReS2 bandgap of 1.5 eV [88].
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2.3.1 Low-temperature Raman

During this project, Raman spectra were obtained as a function of temperature, ranging

from room temperature to 77 K. Raman modes exhibit a number of changes as tem-

perature is decreased. Firstly, the modes typically blue-shift to higher frequencies, due

to a stiffening of the inter-atomic bonds at low temperatures. Secondly, the line-shapes

often change, with a narrowing of the Raman peaks typically observed. This is due to

a reduction in the thermally-induced Gaussian broadening of the modes. Finally, the

Raman spectra may change due to physical transitions of the material being measured,

such as structural or electronic phase transitions. Temperature-dependent Raman al-

lows one to identify characteristic features of such transitions, and the temperatures at

which they occur.

To obtain low-temperature spectra, the sample was placed in a flow cryostat (Advanced

Research Systems, LT3-OM), through which liquid nitrogen was pumped, allowing

measurements to be taken at temperatures as low as 77 K. The temperature at the

sample was monitored continuously using a PID temperature controller (LakeShore

335). The temperature was controlled by adjusting the rate of flow of the liquid nitrogen

passing through the cryostat. The temperature controller’s in-built heater was also used

for further temperature control.

2.3.2 Polarised Raman

Polarised Raman requires knowledge of the Raman polarisability tensor, which de-

scribes how the intensity of a given mode varies as a function of incoming and scattered

light polarisations [89]. For the backscattering geometry, one may consider the in-plane

polarisation of the light, such that the incident and scattered polarisations (~ei and ~es,

respectively) can be expressed as two-dimensional vectors:

~ei =

(
ei(x)

ei(y)

)
(2.6)

~es =

(
es(x)

es(y)

)
. (2.7)

The two-dimensional Raman tensor can then be expressed as a 2×2 matrix and is given
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by:

R =

(
u v

v w

)
(2.8)

where u, v, and w are the components of the Raman tensor. Here, v represents a cross

polarisation of the incident and scattered light, whilst u and w are the parallel-polarised

terms. One can then express the polarisation-dependent intensity of a given mode as:

I ∝ |eiRes|2. (2.9)

Measurements in this thesis were made on flat TMD flakes in the backscattering geom-

etry - see Figure 2-9 for a schematic diagram. The polarisation of the incoming laser

light, θ, was varied, such that it was rotated in the x-y plane relative to the in-plane

crystal axes. Following the method of [89], if the detection is unpolarised, then for a

given mode, the total intensity of scattered light, IT , is given by:

IT (θ) = u2cos2(θ) + w2sin2(θ) + v2 + 2v(u+ w)sin(θ)cos(θ). (2.10)
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Figure 2-9: Polarised Raman spectroscopy. a) In the backscattering geometry, the
polarisation of the incident light is rotated relative to the in-plane crystal axes. b) The
intensity of a given mode depends on the incident polarisation and the mode’s Raman
tensor. Data points are shown in black. The data can be well fit using Equation 2.10.

44



Figure 2-9b shows the intensity of a Raman mode as the incident polarisation is rotated

in this manner. One can see that the intensity varies sinusoidally and that the data can

be well fit according to Equation 2.10. This method was used to analyse the in-plane

orientation of anisotropic ReS2 flakes, and the measurements are shown in Chapter 5.

The incident polarisation was controlled by placing a half-wave plate in between the

laser source and the sample. Before measurements were taken, the polarisation axes of

the incident light at the sample were determined using a wire grid polariser, and the

horizontal polarisation was set to be the θ = 0° axis.

2.4 Photoemission spectroscopy

Photoemission spectroscopy relies on the physical phenomenon known as the photo-

electric effect, discovered by Albert Einstein and for which he was awarded the Nobel

Prize in Physics in 1921 [90]. This effect involves the emission of electrons from a sur-

face when light is incident upon it, as depicted in Figure 2-10. The emitted electrons

are known as photoelectrons, and their kinetic energy, EK is given by:

EK = hν − φ− EB (2.11)

where hν is the energy of the incident photons, φ is the work function of the material,

and EB is the binding energy of the electron being emitted. X-ray photoemission

spectroscopy (XPS) is based upon the above effect. In this technique, the photons

Figure 2-10: The photoelectric effect. Photons incident upon a material may provide
enough energy to liberate electrons from the surface. These photoelectrons come from
core electron levels with well-defined binding energies.
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consist of monochromatic ultraviolet or X-ray radiation produced by a synchrotron

or lab-based light source, providing an intense beam of photons which are sufficiently

energetic to liberate electrons from the material. The photoelectrons are collected and

their kinetic energies are analysed. This produces a spectrum of intensity against kinetic

energy, with a number of peaks corresponding to photoemission from the material’s

core levels, i.e. electronic levels that are more tightly bound than the valence electrons.

With a knowledge of the photon energy and work function of the material, Equation

2.11 can be used to calculate the binding energies of these core levels. As these binding

energies do not change much from material to material, an XPS spectrum is often used

to identify the elements present in a material. Any small core level shifts are themselves

useful in characterising the chemical environment of the elements present. XPS is a

surface-sensitive technique, where one typically probes only the top few layers of the

material. One may probe deeper into the material by increasing the photon energy,

which also enables one to study increasingly bound core levels.

As well as allowing a qualitative identification of the elements present in a sample,

XPS can also be used to quantitatively characterise the chemical composition of a

material; specifically, the stoichiometry of the compound being measured [91] [92].

This can be done by analysing the relative intensities of the core level peaks. To avoid

erroneous results, each peak intensity must be normalised by a sensitivity factor [92].

These factors depend strongly on a number of experimental parameters, including: the

photon flux at the measurement energy; the energy-dependent photo-absorption cross-

section for each core level; the polarisation of the incoming light; and the geometry of

the experimental set-up, for example, the angle between the light and the analyser.

An extension to XPS is angle-resolved photoemission spectroscopy (ARPES) [93]. The

experimental setup is depicted in 2-11. As with XPS, an energy analyser is used to

collect the photoelectrons, and is able to measure their kinetic energies. Furthermore,

by rotating either the analyser or the sample itself, one is able to measure the angle

at which the photoelectrons are emitted. The polar and azimuthal angles of emission

(θ and φ, respectively) are related to the parallel and perpendicular components of the

electron momentum ( K|| = Kx + Ky and K⊥ = Kz, respectively) by:

Kx =
1

~
√

2meEK · sinθ · cosφ (2.12)

Ky =
1

~
√

2meEK · sinθ · sinφ (2.13)
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Kz =
1

~
√

2meEK · cosθ (2.14)

where ~ = h/2π, and me is the mass of an electron. Note that these momenta are the

momenta that are experimentally measured by the electron analyser. Therefore, the

next step is to find the momenta of the electrons within the crystal, which will give

allow a determination of the energy-momentum relationship of the material, i.e. the

band structure. The electron momentum within the crystal can be separated into two

components: the momentum parallel to the sample surface, k||, and the momentum

perpendicular to the sample surface, k⊥. These are given by:

k|| =
1

~
√

2meEK · sinθ (2.15)

k⊥ =
1

~
√

2me(EK · cos2θ + V0) (2.16)

where V0 is the inner potential. Though both of these components are necessary for the

determination of the full electronic band structure of a 3D material, here we are inter-

ested in the in-plane structure of layered materials. Therefore, we are most concerned

with measuring k||, which itself can be decomposed into the in-plane kx and ky.

To summarise, by collecting the photoelectrons and measuring both their kinetic en-

ergies and angles of emission, one can determine the relationship between energy and

momentum of the occupied valence band states. This last point is important: the states

must be occupied for photoelectrons to be emitted. Therefore, it is usually not possible

to study conduction band states using ARPES as these states are not occupied. One

method for studying the conduction band edge is by doping the sample with a suit-

able electron-donor dopant (e.g. rubidium for ReX2) that can then lift EF above the

conduction-band minimum, thus leading to occupation of the conduction band edge by

electrons that can be emitted in an ARPES experiment [94].

In this project, photoemission measurements were performed at Elettra synchrotron in

Italy, at the Spectromicroscopy and BEAR beamlines. Details of these beamlines are

summarised in Table 2.1. Spectromicroscopy allowed us to acquire XPS and ARPES

measurements as a function of temperature. It was possible to anneal samples up

to 200 °C, and measurements were taken in the range 94 - 300 K, though it would

be possible to cool to 15 K with liquid helium. The base temperature achievable at

BEAR is only 100 K, though all of our measurements were made at room temperature.
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An advantage of BEAR over Spectromicroscopy is its tunable photon source, with a

maximum photon energy of 1600 eV. This allowed us to acquire XPS spectra of deeply-

bound core levels which were inaccessible at Spectromicroscopy. Finally, one can see

that the spot size at BEAR is orders of magnitude larger than at Spectromicroscopy.

BEAR requires crystals with large lateral dimensions and clean, flat surfaces. On the

other hand, Spectromicroscopy allows the study of flakes with small dimensions. The

microscopic spot size allows one to collect data from different points on the flake.

Figure 2-11: A schematic depiction of a traditional ARPES experiment, showing
the real-space geometries of the set-up. Incoming photons can liberate photoelectrons
from the sample surface, which are then collected by an electron analyser which can
distinguish their kinetic energies. The photoelectrons are emitted in specific directions
described by the polar (θ) and azimuthal (φ) angles shown. The different emission
angles can be probed by rotating either the sample or the analyser.

Beamline BEAR Spectromicroscopy

Capabilities XPS XPS and ARPES
Photon energy / eV Tunable: 2.8 - 1600 27 and 74
Spot size / µm× µm 30×100 1×1

Energy resolution / meV 10 14
Angular resolution / ° - 0.15

Temperature control / K 100 - 470 15 - 470

Table 2.1: Specifications for the BEAR and Spectromicroscopy beamlines at Elettra
synchrotron. Note that the specifications listed here are the maximum achievable
according to the beamline descriptions.
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2.5 X-ray diffraction

(a) (b)

Figure 2-12: a) Real-space depiction of X-ray diffraction. X-rays are elastically scat-
tered by a crystal lattice. There is constructive interference when the Bragg condition
is satisfied, Equations 2.17 and 2.23. b) In reciprocal space, the scattering vector,
~∆k, connects the incident- and scattered- beam wavevectors (~k and ~k′, respectively).

Diffraction occurs for scattering vectors that correspond to reciprocal lattice vectors,
~G, connecting points of the reciprocal lattice (drawn as red points). The large red
circle represents Ewald’s sphere [95], drawn about and centred on the origin of ~k. The
circle crosses certain points of the reciprocal lattice, which define the set of measurable
scattering vectors for a given geometry.

When light is shone upon a crystal, the lattice can act as a diffraction grating if the

wavelength of light is similar to the inter-planar spacing. This is the case for X-rays,

which have a wavelength of the order of an Angstrom. In X-ray diffraction (XRD),

the incident light is elastically scattered by the crystal. Light reflected from parallel

crystal planes interferes constructively when the Bragg condition is satisfied:

nλ = 2dsin(θ); (2.17)

where λ is the wavelength of the light, d is the inter-planar spacing, θ is the angle

between the incident light and the crystal planes, and n is a positive integer.

The Bragg condition for diffraction can alternatively be expressed in vector form [96], by

considering the wavevectors of the incident and scattered beams (~k and ~k′, respectively).

These are depicted in Figure 2-12b, along with the scattering vector connecting them,
~∆k, such that:

~∆k = ~k′ − ~k. (2.18)
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Bragg diffraction occurs when ~∆k corresponds to a reciprocal lattice vector, ~G, of the

crystal [96], i.e. when ~∆k = ~G. By substituting into Eq. 2.18, we obtain:

~G = ~k′ − ~k; (2.19)

(~k + ~G)2 = k′
2
. (2.20)

As XRD corresponds to elastic scattering, the magnitudes of the incident and scattered

wavevectors are equal, such that k2 = k′2. Thus Eq. 2.20 reduces to:

2~k · ~G+ ~G2 = 0. (2.21)

The magnitudes of ~k and ~G are 2π/λ and n.2π/d, respectively (as defined previously

for Eq. 2.17). By substituting these magnitudes into the dot product in Eq. 2.21, one

obtains:

2
(2π

λ

)(n2π

d

)
sinθ +G2 = 0; (2.22)

which can be rearranged and simplified to obtain a form of the Bragg condition (Eq.

2.17):

nλ = −2dsin(θ). (2.23)

This demonstrates the equivalence of Eq. 2.21 with the Bragg condition in Eq. 2.17.

By again looking at Figure 2-12b, we can further draw a circle of radius k centred on ~k.

The circle may intersect a number of points of the reciprocal lattice, as it does with the

point at the end of ~k′. Any such points crossed by the sphere can be connected with

the end of ~k by a suitable ~G, and thus diffraction may occur with a scattering vector

of ~∆k. Thus, this circle - known as Ewald’s sphere [95] - defines the set of allowed

scattering vectors for a given geometry, and thus which reflections one should observe

in a diffraction pattern.

In single-crystal XRD, a beam of collimated, monochromatic X-rays are directed at a

sample. The scattered X-rays are detected, resulting in a diffraction pattern consisting

of spots of varying intensities. These spots correspond to reflections from the crystal
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planes in the sample. As the sample is rotated, these diffraction patterns are recorded,

such that the reflections are measured at each orientation of the crystal. The crystal

structure is obtained by Fourier transforming the diffraction patterns to produce a

model of the atomic arrangements, and then computationally refining this structure

using a technique such as Rietveld refinement.

In this thesis, single-crystal XRD has been used to determine the crystal structure

of TMDs, yielding the lattice parameters. Data were collected and refined by Dr

Gabriele Kociok-Kohn and were further analysed by B. Smith. These measurements

were performed using a RIGAKU Xcalibur system with a molybdenum target, produc-

ing X-rays with a wavelength of 0.71 Å. A single-crystal sample with lateral dimensions

of approximately 0.3 x 0.4 mm2 was attached to the goniometer head inside the X-ray

diffractometer. For the temperature-dependent measurements in this thesis, an Oxford

Cryostream 700 system was used to control the sample temperature between 90 K and

room temperature. Data analysis was conducted using the CrysAlisPro software, with

which the unit cell was determined, and the crystal structure refined.
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2.6 Energy-dispersive X-ray spectroscopy

In energy-dispersive X-ray spectroscopy (EDX), a source of accelerated electrons are

directed at a sample. For a sufficiently energetic source, a core level electron may be

emitted, leaving an unoccupied state in an inner energy level. This orbital can then

be re-occupied by an electron moving from a higher-energy orbital, with the energy

difference emitted as a photon. By detecting these characteristic X-rays, EDX provides

a fingerprint of the atomic species present in a sample. The atomic shells are commonly

labelled K, L and M, etc. as one moves out from the nucleus. The characteristic X-ray

is named as follows: a Roman letter indicating the final-state electronic orbital, and a

Greek letter indicating the initial-state electronic orbital (α involves a transition from

one shell higher, β a transition from two shells higher). For example, a transition from

the L to K orbitals is named Kα, whilst a transition from the N to L orbital is named

Lβ.

Figure 2-13: The physical processes involved in an EDX measurement. A beam of
electrons can dislodge core level electrons from the inner shell of an atom. This orbital
can be reoccupied by an outer electron, along with emission of a characteristic X-ray.
The transitions between different shells are labelled.

The EDX spectra were collected using a JEOL JSM-7900F field-emission scanning

electron microscope (FE-SEM), operating with an accelerating voltage of 5 kV. By

increasing the accelerating voltage, it is possible to probe deeper into the material.

The spectra could be analysed using the ‘Aztec live’ software built into the JEOL

JSM-7900F FE-SEM. This software uses its ‘Tru-Q’ analysis engine to assign peaks to

characteristic X-rays, perform fitting, and convert the fitted areas into a composition

for each element present. This software deals particularly well with any overlapping

peaks which are notoriously difficult to analyse in EDX spectra [97].
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2.7 Electrical transport

(a)

(b)

Figure 2-14: The four-point probe measurement for measuring the electrical resistivity
of TMD crystals. a) A schematic of the experimental set-up. A constant current
is applied between source and drain. The voltage drop across probes V1 and V2 is
measured and used to calculate the material’s resistance. b) An optical microscopy
image of a bulk 1T-TaS2–xSex crystal for resistance measurements. The contacts with
the crystal are made using silver paste. The source and drain contacts fully coat either
end of the sample, ensuring uniform in-plane conduction across the crystal (see text).
Sample fabricated and image taken by A. Nevill.

Electrical transport measurements are used to study the electrical resistivity of mate-

rials, including bulk and thin TMD samples [14] [15] [27]. The most common method

for determining electrical resistivity is the four-point probe method - see Figure 4-1

for a diagram and microscope image of the experimental setup. A constant current,

I, is applied across a sample using source and drain probes, whilst the voltage drop,

∆V , is measured across two further probes. The sample’s resistance, R, can then be

determined using Ohm’s law:

R =
∆V

I
(2.24)

The electrical transport measurements shown in this thesis were performed on bulk

1T-TaS2–xSex crystals, generally larger than the flake shown in Figure 2-14b. These

crystals are typically flat, and can be approximated to have a uniform thickness. By

measuring the sample’s dimensions, it is possible to extract the electrical resistivity, ρ

from:

R = ρ
L

Wt
(2.25)
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where L is the sample’s length (parallel to the direction of current); W is the width,

and t is the thickness. The probes are commonly made from some conductive material

such as gold or silver paste. The probes are applied such that they are in contact with

the full thickness of the sample, with the source and drain probes coating the entire

extremities of the crystal. This ensures that there is uniform in-plane conduction across

the sample. This is important for such layered materials, where the in-plane and out-

of-plane conductions possess a large anisotropy – e.g., an anisotropy of 1000 was

measured for 1T-TaS2 by Svetin et al. [98]. A similar method for performing transport

measurements is the two-point probe method, in which there are only a source and

drain, and the voltage drop is measured across these two probes. The advantage of the

four-point over the two-point method is that contact resistance is removed from the

measurement [99].
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Chapter 3

Crystal growth and

characterisation

This thesis contains detailed structural, optical and electrical measurements on the

TMD alloy 1T-TaS2–xSex. To obtain suitable samples for these measurements, this

alloy has been grown in-house as bulk crystals using the chemical vapour transport

(CVT) technique, allowing us to grow large single crystals with up to 5×5 mm2 lateral

dimensions. Furthermore, CVT enables good control over the stoichiometry, allowing

crystals to be grown with different S:Se ratios. This chapter details the CVT method

used to grow the high-quality single crystals. This is followed by a characterisation of

the crystals using XPS and EDX, in which the stoichiometry and purity of the samples

have been examined.

3.1 Chemical vapour transport

Chemical vapour transport (CVT) is a common method used for growing TMD ma-

terials [100] [101]. This growth technique is favourable for producing large-area bulk

single crystals, as opposed to the thin films that are generally produced using tech-

niques such as chemical vapour deposition (CVD) [102] [103]. CVT-grown crystals are

generally found to be of higher quality than those produced by CVD, with less defects

such as grain boundaries. Thus, it is preferable to use these CVT-grown crystals for

fundamental physical studies of the material in its bulk form. Furthermore, due to the

layered nature of the TMDs, these bulk crystals can be easily thinned down to thin

flakes of one or several monolayers. This allows one to study the physics of these ma-

terials in their two-dimensional form, where the high quality of the crystals is retained
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and remains superior to that achieved by CVD-grown thin films.

A schematic of the CVT growth method is displayed in Figure 3-1. The growth takes

place in a two-zone furnace, consisting of a hotter ‘reaction zone’ and a slightly cooler

‘growth zone’. The temperature gradient between the two zones is approximately linear.

To grow a TMD compound, one begins with the elemental components in powder form.

These elements are carefully measured out such that the masses are deposited in the

correct molar ratios to achieve the desired stoichiometry of the final crystal. Iodine

powder is also added which acts as a transport agent for the elements during growth.

As an example, to grow the binary compound MX2, one must include the powdered

metal and chalcogen with a molar ratio of 1:2, as well as a small amount of powdered

iodine.

Figure 3-1: A schematic diagram of the CVT method for growing TMD single crystals
in a two-zone furnace. The shading of the ampoule represents the temperature gradient
within the furnace. The starting elements are reacted and vaporised in the reaction
zone; the vapours are then transported along the furnace to the growth zone, where
the single crystals are deposited. The growth proceeds in a cyclic fashion until all the
starting materials are converted into single crystals.

