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Abstract

Anisotropies in thermal conductivity are important for thermal management in a variety of

applications, but also provide insight on the physics of nanoscale heat transfer. As materials are

discovered with more extreme transport properties, it is interesting to ask what the limits are for how

dissimilar the thermal conductivity can be along different directions in a crystal. In this thesis the

thermal properties of Rhenium-based transition metal dichalcogenides (TMDs), specifically Rhenium

Disulfide (ReS2) and Rhenium Diselenide (ReSe2) are reported, highlighting their extraordinary

thermal conductivity anisotropy. Along the basal crystal plane of ReS2, a maximum of 169 � 11

W/mK is detected along the b-axis and a minimum of 53 � 4 W/mK perpendicular to it. For ReSe2,

the maximum and minimum values of 116 � 3 W/mK and 27 � 1 W/mK are found to lie 60� and

150� away from the b-axis, along the polarization direction of some of the principal Raman modes.

These measurements demonstrate a remarkable anisotropy of 3�2� and 4�3� in the conductivity

within the crystal basal planes, respectively. The through-plane thermal conductivities, recorded at

0�66 � 0�01 W/mK for ReS2 and 2�31 � 0�01 W/mK for ReSe2, highlight the impact of their layered

structures, contributing to notably high in-plane to through-plane thermal conductivity ratios of

256� for ReS2 and 50� for ReSe2. This research demonstrates the unique thermal properties that
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these comparatively underexplored TMDs have, shedding light on the need for further exploration

into the intricate thermal behavior of such materials, while underscoring their potential significance

for future applications in the fields of semiconductor devices and nanotechnology.
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Chapter 1

Introduction

Transition metal dichalcogenides (TMDs) are a diverse and promising group of two-dimensional

(2D) materials that manifest semiconducting properties [1]. Composed of a transition metal (e.g.,

Molybdenum (Mo), Tungsten (W), or Rhenium (Rh)) and a chalcogen atom (Sulfur (S), Selenium

(Se), or Tellurium (Te)), TMDs have invoked considerable scienti�c interest owing to their unique

and often tunable electronic and optical properties, with applications envisioned in optoelectronic

and energy harvesting devices [2]. Extensive research has been conducted on the thermal properties

of TMDs [3� 8] such as MoS2 and WS2. Common features of the thermal conductivity of TMDs

include high anisotropy with larger thermal conductivity along the basal plane of the layered crystal,

due to the weaker bonds found across the plane, lower conductivities for TMDs composed of

heavier chalcogen atoms, and long phonon mean free paths at room temperature. Rhenium-based

TMDs, speci�cally ReS2 and ReSe2, have received considerably less attention. While the thermal

conductivity of ReS2 has been investigated by Jang et al [9], ReSe2 remains largely unexplored
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1. Introduction

experimentally. A de�ning characteristic of ReS2 and ReSe2 is their crystal structure, being triclinic

with a more complex unit cell and hence less symmetric than the more common hexagonal TMD

crystal con�gurations. The lack of crystal symmetry naturally leads to more complex anisotropies.

Indeed, Jang et al. [9] measured ReS2 to have a thermal conductivity along the Re atomic chains

(along theb-axis) to be1•4� larger than the orthogonal in-plane direction, and130� larger than the

through-plane direction.

Theoretical studies of the thermal properties of both of these materials have been very limited

thus far. Tongay et al. [10] performed density functional theory (DFT) calculations of the structure

and phonon dispersion of ReS2, showing how the layers constituting the bulk crystal are unusually

decoupled, leading to estimated values of thermal conductivity 70 W/mK in-plane and very low

conductivity of 0.05 W/mK through the plane. In the case of ReSe2, a study by Mahmoud et al. [11]

reports a thermal conductivity of approximately 18 W/mK in thea-axis and 0.69 W/mK along the

c-axis. Bang et al. [12] instead reports theoretical values of about 9 W/mK in-plane and 2 W/mK

through-plane. None of these theoretical studies report any appreciable in-plane anisotropy, in

contrast to the experimental results of Jang et al [9].

