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Abstract

It has been a longstanding goal of physicists to understand how heat flows and how it affects
the thermal properties of materials. This quest has been driven not only by the pursuit of
knowledge but also by the tremendous importance of heat in daily life. The discovery of
new materials has introduced challenges in understanding fundamental properties such as
heat transport, while also opening avenues for technological advancements.

In this thesis, we investigate the heat transport properties of a class of layered materials
known as transition metal dichalcogenides (TMDs). We study these materials using two
different optical techniques: the conventional technique of Raman thermometry and a
novel spatiotemporal pump-probe thermometry technique that we have developed.

With this new technique, we directly quantify the in-plane thermal diffusivity in TMDs.
The thermal diffusivities obtained for MoSes, down to a thickness of 3 layers, are consistent
with results obtained from Raman thermometry. Interestingly, in monolayer and bilayer
samples, we observe a transition in heat transport behaviour—from diffusive in thicker
samples to viscous with very low diffusivity in ultrathin samples. We attribute this viscous
transport to the hydrodynamic flow of heat, a phenomenon that has never been observed
in TMDs at any temperature.






Resumen

Ha sido un objetivo prolongado de los fisicos entender como fluye el calor y como afecta
las propiedades térmicas de los materiales. Esta busqueda ha sido impulsada no solo
por la busqueda del conocimiento, sino también por la tremenda importancia del calor
en la vida diaria. El descubrimiento de nuevos materiales ha introducido desafios en la
comprension de propiedades fundamentales como el transporte de calor, al tiempo que ha
abierto avenidas para avances tecnoldgicos.

En esta tesis, investigamos las propiedades de transporte de calor de una clase de ma-
teriales estratificados conocidos como dicalcohenuros de metales de transicién (TMDs).
Estudiamos estos materiales utilizando dos técnicas épticas diferentes: la técnica conven-
cional de termometria Raman y una novedosa técnica de termometria de bomba-sonda
espaciotemporal que hemos desarrollado.

Con esta nueva técnica, cuantificamos directamente la difusividad térmica en el plano en los
TMDs. Las difusividades térmicas obtenidas para MoSe,, hasta un grosor de 3 capas, son
consistentes con los resultados obtenidos mediante termometria Raman. Interesantemente,
en muestras de monocapa y bicapa, observamos una transicion en el comportamiento del
transporte de calor—de difusivo en muestras mas gruesas a viscoso con una difusividad
muy baja en muestras ultrafinas. Atribuimos este transporte viscoso al flujo hidrodindmico
de calor, un fenémeno que nunca se ha observado en TMDs a ninguna temperatura.
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1

Introduction

“Somewhere, something incredible is waiting to be known.” - Carl Sagan

1.1 Heat transport: An overview

Heat is energy in transfer from one physical system to another or from one region within
a physical system to another, driven by a temperature difference. It is an integral part of
our daily lives and the universe at large. Heat influences many natural processes, fuels our
homes, cooks our food, and powers our industries. From the warmth of a summer’s day to
the chill of a winter’s night, from the steam rising from a hot cup of coffee to the cold air
on a snowy day, heat is everywhere.

Consider a metal rod that is uniformly heated at one end. Over time, heat diffuses
through the metal rod, spreading from the hotter end to the cooler regions. This process
continues until the temperature gradient along the rod diminishes and the heat is evenly
distributed within the metal rod. A similar process occurs when a metal spoon in a hot soup
becomes warm as heat diffuses from the soup into the spoon. In industries, the principle
of heat diffusion is harnessed in various ways to manage thermal energy. For instance,
in electronics and semiconductor manufacturing, managing heat diffusion is crucial to
maintaining device performance and reliability. Thermal management solutions, such as
heat sinks and thermal interface materials, are employed to efficiently dissipate heat from

electronic components, preventing overheating and ensuring optimal functionality.

Heat flow

Figure 1.1: Schematic representation of heat flowing from hot to cold region.

Heat transport, a problem that has intrigued scientists for centuries, is a process that

1



Chapter 1. Introduction

can occur through conduction, convection, and radiation. Newton provided the earliest
understanding of heat flow with his law of cooling, which describes how the temperature
changes in an object due to heat exchange with its environment [1]. In the early 19th
century, Fourier expanded this understanding with his mathematical description of heat
conduction, stating that the rate of heat transfer through a material is proportional to the
temperature difference across it and the area through which heat is transferred, meaning
that heat flows from regions of higher temperature to regions of lower temperature (see
Figure 1.1). This principle, known as Fourier’s law [2], provided a robust mathematical
framework for analyzing heat flow in solids. A few decades later, Fick discovered that
the movement of salt in water, driven by the random motion of molecules [3], follows the
same principles as Fourier’s law of heat conduction. This analogy between heat and mass
transport highlighted the fundamental principles governing both phenomena, paving the
way for understanding how heat in solids can be transported by the random motion of
microscopic particles.

The kinetic theory of gases later provided a microscopic description of heat transport,
explaining how the random motion of particles drives diffusion [4], a principle that applies
not just to gases but also to liquids and solids. This theory forms the basis for our
understanding of how individual particles move and interact, and how their collective
behaviour results in heat transport. Finally, in the early 20th century, Einstein provided a
statistical description of Brownian motion—the random motion of particles suspended in
a fluid [5]. Einstein demonstrated that this random motion at the microscopic level leads
to macroscopic diffusion, effectively bridging the gap between the statistical mechanics of
microscopic particles and the macroscopic description of heat transport.

The general picture is as follows: In metallic solids, free electrons are the main carriers
of heat, and they obey Fermi-Dirac statistics. In contrast, in non-metallic solids, heat
is primarily transported by phonons, which are quantized lattice vibrations that follow
Bose-Einstein statistics. Both phonons and electrons in most situations travel an average
distance, known as the mean free path before they scatter [6]. This scattering can occur
between phonons themselves, between electrons, at the boundaries of the material, with
impurities, defects, and dislocations within the material, or due to isotope scattering. When
the mean free path is relatively short compared to the system size, frequent collisions ensure
that Fourier’s law of heat conduction can accurately describe the heat transport.
However, there are situations in which the classical framework of Fourier’s law does not
hold. This can happen, for example, in nanoscale systems and novel materials such as
carbon nanotubes, nanowires, and two-dimensional (2D) materials like graphene [7]. This
is primarily due to the effects of nanoscale confinement, where the mean free path of heat

carriers becomes comparable to or larger than the size of the system itself, as well as the



1.1. Heat transport: An overview

dominance of momentum-conserving normal scattering in these material systems. This has
led to the observation of new phenomena in thermal transport. For example, in ballistic
transport [8], heat carriers move through the material without scattering, whereas in
hydrodynamic transport [9], the collective behaviour of heat carriers becomes the dominant
mechanism of heat transport. While significant strides have been made in studying these
materials, our understanding of heat transport in them is still evolving, and they continue

to be an active area of research.

1.1.1 Layered materials

A layered material can be broadly defined as any material where the atoms within each
layer are strongly bonded by covalent forces, while the adjacent layers are held together
by weak van der Waals forces. This unique bonding allows for the mechanical exfoliation
of individual layers, a breakthrough achieved with graphene in 2004 [10]. The ability to
isolate such thin layers has facilitated the exploration of their properties at the atomic
scale. For example, graphene, a semimetal, exhibit exceptional properties including high
carrier mobility [11], remarkable tensile strength [12], and superior thermal conductiv-
ity [13]. These attributes enable graphene to be utilized in a variety of applications,
including photodetectors [14, 15], energy storage [16, 17], and more [18]. The rapid and
prosperous development of graphene has spurred significant interest in other layered
materials, each with unique properties. This diverse class includes insulators (hBN),
semiconductors (MoS,), half-metals (CrO;), metals (VO;), and superconductors (NbSez)
(see Figure 1.2).

In this broad category of layered materials, transition metal dichalcogenides (TMDs)
have gained considerable interest over the past decade. Despite the relatively modest
mobility of about 200 cm?/V /s [19, 20] reported for these materials, compared to that
of 200,000 cm?/V /s for graphene [21] at room temperature, TMDs exhibit fascinating
electro-optical properties. Notably, TMDs exhibit a direct bandgap in their monolayer
form [22, 23], which differs from their bulk counterparts. This direct bandgap, coupled with
the presence of excitons with large binding energies, leads to strong light emission. These
properties make TMDs particularly promising for various optoelectronic applications, such
as photodetectors and light-emitting devices [24-27].

Among the most promising applications of TMDs is transistor technology. TMD-based
transistors [19] benefit from a high on/off ratio and low subthreshold swing, critical factors
for enhancing the performance and energy efficiency of electronic circuits. Their ability to
be scaled down to atomic thickness allows for significant miniaturization of transistors,

pushing the boundaries of Moore’s Law [29] and facilitating the development of more
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Figure 1.2: An overview of the 2D-materials family. Eg: band gap. Adapted from Ref. [28].

compact and efficient electronic components.

IMEC, a prominent nanoelectronics research institute, has highlighted the role of layered
materials, including TMDs, in their roadmap for scaling down the dimensions of the
transistors [30]. This roadmap emphasizes the necessity of integrating these materials
to achieve better performance and energy efficiency in semiconductor devices. While
optoelectronic properties of the TMDs have been rigorously studied over the last years,
we lack a comprehensive understanding of heat transport in these materials. Moreover
given their technological relevance, it is essential to study and understand their thermal

properties.

1.1.2 Experimental techniques

Several electrical and optical experimental techniques have been developed to measure the
thermal transport properties of thin films. Electrical methods include AC calorimetry [31],
3w [32], and micro heater [33] techniques. These often require nanofabrication of heaters
and thermometers near the thin film or metal electrodes contacting the material. Scanning
thermal microscopy, which measures temperature variations with a nanoscale thermal
probe, provides higher spatial resolution [34, 35] but has limitations such as slow data
acquisition and nontrivial analysis [36].

Optical methods are often preferred for thin films due to their non-invasive, contact-free
nature. Steady-state Raman spectroscopy, for instance, is widely used to determine
the thermal conductivity [13, 37]. This method involves locally heating a sample and
monitoring the Raman frequency shift to obtain the thermal conductivity. Despite requiring
strong heating and precise calibration, it has been applied to various thin films, including

silicon membranes, nanotubes, and 2D materials [38, 39].
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Transient pump-probe techniques, such as time-domain thermoreflectance [40] and frequency-
domain thermoreflectance [41], measure the thermal properties of thin films and interfaces.
In these methods, a pump pulse deposits heat into a metal transducer, and a probe pulse
monitors the cooling dynamics by measuring changes in the reflectance of the transducer.
The thermal properties are obtained by analyzing these cooling dynamics, typically using
a complicated heat transport model [36, 42].

Transient thermal grating (TTG) is another optical technique used to measure thermal and
acoustic properties [43]. Two laser pulses create a sinusoidal interference pattern on the
sample plane, producing a thermal grating. Analyzing the decay of various grating periods
allows for the quantification of the thermal diffusivity. TTG can measure diffusivities
across various materials [44], although its application is limited to large-area samples due
to the required laser spot sizes.

Despite the widespread use of various electrical and optical methods to investigate heat
transport properties, there is currently no technique that combines the following features:
(i) minimal sample fabrication (ii) contactless measurements, (iii) sensitivity to small
temperature changes (less than 10 K), (iv) mathematical modelling with no material
input parameters, (v) high spatial and temporal resolution, and (vi) applicability to small
(micron-sized) samples.

This PhD thesis is motivated by the need for a technique that combines all these advantages
to measure the heat transport properties of thin films, and by the limited understanding
of heat transport mechanisms in layered semiconductors. Given the pivotal role of layered
materials in next-generation technological applications, it is crucial to thoroughly quantify

their thermal transport properties.

1.2 This thesis

e In Chapter 2, we introduce the fundamental concepts of heat diffusion in solids,
providing an overview of the theoretical framework and the intuitive concepts required

to follow the experimental observations.

e Following that, in Chapter 3, we provide a detailed account of the fabrication process
for suspended TMD flakes using a custom-built dry-transfer stage, followed by a

comprehensive characterization of these samples.

e Chapter 4 explores the foundational components of spatiotemporal pump-probe
microscopy employed in our experiments. We explain the fundamental concept and
provide detailed insights into several important measurement procedures, including

beam overlap in both spatial and temporal domains, for precise heat transport

5



Chapter 1. Introduction

measurements. As a demonstration of feasibility, we present the analysis of spa-

tiotemporal diffusion dynamics in gold.

e Subsequently, in Chapter 5, we demonstrate the strength of our spatiotemporal
pump-probe thermometry technique by using it to determine the thermal diffusivity
of layered semiconductors. In particular, we quantify the thermal diffusivity of four

prototypical TMDs.

e Next, in Chapter 6, we employ Raman thermometry to systematically study the
in-plane thermal conductivity of MoSe, starting from bulk down to the monolayer
limit. Our experiments reveal that the thermal conductivity does not change much
with thickness — less than a factor of two between the bulk and the monolayer case,

which is further explained by ab initio calculations.

e In Chapter 7, we study the thickness dependence of thermal diffusivity in MoSe,
and MoSy using spatiotemporal pump-probe thermometry. Notably, we observe a
dramatic reduction in thermal diffusivity for ultrathin MoSes; and MoS,; at room

temperature, which we attribute to hydrodynamic heat transport.

e Finally, in Chapter 8, we provide a brief summary of this thesis and an outlook for

potential future developments based on these findings.
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Heat transport: Theoretical background

“If I have seen further, it is by standing upon the shoulders of giants”.

- Sir Issac Newton

This chapter introduces the general topic of heat transport in solids. We briefly overview
the crystal structure, electronic band structure, and phonon band structure of transition
metal dichalcogenides (TMDs). We then discuss the fundamental physics of heat transport
via diffusion at the macroscopic level, presenting solutions for the diffusion equation with
an initial Gaussian heat source. Following this, we briefly explain the microscopic theory
(phonon kinetic theory), specifically the Boltzmann transport equation, and phonon scat-
tering mechanisms. Finally, we discuss the non-diffusive transport phenomena, including

ballistic and hydrodynamic heat transport mechanisms.

Acknowledgements: [ heartily acknowledge Dr Albert Beardo from the University of
Colorado Boulder for the invaluable discussions and assistance while writing this thesis
chapter. I also thank Dr Roberta Farris from the Institut Catala de Nanociencia i
Nanotecnologia for providing the calculated data for plotting the MoSes; phonon band

structure in Figure 2.4.



Chapter 2. Heat transport: Theoretical background

2.1 Transition metal dichalcogenides

2.1.1 Crystal structure

A typical TMD, MX,, is depicted in Figure 2.1, where M represents a transition metal
(M = Mo, W, etc.) and X represents a chalcogen (X = S, Se, etc.) atom. The lattice
structure consists of triangular lattices, with the metal atom positioned between two
chalcogen atoms. From an out-of-plane perspective, the system exhibits a hexagonal
lattice similar to graphene, but a monolayer consists of three atomic planes, resulting in a
thickness of approximately 0.7 nm. The bonds within the M-X layer are covalent, while
MX, layers are weakly coupled by van der Waals forces. In this system, the metal and
chalcogen atoms are arranged in different coordinations, with the most common being
trigonal (with hexagonal symmetry H) and octahedral (with tetragonal symmetry T), as

shown in Figure 2.1 [45].
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Figure 2.1: TMD crystal structure. (a) Trigonal and (b) octahedral atomic coordination as
viewed out-of-plane (top) and in-plane (bottom). Transition metal atoms are in blue, chalcogen
atoms are in yellow. Adapted from Ref. [45].

2.1.2 Electronic band structure of TMDs

In bulk TMDs, the electronic band structure typically exhibits an indirect band gap.
For example, in bulk MoSes, the valence band maximum (VBM) is at the I' point,
while the conduction band minimum (CBM) is located between the I and K points (see
Figure 2.2a). This indirect band gap results in less efficient optical transitions because the
electron transition requires a change in momentum, involving a phonon, which reduces the

probability of these transitions. However, when TMDs are thinned down to a monolayer,
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2.1.  Transition metal dichalcogenides

significant changes occur in the band structure. Monolayer TMDs display a direct band
gap [22, 23] at the K point in the Brillouin zone because they have both their VBM and
CBM located at the K point (see Figure 2.2b).
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Figure 2.2: Electronic band structure and PL. (a, b) Electronic band structure of (a) bulk
and (b) monolayer MoSe, (from Ref. [46]). (c) Photoluminescence spectra for mono, bi and
trilayer MoSe,. Reprinted/Adapted with permission from Ref. [47].

The main consequence of transitioning from an indirect to a direct band gap is a sig-
nificant increase in photoluminescence (PL) emission efficiency. This arises because the
lowest energy transition can now occur without needing to interact with a phonon to
satisfy momentum conservation. Consequently, the PL intensity of monolayer TMDs
is greatly enhanced compared to bilayer or thicker samples. This enhancement is de-
picted in Figure 2.2¢, showing the PL spectra of monolayer, bilayer, and trilayer MoSe,.
This strong coupling to light makes monolayer TMDs highly desirable for optoelectronic
applications [24].

2.1.3 Excitons in TMDs

The absorption of a photon with energy above the bandgap in a TMD results in creating
an electron-hole pair. Through the attractive Coulomb interaction between the electron
and the hole, they can combine to form a bound state known as an exciton. In TMDs,
the reduced dimensionality and weak screening give rise to a notably strong Coulomb
interaction, leading to the formation of tightly bound excitons that remain stable even at
room temperature [48]. The strong Coulomb interaction results in a high exciton binding
energy (typically 0.5 — 1.1 eV for monolayers) [49], which is the energy required to
dissociate the exciton into a free electron and hole. This high binding energy also means
that the optical bandgap, defined as the energy of the excitonic transition, is lower than the
electronic bandgap, which is the energy difference between the conduction band minimum

and the valence band maximum.



Chapter 2. Heat transport: Theoretical background

In TMDs, strong spin-orbit coupling causes both the conduction and the valence bands
to split. This splitting leads to the formation of various types of excitons, including
A-excitons and B-excitons [50]. These excitons arise from electronic transitions near the
K and K’ points in the Brillouin zone [51], with B-excitons having higher energy than
A-excitons. The excitons can interact with phonons, transferring energy and momentum
to them. In this thesis, we use this concept of excitons transferring energy to phonons

and the temperature-dependent broadening of exciton linewidth [52] to investigate heat
transport in TMDs.
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Figure 2.3: Bright and dark excitons. The intervalley bright exciton transition and bright-to-

dark exciton transition processes in TMD systems. SOI: spin-orbit interaction. Adapted from
Ref. [53].

Excitons in TMDs can be divided into two primary categories: bright excitons and dark
excitons [54]. Bright excitons can recombine radiatively, resulting in the emission of
photons. They typically manifest at the K and K’ points in the Brillouin zone and play
a direct role in light emission processes. Bright excitons hold significant importance for
optoelectronic applications, such as light-emitting devices and photodetectors [55]. On
the other hand, dark excitons cannot recombine radiatively due to either momentum
or spin constraints (see Figure 2.3). These excitons may have their electron and hole
components positioned at different points in the Brillouin zone or possess different spins.
Despite not directly contributing to light emission, it has been shown that an increase
in relative spectral positions between dark and bright excitonic states can decrease the

overall photoluminescence efficiency of TMD materials [54].
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2.1.  Transition metal dichalcogenides

2.1.4 Phonon band structure of TMDs

In metals, which have a high charge density, electrons significantly contribute to heat
transport. This is governed by the Wiedemann-Franz law, which relates the thermal
conductivity of a metal to its electrical conductivity. However, in non-metallic solids
and semiconductors, where the charge density is lower, the primary carriers of heat are
phonons [6]. Phonons are quanta of lattice vibrations and play a key role in determining a
material’s thermal transport properties.

The vibrational properties of TMDs are often compared to those of graphene, but they
exhibit lower phonon frequencies due to the higher masses of atoms in TMDs. The phonon
dispersion in bulk TMDs is characterized by a variety of vibrational modes. These include
both in-plane and out-of-plane vibrations within each layer, as well as interlayer vibrations
between different layers. The in-plane vibrations are typically higher in energy due to the
stronger covalent bonding within the layers, while the interlayer vibrations are lower in
energy due to the weaker van der Waals forces.

A monolayer TMD is essentially a single layer of the bulk crystal and thus lacks the
interlayer vibrations present in the bulk material. This results in a simplified phonon
dispersion with fewer vibrational modes. Each unit cell in a TMD monolayer consists
of three atoms: one transition metal atom and two chalcogen atoms. This configuration
results in a total of nine phonon branches in the phonon dispersion: three acoustic and six
optical modes. Figure 2.4 shows the phonon dispersion of monolayer MoSe, as a typical

example.
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Figure 2.4: Phonon band structure. Phonon dispersion relation of monolayer MoSe, along
with atomic vibrations representing the phonon modes.

At the T" point in the Brillouin zone, the optical phonons of monolayer MoSe, are typically
classified based on their symmetry and activity in Raman and infrared (IR) spectroscopies.

Figure 2.4 (side panel) shows the atomic displacements associated with the optical phonons
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Chapter 2. Heat transport: Theoretical background

at the I' point. Of these, the E' mode is both Raman and infrared active due to its in-
plane vibrational nature, while the A} mode is Raman active and represents out-of-plane
vibrations. The AJ mode is infrared active, and the E” mode, although Raman active, is
typically suppressed in backscattering Raman experiments [56] due to polarization selection
rules. Consequently, the primary Raman features observed in the Raman spectrum of
monolayer MoSe, arise from the E’ and A} modes. Understanding these phonon modes is
not only essential for characterizing the vibrational properties but also for exploring the

thermal transport behaviour.

2.2 Fourier description of heat transport

Heat transport phenomena are typically formulated at two levels of description: the
microscopic level, which focuses on the evolution of the phonon distribution function, and
the mesoscopic (or macroscopic) level, which considers the evolution of temperature and
heat flux contributed by the full phonon population. At the mesoscopic (or macroscopic)
level, Fourier’s law is the simplest constitutive relation between the temperature and the
heat flux. This law effectively describes the heat transport at the macroscale and serves
as a benchmark model at the nanoscale.