Once all the elements have been deposited, the ampoule is evacuated, sealed and placed

in the two-zone furnace where the CVT growth takes place. The end of the ampoule

containing the powders is placed in the hotter, reaction zone of the furnace, whilst

the empty end of the ampoule is placed in the growth zone. The growth proceeds via

several steps. Firstly, the metal and chalcogen react to form polycrystalline MX2 in

the growth zone, whilst the iodine powder sublimes to its vapour phase:

M(s) + 2 X(s) + I2(s) −−→ MX2(s) + I2(g). (3.1)
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The next step involves a reaction between the polycrystalline MX2 and the iodine

vapour, forming the gaseous products that can be transported along the ampoule to

the growth zone, driven by the temperature gradient:

2 MX2(s) + 2 I2(g) −−⇀↽−− 2 MI2(g) + 2 X2(g). (3.2)

Once at the growth zone, these vapours react to form the single crystal TMD MX2 as

well as some leftover vapour products:

2 MI2(g) + 2 X2(g) −−⇀↽−− MX2(s) + MI4 (g) + X2(g). (3.3)

The remaining vapour products are then transported back to the reaction zone of the

furnace, where they react with the polycrystalline MX2 to form more gaseous products:

MI4(g) + X2(g) + MX2(s) −−⇀↽−− 2 MI2(g) + 2 X2(g). (3.4)

The growth then proceeds in a cyclic fashion via steps 3.3 and 3.4, until all the initial

elements have reacted to form the single crystal MX2.

The growth takes place over a total time period of between 7 and 21 days. In this

project, it was found that 7 days was the minimum time required for all of the elemental

powders to vaporise and react - thus ensuring the desired stoichiometry of the crystal

is achieved; whilst longer growth times beyond 7 days produce crystals with larger

lateral dimensions. To further increase the size of the crystals, the elemental powders

were spread out over approximately 2 cm within the hot end of the ampoule. It was

found that this technique produced large, flat crystals which had not clumped together

during growth - these kind of crystals are ideal for techniques such as XPS and infrared

reflectivity where large samples with specular surfaces are required.

At the end of the growth period, the ampoule is removed from the furnace. Generally,

this is done by slowly ramping down the temperatures of the furnace and removing the

ampoule at room temperature. However, in the case of the tantalum dichalcogenides,

the most stable polytype at room temperature is 2H, whereas the 1T polytype studied in

this thesis is only metastable below around 500 K [18] [49]. To obtain this metastable

state at room temperature, it is necessary to rapidly quench the crystals from their

growth temperature of above 900 °C (1173 K) to approximately 0 °C (273 K) by

immediately dunking the ampoule in icy water upon its removal from the furnace.
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Note that the material will remain in its metastable 1T polytype until it is heated to

above 550 K (for TaS2), at which point an irreversible interpolytypic transition will

occur to 2H [47].

3.2 1T-TaS2–xSex

Bulk 1T-TaS2–xSex crystals with a nominal stoichiometry of x = 0.8 were grown by the

CVT method described in Section 3.1. The starting materials for this growth were:

469 mg tantalum (powder, 99.99 % trace metals basis, Sigma-Aldrich); 101 mg sulphur

(powder, 99.998 % trace metals basis, Sigma-Aldrich); 165 mg selenium (mostly shot

2-6 mm, 99.999 % trace metals basis, Alfa Aesar; topped up with Se powder, -100 mesh,

99.99 % trace metals basis, Sigma-Aldrich); 15 mg iodine (beads, 99.99 % trace metals

basis, Sigma-Aldrich). These masses were measured in a nitrogen-filled glove-box using

an Ohaus Pioneer digital balance with ± 0.5 mg precision. The elements were deposited

within a quartz ampoule with an approximately cylindrical shape of length 120 mm,

outer diameter 12 mm, and inner diameter 10 mm. The ampoule was evacuated using

a vacuum pump for two hours, after which the neck of the ampoule was sealed using

a propane torch. During the evacuation, it is necessary to place the bottom of the

ampoule (containing the powdered elements) within a bucket of dry ice, to ensure that

the iodine powder does not sublime and escape the ampoule before sealing.

The sealed ampoule was placed in the middle of a Lenton two-zone furnace, which was

then sealed at either end using insulating blocks. The furnace was ramped up from

room temperature at 0.5 °C/min to final temperatures of 900 °C and 960 °C for the

growth and reaction zones, respectively. The growth proceeded for a total of seven days,

at the end of which time the ampoule was removed by immediately dunking it in a large

bucket of icy water. The ampoule was opened by scoring and breaking the glass with

a diamond scribe within a fume hood. The crystals were removed and separated from

one another, before being stored in a nitrogen-filled glove-box to minimise oxidation of

the samples.

Many crystals of different shapes and sizes are produced within a single ampoule,

some of which are shown in Figure 3-2. The largest crystals grown in this batch have

lateral dimensions of up to 5×5 mm2. One can observe the hexagonal shapes of the

crystals - an indication of the hexagonal arrangement of the atoms for this crystal

structure. Furthermore, the crystals have clean and flat surfaces, with few visible

terraces or cracks, making these ideal samples for spectroscopic techniques such as

XPS and ARPES.
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(a) (b)

Figure 3-2: Images of bulk 1T-TaS1.2Se0.8 crystals grown via chemical vapour trans-
port. a) The largest lateral dimensions achieved in this project (photograph); b) smaller
crystals with hexagonal shapes (optical microscope image).

(a) (b)

Figure 3-3: Optical microscope images of a TaS1.2Se0.8 crystal before and after anneal-
ing in a one-zone furnace at 200 °C for 24 hours. The change in colour from gold to
silver indicates the change in polytype from 1T to 2H/3R.
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The 1T polytypes of the binary compounds TaS2 and TaSe2 are known to have a

somewhat golden colour, whilst the 2H and 3R polytypes are observed to be more silvery

in colour [51] [52]. Figure 3-3 shows that this is also the case for the mixed compound

TaS1.2Se0.8. Figures 3-3a and b show the same bulk crystal before and after annealing

at 200 °C (473 K) for 24 hours in a one-zone tube furnace. There is a clear change in the

colour of the crystal from golden to silver, indicating that an interpolytypic transition

has occurred from 1T to 2H/3R. The temperature of this irreversible transition would

be expected to be similar to the values for the corresponding transitions in TaS2 and

TaSe2, which are variously reported in the literature to lie between 400 and 600 K [18]

[50] [49]. Our upper value of 473 K for the transition temperature in the mixed alloy

TaS1.2Se0.8 falls within this range.

3.3 Chemical characterisation

3.3.1 XPS

XPS has been used to study the chemical composition of the 1T-TaS1.2Se0.8 crystals.

XPS allows one to identify the different elements present within a sample in a qualitative

manner. Furthermore, with a good understanding of the samples and with suitable

reference spectra, it is also possible to use XPS data in a quantitative manner to

characterise the relative abundances of the different elements, and thus determine the

stoichiometry of the compound in question [91]. Regarding the XPS data presented

herein, it should be viewed principally in a qualitative manner. An attempt was made

to draw some quantitative conclusions regarding stoichiometry; however, this type of

analysis has significant limitations, which are discussed at the end of this section.

Figure 3-4 shows a wide-range XPS spectrum obtained from a bulk 1T-TaS1.2Se0.8

crystal at room temperature. This spectrum was obtained at the Spectromicroscopy

beamline at Elettra synchrotron, using a photon energy of 74 eV. Data was collected

between kinetic energies of 12 and 74 eV, with a step size of 55 meV. The Fermi energy

was determined by fitting the valence band edge with an error function, such that:

F (x) =
A ∗ erfc(x− EF )

2w
+ y0 (3.5)

where A is pre-factor representing the height of the step-like edge, EF is the Fermi

energy, i.e. the location of the VB edge, w is the width of the step, y0 is a y offset, and

erfc(x) is the complementary error function defined by:
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Figure 3-4: A survey XPS spectrum measured on a bulk 1T-TaS1.2Se0.8 crystal at room
temperature. Data collected using a photon energy of 74 eV. The red boxes enclose
the core levels that are analysed more closely, in order to study composition.

erfc(x) = 1− erf(x) (3.6)

where erf(x) is the error function defined by:

erf(x) =
2√
π

∫ x

0
e−t

2
dt. (3.7)

This fit is shown in Figure 3-5a, from which a value was determined of EF = 71.44 eV.

This allows one to convert the x axis of the spectrum from kinetic energy to binding

energy using EB = EF - EK. Shown in Figure 3-5b is a fit to the valence band edge at

96 K, yielding a result of EF = 71.40 eV. From the fits, it was also possible to extract a

value for w, the width of the step-like edge - this value was 0.19 eV at 300 K and 0.18

eV at 96 K. The slightly higher value at 300 K corresponds to a increased broadening

of the step with increasing temperature, in accordance with Fermi-Dirac statistics.

The survey spectrum displayed in Figure 3-4 shows a number of peaks arising from

different orbitals. Beginning at the Fermi level and moving deeper in binding energy,
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(a) (b)

Figure 3-5: Fits to the VB edge at a) 300 K and b) 96 K, using a complementary
error function. The black points represent the data, whilst the fits are shown by the
red curves. Fit results at 300 K: EF = 71.44 eV, w = 0.19 eV; at 96 K: EF = 71.40 eV,
w = 0.18 eV.

one can observe a number of bands corresponding to the valence states of the material.

Beyond this, there are core levels of the different elements: Ta 4f, Ta 5p and Se 3d.

All of these orbitals exist as doublets separated in energy by spin-orbit splitting, for

example Ta 5p3/2 and 5p1/2.

The maximum photon energy available at the Spectromicroscopy beamline is 74 eV.

This limits how deep one can probe in binding energy, and means that the sulphur

2p levels with binding energies of 165 eV are inaccessible at this beamline. In order

to study the sulphur 2p levels, it was necessary to measure the samples at the BEAR

beamline at Elettra, at which one can continuously select photon energy between 2.7

and 1600 eV. Figure 3-6 displays high-resolution spectra of Ta 4f, Se 3d, and S 2p, all

measured at room temperature. The photon energy was 200 eV; the step size was 50

meV; the number of scans was 4 for S and Se, and 7 for Ta; and the slit width was

100 microns. As before, a complementary error function was used to fit the VB edge,

yielding a value of EF = 204.8 ± 0.3 eV - the VB edge and the fit are shown in Figure

3-6d. Several large crystals were measured, yielding similar results. All crystals were

exfoliated immediately before entry to the experimental chamber, providing freshly-

cleaved surfaces for the measurements.

These XPS measurements provide an important means of qualitatively characterising

the chemical composition of the crystals. Firstly, and most simply, the measurements

confirm the presence of tantalum, sulphur and selenium in the samples, thus confirming
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that the crystal growth did indeed result in an alloy of these three elements. Secondly,

the binding energies of the core levels reveal information regarding the compound type

of each element in the material. The tantalum 4f peaks appear as a spin-split doublet

with binding energies of 23.3 and 25.2 eV for the 4f7/2 and 4f5/2 peaks, respectively

(binding energies are stated the nearest 0.1 eV for this qualitative analysis). One can

also observe an additional splitting of each peak in the Ta 4f doublet - this arises

from the charge density wave exhibited by this material [17] [104], and is discussed in

more detail in Chapter 4. The binding energies of the Ta 4f peaks observed here are

(a) (b)

(c) (d)

Figure 3-6: Core levels of a) tantalum 4f, b) selenium 3d, and c) sulphur 2p, measured
from a bulk 1T-TaS1.2Se0.8 crystal at room temperature. Data collected at BEAR
beamline at Elettra synchrotron using a photon energy of 200 eV. d) A fit of the
valence band edge with a complementary error function to determine the Fermi level.
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consistent with those reported elsewhere [17], where the core levels were measured at

binding energies of 23.4 and 25.2 eV for TaS2, and at 23.3 and 25.1 eV for TaSe2. This

is in contrast to elemental tantalum, where one would expect the peaks to occur at

lower binding energies, with the 4f7/2 peak appearing below 22 eV [105]. Thus, our

results indicate that the tantalum measured in our samples is not elemental; instead,

and as expected, it appears to have reacted with the chalcogen elements to produce a

compound of TaX2. Next, the sulphur 2p peaks shown in Figure 3-6c appear at binding

energies of 161.3 and 162.5 eV for the 2p3/2 and 2p1/2 peaks, respectively. Again, these

binding energies are consistent with those measured from a binary TaS2 compound

[17], whereas elemental sulphur would be expected to appear at a binding energy of

164 eV for the 2p3/2 level [105]. The small bump at 164 eV observed in Figure 3-6 may

indicate the presence of some unreacted sulphur in our samples. The selenium 3d peaks

displayed in Figure 3-6b appear at binding energies of 53.8 and 54.6 eV for the 3d5/2

and 3d3/2 peaks, respectively. These binding energies are in good agreement with those

reported elsewhere on TaSe2 samples [106], where the core levels were measured at 53.5

and 54.6 eV. Elemental selenium would be expected to have its core levels at slightly

higher values of binding energy, e.g. at least 55 eV for the 3d3/2 peak [105]. Thus, as

for the tantalum 4f levels, the positions of the selenium and sulphur core levels indicate

that the chalcogen elements have indeed reacted with the transition metal element to

form a TMD compound.

The line shapes of the core levels are informative with regards to any degradation or

contamination of the samples. The Ta 4f peaks shown in Figure 3-6a consist of a spin-

split doublet with no neighbouring peaks. There is no evidence of a Ta2O5 peak which

one would expect to observe at approximately 27 eV [105]. suggesting that there has

not been any significant oxidation of the samples, either during the crystal growth or at

a later date during sample storage. Any surface oxidation or contamination appears to

have been removed by cleaving the crystal just before measurements were carried out.

Similarly, the Se 3d peaks shown in Figure 3-6b do not appear to have any neighbouring

peaks that would suggest oxidation. This is confirmed by a wider-range scan of the Se

3d peaks shown in Figure 3-7a, in which there is no evidence of a selenium oxide peak

that would appear at around 60 eV [105]. In contrast to the Ta 4f and Se 3d peaks, the

S 2p peaks shown in Figure 3-6c do have a neighbouring peak at a higher binding energy

of 164 eV. However, this peak should not be attributed to a sulphur oxide, which would

have a binding energy of around 166 eV for the 2p3/2 level [105]. Rather, it is possible

that this neighbouring peak arises from a small amount of unreacted, elemental sulphur

left over following crystal growth. As a final investigation into any possible oxidation,

a scan was performed over the range 515 - 545 eV, where the oxygen 1s singlet peak
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(a)

(b) (c)

Figure 3-7: a) Core levels of selenium 3d, showing no evidence of selenium oxide peaks
at higher binding energy. Photon energy = 200 eV. b) A scan of the binding energy
region 515-545 eV showing no evidence of any oxygen 1s peaks. Photon energy = 600
eV. c) An example oxygen 1s spectrum, indicating the energies at which one might
expect to observe oxidation. Figure reproduced from [107], in which the oxygen peak
corresponds to a tantalum-oxide compound.

would appear [107] - this scan is displayed in Figure 3-7b. The scan does not exhibit

any core level peaks, indicating the absence of any oxygen in our samples.

Having performed the qualitative analysis of the XPS data detailed above, an attempt

was made to draw some quantitative information regarding the stoichiometry of our

TaS2–xSex samples. Using XPS for this purpose is a difficult process, and requires a

detailed knowledge of the relative sensitivity factors of the different core levels [91].
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These sensitivity factors depend strongly on a number of experimental parameters,

including: the photon flux at the measurement energy; the energy-dependent photo-

absorption cross-section for each core level; the polarisation of the incoming light; and

the geometry of the experimental set-up, for example, the angle between the light and

the analyser. Unfortunately, not all of these details were available at the beamlimes

where these measurements were obtained; therefore, a quantitative analysis of these

data to obtain precise and accurate stoichiometries was not deemed possible, due to

the high possibility of using erroneous sensitivity factors. A quantitative analysis was

instead performed using EDX, as described in the following section.

3.3.2 EDX

In order to quantitatively probe the stoichiometry of the 1T-TaS2–xSex crystals, energy-

dispersive X-ray (EDX) spectra have been collected from samples with a nominal

stoichiometry of x = 0.8. All crystals were from the same batch, and were exfoli-

ated just before measurements were taken. The EDX spectra were collected using a

JEOL JSM-7900F field-emission scanning electron microscope (FE-SEM), operating

with an accelerating voltage of 5 kV. An example spectrum is displayed in Figure 3-8,

in which one can observe a number of characteristic X-ray peaks superimposed upon

a bremsstrahlung background. Amongst the characteristic X-rays present, there are

lines corresponding to the L series of selenium, the M series of tantalum, and the K

series of sulphur. Also present are lines corresponding to the K series of carbon and

oxygen, suggesting some contamination or degradation of these samples. The presence

of carbon could possibly be attributed to contaminants within the SEM chamber, or to

the use of conductive carbon tape to attach the crystals to the SEM stubs for measure-

ment. Meanwhile, the presence of a small amount of oxygen in the samples suggests

that there has been some oxidation of the crystals. The crystals had been cleaved just

before measurement using the mechanical exfoliation method but, on this occasion, the

cleaving was not particularly effective, and some of the original, oxidised surface may

have remained. This possibility is supported by the XPS data shown earlier: Figure 3-7

shows no evidence of sample oxidation, for an occasion on which the cleaving had been

much more effective and uniform. The EDX spectra were analysed using the ‘Aztec

live’ software built into the JEOL JSM-7900F FE-SEM. This software uses its ‘Tru-Q’

analysis engine to assign peaks to characteristic X-rays, perform fitting, and convert

the fitted areas into an composition for each element present.

Table 3.1 shows a summary of some of the EDX measurements, where the atomic

percentages of tantalum, sulphur and selenium have been calculated. The presence of
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Figure 3-8: A representative X-ray spectrum obtained by EDX from a bulk 1T-
TaS2–xSex crystal with nominal x = 0.8. The marked lines correspond to the L series
of selenium, the M series of tantalum, and the K series of sulphur, oxygen and carbon.

oxygen and carbon has been ignored for the purposes of this compositional analysis.

These EDX data were recorded from a single bulk 1T-TaS2–xSex crystal, with mea-

surements made at ten different locations on the sample. The chosen crystal had been

previously measured by electrical transport, and had been shown to display the inter-

esting hysteretic properties that are presented in Chapter 4. Looking at the tantalum

composition, one can see that the amount is very close to the nominal 33.3 % expected

for stoichiometric TaX2. The slightly higher concentrations of Ta that have been ob-

served could indicate a small amount of chalcogen deficiency, similar to that observed

elsewhere [108]. By examining the atomic percentages of the chalcogen elements, it

is possible to determine a value for x in the chemical formula TaS2–xSex - these are

shown in the final column of Table 3.2. For the ten measurement locations on the

sample, there does not appear to be much variation in the chalcogen composition and

the average value of is x is 0.74 ± 0.1. This is close to, but slightly below, the nominal

composition of x = 0.8.

In order to study any possible variations between crystals within the same batch, EDX
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Spectrum #
Atomic percentage %

Selenium composition / x
Ta S Se

1 33.3 41.8 24.9 0.75
2 34.1 41.1 24.8 0.75
3 33.1 42.5 24.4 0.73
4 33.2 42.2 24.6 0.74
5 33.5 41.6 24.9 0.75
6 33.3 42.0 24.6 0.74
7 33.2 42.1 24.7 0.74
8 33.4 41.9 24.7 0.74
9 33.4 42.3 24.7 0.74
10 33.3 41.5 25.2 0.76

Average 33.4 ± 0.3 41.9 ± 0.4 24.7 ± 0.2 0.74 ± 0.01

Table 3.1: Composition of a 1T-TaS2–xSex crystal, as determined by EDX. The atomic
percentages of tantalum, sulphur and selenium are shown, as well as a calculated value
for ‘x’ in 1T-TaS2–xSex. This crystal was one that had been previously measured by
electrical transport, and shows the hysteretic properties described in Chapter 4.

Spectrum #
Atomic percentage %

Selenium composition / x
Ta S Se

1 34.1 40.8 25.1 0.76
2 33.5 42.5 24.0 0.72
3 33.3 42.0 24.7 0.74
4 34.0 45.7 20.3 0.61
5 33.5 41.6 24.9 0.75
6 33.3 42.2 24.4 0.73
7 34.7 40.9 24.3 0.75
8 33.2 41.9 24.9 0.75
9 34.3 40.9 24.8 0.75
10 32.9 41.8 25.3 0.75
11 34.2 40.6 25.1 0.76
12 34.4 40.7 24.8 0.76
13 34.7 40.4 25.0 0.76
14 34.3 40.8 24.9 0.76
15 34.1 41.7 24.2 0.73

Average 33.9 ± 0.6 41.3 ± 0.7 24.7 ± 0.4 0.75 ± 0.01

Table 3.2: Compositions of a number of different 1T-TaS2–xSex crystals collected from
the same growth batch, as determined by EDX. The averages and uncertainties do not
include the outlier of x=0.61.
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measurements were taken from many different crystals - these are summarised in Table

3.2. Whilst the compositions are generally close to the value of x = 0.74 measured from

the previous sample, there appears to be slightly more variation in the stoichiometry,

including a very different value of x = 0.61, and also a slightly larger average value for

tantalum composition. This could indicate that not all crystals in a batch are grown

with the same composition, and that there can be ‘failed’ crystals where the achieved

stoichiometry is not particularly close to the desired stoichiometry. These variations

could be due to some details of the CVT growth process, such as way the powders were

spread within the ampoule, and will be discussed more fully at the end of this chapter.

