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I(2D)/I(G) ≈ 2.2 in (a) indicates graphene sample is single-layer. 
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(a) Schematic of exposure pattern for MoSe2 islands for metal 

deposition and thermal measurements. (b) Optical microscope image 

showing exposed region of sample. (c), (d) Sample geometry used in 

TDTR measurements. (e) Atomic force microscope image, and (f) 

Profile of single-layer MoSe2 (~0.7 nm) along the line shown in (e) 

corresponding to single-layer MoSe2. 
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(a) Single-layer MoSe2 Raman spectrum with two peaks 

corresponding to A1g (out-of plane) and E1
2g (in-plane) modes at 

~244 and ~291 cm-1
, respectively. (b) High resolution Mo 3d XPS 
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spectrum with Mo 3d5/2 and Mo 3d3/2 doublet with peak binding 

energies of 230 and 233 eV, respectively, with slight MoOx peak. (c) 

High resolution Se 3d XPS spectrum with Se 3d5/2 and Se 3d3/2 

doublet with peak binding energies of 54.8 and 55.7 eV, respectively. 

(d) Correlation curve used to calculate TBC from the −𝑽𝐢𝐧 𝑽𝐨𝐮𝐭⁄  

created by varying the M-MoSe2-SiO2 TBC from 1 to 150 MW/m2-

K at a delay time of 100 ps. The solid line is used to create TBC maps 

and corresponds to SiO2 thermal conductivity, 𝒌, of 1.38 W/m-K 

from TDTR measurements. The dashed lines are calculated using the 

upper and lower bounds from MC simulations. 
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Optical microscope images (100x) showing probed area of 2D 

TDTR mapping experiments at (a) Al-MoSe2-SiO2 and (b) Ti-

MoSe2-SiO2 interfaces. (c), (d) Spatial variation of −𝑽𝐢𝐧 𝑽𝐨𝐮𝐭⁄  signal 

showing good alignment with to optical images. 2D TBC map across 

probed 120x120 µm2 area of (e) Al and (f) Ti covered regions of 

sample. Some single-layer MoSe2 regions can be distinguished from 

bilayer regions in both images. The color contours suggest higher 

TBC across Ti-MoSe2-SiO2 interfaces compared to Al-MoSe2-SiO2. 

Also, higher TBC values were located on areas not covered by 

MoSe2 (Al-SiO2 or Ti-SiO2 interfaces). Edge effects are apparent 

from differences in color contours at the center and near the edges of 

MoSe2 islands in (c)-(f). 
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Clustered optical images for (a) Al and (b) Ti samples with single-

layer (blue), bilayer (green), and 0-layer (red) regions highlighted. 

Histograms showing the distribution of TBC values across (c) Al and 

(d) Ti samples confirm TBC in single-layer regions is higher than 

bilayer regions. 
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Summary of TBC values from full TDTR scans at several positions 

across MoSe2 islands from 2D mapping experiments. Error bars were 

calculated using MC simulations. We observed two, clearly-defined 

regions corresponding to M-MoSe2-SiO2 and M-SiO2 interfaces. 

Also, TBC at Ti-MoSe2-SiO2 interface was consistently higher than 

Al-MoSe2-SiO2 interface. TBC increases of 4 and 24 MW/m2-K, on 

average, at Ti-MoSe2-SiO2 and Ti-SiO2 interfaces, respectively, 

compared to Al-MoSe2-SiO2 and Al-SiO2 interfaces show the impact 

of metal contact on TBC. 
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Figure 

7-1 

Scanning electron microscope images showing thickness of (a) 12 

nm and (b) 106 nm HfO2 layers. (c) Cross-sectional TEM images 

showing overall structure of the HfO2 layer in 12 nm (d) and 106 nm 

samples. Si substrate is also shown. (e) Monoclinic and (f) 

amorphous regions of 106 nm HfO2 layer highlighted in (d). 
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Figure 

7-2 

Electron energy loss spectroscopy results of (a) 12 nm and (b) 106 

nm HfO2 sample. FFT of TEM image for (c) amorphous 12 nm 

sample and (d) crystalline region in 106 nm layer. 
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Figure 

