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ABSTRACT

This thesis presents systematic studies on angle dependent Raman and Photolumi-
nescence (PL) of a new class of layered materials, Transition Metal Trichalcogenides
(TMTCs), which are made up of layers possessing anisotropic structure within the
van-der-Waals plane. The crystal structure of individual layer of MX3 compounds
consists of aligned nanowire like 1D chains running along the b-axis direction. The
work focuses on the growth of two members of this family - ZrS3 and TiS3 - through
Chemical Vapor Transport Method (CVT), with consequent angle dependent Raman
and PL studies which highlight their in-plane optically anisotropic properties. Results
highlight that the optical properties of few-layer flakes are highly anisotropic as evi-
denced by large PL intensity variation with polarization direction (in ZrS;) and an
intense variation in Raman intensity with variation in polarization direction (in both
ZrS; and TiS3).

Results suggest that light is efficiently absorbed when E-field of the polarized
incident excitation laser is polarized along the chain (b-axis). It is greatly attenuated
and absorption is reduced when field is polarized perpendicular to the length of
1D-like chains, as wavelength of the exciting light is much longer than the width of
each 1D chain. Observed PL variation with respect to the azimuthal flake angle is
similar to what has been previously observed in 1D materials like nanowires. However,
in TMTCs, since the 1D chains interact with each other, it gives rise to a unique
linear dichroism response that falls between 2D and 1D like behavior. These results
not only mark the very first demonstration of high PL polarization anisotropy in
2D systems, but also provide a novel insight into how interaction between adjacent
1D-like chains and the 2D nature of each layer influences the overall optical anisotropy

of Quasi-1D materials. The presented results are anticipated to have impact in



technologies involving polarized detection, near-field imaging, communication systems,

and bio-applications relying on the generation and detection of polarized light.
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Chapter 1

INTRODUCTION

1.1 Two-Dimensional Layered Materials (2DLMs)

Layered materials, as the name suggests are crystalline materials consisting of
weakly coupled layers of two dimensional (2D) sheets of single unit cell thicknesses,
also colloquially known as 2D materials [1|. This fairly young branch of materials
science encompassing 2D materials, experienced a burst of scientific interest when, in
the year 2005, Andre K. Geim and Konstantin S. Novoselov University of Manchester,
UK, first isolated and studied the remarkable properties of 2D Graphite - Graphene
- a single atomic layer of consisting of a hexagonal mesh of carbon atoms [2]. This
ground breaking discovery of a free-standing, atmospherically stable 2D material
with outstanding properties also won them 2010 Nobel Prize in Physics. Since then,
the scientific interest in Graphene [3] and other 2D materials has been continuously
growing at a rapid pace. A citation report generated using a feature of thomson
reuters web of science, for the search term "2D materials" has been shown for reference
in figure 1.

The very fact that 2D materials consist of layers of 2D sheets coupled via the
van-der-Waals interaction makes them so interesting. Since this inter-layer interaction
is much weaker than the forces which hold the atoms in a single layer together, it is
far to easy to separate 2D sheets of atoms from a bulk crystal using simple techniques
like mechanical cleavage [1]. When a 2D layer of a material stands freely, or on a

miscellaneous substrate, not interacting with the bulk part of the crystal, the material
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Figure 1. A citation report generated for the search term "2D materials" - from 2010
to present, showing the growing scientific interest in 2D materials.

exhibits physical properties which are significantly different from the same material in
bulk form. In fact, these vastly different properties often are observed to be on the

more desirable side [4].

The layers in 2D materials, like individual entities, have chemically passivated
surfaces. This allows their stacking of one layer on another to form van-der-Waals
heterojuntions (a junction consisting of two different layered materials) or a homojunc-
tion (stack consisting layers of the same material) without forming a chemical bond at
the interface [5, 6]. This allows formation of atomically sharp junctions [7] of materials
with minimum band edge smearing. Besides, 2D materials have also been shown to
form lateral junctions with atomically sharp interfaces through direct Chemical Vapor
Deposition (CVD) synthesis. Owing to these merits, and the fact that these are the
thinnest semiconductors, consisting of just the junction and 2D materials enable us to
fabricate novel devices with unforeseen properties. The interface which dominated
the overall device characteristics has itself become the device with the advent of 2D

materials.



Presently, a huge number of theoretical and experimental materials populate the
library of known 2D materials. Out of these, Graphene, hexagonal Boron Nitride
(h-BN) and Transition metal dichalcogenides (TMDCs) such as MoS, are the most
popular and well explored materials. These have briefly been introduced in the

following sections.

1.1.1 Graphene and Hexagonal Boron Nitride

As briefly touched in the previous section, Graphene is one of the several known
allotropes of carbon which consists of a atomically thin sheet of hexagonal mesh of sp?
hybridized carbon atoms. Although it has been under investigation for more than 60
years now, Graphene was experimentally first isolated only recently [2]. Graphene, like
other layered materials can be synthesized by top-down methods such as exfoliation,
or can be grown using bottom-up methods such as CVD [8].

AFM nano-indentation tests show an ultimate tensile strength of 130 GPa [9],
which makes Graphene the strongest material ever measured. Besides being strong,
Graphene is also extremely light. It is estimated that a single square meter of pristine
Graphene would measure 0.77 mg and would still be strong enough to support 4 kg.
Besides, it has the exceptional elastic properties (elastic modulus in the order of 1
TPa) [9] which allow it to retain its original form after great amounts of strain.

Most of what makes Graphene as a potential game changer in the short run are its
electronic properties. Graphene is a gap-less semiconductor. Near the six corners of
Graphene’s Brillouin zone, known as Dirac points where the cone shaped band edges
touch, both the conduction and valence band edges have a linear dispersion [2]. The

points at which the cones touch are called the Dirac points, and in a neutral Graphene



the fermi level crosses this point. The linear dispersion also results in carriers to
behave as massless Dirac Fermions, and enables carriers to move at the speed of
light, enabling high mobility values [2]. High mobility (>10° cm?*V~'s™!), field-effect
sensitivity and the ease of placing contacts has made Graphene an attractive candidate
for devices such as field effect transistors [10]. Besides that scalability in the deposition
has been demonstrated to up-to 30 inch sheets through roll-to-roll printing [11]. This,
and other properties like its atmospheric stability, chemical stability, ability to bend
it, and the fact that it absorbs a very small fraction of light (2.3%) [12] makes it a
potential candidate for transparent conductors in commercial applications such as
solar cells coatings [13] and liquid crystal displays (LCDs) [14] etc.

Hexagonal Boron Nitride (h-BN), aslo known as white graphene is another highly
explored layered material with a network of regular Boron-Nitrogen hexagons [15]. It
is a wide band gap semiconductor with a band gap in the ranges of deep UV (5.0 to 6.0
eV) [16, 17]. Without the presence of dangling bonds on the surface, it is chemically &
thermally stable and serves as a great dielectric substrate, or encapsulating material,
for other 2DLM based devices [18]|. Synthesis methods such as mechanical exfoliation
[19], chemical exfoliation [20], large area CVD [15] etc. for h-BN have been widely
explored too.

Despite the extensive scientific advancement in the field of Graphene, several issues
still need to be addressed. For one, the actual mobility of deposited Graphene sheets is
far lower than the high theoretical mobility of Graphene [21]. Based on the substrate
or the depositing procedure, the mobility achieved is still highly limited [22]. More
importantly, the very fact that Graphene is a zero band gap semiconductor makes
it impossible to achieve high on-off ratios in the field effect devices [10]. Although

a number of techniques to introduce a band gap such as strain [23, 24|, substrate



interaction [25] and breaking inversion symmetry [26, 27|, have been proposed, they
all come with their own set of problems and a robust technique for opening a band

gap in Graphene still remains elusive.

1.1.2  Transition Metal Dichalcogenides (TMDCs)

Transition Metal Dichalcogenides, or compounds commonly known as TMDCs
(or TMDs) are a large group of materials with a common chemical representation -
MX,. Here, M represents a transition metal from group IV (Ti, Zr or Hf), group V
(V, Nb or Ta) or group VI (Mo, W), and X represents a Chalcogen atom (S, Se or Te)
[8]. These materials, like Graphene have layered crystal structures too. However, an
intrinsic band gap in a lot of such compounds makes them address one of the major
issues associated with Graphene, and makes them stand out.

Depending on the constituent elements of TMDC, the electronic band structure
varies greatly. A few are metals, while other can act as semiconductors. and a good
number of them exhibit band gaps in infrared and visible ranges, from approximately
0.2 eV to 2.0 eV[28]. Also, other interesting properties associated with TMDCs like
MoS,, where it transitions from indirect to direct band gap when taken from bulk to
monolayer sheets, makes them important [4]. Besides that, recent experiments have
shown that their electronic structures can be tuned through doping [29], alloying [30],
applying strain [31], and by a number of other methods [6].