Fourier’s law of heat conduction states that the heat transfer rate is proportional to the
temperature gradient. Similarly, Fick’s law describes mass diffusion, where the flux is
proportional to the concentration gradient. Both laws, developed in the 19th century,
are foundational in describing transport phenomena and have played pivotal roles in
understanding various physical phenomena and engineering applications related to heat
and mass transfer.

The Fourier heat diffusion equation is expressed in terms of the heat flux (q), thermal

conductivity (), and temperature gradient (VT') as follows [2]:
q=—kVT (2.1)

From the principle of energy conservation,

dT
C,— =-V-q+ S; 2.2
— q Z (22)
where ) ..S; represents internal sources of heat within the system and C, is the volumetric
heat capacity. Here, V - q denotes the divergence of the heat flux vector q, representing
the rate at which heat is spreading out from a point. From these equations above, one

arrives at the spatiotemporal evolution of the temperature profile,
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2.2. Fourier description of heat transport

orT

CVE

=V(VT)+ ) S (2.3)

In an isotropic medium and in the absence of external heat sources, this reduces to the

following form:

2 2 2
or D(@T o*T 8T) (2.4)

= + +
ot or?  0y*> 022
where D is thermal diffusivity, defined as the ratio of thermal conductivity and volumetric

heat capacity:

K
D = o (2.5)
Material D (cm?/s) Reference
Aluminium 0.94 [57]
Copper 1.15 [57]
Gold 1.27 (58]
Silver 1.61 [57]
Silicon 0.88 [59]

Table 2.1: Thermal diffusivity values of some common solids.

The thermal diffusivity D is a key parameter in understanding the dynamics of heat
transfer within a material. It quantifies how quickly heat diffuses through a material
relative to its ability to store heat. The thermal diffusivity has been extensively measured
across various materials, with typical values for common solids provided in Table 2.1.
However, the exploration of thermal properties in novel two-dimensional materials, like

TMDs, remains relatively less studied.

2.2.1 Solution to heat diffusion equation

By utilizing Equations 2.4 and 2.5, with a constant D for a one-dimensional problem, the

heat equation can be expressed in the following form:

oT  _O°T

where T represents the temperature distribution at position  and time ¢t. The fundamental
solution to this equation 7'(x,t), arises from an initial Dirac delta function T'(x, 0) = §(z).

This solution, given by [60]:

13
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O(x,1) = "”'2> (2.7)

(4w Dt)™ ( 4Dt
represents an n-dimensional (here n = 1) normalized Gaussian function with a standard

width op = v2Dt. In our context, we are interested in scenarios where the initial condition

is a Gaussian profile G,(z):

Gu(z) = T(2,0) = A" exp (- '"””'2) (2.8)

%07
A Gaussian profile often arises experimentally, such as from the spatial distribution of a
laser beam focused onto a sample. Setting the boundary condition far away as T'(+o0,t) = 0
reflects the exponential decay of the Gaussian function, indicating that information from
the initial perturbation propagates at the pace of the diffusion process. To determine the

solution, we can convolve the fundamental solution 7'(z, t) with the initial Gaussian profile

Ga(z):

An |.Z"2 )
T(x,t) = =exp | —————— 2.9
(@) 1+ 2Dt/o2 p( 2(of +2Dt) (29)

This solution maintains a Gaussian profile, with both amplitude and width varying over

time. The width broadens according to:

o(t) =y/ok + 2Dt (2.10)

This description accurately summarizes the problem and its solution, providing insight
into the time-dependent behaviour of an initial Gaussian temperature profile under heat
diffusion.

However, at the nanoscale, the diffusive description can become inadequate. For instance,
when the mean free path (MFP) of the phonon modes becomes comparable to the length
scales of the experiment, such as the width of the laser excitation or size of the system,
non-Fourier behaviour emerges. There are several such evidences of non-Fourier type heat
flow at the nanoscale [7]. To address these effects, phonon kinetic theory, specifically the
Boltzmann Transport Equation (BTE) is used. The BTE is a general model that can
explain both diffusive and non-diffusive transport phenomena and helps understand the

microscopic processes that give rise to macroscopic heat transport observables.

2.3 Boltzmann Transport Equation

The BTE describes the distribution function fi(r,¢), which quantifies the number of

phonons near the position r at time ¢ in the state (or mode) k. Each state k is characterized
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2.3.  Boltzmann Transport Equation

by the phonon wavevector k and frequency wyx. When the system is in equilibrium, meaning
that no external field or temperature gradient is imposed, the distribution of phonons
follows the Bose-Einstein distribution [61], given by:

1

eq __
k ™ ehwi/kpT _ 1 (211>

where f% is the equilibrium distribution function for phonons, # is the reduced Planck’s
constant, wy is the phonon frequency, kg is the Boltzmann constant and 7' is the absolute
temperature. When a phonon distribution is not in equilibrium, it undergoes changes
through various processes, which can be described by the BTE. This equation was first
introduced by Peierls in 1929 [62], who adapted the equations initially formulated for gases
by Boltzmann in 1892 [63] to apply to solids.

Two primary mechanisms are involved in this evolution. The first is the drift of the
distribution caused by the motion of phonons, which is represented by the drift operator in
the BTE. The second mechanism involves the interactions of phonons with other phonons
or particles, represented by the collision operator in the BTE. These two mechanisms
collectively describe the evolution of the phonon distribution according to the BTE. This
leads to the following BTE equation for phonons:

9 fx

e v Ve = CUR) (212)

where the left-hand side of Equation 2.12 is called the drift operator, vy is the group
velocity of phonons, given by vi = Vywy, and C(fx) is the collision term accounting for

the scattering of phonons.

2.3.1 Relaxation Time Approximation

To make the BTE more treatable, it is necessary to introduce simplifying assumptions
because of the intricate and nonlinear nature of the collision operator. The collision term
in the BTE represents the rate of change of the distribution function due to phonon-
phonon interactions and other scattering processes. In the Relaxation Time Approximation
(RTA), the collision term is approximated by assuming phonons relax to their equilibrium

distribution fi* over a characteristic relaxation time 7y:

A=A

Tk

C(fi) = (2.13)

In the RTA, relaxation times are typically approximated by combining the momentum-
destroying collisions (Umklapp) scattering time, scattering time due to lattice defects, and

the momentum-conserving phonon-phonon (Normal) scattering time using Matthiessen’s
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rule. Despite its simplicity, RTA has limitations. It does not guarantee the conservation of
energy in collisions, treating scattering events as Umklapp/resistive, leading to potential
inaccuracies in certain scenarios [64, 65].
Nevertheless, the simplification of the collision operator C( fy) facilitates a straightforward
interpretation of transport phenomena. For instance, within the framework of the RTA,
it allows us to define the concept of the phonon MFP Ay = vyn. The MFP represents
the average distance an excited non-equilibrium phonon travels before colliding. It is also
possible to obtain the microscopic expression for thermal conductivity for isotropic media
within the RTA. Using the RTA form of the collision operator, the BTE simplifies to:

9/«

A=K
_+Vk'vrfk—_—

o - (2.14)

Assuming a stationary temperature gradient along the z-direction (distribution function
will only change in z-direction), and for systems not far from equilibrium, meaning

afea o
% ~ —5‘; . fx simplifies to:

of tdT
T dx
and the thermal conductivity « is obtained by applying the definition of the heat flux q,

S = A = Ticvs (2.15)

which in terms of phonons reads: q = ), fuwk Vi fx. For an isotropic material, the thermal

conductivity is then given by:

1
h=— ; Chevini (2.16)

where the specific heat of mode k is given by: Cy = hwk%%q and n is the dimensionality of
the material (for example, n = 3 for silicon, germanium or diamond, and n = 2 for graphene).
This linearization method simplifies the BTE and provides an initial approximation to
calculate the thermal conductivity. The phonon relaxation time 7y, or phonon lifetime, is
a critical parameter in determining thermal conductivity. It characterizes the average time
between phonon-scattering events, which can be affected by various scattering mechanisms
such as phonon-phonon interactions, boundary scattering, isotope scattering, and impurity
scattering.

In summary, the BTE provides a comprehensive framework for understanding phonon
transport and calculating important thermal properties such as phonon MFP and thermal
conductivity. The RTA simplifies the analysis, allowing us to relate microscopic phonon
properties to macroscopic thermal behaviour. Thus, while the relaxation time approxima-
tion provides a simplified framework for understanding phonon transport, its limitations

necessitate more accurate approaches, such as exact solutions of the BTE [66] or a hydro-
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2.4. Phonon scattering mechanisms

dynamic treatment [67] (as discussed in Section 2.5), especially at low temperatures, and

for semiconductors and low-dimensional materials.

2.4 Phonon scattering mechanisms

Phonons populating a mode k have a defined energy Awy and a defined crystal momentum
hk. All phonon collisions conserve energy. Therefore, for a three-phonon process involving

modes k; and ks resulting in mode ks, the energy conservation condition is:

Wk, + Wky = Wk4 (217)

Similarly, for a three-phonon process involving mode k; resulting in modes ks and ks, the

energy conservation condition is:

Wk, = Wk, + Wkg (218)

The collision operator in the BTE accounts for phonon scattering mechanisms, which
can be broadly categorized into two types: Normal (N) processes and Umklapp (U)
processes.

In Normal processes, the total crystal momentum of the phonons is conserved. During
these collisions, the phonon wavevectors remain within the first Brillouin zone, and the

overall momentum balance is maintained. Mathematically, this can be expressed as:

k; + ko = ks (2.19)

Normal scattering generally results in less resistance to heat flow compared to Umklapp
processes. At room temperature, Normal scattering tends to be weaker compared to
Umklapp scattering in most materials [6], contributing to the significant damping effect
on heat flow in solids.
Umklapp processes do not conserve the total crystal momentum of phonon particles. These
scatterings alter the direction of phonon propagation, typically leading to direct thermal
resistance and significantly affecting thermal conductivity. The key feature of Umklapp
processes is the transfer of momentum to the crystal lattice, resulting in a net phonon
momentum loss and thus the impeding heat flow. These processes can be represented
mathematically as:

ki+ks=ks+ G (2.20)

where G is a reciprocal lattice vector, indicating that the resulting phonon wavevector is

outside the first Brillouin zone and is effectively folded back into it. At room temperature,
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Figure 2.5: Three phonon scattering processes. (a) Normal and (b) Umklapp (resistive)
scattering mechanisms are illustrated in a two-dimensional square lattice. The square represents
the first Brillouin zone.

Umbklapp processes generally dominate and contribute significantly to the damping of heat
flow in solids [6]. These two scattering processes are schematically depicted in Figure 2.5

and they give rise to diffusive and non-diffusive transport phenomena.

2.5 Thermal transport beyond Fourier

Thermal transport behaviours beyond the Fourier description in a material are observed
under both collective and nanoscale conditions. The collective conditions are when the
momentum-conserving collisions dominate over the momentum-destroying collisions and
are typically defined as the Ziman regime. In this regime, under a small thermal gradient,
the phonon distribution displaces slightly, with a mode-independent drift velocity. This
means that the phonons gain excess momentum from the temperature gradient. This
excess momentum is differently affected by Normal and Umklapp scatterings [68].

When Umklapp scatterings dominate, a diffusive transport regime emerges, where the heat
flux follows Fourier’s law of heat conduction (see Figure 2.6a). Umklapp scattering destroys
the excess momentum, causing phonons to relax back to local equilibrium. Conversely, a
non-diffusive type of heat transport emerges when Normal collisions dominate. The excess
momentum is exchanged among phonons through Normal scatterings, leading all phonon
modes to exhibit the same drift velocity and approach a displaced distribution (collective
behaviour). This behaviour is analogous to fluid dynamics, where all collisions are Normal
(as in momentum-conserving), and is traditionally associated with hydrodynamic heat
conduction [68] (see Figure 2.6b).

To quantify the thermal transport properties in such cases, one model that extends
beyond the RTA is the Callaway model [69]. In this model, Normal collisions relax the
distribution back to the displaced one, while resistive collisions relax the distribution back

to equilibrium. These two effects happen independently and simultaneously according to
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2.5. Thermal transport beyond Fourier

the Callaway model. This model has proven useful for predicting bulk thermal conductivity
in materials where pure RTA fails, such as at low temperatures [70]. The Callaway model
explains why the conductivity of silicon [71] is slightly larger than what RTA predicts. Yet,
it has been shown inadequate to predict the thermal conductivity of some 2D materials

like boron antimonide and boron arsenide [72].

in =B

Diffusive Hydrodynamic Ballistic

Figure 2.6: Heat flux profiles. Schematic of phonon heat flux profile: (a) diffusive, (b) hy-
drodynamic and (c) ballistic. Adapted from Ref. [68].

Under nanoscale conditions, where the MFP A of phonons becomes comparable to the
system size, two primary phenomena emerge: the ballistic (see Figure 2.6¢) and the
hydrodynamic (nanoscale) regimes. In 3D bonded materials like silicon (bulk), phonons
with MFPs longer than 1 micron contribute to half of the thermal conductivity [73].
Whereas in 2D bonded materials, for example, in monolayer (bilayer) of MoSey, more than
30% (20%) of the thermal conductivity is governed by modes with A >1 pm [74].

In the ballistic case, internal phonon scattering is absent, and phonons interact with the
boundaries or impurities present in the material, undergoing either diffuse or specular scat-
tering. Boundaries limit the mean free path, and therefore thermal conductivity becomes
smaller, as observed in silicon [75], for example. On the other hand, the hydrodynamic
regime in nanoscale conditions can emerge if there is a slow relaxation of the heat flux.
In this case, it is not necessary to have a dominant normal scattering event compared to
Umklapp scattering as in the Ziman regime.

The emergence of hydrodynamic behaviour in the Ziman regime (N > U) is well-
established and not under debate. However, at the nanoscale regime, the correct interpre-

tation—ballistic or hydrodynamic—remains a topic of active discussion [9, 76-79].

2.5.1 Ballistic phonon transport

The transition from diffusive to ballistic regimes can be captured by incorporating the
phonon MFP into the heat transport equations. When the system size L is much smaller
than the phonon MFP A (L < A), ballistic transport dominates. Conversely, when L > A,

the transport becomes diffusive. However, when the system size L is comparable to the
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MFP (L ~ A), the phonon transport enters the quasi-ballistic regime. In this regime, for
phonons with A > L, their effective MFP is limited by L, leading to quasi-ballistic heat
transport.
In an isotropic solid, as shown in the previous section, the thermal conductivity x is given
by )

h= ; ChevicAie (2.21)

In conditions where the phonon MFP is comparable to L, the system enters the Casimir
limit. In this case, the effective MFP is limited by the system size. Assuming a constant
phonon group velocity v, the thermal conductivity becomes proportional to both the system
size and the specific heat, as described by Casimir [80]. In thin films and nanowires, when
the MFP is limited by the system size, significant size effects on thermal conductivity are
observed [75, 81, 82]. Ballistic heat transport was observed in silicon membranes at room
temperature using the transient thermal grating method [83], while more recently, quasi-
ballistic heat transport has been reported in MoS, using time-domain thermoreflectance
technique [84]. It is also important to note that such size effects can also occur when the

size of the heat source is comparable with phonon MFP [85-87].

2.5.2 Phonon hydrodynamics in Ziman regime

The approximations in the RTA model do not fully capture the complexity of phonon
interactions, as they consider each phonon mode to evolve independently. This is an
inadequate approximation because the collision operator in the BTE is not diagonal [88]
and cannot be represented merely in terms of a relaxation time for each mode. This
simplification neglects the specific transitions between phonon modes that induce corre-
lations and collective phenomena. While this assumption of independent evolution can
predict heat transport properties in bulk materials reasonably well, it fails in other cases,
particularly at low temperatures and at the nanoscale [70, 72].

In this context, one can go beyond the RTA model to describe the phonon hydrodynamic
phenomena. The hydrodynamic model can capture the collective effects in the presence
of small thermal gradients, thereby explaining a variety of phenomena primarily related
to the dependency of thermal conductivity on temperature or size. The seminal work
by R. A. Guyer and J. A. Krumhansl [89] significantly advanced this understanding by
developing a new approach which contributed to extracting physical insights from the
BTE for phonons using fundamental conservation laws (see Section 2.4). Their approach

separates the collision operator into two components:

C(fi) = N(f) + R(fi) (2.22)
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where N (fi) represents the Normal processes that conserve momentum, and R( fi) repre-
sents the resistive processes that do not. They considered situations where the Normal
collisions dominate over resistive collisions (N (fx) > R(fx)) and group velocity vy = v is
constant. The solution is based on developing the BTE for isotropic materials in terms
of the eigenvectors of the symmetrized N-operator. This operator must conserve both
energy and crystal momentum, resulting in four independent distribution functions with a
null eigenvector: the zeroth-order element, |0), which is related to the deviation of energy
from the equilibrium energy, and three first-order elements, |1,7), which are related to the

crystal momentum of the system in the three spatial directions, i = z,y, z [89].
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Figure 2.7: Second sound and phonon Poiseuille flow. (a) Schematic illustration (top) of
second sound propagation, where a heat pulse travels through a material with minimal damping
(Adapted from Ref. [68]). Experimental results (bottom) showing the observation of second
sound in heat pulse measurements in sodium fluoride (Reprinted with permission from Ref. [90]).
(b) Schematic illustration (top) of phonon Poiseuille flow (Adapted from Ref. [68]). Plot of
/T3 vs. temperature (bottom) in single crystals, showing a thermal conductivity dependence
exceeding T3 (Reprinted with permission from Ref. [91]).

In the diffusive limit (N — 0), the phonon modes relax independently toward equilibrium
through different scattering rates, as assumed in the RTA. In the collective situation
(N > R), numerous Normal collisions occur between each resistive collision, redistributing
the lost crystal momentum. Consequently, the distribution relaxes collectively and is
characterized by a single collective relaxation time 7, for the momentum of all the phonon

modes. The thermal properties in the Ziman regime are usually calculated by solving
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Chapter 2. Heat transport: Theoretical background

BTE with the full collision operator [92-95].

There have been several experimental observations that confirm the occurrence of hydro-
dynamic phonon transport where Normal collisions dominate (see Figures 2.7, 2.8). This
includes the wave-like propagation of heat, known as second sound (see Figure 2.7a), which
has been observed in materials such as helium [96], bismuth [97], sodium fluoride [98],
strontium titanate [99], and graphite [93].

Hydrodynamic transport can also lead to phonon Poiseuille flow (see Figure 2.7b) similar to
that of viscous fluids under the pressure gradient in a pipe. This transport mechanism leads
to a distinctive dependence of the thermal conductivity on temperature, notably exceeding
T3. This phenomenon has been experimentally observed in quasi-one-dimensional single
crystals [91], strontium titanate [100], black phosphorous [101], and graphite [102].
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Figure 2.8: Knudsen minimum and lattice cooling. (a) Schematic (top) showing the
Knudsen minimum. The diffuse boundary scattering rate is effectively increased by Normal
scattering when the MFP of Normal scattering Ay, represented by the dashed circle, is
comparable with the sample size L, producing a local minimum in the effective phonon MFP.
The thickness dependence (bottom) of the Knudsen minimum in black phosphorus is expressed
via the temperature variation of the effective phonon MFP along the c-axis, normalized by
its value at the Knudsen minimum. As thickness increases, the minimum shifts to lower
temperatures (Reprinted/Adapted from Ref. [101]). (b) Schematic (top) of the ring-shaped
pump and probe at the center on the sample surface. Arrows indicate heat-propagating
directions. Normalized reflectance dynamics (bottom) in graphite at different temperatures,
showing the appearance of negative amplitude (Reprinted with permission from Ref. [103]).
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Another observation is the Knudsen minimum (see Figure 2.8a), which describes how
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2.5. Thermal transport beyond Fourier

the increased scattering of phonons at the boundaries of a material when the MFP of
Normal scattering is smaller than the sample dimension, results in a local minimum in the
effective phonon MFP. This phenomenon is visualized by a local minimum in the thermal
conductivity vs. temperature plot, as predicted in graphite [95] and as observed in black
phosphorous [101].

Recently, hydrodynamic lattice cooling (see Figure 2.8b), manifested by a sign change in the
reflection dynamics, was also observed using pump-probe thermal reflection measurements
in graphite [103]. Using a ring-shaped pump beam, they observed that the heat pulse
initially propagates inward and then outward, causing a negative temperature rise at
the center. This phenomenon was attributed to hydrodynamic thermal fluctuations.
Importantly, all these observations of hydrodynamic heat flow are predominantly seen at
low temperatures.

Theoretical predictions have indicated the presence of phonon hydrodynamic behaviour in
2D materials like graphene and TMDs [104, 105]. Although there are several experimental
evidences of hydrodynamic heat transport well above cryogenic temperatures (up to
200 K [106]) for graphitic materials, there are no observations of phonon hydrodynamic

transport in TMDs at any temperature yet.

2.5.3 Phonon hydrodynamics in nanoscale

As discussed, the framework developed by Guyer and Krumhansl considered a dominance
of Normal phonon collisions, particularly in the low-temperature limit where such collisions
prevail. However, early theoretical works by Hardy and colleagues [107] proposed that
hydrodynamic behaviour is not necessarily restricted to situations where Normal collisions
dominate. They identified the slow relaxation of heat flux relative to experimental
timescales as pivotal for the emergence of wave-like (hydrodynamic) heat propagation.
This is manifested by “drifting” (where N > R) and “driftless” (not associated with
the displaced distribution or a drift velocity) second sound [107]. Recent theoretical
advancements [67, 108] have generalized this hydrodynamic framework, extending its
applicability to a broader range of materials and temperatures.