This work aims to further elucidate on the thermal conductivity of these TMDs. As it will be

shown later, a signi�cant observation from this study is the distinctively high in-plane anisotropy

manifested by both ReS2 and ReSe2, which is a record in comparison to other TMDs and 2D

materials in general.
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1.1 HEAT TRANSPORT

1.1 Heat Transport

Heat transport, or the movement of thermal energy from one place to another, is a fundamental

physical phenomenon of signi�cant importance. It underpins many of the scienti�c principles and

technological advancements that de�ne modern society. From the operation of simple heat engines

to the development of cutting-edge nanoelectronics, understanding heat transport can provide the

insights necessary to push the boundaries of scienti�c and technological possibilities.

When heat transport is discussed, it is essentially referring to the energy transfer resulting from

a temperature di�erence within a system or between di�erent systems. According to the second law

of thermodynamics, energy naturally �ows from regions of higher temperature to regions of lower

temperature, seeking to achieve thermal equilibrium. This simple yet profound principle governs the

dynamics of heat transport and gives rise to the diverse ways heat is transferred, such as conduction.

Among the mechanisms of heat transport, conduction is crucial, especially in the context of

solids. Conduction is the process whereby heat is transferred through the microscopic collision of

particles, which can be atoms, molecules, or in the case of metals, free electrons. In this process,

kinetic energy is transferred from one particle to another without any large-scale motion of the

medium itself.

For crystalline materials, heat conduction is primarily facilitated by lattice vibrations, commonly

referred to as phonons [13]. The e�ciency with which phonons can transport heat within a material

is indicated by a property known as thermal conductivity. A higher thermal conductivity signi�es

a greater ability to conduct heat. This phonon-mediated heat conduction is in�uenced by various

factors, such as the material's crystal structure, defect density, inherent anisotropy, and temperature,
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1.1 HEAT TRANSPORT

among others [14]. In the context of thermal conductivity, there is the concept of anisotropy,

referring to the fact that not all materials have a uniform thermal conductivity in all directions.

Depending on their crystal structure or types of forces between the atoms, some materials can have

anisotropic thermal conductivities, meaning they conduct heat in some directions, along a speci�c

atomic chain for instance, at a higher rate compared to other crystal directions.

However, things get even more interesting moving into the realm of nanoscale systems. Here,

the classical theories of heat transport, which adequately describe bulk materials, struggle to explain

the phenomena observed. For instance, Fourier's law of heat conduction, which assumes that the

heat �ux within a material is proportional to the negative gradient of the temperature, begins to

break down when the system size becomes comparable to the mean free path of the heat carriers,

i.e., the phonons or electrons [15]. In these conditions, heat conduction starts to exhibit ballistic or

non-di�usive characteristics, challenging the conventional understanding of heat transfer.

Ballistic transport refers to the condition where phonons or electrons travel unhindered, without

scattering, over a signi�cant portion of the system, resulting in a direct heat transfer between the

hot and cold regions [16]. Conversely, in di�usive or non-ballistic transport, phonons or electrons

scatter frequently, causing the heat to spread out in the medium. The transition between these two

regimes, and the understanding of their underlying physics, is a topic of active research in the �eld

of heat transport.

Recent years have seen an upsurge in the exploration of heat transport in two-dimensional

(2D) layered materials like graphite and transition metal dichalcogenides (TMDs) [17]. These

materials are di�erent from 2D materials like graphene in that they consist of atom thin layers
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1.1 HEAT TRANSPORT

building up their bulk crystal structure. They exhibit unique thermal properties, largely stemming

from the di�erent type of bonding between the layers compared to the forces holding the atoms

together inside each layer. This causes vastly di�erent thermal conductivities and large anisotropies

between the in-plane and through-plane directions. In-depth knowledge of heat transport in these

materials can lead to breakthroughs in several application areas, including nanoscale thermal

management in semiconductor devices, thermoelectric energy conversion, and advanced thermal

barrier coatings [18].

Understanding these novel transport phenomena is achieved through a combination of innovative

experimental techniques, advanced theoretical models, and state-of-the-art computational methods.

