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Abstract

Layer transition metal dichalcogenides (TMDCs) have attracted great attention due to
their unique electronic and optical properties. Specifically, single layer semiconducting
TMDCs with their direct band gaps in the visible to near-infrared wavelength show great
promise in boosting several applications in electronics, spintronics, optoelectronics, en-
ergy harvesting, etc. Different from the most famous monolayer material, graphene, they
have more than one crystal structure, providing a tantalizing platform to investigate struc-
tural phase transition and possible photoinduced hidden phases. In this dissertation, we
use femtosecond (fs) pump-probe techniques to explore the laser-induced phenomena in
semimetal Tg-MoTe,, as well as characterize the elastics properties of MoTe, and 2H-SnS,
single crystal. Moreover, we also investigate the exciton emission properties and dynamics

in the bilayer of MoS; /WS, heterostructure. This thesis is organized as follows:

Chapter 1 provides a general introduction to the structure and electronic properties of
common TMDCs and the compounds studied in this thesis; i.e., MoTe,, SnS,, WS, and
MoS,. Chapter 2 describes the methodology employed, the principles of pump-probe spec-
troscopy, and the most commonly observed transient processes. Specifically, photo-induced
dynamics in condensed matter and related time-resolved (tr) techniques that are applied
for the study of the layered materials presented herein; i.e. time-resolved broadband tran-
sient absorption (tr-bb-TA) and time-resolved broadband transient reflectivity (tr-bb-TR)
spectroscopy and femtosecond photoluminescence upconversion (fs-PLup) spectroscopy.

Experimental results are presented and discussed in Chapter 3, 4 and 5. Chapter 3 and 4



have been adapted from our published work and manuscript(s) in preparation (see State-

ment of Contributions).

Chapter 3 involves tr-bb-TA and tr-bb-TR measurements performed on thin flakes and a
bulk crystal of the semi-metallic MoTe, system, respectively. We investigated the photoin-
duced interlayer shear dynamics as a means to monitor a previously acclaimed ultrafast
photoinduced phase transformation; i.e., a transition from the low temperature T4 state to
the high-temperature 1T? phase that was reported to complete in only 700 fs. In contrast,
we found that photoexcitation of a single crystal of Tq-MoTe, leads to a transiently hot
Ty-like state that dissipates the excess of energy into the bulk before having sufficient time
to structurally transition to the 1T" phase. Moreover, this transiently hot Ty state was
encountered to develop into a persistent strained state in thin flakes of Tyg-MoTe,, which

present a much slower cooling rate owing to their semi free-standing geometry.

Chapter 4 illustrates the use of tr-bb-TR and tr-bb-TA techniques to characterize the
elastic properties of bulk and thin-film 2D-transition metal dichalcogenides (2D-TMDCs),
respectively. We were able to generate and detect coherent acoustic waves (CAWSs) in thin-
film MoTe, and in a bulk single crystal of SnS,, and determined the longitudinal sound
velocities in these materials. In the case of the bulk SnS; crystal, which is transparent in
the probed wavelength range, the detection mechanism relies on Brillouin scattering (BS)

and we derived the relevant formulae based on simple ray tracing.

Chapter 5 introduces the design, development, and implementation of our homemade fs-

PLup instrument, which we applied to investigate the electron-hole recombination dy-

X1



namics in semiconducting single- and few-layer 2D-TMDCs. Some preliminary results are

presented and discussed in this chapter.

Finally, chapter 6 provides the general conclusions of our work and my future outlook.
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Chapter 1

Introduction

Following the great success of graphene regarding its novel electronic properties, it has
also been equally impressive that other layer materials have been developed that can form
atomically thin layers with remarkable properties. The family of two-dimensional (2D)
materials is growing quite fast, and these include 2D-TMDCs, hexagonal boron nitride (h-
BN), borophene (2D-boron), silicene (2D-silicon), germanene (2D-germanium), and MX-
enes (2D-carbides/nitrides). 2D-TMDCs exhibit unique electrical and optical properties
that evolve from the quantum con nement and surface e ects that arise during the tran-
sition of an indirect band gap to a direct band gap when bulk materials are scaled down
to monolayers. This tunable band gap in 2D-TMDCs is accompanied by strong photo-
luminescence (PL) and large exciton binding energy, making them promising candidates
for a variety of optoelectronic devices, including solar cells, photo-detectors, light-emitting

diodes, and photo-transistor&



1.1 Transition metal dichalcogenides (TMDCSs)

1.1.1 Lattice structure of 2D-TMDCs

Layered TMDCs usually have the generic formula MX where M stands for a transition
metal (Mo, W, Ti, Nb, etc.) and X represents a chalcogen (S, Se, or Te). The typical crystal
structure of 2D-TMDCs is shown in Figure 1.1. Note that TMDC materials containing
group 4-10 transition metal have a layered structure; however, those with group 8-10
transition metals form, with some exceptions, non-layered structurgés The d orbitals of

M and the p orbitals of X form a covalent bonding network within each layer, and the
layers are held together by weak van der Waals (vdW) forces. The interlayer distances
and the intralayer bond lengths generally increase with the size of M and X. Similar
to graphene, weak vdW interlayer interactions allow the crystals to cleave easily. The
metal coordination and the stacking order among individual layers de ne the phase of
2D-TMDCs. 2D-TMDCs are commonly presented as three main polymorphs] 12H and
3R*. Here, the numbers stand for the number of layers within the primitive unit cell and
the letters stand for their symmetry (T -trigonal, H -hexagonal, andR-rhombohedral). The
structure of these three polytypes is shown in Figure 1.2. The preferred phase that a given
2D-TMDC adopts depends predominantly on thed-electron count of M, and the relative
size of M and X atoms. All Group 4 transition metals have octahedral structures. Most of
group 5 transition metals have octahedral structures, while some have trigonal-prismatic

structures. Most of group 6 transition metals have trigonal-prismatic structures, while



some have octahedral structures. In group 7 octahedral structures are presented, but in

this case, they are distorted. Finally, group 10 2D-TMDCs are all in octahedral structute

Figure 1.1: The structure of a typical layered TMDC. Left a three-dimensional representation of
a typical layered MX structure, with the metal atoms shown in yellow and the chalcogen atoms
shown in purple. The local coordination of the metal species can be of the two types shown in
the right panel, trigonal prismatic (top) and octahedral (bottom).

Monolayer TMDCs consist of 3 layers of atoms with chalcogen atoms on the top and bottom
layers, forming a triangular lattice structure. The middle plane is a layer of transition metal
atoms. The unit cell of a monolayer TMDC can take many forms. There arg®, 1T and
1T %structures. The most widely studied form is the B structure, which is the most stable
phase. The atomic structure of Bi is shown in Figure 1.3. The B structure belongs to
the D3y, point group and the IT structure belongs to the Ry point group. When preparing

2H -single layers by dry methods such as Scotch-tape exfoliation, the yield of single layers
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