Unlike the present classes of semiconductors, TMDCs have been shown to exhibit
special properties. For instance, the existence of inequivalent valleys leads to a band
structure where due to the presence of a new degree of freedom, carriers can exhibit

features like valley hall-effect and polarized PL in TMDC monolayers. Based on the



control over the valley degree of freedom, this new space in physics has come to be
known as "valleytronics." [32]

In recent times, TMDC monolayers in combination with a variety of other materials
and substrates have been used to fabricate a large variety of proof-of-concept devices
including, and not limited to, atomically thin FETs with a high on off ratio at room
temperature [33, 34|, tunable photovoltaic devices 35|, photodetectors [36], solar cells

[37], sensors [38], Light emitting diodes [35] etc.

1.1.3 Beyond Graphene and TMDCs

Besides Graphene, h-BN and TMDC materials, a whole range of other 2DLM
materials have been shown to exist experimentally and theoretically [39, 40]. Ranging
from metallic, semiconducting, super conducting and topologically insulating natures,
2D layered materials appear promising to fulfil every possible need for electronics
of the future. For instance, Silicon, Boron, Phosphorus, Germanium and Tin based
elemental layered analogues of Graphene have been called Silicene [41], Borophene
[42], Phosphorene [43], Germanene [44] and Stanene [45]. New materials have come
with their own problems, such as stability in air. Phosphorene for instance, is not
stable in atmosphere and the first transistor made out of silicene worked for only a
few minutes [46]. For the further potential in future commercial applications for such
new 2D materials researchers are consistently working towards finding solutions to
the problems.

Besides elemental 2D materials, there are other compound based layered ma-
terials such as Post-transition metal dichalcogenides (PTMCs - PX) [47, 48, 49|,

Post-transition metal Todides (PTMIs - PX5) [50], Transition metal trichalcogenides



(TMTCs - MX3)[8] etc. Other little known classes are either under very preliminary
examination or are still being unveiled. Either way, the range of properties available
with the existing classes of 2DLMs being investigated, present a bright future for the
future of electronics.

However, although Graphene, TMDCs and other greatly explored 2DLM materials
exhibit a variety of tunable properties with a number of other merits, they posses
a rather uniform crystalline structure within the plane. This leads to their uniform
isotropic properties within the plane. Hence, along both in-plane crystalline directions,
the a-axis and b-axis, they have uniform optical and electronic properties. This limits

their usage in devices such as polarized photodetectors and waveguide polarizers.

1.2 Anisotropic Layered Materials

A sub-class of 2DLMs exist which addresses the area where traditional layered
materials lack in properties, by exhibiting a strong in-plane anisotropy. A few known
materials such as black phosphorus (phosphorene in monolayer form) [51|, group-
V TMDCs such as ReS; & ReSey [52], and transition metal trichalcogenides of
the form MX3 have been previously shown to exhibit anisotropic crystal structure
and anisotropic properties within the plane [53|. As these materials are structurally
anisotropic, angle dependent measurements such as angle dependent Raman, electronic
mobility and PL have been previously used to gauge the extent and nature of anisotropy.
In particular, high carrier mobility, absorption and structural stability have been

found to be higher in one in-plane direction than in the other [51].



1.2.1 Rhenium Sulfide and Rhenium Selenide

ReS; and ReSe, belong to the TMDC group of layered materials of the form MXs.
In this particular case however the transition metal is a group V metal. Although
they belong to the same class of materials with the same chemical representation, they
behave very differently than TMDCs. These compounds, like TMDCs crystallize with
strong covalent bonds in the plane and individual planes (layers) are held together by
van-der-Waals forces. The direct optical band gap for ReS, has been measured to be
1.26 €V in the bulk and 1.32 eV in monolayer [54|. Measured optical bandgap of ReS,
on the other hand has been reported to be 1.5-1.6 €V for the bulk and slightly higher
for the monolayer [55].

Unlike TMDCs, they crystallize in a distorted CdCly structure, with triclinic
symmetry. Within the plane, differences in the covalent bonding strength in different
directions causes them to exhibit an anisotropic response for linearly polarized light
which is incident perpendicular to the basal plane (001). This polarization anisotropy
has long been recorded on bulk ReS, and ReSe; crystals [52]. Unlike optically uniaxial
TMDC materials these have been known to exhibit biaxial optical properties [56].
Similar anisotropic electronic properties within the van-der-Waals plane were also
known [57].

Since the a and b axes are at an angle of 120 or 60 degrees, flakes as seen from the
c-axis direction (exfoliated layers) appear as diamond shapes with the same angles,
cleaved along the axes [58]. Recently, investigation of ReSs using angle dependent
Raman spectroscopy revealed that there is an intense variation of recorded Raman
intensity with a polarized incident laser when the azimuthal angle of the van-der-Waals

plane was varied [59, 60]. This serves as a convenient way to determine the crystalline



direction using Raman measurements. Angle resolved transport measurements have
shown a mobility ratio (fmaz/fmin) of 3.1 in a six layered device fabricated with
twelve electrodes deposited at every 30° [58|.

Overall, ReSy and ReSe; clearly present a class of in-plane anisotropic materials
with tunable in-plane transport and optical properties with azimuthal angle [61]. They
open up new opportunities for novel nanoelectronic devices where in which anisotropic
properties are required.

However, the anisotropic properties observed are either mild, or seem to disappear
in thicker flakes (greater than 1-5 layers). Due to practical balance of amount of
material available for decent electronic and optical signal, ease of fabrication and
preservation of material flexibility, slightly thicker flakes (quasi-2D) seem like a
practical direction for layered materials to go in the future. Hence, it is important
that the intense polarization dependent properties remain strong at these thicknesses

for material application in practical devices.

1.2.2  Black Phosphorus and Phosphorene

Black phosphorus is the most stable isotope of Phosphorus and it exists in layered
form. It can be exfoliated into ultra-thin or monolayer forms using micro-mechanical
exfoliation. In the monolayer form, it is known as Phosphorene and is not very stable
in the air. The monolayer appears in a corrugated structure along one direction and
is not technically planar. In the bulk, black phosphorus has a band gap of 0.3 ¢V and
changes significantly depending on the thickness, reaches 1.5 €V in the monolayer
form [62, 63|. It has high intrinsic mobilty as well as a suffciently large bandgap to

place itself in the list of emerging materials for quality nanoelectronic devices.



Owing to the structural anisotropy (corrugated structure in one direction), black
phosphorus shows corresponding anisotropic electronic and optical properties. For
ultra-thin layers of black-phosphorus of 15 nm thickness, the measured hall mobility
for holes in x and y direction is 1,000 and 600 cm?V~!s™!, respectively. This suggests
that holes are lighter in the x direction than in the y direction within the van-der-Waals
plane [64]. Also, the optical conductivity was found to be significantly higher in the x
direction [64]. Absorption data shows a strong dichroism in layers of black phosphorus
depending on the incident laser polarization direction is parallel or perpendicular to
the x axis [63]. It is proposed as a convenient method to determine the crystalline
orientation using optical methods. Also, ab-initio studies have suggested that the
anisotropic mobility in black phosphorus can be tuned using strain [65].

Thus black phosphorus is another good addition to this sub class of 2DLMs which
show in-plane anisotropy for applications in the infrared region and in the circumstances
where anisotropy in optical and electronic properties are desired. However, the biggest
issue associated with single layer black phosphorus is its atmospheric instability, which
prevents fabrication of atomically thin devices using Phosphorene. Although it can be
dealt with to some extent by using h-BN encapsulation, it still is a seriously challenging

issue for the fabrication of robust devices.
1.2.3 Transition Metal Trichalcogenides (TMTCs)
Transition Metal Trichalcogenides (or TMTCs) are the compounds of the form
MX3 where M is a IVB or VB group element and X represents S, Se or Te. They

crystallize isomorphically into monoclinic structures with interesting chain like features

in the b-axis directions.

10



They resemble other 2DLMs in a way that they crystallize in layered forms where
the individual layers are held together with the help of relatively strong covalent
bonds, while the layers are stacked and coupled via weaker van-der-Waals interaction,
which allows the isolation of ultrathin or monolayers with the help of simple micro
mechanical exfoliation. However, unlike the traditional 2DLMs, MX3s also fall in the
category of anisotropic layered materials as the covalent bonds within the layer vary
in their strengths in the different directions (a and b axes). The covalent bonds in the
b direction are significantly stronger than the covalent bonds in the a direction.

In the b direction these compounds form chain like structures consisting of MXg
units as the chain unit cells. The metal in these MXg units sit in the center of a
trigonal prism and the six corners of the prism are occupied by the chalcogen atoms.
The chains are formed with these units sharing their triangular faces. In the direction
of these chains, the covalent bonds between the metal and the chalcogen are much
stronger than the bonds that connect two chains. This allows the breaking of bonds
in a direction much easier and the crystals cleave into elongated rectangles with a
significantly high aspect ratio of b to a axis lengths. Also, when grown using vapor
techniques, the crystals seem to grow more easily in the b-axis direction than in the a
direction. This leads to formation of whisker like crystals. Thus, the name - Quasi
one dimensional crystals.