3.4 Discussion of crystal growth results

This chapter has described the method used in this project to grow TMD alloys -

specifically, 1T-TaS2–xSex. Bulk single crystals were grown in-house using the CVT

method, producing many large-area samples with flat, reflective surfaces. The crystals

were characterised qualitatively using XPS, in which it was demonstrated that the

TMD compound had been grown without any oxidation or other degradation. Further

characterisation by EDX allowed a quantitative analysis of the stoichiometry of the

crystals, namely the chalcogen composition. The EDX data indicate that the achieved

selenium composition is close to, but slightly below, the nominal composition of x = 0.8.

Meanwhile, there appear to be only small variations in composition between different

crystals taken from the same batch, with the possibility of a small number of crystals

with compositions that are very different from that desired, perhaps up to ± 0.2 away

from x = 0.8.

The reasons for compositional variations within a single batch might lie with the

specifics of the CVT growth process. Notably, the elemental powders of tantalum,

sulphur, selenium and iodine were typically spread out along some length of the am-

poule. This was done to encourage the growth of crystals with large lateral dimen-

sions. Previous growth attempts demonstrated that accumulating all of the powders

at one end of the ampoule would often lead to all of the growth occuring in a small

area at the opposite end of the ampoule, with the resulting crystals being clumped

together. This made it difficult for the crystals to be separated without being dam-

aged, and their small lateral dimensions were not particularly suitable for experimental

techniques such as photoemission spectroscopy and X-ray diffraction (see Chapter 4).

By spreading the powders out, the resulting growth area was also somewhat spread

out, with large crystals that were well separated from one another. However, it is

possible that such spreading might not have been entirely uniform for the different
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elements; in other words, that the ratios of the elements might have varied at different

points along the ampoule length. This possibility is more plausible when one considers

that the elemental powders have certain physical characteristics that could affect their

spreading. For example, the tantalum and sulphur consisted purely of fine powders,

the selenium consisted of both fine powder and larger shots, and the iodine consisted

of small beads. Meanwhile, the fine powders behaved differently, with the tantalum

often sticking to the ampoule walls, and the sulphur more likely to clump together.

Therefore, it is possible that certain elements might move more easily along the am-

poule, leading to an inhomogeneous spreading with various Ta:S:Se ratios. As there

is an approximately linear temperature gradient between the hot and cold ends of the

ampoule, the spreading could lead to a number of slightly different reaction conditions,

with different elemental ratios and growth temperatures. Such variations in the growth

parameters could feasibly lead to crystals growing with slightly different properties; dif-

ferent points along the growth end of the ampoule could produce crystals with slightly

different stoichiometries. It would be interesting to analyse the composition of crystals

as a function of their growth position. However, this would be difficult as the crystals

are often displaced from their growth positions when the ampoule is rapidly immersed

in the ice bath when removed from the furnace. Further displacements of the crystals

occur when the ampoule is opened, and it would be difficult to remove the crystals from

different sections of the ampoule in a systematic way. Rather, the ampoule is typically

opened at the empty reaction end, and the crystals are tipped out and collected. To

summarise, increased spreading of the precursor powders within the ampoule appears

to increase the average size of the grown crystals, but possibly leads to more variation

in the stoichiometries achieved within a growth batch. Further research, where one

studies variations in stoichiometry as a function of spreading, would be useful in order

to find the optimal balance between large crystals and uniform compositions.

It is also worth discussing why the composition determined by EDX (x = 0.74) appears

to be slightly below the nominal composition of x = 0.8. The elemental powders were

weighed out with this stoichiometric ratio, so one might ask whether some selenium

is lost or unincorporated during the growth. Another possibility is that the EDX

measurements are somewhat inaccurate (though seemingly precise and reproducible),

and that the nominal composition is the one that should be trusted. Considering the

possibility of unincorporated selenium, this could be possible given the use of large

pellets of selenium shot (in addition to some finer powder), compared with the powder

used for all the tantalum and sulphur. This shot was used due to its high purity of

99.999 % versus 99.99 % for the Se powder. However, it is possible that the reduced

surface area of the shot resulted in unfavourable reaction conditions for the selenium,
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which might have vaporised more slowly and remained somewhat unreacted at the end

of the growth period. Extending the growth period could help to ensure a full reaction

of the precursors. As for the accuracy of the compositional analysis, it is well known

that EDX is a standardless technique with poor accuracies of up to ± 25 % [97]. The

use of the ‘Aztec’ software built in to Oxford Instruments’ SEMs, as was done in this

project, allows the the accuracy to be improved to around ± 5 % by using a system of

‘remote’ standards, relying on a silicon calibration before measurement [109]. However,

this is still inferior to the accuracy achievable using truly standard-based techniques

such as electron probe microanalysis (EPMA), where accuracies of around ± 2 % can

be obtained [109]. Assuming an accuracy in the EDX measurements of at best ± 5 %

per element, then the overall uncertainty in the Se composition, x, is ± 0.05. Including

the uncertainty included in Table 3.1, the overall error is ± 0.06 at best, but possibly

higher. This error range just about extends to the nominal stoichiometry of x = 0.8, and

could indicate that the discrepant value of x = 0.74 is a result of the inaccuracies of the

EDX technique. It would be interesting to do a quantitative analysis of stoichiometry

using a truly standard-based technique such as EPMA.

Having said all of the above, it is important to emphasise that the key feature we desire

when synthesising 1T-TaS2–xSex is to observe the fascinating hysteretic behaviour that

is observed in its electrical, structural and optical properties (see Chapter 4). Although

the hysteretic behaviour occurs in crystals grown with the nominal composition of

x = 0.8, the achieved composition may actually be slightly different, as is perhaps

indicated by the EDX results. However, as long as the crystal demonstrates the desired

properties, then that is a good indication of a ‘successful’ growth. Therefore, a good

way to assess the crystals is to perform a quick electrical transport measurement (see

Section 4.1) to check whether the desired behaviour is exhibited.

The results presented in this chapter demonstrate the successful synthesis of the TMD

alloy 1T-TaS2–xSex using a CVT growth technique. This is not a trivial matter, and is

much more difficult than growing binary TMD compounds, i.e. MX2. For these binary

compounds, one need not be too precise with the elemental ratios, and indeed a range

of chalcogen excesses are often used in order to minimise chalcogen vacancies in the

crystals [108]. On the other hand, growing alloys with mixed sulphur and selenium

concentrations requires a precise balance of the chalcogen elements in order to achieve

the desired S:Se ratio. This requires a very careful weighing out of the elemental

powders, where any small misstep might lead to a failed growth. This is especially

important for the alloy 1T-TaS2–xSex where its interesting hysteretic properties are

only observed in a very narrow window around x = 0.8. Compositions slightly above
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or below this value appear more like 1T-TaSe2 and 1T-TaS2, respectively, and do not

display the unusual hysteresis. The composition of this particular alloy appears to be

slightly below the nominal x = 0.8, but for clarity it will continue to be referred to as

1T-TaS1.2Se0.8 throughout this thesis.
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Chapter 4

Charge-density-wave states in

1T-TaS2–xSex

The preceding chapter described the growth of bulk 1T-TaS1.2Se0.8 single crystals, fol-

lowed by a chemical analysis of the quality and composition of the samples. This chap-

ter presents temperature-dependent measurements on this material, in which several

charge-density-wave (CDW) phases are observed. For this specific alloy, the transitions

between CDW states are found to demonstrate unusual and unexpected hysteretic ef-

fects. This is best demonstrated by the electrical transport properties of 1T-TaS1.2Se0.8,

where the various CDW phases can be identified from their often-different resistive

properties. The electrical transport displays marked hysteresis and a super-cooled, low-

resistive state obtained during the initial cooling. The origin of the resistive behaviour

is then explored using a number of spectroscopic techniques. Angle-resolved photoemis-

sion spectroscopy (ARPES) is used to study the electronic structure of 1T-TaS1.2Se0.8

as a function of temperature; these are preseneted alongside measurements carried out

on a sample of 2H-TaS1.2Se0.8, demonstrating the different experimental signatures that

characterise these polytypes. Next, Raman spectroscopy and X-ray diffraction (XRD)

measurements are used to probe the structural properties of 1T-TaS1.2Se0.8, as well as

how these properties change during the various CDW phase transitions observed in

electrical transport. Marked hysteresis is observed in the temperature dependence of

both the vibrational modes (Raman) and crystal lattice parameters (XRD), somewhat

resembling the hysteretic features observed in electrical transport. Finally, the experi-

mental results are summarised, and a discussion is made about the possible origins of

the complex resistive behaviour observed in this material.
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4.1 Electrical transport

Figure 4-1 shows electrical transport data measured from a bulk 1T-TaS1.2Se0.8 crystal

as a function of temperature. Specifically, the plot shows the resistance across a flat

crystal using the four-point method described in Section 2.7. Four curves are displayed,

corresponding to two full sweeps up and down in temperature. Four more curves are

plotted in Figure 4-1c, showing the differential resistances, dR/dT , for the two full

sweeps in temperature - these derivatives are useful for identifying any sudden changes

in resistance that might indicate a phase transition. Beginning with the first cool-down,

the measured resistance remains fairly constant over the entire temperature range, with

a small jump in resistance at around 144 K, as indicated by the peak in the differential

plot. Warming back up from low temperatures, the resistance initially follows the same

curve as for the first cool-down, until around 150 K when the resistance increases by

over an order of magnitude. The differential plot indicates that this transition occurs

at a temperature of 155 ± 5 K. Following this transition, the resistance remains high

until room temperature, when the resistance suddenly drops to a value similar to before

cooling, thus completing a hysteresis loop, somewhat similar to that observed in other

tantalum dichalcogenides such as 1T-TaS2 [14] [110]. However, in sharp contrast to

any other composition of 1T-TaS2–xSex, a second cycle of cooling and heating yields

a significantly different hysteresis loop to the first. On cooling, the resistance again

remains low, but this time jumps up over an order of magnitude, with the differential

plot indicating a transition temperature of 178 K. Further cooling to low temperatures

leads to a further increase in the resistance, with the maximum resistance measured

to be over 100 times larger than the initial resistance at a temperature of 4 K. On the

second cool-down, the material exhibits insulating-like behaviour, as opposed to the

metallic behaviours displayed in the first cool-down. Upon warming up for the second

cycle, the resistance remains high up to room temperature, with no evidence of a phase

transition. Heating further leads to a phase transition at around 300 K, at which

point the resistance drops by about an order of magnitude back to its value before

the second cool-down, thus completing another hysteresis loop, significantly different

to that exhibited in the first cooling-heating cycle.

After the two cooling-heating cycles, the material remains locked into the second hys-

teresis loop. This is shown in Figure 4-2a, which displays resistance measurements for

a third and fourth cycle. The resistance curves closely follow those measured during

the second cycle, with only small deviations in the temperature of the phase transition

around 180 K. However, it is possible to regain the first cooling-heating cycle, by heat-

ing the material to 400 K. This ‘resetting’ of the crystal is characterised by a sudden
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Figure 4-1: Normalised resistance measured from a bulk 1T-TaS1.2Se0.8 crystal as a
function of temperature for a) the first temperature cycle, and b) the second tempera-
ture cycle. c) Differential resistance plots of the data, with Savitzky-Golay smoothing.
The dashed lines indicate probable phase transitions. Raw data were collected by L.
Farrar, analysed and plotted by B. Smith.
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drop in resistance (see Figure 4-2b), whilst re-cooling the material leads to a similar

jump in resistance. A small amount of hysteresis is observed in this transition, which

occurs at temperatures of 361 K and 357 K for heating and cooling, respectively. The

transition temperatures, factor-of-two resistance drop and small degree of hysteresis

are all similar to the high-temperature transition observed in 1T-TaS2 [14] [111], and

indicate that a transition between a NC-CDW and an IC-CDW occurs upon heating.

Having being reset, the material can then be re-cooled into its NC-CDW state, and the

initial hysteresis behaviour displayed in Figure 4-1 can once again be obtained. After

this, the second hysteresis loop is observed for further temperature cycles.

From the electrical transport data, one may attempt to assign the various resistive

states to different CDW phases. Similar to 1T-TaS2 [14], it is likely that the inital,

low-resistance state corresponds to a NC-CDW. Due to the consistently low resistance

observed throughout CD1, it is likely that the material remains in this NC-CDW phase

throughout this initial cooling, with perhaps some changes in the size of the domains

of commensurability that exist in this nearly commensurate phase [110] [112]. The

large jump in resistance observed in WU1 possibly corresponds to a phase transition

to a fully commensurate CDW (C-CDW), with a similar jump in resistance observed

in the NC-CDW to C-CDW transition of TaS2 [63]. If this is indeed the case, then

it is fascinating that this NC-CDW to C-CDW transition occurs upon warming the
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Figure 4-2: a) Normalised resistance measured from bulk 1T-TaS1.2Se0.8 for: a) temper-
ature cycles 3 and 4, showing that the material remains locked in its second hysteresis
loop; b) the high-temperature ‘resetting’ of the crystal upon heating (NC-CDW to IC-
CDW transition), after which the first hysteresis loop is re-obtained. Raw data were
collected by L. Farrar, analysed and plotted by B. Smith.
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material back up from 77 K - in 1T-TaS2, this transition is generally observed to occur

upon cooling [63]. The drop in resistance at around 300 K completes a hysteresis loop,

and suggests that the material returns to a NC-CDW state at this temperature. The

further temperature sweeps - CD2, WU2, CD3, etc. - look remarkably similar to those

observed in 1T-TaS2 [63], and indicate transitions between NC-CDW and C-CDW

phases at high and low temperatures, respectively, with hysteresis in these transitions

upon cooling and heating.

These electrical transport measurements indicate that the first temperature cycle is

key to understanding the resistive behaviour of 1T-TaS1.2Se0.8. There appears to be

a suppression of the C-CDW phase upon cooling, followed by an unusual NC-to-C

transition upon warming, whilst further temperature sweeps display no suppression of

the C-CDW state. The ability to effectively ‘reset’ the material, such that it again

follows the first hysteresis loop, further demonstrates the importance of the material’s

state before and during the first cool-down. The further temperature cycles indicate

that the material appears to ‘remember’ that the initial cycle has been completed, such

that the subsequent hysteresis loops are different.

To summarise, 1T-TaS1.2Se0.8 displays unusual hysteretic behaviour, as well as some

fascinating memory properties. The rest of this chapter aims to understand the mecha-

nisms driving these CDW phases and transitions. A number of experimental results will

be presented: photoemission spectroscopy to study the electronic features of the CDW

phases and transitions, and XRD and Raman spectroscopy to examine any structural

effects in driving the complex hysteretic behaviour.
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4.2 Photoemission - ARPES and XPS

This section presents photoemission data that were measured from both the 2H and

1T polytypes of TaS1.2Se0.8. These measurements were carried out at the Spectro-

microscopy beamline at Elettra synchrotron. As the name suggests, this beamline is

capable of probing materials with micro-resolution. This allows thin flakes to be stud-

ied, in which case one is able to obtain ARPES and XPS spectra in different regions of

the flake. Thus, one can examine how the electronic band structures behave as different

parameters, such as number of layers, are varied. The measurements presented herein

were obtained from bulk TaS1.2Se0.8 flakes, of which an example image is shown in

Figure 4-3. In this image, two different regions can be distinguished: the brighter half

of the flake, on the right-hand side, corresponds to a thicker region than the darker half

of the flake on the left-hand side. Although both of these regions appear to be thick

enough to be considered as bulk, it was decided to collect spectra from only one region,

to avoid any thickness-dependent variations in the measurements. This acquisition area

is indicated by the red box in Figure 4-3. Above this area are two marks on the flake,

as highlighted by the two blue circles. These spots were used for some preliminary

measurements, before which the marks were not visible. Therefore, it appears that

Figure 4-3: Photoemission electron microscopy (PEEM) image of the 1T-TaS1.2Se0.8
flake. All ARPES and XPS measurements presented herein were collected from spots
within the red rectangular area. The beam spot was regularly moved within this region
to avoid damaging the sample. The two blue circles indicate regions that were damaged
by not regularly moving the beam spot.
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the preliminary measurements, in which the position was not regularly changed, led to

some radiation damage of the flake, which appear as small burn marks. In order to

avoid any further degradation, all subsequent measurements were collected in the red

zone, in which area the acquisition position was regularly moved. This procedure led to

no visible damage to the flake. All measurements were made using a photon energy of

74 eV. For each spectrum, 3-5 sweeps were performed in order to improve data quality.

The energy resolution is 60 meV.

4.2.1 2H polytype

The focus of this chapter is the 1T polytype of TaS1.2Se0.8, for which the photoemission

data are presented in the subsequent subsection. However, as a prelude to those results,

it is interesting and informative to examine some results that were obtained at the same

time on the 2H polytype of this alloy. Note that these results were obtained somewhat

accidentally. The sample was grown in its 1T polytype, and this was confirmed by

some preliminary measurements. However, following mounting of the crystal at Elettra

synchrotron, the sample was annealed overnight in ultra-high vacuum at 160 °C. Clearly,

this temperature was sufficiently high to cause an interpolytypic transition from 1T to

2H [50]. The data in this subsection are of this transitioned material, and can be

compared and contrasted with the ARPES data that follow on the 1T polytype.

Figure 4-4 shows reciprocal-space maps at the Fermi level 1, obtained at both 96 K and

310 K. In both cases, one can distinguish strong photoemission intensity (black colours)

in certain regions of k-space. This photoemission intensity at and near to EF is derived

from Ta 5d levels, and displays a number of well-defined features, which are better

resolved in the low-temperature map. These features can be compared with previous

results, such as in Figure 4-5 [21], where a schematic representation of the expected

distribution of photoemission intensity is plotted for 2H-TaSe2. In both Figures 4-4 and

4-5, one can make out dogbone-shaped pockets around the M point, and an absence

of any significant intensity at the Γ point. Furthermore, in Figure 4-4, one can make

out a portion of the curved triangle feature centred on the K point. Identifying these

features in the experimental ARPES map allows one to determine the high-symmetry

directions Γ-M-Γ and K-M-K, which are highlighted in yellow in Figure 4-4. Cuts along

these high-symmetry directions are shown in Figure 4-6 for a temperature of 96 K.

The cuts along the directions Γ-M-Γ and K-M-K allow one to study the photoemission

intensity along these high-symmetry directions as a function of energy below EF. At

1EF was determined to be 71.4 eV; the procedure for determining this value is described in the
preceding chapter.
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Figure 4-4: K-space maps of 2H-TaS1.2Se0.8 at EF at temperatures of a) 96 K and
b) 310 K. The approximate locations of the Γ (‘G’), M and K points of the original
Brillouin zone are marked in red. The yellow lines show the high-symmetry directions
along which energy-dispersive cuts were taken.

and just below EF, one can again identify the Ta-5d-derived bands that form a pocket

centred on the M point. Figure 4-6a shows that this pocket forms a saddle point along

the Γ-M-Γ direction, in agreement with previous results [21] [113].

As well as the spectra displayed in Figures 4-4 and 4-6, measurements were made on

this 2H sample as a function of temperature for two full cooling-heating cycles, in order
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Figure 4-5: A schematic representation of the reciprocal-space structure of 2H-TaSe2.
The large and small hexagons represent the original and reduced Brillouin zones, re-
spectively. The Γ, M and K points of the original Brillouin zone are marked. The
red arrows represent the vectors of the three in-plane CDWs. The grey curves show
the expected photoemission intensity near EF, including the dogbone-shaped pockets
around the M points. Figure reproduced from [21].

to examine any hysteretic properties of the electronic band structure. These spectra

all appeared remarkably similar, with no indications of CDW transitions during the

temperature sweeps, such as a gapping of the dogbone pocket, as might be expected for

the commensurate phase of 2H-TaSe2 [21]. Furthermore, no hysteretic features were

identified in the spectra. These measurements further support the assignment of this

sample to be 2H-TaS1.2Se0.8. For the 1T polytype, there are clear CDW transitions

as demonstrated by the dramatic changes in resistance during the temperature cycles

[63]. Therefore, one would expect to observe some signatures of these transitions in the

electronic band structure as temperature is varied, as well as potentially some hysteretic

effects. The absence of any such variations in the data on this sample suggest that there

are no CDW transitions occuring in the temperature range used (approximately 300

- 100 K). The identification of this sample as 2H then makes even more sense when

one notes that the CDW transitions for 2H-TaX2 occur at low temperatures: around

75 K for TaS2 [19], and between 90 and 122 K for 2H-TaSe2 [21]. Thus, for the alloy

2H-TaS1.2Se0.8, one would expect CDW transitions to occur at temperatures between

75 and 122 K, probably below 100 K given the stoichiometry in question. Therefore,
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Figure 4-6: 2H-TaS1.2Se0.8: cuts along a) the Γ-M-Γ direction, and b) the K-M-K
direction at 96 K. The approximate locations of the Brillouin-zone points Γ (‘G’), M
and K are marked at the top of the cuts.
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it is not surprising that the ARPES data on this sample do not display any sharp

CDW-related variations as a function of temperature.