7-3 
𝒌-𝑪 diagrams for (a) 215, (b) 106, (c) 53 nm thick HfO2 layers where 

the curves for each frequency intersect at the thermal conductivity 

and heat capacity of the sample. In (a), the intersection points vary 

from 𝒌 = 1.1 W/m-K and 𝑪 = 2.2 J/cm3-K, a 20% decrease in heat 

capacity compared to thinner films. In (b), the intersection points 

occur at 𝒌 = 1.09 W/m-K and 𝑪 = 2.7 J/cm3-K. The curves in (c) 

intersect at 𝒌 = 1.03 W/m-K and 𝑪 = 2.77 J/cm3-K. 
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Figure 

7-4 

Comparison of TDTR signals (8.8 MHz) near the intersecting points 

of the 𝒌-𝑪 diagrams. The 𝒌 (𝑪) values for the 215, 106, and 53 nm 

samples were 1.1 (2.2), 1.09 (2.7), and 1.03 (2.8) W/m-K (J/cm3-K), 

respectively. 
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Figure 

7-5 

(a) Thermal conductivity and TBC at Au-HfO2 interface of 53, 106, 

and 215 nm HfO2 films. The heat capacity from the 𝒌 − 𝑪 diagrams 

in Figure 7-3 were treated as constants, and 𝑻𝑩𝑪𝐇𝐟𝐎𝟐−𝐒𝐢 was held 

constant and set to 150 MW/m2-K. The thermal conductivities were 

comparable to the bulk value. The error bars were determined from 

MC simulations. (b) Comparison of 𝑮𝐓 and 𝒌𝐞𝐟𝐟 values of 12, 53, 

106, and 215 nm thick HfO2 samples. From Equation 1 (solid line), 

the thickness-independent 𝒌𝐢 for HfO2 was estimated to be 1.00 

W/m-K, in agreement with a previous study [275]. The dashed lines 

represent the upper and lower bounds of 𝒌𝐞𝐟𝐟 from the results of MC 

simulations. 
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SUMMARY 

Increased power density in modern microelectronics has led to thermal 

management challenges which degrade performance and reliability. The power 

consumption and heat removal are limited by the thermal boundary conductance (TBC) at 

the interfaces of dissimilar materials and the change in properties such as thermal 

conductivity and heat capacity for thin films at the nanoscale. New materials such as two-

dimensional (2D) graphene and transition metal dichalcogenides (TMDs) are being 

investigated for applications in next generation devices, but the interfaces will play a 

critical role in the overall performance of these materials. In addition, high dielectric 

constant insulators such as hafnia (HfO2) are promising for many future applications, and 

the impact of the thermal properties cannot be overlooked. A fundamental understanding 

and precise characterization of the thermal transport properties at the interfaces and in the 

bulk of these materials is of the utmost importance to ensure energy efficient operation and 

long lifetime in future electronic devices. 

In this work, time-domain thermoreflectance (TDTR) is used to explore the TBC 

at metal-graphene interfaces. Transition metals Ti and Ni have been categorized as having 

a strong interaction with graphene and are expected to exhibit high TBC, but this was not 

observed due to formation of native oxide layer on the surface. The native oxide also 

reduced the TBC well below what is observed for the electron dominated metal-metal 

interfaces. In addition, the insertion of single-layer graphene significantly diminished the 

electronic contribution at Au-Au interfaces. The results highlight important design 

considerations for metal-graphene-metal interfaces in future devices. The interfaces of 2D 
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hexagonal boron nitride (h-BN) and graphene were investigated using TDTR. The phonon 

transmission and TBC were calculated using two forms of the diffuse mismatch model for 

highly anisotropic materials. The findings of this investigation include experimental 

estimation of TBC and contributions of different phonon modes to transmission at h-BN-

graphene interface.  

The spatial variation of TBC at interface of the 2D semiconducting TMD MoSe2 

and metal was demonstrated using a modified TDTR technique. The results indicate 

enhanced TBC at Ti-MoSe2 interface compared to Al-MoSe2. Additionally, image 

clustering revealed increased TBC in single-layer regions compared to bilayer. Both 

findings are crucial to the design and performance of next generation devices featuring 

MoSe2. Finally, the thermal conductivity and heat capacity of HfO2 films of varying 

thickness was estimated using TDTR. A 20% reduction in bulk heat capacity observed for 

a 215 nm layer compared to thinner films is attributed to density differences originating 

from combined amorphous and crystalline film composition. The thickness-independent 

thermal conductivity of HfO2 layers from 12 to 215 nm was observed and the measured 

conductivity was close to the bulk value, a vital observation for the design and performance 

of electronic devices in the future. 
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CHAPTER 1. INTRODUCTION 

This chapter introduces the relevant properties and potential applications of the materials 

that are the subject of this dissertation. First, two-dimensional materials are featured with 

an emphasis on graphene, hexagonal boron nitride, and transition metal dichalcogenides. 