Bulk MXj3 compounds have long been predicted and experimentally shown to
exhibit anisotropic optical and electronic properties, owing to their anisotropic crystal
structure. The first reports of polarization dependent Raman spectra representing
strongly varying intensities of Raman spectra in E||b or E_Lb directions can be traced
back to the 70s [66]. Polarized optical absorption in the past have also shown a

slight variation in the absorption energy and an intense variation in the absorption

11



depending on the excitation direction [67|. Various other optical measurements on
bulk crystals have shown a strong absorption when excited using a polarized laser
with polarization along the b-axis direction [68].

However, in the light of present advancements in the directions of layered material,
these properties of MX3 in thin crystal regimes beckon a rekindled interest in quasi-1D
materials. Neither a systematic angle dependent study that captures the functional
variation of the optical properties with the azimuthal angle have been done previously.
To fill this gap, this thesis presents a systematic angle-dependent optical study of the
TMTCs (TiS3 and ZrS3) as a family of atmospherically stable layered materials with
anisotropic transport and optical properties. As they hold a promising potential for
nanoelectronic devices where anisotropy is a desirable trait, this work hopes to open

avenues for researchers in this area.
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Chapter 2

REVIEW OF EXPERIMENTAL METHODS

This chapter briefly describes the major techniques that were used for the prepa-
ration and investigation of samples for this thesis. Basic outlines in conjunction with

the basic functionality of the setups and modifications used are presented as follows.

2.1 Growth and Sample Preparation

2.1.1 Chemical Vapor Transport (CVT)

Chemical Vapor Transport (CVT) has long been established as a standard synthesis
method in laboratories for the production of highly crystalline and pure crystals from
their constituent elements. High purity, macro sized single crystals of TMDCs [69] and
TMTCs [70] have been grown using these techniques by sealing high purity constituent
transition metal (M) and chalcogen (X) in stoichiometric ratio inside an evacuated
quartz tube, with or without a transport agent such as iodine (I).

The ampule with the sealed materials and transport agent is then loaded into
two zone furnace which has a thermal gradient drop from the place where starting
materials are placed, up to the place the crystal is intended to grow. The starting
materials (M and X), for instance are placed at a temperature T and are transported
using the thermal gradient drop of T-AT at the other end of the tube, as shown
in figure 2. In a typical endothermic reaction,starting materials are placed in the

hotter zone, they turn into vapor and get transported towards the relatively cooler
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Figure 2. A schematic of the CVT process in a two zone furnace.
end via the transport agent. For exothermic reactions a reverse set up with transport

of precursors from cold to hot end is required. At the other end in the quartz tube,

these vapors react and form crystals of the thermodynamically stable compound.

Crystals formed through this technique are usually high in purity, owing to the
clean evacuated growth chamber and high purity of the precursor elements. Also,
large millimeter to centimeter sized single crystals are often obtained. However the
growth rate is rather slow and it may take several days of furnace run to obtain a

good yield and large crystals of the desired crystalline compound.
2.1.1.1 Safety

The sealed ampule placed in a furnace with rapid increase in temperature could
lead to a lot of heat and pressure to be released inside it. This may lead to an
explosion, serious enough to destroy the furnace and cause harm to people around the
apparatus. It is of prime importance that the safety concerns associated with this

techniques are understood before planning experiments.



One important precaution to take for avoiding such accidents is to ramp the
temperature of the furnace at very slow rates (of the order of 0 — reaction temperature
in 24 hours). Secondly, great care must be taken while sealing the ampule, so as to
not leave condensed oxygen on the surface of the ampule. Thirdly, the ampule should
be checked carefully for the presence of any micro-cracks. And finally, care should be
taken to seal in precursors totaling not more than a few grams ( 3 g). It is advised to
get the sealing done by a professional who has had extensive previous experience with

these kind of experiments.

2.1.2 Sample Preparation

Post CVT, the crystals were carefully stored in polycarbonate sample boxes
under vacuum for several days. Further, for the micro Raman and PL measurements
the crystals were exfoliated using scotch tape method on to silicon substrates with
thermally evaporated layer 290 nm of SiO,, for legible contrast of ultra-thin layers
under optical microscope. For Raman measurements of ZrSs, to eliminate the 520
cm~! peak from the Silicon, which interfered with a peak of the material, sapphire
substrate was used to exfoliate it. For XRD measurements, as grown crystals were
simply aligned on the zero background holder such that the x-ray beam spot observes

minimum overfilling.

2.1.2.1 Mechanical Exfoliation

To separate layers of single unit lattice thicknesses, or several layer thicknesses,

the scotch tape method or the mechanical exfoliation technique has become one of
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the most popular techniques as it is a straightforward technique with relatively high
scientific yield. In fact, the first ever Graphene monolayer isolated from a flake of
graphite was done using this method by Andre Geim and Konstantin Novoselov of
University of Manchester, UK. It won them a Nobel Prize in Physics for advances
which could not have been possible without this technique [2]. Even after about a
decade since it was first used, it is still being widely used in laboratories to extract
monolayers from layered materials for studying the significantly different fundamental
properties of materials in their thinnest possible forms.

Since angle dependent raman and PL measurements requires a flat flake (for
perpendicular laser incidence) which has an area big enough to accomodate the full
laser beam spot (greater than 1 um?) and a flake which is stable, as in adhering to a
substrate, mechanical exfoliation was the ideal sample preparation. Also, ultra-thin or
monolayers were not desirable in our design of experiments. Hence for separating flat
thin and stable layers of freshly cleaved ZrS3; and TiSs, the crystals was not cleaved
several times.

First, lcm? pieces of substrate, sapphire and SiO,/Si were prepared by scribing
the larger wafer with a diamond scribe pen. For exfoliation, a small piece of crystal
was first placed on the sticky side of a scotch tape, such that the flat side of the crystal
was adhered to the tape. The piece of tape was then folded, and a part of the crystal
was then transferred to another piece of tape by sticking together the sticky sides of
the tapes. The process was repeated until the crystals appeared dull. The sticky side
of the tape with dull crystal pieces on it was put on to one of the lcm? substrates.
An even pressure was applied on top of the tape and it was very slowly peeled off

from the substrate.

Under the optical microscope, flat micro sized yellow to orange colored (thick)
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Figure 3. Image of a quasi-1D layered material exfoliated onto SiO,/Si substrate.

flakes as seen in figure 3 of crystal were observed. These flat surfaces larger than 1
pum? were exposed to the laser beam spot to carry out optical studies mentioned as

follows.

2.2 Sample Characterization

2.2.1 Raman Spectroscopy

Raman spectroscopy is an efficient, non-contact, nondestructive and a widely
used technique for the fingerprinting layered materials without having to conduct
any kind (or minimal) sample preparation. Besides, for a well-documented material
such as Graphene, Raman spectrum and spatial Raman mapping obtained from this
technique can be used to extract out a range of other information like internal stresses,

impurities, thermal conductivity, crystalline quality, crystal domain size etc.
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2.2.1.1 Raman Scattering

When electromagnetic radiation incidents upon a material, it can undergo either
Rayleigh (elastic) scattering, or Raman scattering (inelastic). Raman scattering
is however a very low probability event, which is quantitatively about 9 orders of
magnitude lesser than Rayleigh scattering. Thus sensitive and accurate equipment is
required for its efficient collection.

In the case of Raman scattering, the scattered light can either decrease (stokes)
or increase (anti-stokes) in energy, as compared to the incident energy. This energy
change is measured in frequency change (Raman shift) and a convenient unit of inverse
centimeter (cm™!) is used. We use grating, Rayleigh filter and a CCD detector to
collect the intensity of Raman scattered light reflected from the sample. The following
figure shows a schematic of our Raman setup.

The spectra is graphically depicted in our measurements as Raman spectra. In
this spectra, the intensity of the scattered light (y-axis) is plotted for each energy

(frequency) of light (x-axis).

2.2.1.2 Standard Information From Raman

In the big picture, Raman spectrum consists a number of features, in the form
of prominent peaks. The features are unique to a material and can be used as a
fingerprint to identify the material. Thus, a reference database of Raman spectra of
materials is enough for the identification of a material. However, a full understanding
of the vibration is required to get a complete picture of properties from the Raman

spectrum.
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Variations observed in the features can range from changes in the Raman intensity,
full width half maximum (FWHM), or the frequency shifts of the peaks with respect to
the ideal material’s Raman spectrum. Traditionally, these changes can be attributed
to the change in amount of material, crystallinity or internal stresses in the sample.

Using a focused spot of laser as the primary excitation beam, a spatial map of
Raman spectra can be obtained for a macro sized sample by systematically moving
the stage in steps and measuring the spectrum (rotation is not allowed). Such Raman
spatial maps can carry information pertaining to local composition, crystallinity and

stress changes in a material.

2.2.1.3 Angle Dependent Raman

Traditionally, the inherent ability of a commercial instrument to measure angle
dependent Raman is rare. This ability is usually provided by offering the ability to
polarize incident light in the instrument. In this instrument, the polarizations offered
by the names normal and orthogonal are in the directions. In the normal setting, there
is no additional waveplate used, and the light is polarized along the x-axis of the stage
(horizontal). On the other hand, the orthogonal arrangement uses a half-waveplate
and the incident laser is polarized along the y-axis (vertical direction), as shown in
the figure 4.