One such significant advancement was made by Lluc Sendra and colleagues [67], who
proposed a generalization of the hydrodynamic equations by solving the BTE. This
approach established a specific connection between the microscopic theory (BTE) and the
mesoscopic constitutive relation between the heat flux and the temperature. They derived

the following expression for the heat flux:

7'88—(;1 +q+kVT =0 (V’q+aV(V-q)) (2.23)
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Chapter 2. Heat transport: Theoretical background

where £ is the non-local length, and « is a coefficient related to the hydrodynamic effects
(see Ref. [67] for detailed derivation). This equation is quite similar to the hydrodynamic
equation derived by Guyer and Krumhansl in the Ziman limit [89]. Equation 2.23 introduces
a non-local term (proportional to £2) and a memory term (proportional to 7) into Fourier’s
law. By assuming a simplified collision operator (RTA approximation), they were also able

to obtain the expression for thermal conductivity as:

1
k=g ; CrViTk (2.24)

This expression recovers the thermal conductivity within the RTA framework (see Equa-
tion 2.16). Microscopically, the non-local length is interpreted as the weighted average of

the phonon MFPs and is expressed as:

3.2
1 <1;ka >
(=3l (2.25)
5 [ v
< Up,k >
where v, is the phonon phase velocity defined as v, = ‘l"ﬁ The non-local length is an
intrinsic material property, meaning it does not depend on the size or shape of the heating

source but is instead determined by the material’s inherent characteristics. The heat flux

relaxation time from this framework is given by:

_ () (2.26)

(vigTie)

At the mesoscopic level of description, both ¢ and 7 are intrinsic properties that determine
the length and time scales where thermal perturbations remain correlated. This modern
formulation provides a comprehensive framework for understanding and predicting the heat
transport behaviours at the nanoscale. Several studies have demonstrated its effectiveness
across a range of temperatures and materials. For instance, it has been applied to
silicon [77, 78, 109-112], bismuth telluride [113], indium gallium arsenide [114], and

germanium [115].
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3
Fabrication of suspended TMDs

“Success is the sum of small efforts, repeated day in and day out.” - Robert Collier

In this chapter, we detail the general fabrication process and the characterization of
suspended transition metal dichalcogenides flakes, down to the monolayer limit. We use
this fabrication process throughout this thesis to investigate heat transport. Typically, we
fabricate our suspended samples by mechanical exfoliation from bulk crystal, followed by
a transfer onto a substrate with a 15 pm diameter hole using a home-built dry transfer
stage, as described in detail in this chapter. We will also show thorough characteriza-
tion measurements to analyze the properties of such samples. This chapter serves as a
foundational guide for the fabrication and characterization methods of samples used in

subsequent heat transport studies in this thesis.

This chapter is based on the following publication:

S. Varghese*, D. Saleta Reig*, J. D. Mehew, A. Block, A. El Sachat, E. Chdvez-Angel, M.
Sledzinska, B. Ballesteros, C. M. Sotomayor Torres, and K. J. Tielrooij, Fabrication and

characterization of large-area suspended MoSe, crystals down to the monolayer, Journal
of Physics: Materials, 4, 046001 (2021) [116].

*Equal contributions
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Chapter 3. Fabrication of suspended TMDs

3.1 Introduction

Suspended flakes of layered materials are essential for accurately studying their intrinsic
properties without unwanted effects from their environment. Interactions such as Coulomb
scattering [117], dielectric effects [118], phonon scattering [119], and near-field energy
transfer [120] can significantly alter the electrical, optical, thermal, and mechanical
properties of flakes supported on substrates [121-123]. To mitigate these environmental
effects and probe the material’s intrinsic characteristics, it is crucial to use freely suspended
crystals, such as those placed over holes or trenches. Ideally, the suspended flakes should
be monocrystalline, residue-free, strain-free, relatively easy to fabricate, and durable.

In this chapter, we describe an easy and cost-effective technique to fabricate such suspended
TMD samples using the polydimethylsiloxane (PDMS)-assisted dry transfer [124] method,
onto a substrate with a 15 um diameter hole, with a full transmission window. This
fabrication method is applied to prepare all the TMD samples studied in this thesis.
We demonstrate the ability to fabricate these material systems with flakes down to the
monolayer. We then outline the characterization techniques used to analyze these samples.
While these characterization methods are applied to all TMDs studied in this thesis,
we specifically focus on suspended MoSe, flakes as a representative example to provide

detailed insights and demonstrate the effectiveness of our approach.

3.2 Fabrication of samples

3.2.1 Preparation of PDMS and exfoliation

We use the exfoliation and dry transfer methodology detailed in Ref. [125] for fabricating
the suspended flakes studied in this thesis. To prepare the PDMS stamp, we mix the
silicone elastomer base (SYLGARD 184) and silicone elastomer curing agent in a ratio of 1
part curing agent to 10 parts elastomer base by weight. After thorough stirring, we place
the mixture in a vacuum desiccator to eliminate air bubbles until it becomes transparent.
Subsequently, we pour the mixture into a Petri dish to form a uniform, bubble-free PDMS
layer about 1 mm in thickness, ensuring an even surface. We allow the PDMS to dry in
ambient conditions for approximately 48 hours, before sealing the Petri dish to prevent
dust accumulation and to maintain adhesive properties. Finally, we cut the PDMS into
necessary sizes when needed, choosing sections from the central region of the Petri dish
where the PDMS is flat.

During exfoliation, we enclose a flat TMD material piece between two strips of Scotch tape.

Through repetitive contact at close proximity, we thin and spread the crystals over an area
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3.2. Fabrication of samples

Peel off &
flake search
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Figure 3.1: TMD exfoliation. (a) Pictures showing the bulk TMD crystal and flake exfoliation
(top panels), along with the schematics illustrating the exfoliation of TMD onto PDMS (grey
part) on a glass slide. (b) Optical microscope images of exfoliated flakes of different thicknesses
(MoSey) on PDMS.

of around 1 x 2cm?. These strips act as the parent tapes. Exfoliation tapes are derived by
peeling off thin crystals using fresh Scotch tape. Subsequently, we immediately bring the
exfoliation tape into contact with a PDMS bed positioned along the edge of a pristine glass
slide. Gentle rubbing with a cotton swab ensures proper adhesion between the crystals
and PDMS, which typically yields larger flakes. We employ a swift peeling technique for
the exfoliation tapes to enhance the yield and size of thin flakes (see Figure 3.1a). Using
an optical microscope, we check for wrinkle-free, large (> 15 um), and uniformly thick
flakes with well-defined edges, indicative of superior quality and single-crystalline nature,

under both transmission (see Figure 3.1b) and reflection configurations.

3.2.2 Deterministic dry transfer

Drawing inspiration from the design in Ref. [124], we employ a home-built dry transfer
stage setup (see Figure 3.2) for the deterministic, precise transfer of TMD flakes to the
substrates. All the suspended TMD samples used in this thesis are fabricated using this
custom-built transfer stage. The following are the most significant enhancements that we
have implemented compared to the system described in Ref. [124]. First of all, we equip the
stage with motorized zoom and focus capabilities. Secondly, we integrate a vacuum chuck
with temperature control, enabling smooth mounting and dismounting of substrates and
samples. Thirdly, we equip the transfer stage with six degrees of freedom to align the flake
with regard to the target substrate (z, y, z, rotation 6, pitch §, and roll ¢), as depicted in
Figure 3.2. The tilt degrees of freedom enable fine control of the flake-substrate contact

angle and flake release direction, crucial when fabricating suspended flakes. Furthermore,
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Chapter 3. Fabrication of suspended TMDs

Figure 3.2: Dry transfer stage setup. (a, b) Pictures of the home-built transfer stage setup
and its (a) zoom-in view. The components used to build the setup and other details are listed
at the end of this chapter, see Table 3.1.

we utilize the 2’ and 3/ stages at the bottom of the system to enable sample examination
without losing alignment between the flake and substrate. The details of the components

used to build the transfer stage setup are provided in Table 3.1.

Glass slide

PDMS/TMD

Stamp ¢1Release
Au (50 nm) _ 15 um

Si 50 um

Figure 3.3: Dry transfer of the exfoliated flakes. (a) Schematics of the flake transfer to
Norcada substrate. (b) Optical image taken at the time of transferring, (c) resulting suspended
sample (5 layer MoSey). Scale bar: 50 pum.

For the samples used throughout this thesis, we typically use commercial SizN, membranes
as substrates. These substrates have a single hole of 15 um in diameter (NTPR0O05D-
C15, Norcada) in the center. We gold-coat the substrates before the flake transfer
(Ti/Au: 5/50 nm) to take advantage of the strong adhesion between gold and chalcogen
atoms [126], significantly enhancing the transfer yield. For the transfer of a TMD flake
onto a gold-coated perforated substrate, we employ the z-stage to advance the substrate
towards the viscoelastic PDMS stamp, which holds the targeted flake. This general method

for fabricating TMD samples is illustrated schematically in Figure 3.3a. To determine the
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3.3.  Characterization of the samples

contact and release directions, we adjust the ¢ and ¢ stages prior to the stamping. We
note that the best transfer yield is obtained when releasing the flake onto the substrate
beginning from its sharper (thinner) edge and progressing towards thicker regions, as

depicted in Figure 3.3.

20 um

Figure 3.4: Flake ironing. (a) Wrinkled suspended region after dry transfer of an exemplary
MoSe, sample that is flattened by (b) annealing on a hotplate at 150 °C for 30 minutes.

During the fabrication of suspended TMD flakes, sometimes we observe wrinkle formation
in the suspended region. This is typically caused by substantial straining of TMD material
during the dry transfer process (see Figure 3.4a). We solve this problem by subjecting the

sample to a 30-minute heat treatment at 150 °C on a hot plate.

Figure 3.5: Dry transferred monolayer flakes. Optical microscope images of suspended
monolayer TMDs. The scale bar is valid for all four images.

The application of controlled heat proves instrumental in eliminating wrinkles and restoring
the desired flatness (see Figure 3.4b) to the suspended region, enabling the fabrication of
large-area flakes across different TMDs (for monolayers, see Figure 3.5) and thicknesses

(see Figure 5.1, Figure 7.3, and Figure 6.1c¢).

3.3 Characterization of the samples

In this section, we describe the typical characterization of suspended samples, including
the determination of thickness, analysis of surface roughness, assessment of crystallinity,
and relative strain evaluation. We typically perform these measurements on most of the
TMD samples studied throughout this thesis, with a particular emphasis on thickness

determination and Raman spectroscopy, which are conducted for almost all samples.
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Chapter 3. Fabrication of suspended TMDs

Although the specific measurements detailed here are for suspended MoSe, samples, the

methodologies are applied across most of the suspended samples investigated in this thesis.

3.3.1 Thickness determination

To quantify the thickness of suspended samples, we employ optical contrast [127], photolu-

minescence (PL), atomic force microscopy (AFM), and Raman spectroscopy techniques.

Optical contrast and photoluminescense

We usually combine optical contrast and PL measurements to determine the thickness of
very thin TMD flakes (1 — 5 layers). Optical contrast is a straightforward approach for
identifying the thickness of exfoliated flakes. Using ImageJ software [128], we split the
transmission optical microscopy images of the flakes on PDMS into RGB color channels.
We find that the green channel (see Figure 3.6a) offers the best signal-to-noise ratio and
good contrast for thin flakes, making it ideal for plotting intensity profiles across regions
of interest (from PDMS to the flake). This enables quantifying the intensity drops with
respect to the substrate based on the flake’s thickness. Finally, we normalize the intensity
profiles to the average intensity of the transparent substrate for comparison with the flake

of known thickness (see Figure 3.6b").

Substrate
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0.7} 3L
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Figure 3.6: Optical contrast analysis of exfoliated flakes. (a) Green channel transmission
images of MoSe, flakes on PDMS, prior to the dry transfer. Calibration sample: top left
image in (a). (b) Normalized (to the substrate intensity) intensity profiles of the solid lines in

panel (a).

fMost of the experimental figures in this thesis are plotted according to the color codes suggested in
Ref. [129].
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3.3.  Characterization of the samples

To confirm the thickness of the thinnest flakes, we perform PL measurements on the
suspended region of the flake. For this, we excite the flake with 532 nm continuous wave
(CW) light and record the emission intensity with a nitrogen-cooled Charge Coupled
Device detector (see Figure 3.7). The emission peak for 1L (2L) is centered around 790 nm
(805 nm), consistent with the A exciton peak reported in the literature [47]. The PL
spectrum of a trilayer flake exhibits a further red-shifted, broadened emission peak with
significantly reduced intensity, in agreement with prior observations [130] (direct to indirect

band gap crossover). By combining the optical contrast and the PL data, we accurately

Energy (eV)
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Figure 3.7: Photoluminescense spectra. PL spectra corresponding to the mono-, bi-, and
trilayer suspended MoSe; flakes, normalized to the monolayer intensity. The trilayer spectrum
is multiplied by 10 for better comparison.

determined the thickness of 1L, 2L, and 3L flakes, providing unambiguous and consistent

results.

Atomic force microscopy

We employ atomic force microscopy to measure the thickness of samples with a thickness
greater than 5 layers. Figure 3.8 shows the AFM images of exemplary MoSe, flakes
transferred onto gold-coated substrates. We determine the thickness of the flake by
capturing line profiles across the regions of interest using Gwyddion software [131].

We accurately determined the thickness of the prepared samples by combining the data
from three methods—optical contrast and photoluminescence for ultrathin films (< 5L),
and AFM for thicker (> 5L) samples. Indeed, while the presented data exclusively focuses
on MoSe,, it is essential to point out that these techniques have been employed throughout

this thesis to accurately determine the thickness of various TMDs studied.
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Chapter 3. Fabrication of suspended TMDs

Figure 3.8: Thickness determination using AFM. (a-c) AFM images of exemplary MoSe;
flakes transferred onto the gold coated substrates. The line profiles in each panel are the height
profiles across the edge of the MoSe; flakes. The panel (a) scale bar is valid for all three AFM
maps.

3.3.2 Roughness and crystallinity

In addition to measuring the thickness, AFM scanning offers the capability to quantify
the roughness of the samples. Figure 3.9a shows the 3D topography AFM image of a
suspended bilayer MoSesy at the hole edge as an example for such measurements. We made
an interesting observation, revealing an abrupt sagging of the membrane at the edge of the
suspended region. This phenomenon has previously been observed [132] and arises from
the remarkable ability of atomically thin materials to conform to the nano/microstructures
of the substrate underneath [133].
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Figure 3.9: Roughness of the transferred flakes. (a) AFM 3D topography image at the
hole edge showing supported and suspended regions of a bilayer MoSe; sample and (b) their
corresponding roughness profiles.

The flake exhibits blisters and a larger roughness in the supported region because it is
influenced by the roughness of the substrate. The root mean square roughness (R,) of the
flake in the supported region is 2.8 & 1.0 nm. In comparison, the surface quality in the
suspended region (see Figure 3.9b) is noticeably greater, with an R, of 0.75 4 0.25 nm

over a 2 x 2 um? area. This number is in the order of a monolayer thickness (0.7 nm),
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3.3.  Characterization of the samples

implying that the flake is atomically flat. The sub-nanometer roughness spanning several

micrometres further demonstrates the absence of any wrinkles on the suspended region.

Figure 3.10: High-resolution transmission electron microscopy images. (a) HR-TEM
images of an exemplary suspended MoSe; sample. (b) FFT of the TEM image showing
hexagonal symmetrical patterns of the sample.

We conduct further characterization of the suspended TMD samples using high-resolution
transmission electron microscopy (HR-TEM). These HR-TEM images were taken using an
ARM-200f (JEOL) at 80 kV, as part of a previous study [134], providing crucial information
about the structure and quality of the suspended flakes. The high-magnification TEM
image in Figure 3.10a reveals a honeycomb arrangement of atoms, indicating a single-
crystalline structure with an interplanar distance of approximately 0.28 nm, consistent
with the literature [135]. Figure 3.10b shows the Fast Fourier Transform (FFT) pattern,
exhibiting hexagonal symmetrical patterns that confirm the hexagonal lattice structure of

the TMD single crystals, verifying the highly crystalline nature of the samples.

3.3.3 Raman: Strain characterization

To extract information about strain in the TMD samples studied in this thesis, we use
Raman spectroscopy (spectral resolution of 0.25 cm™'). Raman spectroscopy also allows us
to determine the thickness of TMDs by analyzing the relative shifts in the peak positions
of Raman active modes [119]. As an example of strain and thickness characterization, we
present the results obtained from MoSe; flakes. To obtain Raman spectra, we use a 532 nm
CW laser excitation (same setup as PL measurements). Figure 3.11a shows the A;, mode
for MoSe, flakes with thicknesses ranging from 1 —4L, along with the bulk sample. The Ay,

peak position for bulk MoSe, is located at 242.2 cm™*

, consistent with previously reported
values [136]. As the flake thickness reduces, the A;, mode shifts to a lower frequency,
reaching 239.3 cm™! for monolayer MoSe,, in agreement with literature results [137]. This

way, we can confirm the flake thickness, obtained from the PL measurements.
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Figure 3.11: Raman spectra of suspended MoSe; samples. (a) Raman spectra of
suspended MoSe; flakes of 1 — 4 layers and bulk measured at 532 nm excitation wavelength.
The solid lines are double Lorentzian (3L, 4L and bulk) and single Lorentzian (1L and 2L) fits
to the Raman spectra. The spectra are shifted up for clarity. (b) Peak position of A;g mode
across suspended MoSe; flakes of 1 — 4 layers and bulk taken at 3 uW incident power at the
sample plane. The shaded area represents the suspended regions. The sudden jump in peak
position for the monolayer sample corresponds to a transition from 1 to 3 layers along the scan
direction.

To gain insights into strain, we acquire Raman spectra at various sample positions across
the suspended region and extract the peak position of the Raman active mode. For MoSe,,
we monitor the A;, mode as a function of sample position (see Figure 3.11a). To avoid
temperature-induced Raman shifts, we typically use a very low incident power of 3 uW
at the sample plane. The frequency of the A;; mode shows minimal variation within the
suspended region of the sample, while it exhibits fluctuations in the supported part, close
to or within the resolution limit of the spectrometer for the incident power we use (see
Figure 3.11b). Hence, we conclude that there are minimal signs of strain-induced shifts

within the suspended region.

3.4 Optical measurements

Continuing with our analysis of clean, large-area, unstrained suspended samples, we will
now demonstrate accurate optical absorption measurements using these flakes. Specifically,
we focus on single wavelength (532 nm) and spectrally resolved absorption measurements

(UV-Vis spectroscopy) in MoSes.
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3.4. Optical measurements

3.4.1 Absorption measurements at 532 nm

We begin with a systematic study of absorption at 532 nm (CW light source) in ambient
conditions as a function of sample thickness. Taking advantage of holey substrates as
open windows for transmission measurements, we quantify the absorption of the sample by
measuring the reflected P,..q and transmitted P, ., laser power with respect to the incident
power P, using a calibrated power head (Thorlabs, S130C). We use a pristine substrate

as the reference for this measurement. The optical absorbance A of the suspended flake

is obtained from the relation A = 1 — 7, — R = 1 — % — %. Figure 3.12a

illustrates the resulting absorption A, transmission 7}, and reflection R values of the MoSey
flakes as a function of the number of layers.

The absorption increases with thickness and saturates quickly after 5L.. The material
becomes quite reflective as the number of layers increases towards the bulk. We measure
multiple samples in the 1 — 4L regime, and obtain very reproducible R values of 2 4 0.2%
and 6 £ 0.2% for 1 and 2L, respectively, with minimal sample-to-sample variations. The
reflectivity of TMDs has also been shown to effectively reveal the thickness of each

flake [138], increasing from 2% to 20% from 1 to 5 layers. We obtain an absorption of
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Figure 3.12: Absorption measurements. (a) Calculated absorption values from

A =1 — T, — R at 532 nm, together with measured reflection R and transmission
T,, as a function of MoSe; flake thickness. (b) UV-vis spectra for 1-5 layers suspended MoSe;
flakes.

10 + 3% for the monolayer MoSe; and 33 + 3% for bulk MoSe,. It is important to note
that for thicker flakes, internal reflections inside the material can occur [139], resulting in
the non-monotonous behaviour of the optical properties as a function of thickness.

Absorption values for mono- and few-layer TMDs in the literature are limited and scattered.
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For monolayer MoSe; supported on SiO5/Si, an absorption of 23 + 8% was estimated at a
wavelength of 514 nm [47]. Others have reported values of 5.6% and 9.7% for suspended
monolayer and bilayer MoSe; at 633 nm, respectively [140]. It is worth noting that most
literature values are obtained either on supported flakes or flakes suspended over shallow,
well-like holes, or on small holes with sizes comparable to the laser spot. In these cases,
the absorption is determined using an analysis that depends on knowledge of the complex
permittivities of the environment, which may introduce potential errors in the measured
absorption values. In contrast, large-area suspended flakes allow for more direct optical
absorption measurements that do not necessitate knowledge of any dielectric properties of

the environment (substrate).

3.4.2 UV-Vis spectroscopy

We conduct the second optical absorption experiment in the range from visible to near-
infrared (500 to 1000 nm), utilizing a commercial UV-Vis spectrometer (Hyperion 2000,
Bruker). Figure 3.12b presents the absorption spectra in the measured range for 1 — 5
layers of suspended MoSe; samples. Excitation and absorption features in bulk TMD
crystals are well-documented, having been extensively studied over several decades [141].
We observe exciton peaks around 700 nm (B-exciton) and 800 nm (A-exciton), consistent
with previous studies on MoSe, [142]. Furthermore, we note a sudden blue shift in the
peak position of the A-exciton (for monolayer), as observed in earlier studies [143]. The
strength of the spin-orbit interaction (energy difference between the A and B peaks) is

approximately 220 meV for MoSe,, in agreement with the literature [144].

PL measurements: Suspended vs supported
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Figure 3.13: Comparison of photoluminescence from suspended and supported regions.
PL emission from supported and suspended regions of (a) 1L, (b) 2L, and (c) 3L MoSe; flakes.
The shaded areas represent the PL enhancement on the suspended regions. Datasets presented
in panels (b) and (c) are scaled by a factor of 5 and 20, respectively.
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3.5, Summary

Finally, to showcase the benefits of suspended crystals, we perform a comparison of
photoluminescence measurements between supported and suspended regions of mono-,
bi-, and trilayer MoSe, flakes. The results clearly indicate that suspended TMDs exhibit
brighter emission and the PL signal of the trilayer MoSe, flake is only detectable in the

suspended regions for the laser power we use (see Figure 3.13).

3.5 Summary

In summary, we have developed a fabrication procedure to produce large-area, suspended
TMD flakes using standard PDMS-assisted dry-transfer combined with gold-coated com-
mercial substrates having 15 pum-diameter holes. The chapter has included comprehensive
measurements to analyze the properties of the suspended samples. Additionally, experi-
mental results on the optical absorption of suspended MoSe, flakes have been presented,
with a focus on how their thickness influences the absorption behaviour. These suspended
TMD structures offer significant potential for a variety of applications, including electrical,
mechanical, and thermal studies (thesis focus). Their free-standing nature also makes

them suitable for applications and studies requiring photon emission with minimal losses.