Experimental techniques like time-domain thermore�ectance (TDTR) and frequency-domain

thermore�ectance (FDTR) enable precise measurement of thermal properties with extraordinary

spatial resolution. Meanwhile, theoretical and computational methods, grounded in quantum

mechanics and statistical physics, provide the tools necessary to model and predict heat transport

behavior at the atomic level.

In conclusion, the study of heat transport serves as a bridge linking fundamental scienti�c

principles with practical applications in engineering and technology. Our increasing ability

to understand and manipulate heat transport at the nanoscale is about to make a revolution in

materials science, enabling the design and creation of devices with tailored thermal properties. The

exploration of phonon behavior, the understanding of ballistic and di�usive transport regimes, and

the investigation of 2D materials contribute to an enriching and expanding �eld. As the intricacies

of heat transport continue to unravel, new opportunities are unlocked for energy management and

5



1.2 2D MATERIALS

technological innovation, propelling us into an era where thermal phenomena are harnessed for the

bene�t of various applications, from e�cient power generation to high-performance computing

systems.

1.2 2D Materials

Two-dimensional (2D) materials, with their unique physical and chemical properties, have sparked a

surge of scienti�c interest [17]. As their name implies, these materials are characterized by having

layers with a thickness of just a few atoms. This ultra-thin con�guration of layers gives rise to a host

of unique characteristics [19], including electronic, mechanical, and thermal properties, which make

these materials promising for various applications [20,21].

The advent of graphene�a single layer of carbon atoms arranged in a two-dimensional

honeycomb lattice�announced the arrival of 2D materials, demonstrating an impressive array of

properties such as high electrical conductivity, robust mechanical strength, and superior thermal

conductivity [22]. The exploration of graphene opened the door to a broader investigation into the

family of 2D materials.

Beyond graphene, the spectrum of 2D materials is vast and varied [23], including semiconducting

transition metal dichalcogenides (TMDs), insulating hexagonal boron nitride, and several others.

Each class of 2D materials boasts unique attributes, making them appealing for a diverse set of

applications, from electronics and optoelectronics to energy storage, sensing, and more [24].

Among these, transition metal dichalcogenides (TMDs) have drawn considerable attention [1].

These materials are composed of a transition metal atom (such as Molybdenum, Tungsten, or
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1.3 MEASUREMENT METHODS

Rhenium) sandwiched between two chalcogen atoms (Sulfur, Selenium, or Tellurium), forming

a MX2 structure. Unlike graphene, which is a zero-gap semiconductor, many TMDs exhibit

semiconducting properties with band gaps in the visible spectrum, rendering them suitable for

applications in electronics and optoelectronics [25].

One particularly compelling aspect of TMDs is the strong correlation between their physical

properties and layer number [10]. Single-layer TMDs, for instance, exhibit direct band gaps, making

them interesting candidates for optoelectronic devices.

In this study, the focus is on a subset of TMDs involving Rhenium (Re), speci�cally Rhenium

Disul�de (ReS2) and Rhenium Diselenide (ReSe2). ReS2 has the unique characteristic of having a

direct band gap of 1.5eV in both the bulk and mono layer form [9], making it a suitable candidate for

electronic devices and photodetectors. While a signi�cant amount of research has been conducted

on other TMDs, most of them showing anisotropic thermal conductivities, Rhenium-based TMDs

have been less explored, presenting an opportunity to uncover new insights. In particular, the aim is

to investigate their thermal properties, which are crucial for potential applications in electronics

where heat management is key. By developing a comprehensive understanding of the thermal

conductivities of these Rhenium-based TMDs, I hope to pave the way for their potential use in future

devices.

1.3 Measurement Methods

Estimating the thermal conductivity of materials is crucial in several �elds, such as electronics,

thermal management, and material science. Various methods have been developed and re�ned
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1.3 MEASUREMENT METHODS

over time, each with its unique features, advantages, and challenges. This section will discuss two

of the most commonly used methods to measure thermal conductivity of thin �lms, time-domain

thermore�ectance (TDTR) and frequency-domain thermore�ectance (FDTR).