However using the modifications mentioned below, Raman spectra on crystalline
material (TiS; and ZrS;) was recorded at the same spot for various angles. A 10 degree
step was used to plot polar spectra for both normal and orthogonal arrangements.

Visualization of the raw data was done using contour plots (or 3D raman plots)
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Figure 4. Figure showing schematics for Normal and Orthogonal arrangements.

consisting of angle on the y-axis, Raman shift on the x-axis and a rainbow color band
for the intensity.

For easier interpretation of this data, Raman spectra for each angle step was then
fit to appropriate number of Gaussian functions to obtain the peak positions, peak
areas and intensities at the peak. One of these three parameters on the y-axis, polar
plots were plotted.

Polar plots obtained throughout these experiments were either symmetrical-four-
lobed, elliptical , asymmetric-four-lobed, or two-lobed. Where the latter three, owing
to their 180 degree periodicity (absence of the traditional 90 degree periodicity), are

proposed to indicate in-plane anisotropy of Raman modes.
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2.2.1.4 Equipment and Modifications

The device used for Raman spectroscopy in this study was Renishaw InVia confocal
microscope. This reflection microscopy instrument was equipped with objective lenses
5x, 20x, 50x and 100x with a numerical aperture of 0.75 for Raman imaging. We
use the visible 15 mW, 488 nm laser as the incident beam which allows imaging of
Raman shifts within 100 cm™! of the excitation energy. At the highest magnification
the instrument has a spatial resolution (beam spot size) of 1 um. A grating of 1200
l/mm was used. An automated mechanical stage allows the movement of sample with
extremely fine accuracy, to record spatial maps.

To record the trend of changes associated with Raman spectra with the incident
angle of polarized laser without inflicting change to the incident beam, a stage that
allows rotation had to be installed. A manual rotation stage was installed onto the
automatic stage using double sided tape (shown in figure 5). Although step sizes of 10
to 20 degrees can safely be interpolated to obtain the general trend, this stage allows
the alignment of polarized incident light in steps of less than 1 degree with respect to

the sample crystalline direction.

2.2.2  Photoluminescence (PL) Spectroscopy

When a material is excited by an electromagnetic beam such as laser, both Raman
scattering and photoluminescence (PL) can occur. In fact, the latter can have a
yield which is several times stronger than the former. Since the same equipment as
Raman was used to record the photoluminescence spectra, it inherently has all of the

positives that are associated with the Raman spectroscopy — an efficient, non-contact,
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Figure 5. Comparative images of the stage without and with the rotation stage.

non-destructive and a widely used technique for the analysis of semiconductors with

stimulating optoelectronic properties.

2.2.2.1 Photoluminescence

Photoluminescence is defined as the spontaneous emission of light from a material
under optical excitation. Photoluminescence in certain photoluminescent material
can be observed by exciting the material using an incident laser beam which has an
energy larger (hv) than the bandgap (Eg), enough to excite carriers from the valence
band to the conduction band. The resulting photons reemitted materials are then
captured using a CCD detector.

The emission recorded from the material is then used to extract out a variety of
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information detailing the discrete electronic states involving the material’s intrinsic
optical processes. Besides, PL spectra can also be used to understand the transitions
associated with endemic defects in semiconductor materials.

This energy of the emitted photons is measured in energy and a unit of electronvolts
(eV) is suitably used. We use grating and a CCD detector to estimate the count of
emitted photons at a particular energy. The spectra is graphically depicted in our
measurements as PL spectra. In this spectra, the intensity (photon count) of the

scattered light (y-axis) is plotted for energy (eV) on the x-axis.

2.2.2.2 Standard Information From the Spectra

Since PL spectra is amenable to radiative processes, it is very hard to study indirect
bandgap materials which have very weak radiative activity. Also, recombination
mechanisms at deep centers where radiative transitions give very broad spectra due
to strong phonon coupling are also hard to study.

Firstly, the PL spectra can be used to determine the intrinsic optical bandgap of a
direct bandgap semiconductor. The recombination in a direct bandgap semiconductor,
which has intrinsic valence band maximum (VBM) and conduction band minimum
(CBM) at the same momentum value, is very efficient process. Thus they are very
photoluminescent and will show a large peak at an x-axis value Eg. The peak position
of the PL spectra obtained in a defect free direct band gap semiconductor can be said
to be its optical bandgap.

Secondly, the material quality of a sample can be assessed by comparison of the PL
yield of the sample with an ideal direct bandgap material with maximum yield. The

radiative yield (PL) for a defective sample would be a smaller because of the presence
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of a significant amount of non-radiative recombination, which is often associated with
localized defects in the sample.

Similarly, radiative transitions from localized defects and the photoluminescence
energy associated to these levels can be used to identify the specific type of defects, or
doping in the material.

Low temperature PL studies has its own advantages too. Underlying contributions
to the main PL peak at room temperature can be deconvoluted into components from

various transitions at low temperature.

2.2.2.3 Power Dependence PL

To further obtain the underlying reason for emission at different energies, PL
spectra obtained by varying the power of the excitation laser can be crucial. In this
equipment, the power of the initial laser beam, 15 mW can be controlled using a linear
analogue knob. For consistency, the knob is maintained at 50%, thus 7.5 mW of the
laser power is used. Furthermore, the power can be cut down through filters (allowing
100%, 50%, 10%, 5%, 1%, 0.5%, 0.1%, 0.05% and so on) selected via the software
(Renishaw Wire).

For the interpretation of the data obtained via various filters at the same spot
on the sample, the spectra are fit to Gaussian functions, peak positions and areas
(integrated PL intensity) of PL peaks are obtained at different powers. Then, one of
these parameters (y-axis) are plotted against the absolute laser power (mW on y-axis).

As specified in the literature [71], with increase in the laser excitation power,
PL intensities from bound excitons (from defects) tends to saturate towards higher

powers. This happens as defects get fully populated with excitons. Whereas the
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integrated intensity of the PL peak associated with free excitons (band to band) shows
no saturation and scales almost linearly with power. Thus, at lower powers the overall
PL spectrum is dominated by the bound excitons and at higher powers the PL peak

from free excitons dominates [71].

2.2.2.4  Angle Resolved PL

Analogous to aforementioned angle dependent Raman, angle resolved PL (ARPL)
measurements can be recorded by turning the stage manually both in orthogonal and
normal geometries.

Using the modifications mentioned before, PL spectra on crystalline material (ZrS3)
was recorded at the same spot for various angles. A 20 degree step was used to plot
polar spectra for both normal and orthogonal arrangements. Visualization of the raw
data was done using contour plots consisting of angle on the y-axis, energy (eV) on
the x-axis and a rainbow color band to represent the intensity.

For easier interpretation of this data, PL spectra for each angle step was then fit
to an appropriate Gaussian function to obtain the peak positions, peak areas and
intensities. Using one of these three parameters on the y-axis, polar plots were plotted.
Polar plots of area vs angle obtained from ZrS3 from the experiments were always

two-lobed, indicating in-plane anisotropic luminescence.

2.2.3 X-ray Diffraction

X-ray powder diffraction (XRD) is a quick analytical technique which is primarily

used to obtain unit cell information, phase identification and crystallite size of a
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crystalline material. In a simplified picture, an XRD incidents a collimated monochro-
matic beam of x-rays on a crystalline sample for a range of angles (26). For x-ray
wavelengths close to the crystal plane spacing, the crystal acts as a 3D diffraction
grating and allows constructive interference of the reflected beams in a few directions.
A detector records and processes this reflected X-ray beam intensity and converts it
to a count rate which is then output on the computer screen in form of a intensity
vs angle (260) plot. For particular 20 values for which the constructive interference

happens, peaks appear in the plot.
2.2.3.1 Theory

For the primary x-ray beam wavelength of A the angles (6,x) that produce a
constructive interference from the corresponding (hkl) crystal plane which is at a

distance of dpy; is given by the Braggs law:

n\ = thklsithkl (2.1)

Here, n is the order of the reflection. And dj; is a function of the lattice parameters
of the crystal. Since both ZrSs; and TiS3 are monoclinic crystals, the equation to

calculate d-spacing for a monoclinic crystal is given by:

2 sin?f3

1 1 2 2 ainn2 2 2
(h k?sin?p3 N l hi cosﬁ) (2.2)

a? b? c? ac

The dp;; from each peak can thus be matched with the dj,; obtained from the
equation 2.2 defined for monoclinic cells, with hkl and lattice parameters obtained
from the XRD card for the respective material. This way, phase can be matched

despite missing peaks in the database card.
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2.2.3.2 Experimental

The XRD spectrum for both ZrSs; and TiS3 crystals were recorded on Siemens
D5000 x-ray diffractometer machine which uses a Cu K, radiation with A = 1.54 A.
About 100 mg of crystals were placed in a straight line on a zero background plate so
as to maximize their exposure to the incident x-ray beam. Scan rates of 5 degrees per

minute were used for 26 ranging from 15° to 60°.
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Chapter 3

ZIRCONIUM TRISULPHIDE - ZrS3

3.1 Crystal Structure

Zirconium Trisulphide (ZrS;3) crystalizes in a typical monoclinic cell, with «, v
= 90° and (3 # 90°. To visualize the structure, images of several lattices (2 in the a
direction, 8 in the b direction and 1 in the ¢ direction) have been shown in the figure
6 a, b and ¢ as seen from axes a [100], b [010] and ¢ [001] respectively. The figure 6
d, represents 2 layers of ZrS; stacked and coupled via the van-der-Waals forces. The
green spheres represent the Zirconium atom and the yellow ones represent the Sulphur

atoms. While the dotted black lines show the primitive lattice.