Next, the allure of thin film hafnia is discussed, followed by the motivation for this work. 

The chapter concludes with the overall objectives and outline of the dissertation.    

1.1 Two-Dimensional Materials 

1.1.1 Graphene 

The isolation of stable, two-dimensional (2D) crystals [1] began a revolution in 

condensed matter physics and materials science. Graphene, a single-layer of sp2 bonded C 

atoms in a honeycomb lattice, has been studied extensively since its fabrication was made 

practical by mechanical exfoliation from highly-oriented pyrolytic graphite (HOPG) [2]. 

A 2D semimetal [3], graphene has been an area of intense research over the past decade 

attracting immense interest because of its exceptional electrical and thermal transport 

properties. High intrinsic carrier mobilities of 104 cm2/V-s have been reported for 

suspended graphene with an order of magnitude increase in some samples [4-7]. In-plane 

thermal conductivities up to 5000 W/m-K have also been reported for suspended graphene 

at room temperature (RT) [8-10], in a similar range with individual carbon nanotubes [11-

13] and higher than the best bulk thermal conductor, diamond [14-16]. Figure 1-1(a) shows 

a schematic of the suspended geometry used to measure intrinsic thermal conductivity of 
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graphene with Raman spectroscopy [8]. As a result, graphene has become a promising 

candidate for applications in next generation nanoelectronic devices.   

Graphene field-effect transistors (FETs) have been demonstrated [17-23] with 

cutoff frequency up to GHz range. Lin et al. [19] reported FETs with 100 GHz frequency 

from epitaxial graphene on a SiC substrate. The study was extended to fabricate the radio-

frequency mixers with 10 GHz cutoff frequency as shown in Figure 1-1(b) [21]. Cheng et 

al. [22] fabricated graphene transistors with frequency up to 427 GHz. The lack of intrinsic 

bandgap in graphene sheets make it more suitable for analog and radio-frequency 

Figure 1-1 (a) Graphical representation of thermal conductivity measurement on 

suspended graphene layer. Thermal conductivity of ~5,000 W/m-K is the highest 

room temperature measurement for any material, comparable with carbon 

nanotubes and higher than best bulk thermal conductor diamond [8]. Copyright 2008 

American Chemical Society. (b) Schematic of wafer-scale graphene radio-frequency 

mixer with up to 10 GHz cutoff frequency and good thermal stability [21]. Copyright 

2011 American Association for the Advancement of Science. 
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transistors rather than logic applications [24-26], but graphene nanoribbons have been 

shown to overcome this deficiency [27-29]. The atomic force microscope image in Figure 

1-2(a) shows a single-layer graphene nanoribbon (GNR) from Li et al. [28]. Properties of 

FETs fabricated  from these similar GNRs  are shown in Figure 1-2(b) and (c). ON-OFF 

ratios up to 107 were achieved at RT for sub-10 nm GNRs despite significant reduction in 

mobility. The combination of optical transparency [30-32], large mechanical strength [33, 

34], and high electrical conductivity make graphene a potential transparent electrode 

material [35-38].  Kim et al. showed graphene with sheet resistance 280 Ω/□ and 80% 

transparency for transparent electrodes on flexible PDMS substrates [36]. High bandwidth 

photodetectors based on graphene have also been demonstrated [39-42], but the 

photoresponse is ultimately limited by its zero bandgap and low absorption.  Graphene has 

Figure 1-2 (a) Optical microscope image of single-layer graphene nanoribbons with 

schematic drawing shown in the inset. (b) Graphene nanoribbons in FET application 

showed improved ON-OFF ratio and (c) increased bandgap with decreasing 

nanoribbon width [28]. Copyright 2008 American Association for the Advancement 

of Science. 
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also been utilized in Li ion batteries [43, 44] showing the potential applications of graphene 

are virtually limitless.  