Further evidence for the absence of any CDW-related effects is provided by XPS data

that were simultaneously collected on this sample at the Spectromicroscopy beamline

at Elettra. Figure 4-7 shows XPS spectra of the Ta 4f core levels at temperatures of 300

and 96 K. The spectra at high and low temperatures are remarkably similar, and consist

of a spin-split doublet with a splitting of 1.9 eV. The positions of the peaks in energy

are in good agreement with previous results, and display shoulders at higher binding

energies which have been reported elsewhere for 2H-TaSe2 [17]. Importantly, the peaks

in the doublets do not display any additional splitting linked to the formation of a CDW

supercell, as is observed for 1T-TaS2 and 1T-TaSe2 [104], but not for 2H-TaSe2 [17].

In the Ta-based CDW materials, the size of core-level splitting is proportional to the

atomic displacements in the reconstructed CDW superlattice. This lattice distortion is

known to be small for 2H-TaS2, with displacements approximately five times smaller

than for 1T-TaS2 [21]. Thus, one might argue that the shoulders correspond to a CDW-

induced splitting which is not fully resolvable due to its small magnitude. However,

the fact that these shoulders remain at high temperatures of 300 K, well above the

expected CDW transitions of around 100 K [21] [113], indicates that these features are

probably not signals of CDW phases, but originate from some other mechanism.

(a) (b)

Figure 4-7: XPS spectra of the Ta 4f core levels of 2H-TaS1.2Se0.8 at temperatures
of a) 300 K and b) 96 K. The peaks consist of a spin-split doublet, with a splitting
between the 4f7/2 and 4f5/2 of approximately 1.9 eV.
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4.2.2 1T polytype

Following the measurements taken on the 2H sample shown above, a fresh 1T crystal

was prepared for photoemission measurements. This sample was exfoliated just before

entry into the experimental chamber, providing a freshly-cleaved surface. The sample

was not annealed, in order to ensure that the crystal remained in its 1T polytype.

ARPES and XPS measurements were performed at temperatures between 300 and 94

K, for two full cooling-heating cycles.

Before examining any potential hysteretic features in the data, it is informative to

study the photoemission data at the lowest and highest temperatures achieved. From

this, one should be able to identify any signatures of CDW transitions in this material.

Figure 4-8: Experimental reciprocal-space maps of 1T-TaS1.2Se0.8 at approximately
0.4 eV below EF, for temperatures of a) 96 K and b) 300 K. The approximate locations
of the Γ (‘G’), M and K points of the original Brillouin zone are marked in red. The
yellow lines show the high-symmetry directions along which energy-dispersive cuts were
taken.

84



Figure 4-9: A schematic representation of the reciprocal-space structure of 1T-TaS2.
The large and small hexagons represent the original and reduced Brillouin zones, re-
spectively. The Γ, M and K points of the original Brillouin zone are marked. The red
arrows represent the vectors of the three in-plane CDWs. The grey curves show the
expected photoemission intensity near EF, including the elliptical pockets around the
M points. Figure reproduced from [21].

Figure 4-8 shows reciprocal-space maps for 1T-TaS1.2Se0.8 at 96 and 300 K, for an

energy approximately 0.4 eV below the Fermi level. In contrast to the maps obtained

from the 2H polytype (Figure 4-4), the 1T polytype now displays Ta-5d-derived pockets

that are elliptically shaped, rather than dogbone shaped. This is in good agreement

to the known band structure of 1T-TaS2, see Figure 4-9, and provides confirmation

that this sample is indeed 1T-TaS1.2Se0.8, and that no interpolytypic transition to 2H

has occurred. Between the maps obtained at high and low temperature, there is a

noticeable sharpening of the features at lower temperature. Furthermore, at 96 K, one

can observe a clear loss of intensity along the parallel portions of the elliptical pockets

- regions of the Brillouin zone in which one would expect good Fermi-surface nesting.

Thus, this localised loss of spectral intensity is a good signature of the presence of a

CDW state at low temperature [114]. These breaks along the long edges of the elliptical

pockets are still visible at 300 K, as one would expect for a material which is NC-CDW

at and above room temperature. However, the breaks are much less pronounced than

at 96 K, indicating that the CDW is weaker at higher temperatures.

Having mapped the Brillouin zone at a given energy near the Fermi level, cuts have been

taken along high-symmetry directions. Figure 4-10 and 4-11 show cuts taken along the
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Figure 4-10: 1T-TaS1.2Se0.8: cuts along the Γ-M-Γ direction, at a) 300 K and b) 96
K. The approximate locations of the Γ (‘G’) and M points are marked at the top of
the cuts. The roughly parabolic band centred around the M point is derived from
Ta 5d states, and manifests as an elliptical pocket below EF. The low-intensity band
centred on the Γ point is derived from chalcogen states, Se 3d and S 2p. At low
temperature, there is a break in the Ta-5d band along the Γ-M direction, indicating a
CDW transition.
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Figure 4-11: 1T-TaS1.2Se0.8: cuts along the K-M-K direction, at a) room temperature
and b) 96 K. The approximate locations of the K and M points are marked at the top
of the cuts.
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Γ-M-Γ and K-M-K directions, respectively. In Figure 4-10, the Ta-5d-derived pocket

centred on the M point is clearly visible as the high-intensity band extending from

the Fermi surface down approximately 1 eV. Meanwhile, a chalcogen-derived p band

is visible centred on the Γ point. Between low and high temperatures, a number of

changes can be seen. Firstly, there is a clear break in the tantalum band along the

Γ-M direction at an energy approximately 0.6 eV below EF. This break arises from the

energy gaps present in the reconstructed band structure, and is a clear indication of a

transition to a CDW phase [21]. Secondly, the shape of the tantalum band near to EF

appears different at low and high temperatures: at 300 K, the band appears to maintain

its parabolic shape up to EF; whilst at 96 K, the band appears to flatten out at or just

below the Fermi level. This feature could indicate the presence of a Mott transition

at low temperatures, in which there is a lowering of the bands at EF across the entire

Brillouin zone, as opposed to the localised nature of the CDW gaps described earlier.

The presence of both Mott and CDW effects could explain the hysteresis observed in

the electrical transport of 1T-TaS1.2Se0.8.

To probe the CDW effects further, it is useful to examine the break along the Γ-M

direction as a function of temperature. To do this, energy-dispersive cuts (EDCs) have

been taken across the break. The exact point in k-space at which the EDC was taken

varied slightly from spectrum to spectrum, but was always chosen to ensure the EDC

corresponded to the break in the Ta-5d band. In all cases, the width of the EDC was

0.05 Å-1. An example of such an EDC is shown in Figure 4-12, for a temperature of 94

K. At this temperature, the cut consists of three well-defined peaks: one at 2 eV below

EF, and two further peaks lying either side of the band break at -0.6 eV. As shown in

Figure 4-12b, the size of the break can then be quantified by fitting the two peaks as

Gaussian functions and extracting their separation in energy.

Before looking at the results of the fitting as a function of temperature, it is interesting

to inspect the individual EDCs obtained for each spectrum. These are displayed in

Figure 4-13a for the two cooling-heating cycles. One can see that the band break is less

visible at higher temperatures, as one would expect from the features of the ARPES

cuts shown in Figure 4-10. The two peaks either side of the break appear to merge

into a single broad band, which makes fitting the band break difficult at these higher

temperatures. In these cases, rather than fitting the peaks as two Gaussians, the size

of the band break was approximated by eye.

Also shown in Figure 4-13 are XPS spectra of the Ta 4f core levels for the same two

cooling-heating cycles. At all temperatures, one can distinguish the two peaks in the

spin-split doublet, each of which are themselves split further due to a CDW transition.
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Figure 4-12: 1T-TaS1.2Se0.8: an ARPES cut along the Γ-M-Γ direction at T = 94
K, for the second cool-down. The dashed yellow lines indicate the region along which
the energy-dispersive cuts were taken, encompassing the CDW-induced break in the
Ta-5d-derived band. b) The resulting energy-dispersive cut. The CDW-induced break
manifests as a splitting of the high-intensity peak at -0.6 eV. This split peak can be fit
using two Gaussian functions, the separation of which provides a measure of the size
of the CDW-induced break.

The magnitude of this CDW splitting is directly related to the magnitude of the periodic

lattice distortion, and thus to the strength of the CDW, with no contribution from any

other charge-ordering processes [17]. One can see that the CDW splitting increases with

decreasing temperature (as well as some sharpening of the features), indicating that

the CDW strength tends to increase as temperature is lowered. Though the EDCs and

XPS spectra shown in Figure 4-13 cannot be compared directly, there is a noticeable

similarity between their features as a function of temperature, with both displaying

some form of splitting at lower temperatures. We will now fit these two sets of spectra,

in order to quantify the trends, and determine if there are any hysteretic features that

might explain the memory effects seen in electrical transport.

The fitting procedure for the EDCs has already been shown in Figure 4-12. As for the

XPS spectra, the fitting of the Ta 4f peaks is shown in Figure 4-14. The four resolvable

peaks are each fit with an asymmetric Doniach-Sunjic function [115]. The fitting is a
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good match for the all the peaks, and the asymmetric functions do particularly well in

fitting the tail on the high-energy side of the 4f5/2 peaks. The only notable discrepancy

is the region around 22 eV, where the XPS data drops off sharply from the 4f7/2 peaks;

however, this discrepancy does not appear to affect the fitted position of the 4f7/2

peaks.

From the XPS fitting, the peak parameters have been extracted for all spectra on

the temperature sweeps. Of particular interest is the CDW-induced splitting of the
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Figure 4-13: 1T-TaS1.2Se0.8: a) Energy-dispersive cuts taken across the CDW-induced
break in the Ta-5d band. Cuts are shown for two full cooling-heating cycles. At
higher temperatures, the peak around - 0.6 eV appears as one broad band; at lower
temperatures, this peak appears to split into two separate bands. The separation of
these bands can be used as a measure of the CDW-induced break. b) XPS spectra of
the Ta 4f levels, for the same two temperature cycles. Each spin-split peak is further
split due to a CDW transition. The magnitude of this splitting is larger at lower
temperatures, indicating a higher-amplitude CDW at lower temperatures.
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Figure 4-14: Top: an XPS spectrum of the Ta 4f core levels of 1T-TaS1.2Se0.8 at a
temperature of 94 K. The peaks comprise a spin-split doublet, marked in red. Each
peak in the doublet displays a further CDW-induced splitting, marked in blue. Bottom:
The procedure for fitting the Ta 4f core levels, using four asymmetric Doniach-Sunjic
peaks.
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doublet components. Figure 4-15 shows the splitting of the 4f7/2 peak as a function of

temperature cycle. Similar results were obtained for the 4f5/2 splitting. The splitting

can be seen to increase with decreasing temperature, ranging from 0.48 eV at room

temperature to a maximum splitting of 0.57 eV at 94 K. In the first temperature cycle,

there does appear to be some hysteresis in the size of the splitting: for instance, at 200

K, the splitting is larger for the warm-up compared with the cool-down. This seems to

match the electrical transport data (see Figure 4-15c), where there is a similar increase
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Figure 4-15: a) The fit results of the CDW-induced splitting of the Ta 4f7/2 core levels
of 1T-TaS1.2Se0.8, as a function of temperature cycles. b) The fit results for the CDW-
induced band break in the Ta-5d-derived bands. In both cases, the splitting/break
tends to increase in magnitude with decreasing temperature. Error bars are large and
have not been plotted for visual clarity. Estimated uncertainties are ±0.05 eV and
±0.02 eV for figures a) and b), respectively. c) The electrical transport behaviour of
1T-TaS1.2Se0.8, reproduced for comparison.
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in resistance between the warm-up and cool-down at 200 K. The XPS might therefore

indicate a transition to a fully C-CDW during the warm-up, in which star-of-David

clusters form throughout the material, with increasingly inequivalent atomic positions

as the star contracts. As for the second temperature cycle, this does not seem to show

similar hysteresis, with the trends appearing approximately linear, unlike the hysteresis

seen in the electrical transport. It is also striking that the Ta 4f splitting at the lowest

temperature is almost identical for the two temperature cycles, in contrast to the

electrical transport where the resistance differs by an order of magnitude at 100 K. It

should also be noted here that there are large uncertainties associated with extracting

the Ta 4f peak parameters from the fitting - approximately± 50 meV for the data points

shown in Figure 4-15a - and therefore caution should be exercised when ascribing these

small differences in the splittings to anything physical. To summarise, whilst there is

some hysteresis evident in the Ta 4f splitting as a function of temperature, there is

an absence of any clear correlations with electrical transport that might explain the

unusual resistive behaviour.

The magnitude of the CDW-induced band break is shown in Figure 4-15b, in which the

gap increases in size with decreasing temperature. There is no clear evidence of hys-

teresis that could explain the electrical transport behaviour. For both the ARPES and

XPS, this absence of hysteresis or memory effects is emphasised by the measurements

at the lowest temperatures. For CD1 and CD2, the XPS splittings and Ta-5d band

breaks are very similar, whereas the the electrical resistance differs by over an order of

magnitude. The trends observed in the ARPES and XPS data will be discussed at the

end of this chapter, in conjunction with Raman and XRD data which will be shown

shortly.

4.3 Raman spectroscopy

In order to understand the origins of the complicated CDW transitions and hystere-

sis observed in electrical transport, Raman spectroscopy has been used to study the

phonon modes in 1T-TaS1.2Se0.8. Figure 4-16 shows Raman spectra measured from a

bulk 1T-TaS1.2Se0.8 single crystal at both room temperature and 77 K. As for other

measurements presented in this thesis, the crystal was exfoliated immediately before

measurements were taken, providing a freshly cleaved surface with minimal oxidation

or surface contamination. A particularly clean and flat region of the crystal was iden-

tified using the spectrometer’s white-light microscope, and this region was used for the

subsequent Raman measurements.
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Figure 4-16: Raman spectra collected from a bulk 1T-TaS1.2Se0.8 crystal at T = 77
K (top) and room temperature (bottom). The dashed line at 140 cm−1 separates the
regions with predominantly Lorentzian and Gaussian peak line-shapes.

The spectra shown in Figure 4-16 display a number of Raman peaks corresponding to

phonon modes with different frequencies. The spectra at low and high temperature are

qualitatively similar, though there is a blue-shift of the modes at lower temperature, as

expected. Furthermore, the modes are much narrower at lower temperature, allowing

one to identify a number of Raman peaks. As indicated by the dashed line in Figure

4-16, the spectra can be roughly separated into two regions. Below 140 cm-1, there

appear to be 3-4 peaks with narrow, Lorentzian line-shapes. Above 140 cm-1 one can

identify a further 5-6 peaks with much broader, Gaussian line-shapes.

In addition to the spectra displayed in Figure 4-16, spectra were also collected at vari-

ous intermediate temperatures as the crystal was cooled from room temperature to 77

K. The cooling rate was approximately 1-2 K/min, and each spectrum was collected

over a time period of 5 minutes, meaning each spectrum covers a temperature range of
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Figure 4-17: The calculated phonon dispersions for bulk 1T-TaSe2 in its undistorted
phase. The curves are separated into high-frequency optical and low-frequency acoustic
modes. For the undistorted structure, the acoustic modes have zero frequency at the
zone centre, Γ. In the CDW phase, the reconstructed Brillouin zone results in a folding
of the modes to the new zone centres, where the acoustic modes now have non-zero
frequencies. Calculation performed by D. Wolverson.

5-10 K. Whilst this measurement scenario is not ideal, it was found that a long acqui-

sition time was needed to ensure that the spectra had sufficiently high signal-to-noise

ratios, allowing reliable fitting of the modes to be performed. Raman spectra were then

collected in a similar manner for the first warm-up to 320 K, as well as for a second full

temperature cycle. All these Raman spectra were fit using the spectrometer’s in-built

peak fitting software (WiRE), allowing the Raman peak parameters to be extracted.

All the spectra were fit using a total of 9 Voigt peaks, with the peak fit results being

predominantly Lorentzian for the modes below 140 cm-1, and predominantly Gaussian

for the modes above 140 cm-1. This separation of the modes can be understood by

considering the phonon dispersion relations for this material, which can be calculated

using density functional theory. Such a calculation is shown in Figure 4-17 for 1T-

TaSe2. The dispersion relations for 1T-TaS1.2Se0.8 should be similar, but with broader

modes due the presence of two chalcogen species, as well as higher frequencies due to

the presence of sulphur, with a lower atomic weight than selenium. In Figure 4-17,

one can see that the undistorted structure has zone-centre phonons above 140 cm-1

corresponding to optical modes, whilst the acoustic modes are of zero frequency at Γ.

Following the CDW transition, there is a reconstruction of the Brillouin zone, in which

certain points in momentum space are folded back to the new zone centres. This folding
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Figure 4-18: Peak fitting of Raman spectra at T = 77 K (top) and room temperature
(bottom), using a number of Voigt functions. The spectra are divided into low- and
high-wavenumber regions, corresponding to regions with predominantly Lorentzian and
Gaussian line-shapes, respectively. The black curves show the experimental data; the
grey curves show the individual fitted peaks; the green curves shows the peak fits of
the ‘amplitude mode’; the red curves show the fits to ‘peak 4’ (see Table 4.1).

results in additional zone-centre phonon modes; in particular, the acoustic modes now

have non-zero frequencies and can thus be detected in Raman measurements. There-

fore, the low-frequency peaks below 140 cm-1 likely derive from the folded acoustic

modes in the reconstructed CDW phase.

Example fits for low and high temperatures are shown in Figure 4-18. Of particular

interest in the Raman spectrum is the highest-intensity peak, indicated by the green
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Peak #
Peak centre / cm-1 Peak width / cm-1

77 K R.T. T-shift / % 77 K R.T.

1 52.5 50.5 3.8 13.3 11.8
2 70.4 56.9 19.2 14.8 11.7
3 76.2 67.2 11.8 7.1 14.3
4 90.8 84.9 6.5 9.4 17.1
5 113.8 111.0 2.5 22.0 30.5
6 172.8 168.4 2.5 50.7 64.0
7 242.7 239.6 1.3 30.6 30.0
8 295.8 289.5 2.1 49.0 63.7
9 375.0 369.1 1.6 38.9 33.9

Table 4.1: Peak fitting parameters for spectra at 77 K and room temperature. The
red-shift of the peak positions at higher temperatures is shown as a percentage relative
to the value at 77 K.

curves in Figures 4-18a and c. This mode corresponds to an in-plane ‘breathing’ vibra-

tion of the star-of-David cluster of Ta atoms in the CDW superlattice, and is commonly

referred to as the ‘amplitude’ mode [114]. The frequency of this vibration should de-

pend on the size of the periodic lattice distortion in the CDW state. A larger distortion

- i.e., a more compressed star of David - should lead to a higher-frequency vibration,

and thus the Raman peak position of this breathing mode could be used to characterise

the CDW amplitude in 1T-TaS1.2Se0.8.

From the Raman fitting, it was possible to extract the peak positions and widths. These

values are displayed in Table 4.1 for temperatures of 77 K and room temperature. All

of the modes exhibit a blue-shift of their centres at low temperature. This peak shift

is approximately 2 % for the higher-frequency modes 5 - 9, which can be well fit using

Gaussian functions and likely derive from the undistorted, non-CDW structure. The

small blue-shift of these modes likely derives from a general stiffening of the phonons

with decreasing temperature. On the other hand, the lower-frequency CDW modes

display much larger relative shifts, including an 11.8 % blue-shift of the amplitude

mode between room temperature and 77 K. This suggests that, on top of the standard

phonon stiffening and softening, there are additional mechanisms contributing to the

CDW peak shifts as a function of temperature, such as changes in CDW states or

between CDW phases. In addition to the peak shifts, the modes generally become

narrower at lower temperatures, as evidenced by the values for peak widths. The

slightly larger widths for peaks 1 and 2 at the lower temperature are likely due to

the difficulty in fitting these low-intensity, overlapping modes, particularly at higher

temperatures - see Figure 4-18c.
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Figure 4-19: The position in wavenumbers of the amplitude mode (top) and ‘peak 4’
(middle) as a function of temperature for the first and the second cooling-heating cycles
(left and right, respectively). The x error bars represent the start of end temperatures
of each five-minute scan. The two light-blue data points in c) are two anomalous
results on the first warm-up. Bottom) The electrical transport data is reproduced for
comparison.
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The fit parameters were determined for all the collected Raman spectra, and could then

be plotted as a function of temperature. Figures 4-19a and b show the peak centre of

peak 3 - the amplitude mode - as a function of temperature for the first two cooling-

heating cycles; Figures 4-19c and d show the corresponding results for the out-of-plane

mode, ‘peak 4’ (see Table 4.1). In Figure 4-19c, there are two data points on the first

warm-up that have been marked as anomalous - this is due to the large discrepancies

with nearby data points. As seen in Figure 4-18, fitting several overlapping bands is

inherently difficult, so it is not surprising that there are occasional anomalies, as well

as a certain amount of noise that can be seen in all the fit results.