Contributions

Sebin Varghese and David Saleta Reig built the transfer stage setup, fabricated the samples,
and performed the measurements under the supervision of Prof. Klaas-Jan Tielrooij. The
HR-TEM images of suspended flakes were shared by Dr Emerson Coy (CNBM-AMU).
Sebin Varghese and David Saleta Reig were trained by Dr Marianna Sledzinska and
Dr Emidgio Chévez—Angel to perform Raman spectroscopy measurements. The results
were discussed and interpreted together with David Saleta Reig, Dr Jake Dudley Mehew,
Dr Alexander Block, and Prof. Klaas-Jan Tielrooij.
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Chapter 3. Fabrication of suspended TMDs

Components for building dry-transfer stage

Component Description Part Number Distributor Price ( €)
Optomechanical Optical breadboard B3045A Thorlabs 598.79
corl)n onents Stainless steel post 39353 Edmund optics 57.00
JOMPONeNts Rack and pinion 03609 Edmund optics 260.00
2X F-mount Adapter tube 1-62922 Delta optics 487.00

2X Lens Attachment 1-50015 Delta optics 253.00

Zoom lens 12X zoom motorized 1-51200 Delta optics 3953.00
10 mm ¢ fiber input for 12X 2-50751 Delta optics 260.00

Phase Desktop Enclosure 40234 Delta optics 1260.00

Linear translational stage (x2) XR25C/M Thorlabs 769.72

Vertical translational stage MVS005/M Thorlabs 609.28

Stages Continuous rotational stage CR1/M Thorlabs 306.55
ages Translational stage with differential adjuster (x2) MT1A/M Thorlabs 748.72
Dual thread adapter M4 to M6 screw (x4) AE4M6M Thorlabs 16.00

Tilt stage AIS-60B OptoSigma 160.30

Humination LED point light ML02221212 Boli optics 152.49
Adapter plug EC02411201 Boli optics 9.86

Canon EOS 6D FotoK 825.62

Camera Continuous power supply FotoK 171.90
F-mount to Canon EF/E Gobe 26.00

Thermocouple, K type 405-000 TC direct 15.00

Temperature Temperature Controller 309-103 TC direct 81.00
con‘riol Mini transformer 714-1388 RS 15.32
o Solid state relay 102-5544 RS 15.28
Mini vacuum pumps (x2) ROB-10398 Electan electronica 33.56

Table Anti-vibration table AZ-104008036  Biogen cientifica 925.00
Magnetic base (x3) MB175/M Thorlabs 140.40

Solid post (x3) P100/M Thorlabs 115.08

Micro positioner (x2) XYZ 300 TR Quarter research 984.815

Probe station Micro positioner XYZ 300 TL Quarter research 492.41
Cable BNC to straight pin (x3) Quarter research 118.18

Test needle — Beryllium copper H-20242-C Quarter research 45.28

Source measure unit P2005A2-EU Ossilia 1100.00

Total 15006.56

Table 3.1: Components for the assembly of our dry-transfer stage, which comes at a cost of
12000 €, inclusive of the anti-vibration table. Additionally, the probe station functionality can

be included for an extra 3000 € (Price in 2019).
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4

Spatiotemporal pump-probe microscopy:
Experimental setup

“Rome wasn’t built in a day.” - French medieval proverb (English translation)

In this chapter, we introduce the spatiotemporal pump-probe microscopy setup utilized
in this thesis for visualizing diffusion processes. We describe the setup, and detail the
critical considerations for precise measurements, such as overlapping the pump and probe
beams in both space and time. Concluding the chapter, we present a proof-of-concept

measurement demonstrating the tracking of hot carrier diffusion in a typical metal, gold.
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Chapter 4. Spatiotemporal pump-probe microscopy: Ezxperimental setup

4.1 Experimental setup: Description and characterization

In this section, we provide a detailed description and characterization of the experimental
setup employed in this thesis to study the heat diffusion process. We describe the key
components and parameters essential for accurate diffusion measurements and analysis. The

basic concept of such time, and space-resolved measurements is illustrated in Figure 4.1a.

4.1.1 General concept

a Scngl?rrr\g}g@‘ Probe b Decay dynamics: relaxation
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Figure 4.1: General concept of a spatiotemporal pump-probe microscopy experiment.
(a) Schematics of a time and space resolved experimental setup. An optical pump pulse is
focused onto the sample, inducing a localized excitation. (b) Schematic illustrating the decay
dynamics of the localized excitation at different pump-probe time delays. (c) The spreading of
the excitation is tracked by scanning the probe beam across the sample, enabling quantification
of diffusion. This comprehensive approach provides insights into the dynamics and diffusion
processes within the sample. Panels (b, c) are adapted from Ref. [145].

Time-resolved optical measurements are useful for investigating dynamic processes in
samples by capturing their responses at precisely controlled time intervals after the
photoexcitation. The basic principle involves irradiating a sample with a short optical
pulse (pump) and then measuring the resulting changes in its response at specific time
delays using a second laser pulse (probe). It allows for the observation of fast dynamic
phenomena with temporal resolutions extending down to the attosecond range [146].
During such measurements, the sample’s response is recorded as a time-dependent signal.
A typical measurement yields a time-dependent signal, where photoexcitation occurs at

time-zero (ty). The result typically is a rapid signal change at ¢y, followed by signal
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4.1. Experimental setup: Description and characterization

decay, as illustrated in Figure 4.1b. This approach enables the detailed study of transient
processes and associated relaxation phenomena within the sample.

Spatiotemporal microscopy adds a spatial degree of freedom to the conventional time-
resolved optical measurements, allowing for the observation of both temporal and spatial
dynamics of a photoexcited sample (see Figure 4.1a). This technique enables the analysis
of how a local photoexcited signal evolves over time and space. In practice, the spatially
confined photoexcitation results in a signal that is recorded as a function of both space and
time, producing a 2D map. As time progresses, the spatial profile of the signal typically
undergoes broadening due to transport processes, such as diffusion (see Figure 4.1c¢).
This broadening, which is observed by examining the changes in the spatial profile over
time, provides crucial information about the diffusivity of the material. To determine the
diffusion of the local excitation, one can analyze the temporal derivative of squared width
evolution (using Equation 2.10) or solve the Fourier heat equation, which will be discussed
in the next chapter.

Depending on the transparency of the sample, it is generally possible to measure both
transient reflection and transient transmission. Throughout this thesis, we monitor
transient reflection AR/ R, given by,

AR Ron(xa Y, t) B Roff

_ t) =
I (z,y,t) R

(4.1)

where R, and R.g are the reflected probe signal when the pump is on and off, respectively,

to quantify diffusion in different materials under study.

4.1.2 Experimental setup

The schematic of the experimental setup employed for these measurements is illustrated in
Figure 4.2. Our primary laser source, the FLINT from Light Conversion, emits pulses with
a duration of approximately 120 fs at a wavelength of 1030 nm, delivering an output power
of approximately 14 W with a repetition rate (fiep) of 76 MHz. We direct the majority of
this laser output (80%) towards an optical parametric oscillator (OPO), which produces
a tunable idler output ranging from 2150 to 4800 nm and a signal output ranging from
1320 to 2000 nm. This signal output enters a HarmoniXX (APE) system to generate the
second and third harmonics of the signal wavelength. Meanwhile, the remaining 20% of
the FLINT output (at 1030 nm) is directed through a lithium triborate (LBO) crystal to
generate the second harmonic (515 nm) of the fundamental laser source.

In our experimental setup, we can have two different configurations. In one configuration,
we use the second harmonic of FLINT output (515 nm) as the pump beam. The probe

beam is either the second or third harmonics output of the HarmoniXX. This configuration
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Chapter 4. Spatiotemporal pump-probe microscopy: Ezxperimental setup

adds an important feature to the experimental setup. By fixing 515 nm as the pump
beam, we can now tune the probe from approximately 500 nm to nearly 1000 nm (outputs
of HarmoniXX), by varying the signal output of the OPO. This flexibility allows us
to study various materials, such as transition metal dichalcogenides (TMDs), whose
exciton resonances are within this range. We use such an experimental configuration
for the measurements performed in this thesis unless otherwise mentioned. In the other
configuration, we use the outputs of HarmoniXX as the pump and the probe beam.
Specifically, the second harmonic acts as the probe beam, while the third harmonic
functions as the pump beam. For instance, with a 1600 nm OPO signal output, the probe

beam is 800 nm and the pump beam is 533 nm.
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Figure 4.2: Detailed schematic of spatiotemporal pump-probe microscopy setup. The
fundamental laser source (FLINT) generates an output at 1030 nm which we use to obtain
the pump and the probe beam. The pump beam is sent through a mechanical delay line and
combined with the probe beam using a dichroic mirror. The probe beam is directed using a
scanning mirror system and later combined with the pump and focused on the sample plane.
The reflected probe is filtered and detected using a longpass filter and silicon photodiode,
respectively. A detailed description is provided in the main text. LP filter: longpass filter, BS:
beam splitter, SHG (THG): second (third) harmonic generation.

An optical chopper (MC1F10HP, Thorlabs) modulates the pump beam, regulating the
pump modulation frequency (up to 10 kHz), before being directed onto a variable delay
line (DL225, Newport). For modulation frequencies exceeding 10 kHz, we replace the
optical chopper with a free-space electro-optic modulator (EO-AM-NR-C4, Thorlabs). We
guide the probe beam using a scanning mirror system (OIM 101, Optics in Motion) and

f1-f2 lenses, and then combine it with the pump beam using a dichroic mirror (DMLP550
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4.1. Experimental setup: Description and characterization

or DMLP650, Thorlabs).

After combining the pump and probe beams at the dichroic mirror, we focus them onto
the sample stage (XYZ stage, Standa) using a 50x microscope objective lens (the PAL-50-
NIR-HR-LCO00 from OptoSigma, or the LCPLN50XIR from Olympus'). To filter the pump
light reflected from the sample, we use longpass filters (using FELH0550 or FELH0650,
Thorlabs), and direct the reflected probe light to a silicon photodiode (DET10A2, Thorlabs).
This photodiode is connected to a synchronized lock-in amplifier (MFLI 500 kHz, Zurich
Instruments), which demodulates the detected probe signal at the pump modulation
frequency to obtain the transient reflectivity signal. We use a white LED and camera

setup to observe the sample. A bird’s eye view of the setup is shown in Figure 4.3. We
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Figure 4.3: A bird's eye view of the spatiotemporal pump-probe microscopy setup in our
laboratory.

also built a second spatiotemporal setup using the SuperK laser system (FIU-6, NKT
Photonics), which has a temporal resolution of tens of picoseconds and a tunable repetition
rate (0.15 — 78 MHz).

4.1.3 Beam overlapping and spatial scanning

To perform spatiotemporal measurements with high temporal and spatial resolution, it
is important to thoroughly characterize the setup beforehand, including overlapping the

beams and calibrating the scanning mirror.

TThis is a correction collar objective, which allows for compensation of cover glass thickness variations
(e.g. while measuring in vacuum).
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Spatial overlap

To obtain the best signal level in the measurement, it is important to spatially overlap the

pump and probe in all three dimensions. Here, we will explain how this is achieved. A
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Figure 4.4: Beam profiling and overlapping by knife-edge method. (a) Chromatic
aberration causes micrometer-scale variations in the focal z-position for different wavelengths.
(b) Through beam profiling and iterative adjustment of collimation, the beam focuses can
be aligned to achieve improved overlap. Adapted from [147]. (c) An exemplary knife-edge
measurement for 800 nm performed at a sharp metal (Au) edge while tracking the reflection
signal as a function of z-position. (d) From the Gaussian fit (light brown line) to its derivative
(scatters) we extract the width of the beam. (e) Width of both beams at different z-positions.
The shaded region indicates the overlap of the beams in the z-dimension.

coarse overlap in the lateral dimensions (z, y) is first achieved by carefully aligning the
incoming beams to overlap in both position and angle upon entering the back aperture
of the objective. This is usually done by imaging the reflected light from a sample
and adjusting the final two mirrors to make the reflected beam shape symmetric (and
overlapped).

However, in the z-direction, challenges arise due to the chromatic aberration exhibited
by various optical elements along the beam path, including the microscope objective. In
particular, the collimated pump and probe beams often display a different focal length,
typically differing by a few micrometres, as shown in Figure 4.4a. To address this
discrepancy, it becomes important to slightly de-collimate one or both beams to ensure
they converge at the same z-position, see Figure 4.4b. This is done by slightly moving the
collimation lenses in the beam paths, for example, f; lens (see Figure 4.2) in the probe
beam path.

To accurately estimate and correct the z-offset, we employ a knife-edge method [148],
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4.1. Experimental setup: Description and characterization

which involves measuring the beam profile as a function of z-position. Here, we track the
reflection profile of each beam across a very sharp metal edge, see Figure 4.4b,c. Such a
measurement is repeated for the y-direction as well (not shown). To determine the spot
size, we take the spatial derivative of the reflection profile and fit a Gaussian function
(see Figure 4.4d) to it. By analyzing all the z-slices similarly, we determine the z-position
where the Gaussian fit to the derivative has the minimum width, which represents the
best focus (see Figure 4.4e). Here, we show the results after several iterations of beam
profiling and slight adjustments of the collimation lenses in the beam path, yielding the
sigma (o) parameter (standard deviation) of the Gaussian fit as 0.26 pm and 0.36 pm for
pump (515 nm) and probe (800 nm), respectively.

Afterwards, we achieve fine spatial alignment by maximizing the transient signal through
subtle adjustments to the probe beam’s position using the scanning mirror. Now, both
beams are overlapped in all the spatial dimensions which is a requirement to obtain high
signal-to-noise in spatiotemporal transient microscopy measurements. We perform spatial
overlap frequently, which includes instances such as changing the wavelength, making

slight adjustments to the optical components, or when changing the sample.

Temporal overlap

We benefit from our 225 mm delay line and employ a straightforward methodology to
establish the temporal overlap (time-zero) between the pump and probe beams. This
involves measuring the distance travelled by both beams to the sample stage, ensuring
that both beams travel approximately the same distance. By conducting a pump-probe
delay scan across the entire range of the delay line, we successfully identify the time-zero
position. We recognize this time-zero point by observing a distinct peak in the temporal
dynamics of the sample, see Figure 4.5. For this purpose, we utilize a 50 nm gold-coated
quartz substrate.

In Figure 4.5b, we convert the delay line position to time delay, where 1 mm corresponds
to approximately 6.67 ps (which equals 2 X 1%), where c is the speed of light. This
conversion allows us to depict three distinct regimes in time delay. Firstly, when At = 0,
the pump and probe pulses arrive simultaneously at the sample plane. This is marked by a
sharp rise in the signal level. Secondly, for At > 0, the probe arrives after the pump pulses
in a pump-probe pulse pair. The maximum time delay in this scenario is constrained by
the length of the delay line (for instance, a 225 mm delay implies 1.5 ns). This enables us
to study the decay dynamics of the excited carriers. Lastly, for At < 0, the probe arrives

before the pump pulse in the pump-probe pulse pair, effectively evaluating the effect of

fAs decay dynamics for thick TMDs are much slower than gold, it will be even easier to use a TMD
flake to find the time-zero position on a delay line.
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Figure 4.5: Temporal dynamics. (a) Decay dynamics measured on gold to identify the
time zero (shaded region) position on the delay line. Pump wavelength A,, = 515 nm, probe
wavelength Ap = 800 nm. (b) A schematic illustrating different time delay scenarios is depicted,
with the delay line position in panel (a) converted to the temporal axis.

the previous pump pulse on the sample. Here, the maximum time delay is set by the
repetition rate of the laser (for instance, a f,, of 76 MHz corresponds to At of 13 ns).
In the case of layered semiconductors, at nanosecond timescales, electronic excitations
have relaxed into phonon heat [149], so the signal at that timescale corresponds to the
phonon-induced change in reflection/transmission. Further discussion of this case will
be provided in the forthcoming chapters of this thesis. Apart from the simpler approach
described here, other methods to find temporal overlap include monitoring the beams with

a fast photodiode or employing time-correlated single photon counting [150].

Scanning mirror system

To independently control the movement of the probe beam relative to the pump beam, we
utilize a scanning mirror, configured in a 4-f imaging system. In this setup, two lenses
with focal lengths f; and f, are placed between the scanning mirror and the objective lens
(fobj). This arrangement ensures that even small translations of the scanning mirror result
in proportional translations at the back aperture of the objective, maintaining the same

lane (see Figure 4.6).
}z?ng ray transfer matrix analysis or ABCD matrix analysis, we can comprehensively

understand the propagation of beams through the imaging system towards the sample.
By applying these analytical tools, we can predict the final position z, (and angle ¢,)

of the probe beam from the input position z; (and angle ¢;) at the sample plane as

follows [151, 152],
(x()) ( > | (xl) -
®o C D o)

where A and D are the scaling factors along the transverse axes. B and C represent
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Figure 4.6: Schematics illustrating 4-f imaging system. With this type of arrangement,
the scanning mirror controls the input beam angle ¢;, translating it into the sample plane
displacement x, while maintaining the beam aligned with the optical axis at the back focal
plane of the objective.

any optical aberrations, tilts, or translations introduced by the optical system. The
determinant of the matrix (AD — BC') represents the overall magnification or compression
of the optical system. Such transfer matrix for a free space propagation with a distance of

d (denoted My) as and for a thin lens with focal length f (denoted as My) are given by

v (1
1“0 1

e

Incorporating both free space propagation and optical elements, such as lenses, the final
ABCD matrix (M) of the system is determined by the product of individual ABCD

matrices,

the following forms:

(4.3)

M = My, - M, - Mg, - Mg, - My, - Mg, - Mg, (4.4)

By substituting the matrix elements, the above Equation 4.2 simplifies to the following

o 0 —Jetals i
(&)=L 7)) o

The vanishing diagonal elements of the final ABCD matrix M is a consequence of placing
the lenses in a conjugated condition, di = fi, do = fi + fa2, d3 = fo + fobj, and ds = fop;

(see, Figure 4.6). Now, the position of the beam at the sample plane is expressed as,

fobjfl i
I, bi (4.6)

and is dependent on the scanning mirror angle. The focal length of the objective is

form,

To = —
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expressed as fon; = Li/(m+ 1), where L; is the image distance (often specified by objective
manufacturers) and m is the magnification. The angles of the scanning mirror are mapped
to angles at the back focal plane of the objective. If fo > f;, they are magnified by the
ratio fi/f2, which is smaller than one. From Equation 4.5, we can also obtain the full scan

angle 2¢; _ of the scanning mirrors as,

o f22xomax o Ran

Wt = T Fofong (4.7)

where R, is the full range of possible sample positions. In all the experiments performed in
this thesis, we use an f; lens with a focal length of 150 mm and an f5 lens with a focal length
of 250 mm. For the OptoSigma objective (fy,; = 4 mm) with 50x magnification, and a full
scan angle of 3 degrees (/52 mrad) of our scanning mirror, the probe beam scans around
120 pm at the sample plane. Equation 4.7 also provides the scanning resolution of the 4-f
imaging system. By utilizing the angular resolution of our scanning mirror (< 2 prad), we

estimate the scanning resolution to be around 5 nm for our experimental configuration.

Scanning mirror calibration

In spatiotemporal pump-probe microscopy, achieving precise measurements relies on an
accurate calibration of the scanning mirror. This calibration process ensures that applied
voltages to the scanning mirror directly translate to precise displacements in the sample
plane.

As a first step, we prepare a calibration sample, typically consisting of nanopillars spaced
at known distances. Figure 4.7a shows the reflection map recorded at 800 nm probe
wavelength of a few such nanopillars. We then fit the reflection profile using multiple
Gaussian peaks, see Figure 4.7b. With the known spacing (center-to-center) between
nanopillars designed at 3 microns, we establish a correlation between the applied driving
voltage and the resulting displacement in the sample plane.

We also employ the same approach, using another calibration sample: a commercial holey
substrate (NTPR0O05D-C15, Norcada) with a known hole size of 15 microns. In this method,
akin to the calibration with fabricated nanopillars, we analyze the reflection profile (see
Figure 4.7¢) to determine the voltage-to-micron conversion factor. This is done by taking
the line profile across different directions and comparing it to the known distance of 15
microns. This approach provides an alternative yet reliable means of calibrating scanning
mirrors for precise spatial mapping in spatiotemporal pump-probe experiments. Both
approaches yielded similar results within a few percent, likely attributed to differences
in fabrication processes. We opted for commercial substrate calibration, as the samples

utilized in this thesis were fabricated on such substrates.
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Figure 4.7: Scanning mirror calibration. (a) Reflection map (axes in units of volts V) at
probe wavelength 800 nm of a gold nanopillar sample. (b) Line-cuts (blue scatters) of the
reflection map in (a) fitted with multiple Gaussian peaks (solid red line) to determine the
voltage-to-micron conversion value. (c) Reflection map of a commercially fabricated holey
substrate from Norcada.

4.2 Tracking diffusion on gold

To demonstrate the setup’s functionality, we present our initial proof-of-concept and a
concrete example of spatiotemporal pump-probe experiments. Inspired by the findings
reported in Ref. [153], where the spatiotemporal pump-probe technique was employed to
investigate the hot electron diffusion in 50 nm gold, we sought to replicate these results.
Utilizing the same sample, we conduct measurements to examine hot electron diffusion
dynamics. We use a 515 nm pump (fluence f,, =~ 0.9 mJ/cm?)?, modulated at 4.37 kHz,
and a probe of 800 nm for these measurements.

Figure 4.8a shows transient reflectivity AR/ R profiles at a few different time delays. These
profiles depict the temporal decay and diffusion of the signal. By fitting the spatial profiles
with Gaussian functions, we extract the sigma parameter and plot the resulting temporal
evolution of squared width (02) (see Figure 4.8b). Utilizing Equation 2.10, we determine
the diffusion coefficient of the sample.

Consistent with the observations reported in Ref. [153], our analysis outlines two distinct
regimes: an initial phase characterized by rapid diffusion within the first few picoseconds,
followed by a slower diffusion process. Specifically, we find that the fast diffusion Dy, value
is 59.8 4 6.7 cm? /s, while the slow diffusion Dy rate is 1.4 4= 0.6 cm?/s (see Figure 4.8b).