(a) (b)

Freiegenenengy

Figure 6. Crystal structure of ZrSs.
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In the crystal structure for ZrS;, the Zr-S bond length between the Zr atom and
S atom inside the trigonal prism chain is 2.63 A, while Zr-S bond length between
the Zr atom inside the trigonal prism and S atom of the adjacent chain is 2.75 A.
This suggests weaker bonding between adjacent chains. Wieting et al. [72] propose
a central force model based up on their Raman data which estimates the coupling
strength between Zr-S bond between adjacent chains is approximately one-fifth of the
Zr-S bond within the chain. This reflects in the high-aspect ratio (b-axis : a-axis)
elongated rectangular shapes in optical images of exfoliated ZrS3;. Hence the name,
quasi one-dimensional crystal. During the experiments crystals were consistently
observed to be wire-like flakes with a rather high aspect ratio.

In summary, the coupling in ¢ direction is the weakest (van-der-Waals), followed by
the intra-layer coupling between adjacent chains (a-axis) and the coupling in the b-axis
is the strongest. This explains why exfoliated crystals of ZrS; appear as elongated

rectangular flakes with high aspect ratio (b-axis : a-axis), seen in Figure 7.

3.2 Growth

The ZrS3 crystals were grown using the CVT synthesis method as described in
the chapter 2. Jin et al. [70] propose optimum parameters for CVT growth of ZrS;
nanobelts. The crystals of ZrS; formed as a result of CVT through the reaction
between Zirconium foil (Sigma Aldrich, 0.01 mm thickness, 99.98%), and sulfur flakes
(Sigma Aldrich, 99.99%). Reactants were weighed in a molar ratio of (Zr : S, 1 : 3.5).
The complete mixture of 500 mg was transferred to one end of a quartz-glass tube
of 10 mm diameter and 150 mm length and then the glass tube was evacuated and

sealed.
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Figure 7. Crystals of ZrS3 grown using CVT.

CVT was done using a Thermo Scientific Lindberg Blue M Tube Furnace with
three zones, however the sealed tube placed inside a larger quartz tube covered only
two zones of the furnace. The hotter end, with the reactants, was maintained at 600
°C and the colder end was maintained at 520 °C. For safety reasons, the temperature
was ramped from room temperature to the growth temperature in 24 hours. The
growth temperature was maintained for 90 hours and then the furnace was let to cool
naturally.

Crystals obtained as a result of this growth had a reddish hue and were shaped
like whiskers. The size of crystals was fairly large and the largest ones were about 1-3

mm in length as seen in Figure 7.

30



(001)

(002) (004)

Intensity (a.u.)

A
| L | L | L | L | L |

0 10 20 30 40 50 60
20 (Degrees)

Figure 8. Powder XRD data of macro ZrS;3 crystals.

3.3 XRD Data

As per the settings used for the collection of XRD data mentioned in the methods
section (chapter 2), the XRD-pattern obtained has been shown in figure 8. It is to be
noted that the pattern was obtained from the macro sized belts of ZrSs with the c-axis
facing upwards on the zero background plate. Thus, the pattern appears significantly
different (with far fewer peaks) than any ZrS; data present in the XRD database.
Here, only the planes perpendicular to the c-axis were probed, which is sufficient for
our purposes to verify the phase of this material.

From the International Centre for Diffraction Data (ICDD) card number 00-015-
0790, the (001) and (002) peaks show a good match. The lattice parameters obtained
are: a = 5.123 A, b = 3.627 A, ¢ = 8.986 A, and f = 97.15°. Suggesting that

ZrS3 crystallizes in a monoclinic cell of P2;/m space group with lattice constants as
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mentioned. However, the peak at 260 = 40.5°, was found to be missing from the card
data.

Using equations 2.1 and 2.2 for this monoclinic crystal and substituting the values
0, 0, 4 for h, k, 1 respectively, the peak at 260 = 40.5° was verified from the plane data
of the ICDD card and labled as (004).

3.4 Raman Spectra

As discussed above, ZrSj3 crystallizes in a monoclinic cell of space group P2;/m.
The primitive unit cell consists of 8 atoms. And the mechanical representations can
thus be decomposed into 8 x 3 irreducible representations. These can be represented

as:

1-‘crystal = 8Ag + 4Au + 4Bg + 4Bu (31)

While, for a single chain where the unit cell consists of 4 atoms, it can be writte

as:

Fchain = 4A1 —|— 4Bl —|— A2 + 332 (32)

These modes can further be correlated to a set of atomic vibrations perpendicular
and parallel to the ZrSs chains. It has been shown previously that the atomic vibrations
correlated with the A, & B, modes for the crystal, Ay & Bj for the chain, are parallel
to the chains, or along the b-axis. While the modes correlated with A, & B, for the
crystal and A, & By for the chain, are perpendicular to the chains. Out of the 21 k =
0 modes, twelve of these mode are Raman active (8A, and 4B,), while 9 are infrared

active (A, and B,,) [73].
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Figure 9. Raman spectrum for exfoliated ZrSs crystals on sapphire.

Consistent with previously shown Raman spectra for ZrSs, our crystals show peaks
at 150.5 cm ™, 277.6 cm ™!, 319.6 cm ! and 527 ecm ™. Just four peaks appearing instead
of the 12 active modes is probably suggests higher symmetry of undistorted chains
[67] or degenerate peaks. Specifically, when measured in the normal configuration,
the 150.5 cm™!, 277.6 cm™ !, 319.6 cm ™! peaks are prominent, while the 527 cm™!
peak is significantly weaker in intensity, while their intensities are lower and higher,

respectively, in orthogonal configuration (shown in figure 9).

When measuring Raman spectrum in the back-scattering geometry, from Loudon’s
[74] polarisability tensors it is known that, A modes are allowed in normal config-

urations and B modes are allowed in orthogonal scattering conditions. Using this
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argument, the peaks 150.5 cm™', 277.6 cm™ !, 319.6 cm™! are labled as A, while the
peak at 527 cm™!, which appears prominent only in cross (orthogonal) configuration
is still actually less intense than any of the major peaks in normal configuration. It is
only relatively stronger as compared to other peaks in orthogonal configuration. So,
it is still an A, peak.

Further, it should be noted that the lowest frequency mode of 150.5 cm™! has
previously been attributed to a "rigid-chain mode". Similarly, the latter 277.6 cm™?,
319.6 cm ! peaks were attributed to Zr-S inter and intra chain vibrations. While the
527 cm ™! peak have been shown to originate from the stretching of the (S-S)?~ group,

and the shoulders around 527 cm ™! may have originated from an isotopic effect of S

(which is naturally abundant at 4.2%) according to previous reports [75, 76].

3.5 Angle Dependent Raman Spectra

As described in the methods section of Chapter 2, the angle resolved Raman
spectra was measured for an ideal flake in both orthogonal and normal configurations.
The sample was placed on a rotating stage and Raman data was captured at the
same location for every 10 degrees from 0 to 360 degrees. A 3 dimensional plot of
raman spectra versus the angle of the flake has been shown in the figures 10 and 12
for orthogonal and normal arrangements, respectively.

In the angle dependent raman measured for orthogonal arrangement as seen in
figure 10, a 180 degree periodicity can be observed for the intensities of the Raman
peaks. The maxima for all four peaks occurs at 90 and 270 degrees, while the minima

is occurs at 0 and 180 degrees. To demonstrate the variation of intensities clearly, the
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Figure 10. 3D angle dependent Raman plot in orthogonal arrangement for ZrSs.

raman intensities of all the peaks 150.5 cm™!, 277.6 cm™!, 319.6 cm~! and 527 cm™!
have been shown in the polar plot - figure 11. Again it can be seen that a two lobed
plot is the prominent feature of all the peaks. This intensity variation is a lot like
how PL varies with angle, and can be considered as a behaviour from an anisotropic

material.

The angle dependent raman measured for normal arrangement shows a significantly
different and surprisingly unexpected behaviour. As seen in figure 12, a 90 degree

periodicity can be observed for the intensities of the Raman peaks. The maxima for
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Figure 11. Polar plot of angle dependent Raman in orthogonal arrangement.

all peaks is reachd four times in the span of 0 - 360 degrees. For all four peaks, the
maxima occurs at 45, 135, 225 and 315 degrees, while the minima is occurs at 0, 90,
180 and 360 degrees. To demonstrate the variation of intensities clearly, the raman
intensities of all the peaks 150.5 cm™!, 277.6 cm ™!, 319.6 cm™! and 527 cm ™! have
been shown in the polar plot - figure 13. It can be seen that a four lobed plot is the
prominent feature of all the peaks.