The peak positions as a function of temperature bear a striking resemblance to the

temperature-dependent resistance measurements displayed in Figure 4-1, and repro-

duced in Figure 4-19 for comparison. Beginning with the amplitude mode, one can

observe that for the first cool-down the peak position tends to increase monotonically

with decreasing temperature, with no large jumps in peak position. This steady blue-

shift with decreasing temperature is consistent with a stiffening of the material’s bonds

with decreasing temperature, and is a common observation in Raman spectroscopy.

For the first warm-up, the peak position initially follows the trend of the cool-down.

However, in the temperature range 160 - 180 K, there is a shift in the peak position

to higher wavenumbers, and the peak position subsequently remains higher than that

observed in the first cool-down. This hysteresis of approximately 3 cm−1 (5 %) remains

until 280 - 290 K, when there is a sudden drop in the peak position back to its initial

value before cooling. Thus, a hysteresis loop is completed, with a remarkably similar

appearance to that observed in electrical transport.

Looking at the second temperature cycle (Figure 4-19b), whilst the trends are less rem-

iniscent of the electrical transport, there is still a large amount of hysteresis. Through-

out the temperature range, the peak position of the amplitude mode is found to be

blue-shifted for the second warm-up compared with the second cool-down. The shift is

greatest between temperatures of 200 and 300 K, where the resistance measurements

show the hysteresis.

The trends in the amplitude mode presented in Figure 4-19 demonstrate the importance

of in-plane structural effects in explaining the origin of the CDW behaviour observed

in electrical resistance. The blue-shift in the first warm-up compared with the first

cool-down corresponds to a higher frequency of the in-plane breathing vibration of

star-of-David cluster of tantalum atoms. This indicates that the star-of-David cluster

is more compressed, meaning that the lattice reconstruction, and thus the CDW, is

larger during the warm-up. A higher-amplitude CDW, such as a commensurate CDW
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vs. a nearly-commensurate one, could well lead to the higher resistive state observed

in electrical transport.

In addition to the in-plane amplitude mode, it is also insightful to examine the be-

haviour of the other Raman modes, many of which contain predominantly out-of-plane

atomic displacements. An example is ‘peak 4’ (see Table 4.1), the position of which is

plotted as a function of temperature for two full cycles in Figure 4-19. Again one can

immediately observe the similarities between these trends and the electrical transport

data presented in Figure 4-1. Similar to the amplitude mode, there is a hysteresis loop

during the first temperature cycle, with phase transitions on the warm-up at around

170 and 290 K. The size of the hysteresis loop for ‘peak 4’ (around 4 cm-1 or 5 %)

is similar to that observed in the amplitude mode. There are a couple of anomalous

data points shown in light blue, which have been removed from the trend due to their

large discrepancies with neighbouring data points, and the possibility of occasionally

unreliable fits inherent in the difficulties of fitting several overlapping bands. For the

second temperature cycle, there is again a large amount of hysteresis, but this time

there is clear evidence of a phase transition on the cool-down, with a sharp jump in peak

position at around 200 K. This temperature is similar to the corresponding transition

temperature observed in electrical transport, which is 177 K. The differences in transi-

tion temperatures could be due to the fact that different 1T-TaS1.2Se0.8 crystals were

used for the transport and Raman measurements. It has been observed in transport

that the hysteretic behaviour can be sample dependent, with the temperature range

of the hysteresis loop sometimes changing in size and/or position. These variations

may be down to small variations in the stoichiometries of crystals between batches and

perhaps within a batch, as was demonstrated in the EDX data in Chapter 3.

The hysteresis observed in the predominantly out-of-plane ‘peak 4’ indicates the out-of-

plane, three-dimensional nature of the CDW order in 1T-TaS2–xSex. For 1T-TaS2, it has

previously been suggested that the transition to a commensurate CDW leads to an out-

of-plane reconstruction from the normal-phase hexagonal stacking to a more complex

stacking arrangement, which drives the insulating behaviour seen at low temperature

[116]. Alternatively, it is sometimes suggested that the stacking remains hexagonal in

the C-CDW state, but that there is a out-of-plane expansion as the chalcogen layers

buckle [117]. Both of these structural changes would be expected to lead to changes in

the frequencies of out-of-plane modes, although one might expect a c-axis expansion

to lead to a softening, rather than the stiffening of the mode observed here. It would

be interesting to study these out-of-plane structural features using ultralow-frequency

Raman spectroscopy, which can probe the shear and breathing modes between the
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stacked layers. These modes typically appear below 30 cm-1 [118], below the low-

frequency cut-off of the spectrometer used for our measurements (approximately 50

cm-1).

4.4 XRD

The similarity between the trends observed in Raman spectroscopy and electrical trans-

port suggest that structural changes are important for understanding the hysteresis in

the resistive behaviour of 1T-TaS1.2Se0.8. Single-crystal X-ray diffraction has been em-

ployed to further probe such structural effects, as XRD can be used to obtain the

crystal lattice parameters of a material. Data were collected at various temperatures

for a full cooling-heating cycle, followed by a second cool-down. During the tempera-

ture cycles, scans were taken at approximately 50 K intervals, though these intervals

could be somewhat larger or smaller depending on the exact point in the temperature

Figure 4-20: An example diffraction pattern obtained from 1T-TaS1.2Se0.8 at room
temperature. The brighter spots, such as those circled, correspond to the normal-
phase lattice parameters. Surrounding these are lower-intensity spots corresponding to
the CDW lattice.
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cycle. On the first warm-up, the sample was heated to above room temperature, to

ensure the transition back to a NC-CDW state occurs. The cooling/heating rate was

>1 K/min. Unfortunately, it was not possible to obtain data for the second warm-

up. Following refinement, the crystal lattice parameters were obtained; namely, the

in-plane a and the out-of-plane c. The measured parameters correspond to the normal

phase lattice, i.e. the in-plane distance between nearest-neighbour Ta atoms, and the

out-of-plane distance between adjacent layers, though these values will of course still be

altered by the CDW reconstruction. The CDW superlattice, on the other hand, would

have an in-plane parameter of a
√

13, whilst the out-of-plane parameter depends on the

disputed out-of-plane periodicity of the C-CDW phase [116] [117]. The normal-phase

parameters were chosen due to the brightness of these spots in the measured diffraction

patterns, whilst the CDW structure only provided weak spots, as can be seen in Figure

4-20.

The presence of such satellite peaks arising from the CDW structure can be understood

by considering the one-dimensional case of a distorted lattice. Figure 4-21 shows how

a CDW state is formed by the convolution of the undistorted lattice and a periodic

modulation. To understand the diffraction pattern measured from such a CDW state,

we can consider the Fourier transform of the superlattice, which by convolution theo-

rem [119], is the product of the individual transforms of the undistorted lattice and the

Figure 4-21: In real space, a CDW state can be considered as the convolution of
the normal-state atomic lattice and a periodic modulation (periods rnormal and rCDW ,
respectively). The Fourier transform of the superlattice is the product of the transforms
of the normal lattice and the periodic modulation, resulting in a series of diffraction
peaks surrounded by satellites. The positions of the diffraction peaks and satellites are
not to scale.
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periodic modulation. The transform of the undistorted lattice is a periodic arrange-

ment of peaks, whilst the transform of the cosinusoidal modulation is a pair of peaks,

one either side of the origin. The product of these transforms results in a periodic

arrangement of diffraction peaks arising from the undistorted structure, surrounded by

satellite peaks deriving from the CDW modulation. This 1D case can be extended to

higher dimensions to explain the diffraction pattern observed in 1T-TaS1.2Se0.8.

Figure 4-22 plots the a and c parameters as a function of temperature. During the

initial cool-down, both values remain fairly constant. Upon warming, however, both

values display a marked change at around 150 K - i.e., at a similar temperature to

the jump seen in resistance. At this temperature, the XRD data indicates an in-plane

contraction, as well as an out-of-plane expansion. This would suggest a transition to
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Figure 4-22: Crystal lattice parameters of bulk determined by XRD. The in-plane
(top) and out-of-plane (bottom) parameters are plotted as a function of temperature
for the first (left) and second (right) temperature cycles. Unfortunately data is not
available for the second warm-up.
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a C-CDW state, in which the star-of-David clusters of Ta atoms would be expected

to form throughout the material, alongside a possible c-axis swelling [120]. Further

warming leads to a decrease in the value for a, whilst c remains large until room

temperature, when it drops back down to its value before cooling, thus completing a

hysteresis loop similar to that seen in electrical transport. The trends in the a and c

axes perhaps suggest that the C-CDW transition on warming is driven by an in-plane

contraction, and further stabilised by an out-of-plane expansion, which lasts until room

temperature. As for the second cool-down, the a parameter tends to decrease upon

lowering temperature, without clear transitions. This is surprising, given the large jump

in resistance upon cooling below 180 K, but the general in-plane contraction does seem

to indicate a strengthening CDW. For example, the values at 90 K can be compared

for the first and second temperature cycles, where it can be seen that there is indeed

a contraction between the two cycles, in agreement with the corresponding difference
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Figure 4-23: Top) The ratio of the c/a axes as a function of temperature, for differ-
ent cooling-heating cycles. Bottom) The electrical transport data of 1T-TaS1.2Se0.8,
reproduced here for comparison.
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in resistances. Meanwhile, the c axis tends to increase with decreasing temperature,

with the largest jump occurring between 150 and 180 K. Again, this c-axis expansion

suggests a transition from a NC-CDW to a C-CDW, in good agreement with the jump

observed in electrical transport.

The structural changes as a function of temperature can be further visualised by plot-

ting the ratio of the c and a parameters, c/a, as is shown in Figure 4-23, in which the

electrical transport data of 1T-TaS1.2Se0.8 is also re-plotted. The resemblance between

the XRD data and the resistances is striking. For the initial cool-down both the c/a ra-

tio and resistance remain fairly constant, with no abrupt changes. Upon warming, the

large increase in resistance at around 150 K coincides with a marked c axis expansion

and a axis contraction. The c/a ratio begins to decrease with further warming, but

remains above the values measured during the first cool-down. This closely matches

the hysteresis loop seen in the electrical transport, which displays a similar decrease

between 180 and room temperature, followed by an abrupt decrease at 300 K. The sec-

ond cool-down also shows similarities: fairly flat between 300 and 200 K, followed by

a jump at around 180 K. One might then expect the second warm-up to show similar

hysteresis to that seen in electrical transport, with the c/a axis remaining high until

room temperature.

4.5 Discussion

This chapter has presented a series of measurements on the bulk TMD alloy 1T-

TaS1.2Se0.8. Firstly, the electrical transport behaviour of this material showed unusual

hysteretic and memory properties, with two different hysteresis loops displayed for the

material’s first and second cooling-heating cycles. The transport behaviour indicates a

number of different CDW states in certain temperature ranges and for certain temper-

ature cycles. It is not always clear exactly which phases or transitions are occuring, but

a discussion will be made below about the possibilities. The Raman and XRD data

both showed similar trends in their temperature dependence, providing clues about

some of the structural origins of the CDW phases. Meanwhile, neither the ARPES nor

the XPS data showed particularly strong hysteresis that might correlate with that seen

in electrical transport.

It is perhaps worth beginning with the photoemission data, where one might won-

der about the absence of any clear hysteretic trends. Indeed, the ARPES seems to

show roughly linear behaviour throughout, whilst there is some hysteresis in the XPS

during the first temperature cycle. If anything, this hysteresis more closely resembles
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the hysteresis seen in the second temperature cycle of electrical transport, where the

largest increase occurs between 200 and 150 K, and the maximum value at low tem-

perature matches the value achieved during the second cycle. We should now consider

an experimental detail about the ARPES and XPS data collection: the temperature

cycles were not carried out at a constant heating or cooling rate, but rather each data

point was collected at a set temperature, with rapid cooling or heating between data

points. For example, during the first cool-down, XPS data were collected every 50 K,

with measurement times of up to 50 minutes at each temperature point. This corre-

sponds to an average cooling rate of 1 K/min - similar to that used in the electrical

transport in Figure 4-1 - but a cooling rate of 0 K/min for long periods at certain

temperatures. What effect might this cooling-rate scenario have on the CDW phases

in 1T-TaS1.2Se0.8? We can start by examining the effect of cooling rate on the elec-

trical transport data (see Figure 4-24). For a ‘standard’ cooling rate of 1K/min, the

low-resistive state is clearly maintained throughout the first cool-down. This is also

found to be the case for faster cooling rates. However, for cooling rates below 0.5

K/min, a transition during cooling becomes increasingly apparent, and a increasingly

resistive final state is achieved, which displays insulating-like behaviour. Eventually,

for a cooling rate of 0.1 K/min, the size of the transition is similar to that observed

during the second cool-down. Thus, it seems that the super-cooled, low-resistive state

can be avoided by cooling at a sufficiently slow rate. Perhaps, then, the average cool-
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Figure 4-24: Resistance of bulk 1T-TaS1.2Se0.8 as a function of temperature, for vari-
ous cooling and warming rates. a) An initial cool down from room temperature; b) the
subsequent warm-up. A slow cooling rate avoids the low-resistive state at low temper-
ature. A high-resistive state is always obtained upon warming. Data collected by A.
Nevill, plotted and analysed by B. Smith.
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ing rate of 1 K/min used during photoemission should still achieve this super-cooled

state. However, the cooling was paused for a long period at 150 K, very near to the

measured transition temperature of 148 K (see the small bump in Figure 4-1), for a

transition which clearly occupies a broad window of some tens of degrees. Therefore,

it seems possible that the prolonged pause at 150 K gives the 1T-TaS1.2Se0.8 system

enough time to complete the transition to the higher-resistive state, thus avoiding the

super-cooled phase, but instead immediately entering the second hysteresis loop.

The effect of cooling rate can be explored further by considering the nature of the

nearly commensurate CDW to fully commensurate CDW transition. Recall that the

C-CDW consists of a lattice reconstruction, in which groups of thirteen Ta atoms move

together to form Star-of-David clusters. In this fully commensurate phase, the lattice

reconstruction covers the whole material. On the other hand, the NC-CDW consists

of domains in which the CDW is locally commensurate, but these are separated by

areas of incommensurability [110] [112]. In 1T-TaS2, these domains have been directly

studied using scanning tunnelling microscopy [112], where the commensurate domains

have been found to be roughly circular in shape, with a domain size of around 70 Å

at room temperature. Such domains comprise around twenty star-shaped clusters, and

the domains are separated from one another by channels of incommensurability ap-

proximately 22 Å wide. Meanwhile, the domains are expected to be three-dimensional

in nature, extending up through a number of layers. Upon cooling, the domains are

found to slowly increase in size [110] [112], until they fully merge at the observed phase

transition temperature of 1T-TaS2. Up to the transition temperature, the channels of

incommensurability are thought to remain [121], and the transition should therefore be

seen as a fairly rapid merging of domains over a certain temperature window.

For 1T-TaS1.2Se0.8, the NC-CDW to C-CDW transition upon cooling can be expected

to follow a similar mechanism, i.e., a growth and eventual merging of the domains of

commensurability. However, this transition only fully appears for slow cooling rates

of less than 0.2 K/min. Therefore, by rapidly cooling over the transition window,

the domains are not given enough time to fully merge and the CDW remains nearly

commensurate. Considering again the photoemission measurements, the cooling to 150

K would have already led to a small increase in domain size, whilst the extended pause

in the middle of the transition window might well have provided enough time for the

domains to merge into the fully commensurate phase. This could well explain the

observed trends in photoemission, where the maximum splitting at 100 K is the same

for the two temperature cycles, suggesting that the super-cooled phase has not been

entered.
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The cooling-rate dependence of 1T-TaS1.2Se0.8 discussed above leads to a further ques-

tion: is there a similar effect observed in 1T-TaS2? In other words, is it somehow

possible to cool fast enough to avoid the NC-CDW to C-CDW transition and enter

a super-cooled, low resistive state? Yoshida et al. [14] studied the effect of cooling

rate on the electrical transport behaviour of both bulk and thin 1T-TaS2, the results

of which are displayed in Figure 4-25. For bulk samples, they observed little depen-

dence on cooling rate, with the standard hysteresis loop observed for rates of up to 10

K/min. However, upon thinning the crystal down to a 61-nm flake, they found that

the cool-down transition could be suppressed with a rapid cooling rate of 10 K/min.

For an even thinner sample (31 nm), they found that super-cooled NC-CDW state

could be obtained with a rate as slow as 1 K/min. In both cases, the super-cooled

phase transitioned to a higher-resistive state upon warming back up, in a very similar

manner to that observed in bulk 1T-TaS1.2Se0.8. There appear to be two factors here

that contribute to the formation of a super-cooled state in 1T-TaS2: firstly, a rapid

cooling that prevents domains from fully merging, and secondly, an increasing sup-

pression upon thinning down the material. This latter factor was studied further by

Figure 4-25: Previous measurements of the electrical resistivity of bulk and thin 1T-
TaS2. The low-resistive state can be obtained by a combination of thinning and rapid
cooling. Reproduced from [14].
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the authors [14], where they found that for a cooling rate of 1 K/min, flakes thinner

than 31 nm could have their cool-down transition suppressed, and, moreover, with no

jump up during warming. The authors propose that the growth of domains depends

on thickness, with thin flakes experiencing slower domain growth. The study further

finds that there is a c-axis expansion upon thinning, and it is suggested that this slows

domain growth [14]. It is worth noting, however, that another study did not observe

the super-cooled state in flakes, even as thin as 4 nm [110]. This study used TaS2

encapsulated with hexagonal boron nitride, suggesting that the absence of hysteresis in

the thin flakes studied by Yoshida et al. [14] might be due to oxidation rather than a

super-cooled state. However, in the thinnest flake of 2 nm, the super-cooled state was

indeed observed [110], even with encapsulation.

The discussion above presents two methods for obtaining the super-cooled state in

1T-TaS2: i) rapid cooling, and ii) thinning, i.e. reducing dimensionality. What other

methods might exist for achieving this hidden state? Tsen et al. [110] further found

that the super-cooled state could be reached by applying a constant current during

cooling, which the authors propose hinders domain growth. A separate study found that

exposure to a high-intensity laser pulse could switch 1T-TaS2 from its C-CDW state

to its NC-CDW phase at low temperature, followed by a transition back to C-CDW

upon warming [122]. All in all, the super-cooled NC-CDW phase at low temperatures

does not appear to be unique to 1T-TaS1.2Se0.8. What is unique, however, is that

the hidden state appears in this material under relatively ‘normal’ conditions. It is

observed in bulk samples, without the need for rapid cooling or the application of a

constant current.

To understand why the super-cooled NC-CDW state is so easily obtained in 1T-

TaS1.2Se0.8, it is now useful to discuss the nature and origins of the hysteresis behaviour.

This can be done by considering a free-energy picture, as is proposed by some authors

[110] [123] to explain the hysteretic behaviour observed in 1T-TaS2 (see Figure 4-26).

In this picture, the transition between the NC-CDW and C-CDW states can be un-

derstood in terms of metastability, as follows. At room temperature, the NC-CDW

state lies lower in energy than the C-CDW phase, and is thus energetically favourable.

Between the two phases, there is some kind of energy or activation barrier which must

be overcome for a transition to occur. Upon cooling, the energy of the C-CDW phase

lowers relative to the energy of the NC-CDW. Somewhere below room temperature,

the C-CDW becomes the lowest energy state; however, the energy barrier prevents the

system from transitioning and the material remains in its NC-CDW phase, which can

now be considered to be metastable. Further cooling leads to increased metastability
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(a)
(b)

Figure 4-26: a) Free-energy picture of the NC-CDW to C-CDW transition in 1T-
TaS2. Upon cooling, the NC-CDW state becomes metastable with an activation barrier
initially preventing the transition. The activation barrier is proposed to increase for
thinner flakes. b) Electrical resistance of 1T-TaS2 as a function of flake thickness. The
hysteresis loop widens in energy for thinner flakes. Both figures are reproduced from
[110].

and a decreasing energy barrier, until finally the activation barrier can be overcome

with sufficient thermal energy. At this point, the system does indeed transition to

the C-CDW state. Upon warming, the situation is reversed. The system remains in

the C-CDW, even past the temperature where the NC-CDW becomes energetically

favourable, with the activation barrier again preventing a transition. Now it is the

C-CDW phase that is metastable. Eventually, around room temperature, the metasta-

bility becomes so pronounced that the activation barrier can again be overcome and

the C-CDW to NC-CDW transition occurs. This completes a hysteresis loop, where

the hysteresis can be considered as some kind of ‘window of metastability’. The actual
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transition temperature - i.e. the point at which the energies of the two phases are equal

- is somewhere in the middle of the hysteresis loop (it is estimated to be at around 180

K for 1T-TaS2 [110]).