This phenomenon is attributed to the initial stage of hot-electron diffusion, succeeded

$In this thesis, we quantify fluence from laser repetition rate frep = 76 MHz, 1/e radius of the
Gaussian beam at the focus 7., and averaged power P,,; measured at the sample plane, and is given by,

f= Pavg/(frep T T%/c)~
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Figure 4.8: Diffusion dynamics in gold. (a) Transient reflectivity AR/R recorded by
scanning the probe beam over the pump spot at a few different time delays. The solid lines
are the single Gaussian fit to the data. The inset shows the schematics of the experiment.
(b) Evolution of the squared width (extracted from the Gaussian fit), for each pump-probe
delay (scatters). The initial fast and subsequent slow diffusion coefficients are extracted by
fitting the slopes in the two regions (using Equation 2.10). We obtained Df.s; = 59.8 cm?/s
(orange dashed line) and Dgow = 1.4 cm?/s (violet dashed line). The error bars show 68%
confidence interval of the Gaussian fits.

by the slow phonon diffusion process [153]. These results serve as compelling evidence
that our setup can resolve nanoscale ultrafast diffusion dynamics with high precision and
accuracy.

We further evaluate the spatial accuracy of our setup using the fitted spatiotemporal
profiles shown in Figure 4.8. This assessment involves extracting the error bars associated
with the width parameter (o) of the Gaussian fits. We use the average error in the fitting
(at all time delays measured) as an indicator of our spatial accuracy, which we determine
to be approximately 12 nm for our experimental configuration. This value is very close to
the spatial scanning resolution of the scanning mirror (5 nm), indicating that our setup is
limited by signal-to-noise ratio, rather than the scanning mirrors. The accuracy (12 nm)
we obtain closely resembles the findings in Ref. [153]: 20 nm and Ref. [154]: 10 nm.

4.3 Summary: Outlook to study heat transport

In this chapter, we have discussed in detail the experimental setup employed in this thesis
and addressed crucial considerations for observing diffusion processes through spatiotem-
poral pump-probe microscopy. We have also explained key experimental procedures, in

particular, those that ensure spatial and temporal overlap. These are essential to perform
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spatiotemporal pump-probe measurements. As a proof-of-concept experiment, we have
measured spatiotemporal dynamics to study hot-carrier diffusion in gold. We will use this
technique to investigate nanoscale heat transport properties in TMDs, as detailed in the
forthcoming chapters. By taking advantage of the pre-time-zero signal (At < 0), we will
examine very long time delays (At = 13 ns), where electronic excitations have relaxed into

phonon heat, to study the heat transport.

Contributions

Sebin Varghese and Dr Jake Dudley Mehew built the spatiotemporal pump-probe mi-
croscopy setup with inputs from Dr Alexander Block. Sebin Varghese and Afroditi
Koutsogianni built the second spatiotemporal pump-probe microscopy setup with inputs
from Dr Jake Dudley Mehew. Dr Jake Dudley Mehew fabricated the nanopillar sample.
Sebin Varghese performed the measurements and analyzed the data reported in this chapter

under the supervision of Prof. Klaas-Jan Tielrooij.
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Spatiotemporal thermometry: Quantifying
heat diffusion in bulk TMDs

“The longer you can look back, the farther you can look forward.” - Winston Churchill

In this chapter, we present the previously detailed spatiotemporal pump-probe microscopy
technique to quantify the thermal diffusion in transition metal dichalcogenides (TMDs) in
a direct fashion. Our technique is sensitive to the temperature profile via the transient
reflectivity when probe pulses arrive before pump pulses within the pulse train. This
effectively establishes a pump-probe time delay of 13 ns, determined by the repetition rate
of our laser system (76 MHz). A distinctive benefit of this technique is its ability to quantify
thermal transport without the need for specific material input parameters or significant
heating. We validate the efficacy of our technique by the direct determination of the thermal
diffusivity (D) of four prototypical TMDs — MoSe, (0.18 cm?/s), WSe, (0.20 cm?/s),
MoS, (0.35 cm?/s), and WS, (0.59 cm?/s).

This chapter is based on the following publication (Editors Pick):

S. Varghese, J. D. Mehew, A. Block, D. Saleta Reig, P. Wozniak, R. Farris, Z. Zanolli,
P. Ordején, M. J. Verstraete, N. F. van Hulst, and K. J. Tielrooij. A pre-time-zero
spatiotemporal microscopy technique for the ultrasensitive determination of the thermal
diffusivity of thin films, Review of Scientific Instruments, 94, 034903 (2023) [155].
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Chapter 5. Spatiotemporal thermometry: Quantifying heat diffusion in bulk TMDs

5.1 Introduction

Numerous experimental techniques, both electrical and optical, have been devised to
measure the thermal transport properties of nanoscale materials. Electrical methods, such
as the 3w [156] and suspended micro-bridge [157] methods, offer precise measurements but
often require complex setups and/or sample preparation.

Optical techniques, on the other hand, have gained attention for their non-contact na-
ture. For example, optothermal methods based on steady-state Raman spectroscopy [13],
and transient optical techniques, including time-domain thermoreflectance (TDTR) [40],
frequency-domain thermoreflectance (FDTR) [41], and time-resolved transient grating
(TTG) [43] have been used for the measurement of thermal transport properties of various
material systems. However, these techniques have limitations. They typically require
accurate knowledge of the material parameters, such as thickness, optical absorption and
heat capacity, and in some cases, such as Raman thermometry, need relatively strong
heating (AT =~ 100 K) [36].

Pump (t)
Probe (t + At)

Figure 5.1: Schematics of the thermal diffusivity measurements and investigated
samples. (a) Schematics showing pump-probe measurements performed on a suspended
sample’. An optical pump pulse heats the suspended region, and the evolution of this heat is
tracked spatiotemporally. (b) The microscope image of suspended samples studied — (i) MoSey,
(i) WSy, (iii) WSey, and (iv) MoS,, all having thickness around 15 nm. The scale bar (30 um)
in (i) is valid for all the images.

Here we overcome these limitations by introducing a novel approach, named spatiotemporal
pump-probe thermometry, based on the experimental setup detailed in the previous chapter.
This technique enables us to determine the in-plane thermal diffusivity by examining the
spatial profile at a small negative pump-probe delay time At. Here, the probe pulses arrive
before the pump pulses, allowing sensitivity to residual heat generated by prior pump
pulses in the pulse train (effectively, At = 13 ns). The key thing is that in this way we are
not sensitive to electronic transport. The measurements involve locally heating the center

of the suspended region of the sample with a pump beam and monitoring the evolution of

fThis is an artistic illustration (also Figure 6.1b) and does not accurately represent the crystal
structure.
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5.2. Temporal dynamics

this heat using a probe beam both spatially and temporally (see Figure 5.1a).

In the rest of this chapter, we will dive deep into how this method works, showing its
capability to accurately quantify heat transport in thin films. In particular, we demonstrate
the working principle of our method by quantifying the thermal diffusivity D of four TMD

materials (see Figure 5.1b), each with a thickness of around 15 nm.

5.2 Temporal dynamics

The first step towards measuring spatiotemporal transport is to observe the temporal
decay dynamics of the sample. Figure 5.2a-d shows the transient reflectivity AR/ R signal
on the suspended and supported regions, for MoSey, WSes, MoS; and WS,. We use a
pump wavelength of 515 nm and set the probe wavelength to the exciton resonance of each
TMD (see also Figure 5.3). In these measurements, we spatially overlap the pump and
probe beam: Ax = Ay = 0. We perform all the measurements reported in this chapter
under ambient conditions and at a pump fluence between 0.03 — 0.04 mJ/cm?, unless

mentioned otherwise.

x1072 b x10?
4 0.5 4 ' WSe,, sus
— MoSe,, sup MoSe,, sus >
o o
< 0-953 0 3 0
3?2 3?2
0 = 0
0 50 100 150 0 50 100 150
Time delay At (ps) Time delay At (ps)
C x10? d x10?
4 0.5 MoS,, sus 4 .
m ._ m L
32 30 0 s2 30 0
0 0
0 50 100 150 0 50 100 150
Time delay At (ps) Time delay At (ps)

Figure 5.2: Decay dynamics of TMDs. (a-d) Comparison of transient reflectivity dynamics
in suspended (sus) and supported (sup) regions of (a) MoSep, (b) WSes, (c) MoS,, and
(d) WSa. Insets show a zoomed-in view of the signal before time-zero, i.e., At = 13 ns.

In both regions, we observe signal peaks occurring at At = 0 ps. We attribute this to
the photoexcitation of charge carriers and the rapid formation of excitons [158]. Focusing
on the substrate-supported region, we observe a gradual decay of the pump-probe signal
over picosecond timescales. This indicates a reduction in the exciton population, which
can be attributed to several processes. These include radiative recombination, where an

electron-hole pair recombines and emits a photon, exciton-exciton annihilation, where two
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excitons annihilate each other, non-radiative recombination, and energy transfer to lattice
vibrations or phonons [159, 160]. Importantly, the signal approaches near-zero levels within
the temporal window provided by our delay line (150 ps) and reaches zero, as evidenced by
the signal at At < 0. This indicates that the system returns to an equilibrium state before
the arrival of subsequent pump pulses. As described in Subsection 4.1.3, the situation at
At < 0 corresponds to a time delay of 13 ns, as set by the repetition rate (76 MHz) of our
laser.

In contrast, the suspended region has a noticeable residual signal at At < 0 (see Fig-
ure 5.2a,b). We attribute this phenomenon to the accumulation of phonon-induced heat
within the sample. This phenomenon is absent in the supported regions, owing to the

efficient out-of-plane heat dissipation facilitated by the gold-coated substrate.

5.3 Emergence of long-lived signal

5.3.1 Dependence on probe wavelength

To validate that the At < 0 signal correlates with a phonon-induced change in probe
reflection, we assess the signal variation across probe wavelengths (see Figure 5.3). From

now on, will call the pre-time-zero signal (At < 0) as a time delay At of 13 ns. Notably,

6x10’3
1.54 eV
At = 13 ns >4 e
4 1.83 eV
= MoS,
[a'd
2] 195ev
WS,
0

610 640 670 700 730 760 790 820
Probe wavelength Ay, (nm)

Figure 5.3: Probe wavelength dependence of AR/R. AR/R signal at At = 13 ns
measured at different probe wavelengths with a fixed incident pump fluence f,, ~ 0.03 mJ/cm?.
The peak response corresponds to the A exciton resonance of the materials. The solid line is a
Lorentzian fit to the data.

distinct peaks emerge at wavelengths of 635 nm (1.95 eV), 675 nm (1.83 eV), 770 nm (1.62
eV), and 805 nm (1.54 eV), matching the A-exciton resonances of WSs, MoS,, WSes,, and
MoSes, respectively [138]. We fit the experimental data using a Lorentzian function, from
which we derive linewidths of 21 nm (WS,), 16 nm (MoS,), 44 nm (WSe,), and 17 nm

(MoSe,), which are similar to the literature reports of exciton linewidths [161].
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5.3. Emergence of long-lived signal

5.3.2 Lorentz oscillator model

The exciton linewidth broadening in TMDs is widely studied and is known to be tempera-
ture dependent[52]. This temperature dependence provides a direct physical connection
between the measured optical response and the presence of phonon heat in the sample.
To gain a better understanding, we perform a Lorentz oscillator model simulation. This
simulation helps us comprehend how heating the phonon system results in the changes in

reflectivity observed around the exciton resonance.
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Figure 5.4: Lorentz oscillator model. Calculated reflection spectra around an exciton
resonance wy (dashed line) at two different temperatures. An increase in lattice temperature
results in the broadening of the exciton linewidth, consequently causing a reduction in reflection
around the exciton resonance energy.

Using the Lorentz oscillator model we describe the complex dielectric function € as:

Am

wo — w? — iyw
( v

é(w) = (np + ikp)* + (5.1)

where w is the energy, ny, + ik, represents the background complex refractive index in the
absence of excitons and we assume it to be equal to that of bulk material [162]. The exciton
resonance energy is denoted by wy with amplitude A,,, and a temperature-dependent
exciton linewidth broadening parameter . From the complex refractive index n = \/€é(w),

we calculate the complex reflection coefficients 7, as:

T2 + ry3e”
1+ 7’127"2362m

A

C

(5.2)

where 112 = (n1 - n2)/(ny + na), reg = (N2 - n3)/(ne + n3) and = 2Tﬂngdth. Here, 1 and
3 represent air, 2 represents the TMD, and dy, is the thickness of the TMD. Finally, the

reflection R is given by,
R = || (5.3)

Such reflection profiles for two different linewidths (and therefore temperatures) are shown
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in Figure 5.4. As the lattice temperature rises, the exciton linewidth broadens, resulting
in a reduction in reflection (at wyp), consistent with our experimental observations. We will

now quantify the typical increase in lattice temperature in TMDs using this model.

5.3.3 Estimation of temperature rise

To determine the lattice temperature rise, we plot the reflection profiles from the Lorentz
oscillator model for different exciton linewidths (and therefore temperatures). For this
calculation, we took the linewidth v at room temperature (38.5 meV for MoSe; and
22.5 meV for WS,) from the literature [52]. The transient reflectivity is determined
using % = %, where R(t—300 k) is the reflection at room temperature. Upon
comparing our calculations with the experimental observations, we find that the tempera-
ture increase of the lattice remains below 10 K even for the highest fluence that we use.
Additionally, our measurements are sensitive enough to detect heating at the single Kelvin

level (see Figure 5.5a).
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0.0 3.9 7.8 11.7 10 >

7/
0.0 1.2 2.4 35 o MoSe, /
6 e WS, e
At =13 ns 8 /,/
3 /
© it S
La o g °
— éO > Y
x S © ¢ 7
g . < 4 ° - °
N2 g s
\qll 2 Z [ ] //
2 .// ®
o’ ®
/
0 0 e
0 0.02 0.04 0.06 0 2 4 6 8 10
Pump fluence fp, (m)/cm?) AT, Lorentz model (K)

Figure 5.5: Determination of the lattice temperature increase. (a) Correlating the
transient reflectivity signal with pump fluence (bottom-axis) at At of 13 ns to the calculated
lattice temperature increase (top-axes) determined from our Lorentz oscillator model for MoSe»
and WS,. Solid lines are linear fits to the datasets. The error bars are smaller than the marker
size (68% confidence interval). (b) Comparison of AT from the Lorentz oscillator model to
the analytical AT obtained using: (A fou)/(dn - C). The dashed line represents the perfect
agreement between them.

We correlate this derived AT from the Lorentz oscillator model with the peak temperature
increase, employing the relation AT eax = (A- fou)/(din-Cy). Here, A represents absorption,
fpu is pump fluence, dy;, signifies thickness and C, denotes heat capacity. Specifically

for MoSey (WSs), we use a thickness of 13.8 nm (17.2 nm), C, from literature sources
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5.3. Emergence of long-lived signal

(MoSe, from Ref. [163] and WS, from Ref. [164]), and an absorption of 33% (24%).
Figure 5.5b depicts the resulting plot of this comparison. Although our analysis doesn’t
match perfectly, several factors contribute to this discrepancy. Firstly, the exciton linewidth
v at room temperature used in the Lorentz model comes from literature [52] values that
were calculated for monolayers, while our samples have different thicknesses. Also, the
inhomogeneous linewidth broadening was assumed not to depend on temperature in
their calculation. Additionally, there could be multiple uncertainties in the material
parameters, such as absorption and fluence, which we use to calculate the analytical
ATpeax. Importantly, these results underscore the technique’s sensitivity to reflection
changes induced by heating, even by less than a Kelvin. This sensitivity is evident from
the agreement between two completely separate calculations: one based on the Lorentz

oscillator model and the other derived from an analytical equation.

Dependence on pump fluence

b
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Figure 5.6: Pump fluence dependence of decay dynamics. (a) Exemplary fluence-
dependent decay dynamics in suspended MoS,. (b) Analysis of the transient reflectivity signal
at At of 13 ns for all the samples studied. The error bars are smaller than the marker size
(68% confidence interval). Solid lines are power-law fits, yielding the exponent of the fit to be
0.98 (MoSe;), 1.00 (WSe3), 1.00 (MoSy), and 0.97 (WS,), suggesting that the relationship is
very close to linear.

To test our understanding of the Lorentzian model, we further investigate linewidth
broadening and decreased reflection with temperature by analyzing the transient reflectivity
signal as a function of pump fluence f,,. We did such measurements on all the samples,
and the results obtained on the suspended MoS, sample are shown in Figure 5.6a. Firstly,

we observe that the AR/R signal increases with pump fluence as expected. We also
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Chapter 5. Spatiotemporal thermometry: Quantifying heat diffusion in bulk TMDs

notice that the signal scales linearly with fluence, see Figure 5.6b. Crucially, this validates
the utilization of the transient reflectivity profile as an accurate representation of the

temperature profile, from which we will quantify the thermal diffusivity of the sample.

5.4 Spatiotemporal mapping at At = 0 and At = 13 ns

Now that we have confirmed the sensitivity of our probe to phonon heat through the
analysis of the exciton linewidths, we proceed to conduct spatiotemporal imaging to

visualize the diffusion process. In Figure 5.7, we present exemplary transient reflectivity
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Figure 5.7: Transient reflectivity maps. (@) The AR/R profile at a time delay At = 0 ps
shows a narrow profile corresponding to the electronic response created by the photoexcitation
from the pump pulse. (b) The profile measured at At = 13 ns shows a broadened response
due to the diffusion of phonon heat.

maps captured at two distinct pump-probe time delays on the MoSe, sample. At time-zero
(At = 0 ps), a narrow profile centered at the pump spot is evident, attributed to the
electronic excitation induced by the absorption of the pump pulse.

Upon tuning to a slightly negative time delay (effectively, At of 13 ns), we observe a
broader profile with reduced amplitude. As discussed earlier, this signal is the result
of the diffusion of phonon heat within the sample. Importantly, the broader the 13 ns
profile, the greater the expected diffusivity of the phonon heat, ultimately enabling us to
quantitatively determine the diffusivity.

Figure 5.8 depicts the line-cuts of the transient reflectivity maps at At = 0 ps and At = 13
ns. The profiles are clearly non-Gaussian, which indicates that the observations cannot be
solely attributed to the diffusion of a single Gaussian hot spot (as discussed in Section 2.2).
This deviation from Gaussian behaviour implies the involvement of additional underlying
processes. To accurately interpret these results and determine the diffusivity, it is essential

to have a thorough understanding of the measurement technique employed.
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5.5. Heat accumulation: Schematics
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Figure 5.8: Line-cuts of a transient reflectivity map. The transient reflectivity AR/R
profiles at a time delay At = 0 ps and At = 13 ns from a 2D map, demonstrating that the
profiles are not Gaussian.

5.5 Heat accumulation: Schematics

Figure 5.9a illustrates the temporal evolution of the temperature increase AT in the
suspended region of the sample across one on-off cycle of the pump. During the pump-on
window, a train of pulses (at every 13 ns) photoexcites the sample, where each pump
pulse leads to localized heating. Due to insufficient time for the system to return to
equilibrium between successive pump pulses, heat steadily accumulates within the system.
This accumulation persists over N, = fiep/2fmoda Pump pulses (with a 50% duty cycle
modulation), resulting in a progressive rise in system temperature, peaking towards the
end of the pump-on window. Subsequently, as the pump pulses are blocked (pump-off
window), the accumulated heat dissipates, and the system achieves thermal equilibrium
prior to the next cycle involving /N, pump pulses.

The progression of the temperature profiles is depicted in Figure 5.9b. Following the initial
pump pulse, photoexcitation at pump-probe delay time At = 0 exhibits a narrow Gaussian
profile (i). After pump excitation and electron-phonon coupling, heat begins to diffuse
within the phonon system. Consequently, at a slightly negative At (or At ~13 ns), just
before the second pump pulse, the Gaussian profile has decayed and broadened (profile (ii)).
The arrival of the second pump pulse (at 13 ns) introduces another narrow Gaussian profile
on top of the diffused Gaussian profile (iii). This composite profile subsequently diffuses,
resulting in a sum of two broadened Gaussians (profile (iv)). This sequence continues
for N, pump pulses (at every 13 ns), culminating in profile (v) immediately after the
final pump pulse. The cumulative photoexcitation following NV, pulses eventually yields

a spatial profile similar to (vi). This profile comprises a narrow component representing
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Figure 5.9: lllustration of heat accumulation. (a) Schematic representing the temperature
rise in the suspended region of the sample during one pump-on window. (b) Evolution of the
initial Gaussian profile (i) over a single pump-on window containing N, pulses. The top shaded
region represents the situation at At = 0, and the bottom illustrates the diffused heat profiles
at At = 13 ns. By using a negative pump-probe delay time (equivalent to At = 13 ns), the
N;h probe pulse senses the effect of the (N, — 1)th pump pulse and possibly the cumulative
effect of all until N, — 1 pulses.

diffused heat from the preceding pump pulse and a broader component corresponding to

accumulated heat from all prior pump pulses.

5.6 Simulations: Solving Fourier’s heat law

To understand the spatial profile’s shape and to obtain the accurate thermal diffusivity,
we conduct a straightforward simulation based on Fourier’s law of heat conduction in

2-dimension:

2 2

%:D<%+%)+;Si (5.4)

We model two-dimensional diffusion with radial symmetry, computing the temperature

increase, AT(x,y). We apply a perfect heat sink as the boundary condition at the

periphery of the circular sample with a radius rq. This means at position r = \/m ,
AT, =0 K.

In the simulation, we introduce a Gaussian source to evolve in both space and time, with

a constant diffusion coefficient. At ¢ = 1/ fiep, we introduce an additional pump pulse
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Figure 5.10: Simulation: Effect of number of pulses. (a) Calculated temperature rise with
increasing number of pulses N, for different input thermal diffusivities D. (b) Broadening of
the spatial profiles for a fixed thermal diffusivity with N,.

to the residual heat profile. We repeat this process for all N, pulses and obtain the final
temperature profile. With increasing N,,, we observe the peak temperature’s saturation
at (Az, Ay) = 0, indicating the establishment of a steady-state profile, as plotted in
Figure 5.10a. The simulations reveal that a higher thermal diffusivity reduces the number
of pulses required to reach a steady-state condition, consequently leading to a lower peak
temperature. This is because, in such scenarios, heat diffuses more rapidly towards the
heat sink.