1.1.2 Hexagonal Boron Nitride 

Graphene can be combined with other 2D materials such as insulating hexagonal 

boron nitride (h-BN) or transition metal dichalcogenides (TMDs) like molybdenum 

disulfide (MoS2) or tungsten disulfide (WS2) to build layered, van der Waals 

heterostructures [45-57]. Figure 1-3(a) displays structure and stacking arrangement of 2D 

graphene, h-BN, and TMDs.   These hybrid heterostructures introduce compositional and 

structural diversities to further enrich the properties and applications of 2D materials [58-

60]. For example, the choice of supporting substrate is crucial to exploit graphene’s 

intrinsic properties observed in the suspended geometry [61, 62] and maximize the 

performance of future devices.  Surface charges and impurities, roughness, and surface 

Figure 1-3 (a) Visual depiction of 2D materials graphene, h-BN, and semiconducting 

TMDs (MoSe2, WSe2) for van der Waals heterostructures. Adapted from [58]. 

Copyright 2013 Macmillan Publishers Limited. (b) 2D materials were used to 

construct flexible, transparent thin film transistor with graphene electrodes, h-BN 

gate dielectric, and WSe2 channel on polymer (PET) substrate, a promising 

application for 2D van der Waals heterostructures [56]. Copyright 2014 American 

Chemical Society. 
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optical phonons in SiO2 and similar substrates limits the mobility of graphene devices [63-

68]. h-BN has diatomic (B and N), planar lattice structure nearly identical to graphene 

making it a promising substrate for graphene-based devices owing to its atomically smooth 

surface and small lattice mismatch (~1.7%) with graphene [69, 70], large bandgap [71], 

and comparable dielectric properties to SiO2 [72]. Improved mobility of FET’s channel 

compared to SiO2 has been observed in several studies [45, 46, 48] which emphasizes the 

impact of material selection on the performance of graphene devices. 

For graphene transistors, ON-OFF ratio is hindered by its small intrinsic bandgap 

limiting its application for logic devices [24-26]. Graphene/h-BN and graphene/TMD 

heterostructures showed improved ON-OFF ratio in FET operation due to quantum 

tunneling [47, 49, 51]. Britnell et al. [47] reported an order of magnitude increase in ON-

OFF ratio for a graphene/h-BN heterostructure with ON-OFF ratio of ~10,000 in a 

graphene/MoS2 device. In addition, graphene electrodes were implemented in flexible 

devices featuring semiconducting WS2 (direct bandgap of 2.0 eV in monolayer form [73]) 

as the channel material to achieve ON-OFF ratio of 106 [47]. A flexible, transparent WSe2 

transistor (Figure 1-3(b)) with graphene electrodes and h-BN gate dielectric was fabricated 

on polyethylene terephthalate (PET) substrate [56] and maintained device characteristics 

for up to 2% in-plane strain. The thermoelectric properties of graphene/h-BN 

heterostructures have also been investigated [74, 75], and though efficiency is low, the 

thermionic response may play a role in other applications of these devices. Also, the weak 

van der Waals interaction between stacked 2D layers may invoke additional phonon 

scattering reducing the thermal conductivity, 𝑘, which is desired to boost the figure of 

merit, 𝑍𝑇 ∝ 1 𝑘⁄ , for thermoelectric devices.  
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1.1.3 Transition Metal Dichalcogenides 

The absence of a bandgap in pristine graphene has led to increased interest in other 

2D materials. Transition metal dichalcogenides (TMDs) with the chemical formula MX2 

(M = transition metal atom, X = chalcogen) [76, 77] exhibit a range of properties covering 

the full spectrum from insulators (HfS2), semiconductors (MoS2, WSe2, MoSe2), 

semimetals (WTe2, TiSe2), to metals (NbS2, VSe2) [78]. Many exist as layered structures 

with hexagonal lattice, but unlike planar graphene and h-BN, the metal atoms are 

sandwiched between two layers of chalcogen atoms. TMDs with semiconducting 

properties, such as MoS2, are promising for many applications including field-effect 

transistors [79-82] and optoelectronic devices [83-86]. 