How might the hysteresis loop be affected; for example, extended in energy? In other

words, how might one increase the metastability of the system? Referring again to

1T-TaS2, Tsen et al. [110] find that the hysteresis loop for the bulk material is around

60 K wide. Upon thinning, they observe the hysteresis range to continuously widen,

with a concomitant flattening of the loop (see Figure 4-26). The maximum size of the

hysteresis range is 125 K for flakes of 4 nm thickness, whilst no hysteresis is observed

for thinner samples. These results suggest an increasing metastability for increasingly

thin 1T-TaS2, which the authors ascribe to an increasing activation barrier between

the NC-CDW and C-CDW states, as is depicted in Figure 4-26. This is suggested to

occur due to an increased pinning of domains in the thinner material, thus slowing

their growth and eventual merging into the fully commensurate state. As discussed

earlier, others suggest that the slow domain growth is due to a c-axis expansion upon

thinning - as shown by their XRD measurements - leading to reduced dimensionality,

and thus a suppressed growth of the three-dimensional domains [14].

This free-energy picture could certainly help in understanding the observed behaviour

in 1T-TaS1.2Se0.8. Firstly, by looking at the second temperature cycle of the electrical

transport data, we can note that the hysteresis loop in 1T-TaS1.2Se0.8 is really quite

wide: around 120 K compared with 60 K for bulk 1T-TaS2. Indeed, this energy range

is comparable with the widest hysteresis observed by Tsen et al., which was 125 K

for their thinnest flakes. Perhaps we might see an even wider hysteresis range in

1T-TaS1.2Se0.8 by exfoliating the material down to thin flakes, and this would be an

useful measurement to perform. In any case, in bulk 1T-TaS1.2Se0.8 it seems as though

we are somehow able to replicate the large metastability of two-dimensional 1T-TaS2.

Furthermore, Figure 4-26 demonstrates that thinning 1T-TaS2 results in an increasingly

flattened hysteresis loop, and thus the jump in resistance from NC-CDW to C-CDW

is increasingly suppressed - this diminishes one of the key proprties of the material,

one which makes it a good candidate for switching applications [124]. For bulk 1T-

TaS1.2Se0.8, however, we observe both a large range of hysteresis and a large jump

in resistance of over an order of magnitude either side of the NC-CDW to C-CDW

transition. The large hysteresis in bulk 1T-TaS1.2Se0.8 implies a large metastability,

which suggests an increased activation barrier between the NC-CDW and C-CDW

states, similar to the increased energy barrier in two-dimensional 1T-TaS2 [110].

What could be causing this increased activation barrier, giving bulk 1T-TaS1.2Se0.8 its
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quasi-2D nature? Referring to the XRD data shown in this thesis, we can see that

the c-axis parameter of bulk 1T-TaS1.2Se0.8 is around 6.06 Å, which expands to over

6.09 Å in the transition to the C-CDW state. These values compare to 5.86 Å in bulk

1T-TaS2 [54], with an expansion upon thinning, resulting in a value of 5.90 Å for 15 nm

[14]. In going from 1T-TaS2 to 1T-TaS1.2Se0.8, a proportion of sulphur atoms are being

substituted for heavier, larger selenium atoms, thus leading to a c-axis swelling. This

expansion could be seen as reducing the dimensionality of the in-plane structure, leading

to an increased pinning and slower growth of the domains in the NC-CDW phase. It

is interesting to take the situation to the other extreme, and consider the case of 1T-

TaSe2. Here, the c-axis parameter is even larger - 6.24 Å at room temperature [54] - so

one might expect an even more enhanced NC-CDW. However, 1T-TaSe2 is found not

to exhibit a NC-CDW phase at all, with just a transition directly from IC-CDW to

C-CDW at 473 K [15], so the picture is not particularly comparable. One possibility

is that the partial substitution of sulphur for selenium, in which the chalcogen planes

maintain atoms of both species, leads to corrugated chalcogen layers which further

increase the interlayer spacing, or that this doping introduces some disorder into the

system that acts to inhibit domain growth.

The question still remains about the first temperature cycle, in which the transition is

suppressed upon cooling and only appears upon re-warming past 150 K. Whether it be

during cooling or warming, the NC-CDW-to-C-CDW transition only seems to occur in

a window around this temperature, at which point the domains fully merge to form the

C-CDW phase. Interestingly, other authors have found that the hidden, low-resistive

state is maintained ‘indefinitely’ [122]. It would be a useful experiment to cool a sample,

and then hold it at various low temperatures, to see if a transition can be induced just

by waiting. This might not be the case if the transition is somehow ‘frozen’ at low

temperatures; in other words, beyond the transition window, there is no longer enough

thermal energy to overcome the activation barrier, and the system will remain in the

metastable NC-CDW state. As suggested in relation to the photoemission data, it is

likely that pausing during the transition window, or continuously cooling through it at

a slow enough rate, gives the system enough time and thermal energy to complete the

transition. The transition on warming is still rather mysterious. Clearly, the system

now has enough time and thermal energy to transition, even though this was absent

during cooling. It is possible that the cooling begins the transition, with a gradual

growth of the domains [121], followed by the more rapid onset of merging at around

150 K - this is even suggested by the small peak in the electrical transport data at

around this temperature (see Figure 4-1c, for example). Upon warming, not much

more time is required for the domains to complete their merging and the NC-CDW to

112



C-CDW transition occurs. To test this theory, one could use a very rapid cooling and

heating rate to see if the transition can be suppressed on warming as well as cooling.

To date, we have only tested samples at rates of up to 1 K/min.

It is clear that there is something special about the first temperature cycle, whereby

the super-cooled state is not achieved for a second cool-down performed under the

same conditions. To explain this behaviour, it might be worth considering a version

of the free-energy picture, but this time with four physical states rather than two.

Such a model is depicted in Figure 4-27, with an IC-CDW, two NC-CDW and one

C-CDW phases. At high temperatures above 360 K, the IC-CDW is the lowest-energy

state. Upon cooling, the NC and C phases both lower in energy relative to the IC

state. Around 360 K, the NC1 phase becomes the lowest-energy state, and there can

be a IC-to-NC1 transition. As was shown in Figure 4-2, there is a very small amount of

hysteresis in this transition - approximately 4 K - and the size of this hysteresis suggests

that there is a small activation barrier between the IC and NC1 phases, and thus the

amount of metastability is not large. With further cooling, the region of metastability

between the NC and C phases is entered between 300 and 150 K. In the middle of this

region, the C-CDW phases becomes the lowest-energy state, but the large activation

barrier in 1T-TaS1.2Se0.8 prevents a transition from occurring. Around 150 K, the

activation barrier is low enough that the transition becomes thermally possible. If the

cooling is slow enough, then the system has time to fulfil the transition, with all the

domains of commensurability in the NC phase fully merging to form the C state. On

the other hand, if the cooling is ‘fast’ (though in 1T-TaS1.2Se0.8, only ‘normal’ cooling

is required of > 0.5 K/min), then there is not sufficient time for the merging to be

completed, and there is an intermediate transition between the NC1 and NC2 phases.

Here, the NC2 state represents a phase with similar characteristics to the NC1 state,

with similar resistive properties, and thus can be thought of as the low-resistive, super-

cooled phase observed in electrical transport. Such a transition between two similar

states can be argued to occur due to the small bump in the differential resistivity,

as can be seen in Figure 4-1. With further cooling, the C state becomes ever-more

energetically favourable, but the low temperatures can be thought of as freezing the

system in the super-cooled NC state. Upon warming back up to 150 K, the NC-

to-C transition can be fully completed, as is evidenced by the jump in resistance.

Even with ‘fast’ cooling, the transition is possible, perhaps because the domains of

commensurability have already begun to merge during cooling. This could lead to

some kind of lowering of the activation barrier between NC2 and C, thus making this

transition more favourable. Up to 300 K, the system remains in the C phase, though

it becomes metastable with respect to the NC phase. Above 300 K, a transition back
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Figure 4-27: A free-energy scheme for the transitions in 1T-TaS1.2Se0.8, with four
phases: high-temperature IC-CDW, intermediate-temperature NC-CDWs (NC1 and
NC2), and low-temperature C-CDW. 1) At high temperatures, the system is in its
lowest-energy IC-CDW state. 2) Upon cooling below 360 K, the NC-CDW state be-
comes energetically favourable and there is a IC-to-NC transition. The small activation
barrier between these two states defines the small amount of hysteresis in this tran-
sition. Further cooling between 300 and 150 K leads to the C-CDW state become
energetically favourable. However, the large activation barrier between the NC-CDW
and C-CDW states leads to the observed hysteresis in this temperature region. 3)
At 150 K, the barriers become low enough for a transition to be thermally possible.
With slow cooling, the system can fully transition from NC-CDW to C-CDW; with
fast cooling, however, the system can only move to the intermediate, super-cooled NC-
CDW state. 4) Upon warming back to 150 K, the transition between the super-cooled
NC-CDW and C-CDW can be completed, even with fast cooling. 5) Further warming
to 300 K leads to a metastable C-CDW phase and eventually a transition back to the
stable NC-CDW. Further temperature cycles involve transitions between NC1 and C,
reproducing the shape of the hysteresis loop seen in 1T-TaS2. 6) The system can be
‘reset’ by heating to above 360 K, at which point the system returns to the IC-CDW
phase. After this, the intermediate CDW phase can again be seen upon cooling.
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Figure 4-28: The electrical transport data of 1T-TaS1.2Se0.8, reproduced here for com-
parison. See Figure 4-1 for a full caption.

to NC2 can occur. Further cooling and heating of the system now results in a simpler

cycling between NC2 and C, as demonstrated by the hysteresis loop seen in electrical

transport, which closely resembles that seen in 1T-TaS2 [14] [110]. Interestingly, the

energy range of the hysteresis loop is smaller in the later temperature sweeps with

respect to the first (approximately 150 K in the first versus 125 K in the later cycles).

This suggests that the full merging of the of the domains of commensurability results in

a lowering of the NC2-C activation barrier, thus explaining why the transition becomes

more favourable and is more readily observed during later temperature sweeps. Finally,

the system can be effectively reset by heating past the IC phase transition, at which

point the system jumps fully back into the now lowest-energy IC state. The whole

process can then be replicated, including the achievement of a super-cooled NC-CDW,

during the subsequent temperature cycle.

The free-energy scheme described above reproduces many of the characteristics of the

electrical transport behaviour, including: i) the appearance of a super-cooled NC-CDW

state during the initial cooling; ii) the dependence of this hidden phase on cooling rate;

iii) the unusual NC-C transition upon re-warming; iv) the absence of the super-cooled

state during subsequent temperature cycles; and v) the ability to reset the process by

heating 1T-TaS1.2Se0.8 to above 360 K. Future measurements on 1T-TaS1.2Se0.8 should

focus on testing the features of this model - in particular, the nature of the NC-to-

C transition during cooling and heating. A wider range of cooling rates should be

investigated - for example, can the transition on re-warming also be suppressed by

using a very rapid cooling rate of > 2 K/min? Can the metastable region between

the NC and C phases be widened by thinning, i.e. does reducing the dimensionality of
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1T-TaS1.2Se0.8 drive further structural changes that enhance the hysteretic behaviour?

Further Raman and XRD measurements could be employed to examine these structural

effects.

To summarise, 1T-TaS1.2Se0.8 displays unusual hysteretic behaviour, with a low-resistive

state obtained during an initial cool-down. This super-cooled state is not observed in

bulk 1T-TaS2, where it can only be induced under certain conditions, such as in thin

flakes with rapid cooling rates [14]. Our ARPES measurements on 1T-TaS1.2Se0.8 have

demonstrated the electronic features that drive the formation of CDWs in this material

- namely, elliptical Ta-5d pockets with good Fermi surface nesting, similar to that seen

in 1T-TaS2 [21]. Raman and XRD measurements both displayed strong hysteresis, em-

phasising the strong electron-phonon coupling in 1T-TaS1.2Se0.8, and the importance of

structural effects in driving the observed resistive behaviour. These structural effects

have been discussed - in, particular the dynamics of the NC-to-C transition - with a

free-energy picture explaining many of the observed properties of this material. The

presence of several CDW phases, the transitions between which can be suppressed or

enhanced by tweaking a number of parameters, makes 1T-TaS1.2Se0.8 a good candidate

for future memory applications, in which one can switch between the different resis-

tive states. Further ways to switch between these phases should be examined, such as

pressure or thinning.
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Chapter 5

Integrating anisotropic ReS2 into

photonic devices

The preceding chapters explored the electrical, structural and electronic properties

of the tantalum dichalcogenides, with a focus on the unusual alloy 1T-TaS1.2Se0.8.

This chapter presents a study on another member of the TMD family, rhenium disul-

phide (ReS2), which also exhibits unusual physical properties. Notably, ReS2 has an

anisotropic in-plane crystal structure, shared only with ReSe2 and the technetium

dichalcogenides (Re and Tc are in the same group in the periodic table) [125]. This

peculiar crystal structure leads to a number of anisotropies in its mechanical, optical

and electrical properties; for instance, an electron mobility that depends on in-plane

crystallographic direction [126]. The results in this chapter demonstrate how ReS2

has been incorporated within photonic devices for the first time, exploiting both the

anisotropies of ReS2 as well as its nonlinear optical (NLO) properties, all of which make

ReS2 a particularly suitable material for such incorporation. The chapter begins with

an introduction to the field of NLO, with details on the NLO properties of 2D materials

and ReS2 in particular. This is followed by a discussion of some photonic devices that

have been used in this project. The results show how ReS2 flakes have been fabricated

using exfoliation; these flakes are presented along with a detailed characterisation using

AFM and polarised Raman spectroscopy. AFM was used to measure the thickness of

the flakes, whilst polarised Raman was used to determine their in-plane orientation.

Next follows a description of how the ReS2 flakes have been incorporated within pho-

tonic waveguides by collaborators at the Massachusetts Institute of Technology (MIT).

The rest of the chapter presents the development of an optical set-up to characterise

these devices, and some preliminary measurements on blank samples, without flakes.
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5.1 Introduction to nonlinear optics

Conventional, linear optics describes the optical response of linear media to an applied

electric field. Here, a linear medium is one in which the optical response, i.e. the

polarisation density ~P (t), is related to the external electric field ~E(t) by:

~P (t) = χ~E(t) (5.1)

where χ is the susceptibility of the material. A series expansion of Equation 5.1 yields

higher-order terms:

~P (t) = χ(1) ~E(t) + χ(2) ~E2(t) + χ(3) ~E3(t) + ... (5.2)

where χ(n) (n > 1) denotes the n’th order nonlinear susceptibility, and is an (n+ 1)th -

rank tensor. Thus, nonlinear optics (NLO) describes the optical response of a material

to an applied electric field, in which the nonlinear components must be taken into

account - these materials are hence known as nonlinear materials. The magnitude

of χ(n) decreases rapidly with n, meaning that processes arising from the lower-order

terms such as n=2 and n=3 are the most commonly-observed NLO effects. The weak

interaction strength of the nonlinear response also means that a very strong electric

field must be applied for any measurable optical response to be produced. Thus, the

observation of NLO effects relies heavily on the use of lasers as high-intensity light

sources [127].

Two well-studied NLO effects are second and third harmonic generation (SHG and

THG), which are second- and third-order NLO interactions, respectively. Schematic

diagrams of the two processes are shown in Figure 5-1. SHG involves the interaction of

two photons with energy ω to produce one photon of energy 2ω, whilst THG involves

the combination of three photons of energy ω to produce one photon of energy 3ω,

with these two processes occuring within materials with large values of χ(2) and χ(3),

respectively. These two processes are often also referred to as frequency doubling and

tripling. As an example of SHG, traditional bulk NLO materials such as lithium niobate

(LiNbO3) are commonly used in lasers to double their emission energies, e.g. from 843

nm to 421.5 nm [128].

An important difference between the two processes is that SHG can only occur in

non-centrosymmetric materials, i.e. materials without a centre of inversion symmetry.
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For THG, however, there is no dependence on centrosymmetry [127]. In fact, broken

inversion symmetry is a requirement of any even-order NLO process, and there is no

such dependence for any odd-order interaction.

Figure 5-1: Schematic diagrams of second and third harmonic generation, SHG (top)
and THG (bottom). The left-hand figures show a geometric depiction, where light
entering the nonlinear material has its frequency doubled (SHG) or tripled (THG). The
right-hand figures present energy-level diagrams, where the solid black lines represent
the ground state, and the dashed lines represent virtual states. Two or three photons
interact to produce one higher-frequency photon in SHG and THG, respectively.

5.1.1 Nonlinear optics in two-dimensional TMDs

The layered TMDs are interesting materials in the field of nonlinear optics. They

generally possess large nonlinear susceptibilities: for example, the prototypical TMD

MoS2 possesses a χ(2) value of the order of 1 nm/V [30], which is 2-3 orders of magnitude

larger than the value for a traditional, bulk nonlinear crystal such as LiNbO3 or barium

borate (BBO). Furthermore, when these materials are thinned down to a few atomic

layers, their low-dimensional nature allows for them to be incorporated into novel nano-

photonic devices, such as flakes being deposited on the end of optical fibres [129].

Of particular interest is the fact that the NLO properties of 2D-TMDs depend strongly

on their thickness; specifically the parity of the number of layers present. This is entirely
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due to the crystal symmetries of the material. Figure 5-2 depicts the crystal structure

of monolayer and bilayer 2H-MoS2 - the unit cell of this polytype contains two mono-

layers. For bilayer MoS2, there exists an inversion centre within the unit cell, located

between the two monolayers, and this applies to any even number of layers. Therefore,

one would not expect to observe any SHG from even-layered MoS2 as a χ(2) process

requires a non-centrosymmetric material. However, in the case of a single monolayer,

the inversion symmetry of the material is broken, and SHG should be observable. This

should also apply to other odd-numbered MoS2 samples, though the intensity of the

SHG interaction would decrease with increasing thickness, as one approaches the bulk,

centrosymmetric case. These predictions have been confirmed experimentally with Li

et al. [130] measuring strong SHG from monolayer MoS2, increasingly-weak signals

from other odd-numbered flakes, and negligible SHG from even-numbered MoS2. Note

that it is possible to measure SHG from even-numbered MoS2 if one breaks its inversion

symmetry in another way, such as by using strain or chemical etching [30]. By contrast,

THG is observed in MoS2 regardless of layer number [131], as χ(3) processes do not

require broken inversion symmetry to exist. The measured THG intensity increases

with increasing thickness, as there is more material for the laser light to interact with

[132].

Figure 5-2: A side-view of the crystal structures of monolayer and bilayer 2H-MoS2.
The Mo atoms are represented by the green spheres and the S atoms by the orange
spheres. The red circle in the middle of the bilayer structure indicates the inversion
centre, whilst no such inversion centre exists for the monolayer. Adapted from [46].

5.1.2 Nonlinear optics in two-dimensional ReS2

As with many other 2D-TMDs, 1T’-ReS2 has very large nonlinear susceptibilities [30]

[134], making it a promising candidate for NLO applications. Unlike 2H-MoS2, however,

ReS2 is centrosymmetric in the monolayer, due to the structure of its distorted 1T

polytype. This inversion symmetry is broken in two layers, as well as any other even

number of layers - see Figure 5-3 for the crystal structure of a monolayer and bilayer
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Figure 5-3: A side-view of the crystal structures of monolayer and bilayer ReS2. The
Re atoms are represented by the blue spheres and the S atoms by the yellow spheres.
One can observe the inversion centre in the middle of the ReS2 monolayer, whilst no
such inversion centre exists for the bilayer. Adapted from [133].

of ReS2. Therefore, one would expect to observe SHG in even-number layered flakes,

but not in those with odd numbers - this has been observed recently [135]. Meanwhile,

THG has also been observed in thin ReS2 regardless of the parity of layer number [134].

Another interesting characteristic of ReS2 is that it often cleaves to form long-and-

narrow flakes, as a result of its anisotropic in-plane crystal structure. This feature makes

ReS2 particularly interesting for incorporation along the length of photonic devices such

as waveguides, providing a long interaction length whilst also fitting within the width

of the waveguide without any need for etching of the ReS2 flake.

5.2 Waveguides

A dielectric waveguide is an optical device that is used for the propagation of light

along its length. The most simple form is the planar slab waveguide, in which a slab

of high-refractive index dielectric is sandwiched between two slabs of a lower-refractive

index dielectric material. Light travelling along the length of the waveguide can be

confined to the central region, known as the core, due to total internal reflection at

the interfaces with the lower-refractive index materials, known as the cladding. The

electromagnetic field distribution of light travelling through the core does not depend

on the direction parallel to the waveguide’s length (the z-direction), but has a distinct

profile in the x-y plane. This x-y profile is known as the guided mode of a waveguide.

There is a fundamental and higher-order modes that can propagate along a waveguide.

Light can also propagate within the cladding - near to the core-cladding interface -
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but a mode’s amplitude decays exponentially outside of the core. These waves in the

cladding are known as evanescent waves.