When we visualize these simulated spatial profiles for a constant thermal diffusivity, we
notice a gradual broadening of the profile with each increment in the number of pulses
(see Figure 5.10b), an observation in line with our previous discussions. Experimentally,
adjusting the number of pulses entails changing the pump modulation frequency ( fioq)-
As we proceed, we will demonstrate the excellent agreement between experimental findings
and simulations across a wide range of modulation frequencies.

We additionally demonstrate the variations in the spatial profile for different diffusivities.
This aspect is significant as it underscores the sensitivity of our technique in determining
a sample’s diffusivity. To explore this, we conduct simulations using different diffusion
coefficients. Figure 5.11 shows the resulting average spatial profile after N, pulses. Our
simulations confirm that broader spatial profiles correspond to larger D values, consistent
with our initial intuitive reasoning. Moreover, we observe that our technique can effectively
capture diffusivities spanning several orders of magnitude. For accessing the Python script

that we use to solve the heat diffusion equation, see Appendix Section Al.
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Figure 5.11: Simulation: Effect of thermal diffusivity. Average spatial heat profiles after

N, pulses (normalized) are depicted for various D values. The profiles are broader for higher
diffusivities.

5.7 Experimental results and comparison: Bulk TMDs

Now we proceed to conduct spatiotemporal measurements on four suspended TMDs to
quantify their thermal diffusivities. We pump at the center of the suspended region and
record the AR/R profiles across the suspended region at At = 0 and At = 13 ns. To
extract the width of the At = 0 spatial profile, we subtract the background signal, i.e.
At = 13 ns profile, and fit a Gaussian to it. Figure 5.12a-d display these normalized spatial
profiles at At = 0 and At = 13 ns for (a) MoSes, (b) WSey, (¢c) MoS,, and (d) WSs,
measured with a pump fluence of approximately 0.03 mJ/cm? at fpoq = 4.37 kHz. We
determine the diffusivity by minimizing the squared residuals between the experimental
At = 13 ns profile and the simulated profile. This process requires knowledge of just
the diameter of the suspended flake (15 um) and the experimental beam width of the
pump and the probe. We determine the experimental beam size from the Gaussian fit
to the At = 0 profile and knife edge measurements (see Figure 4.4e), by assuming the
ratio between experimental beam widths and knife-edge measurements is identical (see
Appendix Section A2). To match with experimental conditions, we convolve the simulated
profiles with the probe beam’s spatial profile. Through this method, we obtain thermal
diffusivities D of 0.18 £ 0.02 cm?/s for MoSe,, 0.20 4 0.03 cm?/s for WSey, 0.35 + 0.04
cm? /s for MoS,, and 0.59 + 0.07 cm?/s for WS,.

To verify the obtained diffusivity values for these TMD films, we initiate a comparison with
experimental data available in the literature. Many studies present thermal conductivity k,
which correlates with diffusivity through the heat capacity: « = D- C. Thus, we convert
our diffusivity values utilizing the bulk heat capacities from literature references for MoSes:
1.87 x 10% J/m3 /K [163], WSey: 1.98 x 10% J/m?/K [163], MoS,: 2.01 x 10° J/m?/K [171],
and WSs: 1.93 x 10° J/m?/K [164].

Figure 5.12e illustrates the comparison between our experimental results (solid lines)
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Figure 5.12: Thermal diffusivities and benchmarking. (a-d) Measured transient reflectivity
profiles, all normalized to the peak of the fit, for MoSe,, WSes, MoS,, and WS,. The narrow
profiles are described using a single Gaussian function (grey line) to obtain their width. We
describe the At = 13 ns profile using our Fourier model (light red line) based on heat diffusion
to quantify the thermal diffusivity of 0.18 & 0.02 cm? /s for MoSe, 0.20 % 0.03 cm? /s for WSe;,
0.35 + 0.04 cm? /s for MoS,, and 0.59 4 0.07 cm?/s for WS,. (e) Comparison of the calculated
thermal conductivity from the measured thermal diffusivity with literature; A (Ref. [165]),
o (Ref. [74]), ¢ (Ref. [166]), v (Ref. [167]), O (Ref. [168]), < (Ref. [169]), and > (Ref. [170]).
The solid line represents the extracted k values for the TMDs, each approximately 15 nm thick,
while the gradient limit indicates the error margin with a 95% confidence interval.

and other experimental findings (symbols). For consistency, we focus our comparison
on literature values pertaining to relatively thick crystals, about 10 nm and above. The
comparison reveals a notable agreement between our findings and the literature, thereby
confirming the prevailing trend wherein selenides (MoSes, WSey) exhibit lower thermal
conductivity compared to sulfides (MoSy, WSy) [172].

In the case of bulk MoSe; and WSes, prior experimental investigations have quantified ther-
mal conductivities ranging from 22 to 42 W/m/K [74, 165, 166] which is in good agreement
with our derived x values of 33.5 W/m/K for MoSe; and 39.6 W/m/K for WSey. For WS,,
our findings yield a relatively high s value of 113.9 W/m/K, which correlates well with exist-
ing experimental data [165, 170]. Similarly, our determined & value for MoS,, at 70 W/m/K,

is consistent with reports in Refs. [165, 168, 169]. However, we note a considerable dis-
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crepancy compared to the thermal conductivity measured in Ref. [167]. This divergence is
likely attributed to the smaller thickness of our sample relative to what was examined in
that work.

As another proof-of-concept experiment, we measure the MoSe, sample using different
laser repetition rates, with our second spatiotemporal setup, which uses a SuperK laser
(FIU-6, NKT Photonics). We conduct measurements at three different laser repetition
rates — 78 MHz, 39 MHz, and 26 MHz — corresponding to maximum time delays of
13 ns, 26 ns, and 38 ns, respectively. Intuitively, the larger the time delay, the more
time for heat to spread, which will result in lower signal amplitude and a broader profile
compared to shorter time delays. Indeed, we observe this behaviour in our results: the
transient reflectivity signal decreases with decreasing repetition rate (see Figure 5.13a),
and the spatial profiles become broader at lower repetition rates (see Figure 5.13b). By
describing the spatial profiles using the Fourier model based on heat diffusion, we obtain
a thermal diffusivity of 0.18 & 0.01 cm?/s for the 78 MHz (At = 13 ns) measurements,
consistent with the above results. For repetition rates of 39 MHz (At = 26 ns) and 26 MHz
(At = 38 ns), we find lower diffusivity values of 0.13 + 0.01 cm?/s.
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Figure 5.13: Laser repetition rate dependence of spatial profiles in MoSe,. (a) Spatial
profiles obtained on MoSe; at different repetition rates of the laser. (b) The experimental profile
(normalized to the peak of the fit) at 78 MHz and 26 MHz described using our Fourier model
based on heat diffusion (light red line), yielding a D of 0.18 + 0.01 cm?/s and 0.13 4 0.01 cm?/s,
respectively.

Although our preliminary measurements show qualitative and some quantitative consistency,
we have yet to fully explain the observed reduction in thermal diffusivity. To address this,
we plan to repeat these measurements systematically and also in other 2D materials as

part of our research focus in the coming years.
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5.8 Modulation dependent spatial profiles

As a final experiment, to understand the working principle of our technique, we perform
heat diffusion measurements on a suspended MoSe, sample, while varying the modulation
frequency fioq, thus controlling the number of pulses in the pump-on window. As indicated
by our simulations (see Figure 5.10), an increased number of pulses leads to a broader
spatial heat profile, a trend also observed in our experimental results. Figure 5.14 shows
spatial profiles at different modulation frequencies ranging from 240 kHz to 4 kHz. We
note a distinct broadening of the At = 13 ns spatial profiles as fy,q decreases, with a

tendency to reach saturation at the lowest modulation frequencies (see Figure 5.14).
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Figure 5.14: Modulation frequency dependence of spatial profiles in MoSe;. For low
modulation frequencies (4 — 30 kHz), the spatial profiles are similar, indicating temperature
saturation due to steady state formation. The narrow profile represents the At = 0 profile
(grey scatters) for fino4 at 240 kHz and is described by a Gaussian function. The inset shows
the thermal diffusivities obtained at different f,,q. The shaded region represents the average
D with the gradient limit being the standard deviation.

This saturation phenomenon is attributed to the establishment of a steady-state profile,
where the rate of heat addition from absorbed light equals the rate of heat diffusion
to the edge of the suspended material and subsequent dissipation into the gold-coated
substrate. Lower modulation frequencies, corresponding to extended excitation periods
with pump pulses, result in increased accumulated heat, thus broadening the profile further.
We analyse the At = 13 ns profiles and describe them with our Fourier model based
on heat diffusion. We observe that the thermal diffusivities remain similar across the
modulation frequency range, 0.18 + 0.01 cm?/s (4 kHz), 0.21 4+ 0.01 cm?/s (15 kHz),
0.21 4 0.01 em?/s (30 kHz), 0.21 4 0.01 cm?/s (60 kHz), 0.19 + 0.01 cm?/s (120 kHz), and
0.16 + 0.02 cm?/s (240 kHz). We calculate the average diffusivity to be 0.19 £ 0.02 cm?/s
(see the inset of Figure 5.14).
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5.9 Describing in-phase and quadrature lock-in signals

The experimental spatial profiles we have shown until now correspond to the total amplitude
signals obtained from the lock-in amplifier. However, in order to obtain an even more
accurate extraction of the diffusivity, we consider both the in-phase (denoted as X) and
out-of-phase (denoted as Y) signals.

A lock-in amplifier multiplies the signal response from the sample with a reference signal
and a 90-degree phase-shifted signal having a frequency fioq, and filters out the signal at
that same frequency. This filtering process can be understood as the averaging of the signal
over the entire experiment duration. Filtering (or averaging) these two resulting signals
(low-pass filtering), results in the in-phase and the out-of-phase components. Filtering
allows the removal of the noise at other frequencies. The total amplitude of the signal (or
the R channel) is then given by R, = v X2 + Y2,

To understand the in-phase and out-of-phase signals for different modulation frequencies,
we adapt our Fourier model by including the lock-in operation. Here, we show the results
at two different modulation frequencies: 10 kHz and 240 kHz. Figure 5.15a shows the
temperature dynamics for fi,,q = 10 kHz at the hotspot (Az = Ay = 0) obtained from
the Fourier model (see Section 5.6) over a few modulation cycles. As clearly seen, the
temperature rises and reaches saturation during the pump-on window, and decays to zero
in approximately 2 us during the pump-off window. The extended pump-off period (tens
of microseconds) allows the temperature to return fully to equilibrium.

To perform the lock-in operation, we multiply these temperature dynamics with sine (for the
in-phase signal, see Figure 5.15b) and cosine (for the out-of-phase signal, see Figure 5.15¢)
functions with a frequency equivalent to the modulation frequency (fmoqa = 10 kHz).
Upon averaging these signals over time, the temperature dynamics multiplied by the
cosine function average out to nearly zero, whereas the dynamics multiplied by the sine
function do not. Consequently, there will be a predominant in-phase component while the
out-of-phase signal will be negligible.

We repeat this lock-in operation to the temperature dynamics at various positions (from
hotspot to heat sink) to reconstruct the in-phase and out-of-phase spatial profiles. Fig-
ure 5.15d presents the resulting in-phase and out-of-phase spatial profiles. The resulting
total amplitude (R channel) of the lock-in is almost entirely due to the contribution of the
in-phase signal.

Figure 5.15e-h shows similar simulation results for a modulation frequency of 240 kHz.
Unlike the 10 kHz case, the temperature dynamics exhibit a finite signal during the
pump-off window, as seen in Figure 5.15e. This key difference leads to a finite amount of

out-of-phase signal when averaging the cosine multiplied temperature dynamics. However,

68



5.9. Describing in-phase and quadrature lock-in signals

the in-phase signal’s amplitude remains larger because the temperature dynamics have
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Figure 5.15: Simulations of lock-in operation. (a) Simulated temperature dynamics (at the
hotspot, Ax = Ay = Oum) at every At = 13 ns (brown scatters) during multiple square wave
modulation (fnoq = 10 kHz) cycles, along with the reference signals at the same f0q. (b,
) The temperature dynamics multiplied with (b) sine and (c) cosine functions. (d) The in-phase
and out-of-phase profiles after averaging the sine and cosine multiplied temperature dynamics at
different positions. For large pump-off time (small f,0q), the out-of-phase component averages
out to be zero. (e-h) The same simulation performed at a modulation frequency of 240 kHz.

The out-of-phase signal is multiplied by -1 for a proper comparison. The diffusivity in both
cases is set at 0.20 cm?/s.

a higher amplitude during the pump-on window. Figure 5.15h shows the full spatial
profile of the in-phase and out-of-phase signals, illustrating the results of multiplying the

temperature dynamics from various positions (from hotspot to heat sink). In conclusion,
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Chapter 5. Spatiotemporal thermometry: Quantifying heat diffusion in bulk TMDs

if there is a significant amount of time in the pump-off state where the response from the
sample is zero, the dominant signal will be the in-phase signal, while the out-of-phase

signal will approach zero.
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Figure 5.16: Experimental profiles and the ratio of in-phase to out-of-phase. (a, b) In-
phase and out-of-phase experimental profiles for a 20-layer MoSe; at (a) fnog = 10 kHz and
(b) fmod = 240 kHz. (c) Ratio of in-phase to out-of-phase (X/Y) at the hotspot from the
experiment and simulation (D = 0.20 cm?/s).

To assess the validity of our simulations, we compare them with experimental results
shown in Figure 5.16, which show the in-phase and out-of-phase spatial profiles for a
20-layer MoSe, flake (decomposed profiles from Figure 5.14). At a modulation frequency of
10 kHz (see Figure 5.16a), the in-phase signal is prominent while the out-of-phase signal is
negligible, consistent with our simulation results. Conversely, at 240 kHz (see Figure 5.16b),
we observe a significant amount of out-of-phase signal alongside a predominant in-phase
signal. We further compare the in-phase to out-of-phase ratio at the hotspot (Ax = Ay = 0)
between simulation and experiment across different modulation frequencies. Both sets of
data are in qualitative agreement, showing an increasing in-phase to out-of-phase ratio

with decreasing modulation frequency (see Figure 5.16¢).

5.10 Evaluation of spatiotemporal thermometry

Our investigation into the spatiotemporal technique that we developed has unveiled its
capability to determine the thermal diffusivities of thin films. We conclude this chapter by
discussing the principal advantages of this methodology. Unlike electrical methods [156], it
presents a distinct advantage by being a contact-free and non-invasive technique. Moreover,
in contrast to various all-optical approaches such as TDTR [40], FDTR [41], Raman
thermometry-based techniques [173], and TTG [43], it offers several notable benefits. A
key strength lies in its capability to quantify the in-plane thermal diffusivity of a thin film
through comparison with a simple description grounded on Fourier’s heat law. Unlike these

techniques, spatiotemporal pump-probe thermometry does not need material parameters
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like temperature coefficient, optical absorption, thickness, interfacial thermal conductance,
heat capacity, and properties associated with transducer layers to quantify the thermal
properties. For simulations, we only need specific experimental conditions, namely the
diameter of the suspended material region, the beam sizes, and the laser’s repetition
rate. As these parameters are known with a high degree of precision, typically within
an error margin of a few percent or less, we obtain accurate diffusivity determinations.
Consequently, our proposed method eradicates error sources arising from the necessity of
measuring intermediate parameters utilized in the model for extracting unknown thermal
properties. In this regard, we would like to note that, recently, Xu et al. [174] developed
a beam-offset FDTR method to measure the in-plane thermal diffusivity by analyzing
the slope of the phase lag versus offset plot for various excitation frequencies, without
requiring any material input parameters.

Another significant benefit lies in the sensitivity of the method. The capability to detect
changes in a spatial temperature profile is only constrained by the signal-to-noise ratio,
ultimately dictating the accuracy in quantifying the diffusivity. Being a pump-probe
technique, where the pump-induced changes are detected differentially using the combi-
nation of an optical chopper and a synchronized lock-in amplifier, means that we can
resolve very subtle heat-induced changes in the refractive index (permittivity) of materials.
Consequently, it is possible to quantify thermal transport properties even if the change
in temperature due to heating is very small, on the single Kelvin level (see Figure 5.5).
This represents a significant advantage over alternative techniques that typically require
stronger heating.

In addition to these benefits, our technique holds promise in investigating previously
unexplored physical phenomena and properties. Taking thermal transport as a primary
example, we propose integrating our technique that quantifies thermal diffusivity with a
complementary study offering thermal conductivity, thus facilitating the optical determi-
nation of heat capacity. Moreover, our technique is poised to facilitate exploration into
transport regimes beyond diffusive transport, encompassing ballistic or hydrodynamic
phonon transport. This has predominantly been explored theoretically in two-dimensional
materials [68, 105], yet lacks substantial experimental validation [93, 175]. Given its high
sensitivity to diffusive processes occurring at nanometer-length scales, we anticipate that
our method will advance the comprehension of non-diffusive transport in low-dimensional
materials (see Chapter 7). Furthermore, we highlight that our technique facilitates the
examination of complex structures, such as van der Waals heterostructures comprising
various layered materials, with material specificity achieved through the identification of
material-specific exciton resonances.

Lastly, we address the drawbacks of our spatiotemporal microscopy technique. In our
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exploration of thermal diffusion in thin TMDs, we capitalize on increased sensitivity
attributed to the temperature-dependent exciton response. It is important to note that
not all materials have exciton resonances, meaning they may not all benefit from the same
sensitivity enhancement. Nevertheless, the technique is anticipated to be effective for any
diffusing species possessing an associated optical response and a sufficiently long lifetime
for detection at several nanoseconds. In fact, we have successfully measured materials such
as graphene nanoribbons [176] and MXenes using this method. Considering the prevalence
of temperature-dependent refractive indices, we expect to quantify the thermal diffusivity
of materials without an exciton response.

It is worth mentioning that in certain materials, such as those with prolonged photoexcited
charge-carrier lifetimes, direct determination of thermal diffusivity may not be feasible.
This limitation arises because the 13 ns signal may predominantly reflect electronic
diffusion rather than thermal diffusion. However, this suggests that the technique allows
for observing charge diffusion in semiconducting thin films with carrier lifetimes ranging
from nanoseconds to microseconds. This aspect is particularly intriguing for materials
characterized by low electronic diffusivities. Finally, we highlight that our 2D diffusion
model assumes uniform heating along the out-of-plane direction (c-axis), justified by our
flake’s thicknesses below the optical penetration depth (20 nm at 515 nm for MoSes).
However, if the thickness exceeds the optical penetration depth, coupled with high thermal

anisotropy, the 2D model will need to be adapted into a three-dimensional problem.

5.11 Summary

In summary, we have introduced a novel approach for measuring the thermal diffusiv-
ity using spatiotemporal pump-probe microscopy. This involves analyzing the spatial
temperature profile at a slight negative time delay (or At = 13 ns). Specifically, we
have demonstrated the applicability of this technique in determining the in-plane thermal
diffusivity of suspended films of four different TMDs: MoSes, WSes, MoS,, and WS,.
Our method offers a straightforward, sensitive, and precise means of assessing thermal
diffusivity, which will contribute to a deeper comprehension of the thermal characteristics
of nanoscale materials.

Additionally, we propose that our approach holds the potential for exploring previously
inaccessible insights into non-diffusive heat transport phenomena in low-dimensional

materials, paving the way for new avenues of research and technological progress.

Contributions

Sebin Varghese fabricated the samples, performed the spatiotemporal measurements, and
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developed the Fourier model with inputs from Dr Jake Dudley Mehew, Dr Alexander
Block, and David Saleta Reig. Sebin Varghese and Afroditi Koutsogianni performed the
spatiotemporal measurements with the SuperK laser system under the supervision of Prof.
Klaas-Jan Tielrooij. The results were discussed and interpreted together with Dr Jake D.
Mehew, Dr Alexander Block, David Saleta Reig, and Prof. Klaas-Jan Tielrooij.
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6

Raman thermometry: Steady-state heat

transport down to monolayer

“In nature, the smallest thing is as complex as the largest.” - Unknown

In this chapter, we present a systematic investigation of the in-plane thermal conductivity
(k) of MoSe, (suspended over 15 um) as a function of flake thickness, extending to
the monolayer limit, using Raman thermometry. Our experimental findings reveal that
the thermal conductivity of MoSe; exhibits minimal variation, changing by less than a
factor of two, across the range from 50 nm to monolayer flakes. Ab initio simulations
point to strongly changing phonon contributions to £ when the thickness decreases from
bulk to monolayer. This is marked by the emergence of heat-carrying phonon modes
around ~0.1 THz. Such low-frequency modes, compensate for the expected reduction
of k towards the monolayer, thus resulting in an overall weak effect when changing the

material thickness.

This chapter is based on the following publication:

D. Saleta Reig, S. Varghese, R. Farris, A. Block, J. D. Mehew, O. Hellman, P. Wozniak, M.
Sledzinska, A. El Sachat, E. Chzivez—Angel, S. O. Valenzuela, N. F. van Hulst, P. Ordejon,
7. Zanolli, C. M. S. Torres, M. J. Verstraete, and K. J. Tielrooij, Unraveling heat transport
and dissipation in suspended MoSe,; from bulk to monolayer, Advanced Materials 34,
2108352 (2022) [74].

75


https://onlinelibrary.wiley.com/doi/10.1002/adma.202108352
https://onlinelibrary.wiley.com/doi/10.1002/adma.202108352

Chapter 6. Raman thermometry: Steady-state heat transport down to monolayer

6.1 Introduction

Before exploring the thickness-dependent thermal properties using spatiotemporal ther-
mometry, we initially utilize a well-established steady-state optothermal technique: Raman
thermometry. We have two main reasons for conducting these measurements.

One reason is the absence of a systematic study examining how the thickness of MoSes
affects its thermal conductivity in the in-plane direction down to the monolayer limit.
Notably, the experimental values for the in-plane lattice thermal conductivity of TMDs
exhibit considerable variability, particularly in MoSe,, where reported values range from
6 to 59 W/m/K [140, 166]. The exact relationship between thermal conductivity and
the thickness of TMD flakes is not well understood, and a comprehensive experimental
study covering a broad range of thicknesses has been lacking [177-180]. Additionally, the
calculated thermal conductivity from atomistic simulations ranges between 17 to 54 W/m/K
[180, 181] for MoSe, monolayer systems.