Unlike PL intensity, raman intensity (/,.) is dictated by the raman tensor (R), rather
than the electric field directly. If F; and F, are incident and scattered polarization

vectors, then I, o< |E;.R.F,|* [60]. Whereas the PL intensity is directly a meausure of
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Figure 12. 3D angle dependent Raman plot in normal arrangement for ZrS;.

the square of induced electric field in the flake. Hence, the raman in normal setting
shows an unexpected behaviour. The discussion of specific Raman tensor behaviour
for individual peaks is beyond the scope of this thesis. Further studies are required to
clearly understand the angle dependent raman behaviour of ZrSs crystals, especially

in the normal configuration.
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Figure 13. Polar plot of angle dependent Raman in Normal arrangement.

3.6 Band Structure and Photoluminescence Spectra

According to HSE06 [77] calculated electronic band structure of ZrSs as shown in
figure 14, it is an indirect band gap semiconductor with a band gap of 1.88 eV. For
a sulphur vacancy, our calculation showed a peak in density of states about 0.59 eV
below the conduction band minima (CBM), or 1.29 eV above the valence band minima
(VBM). These results are significantly different from what has been calculated in the
literature previously. Recently, Jin et al.|78| have calculated a band gap of 1.83 and

2.13 for indirect and direct band gap transitions for bulk ZrS3. Previously, absorption
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Figure 14. Band structure of bulk ZrS; calculated using HSEOG6.

studies on ZrS; have shown a direct band gap transition in ZrS;z at 2.055 eV (for E ||
b) and 2.085 eV (for E L b).

The PL measured was at very low laser power - 0.75 mW, so as to not damage
the sample because of heating. The spectra from a typical flake showing both peaks
appears as shown in figure 15. At room temperature the PL spectra of thick exfoliated
layers of ZrS3 on sapphire showed a relatively inconsistent PL in terms of intensity of
1.45 eV peak. However, the other peak at 1.8 eV consistently appeared in all samples.
A fairly broad and inconsistent peak at 1.45 eV and another broad one at 1.8 eV
were found to be common features for several flakes. Their high FWHM indicates the

involvement of phonons in both the transition processes.
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Figure 15. PL spectra of an exfoliated ZrSs crystal at room temperature.

To judge the origin of these two peaks, power dependence PL was conducted on
various samples. The results from a representative sample have been discussed in the

following section.

3.7 Power Dependence PL

The PL power dependence was measured for an initial laser power of 7.5 mW,

which was consequently cut down using filters to 0.05, 0.1, 0.5, 1, 5 and 10 % of 7.5
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Figure 16. PL spectra of an exfoliated ZrS; crystal at room temperature for various
laser powers.
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mW. It can clearly be seen in the figure 16 that the peak at 1.45 eV is dominating in
the low power regimes. However, as the power increases (going up), the peak at 1.45
eV appears saturated and the 1.85 eV peak takes over the spectrum.

If the peaks at 1.45 eV and 1.8 eV are individually fit using gaussian functions
and their respective areas are plotted against the absolute laser power in milliwatt
(mW), the trend can clearly be observed. Figure 16 shows the independent gaussian
functions for 1.8 eV peak is shown in green line and 1.45 eV peak shown in red line.
In figure 17 it is observed that the integrated PL intensity of the 1.45 peak (shown in
red) gradually starts saturating at higher powers of excitation laser. However, the
integrated PL intensity of 1.8 eV peak (shown in green) does not show any sign of

saturation even at 10% laser power.

This can also be observed in the inset (in log-log scale) that the peak at 1.8 eV
has a slope of 0.91, which is close to 1.00, meaning the transition gives back the same
number of photons as it absorbs, indicating a band to band transition, or a transition
from a densly populated impurity band to the valence band edge. Whereas the slope of
the 1.45 eV peak in the log-log scale plot is close to one, indicating gradual saturation

- which is a strong indicator that this transition happens from a bound exciton.

3.8 Angle Resolved PL

Angle resolved PL was measured for an ideal flake with a weak 1.45 eV peak and
a dominant 1.8 eV peak. The sample kept on a rotating stage was rotated by 20
degrees and a PL spectra was recorded from angles 0 to 360 degrees. This was done

for both orthogonal and normal configuration (defined in chapter 2) of the equipment.
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Figure 17. PL peak area vs. absolute laser power for ZrS; crystal at room
temperature, in linear-linear scale (inset log-log scale).
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In order to visualize the raw collected data, contour plots for orthogonal and normal
arrangements are shown in the figure 18 and 19.

In the orthogonal arrangement (figure 18) it is clearly seen that the PL intensity
reaches a maxima at angles 270 and 90 degrees. These flake angles in orthogonal
arrangement are also the position of the flake where the polarization of incident laser
direction is along the b-axis - showing the luminescence is the highest when the E-field
of incident light is aligned parallel to the b-axis (or the chain direction). Similarly,
a minima in PL intensity is reached when the flake angle is 0 or 180 or 360 degrees.
Suggesting that the luminescence is weakest when the E-field of the incident laser is

aligned perpendicular to the chain direction (or in the a-axis direction).

In the Normal arrangement (figure 19) it is clearly seen that the PL intensity
reaches a maxima when the flake’s angle is 0 and 180 and 360 degrees. These flake
angles in normal arrangement are also the position of the flake where the polarization
of incident laser direction is along the b-axis - Again, showing the luminescence is
the highest when the E-field of incident light is aligned parallel to the b-axis (or the
chain direction). Similarly, a minima in PL intensity is reached when the flake angle
is 90 or 270 degrees. Suggesting that the luminescence is weakest when the E-field
of the incident laser is aligned perpendicular to the chain direction (or in the a-axis

direction).

While true for the maximum intensity, the same trend can also be seen in the polar
plots where y axis of each point in the plot represents the integrated PL intensity of
the PL at that angle. A clear anisotropic behaviour of the crystal in terms of total

luminescence is observed. For comparison purposes, in figure 20 a red line represents
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Figure 18. Angle resolved PL in orthogonal configuration.

the angle resolved PL measured for a monolayer of MoSs. It is evident that shows
little or no variation in the PL intensity with respect to the angle of the flake.

Just as observed in the contour plots, the integrated area PL area follows the same
trend. For orthogonal geometry (shown in figure 20), it reaches a maxima at 270 and
90 degrees where the E-field of the incident laser is aligned along the b-axis. And
reaches a minima for 0 or 180 or 360 degrees, where the E-field of the incident laser is

aligned perpendicular to the b-axis.

Also in the normal configuration (shown in figure 20), the integrated area PL area

follows the same trend as seen in the raw data contour plots. For normal geometry,
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Figure 19. Angle resolved PL in normal configuration.

the PL integrated area reaches a maxima at 0, 280 and 360 degrees where the E-field
of the incident laser is aligned along the b-axis. And reaches a minima for 90 and 270

degrees, where the E-field of the incident laser is aligned perpendicular to the b-axis.

3.9 Discussion

Since the crystal structure of ZrS;3 is anisotropic in the planar direction perpen-

dicular to the c-axis. So, naturally this geometric anisotropy is expected to influence
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Figure 20. Polar plot of integrated area versus azimuthal flake angle for angle
resolved PL in orthogonal configuration.
the properties of the material. But what exactly is the cause of the anisotropic PL
emission as shown in the angle resolved measurements?

The answer lies in the classical electromagnetic theory. As previously shown by
[79] and Rivas et al. [80] that the behaviour of purely one dimensional
nanowires, such as ZnO or other semiconducting nanowires, exhibit strong optical
anisotropy too.

Here, in ZrS3, let us consider one of the ZrSg trigonal prismatic chain running
along the b-axis direction as a free standing one dimensional semiconducting nanowire.

As seen from the results above, it is known that the absorption is strong when E-field
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Figure 21. Polar plot of integrated area versus azimuthal flake angle for angle
resolved PL in normal configuration.

of the incident polarized laser is aligned along the b-axis direction (E || b). In this
case, since the wavelength of light is much smaller than the length of the chain, the
electric field induced inside the flake is not significantly reduced. Hence we can say
that B, = Eouy|-

However, when the E-field of the polarized laser is aligned perpendicular to the
b-axis direction (E,, ), the wavelength of the exciting light is much larger than the
width of an individual chain. Due to this the induced electric field inside the flake
(Esn.) is greatly attenuated. If the permittivity contrast between the nanowire and

its surrounding medium is €(w), this attenuation can be given by considering the
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Figure 22. Left - Free standing 1D ZrS3 chain. Right - 1D chains embedded in the
matrix of ZrSs

quasi-static case for a cylindrical nanowire. Where (E;, ) is equal to the depolarization

factor multiplied by (Eu1) [80]. the (E;,1 ) can thus be written as:

2~EoutL
Ep, = ——— 3.3
) (8:3)
Polarization anisotropy (p) is then defined as:
Ean > 1 1 2

| Emi? I 4

I) and I, or integrated PL intensities were calculated by integrating the PL peak
area. The polarization anisotropy (p) varied from flake to flake, and varied significantly
from orthogonal to normal measurements on the same flake - probably due to the
directional selectivity of the detector. Among the data captured for several flakes,
the (p) varied from 5.7 to 10.8. This suggests that the light emission characteristics
from this material can be modulated by up to an order of magnitude by changing the

excitation direction.