TDTR [26] is a non-contact, pump-probe technique that has been extensively used in recent

years to measure the thermal conductivity of thin �lms and nanostructured materials. The method

involves heating the surface of a sample with a pulsed laser (pump beam) and probing the resulting

surface temperature change using a delayed probe beam. The probe beam's intensity change upon

re�ecting from the surface, which depends on the surface temperature, is recorded as a function of

the delay time between the pump and probe pulses. This information, along with a thermal model

that takes into account the layered structure of the sample and the pump modulation frequency, can

be used to determine the thermal conductivity of the material.

One of the advantages of TDTR is its capability to measure the thermal conductivity of very

thin �lms�down to several nanometers thick. This makes it a suitable technique for investigating

the thermal properties of many electronic and thin �lm materials, and in particular 2D materials.

Similar to TDTR, FDTR [27] is a laser-based, non-contact method used to measure the

thermal conductivity of materials. However, instead of analyzing the time-delayed re�ectance

of a probe beam, FDTR involves monitoring the phase and amplitude of the thermore�ectance

signal at di�erent modulation frequencies of the pump beam. This frequency sweep provides a

more detailed picture of the thermal response of the sample, which can improve the accuracy of

the thermal conductivity measurements, particularly for multi-layered samples or materials with

anisotropic or depth-dependent thermal properties. It is important to note that without limitations in
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1.3 MEASUREMENT METHODS

the experimental implementation, TDTR performed with high temporal resolution and spanning

a large range of pump-probe delay times, is complementary to FDTR performed on a broad

frequency bandwidth. In essence, TDTR measures the impulse response function of a system,

whereas FDTR measures the frequency-dependent transfer function. In practice, due to di�erent

experimental conditions, limitations of the equipment and cost considerations, TDTR and FDTR

remain complementary but independent techniques that can be chosen according to the sample being

studied and experimental range of interest. A variation of FDTR named Beam O�set FDTR which

will be explored in detail in the following chapters is speci�cally bene�cial in my measurements

due to the higher sensitivity to in-plane anisotropy making it suitable for the rhenium samples.

FDTR also boasts the ability to measure very thin �lms, like TDTR, and it often provides higher

signal-to-noise ratios because the measurement is taken at a steady state. Nevertheless, similar to

TDTR, FDTR requires precise control of experimental parameters and careful interpretation of data

using appropriate thermal models.

Several other methods exist for measuring thermal conductivity [28], each suitable for speci�c

types of materials or applications. For instance, the 3-omega method [29] is widely used for

insulating thin �lms having low thermal conductivity, based on the measurement of the temperature

oscillation amplitude in a metal line deposited on the sample, when an alternating current is applied.

The hot-wire method [30], on the other hand, is suitable for �uids and soft porous materials and is

based on monitoring the temperature rise of a wire heated by an electrical current and immersed in

the sample. Lastly, the laser �ash method [31] measures the thermal di�usivity of bulk materials by

analyzing the temperature response on the rear face of a sample, following a heat pulse on the front
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1.4 THESIS STRUCTURE

face.

In summary, the measurement of thermal conductivity involves a variety of techniques, each

with its strengths and limitations. The choice of method depends on the nature of the sample (e.g.,

its thickness, structure, and thermal properties), the required accuracy, and the speci�c details of

the application. Despite the ongoing development and re�nement of these techniques, the accurate

determination of thermal conductivity, particularly in nanostructured materials and thin �lms,

remains a challenging task, underscoring the need for continual research in this area.

1.4 Thesis Structure

This thesis is structured to provide a comprehensive overview of the methods, experiments, and

results associated with the thermal conductivity measurements of the dichalcogenides of Rhenium.

Chapter 2 delves into the fundamentals of Frequency-Domain Thermore�ectance (FDTR). This

non-contact, laser-based method is commonly used for measuring the thermal conductivity of

materials, and understanding its underlying principles is crucial for the interpretation of the results

obtained in later chapters. This section will explain the nuances of FDTR, discuss its advantages,

challenges, and typical applications.