Another reason is that Raman thermometry provides insights into the thermal conductivity
of MoSe,, offering a comparison for subsequent analyses using spatiotemporal thermometry
which yields the thermal diffusivity. By comparing these results, we can gain a complete
understanding of the heat transport properties of MoSes. The advantage of employing
Raman thermometry also stems from its compatibility with the suspended samples used
in spatiotemporal thermometry experiments.

Addressing the influence of sample thickness on the thermal conductivity of MoSe; and
explaining the underlying physical mechanisms are key objectives of this chapter. By
systematically exploring MoSey across various thicknesses, we aim to clarify how thermal
conductivity depends on the sample thickness. In the following sections, we describe
our use of Raman thermometry to investigate these thickness-dependent variations in
thermal conductivity. Our experimental observations and theoretical insights offer a deeper
understanding of heat transport properties in MoSe,, extending down to the monolayer

limit.

6.2 Raman thermometry

One of the most common techniques used to study the heat transport properties of thin
films is Raman thermometry [36, 37]. This method utilizes the principles of Raman
scattering, in which photons from a laser source are inelastically scattered by a material,
resulting in a shift in the energy of the scattered light. This shift, known as the Raman
shift, occurs because the incident photons either gain or lose energy by interacting with

the vibrational modes of a material. The Raman shift is typically linked to a material’s
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temperature (see Figure 6.1a). Understanding the Raman shift provides us with the
means to access the thermal conductivity of a material. In our study, we utilize single-
laser Raman thermometry, wherein a laser beam functions as both a heat source and a
thermometer. The thermometer operates via Raman scattering of the laser light, where the
temperature-dependent frequency shift of a Raman mode provides a method to determine

the local temperature of a material.

Intensity (a.u.)

Raman shift Av (cm™)

o

CW laser (532 nm)

In-plane heat transport

Figure 6.1: Principle of Raman thermometry and suspended samples. (a) Shift of the
Raman active mode due to a temperature change. The correlation between temperature change
and Raman shift enables the determination of a material’s thermal conductivity. (b) A diagram
illustrating a monolayer MoSe; suspended structure. Here, absorption of 532 nm laser light at
the center of the suspended area induces localized heating, with heat simultaneously propagating
towards the heat sink located at the boundary of the suspended region. (c) Supended MoSe;
samples ranging from 1L to about 70L.

In our experimental setup, we use CW light of wavelength 532 nm to locally heat a spot
of 7o = 1 wm in the center of the suspended sample (see Figure 6.1b). The subsequent
cooling process is facilitated by a radial diffusive heat transport mechanism that directs
heat towards the edges of the suspended region, where the gold-coated substrate functions
as a heat sink. We examine the temperature at the laser spot’s position, representing the
condition of equilibrium where the heat generated by the laser is compensated by cooling
mechanisms and heat sinking. Consequently, a higher (lower) temperature at equilibrium
suggests less (more) effective cooling, indicating a lower (higher) thermal conductivity for

fixed thermal capacity and thickness.
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6.3 Experimental results

We conduct Raman thermometry measurements on suspended MoSe,; samples ranging
from 1 — 70 layers (see Figure 6.1c), corresponding to a thickness range from ~0.7 nm
to ~50 nm. Here we exploit the temperature-sensitive A;, Raman mode to understand
the heat transport mechanism. The details of the fabrication and characterization of the

samples are described in Chapter 3.

6.3.1 Calibration measurements

To quantify the thermal transport, it is crucial to understand how heating up the sample
affects the frequency shift in the A;; Raman active mode. Here we provide the results
obtained for a monolayer MoSe; flake. Figure 6.2a depicts the laser power-dependent
shift in peak frequency for this mode for monolayer MoSe;. Notably, an increase in laser
power leads to a more substantial temperature rise AT, resulting in a correspondingly
greater red-shift in the A;, peak. To establish a correlation between the red-shift Ay,
and the temperature increase AT, we conduct Raman spectroscopy measurements at low
incident power (3 uW) and concurrently varying the temperature of the sample stage (see
Figure 6.2b).
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Figure 6.2: Raman thermometry measurement of a suspended monolayer MoSe;.
(a) Calibration measurements of Raman spectra at 532 nm while varying the sample temperature
on the sample stage, showcasing the redshift with increasing temperature. Here, the laser
power was maintained at a minimal level to prevent laser-induced heating. (b) Raman spectra
while increasing laser power, demonstrating the redshift of the Az mode due to laser-induced
heating. The spectra are (normalized and) shifted up for clarity.
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We note that it is crucial to employ low laser power to prevent any unintended redshift
caused by the laser’s influence. For monolayer MoSes, we determine the temperature
coefficients xr = Ov/OT of -0.015 cm™'K~!. We also perform similar experiments on
the other MoSe,; samples, and the results are presented in Table 6.1. These temperature
coeflicients then enable us to translate the laser-induced red-shift Av, of the peak of the
Raman signal into a localized temperature increase AT(P), as a function of the laser

power P.

Number of layers xp (cm™ pW™1)  xp (cm™ K1)

1L -0.05212 -0.0155
2L -0.02542 -0.0105
3L -0.02306 -0.0975
4L -0.01498 -
5L -0.01083 -0.0067
7L -0.00939 -
11L -0.00564 -0.0069
17L -0.00318 -
~T0L -0.00860 -0.0072

Table 6.1: Summary of measured power coefficient yp and temperature coefficient y1 for
MoSe, flakes.

To facilitate the extraction of in-plane thermal conductivity s, we undertake a linear
regression analysis on the extracted AT with respect to absorbed laser power, denoted
as Pups. This process yields the slope, 0T /0 P.y,s, which subsequently serves as a critical

component in the equation [182]:
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where rq is the hole radius (7.5 pum) and dy, is the thickness of the flake, and « is a

prefactor that is a function of the ratio rq/r¢ [182]. For our experimental conditions,
a =~ 1. It is important to point out that Equation 6.1 is valid under the condition that
the cooling pathway involves only in-plane diffusive heat transfer towards the edge of the
suspended region. At the edge, the substrate acts as a perfect heat sink. As seen from the
Equation 6.1, it is necessary to accurately determine the laser spot size, the laser power
absorbed by each flake (see Section 3.4), and the flake thickness (see Subsection 3.3.1) to
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quantify the in-plane thermal conductivity.

6.3.2 Raman thermometry for varying flake thickness

We will now present the results of our Raman thermometry measurements on MoSe,

crystals, focusing on how these measurements vary with crystal thickness. It’s crucial to

note that we conduct all these experiments under vacuum conditions to prevent heat loss

to the surrounding atmosphere. It has been demonstrated that heat loss to the surrounding

gas can introduce significant errors when determining the thermal conductivity [183].

In Figure 6.3a, we show the temperature change AT as a function of absorbed power

P,ps- A clear trend emerges with varying crystal thickness: thinner crystals exhibit more

pronounced temperature increases for the same absorbed power. This observation is quite

intuitive, as thinner crystals have less volume to share the same amount of heat, resulting

in higher temperatures.
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Figure 6.3: Raman thermometry of MoSe, with varying crystal thickness. (a) Tempera-
ture increase AT, as a function of the absorbed power P,s, for MoSe; crystals of different
thicknesses. (b) The dataset in (a), multiplied by the thickness of each crystal, allowing the

slope to represent the thermal conductivity x. Solid lines depict linear fits to the data.

When we plot AT - dy, as a function of P,,s (see Figure 6.3b), the slope directly reflects

the material’s thermal conductivity x, as per Equation 6.1. Interestingly, all data points

closely converge along nearly the same slope, suggesting that the crystal thickness does

not significantly alter the intrinsic thermal conductivity of MoSe,.
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6.4 Thermal conductivity and microscopic insights

Now we quantitatively determine x for different thicknesses using Equation 6.1. Our
systematic variation in thickness demonstrates that the effect of crystal thickness is
relatively weak, with a slight decreasing trend in thermal conductivity from 70L down to
monolayer thickness (see Figure 6.4a). Specifically, the thinnest samples display lower
thermal conductivity compared to the thickest sample (70L). This contrasts with some
values reported in the experimental literature [140, 166, 169]. We attribute this difference
to variations in experimental conditions and substrate characteristics in prior studies.
Many of these studies used non-coated substrates, resulting in inefficient heat sinking at
the hole edge. Consequently, the boundary conditions assumed in Equation 6.1 are not
satisfied, necessitating the use of a modified version of Equation 6.1 in such cases. Some
studies used relatively small hole sizes, which could lead to an overestimation of absorption
and consequently leading to an overestimation of the thermal conductivity, especially
for monolayer samples. Furthermore, any presence of contamination on a monolayer
sample can act as a thermal dissipation channel, which could affect the measured thermal
conductivity. In our study, as extensively outlined in Chapter 3, we utilized substrates
designed to minimize artefacts and conducted experiments with well-characterized, clean
samples.

To comprehend our experimental results, we compare them with calculated! conductivities
for bulk MoSe,, and for 2D crystals with thicknesses from 6L down to the monolayer and
between 300 and 500 K. We use the SIESTA program and the temperature-dependent
effective potential method in density functional theory. The details of this approach can be
found elsewhere [184]. In this comparison, we use a temperature of 400 K, which is more
consistent with the experimental conditions. This choice is motivated by the fact that
the experimental results encompass a temperature range spanning from approximately
300 K to 500 K (due to laser-induced heating, see Figure 6.3b). For the thinnest crystals,
first-principles-based results at 400 K reveal a k of 15 W/m/K, gradually increasing to
21 W/m/K for 6L, and further to 32 W/m/K for the bulk crystal. Experimental values
exhibit a similar trend, starting below 20 W/m/K for the bilayer sample and rising above
20 W/m/K for 17L and 70L samples (see Figure 6.4a). Taking into account experimental
uncertainties and the temperature range considered in the theoretical results, the findings
are in good quantitative agreement. Importantly, both sets of results indicate that crystal
thickness has a very small effect on the thermal conductivity. Additionally, any such
effect observed here contrasts with the behaviour in graphite, where decreasing crystal

thickness leads to an increase in thermal conductivity, with monolayer graphene exhibiting

fThe microscopic calculations were performed by Dr Roberta Farris (see also Contributions 6.5).
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Figure 6.4: Thermal conductivity and microscopic insights into heat transport in MoSe;.
(a) Variation of in-plane thermal conductivity in MoSe; crystals with thickness, evaluated using
both our experimental data (circles, 70% confidence interval) and DFT calculations (diamonds)
between a temperature range of 300 and 500 K (vertical bars). (b) Spectrally decomposed
thermal conductivity Kspec, as a function of phonon frequency, revealing that with decreasing
film thickness, an increasing contribution from a sub-THz mode compensates for the decreasing
contribution from modes around 1 THz.

the highest thermal conductivity [13]. This is attributed to the fact that, as the number of
graphene layers increases, there are more phonon states available for Umklapp scattering,
which reduces the intrinsic thermal conductivity [185].

We also investigate the specific phonon contributions to the total thermal conductivity by
creating a spectrally decomposed thermal conductivity plot for MoSey (Kspec, as shown in
Figure 6.4b). In the case of bulk crystals, the most significant contribution arises from
modes with frequencies around 1 THz. However, this contribution gradually diminishes as
the crystal thickness decreases. Towards the monolayer limit, we observe that the sub-THz
mode starts to play a more substantial role. This suggests that as we approach the
monolayer thickness, the decreasing contribution from modes around 1 THz is effectively
compensated by the increasing contribution of lower-frequency modes.

From our theoretical calculations, we also observe that in the monolayer (bilayer) MoSe;
case, more than 30% (20%) of the thermal conductivity is carried by low-frequency flexural
ones, with a mean free path (MFP) above 1 um [74]. This finding also underscores the
importance of using large hole sizes, as a significant fraction of the thermal conductivity is
carried by phonons with MFPs of several microns [74, 186]. Both the experimental and
theoretical findings point to a relatively minor effect of MoSes thickness on the thermal

conductivity.
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6.5 Summary

In summary, we have utilized both Raman thermometry and ab initio simulations to
explore how the thickness of suspended MoSe, crystals affects their ability to conduct heat
within the crystal lattice. We have observed excellent agreement between our experimen-
tally measured and the computed in-plane lattice conductivities. Both methods point to a
relatively minor effect of crystal thickness on how efficiently heat is conducted — within a
range of about two times. This weak influence of thickness on the thermal conductivity is
the result of compensating effects in the phonon contribution to the thermal conductivity.
The insights gained from our study hold significance for the design of (sub-)nanometer-thick
TMD-based optoelectronic devices. Furthermore, beyond the immediate implications for
thermal conductivity, these measurements hold promise for extracting additional thermal
properties. Once the thermal diffusivity is quantified from spatiotemporal thermome-
try measurements, we can obtain the thickness dependence of heat capacity indirectly
(Cy = k/D).

Contributions

Sebin Varghese and David Saleta Reig fabricated the samples and performed the Raman
thermometry measurements. Sebin Varghese and David Saleta Reig were trained by
Dr Marianna Sledzinska and Dr Emidgio Chévez—Angel to use the Raman thermometry
setup. David Saleta Reig analyzed the Raman thermometry data with inputs from Sebin
Varghese, Jake Dudley Mehew, and Alexander Block under the supervision of Prof. Klaas-
Jan Tielrooij. Roberta Farris performed ab initio calculations under the supervision of
Prof. Pablo Ordejon, Prof. Zeila Zanolli, Prof. Klaas-Jan Tielrooij, and Prof. Matthieu.
J. Verstraete with inputs from Dr Olle Hellman. The experimental and theoretical results
were discussed and interpreted together with David Saleta Reig, Dr Jake Dudley Mehew,
Dr Alexander Block, Prof. Matthieu. J. Verstraete, and Prof. Klaas-Jan Tielrooij.
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7

Heat transport: From diffusive to viscous

“The universe is under no obligation to make sense to you.” - Neil deGrasse Tyson

In this Chapter, we explore the heat transport properties of MoSe; and MoS, down to the
monolayer limit using the spatiotemporal thermometry technique. We begin by optimizing
the key parameters for such measurements and then quantify thermal diffusivity as a
function of material thickness. From our experiments, we unravel a remarkable transition
from diffusive behaviour to viscous heat transport in ultrathin (1 and 2L) suspended
layers of MoSe; and MoSs at room temperature. This phenomenon is manifested by
a very narrow spatial temperature profile which also has a negative dip a few microns
away from the photogenerated heat source, suggesting a thermal diffusivity that suddenly
decreases by more than an order of magnitude. We attribute such a temperature profile
to a hydrodynamic type of heat flow, which has never been observed in transition metal

dichalcogenides (TMDs) at any temperature.

This Chapter is based on the following work:

S. Varghese, J. Tur Prats, J. D. Mehew, D. Saleta Reig, R. Farris, J. Camacho, J.
A. Haibeh, A. Sokolov, P. Ordején, S. Huberman, A. Beardo, F. X. Alvarez, and K.
J. Tielrooij, Non-diffusive heat transport in ultrathin layered semiconductors at room

temperature, In preparation.
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7.1 Introduction

In Chapter 2, we discussed that heat transport can be either diffusive, following Fourier’s
law, or non-diffusive, which includes ballistic and hydrodynamic behaviours. Several
experimental studies have observed such non-diffusive transport phenomena in different
material systems. When the mean free path of the system is comparable to the system size
or the size of the heat source, quasi-ballistic heat transport behaviour has been observed
in various systems [7, 75, 81-87]. On the other hand, in the Ziman regime, where Normal
scattering events dominate over resistive scattering events, unique thermal transport
phenomena such as second sound [93, 96-99, 106], Knudsen minimum [95, 101], lattice
cooling [103], and Poiseuille flow have also been reported [91, 100-102]. These phenomena
are manifestations of phonon hydrodynamics, where the collective motion of phonons
resembles the behaviour of fluids. Additionally, phonon hydrodynamics at the nanoscale
has been reported when there is a slow relaxation of the heat flux relative to the length
and time scales of the experiment. As we discussed in Subsection 2.5.3, in such cases, it
is not necessary to have Normal scattering to be dominant over Umklaap scattering to
observe phonon hydrodynamics [67, 77, 78, 108-112, 114, 115].

Theoretical predictions suggest that phonon hydrodynamic transport can occur in layered
2D materials, including TMDs, over a range of temperatures. This behaviour, specifically
the second sound phenomena, extends above room temperature in materials such as
graphene, boron nitride, and graphane [68, 105]. For example, Ref. [105] predicted that
Normal scattering dominates over Umklapp scattering in several 2D materials, including
graphene and MoS,. In graphene, the second sound contribution is significant (about
40%), resulting in second sound propagation lengths reaching the micron scale at room
temperature. In contrast, for MoS,, the second sound contribution is about 10%, with a
shorter propagation length of approximately 100 nm at room temperature. While such
behaviour has been predicted in 2D materials, experimental observations are still limited
at higher temperatures. Second sound has been observed in multilayer graphene using the
transient thermal grating (TTG) technique, but only up to a temperature of 200 K [106].
In contrast, no signatures of hydrodynamic heat flow have been detected in transition
metal dichalcogenides at any temperature. These observations of phonon hydrodynamics
in graphite were identified by detecting the damped oscillations of the TTG amplitude,
with the signal falling below zero, for grating periods ranging from 6 wm at 100 K to 2 um
at 200 K. This suggests that to observe such phenomena at room temperature, a grating
period of less than a micron may be required, which is currently challenging to achieve
with the spatial (and temporal) resolution of conventional thermometry techniques.

In this Chapter, we take advantage of the high spatial resolution of our spatiotemporal
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7.2.  Diffusive heat transport with flake thickness, fnod = 240 kHz

pump-probe thermometry technique to track such observations in TMD thin films. We
present the first-ever experimental evidence of viscous heat transport in monolayer and
bilayer MoSe; and MoSs, and at room temperature, which we interpret as a hydrodynamic

type of heat diffusion.

7.2 Diffusive heat transport with flake thickness, f,,q = 240 kHz

For the experiments (in vacuum), we select a modulation frequency fioq of 240 kHz. Our
prior measurements motivated this choice, where we obtained similar diffusivity values for
thick MoSe, sample (see Section 5.14) across a range of modulation frequencies. Using
high f.0q could potentially help in avoiding overheating of the sample caused by pump
pulses, given that we only apply ~160 pump pulses (0.5 X frep/ fmod), Where fiep is the
laser repetition rate (76 MHz), within a pump-on window (see also Appendix Section A4
and Section A5).

7.2.1 Linearity with pump fluence

As usual, the first step is to investigate the decay dynamics and assess the linearity of the

signal with fluence. Figure 7.1a illustrates the decay dynamics of an 8-layer MoSe, sample
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Figure 7.1: Decay dynamics with pump fluence. (a) Fluence-dependent decay dynamics in
8-layer suspended MoSe;. (b, c) Analysis of transient reflectivity signal at At of 13 ns for
(b) 8-layer and (c) 3-layer MoSe, sample. Solid lines are power-law fit, yielding the exponent
of the fit to be around 1.04, suggesting that the relationship is close to linear.

in the suspended region. The signal increases with pump fluence as expected and shows

a sharp rise at time-zero (At = 0 ps) followed by a gradual decay. Figure 7.1b depicts
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the signal (At = 13 ns) plotted against the pump fluence for this 8-layer sample, while a
similar measurement on a 3-layer sample is presented in Figure 7.1¢ (see Appendix A .4 for
data on the monolayer and bilayer sample). Notably, the signal is linear with pump fluence
and this is a crucial prerequisite for heat transport measurements because it means that we
can consider the transient reflectivity AR/R profile as representative of the temperature
profile.

To further validate the linear regime, in Figure 7.2a, we present spatial profiles for a 7-layer
MoSe, sample obtained at various pump fluences. We observe that the signal increases
with pump fluence. The normalized plot in Figure 7.2b illustrates that these profiles

overlap, confirming the linear regime.
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Figure 7.2: Spatial profiles with pump fluence. (a) Fluence-dependent spatial profiles (at
At = 13 ns) in 7-layer suspended MoSe;. (b) Normalized transient reflectivity signal for the
profiles in panel (a) confirming the linear dependence of signal with laser fluence.

7.2.2 Effect of flake thickness

After confirming the linear relationship of the transient reflectivity signal with pump
fluence, we proceed to measure the spatial temperature profile of suspended MoSe, at
different thicknesses. In Figure 7.3, we present spatial profiles (in-phase) ranging from
trilayer to about 20 layers (see Appendix Figure A.5 for the out-of-phase profiles).

Interestingly, we find that the spatial profiles for flakes with a thickness down to 3 layers
look very similar qualitatively. They all exhibit a gradual decrease in the signal towards the
heat sink, where AR/R and thus AT is zero. Using our simulation based on heat diffusion,
we accurately describe these profiles and quantify the in-plane thermal diffusivity. Our

model fits well across all the samples, particularly noticeable until the 3-layer thickness, as
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Figure 7.3: Suspended samples and obtained spatial profiles in MoSe;. (a-h) Normalized
(to the peak of the fit) transient reflectivity signals (in-phase) measured on suspended MoSe;
flakes of varying thicknesses, ranging from 3 layers to 20 layers. The blue scatters represent
the experimental datasets, while the solid lines are the fits obtained using the diffusive heat
transport model based on Fourier's law. The insets in each panel display optical images of the
MoSe;, samples under investigation. The scale bar in (a) is valid for all the images.

shown in Figure 7.3. Systematically varying the thickness, we find a moderate decreasing

trend in the thermal diffusivity from 20 layers down to trilayer thickness, see Figure 7.4.

7.2.3 Comparison with Raman thermometry

To confirm the validity of our results, we conduct a comparison between the obtained

thermal diffusivity (in-phase channel) and the thermal conductivity x data obtained from
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Raman thermometry (see Section 6.4) on similar suspended samples. Remarkably, we find
that the two sets of data exhibited excellent agreement, demonstrating the efficacy of our
novel spatiotemporal thermometry technique (see Figure 7.4). For this comparison, we use
the bulk heat capacity of 1.87 x 10% Jm—3K~! [163] to convert the thermal conductivity to
thermal diffusivity. We also observe a similar trend for the diffusivity obtained by fitting
the out-of-phase channel (see Appendix Figure A.6).
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Figure 7.4: Comparison with Raman thermometry. Obtained thermal diffusivities (in-
phase) for MoSe; from spatiotemporal measurements (blue scatters) and Raman thermometry
(yellow-green scatters, see also Chapter 6), as a function of flake thickness.