The (p) obtained from ZrS; however was still much smaller than that is usually
observed among nanowires - (p) = 20 - 30. This difference in the polarization

anisotropy of ZrS; when compared with that of typical nanowires can partly be
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Figure 23. Cosine square fit for I;p and residual Iyp contribution for the
experimental data.

justified by referring back to the fact that the individual ZrSg chains are not free
standing in vacuum. In the case of a finitely wide ZrS;3 flake in the a-axis direction,
the permittivity contrast (e(w),,,;,) ends up being significantly lower than e(w) as we
refer to the 1D chain embedded in a matrix of ZrS3. This has been represented in the

figure 22.

Indeed, a similar reduction in p has been observed when luminescent nanowires
(ZnO, InP) were coated with TayO5 [79], surrounded by a matched dielectric medium

which was different from vacuum. From materials perspective, this reduction in
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polarization anisotropy can be explained when the interaction between quasi-1D
chains are accounted for. A closer look at Figure 23 shows that there is still finite
amount of PL intensity at 90°, even when E-field of the incident polarized laser is
polarized along the perpendicular direction to the chain direction. In this case, we
would expect the the luminescence to be negligible. However, since 1D chains interact
with each other, unlike free-standing semiconducting nanowires in vacuum, their
optical response can be considered to have two components. One, coming from the
2D-like behaviour, an isotropic optical response, and two, from the 1D nanowire-like
anisotropic component. Owing to the only significant component of the E-field (in the
direction of b-axis), chain-like PL intensity (I;p) scales as cos* which is essentially
the same as that for 1D nanowires.

To fit the 1D component of the data into a purely cos? function, a following fitting

equation is designed (where A, n, xandB; are fitting parameters):

Lip = A.cos®[(n.¢) + 2] + By (3.5)

In the figure 23 this Ip is represented by a dashed blue line. Similar to the
constant PL intensity from MoS, as seen in figure 20, the constant component (I5p -
2D-like behaviour) of the total luminescence intensity is denoted using a red dashed
line in figure 23. The total intensity (I;,; shown in a solid black line) is a sum of both

intensities from 1D like behaviour (I1p) and intensity from 2D like behaviour (I5p).
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Chapter 4

TITANIUM TRISULPHIDE - TiS3

4.1 Crystal Structure

Isomorphous to ZrSz, Titanium Trisulphide (TiS3) crystalizes in a typical mon-
oclinic cell too, with «, v = 90° and 3 # 90°. To visualize the structure, images of
several lattices (2 in the a direction, 5 in the b direction and 1 in the ¢ direction)
have been shown in the figure 24 a, b and ¢ as seen from axes a [100], b [010] and
¢ |001] respectively. The figure 24 d, represents 2 layers (lattice boundary extended

to 2) of TiS3 stacked and coupled via the van-der-Waals forces. The blue spheres

Figure 24. Crystal structure of TiSs.
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represent the Titanium atom and the yellow ones represent the Sulphur atoms. While
the dotted black lines show the primitive lattice.

Similar to ZrS3, the crystal structure of TiS3 also consists of an array of triangular
prisms sharing their triangular faces. The Ti-S bond length between the Ti atom
and S atom located in the trigonal prism chain is 2.455 A, while Ti-S bond length
between the Ti atom inside the trigonal prism and S atom of the adjacent chain is
2.648 A. This suggests that the the prismatic chains are relatively weakly bonded to
each other.

In the c-axis direction, as shown in the figure 24d, the layers are stacked and
coupled via van-der-Waals forces. This is a relatively weaker coupling than intralayer
bonding and makes it easy for TiS; to be exfoliated into ultra-thin and monolayers
using scotch tape method.

The in-plane anisotropy is also reflected in the grown and exfoliated crystal shapes.
The crystals are almost always rectangular in shape where the crystal is elongated
in the b-axis direction, or the along chain. During exfoliation of these crystals onto
Si0,/Si and sapphire substrates flakes were consistently seen to be having a high

aspect ratio (b-axis : a-axis).

4.2 Growth

TiS; whiskers were grown using the Chemical vapor transport (CVT) method
wherein the constituent elements were mixed in a stoichiometric ratio and sealed into
a quartz tube, and consequently transported to the other end of the tube using a

thermal gradient.

Whiskers of TiS; were obtained at the cooler end of the tube when 500 mg of Ti
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Figure 25. Image of as grown crystal on the inner walls of the sealed tube, macro
image (Left to right)

and S were sealed in the tube of diameter 10 mm and length 150 mm, with a molar
ratio of 1:3. A Thermo Scientific Lindberg Blue M Tube Furnace with three zones
with the tube spanning just two of the zones was used for the growth. The end of
the tube containing precursor elements was maintained at 500 °C, and the other end
of the tube was maintained at 80 °C lower than the hot end. For safety reasons, the
temperature was ramped from room temperature to the growth temperature in 24
hours. The growth temperature was maintained for four days and then the furnace
was let to cool naturally.

The crystals obtained as a result of this growth were highly elongated and thin
whiskers growing outward from a nucleation point as seen in figure 25, resembling a

flower. On an average, each whisker measured from 250 - 500 pm
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Figure 26. Powder XRD data of TiS3 whiskers.

4.3 XRD Data

The X-ray diffraction (XRD) patterns were recorded using a Siemens D5000 powder
diffractometer with CuKa radiation (A = 1.54 A). It is to be noted that the mounted
crystals were fairly flat on the plane perpendicular to the c-axis. Thus with their
placement on the sample holder, they naturally arranged themselves with c-axis facing
upwards. It is evident from the XRD data that only the planes perpendicular to c-axis
were clearly shown. Although this is not a complete spectra, it is sufficient to verify
the phase of the material.

A few crystals were first arranged on the zero-background plate, so as to maximise
the x-ray exposure and the measurement was done for 20 = 5 to 60 degrees. The XRD
pattern obtained was found to be consistent with ICDD 15-0783. Intense peaks also
suggest that the material was well crystallized during the growth. The same equations

that were used to confirm the peaks missing from the database.
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Figure 27. Raman spectra of exfoliated TiS3 whiskers.

XRD data and the corresponding matched card confirm that the the material got
crystallized in a monoclinic cell with the following lattie parameters: a — 4.973 A,
b =3.433 A, ¢ = 8714 A, and 8 = 97.74°. The FWHM of peaks were not used to
determine the crystallite size as the crystals were far too larger than recommended

for this approximation.

4.4 Raman Spectra

TiS3 is isomorphous with ZrSs, so the mechanical representations of the vibration

modes are same as that of ZrS3, 3 acoustic and 21 optical modes in the first brillouin
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Figure 28. Raman active optical modes in TiS3 corresponding to their mentioned
frequencies.
zone. Raman was measured using a 488 nm laser on crystals exfoliated onto 290 nm
SiO,/Si substrate. Consistent with previous reports [81], peaks were observed at 175.5
em™! 299 em™t, 372 em ! and 557.8 em~!. The peak at 520 cm™! originates from
the Silicon substrate, which does not interfere with any peaks and at the same time
serves as a good standard to compare the relative intensities of the peaks from TiSs.
In the normal configuration, where the E-field of the incident polarized laser was
polarized along the b-axis, peaks observed were fairly intense. Strong raman peaks
corroborate XRD data and suggest good crystallinity. Hoever, weak intensities of all
the peaks in the orthogonal configuration suggest that the peaks are of A, nature.
This can be said because according to the Loudon’s |74] polarisability tensors, only if

a peak appears intense in cross polarizations, it can be labled as B,.

To understand the fundamental origin of the individual peaks, finite displacement
calculations were performed (shown in figure 28). The displacement calculations show
the origin of each peak in the Raman spectra.

The lowest frequency peak at 175.5 cm™! has been found to originate from an
out-of-phase rigid vibrations of individual chains in the unit cell. The vibration
happens in the out-of-plane (c-axis) direction and retains the rigidity of the chain as

the Zr-S bond modulation is not involved. Thus, it has been labeled as the A79*. It
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Figure 29. Corresponding raman spectrum and phonon dispersion spectrum
calculated from first principle density function theory (DFT) for TiS3.
can be visualized as 2 elongated chains rigidly moving with respect to each other (as

shown in figure 28 while not affecting the Zr-S bond distance.