In Chapter 3, the discussion is further narrowed down to focus on the Beam O�set Frequency-

Domain Thermore�ectance (BO-FDTR) technique. This variant of FDTR o�ers additional insights

into the in-plane thermal properties of anisotropic materials, which can be particularly useful for

studying the Rhenium dichalcogenides. This chapter will elaborate on the principles of BO-FDTR,

how it di�ers from conventional FDTR, and how it can provide a more detailed picture of the thermal
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behavior of the materials under study.

Chapter 4 constitutes the experimental portion of the thesis. It covers the preparation and

execution of the experimental measurements of the thermal conductivity of Rhenium Disul�de

(ReS2) and Rhenium Diselenide (ReSe2) using the methods discussed in the previous chapters.

Chapter 5 serves as the core section where the actual results and discussion take place. The

data obtained from the experiments will be presented, followed by an in-depth discussion and

interpretation of these results.

Finally, Chapter 6 concludes the thesis, summarizing the key �ndings and their implications.

This study aims to �ll critical gaps. Firstly, I will conduct an experimental measurement of

ReSe2's thermal conductivity for the �rst time, providing much-needed empirical data on this TMD.

Secondly, I will reevaluate the thermal properties of ReS2, utilizing a di�erent methodology than

prior studies. My measurements show a record high anisotropy in both of the materials. In the case

of ReS2, the measured anisotropy is even higher than previous studies on this material. This twofold

approach will not only broaden the understanding of Rhenium dichalcogenides but also critically

examine the impact of experimental methods on the measurement of these properties. Through this,

I seek to o�er a more comprehensive picture of the behavior and potential applications of these

under-studied TMDs.

11



Chapter 2

Frequency Domain Thermore�ectance

2.1 Overview

Frequency Domain Thermore�ectance (FDTR) is a non-destructive, optical pump-probe technique

for measuring the thermal properties of materials. It has received signi�cant attention in recent years

due to its versatility, sensitivity, and the range of applications it can be used for. The main concept

of FDTR is measuring the thermal response of a material and analyzing it as a function of frequency,

rather than time. This frequency-based approach provides certain advantages, such as improved

signal-to-noise ratio and the ability to capture a broader spectrum of thermal transport phenomena.

The principle of FDTR is founded on the phenomenon of thermore�ectance. When a material

is subjected to a change in temperature, there is a corresponding alteration in its re�ectivity. The

change in re�ectivity with respect to temperature is given by the coe�cient of thermore�ectance,

a property intrinsic to each material. This e�ect forms the basis of FDTR measurements, which
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2.1 OVERVIEW

utilize a modulated pump beam to heat the sample and a probe beam to monitor the resulting

temperature-dependent re�ectivity changes.

The pump beam, modulated at a speci�c frequency, induces periodic temperature �uctuations

within the sample. These �uctuations create thermal waves that propagate into the material. The

depth to which these waves penetrate depends on the modulation frequency, with higher frequencies

leading to more super�cial penetration and lower frequencies resulting in deeper thermal wave

propagation [32]. The penetration depth is formulated as [33]:

� =
p

 • c� 5 – (2.1)

where and� are the thermal conductivity and volumetric heat capacity of the material and5

is the modulation frequency.

The re�ected probe beam carries information about the thermal response of the sample. By

analyzing the phase lag and amplitude reduction of the re�ected probe signal relative to the

modulation of the pump beam, information about the thermal properties of the sample can be

extracted [27]. In analyzing the data, it is assumed that the sample's response to the laser beam is

Linear Time Invariant (LTI). In order for this assumption to be true, the thermore�ectance coe�cient

of the material should stay linear. This is only valid if the temperature rise in the sample is small,

which for typical FDTR measurements, is usually the case [27]. Experimentally, this is ensured by

checking weather the phase of the system stays consistent when increasing the pump laser power.

A signi�cant advantage of FDTR is its sensitivity to various thermal transport regimes. By

changing the modulation frequency of the pump beam, FDTR can access di�erent heat transfer
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regimes, from the di�usive to the ballistic [34], thereby providing a comprehensive picture of the

thermal behavior of the material under investigation. If the frequency of the pump beam is low,

the penetration depth will be high, and the heat conduction will be di�usive. As the frequency

goes higher, the depth of penetration becomes shallower, at the point where it becomes smaller

than the mean free path of the phonons in the sample,� p Ÿ MFP, the conduction starts shifting

from the di�usive regime into the ballistic area. Another bene�t of FDTR is that it allows for the

di�erentiation between in-plane and through-plane thermal properties by changing the amount of

o�set between the pump and probe beams, which is particularly bene�cial when studying anisotropic

materials or structures. This variation of FDTR called Beam O�set FDTR will be explored in detail

in the next chapter.