This project made use of rib waveguides, the basic design of which is displayed in Figure

5-4. The core of the waveguide consists of a slab of chalcogenide glass (ChG) with a

ridge patterned on top. The use of ChG as the waveguide material will be explained

later. The cladding consists of an oxidised silicon (Si/SiO2) substrate beneath the

core, and air surrounding the ridge. The guided mode exists mostly within the ridge,

with some amplitude in the slab section of the core, and evanescent waves in the air

surrounding the ridge.

Figure 5-4: A schematic diagram of a rib waveguide. The core of the waveguide consists
of a ChG slab with a ridge patterned along one direction. The cladding consists of
Si/SiO2 below the core, and air above it. Light propagates through the core, with most
of the amplitude of the guided mode existing within the ridge section of the core. Some
of the devices used in this project have a flake of a 2D material deposited in the middle
of the ridge section of the core - this is shown in the diagram.

Previous studies have integrated 2D materials with waveguides to study the interaction

of the 2D material with the guided light [136] [137]. Most of these studies have deposited

2D materials directly onto prefabricated waveguides, for example by transferring a

graphene flake onto a waveguide such that it is wrapped around its core [136]. In this

way, the graphene can interact with the evanescent waves of the guided mode, and the

effects of this light-matter interaction can be studied.

Recent work by our collaborators [74] has taken a different approach for integrating

2D materials with waveguides. Their device structure instead consists of a 2D material

layer embedded within a waveguide and extending along its length (refer again to
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Figure 5-4). The 2D material is positioned centrally within the waveguide, meaning

that it directly interacts with the guided optical modes of the waveguide, rather than

the weaker evanescent light in the cladding. Furthermore, because the 2D material is

sandwiched between two layers of the core, it is essentially capped from exposure to

air, and is thus protected from environmental degradation arising from, for example,

oxidation or chemical adsorbates. It should be noted that the optical confinement

within the waveguide is still driven by by the ChG glass core and surrounding cladding,

and the 2D material itself has a minimal impact on confinement.

The waveguide material used by Lin et al. [74] is a chalcogenide glass (ChG), specifically

Ge28Sb12Se60, though they have demonstrated that other ChG compositions can be

similarly employed such as Ge23Sb7S70 or As2Se3. As an example, the structure of

the binary ChG As2Se3 is shown in Figure 5-5 alongside the crystalline version of the

same composition. As opposed to the regular lattice evident throughout the crystal,

the glass is amorphous with no long-range ordering. The glass can be achieved by

melting the crystal and then rapidly cooling through the glass transition temperature.

In this project, the waveguide substrate is Si/SiO2 and the ridge of the rib waveguide

is surrounded by air. The ChG core has a refractive index of 2.17 at 1550 nm [139],

compared with refractive indices of 1.44 and 1.00 for SiO2 and air, respectively. Further

benefits of using ChG as the guiding medium include: its transparency over a wide

range of wavelengths, particularly in the infrared regime; and the fact that it can be

Figure 5-5: The structure of the binary material As2Se3 in its crystalline and
chalcogenide-glass forms. The sketches are two-dimensional representations - in re-
ality, both structures extend in three dimensions. In both structures, each As atom
is bonded to 3 Se atoms, whilst each Se atom is bonded to 2 As atoms. The crystal
displays long-range atomic ordering, whilst the glass is disordered. Modified from [138].
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deposited onto a wide variety of 2D materials without inducing any detrimental effects

to the structural or optoelectronic properties of the 2D material [74].

The basic fabrication process for such a device is as follows [74]. A layer of ChG is

deposited onto Si/SiO2 by thermal evaporation. Next, a 2D material is deposited onto

the ChG surface by a wet or dry transfer method. A second ChG layer is then deposited

on top, resulting in the 2D film being sandwiched between the two layers. Finally, the

sample surface is patterned using lithography to produce the rib-waveguide device. The

dimensions of the waveguides used herein are as follows: the thickness of the ChG slab

is 130 nm; the width of the ridge is 800 nm; the thickness of the ridge is 600 nm, with

the flake situated halfway up the ridge’s height.

5.2.1 Grating couplers

For light to pass into and out of a waveguide, one must use some kind of optical

coupler. Grating couplers were used in this project, though other types exist such as

edge couplers - schematics of both types of coupling are shown in Figure 5-6. A grating

coupler consists of a diffraction grating lying on top of a waveguide, such that they

are electromagnetically coupled. When incident light arrives at the periodic grating,

it is diffracted into discrete modes propagating at different angles. If one of these

diffracted modes matches a discrete guided mode, then the light can propagate along

the waveguide. This is known as ‘guided mode resonance’. The diffracted modes

depend both on the wavelength, λ, and angle of incidence, θi, of the incoming light:

sin(θi) =
nt −mλ/Λ

ni
(5.3)

where ni and nt are the refractive indices of the incident and transmitted material,

i.e. air and the ChG waveguide, respectively; m is an integer representing the guided

mode; and Λ is the grating period. As a result of this guided-mode-resonance condition,

grating couplers are designed to provide maximum coupling for a specific wavelength

and incident angle. The grating couplers for this project are optimised for 1550 nm

light incident at an angle of 15° from the vertical. Light propagating to the other end

of the waveguide is extracted using a second grating coupler which operates via the

same guided-mode-resonance effect, but in reverse.

One problem with using grating couplers is that, whilst the guided mode remains in

close proximity to the grating above it, the light can ‘leak out’ of the waveguide via

the same guided-mode-resonance effect described above. Therefore, grating couplers
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Figure 5-6: Schematic diagrams of a) grating couplers and b) edge couplers. Grating
couplers work by diffracting incident light according to Equation 5.3, whilst in edge
couplers, light is directed into the waveguide from the side.

are often designed to consist of only a small number of periods in order to minimise

loss.

5.2.2 Ring resonators

One of the devices studied in this report is an ‘optical ring resonator’. The basic design

of this optical structure is depicted in Figure 5-7. It consists of a straight waveguide

with a circular waveguide adjacent to it, positioned at the straight waveguide’s mid-

point. Light is coupled into and out of the straight waveguide using grating couplers.

For most input frequencies, the light passes directly through the straight waveguide

without interacting with the ring section. However, for certain resonance frequencies

(see Equation 5.4), light can couple into the ring section and propagate through the

loop a large number of times. By measuring the transmission through a ring resonator

as a function of input wavelength, one will thus observe sharp dips in transmission

at the resonant frequencies, as less light is travelling straight to the output grating

coupler. An example of such a resonance is displayed in Figure 5-8 - this was measured

from one of the ring resonators fabricated during this project. Coupling occurs at the

point where the straight and ring waveguides are nearest each other, and is referred to

as the ‘coupling region’. The coupling occurs due to the evanescent fields that can exist

outside the core of the waveguide, so the two waveguides need to be close together to

ensure efficient coupling.
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Figure 5-7: A schematic diagram of an optical ring resonator, with light propagating
along a straight waveguide. For certain resonant frequencies, light can couple into the
ring waveguide of radius r in the coupling region - light then propagates around the
ring, performing multiple circuits. When this resonance effect occurs, one measures a
dip in transmission at the output of the straight waveguide.

The resonant wavelengths of a ring resonator, λm, depend on the dimensions of the

ring waveguide as:

λm =
Lneff
m

(5.4)

where L is the path length of one complete circuit of the ring (L = 2πr) for a ring radius,

r; neff is the effective refractive index of the waveguide; and m is a positive integer

referring to the mode of the resonance. The resonances are spaced in wavelength, and

the spacing between two successive resonances, known as the free spectral range (FSR),

is given by:

FSR =
λ2

ngL
(5.5)

where ng is the group index of the waveguide, and depends on the material and wave-

length used [140]. Note that as the FSR is a function of λ, the spacing between

resonances is not exactly periodic, though they may appear to be so at first glance over

a small wavelength range.
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Figure 5-8: A spectrum of the transmission through an optical ring resonator as a
function of input wavelength, measured from one of the devices fabricated during this
project. Light only couples into the ring resonator for certain resonance frequencies,
resulting in an observed dip in transmission through the straight waveguide.

For an ideal ring resonator, only a narrow band of light around the resonance frequency

couples into the ring waveguide, resulting in a sharp dip in transmission. Thus, the

quality factor (Q) of a ring resonator can be defined as:

Q =
λm
δλ

(5.6)

where δλ is the full width at half maximum (FWHM) of the transmission dip.

5.3 Flake preparation and characterisation

An optical microscopy image of a ReS2 flake deposited onto a ChG substrate is displayed

in Figure 5-9. The flake is approximately 60 microns long by 2 microns wide. These

long-and-narrow dimensions would be suitable for incorporation into a waveguide: there

is a sufficient interaction length for any NLO processes, whilst incorporation of the

narrow flake into a similarly narrow waveguide would be easy and without the need for

etching of any superfluous ReS2 material. Meanwhile, the flake is well isolated on the

substrate - a waveguide passing along the length of the flake would not have its path
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obstructed by other flakes, surface contaminants or substrate alignment marks.

AFM scans were conducted to characterise the thickness of the flake: these are displayed

in Figure 5-10, showing the top, middle and bottom sections of the flake. It is clear from

these images that the flake is composed of a number of different regions with various

thicknesses. For example, in Figure 5-10c, the bright, white colour of the bottom-

left region indicates that it is a thick section of the flake; whilst the more dark-grey

region in the top right is likely to be much thinner. To determine these thicknesses,

AFM line scans were carried out along the lines drawn in red - these line scans are

displayed on the right-hand side of Figure 5-10. From the line scans, one can see that

the thicknesses within the flake range from 12 ± 2 nm to 120 ± 10 nm, for the top

and bottom sections, respectively. The uncertainties in these thicknesses result from

the difficulty in measuring the line scans’ step-sizes, as well as the inherent uncertainty

in the measurement due to the use of tapping-mode AFM rather than contact mode.

For an ReS2 interlayer distance of 0.67 nm [141] [142], the thicknesses correspond to

approximately 18 layers for the thinnest region, and approximately 180 layers for the

thickest.

Figure 5-9: An optical microscopy image of a ReS2 flake deposited on a ChG sub-
strate, demonstrating the long-and-thin dimensions that often characterise flakes of
this material.
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Figure 5-10: AFM images of the ReS2 flake shown in Figure 5-9. Figures a, b and
c show images of the top, middle and bottom sections of the flake, respectively, each
alongside height profiles along the directions indicated by the red lines.
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As a further characterisation of the thicknesses present within flakes, Raman spectra

were obtained from their different sections. A wide-range spectrum of a ReS2 flake on

a ChG substrate (Figure 5-11a) allows one to identify a number of vibrational modes:

several ReS2 modes at low frequencies of less than 250 cm-1; higher-frequency ReS2

peaks superimposed upon a broad ChG background between 250 and 400 cm-1; and

a high-intensity peak at 520 cm-1 from the Si/SiO2 substrate. The ChG background

- shown in Figure 5-11b for a region without ReS2 flakes - consists of several broad,

overlapping bands, which closely resemble previous measurements [143] and are consis-

tent with the amorphous nature of the material. For the different sections of the ReS2

flakes, no changes in peak position were observed between spectra, indicating that all

regions consisted of at least 5 layers [142]. This is in good agreement with the AFM

data. Another feature of the spectra was the weak ReS2 Raman intensities compared

with the silicon Raman mode at 520 cm−1: indeed, it was very difficult to resolve ei-

ther of mode I or II - this can be seen in Figures 5-11c and d, showing representative

spectra obtained from the middle region of the flake shown in Figure 5-9, as well as

from a second flake with a different in-plane orientation. It is likely that there are

two factors that contribute to these weak signals: firstly, the narrow dimensions of the

flakes make it difficult to focus the roughly 2-micron-diameter laser spot solely on the

ReS2 material; and secondly, the Raman intensities of the different ReS2 modes vary as

a function of in-plane orientation [142] [144], as can be seen by comparing the relative

intensities in the two ReS2 spectra in Figure 5-11. As these initial spectra were only

recorded for a certain in-plane orientation - for example, as shown in Figure 5-9 - the

orientation ‘chosen’ may not have been the optimal one for obtaining strong intensities

for certain modes. The intensity of a certain mode could have been increased either by

simply rotating the sample, or by varying the polarisation of the incoming laser beam.

However, using this method to increase the intensity of one mode could also result in

a concomitant weakening of other modes. This polarisation dependence of the Raman

spectra is investigated further below.

As explained in Section 1.3.3, ReS2 has an anisotropic in-plane crystal structure, with

chains of Re atoms forming along one direction - this direction is generally assigned

as the b lattice vector. During micromechanical exfoliation, ReS2 flakes will often

cleave along this direction, producing long-and-narrow flakes similar to the one shown

in Figure 5-9. For flakes with such dimensions, it is highly probable that the b axis lies

along the long edge of the flake. However, this might not always be the case, as shown

in Figure 5-12 [144]. It is also common for smaller flakes to be produced for which

there is no clear ‘long edge’, and therefore no obvious b axis. Thus, it is not sufficient

to use optical microscopy alone to determine a flake’s in-plane orientation.

130



100 200 300 400 500 600

0.0

0.2

0.4

0.6

0.8

1.0

In
te

ns
ity

 / 
a.

u.

Raman shift / cm-1

ReS2

ReS2

ChG

Si

(a)

250 300 350 400 450
0.0

0.1

0.2

0.3

0.4

0.5

0.6

In
te

ns
ity

 / 
a.

u.

Raman shift / cm-1

ChG

(b)

120 140 160 180 200 220 240
0.0

0.2

0.4

0.6

In
te

ns
ity

 / 
a.

u.

Raman shift / cm-1

I II

III

IV

V

ReS2

(c)

120 140 160 180 200 220 240
0.0

0.2

0.4

0.6

In
te

ns
ity

 / 
a.

u.

Raman shift / cm-1

I
II

III

IV
V

ReS2

(d)

Figure 5-11: Raman spectra of ReS2 flakes on ChG. a) A wide-range scan showing a
number of ReS2 vibrational modes, a strong peak from the Si/SiO2 substrate, and a
broad band arising from the ChG waveguide material. The boxes are not meant to
identify insets. b) A spectrum of a region of the ChG with no ReS2 flakes, showing a
number of broad, overlapping bands. c) The middle region of the ReS2 flake shown in
Figure 5-9; d) Another ReS2 flake with a different in-plane orientation. The spectra
show the low-frequency modes I to V, whilst other Raman-active modes are observed
at higher frequencies, some of which overlap with the ChG bands. The intensity of the
modes are all polarisation dependent, and mode V is used here to determine in-plane
orientation.

To confirm this in-plane orientation, polarised Raman spectroscopy was used, as set

out in Section 2.3.2. Spectra were obtained from the flake shown in Figure 5-9, with

the polarisation of the incoming laser light rotated in 15° increments, from 0° (for

horizontally polarised light) through a full circle to 360°. By rotating the polarisation
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Figure 5-12: A scenario in which one may confuse the direction of the b lattice vector.
A flake with long-and-narrow dimensions will often have its crystallographic b axis
lying along its long edge. However, it is possible that this flake could cleave in such a
way as to produce another, smaller flake with similarly long-and-thin dimensions, but
with the b axis lying along the shorter edge. Adapted from [144].

of the incident light, the flake itself can be left stationary, such that the laser spot

remains on the same part of the flake at all times. The intensity of mode V at around

211 cm−1 is plotted as a function of polarisation angle (see Figure 5-13), clearly showing

a sinusoidal variation of intensity as the excitation polarisation is rotated. Similar

results were found for other Raman modes, whilst spectra obtained from a silicon

reference sample displayed no polarisation dependence. Note that all Raman peaks

were fit with purely Lorentzian functions, and the plotted intensity is actually the peak
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Figure 5-13: a) Polarised Raman data obtained from the ReS2 flake shown in Figure
5-9, reproduced in b) for convenience. The intensity of mode V is plotted as a function
of the excitation polarisation. The black squares show the experimental data, whilst
the red curve shows a fit of the data using Equation 2.10. The maximum intensity of
mode V is found to be closely aligned with the in-plane b axis.
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area following background subtraction.

It is known that the polarisation angle for which mode V is at its maximum intensity

should be closely aligned with the b crystal axis [142] [144]. By comparison of Figures

5-9 and 5-13, it can be seen that mode V is closely aligned with the long edge of the

flake, thus confirming that this long edge is indeed the direction of the b axis. A fit of

the experimental data with Equation 2.10 shows good agreement with theory.

5.3.1 Devices

Following the deposition and characterisation of the ReS2 flakes onto the ChG sub-

strates, the samples were sent to collaborators at MIT for device fabrication. The

devices produced were ChG waveguides with ReS2 flakes embedded within the waveg-

uides and along their length - see Figure 5-14 for a schematic of such a device. The

waveguides produced included both straight waveguides and ring resonators. Blank

waveguides were also fabricated to enable comparison of the devices with and with-

out embedded flakes. Figure 5-15 shows the flake from Figure 5-9 embedded within a

straight waveguide, along with a second ReS2 flake embedded within a ring resonator

device.

5.3.2 Device characterisation set-up

With the successful fabrication of waveguides containing ReS2 flakes, the next step was

to develop an experimental set-up that would enable the optical characterisation of the

structures.

Figure 5-14: A schematic diagram of a 2D ReS2 flake embedded within a ChG waveg-
uide. The flake is embedded such that its long edge is parallel to the length of the
waveguide, and such that its height is positioned roughly in the middle of the waveg-
uide. Incoming light propagates along the length of the waveguide, interacting with
the flake where it is present.
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Figure 5-15: Optical microscopy images of ChG waveguides with ReS2 flakes embedded
along their lengths. top) The flake shown in Figure 5-9 embedded within a straight
waveguide; bottom) another ReS2 flake embedded within a ring resonator. The insets
show zoomed-in images of the flakes, which are positioned at the centres of the waveg-
uide/resonator. Light is coupled into and out of the device by use of grating couplers
positioned at either end of the waveguide.
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A diagram of the experimental set-up is displayed in Figure 5-16. Laser light is directed

towards the sample through a single-mode fibre, and the light couples into and out of the

waveguide via grating couplers. The output fibre is also single-mode and is connected

to a detector. Different lasers and detectors were used for different measurements, and

the details of these will be specified where required. The grating couplers used are

designed to have a maximum coupling efficiency when 1550 nm light is coupled in and

out at an angle of 15° from the vertical. To ensure this, the fibres are attached to

two components with slopes machined at this specific angle. To couple light into and

out of the waveguides, the fibres must also be precisely positioned over the grating

couplers. X, y and z translation stages attached to both the fibres and the sample are

used to position the fibres, whilst a microscope is used to view the set-up from above,

as shown for example in Figure 5-18. Furthermore, the fibres must be lowered towards

the sample surface such that there is a very small distance between fibre tip and grating

coupler, whilst also ensuring that the fibre tip does not crash into the surface as this

Figure 5-16: A schematic diagram of the experimental set-up for coupling light into
and out of the waveguides. This is done using fibres that are positioned at 15° angles
above the grating couplers, thus ensuring maximal coupling efficiency. The setup can
be viewed from above using the microscope, and from the side using the triangular
mirror. Not to scale - in reality the waveguide is much smaller than the other features,
and both the input and output fibres can be easily viewed at the same time using the
mirror, without the need for the mirror to be re-positioned.
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Figure 5-17: A photograph of the set-up used for coupling light into and out of the
optical waveguides. The inset shows a magnified image of the area boxed in red. The
translation stages allow movement in the x, y and z directions, such that the fibres can
be precisely positioned over the waveguides’ grating couplers. The fibres are attached to
angled mounts with a 15° angle from the vertical, ensuring optimal coupling efficiency.
The setup can be viewed from above with the lamp and microscope, see Figure 5-18.
As the fibres are lowered towards the sample, the fibre tips can be viewed from the side
using the small triangular mirror attached next to the sample, see Figure 5-19.

could cause damage to the waveguides. To aid with this lowering, a small triangular

mirror was positioned to one side of the sample. By focusing the microscope on this

mirror, one can observe the set-up from the side (see Figure 5-19). As one lowers the

fibres, one can see two reflections of the fibre tip: the first is of the fibre itself, the

other is a secondary reflection of the fibre from the ChG substrate. As the fibre tip

approaches the sample surface, the two reflections appear to move towards one another.

Thus, by positioning the two reflections at a very small distance from each other, one

can ensure that the fibre is close to the grating coupler with little risk of coming into

contact with the sample.
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Figure 5-18: An optical microscopy image of the fibre-waveguide set-up from above.
The input and output fibres are shown coming in from the left and right-hand sides,
respectively. A blank ring resonator is coupled into by positioning the fibres directly
over the grating couplers at either end of the waveguide.

Figure 5-19: An optical microscopy image of the fibre-waveguide set-up from the side,
obtained by focusing the microscope onto the mirror at the edge of the set-up. The
top reflection of the fibre is a primary reflection from the mirror, whilst the bottom
reflection is a secondary reflection from the ChG substrate.
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5.3.3 Blank devices characterisation

The first set of measurements made were on the blank ChG devices, i.e. those with no

flakes embedded within them. Firstly, the transmission through a blank ring resonator

was measured as a function of incoming laser wavelength. The laser was a tunable

infrared laser (Yenista T100S-HP-CL), whilst outgoing light was measured using an

infrared detector connected to an oscilloscope. The input power was 1 mW. Two

wavelength sweeps were made: one from 1500-1600 nm (Figure 5-20), the second from

1545-1565 nm (Figure 5-21).