MoS2 has a direct bandgap of 1.8 eV in single layer form [87-89], and multilayer 

MoS2 transistors have displayed high carrier mobility of 700 cm2/V-s [82] with ON-OFF 

current ratios of 107-108 [80, 81] for MoS2 layers of varying thickness. In addition, the 

strong photoluminescence [88-90] make it attractive for optical applications, and the 

thickness-dependent bandgap can be used to tune the photoresponse as illustrated by the 

schematic in Figure 1-4 for a top-gated MoS2 phototransistor [83]. Monolayer MoS2 

photodetectors with very high photoresponsivity of 880 A/W [84] up to 2200 A/W [85] 

have already been demonstrated. MoSe2 is another promising TMD with similar properties 

[88, 89, 91] and applications [92-96] as MoS2. In the solar spectrum, the optical response 

of MoSe2 is expected to be greater than MoS2 [88, 97], thus, making it the TMD of choice 

for applications such as solar cells. The large Seebeck coefficient of TMDs has also created 

interest in thermoelectric applications [98-101].  
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1.1.4 Xenes and other 2D Materials 

Interest in the 2D material class known as Xenes has increased dramatically in 

recent years. The monoatomic 2D-Xenes comprised of group IV elements (X = P, Si, Ge, 

Sn) termed phosporene (i.e., monolayer black phosphorus), silicene, germanene, and 

stanene are arranged in a honeycomb lattice like graphene and h-BN [102-104]; however, 

the increased atomic distance causes in-plane buckling or puckering (in the case of 

phosphorene) resulting in highly anisotropic transport properties. Layered bulk materials 

composed of silicene and germanene, while more technologically relevant, do not exist. 

Instead, they are grown epitaxially from metal substrates [105-109] and suffer from air 

stability issues [110, 111] making experimental study a more arduous task. Despite, 

silicene FETs with mobility of 100 cm2/V-s were demonstrated experimentally [112]. 

On the other hand, bulk black phosphorus is a stable, layered material similar to 

graphite and phosphorene layers have recently been exfoliated for experimental studies 

[113-115]. Phosphorene has a band gap of 1.5 eV in monolayer form compared to 0.33 eV 

Figure 1-4  Top-gated MoS2-based phototransistor with transparent gate electrode. 

Thickness-dependent mobility and bandgap of MoS2 (or MoSe2) enables application-

specific modulation of the photoresponse [83]. Copyright 2012 American Chemical 

Society. 
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for bulk black phosphorus [116, 117]. Carrier mobility of up to 1000 cm2/V-s and ON-OFF 

ratio of 105 at RT has been observed in few-layer black phosphorus [118] which is higher 

than TMDs. The thickness dependent bandgap make tunable photodetection another 

promising application [119, 120]. Other 2D material classes include group IV 

monochalcogenides (SnS, GeS, GaS, etc.) [121-124], transition metal and complex metal 

oxides (MoO3, V2O5, CoO2, Bi2Sr2Co2O8) [125-128], and transition metal carbides, 

carbonitrides, nitrides collectively termed MXenes [129-132]. Overall, the field of 2D 

materials is still in its infancy and will continue into the distant future as new materials and 

applications are continuously being discovered. 

1.2 Thin Film Hafnia 

Scaling of the gate dielectric in complementary metal-oxide-semiconductor 

(CMOS) FETs has followed Moore’s law [133] for transistors, and recently issues arose 

with increased power dissipation and reliability [134-137]. The dielectric of choice had 

been SiO2 which in turn propelled Si, along with its ubiquity, to the forefront of all CMOS 

devices because of desirable properties of bulk thermal SiO2 as well as the Si-SiO2 

interface. Fundamental limits have been achieved whereby increased leakage current 

across SiO2 make additional scaling impossible. The solution to this problem lies in high 

dielectric constant (high-k) materials which can maintain the performance of SiO2 (i.e., 

high gate capacitance) without the inherent problems associated with its application in an 

ultrathin geometry [138, 139]. Hafnia (HfO2) is an essential high-k (𝑘 = 25) transition metal 

oxide which replaces SiO2 as the ultrathin gate-dielectric in Si-based FETs with small gate 

length [140, 141] allowing for use of thicker dielectric layers which reduces leakage current 

and lowers power consumption in the OFF state. 
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The family of circuit elements (resistors, capacitors, inductors) grew recently with 

the “discovery” of the memristor device [142], first theorized by Chua [143] in 1971 and 

studied by several prior to this [144, 145]. Memristors are two-terminal devices employing 

metal-insulator-metal geometries whose  fundamental operation rely on the migration of 

charged dopants in the insulator layer (e.g., oxygen vacancies in transition metal oxides 

[146]) and are promising for many application such as non-volatile memory [147-150] and 

artificial neural networks [151-154]. HfO2 has attracted immense interest because of low 

power and high speed when switching ON and OFF [155-161]. The transmission electron 

microscope image in Figure 1-5(a) shows an HfO2-based memristor crossbar with 10x10 

nm2 area. Also, the applicability of HfO2-based memristors for image processing was 

recently demonstrated (see Figure 1-5(b)) [162]. In addition, thicker HfO2 layers are used 

as optical or thermal coatings because of high refractive index, low absorption, hardness, 

and thermal stability [163-169].  