Unlike the lowest frequency mode, the 299 cm™! and 372 ecm™! mode involve
internal vibrations too. Due to the involvement of internal vibrations within the TiS3
layers, these modes have been labeled as I A:f]"tem“l and II A;”temal respectively. A

closer look into the 299 cm !

reveals two degenerate optical branches in the phonon
dispersion which almost coincide at the I' point. The basic thing that differentiates

one of this mode from other is the relative vibration direction between the Ti, S atoms,
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and S-S pairs across the two prisms. Due to the presence of two closely spaced modes
and due to the resolution limit of the equipment, a single peak appears. However, the
FWHM of this peak is significantly wider than the other peaks with no degeneracy at
12 cm™ 1,

The peak at 557.8 cm™!, or the highest frequency peak also appears to be a
degenerate peak as the DFT calculation of phonon dispersion (figure 29) shows two
very closely spaced optical branches (top-most branches). These modes consist of
in-plane out-of-phase motion of S-S pair and out-of-plane motion of Ti and the S
atoms as represented in figure 28. Again, owing to the peak parenting two degenerate
modes, it also appears with a higher FWHM than the other non-degenerate peaks 12

cm~!. Due to its signature vibration involving the S-S pair, this peak is labeled as

S-S
Ag

4.5 Angle Dependent Raman

The angle dependent Raman was measured for flakes exfoliated on 290 nm SiO, /Si
substrate for both orthogonal and normal arrangements. Raman spectra was recorded
for a flake angle ranging from 0 to 360 degrees with a step size of 10 degrees. The
resultant 3D plot in orthogonal and normal geometries have been shown in figure 30

and 31, respectively.

It is observed that both the plots show a 180 degree periodicity. However the
periodicity is very different from what is observed in ZrSs;. In orthogonal arrangement,
as expected, the intensity reaches a maximum at 90 and 270 degrees. But at the angles,

0 and 180 degrees, where a minimum is expected, the plot reaches an intermediate
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Figure 30. 3D angle dependent Raman plot in orthogonal arrangement for TiS3

local maxima which is significantly lower in intensity than the global maxima. This
four lobed feature of A"l and A9 peaks, can be clearly visualized with the
help of a polar plot where the angle dependent intensity these peaks in orthogonal
arrangement is shown in figure 32 (left). Unlike the 372 cm™1 peak, the two lowest
frequency peaks appear 90 degree phase shifted, with global maximums appearing at
0 and 180 degrees. Interestingly, the Agfs stands out, showing an elliptical (no lobes)
behaviour, with global maximums at 0 and 180 degrees. This is interesting because,
even the silicon peak shows a four lobed feature in all the experiments (seen in figure

31).
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Figure 32. Polar plots for intensity versus angle for TiS3 in orthogonal (left) and
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Similarly, in normal arrangement (shown in figure 32 - right) a similar behaviour
with a 45 degree phase shift can be observed for all the peaks. The maximums appear
at 45, 135, 225 and 315 degrees, while the minimums occur at 0, 90, 180 and 360
degrees. Although a clear trend can be seen with most peaks, the Af‘s peak falls in
the noise range and a does not show a clear trend in normal arrangement.

Since the lack of ability of available instruments to characterize the PL properties
of micro TiS3 whiskers (which have an anticipated optical band gap in the infrared

region), these experiments were not conducted as a part of this thesis.
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Chapter 5

CONCLUSION AND FUTURE PROSPECTS

5.1 Introduction

Two dimensional layered materials (2DLMs), such as Graphene, h-BN and Transi-
tion Metal Dichalcogenides, has been an intensely active area of research owing to
their stellar physical properties which have allowed observations of novel physics and
proof-of-concept nano-electronic devices with performances previously never seen with
traditional semiconductors. With the constant reduction of sizes of electronic devices
and the advent of flexible and wearable technologies expects devices to perform a
variety of functions. Thus the future of electronics beckons for a family of stable
2DLMs with varying physical properties that allow these range of functions.

Currently, the family of available layered materials indeed has grown to include
materials that allow devices to be fabricated with a range of functions. However, most
of these materials consist of layers that has atoms held together with covalent forces
which are isotropic in nature, in both the in-plane crystalline directions. This leads
to materials with isotropic in-plane properties and allows little room (undesirably
complicated devices) for devices that desire polarization dependent functionality. A
few popular 2DLMs currently touted to posses in-plane anisotropy are either not
stable in the air (Phosphorene) or show mildly anisotropic properties in thick flake
regimes (Group V TMDCs, like ReS; and ReSe,).

There exist a family of layered materials of the form MX3 (M = IVB or VB group

elements and X = S, Se or Te). Resembling other known layered compounds such
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as TMDCs, MX3 compounds exhibit an analogous layered structure with individual
layers coupled by van-der-Waals forces. However, their in-plane anisotropic crystalline
and physical properties makes them stand out from the conventional layered materials.
MXj3 compounds owe this anisotropic behavior to their structurally anisotropic crystal
structure consisting of infinite one-dimensional MX6 trigonal prism unit chains which
bond relatively weakly to other such parallel running chains, and form a slab (layer)
of material with significantly different properties parallel and perpendicular to these
chains within the layer. Although MXj3 type crystals have long been known to exhibit
anisotropy, in the light of the present-day relevance of aligned nanowires, quasi-2D and
2D materials, we present a report on the atypical optical properties of ZrS; & TiSs, and
propose features which it and its analogues can potentially drive fresh opportunities in
technologies involving polarized detection, near-field imaging, communication systems,

and bio-applications relying on the generation and detection of polarized light.

5.2 Growth and Sample Preperation

The growth of both the crystals (ZrS3 and TiS3) were done by CVT technique
and crystals of the shape of whiskers were obtained. ZrS3; and TiS3 were grown using
a two zones furnace, inside vacuum sealed quartz tubes with precursors placed at
temperatures 600 and 500 °C, respectively. Macro sized elongated crystals obtained
were then exfoliated onto SiO,/Si substrates to carry out further examination using

optical techniques such as Raman and PL.

64



5.3 Material Characterization

Crystal quality and the phase was confirmed by powder XRD. Intense Raman
peaks for both the crystals corroborated the good quality of the crystal.

Despite being an indirect bandgap semiconductor with a bandgap of 1.88 eV, ZrSs
was observed to be luminescent at room temperature. PL peaks were observed at 1.8
and 1.45 eV. The power dependence PL spectra suggests their origin to be from band
to band (or delocalized impurity band to band) and from bound excitons respectively.

Angle resolved Pl spectra of ZrS; showed a cosine square variation of integrated PL
intensity with respect to the azimuthal flake angle when polarized laser was incident
perpendicular to the van-der-Waals plane. For polarizations in the direction of the
length of chains (b-axis), a maximum PL intensity was reached and a minimum
was reached when polarization was perpendicular to the b-axis. A PL polarization
anisotropy spanning from 5.7 to 10.8 was observed for various flakes. Probably varying
due to differences in defect densities. PL spectra for TiS3 could not be recorded due to
limited detector ability in the raman instrument for IR ranges (as estimated bandgap
for TiS; lies in the IR range).

Angle dependent raman spectra plotted in the polar plot representing raman
intensity in the y-axis vs the angle of the flake for ZrS3; appeared two-lobed in the
orthogonal and four-lobed in the normal arrangement. Orthogonal arrangement
showed maxima at 90 and 270 degrees, again, where the polarization was aligned in
the chain direction. However maxima at every 90 degree intervals, starting from 45
degrees.

Angle dependent Raman spectra for TiS3 appeared four lobed in both the ar-

rangements. However, there were only two global maximas. Again maxima in the
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orthogonal arrangement occurred when the polarization was aligned in the direction
of the chain (at 90 and 270 degrees). In the normal, the polar plot appeared to have
rotated by 45 degrees. The S-S vibration mode showed an interesting behaviour with

an elliptical polar plot.

5.4 Conclusion

Angle dependent raman and PL measurements confirm the anisotropy of both TiS3
and ZrS3 within the van-der-Waals plane, in relatively thick regimes, both of which
belong to a new class of anisotropic layered materials of the form MXg3s. Both these
materials have been found to be stable in the air for long periods of time. Extent of
PL polarization anisotropy observed was close to that of purely 1D behaviour, however
due to the 2D like contribution in these quasi-1D materials, it is actually slightly lower
than purely 1D materials. Among 2D materials, through these PL intensity variation
with angle, ZrS; appears to be a potential candidate for applications relying on the

generation and detection of polarized light.

5.5 Future Work

1. Future work involving the establishment of these materials could involve angle
resolved intrinsic transport measurements. Or angle dependent measurements in
devices fabricated using MX3s, in combination (heterojunctions) with other isotropic
or anisotropic 2DLMs.

2. Development of CVT methods to directly obtain p and n type doped bulk

crystals, doped with elements such as Ti, Zr or Hf.
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3. Intercalation of chemically active species such as Lithium, Bromine, Pyridine
etc into these materials could lead to their practical applications in novel devices and
integration with existing devices.

4. Bottom-up CVD growth parameter of MX3 materials can be established for
directly obtaining higher quantities of crystals in ultra-thin regimes for industrial level

scaling towards wafer scale growth.
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