In order to obtain accurate measurements, several aspects must be considered in FDTR

experiments. First, some thermal properties of the sample and the coating layer used for the

measurement need to be known or estimated. Moreover, the spatial pro�les of the laser beams must

be well-characterized. These parameters are then entered in multi-layer thermal models which are

typically employed for data analysis in FDTR [26].

The versatility of FDTR allows it to be applied to a wide range of materials and structures,

including metals, semiconductors, insulators, thin �lms, and more recently, two-dimensional

materials. In all these cases, FDTR provides valuable insights into the thermal characteristics of

these materials, thus contributing to their fundamental understanding and facilitating their application

in areas such as electronics, photonics, and energy systems [35].

In addition to its standard con�guration, several variants of FDTR have been developed to
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address speci�c measurement challenges or to extend its capabilities. For instance, the beam-o�set

FDTR technique has been developed to measure the in-plane thermal conductivity of materials, with

a higher sensitivity than regular FDTR [36]. Another variant of FDTR with improved sensitivity

to lateral heat transport is Frequency Domain Magneto Optical Kerr E�ect or FD-MOKE [37], in

which a magnetic material is used as the transducer layer, utilizing the change in magnetization due

to the temperature change as a means to investigate the samples.

In conclusion, Frequency Domain Thermore�ectance is a powerful tool for the investigation of

thermal transport phenomena in a wide variety of materials. Its versatility makes it an indispensable

technique in the �eld of thermal science.

2.2 Modeling

Analysis of frequency-domain thermore�ectance (FDTR) data involves the solution of the heat

di�usion equation to model heat transfer and extract material's thermal properties from the phase

and amplitude of the re�ected probe beam. In its simplest form, the frequency domain solution for

the surface temperature of a single layer material is given as follows [26]:

6¹Aº =
4� @A

2c A
(2.2)

@2 =
8l
�

(2.3)

� =
 

d2?
(2.4)
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in which  is the thermal conductivity of the material,� is the thermal di�usivity,l is the angular

frequency of the pump beam, andAthe radial coordinate. In equation 2.4d is the density and2?

is the speci�c heat capacity, so that� = d2?. Equation 2.2 describes how the temperature at the

surface of a material can be calculated when it is being heated by a point heat source with the

frequencyl .

Since there is radial symmetry in this problem, Hankel transform can be used to simplify the

convolution of this term later on with the laser beam intensity pro�les since Hankel transform can

be considered a two dimensional Fourier transform when there is circular symmetry. [26]:

� ¹� º = 2c
¹ 1

0
6¹Aº� 0¹2c�AºA3A (2.5)

We get:

� ¹� º =
1

 ¹4c2� 2 ¸ @2º
1
2

(2.6)

Where h is the Hankel transform variable and� 0¹2c�Aº is the zeroth order Bessel function of the

�rst kind. To heat the surface of the sample the pump beam is used with a Gaussian intensity

distribution of?¹Aº where the1•42 radius of the pump beam isF0 [26]:

?¹Aº =
2�

cF 2
0

exp
�
� 2A2•F2

0

�
(2.7)

for which the Hankel transform get calculated to be:

%¹� º = � exp
�
� c2� 2F2

0•2
�

(2.8)

where A is the amplitude of the heat absorbed by the sample at frequencyl . In order to calculate

the surface temperature oscillations distribution\ ¹Aº for the sample the inverse transform of the

16



2.2 MODELING

product of%¹� º and� ¹� º can be taken:

\ ¹Aº = 2c
¹ 1

0
%¹� º� ¹� º� 0¹2c�Aº�3� (2.9)

The data that is gathered through the probe beam is a weighted average of the temperature

oscillations distribution\ ¹Aº:

� T =
4

F2
1

¹ 1

0
\ ¹Aº exp

�
� 2A2•F2

1

�
A3A (2.10)

In which F1 is the1•42 radius of the probe beam. Taking this integral overAresults in a Hankel

transform which is then calculated numerically:

� T = 2c�
¹ 1

0
� ¹� º exp

�
� c2� 2

�
F2

0 ¸ F2
1

�
•2

�
�3� (2.11)

This formula is for a single layer material. In order to solve this equation for a multi-layer sample,

an algorithm developed by Feldman [38] is used which gives the solution for each layer iteratively

based on the layer beneath. For the bottom layer, since heat is not able to reach the other side at a

rate as fast as the modulation frequency,� ¸ = 0 and� � = 1 are taken for that layer.

©
­
­
­
«

� ¸

� �

ª
®
®
®
¬=

=
1

2W=
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­
­
­
«

exp¹� D=C=º 0
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®
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®
¬
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­
­
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� ¸
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ª
®
®
®
¬=¸ 1

(2.12)

D= =
�
4c2� 2 ¸ @2

=

� 1•2
(2.13)

@2
= =

8l
� =

(2.14)
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W= =  =D= (2.15)

The parameters in this equation areC=, � = and = which are the thickness of the layer, thermal

di�usivity and thermal conductivity of the corresponding layer with= being the number of the

layer where= = 1 is the top layer. To model the boundary conductance between the layers, each

is modeled as a thin layer, usually around 1nm with a very low thermal conductivity. In order to

combine equation 2.9 with Feldman algorithm,� ¹: º is taken as follows [26]:

� ¹� º =
�

� ¸
1 ¸ � �

1

� �
1 � � ¸

1

�
1
W1

• (2.16)

2.3 Ballistic vs. Di�usive Transport

As mentioned in the previous sections, FDTR can probe into heat transport regimes from di�usive

to ballistic depending on various parameters such as spot size, modulation frequency and sample

thickness. In the modeling it is assumed the heat transport is fully di�usive, since the criteria for

staying in the di�usive regime have been met. In cases where the mean free path of the phonons

becomes larger than the penetration depth of the beam or the thickness of the material or the spot

size, non-di�usive transport can take place [33], which, if analyzed by a di�usive model, leads to

thermal conductivities lower than the actual value since the contribution by the ballistic phonons has

not been taken into account [34]. In general cases both the thickness of the materials and the spot

sizes are in the range of micrometers whereas the phonon mean free paths are in the nanometer scale.

As for the frequency of measurement, studies have observed reduced thermal conductivities due to

the non-di�usive transport at frequencies up to 200MHz [33], however, most of the measurements
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in this thesis are done at frequencies up to 20MHz.

2.4 Sensitivity

Sensitivity analysis is a crucial step in interpreting FDTR data and ensuring the accuracy of the

thermal property measurements. The fundamental idea of sensitivity analysis is to understand how

the phase of the signal changes when a parameter changes a speci�c percentage. In the measurements,

the phase change of the signal for a change in parameter x is investigated and the formula is de�ned

as [27,39]:

( =
3\

3 ln G
(2.17)

where\ is the phase of the measured signal andGis the parameter of interest. In the Matlab

code a graph is plotted showing how much the signal phase will change if a parameter changes by

10%. This is done for all of the variables over the whole frequency range of measurement. In this

way, one will know if the measurement is sensitive enough to the parameter that one is trying to �t

for or if the measurement is taken in the correct frequency range where the signal is sensitive to the

desired parameter.

When the sensitivity is calculated for each parameter and it is found that one parameter has a

much larger phase change than the others, this indicates that the model is highly sensitive to that

parameter. This sensitivity bears the information that the accuracy of the measurements is especially

dependent on the accuracy of this particular parameter.

The sensitivity should also be compared to the typical noise of the measurement. If the sensitivity
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Figure 2.1: Thermal conductivity sensitivity analysis for Al/SiO2/Si sample. The spot sizes of pump

and probe beams are 1.5 and 0.8` m respectively. kz and kr refer to the through-plane and in-plane

thermal conductivities and the numbers represent the di�erent layers of the sample.
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to a parameter is below the noise, then it will not be possible to determine it's value very accurately.