In Figure 5-20, one can see that the maximum transmission through the device occurs

for an input wavelength of approximately 1550 nm. The grating couplers used for these

devices are designed to have maximum coupling efficiency for 1550 nm light approaching

the waveguide at an angle of 15° from the vertical. Therefore, the measurement of

maximum transmission at 1550 nm implies that the input and output fibres in the

experimental set-up are positioned at the correct angle to ensure good coupling into

and out of the optical devices.

The second wavelength sweep over a smaller range (Figure 5-21) allows one to observe

the dips in transmission which occur periodically as a function of wavelength. These

dips occur at the resonance wavelengths for which light couples into the ring resonator,

rather than just passing straight through the waveguide. The spacing between two

successive resonance minima is known as the free spectral range (FSR) and is given by:

FSR =
λr

2

ngL
(5.7)

where λr is the resonance frequency = 1550.6 nm; ng is the group index = 3.14 for

Ge28Sb12Se60 [145]; and L is the circumference of the ring= 2πr = 251 microns for a

40-micron-radius ring. Thus, one obtains an FSR of 3.1 nm, which is in good agreement

with the experimentally obtained FSR of 3.0 ± 0.2 nm.

By closely examining the dips in transmission, one can further obtain the quality factor

for the ring resonators, where a high Q factor indicates low loss:

Q =
λr
δλ

(5.8)

where λr is the resonance frequency = 1550.6 nm; and δλ is the FWHM of the resonance

‘peak’ = 0.017 ± 0.001 nm from Figure 5-21b. These values were obtained by using a
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Lorentzian function to fit the peak (see Figure 5-21b). Thus one obtains Q = 9.1±0.5∗
104. This is comparable with ring resonators that have been fabricated and studied

elsewhere using the same ChG composition [145].

The transmission through a blank ring resonator was measured again, this time using

a broadband white-light source capable of scanning between wavelengths of 350 and

1800 nm (Ando AQ-4303B). The output of the source was -45 dBm. The detector was

changed to an Optical Spectrum Analyser (OSA), which has a measurement wavelength

range of 350 - 1750 nm (Ando AQ-6315B). Figure 5-22 shows a transmission sweep from

350 - 1700 nm. One can observe that a transmitted signal is measured in the range 1450-

1650 nm - as is expected for the grating couplers used - whilst only noise is measured

elsewhere. The peak signal measured is -64 dBm at 1512 nm, which is somewhat shifted

from the expected peak position of 1550 nm. However, the signal measured at 1550

nm is only 2 dB smaller than that at 1512 nm, and the small discrepancy could have

been caused by a slight misalignment of the input or output fibre.

A measurement of the grating coupler efficiency was made using the Yenista laser
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Figure 5-20: The transmission through a blank ring resonator as a function of input
laser wavelength. The maximum transmission occurs for 1550 nm light, as expected
for the grating couplers used.

139



1544 1546 1548 1550 1552 1554 1556
-7

-6

-5

-4

-3

-2

-1

0

1

N
or

m
al

is
ed

 tr
an

sm
is

si
on

 / 
dB

Wavelength / nm

FSR

(a)

1550.0 1550.2 1550.4 1550.6 1550.8 1551.0
-7

-6

-5

-4

-3

-2

-1

0

N
or

m
al

is
ed

 tr
an

sm
is

si
on

 / 
dB

Wavelength / nm

lr

(b)

Figure 5-21: (a) The transmission through a blank ring resonator as a function of input
laser wavelength, over a short wavelength range of 10 nm. The free spectral range
(FSR) between two resonances is indicated. (b) The same data as above, zoomed in
on one of the periodic dips in transmission corresponding to light coupling into the
ring resonator. The blue line shows a fit of the transmission dip using a Lorentzian
function.
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Figure 5-22: The transmission through a blank ring resonator using a broadband white-
light source, emitting over the wavelength range 350-1700 nm.

emitting at 1550 nm and the OSA as the detector. The transmission loss was measured

to be -19 dB. The vast majority of this corresponds to loss when coupling into and out

of the grating couplers, and is ideally expected to be around -8 dB per grating [74],

for a total of -16 dB for a waveguide with two gratings. Therefore, our measured value

of -19 dB is close to this expected value, and the extra loss likely corresponds to some

misalignment of the fibres with respect to the grating couplers. The grating couplers

may also be polarisation dependent, and therefore the polarisation used might not be

the optimal one for coupling.

In order to measure the NLO properties of the ReS2-embedded devices, it will be

necessary to use high input powers. In anticipation of this, some high-power mea-

surements have been made on the blank ring resonators. To do this, the input laser

(Yenista T100S-HP-CL) was connected to an erbium-doped fibre amplifier (Orion Laser

EDFA), capable of providing an input power of up to 100 mW. The transmitted power

was measured using an infrared detector connected to an oscilloscope. The ChG ring

resonators were then scanned in wavelength, from low to high λ, as a function of input

power. Figure 5-23 show scans from 1549 to 1551 nm for several fixed input powers,

for scanning rates of 1 nm/s, 10 nm/s and 100 nm/s. This wavelength range includes

the resonance near to 1550 nm. One can see that, as the input power is increased, the

resonance shifts to higher wavelengths and becomes increasingly asymmetrical. This
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Figure 5-23: The transmission through a blank ring resonator as a function of input
wavelength, for increasing input powers. The wavelength was scanned in the forward
direction. The scan speeds were 1 nm per second (top), 10 nm per second (middle)
and 100 nm per second (bottom).
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observation is likely due to two phenomena: the nonlinear optical Kerr effect [146] and

the thermo-optical effect [147]. The nonlinear Kerr effect is a third-order NLO process

whereby the refractive index of a material, n, depends on the intensity of the light it

interacts with, I, such that:

n(I) = n0 + n2I; (5.9)

where n0 and n2 are the linear and nonlinear refractive indices, respectively. Chalco-

genide glasses typically have large values of n2 of 10-17 - 10-18 m2/W [148], which is

around 100 times larger than that of silica, and one would thus expect to observe a rea-

sonably large nonlinear Kerr effect in these materials. Meanwhile, the thermo-optical

effect is the change in refractive index of a material as a function of temperature [149],

dn/dT . At temperatures below approximately 400 °C, this relationship is linear, and

can be characterised by the thermo-optical coefficient, which for Ge28Sb12Se60 is 78.8

× 10-6 K-1 at 1000 nm [140].

The nonlinear Kerr and thermo-optical effects contribute to the asymmetrical resonance

in a similar manner. As the input wavelength is scanned from low to high, the resonance

is coupled into, with light propagating around the ring a large number of times. For

sufficiently high laser powers, the intensity of light in the ring is enough to cause a

shift in the refractive index via the nonlinear Kerr effect. Simultaneously, the high

intensity of circulating light will cause the ChG material to heat up, and will lead to a

similar increase in the refractive index via the thermo-optical effect. Such an increase

in refractive index causes the resonance to red-shift in wavelength (see Equation 5.4),

which happens to be in the same direction as the wavelength sweep. Thus, the resonance

condition is maintained, and a feedback loop is entered, whereby more and more light

is coupled into the resonator, causing a continued red-shift of the resonance. This

leads to the extended resonance that is observed as one performs a wavelength sweep.

Eventually, however, the feedback loop is broken when the refractive index is no longer

able to keep up with the input wavelength, leading to less light coupling into the

resonator. As soon as the intensity of light begins to decrease, the refractive index

itself decreases, and the resonance wavelength further blue-shifts away from the input

wavelength. This leads to the resonance abruptly ending, and the asymmetric features

observed in Figure 5-23. The resonances clearly display more asymmetry for increasing

laser powers, due to increases in both the nonlinear Kerr and thermo-optical effect.
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5.4 Discussion and future work

The results presented here demonstrate the feasibility of embedding ReS2 flakes within

ChG waveguides - this achievement has not been previously reported in the litera-

ture. The NLO properties of ReS2 have been studied previously [134] [135], but these

measurements consisted of probing a sample from above, such that the light-matter

interaction length is limited by the thickness of the flake, on the order of nanometres.

The novel geometry developed by our collaborators [74], and presented here for the

first time using ReS2, allows for a much longer interaction length, limited only by the

length of the flake, which has been shown here to be on the order of tens of microns.

This should facilitate the study of the NLO properties of ReS2, allowing us to use much

lower laser powers to stimulate NLO effects.

A further advancement presented by this methodology of embedding is that the flakes

are positioned within the waveguide, and thus interact directly with the guided modes.

This is in contrast to previous reports which have commonly wrapped 2D materials

(graphene, in these cases) around the exterior of waveguides [150] [151], and thus the

flakes only interact with the much weaker evanescent fields near the core-cladding

interface. Thus, our sample geometry should again facilitate the study of any NLO

effects, by increasing the light-matter interaction in our samples.

Our work has further shown that using ReX2 for this purpose provides unique benefits

compared with more prototypical TMDs such as MoS2. The anisotropic in-plane crystal

structure of ReX2 results in preferential cleavage of flakes along the chains of metal

atoms. This commonly produces long-and-narrow flakes with aspect ratios as high

as 20-30. An estimate of the exfoliation success rate for producing ReX2 flakes with

suitable dimensions - a large aspect ratio, and a length of at least 30 microns - is

approximately 20 %. This is relatively high: the chances of producing an MoS2 flake

with similar dimensions are vanishingly small; whilst the chances of exfoliating a 5-by-5

micron MoS2 monolayer (often portrayed as a facile achievement) could be estimated

at around 5 %. Mechanical exfoliation, by nature, is a largely aleatory technique: one

can repeat the process a number of times, producing flakes with different dimensions

and thicknesses on each occasion. With ReX2, however, nature is somewhat on our

side: exfoliation preferentially produces flakes with the dimensions that are suitable for

waveguide-integration.

It has also been demonstrated here that the long edge of exfoliated ReS2 generally

corresponds to the b axis of the crystal. i.e. the chain of Re atoms. This is expected,

and has been demonstrated previously [142] [144]. This project used the technique of
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polarised Raman spectroscopy, in which mode V of the Raman spectrum of ReS2 is

closely aligned with the b axis. Polarised Raman spectroscopy was performed on many

exfoliated ReS2 flakes during this research, with a full analysis carried out for twelve.

In every case but one, the Raman measurements confirmed that the long edge of the

flake corresponds to the crystallographic b axis. This again confirms that ReS2 flakes

preferentially cleave along the chains of the metal atoms. For one flake, however, the

dimensions presented no clear long edge. Therefore, the polarised Raman measurements

were particularly useful for determining the in-plane orientation. The results presented

here thus provide a validation of the methodology presented previously [142] [144], but

also a motivation for the use of the technique when the orientation is not obvious.

The final results presented in this section were initial characterisation measurements

on blank ChG waveguides. These measurements were made using an optical character-

isation set-up that was developed from scratch during this project. The main difficulty

involved trying to couple light into and out of the grating couplers, an optical struc-

ture that is not commonly used at the University of Bath. It was important to have

good manipulation of the fibre tips, allowing them to be positioned precisely over the

grating couplers, and at the required 15° angle to couple in 1550 nm light. The results

presented here demonstrate that our set-up is successful in allowing us to couple light

into and out of the waveguides. The characterisation of the blank ring resonator pro-

vided reasonable values of FSR and Q-factor, showing that both our set-up and the

blank devices are functioning as expected and required. Measurements of the coupling

efficiency of the gratings gave a loss of -9.5 dB per grating, which is only slightly more

than what is expected for 1550 nm light [74]. Towards the end of writing this report, it

was found that the grating couplers are somewhat polarisation-dependent, with trans-

mission varying by around a factor of two for different polarisations. Therefore, our

measured grating coupler efficiency may have been obtained using a laser polarisation

with high loss. It is planned to make use of a polarisation controller to determine the

polarisation-dependent loss, and ensure that the incoming polarisation corresponds to

the maximum coupling. Finally, some high-power measurements were carried out, in

anticipation of the high powers required to observe NLO effects in the ReS2-embedded

devices. Powers of up to 100 mW were successfully coupled into blank ring resonators,

allowing an observation of the nonlinear optical Kerr and thermo-optical effects.

The next step in this research is to begin measurements on the samples with ReS2 flakes

embedded within waveguides, with the aim of observing NLO effects such as SHG and

THG. An example experiment is to examine whether the addition of the nonlinear ReS2

flake within the waveguide provides any enhancement to the nonlinearity of the device.
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(a)

(b)

Figure 5-24: Four-wave mixing with 2D materials. a) An example experiment using
graphene deposited on silicon cavities [152]. b) An energy schematic of the process.
Pump and seed inputs interact to produce an idler signal. This signal can be enhanced
with the addition of the highly nonlinear graphene.

To do this, the ReS2 flake embedded within the ring resonator could be measured.

One could try to measure four-wave mixing (FWM), a third-order process in which

three photons interact to produce a fourth photon, each with certain frequencies. A

schematic of this process is depicted in Figure 5-24, alongside some previous results

from a similar experiment using graphene-integrated samples [152]. In a typical FWM

experiment, a ‘pump’ laser is fixed to coincide with a resonant wavelength of a cavity

- in our case, this would be a ring resonator. A second, ‘seed’ laser is also coupled

to the system, and its wavelength is slightly de-tuned from the resonance. Photons

from the pump and seed lasers may interact to produce FWM, with a third wavelength

generated, known as the ‘idler’ signal. The frequencies, ω, of pump, seed and idler can

be related by:

ωidler = 2ωpump − ωseed. (5.10)

In Figure 5-24, the idler signal can be seen as a small peak to the side of the pump.

The addition of graphene on top of a silicon waveguide was found to enhance the FWM

process [152], with a 20 dB improvement of the conversion efficiency when compared
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to a blank device, where the conversion efficiency, Gc, represents the size of the idler

signal [153], such that:

Gc =
Pidler

Pseed
. (5.11)

Here, Pidler and Pseed are the powers of the idler and seed signals, respectively. Indeed,

the authors found that without graphene, the idler signal was so weak as to be unob-

servable [152]. Finally, it should be noted that these samples involve graphene being

deposited onto waveguides [152], so our methodology of embedding flakes within the

core could be expected to have an even greater impact.

Beyond these measurements, there are a number of potential avenues for further work.

Firstly, different 2D materials could be embedded within waveguides in a similar fash-

ion. The most obvious candidate is ReSe2, which has a similar crystal structure to

ReS2 [33], and thus behaves in a similar fashion mechanically, exfoliating to form long-

and-narrow flakes. Its NLO properties have not been studied as much as ReS2 [30],

providing the opportunity for new research, though it would be expected to behave in

a similar way. Other candidate materials would be TMDs grown by chemical vapour

deposition (CVD). The material could be ReS2 [154] or other TMDs such as MoS2 [35]

[155]. It should be possible to transfer these CVD materials from their growth sub-

strates onto the ChG using a wet transfer method reported in the literature [156]. The

benefits of using CVD materials is that they can be grown over large areas. One could

then use an etching technique to pattern the deposited layer into the long-and-narrow

dimensions for waveguide-integration. Another benefit is that one has good control

over material thickness when using CVD - indeed, uniform sheets of monolayer MoS2

have been deposited by a number of studies [35] [155]. By contrast, one has little such

control over exfoliated samples, and the flakes often consist of a number of different

regions - often terraces - of different thickness. The precise layer-control of CVD-grown

samples could facilitate the study of any χ(2) NLO effects such as SHG, where one

must have a sample with precise parity of layer number in order to break the inversion

symmetry of a crystal.
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Chapter 6

Conclusions

This thesis investigated the structural, optical, electronic and electrical properties of

1T-TaS2–xSex and ReS2. Both of these compounds are unusual members of the TMD

family, in that they display phases involving a Peierl’s transition of the crystal lattice.

In 1T-TaS2–xSex, this results in CDW phases; in ReS2, the crystal structure is distorted

with an in-plane anisotropy.

Firstly, this thesis demonstrated the growth of bulk 1T-TaS2–xSex single crystals with

good control over stoichiometry. The growth of this mixed alloy required a delicate

balance of the starting elements, much more so than for growing binary TMDs where,

for example, a wide range of chalcogen excesses may be used [100]. Samples with x=0.8

were grown using the CVT method, and have been qualitatively characterised using

XPS, which indicated the high-quality nature of the crystals, particularly after cleaving

fresh surfaces to remove any oxidised or contaminated material. EDX measurements

have also been performed to quantitatively analyse the chemical composition of the

samples. This indicated that the grown crystals are slightly selenium deficient, with an

average value of x = 0.75. However, the high uncertainties associated with the stan-

dardless EDX technique could account for the discrepancy, and has been discussed.

The EDX data also suggested that there are small variations in stoichiometry between

different crystals from the same growth batch, possibly due to the specific method used

to obtain large-area crystals. A more thorough study of composition as a function

of different growth parameters - such as spreading, or the form of the starting ele-

ments - would be informative and lead to a more reliable growth of these mixed TMD

compounds.

Following the growth of 1T-TaS1.2Se0.8, the electrical, electronic, optical and struc-
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tural properties were studied as a function of temperature. The electrical transport

measurements demonstrated the unusual hysteresis and memory effects of this specific

compound. A super-cooled NC-CDW state is observed during cooling, followed by a

transition to a C-CDW state upon warming, with a jump in resistance of over an order

of magnitude. Subsequent temperature cycles yield hysteresis loops that are more rem-

iniscent of those seen in 1T-TaS2 [14]. Our results indicate that, similar to 1T-TaS2, the

super-cooled state is affected by cooling rate, with a transition directly to the C-CDW

state if the cooling rate is sufficiently slow. However, very slow cooling rates of 0.3

K/min or less are required for 1T-TaS1.2Se0.8; meanwhile, in bulk 1T-TaS2 the super-

cooled phase is only observed for rapid cooling of faster than 9 K/min [14], indicating

that the super-cooled state is considerably more favourable in 1T-TaS1.2Se0.8. Raman

and XRD measurements both displayed hysteresis loops similar to those seen in electri-

cal transport. Some hysteresis was seen in the XPS data examining the CDW-induced

splitting of the Ta 4f core levels, whilst no hysteresis was observed in the ARPES data

probing the electronic structure. These results suggest that the origins of the hysteretic

resistive behaviour are structural rather than electronic, and that one should further

consider the lattice distortions concomitant with the CDW phases. In disentangling

these structural effects, the dynamics of the NC-CDW to C-CDW phase transition has

been discussed, and how this transition might be suppressed by the pinning of domains

of commensurability [110]. The substitution of sulphur for selenium could lead to a

c-axis expansion - as indicated by the XRD data - and thus a slower domain growth, as

discussed elsewhere for 1T-TaS2 [14]. A free-energy model has also been constructed to

explain the memory effects seen in later temperature cycles, and how the behaviour of

1T-TaS1.2Se0.8 can be effectively reset by heating the material into its IC-CDW phase.

It would be interesting to examine other effects that might impact the dynamics of the

transition from NC-CDW to C-CDW - in particular, the effect of thinning down to

quasi-2D flakes, as has been investigated elsewhere for 1T-TaS2 [14] [110].

Finally, the embedding of ReS2 within ChG waveguides was presented, demonstrating

the particular advantages of this material, principally its in-plane anisotropy. This was

found to lead to flakes cleaving with long-and-thin dimensions, which can be integrated

with photonic devices such that there is a long interaction length. Furthermore, the

embedding of ReS2 directly within the waveguides, rather than deposited on top, can

be expected to further increase the size of interaction, as has been demonstrated for

graphene-embedded structures [74]. Our results demonstrate that the anisotropic ReS2

flakes can be well characterised using AFM and polarised Raman, in order to study

thickness and in-plane orientation, respectively. Also shown is the development of

a set-up for optically characterising photonic devices. This set-up is able to couple
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into and out of waveguides using grating couplers, where the input can consist of a

combination of lasers, power amplifiers and polarisation controllers; and the output

can be measured using a range of detectors. The use of the optical set-up has been

tested and verified by characterising a number of blank ChG ring resonators, in which

the linear and nonlinear properties of the waveguide material can be observed. This

demonstrates the suitability of the set-up for characterising samples with embedded

ReS2, and future measurements have been discussed.

All in all, the TMDs represent a diverse family of materials in which a wealth of

behaviours can be examined and exploited. This is particularly well demonstrated

by TaX2 and ReX2 which, in addition to their layered structure, display further in-

plane distortions, either as a result of CDW transitions in the case of TaX2, or as their

‘normal’ structure in the case of ReX2. Such structural distortions, and the effects they

have on the electrical and optical properties of these compounds, render these materials

especially promising candidates for future electronic and photonic applications. Fully

developing such real-world applications, as well as further elucidating the fundamental

properties of these materials, remains a key challenge for researchers.
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