7.3 Viscous heat transport

We will now take a closer look at the experimental profiles (in-phase) obtained for the
monolayer and bilayer MoSe, films. First, we will examine the observations of the viscous
heat transport, followed by an exploration into understanding the underlying mechanisms
behind this.

7.3.1 Experimental results

To investigate the thermal transport of these ultrathin flakes, we analyze their measured
spatial profiles. The thinnest flakes exhibit significantly narrower spatial profiles compared
to trilayer and thicker flakes. Furthermore, unlike trilayer and thicker flakes, which exhibit
a consistently decreasing spatial profile away from the center (pump spot), the thinnest
flakes display a non-monotonic spatial profile. Specifically, the in-phase component of
the transient reflectivity signal dips below zero around 2 microns away from the pump

spot (see Figure 7.5). This negative signal gradually diminishes towards the suspended
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Figure 7.5: Experimental observation of viscous heat transport. (a, b) Comparison of
normalized transient reflectivity signals (in-phase) measured on ultrathin samples: (a) MoSe;
and (b) MoS», with the spatial profile of a thick sample. The narrow profile for ultrathin flakes
and the appearance of a negative amplitude around 2 um indicate signatures of viscous heat
transport.

region’s edge. We also observe similar narrow spatial profiles with negative amplitude for

monolayer and bilayer MoS, (see Figure 7.5b).

7.3.2 Effective Fourier description

To comprehend the underlying cause of the significantly narrow profile with a sign-change
observed in ultrathin MoSe; and MoS,, we initially investigate whether the Fourier model,
as discussed in Sections 5.6 and 5.9, can replicate the experimental findings. In Section 5.9,
we demonstrated the Fourier model along with lock-in operation to understand the X
(in-phase) and Y (out-of-phase) signals for a diffusivity of 0.20 cm?/s. Given that the
experimental spatial profile for monolayer and bilayers are significantly narrow, we now
perform the same simulation with an ultralow diffusivity of 0.01 cm?/s (fmea = 240 kHz).
Figure 7.6a illustrates the temperature dynamics for multiple pump-on and pump-off
periods. It is evident that the temperature does not decay during the off state; a significant
amount of undecayed signal remains before the second pump-on period. As we previously
showed in Section 5.9, this results in a significant amount of out-of-phase signal. Another
interesting observation is that at around 2 pum, the temperature rises very slowly during
the pump-on window and decreases very slowly during the pump-off window.

The smaller diffusivity causes the heat to arrive during the pump-off period at a location
increasingly close to the center. For example, heat arrives at 2 microns when the pump

is in the off state. The temperature dynamics is m out-of-phase, resulting in a negative
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Figure 7.6: Fourier modelling with ultralow diffusivity. (a) Simulated temperature dynamics
(D = 0.01 cm?/s) at every At = 13 ns (scatters) during square wave (green line) modulation
(fmod = 240 kHz) cycles. (b, c) The normalized in-phase and out-of-phase profiles after
averaging the sine and cosine multiplied temperature dynamics at different positions.

in-phase signal (the out-of-phase signal is 7/2 out-of-phase). Another way to see this is
as follows: when the temperature dynamics are multiplied by the sine wave, a significant
portion of the negative part of the sine wave is multiplied by the off-state temperature
dynamics. Consequently, when performing the average, regions in the spatial profiles will
exhibit negative amplitude. To further understand the behaviour of the non-monotonous
temperature profile, we perform simulation for different diffusivities (see Figures 7.6b,c).
We observe that the amplitude of the negative dip in the in-phase channel decreases
with increasing diffusivity. For a diffusivity of 0.10 cm? /s, which corresponds to the D
of multilayer MoSe, sample, the simulated profile becomes monotonous, exhibiting no
negative dip.

With this understanding, we now attempt to describe the experimental profiles of ultrathin
MoSe; and MoS, flakes. The Fourier model successfully captures some key features of the
experimental profiles, including a narrow central region with negative signals outside this
central part (see Figure 7.7). However, the Fourier model could not accurately describe the
amplitude of the dip observed in the experimental data. We can also see that the quality
of the fit is significantly poorer compared to that of the thicker flakes (see Figure 7.3).
From the fit, we obtain extremely low diffusivity values, between 0.01 — 0.02 cm?/s,
for monolayer samples. This ultralow diffusivity is inconsistent with both experimental
observations [74, 140, 166, 168, 177-179, 187] and theoretical calculations [180, 181, 186] in
TMDs. Specifically, the diffusivities for monolayers and bilayers are an order of magnitude

lower than that of the 20-layer sample. This discrepancy suggests that there is more
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Figure 7.7: Effective Fourier description. (a-d) Normalized in-phase (filled circles) and
out-of-phase (open circles) experimental profiles described using the Fourier model (solid red
line for in-phase and dashed red line for out-of-phase). The fit yielded a diffusivity of 0.01 cm?/s
(in-phase) and 0.02 cm?/s) (out-of-phase) for both (a) monolayer and (b) bilayer MoSe,. The
diffusivity for MoS, is found to be 0.01 cm?/s for the (c) monolayer and 0.04 cm?/s for the
(d) bilayer.

to understand about heat transport in these materials. The significant reduction in
conductivity /diffusivity points to the possibility of a non-diffusive transport mechanism,

in particular viscous heat flow.

7.3.3 Discussion

The occurrence of a negative transient reflectivity signal at specific pump-probe delays
has been observed in graphitic materials [103], where it was attributed to hydrodynamic
lattice cooling. Similar observations were made using transient thermal grating in graphite,
where the temperature signal oscillates around zero [93, 106], indicating second sound, a
manifestation of hydrodynamic heat transport. However, these observations, including

Knudsen minimum and Poiseuille flow, which are signatures of hydrodynamic transport
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(see also Subsection 2.5.2), are only seen in materials where momentum-conserving Normal
scattering dominates over Umklapp scattering (N > U). This dominance usually occurs
at temperatures well below room temperature, though exceptions exist in 2D materials
where it is predicted to persist even above room temperature [105].

In the case of MoSs at room temperature, as theoretically calculated [105], although Normal
scattering dominates over Umklapp, the scattering rates are comparable, meaning that
the Guyer-Krumhansl criteria is not met. This suggests that conventional hydrodynamic
transport conditions cannot explain our observations in ultrathin MoSe; and MoS,,
implying that the less strict formalism of hydrodynamic phonon transport might provide
a better explanation. This new hydrodynamic regime (see also Subsection 2.5.3), unlike
the Ziman limit (N > U), does not necessarily require momentum-conserving Normal
scattering to be dominant over Umklapp scattering. This regime has been predicted [67]
and observed in various materials [110, 113, 115] where the relaxation of heat flux is slow
compared to the experimental length and time scales, often resulting in a reduction in
thermal conductivity [78].

This hydrodynamic formalism incorporates a non-local term into the heat transport
equation (see also Subsection 2.5.3). The non-local length parameter ¢, represents the extent
of the collective or fluid-like thermal transport away from the heat source. Microscopically,
¢ is a phonon mean free path A weighted average (see Equation 2.25). As reported
previously, for monolayer and bilayer systems, the A of flexural modes extends to several
microns [186]. These long A phonons could contribute to a large non-local length, and
thus to hydrodynamic behaviour at these thicknesses. Additionally, the phonon lifetime of
these low-frequency, long mean free path modes is quite high, approaching a nanosecond
for TMDs and several nanoseconds for monolayer MoSe, [186]. These modes contribute
significantly to &, with more than 30% of x in monolayer MoSe; and 20% in bilayer MoSe,
is attributed to modes with A exceeding 1 micron [74, 186].

Another notable aspect of ultrathin TMDs is the variation in their mechanical properties.
For example, the thermal expansion coefficient significantly increases as the material
thickness decreases. In MoSe,, the thermal expansion coefficient rises from 0.7 x 1075 K™
for bulk material to 5.4 x 107° K™ in bilayer and 10.6 x 10~° K~! in monolayer [188].
Although the change in thermal expansion coefficient for MoS, is not as pronounced
as for MoSe,, it still increases by approximately six times from bulk (1.1 x 107> K1)
to monolayer (6.5 x 107° K~1) [188]. These drastic changes in the thermal expansion
coefficient could introduce a thermoelastic contribution to heat transport in these thin
layers. This effect was initially introduced in the work by Guyer and Krumhansl [89] and
originally derived in Ref. [189]. Such thermoelastic effects can create inhomogeneous strain

at the nanoscale [189], potentially modifying the phonon dispersion relation and phonon
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velocities and thus affecting heat transport properties. Very recently, it was shown that
in silicon nanoribbons, inhomogeneous strain resulted in a 34% reduction in the thermal
conductivity [190].

All these considerations suggest that our observations could be due to phonon viscous
flow, thermoelastic effects, or a combination of both. Notably, these phenomena have
never been observed in TMDs at any temperature before, highlighting the novelty and

significance of our findings.

7.4 Summary

In summary, using spatiotemporal thermometry, we have explored the heat transport
properties of MoSe, and MoS; as a function of flake thickness. Our results on MoSe, have
shown great consistency with thermal conductivity results obtained through Raman ther-
mometry. We have observed a remarkable transition from conventional diffusive behaviour
to viscous heat transport in ultrathin (1 and 2L) suspended layers of MoSe; and MoS, at
room temperature. This phenomenon is evidenced by a very narrow spatial temperature
profile, featuring a negative dip a few microns away from the photogenerated heat source.
We attribute this profile and reduction in thermal diffusivity to a hydrodynamic type of

heat transport.

Contributions

Sebin Varghese fabricated the suspended samples (along with David Saleta Reig), performed
the spatiotemporal measurements, and analyzed the datasets under the supervision of Prof.
Klaas-Jan Tielrooij. The experimental results were discussed and interpreted together
with Dr Jake D. Mehew, Jordi Tur Prats, Dr Albert Beardo Ricol, Prof. F. Xavier Alvarez
Calafel, and Prof. Klaas-Jan Tielrooij.
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Conclusion

“The science of today is the technology of tomorrow.”- Edward Teller

8.1 Summary

In this thesis, we investigated heat transport in layered semiconductors, aiming to advance
our understanding of heat transport phenomena in these materials. The thesis began with
the fabrication and characterization of transition metal dichalcogenides (TMDs), developed
an experimental technique to study heat transport, and presented specific experimental

findings of heat transport peculiarities down to the monolayer limit.
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First, we explained the fabrication of suspended flakes of TMDs using mechanical exfoliation

and dry transfer techniques. This process involves exfoliating flakes from a bulk crystal

and transferring them onto a substrate with a 15 pum diameter hole using a home-built
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dry transfer stage. We detailed the methods used to characterize these flakes through
several techniques, achieving clean, highly crystalline, wrinkle-free, and minimally strained
samples, which are essential for accurate heat transport studies.

Second, we have developed a novel experimental setup—spatiotemporal pump-probe
thermometry—to study heat diffusion in suspended TMDs. We provided a comprehensive
explanation of the experimental setup and the calibration procedures required, such as
achieving precise temporal and spatial overlap of the pump and probe pulses. This
technique enables probing of in-plane heat (and charge) diffusion with high spatial and
temporal resolution. Additionally, we demonstrated the setup’s utility by determining the

carrier diffusion in gold, validating the accuracy and effectiveness of our approach.

/ Spatiotemporal thermometry: Heat transport in bulk TMDs \
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Next, using the spatiotemporal pump-probe thermometry technique, we directly measured

the thermal diffusivity of four prototypical TMD materials. By leveraging the undecayed
part of the temperature gradient between two pulses, we tracked heat diffusion up to
the nanosecond regime. This method, unlike several existing techniques, allows for the
quantification of thermal transport without requiring specific material input parameters
or causing significant heating. We determined the thermal diffusivity values for MoSe,
(0.18 cm?/s), WSe, (0.20 cm?/s), MoS, (0.35 cm?/s), and WS, (0.59 cm?/s) directly and
for the first time.

Additionally, we used Raman thermometry as a complementary technique to study the
thermal conductivity of MoSes; down to the monolayer limit. Our experimental findings
revealed a subtle dependence of thermal conductivity (around 22 W/m/K) on flake
thickness, extending from several tens of nanometers to monolayer flakes. This observation
was supported by ab initio simulations, which highlight the significant role of low-frequency
phonon modes, around 0.1 THz. These low-frequency flexural modes compensate for the

reduction in thermal conductivity as the thickness approaches the monolayer limit.
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Raman thermometry: Thermal conductivity and microscopic insights \
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When exploring the heat transport properties of layered TMDs as a function of flake
thickness using the spatiotemporal pump-probe thermometry technique, we identified a
transition from conventional diffusive behaviour to viscous heat transport in ultra-thin
suspended MoSe; and MoSs at room temperature. The thermal diffusivity measurements
from 20-layer to 3-layer samples aligned well with Raman thermometry results. However,
for monolayer and bilayer samples, we observed very narrow spatial profiles along with
a sign change around 2 microns away from the heating spot. The thermal diffusivities
obtained for ultrathin flakes (0.01—0.02 cm?/s) were an order of magnitude lower compared
to the 20-layer flakes. We attributed this sharp decrease in thermal diffusivity to phonon
hydrodynamic transport, a phenomenon that had not been observed previously in TMDs

at any temperature.
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Through these experiments, we significantly advanced the understanding of complex heat
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transport processes in layered semiconductors using our novel spatiotemporal thermometry

technique and conventional Raman thermometry.

8.2 Outlook

The research presented in this thesis lays the groundwork for several promising avenues of
future exploration. The novel spatiotemporal microscopy technique developed in this study
is capable of studying heat and charge diffusion dynamics beyond layered semiconductors,
including materials such as MXenes, perovskites, and ferroelectrics.

The observation of viscous heat transport in ultrathin layered semiconductors opens up new
possibilities for detailed experimental exploration. Future studies could investigate this
phenomenon by varying key parameters, such as temperature or strain. Extending these
investigations to different two-dimensional materials could provide valuable insights into
the universality of viscous and non-diffusive heat transport. Additionally, this technique
can be used to study heterostructures and twisted samples, broadening the scope of
materials and configurations that can be explored.

In principle, the findings of this research should have implications for various fields,
including heat management and thermoelectric energy conversion. For example, the
concentration of heat at the hotspot, as observed in the materials studied, suggests
that these materials could be used to improve the efficiency of thermoelectric devices by
localizing heat where it is most needed for energy conversion. Exploring novel geometries
to manipulate heat flow for tailored thermal management solutions could pave the way
for innovative heat-spreading materials and directional heat-routing structures, further

enhancing efficiency in electronic devices and thermoelectric systems.
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Appendix

A1l. Python script

Click here to get the Python script for solving the heat diffusion equation. You can use
this script to perform the lock-in operation to the simulated temperature dynamics. Links
to the example data sets to run the lock-in operation script are provided within the script.

If you have any questions, please write to to.svarghese@gmail.com.

A2. Experimental beam width calculation

Prior to our spatiotemporal measurements, we characterize the beams by measuring the
beam profile with a knife edge method [148], and determine the width of the pump (oke pu)
and probe beams (o ), see also Figure 4.4e. To calculate the individual experimental
beam widths (o, and op,), we first fit the time-zero spatial profile (after subtracting
At < 0) with a single Gaussian function and obtain the width (oa;—o). This shape
corresponds to the convoluted pump and the probe profiles. Hence, we solve the following
relation,

O-I_Z)u + 0-1.2)1" = 02At:0 (A1>

to obtain the experimental beam widths by assuming the ratio between experimental beam

widths remains identical to the knife-edge measurements (2‘(—"“ = o),
e_pr pr

A3. Necessity of vacuum in measuring thin films

Initially, we conduct spatiotemporal measurements under ambient conditions to quantify
the thermal diffusivity of suspended MoSe; samples. As described in Chapter 5, our
approach involved heating the center of the suspended region and examining the spatial
temperature profile at a small negative time delay (equivalent to a pump-probe delay

At = 13 ns). By describing these profiles with a diffusive model based on Fourier’s law,
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we quantify the in-plane thermal diffusivity of the sample under investigation.

Figure A.la shows such profiles for a few different thicknesses of MoSe;. For these
measurements, we use a pump wavelength (third harmonic output) between 530 — 537 nm
at a modulation frequency of 4.37 kHz, and a probe wavelength between 795 — 805 nm
(second harmonic output), i.e., tuned to the exciton resonance of the sample. We observe
that the spatial profiles become narrower towards the monolayer limit. Intuitively, as
explained before (see Section 5.6), this narrow profile means less heat spreading and
consequently yields lower diffusivity values. However, it is crucial to note that these
obtained diffusivity values, depicted in Figure A.1b, are “apparent diffusivity” (Dapp).
This is because the Fourier model we use (Equation 5.4) inherently neglects any out-of-plane

heat transport, including heat transfer to the surrounding environment.
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Figure A.1: Transient reflectivity profiles and apparent diffusivity in MoSe,. (a) Normal-
ized (to the peak of the fit) AR/R profiles at At = 13 ns (blue scatters) for MoSe, sample of
three different thicknesses. The solid lines are the fit based on the Fourier model. Pump fluence
fou = 0.035 mJ/cm?2. (b) Obtained apparent thermal diffusivity over a range of thicknesses.
The blue-shaded region is a guide to the eye.

The apparent diffusivity for thin samples notably deviates by orders of magnitude from
that of the 20-layer sample and contradicts both literature values [140] and our trends
measured using Raman thermometry (see Figure 6.4). This huge decrease in apparent
diffusivity is due to the efficient heat transfer of thin MoSe, flakes to the surrounding
atmosphere, resulting in a narrow spatial profile. Similar drastic deviations in thermal
properties, becoming more pronounced as the flakes approach the monolayer limit, are also
reported in Raman thermometry experiments [74]. These results underscore the critical
necessity of conducting thin film heat transport measurements under vacuum conditions

to mitigate potential heat transfer to surrounding air molecules.
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A4. Measurements in vacuum at f,,,g = 4.37 kHz

We then proceed to measure the suspended samples under vacuum conditions at the same
modulation frequency of 4.37 kHz. Figure A.2a shows decay dynamics of the suspended

region for monolayer and bilayer MoSe, systems.
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Figure A.2: Decay dynamics in vacuum for MoSe,. (a) Temporal dynamics obtained
on the suspended region of monolayer and bilayer MoSe;, showing a flat response throughout
the delay line. (b) Decay dynamics on the supported regions of these samples. Pump fluence
fou ~ 0.02 mJ/cm?.

Interestingly, we don’t observe the typical temporal response, with the signal rising at
time-zero and gradually decaying, as shown in Figure 5.2, for example. The absence of
a sharp rise in the signal at time-zero, combined with the presence of a flat (non-zero)
temporal response, indicates that additional heat is permanently present in the system,
at least during the pump-on period. The situation occurs when the system has absorbed
as much energy as it can from the laser pulses, resulting in a plateau in the response,
and indicating that the laser pulses maintain a steady state with a permanently increased
temperature. However, we don’t see such a flat response from the supported regions, see
Figure A.2b. This, as shown before (see Figure 5.2), is because the heat generated by
the first pump pulse flows to the substrate and the system reaches equilibrium before the
arrival of the next pump pulse.

The spatial profiles on these samples also look considerably different than all the profiles
we saw before. We observe a non-monotonous decrease of the transient reflectivity signal
from the pump spot, characterized by oscillations in the profiles, for both monolayer and
bilayer MoSe; (see Figure A.3). A possible explanation for this observation could be
the overheating of the samples, as in this case, we use about 8700 pump pulses (given
by 0.5 X frep/ fmoa) in & pump-on window. This overheating could result in non-linear
effects, such as exciton-halo formation. This occurs at elevated excitation densities, where

the initial Gaussian distribution of excitons evolves into long-lived halo shapes. This
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Figure A.3: Spatial profiles in vacuum for MoSe;. Measured spatial profiles (at At = 13 ns)
on the suspended regions of monolayer and bilayer MoSe,, showing non-monotonous decay of
the signal. Pump fluence f,, ~ 0.02 mJ/cm?.

phenomenon has been observed in WS, using time-resolved microphotoluminescence [191].
Importantly, both these results — the flat temporal response and the non-monotonous
spatial profiles — suggest that experiments in vacuum at a modulation frequency of 4.37 kHz
is not the right measurement configuration for quantifying thermal transport at these

thicknesses.

A5. Temporal dynamics of thin MoSe, flakes
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Figure A.4: Decay dynamics and linearity. (a) Normalized decay dynamics on the suspended
regions of mono, bi, and trilayer MoSe,. (b, c, d) Transient reflectivity signal (at At = 13 ns)
plotted against pump fluence demonstrating the linear dependence of the signal. The solid line
is a power-law fit to the datasets, yielding the exponent of fit to be around 1.02.



A6. Describing the out-of-phase signal

We also describe the out-of-phase signal using our simulation based on heat diffusion to
obtain the in-plane thermal diffusivity D. Figure A.5 shows the out-of-phase profiles along
with the fit for 3L to about 20L MoSes,.
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Figure A.5: Out-of-phase spatial profiles in MoSe;. (a-h) Normalized (to the peak of the
fit) transient reflectivity signals (out-of-phase) measured on suspended MoSe; flakes of varying
thicknesses (fod = 240 kHz). The blue scatters represent the experimental datasets, while
the solid lines are the fits obtained using the diffusive heat transport model based on Fourier's
law. See Figure 7.3 for the in-phase profiles.

We find that the obtained diffusivities align well with our results from Raman thermometry
measurements (see Figure A.G). Here, same as our treatment with the in-phase signal, we

convert the thermal conductivity k to D using the following relation: D = k/C., where

v



Appendiz A. Appendix

C, is the heat capacity of bulk MoSes from literature [163]. The thermal diffusivity values

are very similar to those determined by fitting the in-phase signal (see Figure 7.4).
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Figure A.6: Comparison with Raman thermometry. Obtained thermal diffusivities (out-of-

phase) for MoSe;, from spatiotemporal measurements (blue scatters) and Raman thermometry
(yellow-green scatters), as a function of flake thickness.
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