The FDTR system used in this thesis typically has phase noise of 0.05 deg. So, for example, if the

sensitivity to the thermal conductivity of the top layer of the sample is 0.1 deg for a 10% change

in its value, this variation will be above the noise level of the measurement and its value can be

expected to be determined within a 10% uncertainty.

Sample sensitivity analysis can be seen in Figure 2.1 for an Al/SiO2Si sample with the even

numbered layers being the boundaries between the materials. The thickness of the Al layer is around

50-60 nm and the SiO2 layer is 150-160 nm. For example in this case, in order to be able to extract

the thickness of the third layer, measurements should be done in frequency ranges between 1 and

10MHz since the model is sensitive to it in that frequency region. Another thing to note is that it

might not be possible to get accurate results if it is attempted to extract the through-plane thermal

conductivity of the �rst and fourth layer simultaneously since they have similar sensitivities with

peaks almost in the same frequency, making it hard for the model to distinguish the phase change due

to a increase or a decrease in one them. Finally, sensitivity analysis not only helps with identifying

crucial parameters but also guides experimental design. By understanding which parameters the

model is most sensitive to, the e�orts can be focused on accurately measuring these parameters. As

an example here it can observed that the model is highly sensitive to properties of the �rst layer, so

to get the most precise results, these parameters should be measured as accurately as possible and

given to the model. Alternatively, if the model is insensitive to certain parameters, these parameters

might be �xed at typical values rather than spend resources on their precise measurement. Thus,

sensitivity analysis can enhance the e�ciency and reliability of FDTR measurements.
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2.5 Experimental Setup

The FDTR technique essentially operates using the principles of laser-induced heating and ther-

more�ectance, which refers to the change in the re�ectivity of a material with temperature [40]. The

physical and optical aspects of FDTR can be comprehended by breaking down the setup into its key

components.

Laser Source and Modulation: In Frequency Domain Thermore�ectance (FDTR), a dual laser

system named pump and probe technique is utilized. This laser system is divided into two parts, the

pump laser and the probe laser. The pump laser is modulated at a frequency from kilohertz (kHz) to

the megahertz (MHz) range with the help of a lock in ampli�er. A DC bias brings the pump laser

into linear operation mode and an AC signal varies the output power sinusoidally. Modulation of the

pump beam is crucial as it creates a periodical temperature change in the sample surface which can

then be observed by the probe beam.

Optical System: The optical system's function is to direct and focus the pump and probe beams

onto the sample and back to the detector. In the setup used in this thesis, this system consists of a

series of beam splitters, mirrors, and lenses. Beam splitters are used to direct the beams towards the

sample, while mirrors are used to guide these beams along the optical path. An objective lens is

used to focus the beams onto the sample surface.

Thermal Oscillations and Re�ectivity Change: As the modulated pump beam shines on the

sample, it causes periodical thermal oscillations. These oscillations create a change in the sample's

temperature, which in turn in�uences the sample's re�ectivity. This change in re�ectivity a�ects

the intensity of the re�ected probe beam. Hence, the probe beam essentially carries the thermal
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Figure 2.2: Detailed representation of the FDTR Setup

response of the sample to the modulated heating. This thermal response can then be analyzed to

determine the sample's thermal conductivity.

Signal Detection: The thermore�ectance signal captured by the probe beam is collected and

measured using a photodetector. The photodetector translates the changes in light intensity into

an electrical signal. To accurately interpret this signal, a lock-in ampli�er is used. This device is

synchronized with the frequency of the pump modulation and is able to extract the relevant data

from the thermore�ectance signal [27]. The lock-in ampli�er provides the amplitude and phase

components of the signal. These components contain important information about the thermal

characteristics of the material being studied, such as thermal conductivity and heat capacity.

An overall diagram of the whole FDTR setup as used in this thesis can be seen in Figure 2.3.

The optical isolators pass the beam only in one direction, preventing any beam to shine back at the

laser sources and destabilize them. Similarly, the color �lter in front of the probe laser prevents any
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