Figure 1-5 (a) Transmission electron microscope image of HfO2-based memristor 

crossbars for resistive random-access memory cells fabricated down to 10x10 nm2 

area [157]. Copyright 2011 IEEE. (b) Photograph and microscope image for 

highlighted area of HfO2-based, 128x64 memristor crossbar array integrated with 

metal-oxide-semiconductor transistor to perform image processing [162]. Copyright 

2017 Macmillan Publishers Limited. 
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1.3 Motivation 

The volume of research pertaining 2D materials is expansive; however, the thermal 

properties of 2D materials as well as their interaction with metals-insulators in typical 

device architectures have received much less attention. In general, the atomically-thin layer 

thickness of these 2D materials and their heterostructures dictates that the thermal transport 

across the interfaces (e.g., substrate, metal contacts) will limit heat removal [170-172] but 

is not completely understood. Thermal management of such devices must be addressed to 

ensure optimal performance and reliability. A fundamental understanding of thermal 

transport at these interfaces is of great importance to the design process and is essential for 

commercial applications to become viable in the future. 

The miniaturization of modern electronics has significantly increased the power 

density which has important implications on device performance and reliability [173]. 

Elevated temperature and hotspot formation, caused by self-heating within the active 

region, can reduce battery life and shorten overall device lifetime. New geometries and 

decreasing film thicknesses makes proper thermal management critical as efficient heat 

extraction becomes increasingly difficult. Thermal conductivity is less than bulk when 

critical dimensions become less than mean free path of carriers [174] (e.g., phonons in Si 

[175-177]) and increased surface area to volume ratio heightens the importance of 

interfaces. As a result, accurate estimation of thermal properties of electronic materials 

(e.g., thin films and interfaces) is critical to improve design and analysis of future devices. 
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1.4  Objectives and Outline of Dissertation 

This dissertation is intended to experimentally investigate the thermal transport at 

the interfaces of 2D materials and the properties of thin film HfO2. Time-domain 

thermoreflectance is used to accomplish these goals. The following is the organization of 

the thesis. Chapter 2 presents the background material which is the foundation for the work. 

Included are some fundamental heat transfer theory which are vital to thermal properties 

at the nanoscale and a survey of relevant results in the literature. Also, the meaningful 

contributions of the current work are summarized. Chapter 3 discusses the experimental 

technique used to interrogate the samples in this study. The results pertaining to metal-

graphene interfaces are included in Chapter 4. The study is extended to h-BN-graphene 

interfaces, including modelling, in Chapter 5. The spatial variation of thermal boundary 

conductance at metal-MoSe2 interfaces is presented in Chapter 6. The thermal properties 

of thin film HfO2 are examined in Chapter 7. Chapter 8 summarizes the findings presented 

in this dissertation and discusses the outlook for future work. 
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CHAPTER 2. BACKGROUND 

This chapter discusses the fundamental concepts pertinent to the study of heat transfer at 

the nanoscale. Focus is given to the thermal properties associated with the conduction of 

heat in solid materials which dictate the performance of modern microelectronic devices. 

Next, recent experimental and theoretical work on metal-graphene, h-BN-graphene, and 

metal-MoSe2 interfaces along with the thermal properties of thin HfO2 are reviewed. The 

chapter concludes with a list of contributions of the current work. 

2.1 Heat Transfer Fundamentals 

Heat conduction in bulk solids is primarily due to low frequency, quantized lattice 

vibrations called acoustic phonons, so named because they resemble sounds waves. High 

frequency optical phonons can interact directly with electromagnetic radiation (i.e., 

photons), but do not contribute much to heat conduction [178-180]. For metals, the electron 

density is several orders of magnitude larger than typical dielectrics and semiconductors 

allowing electrons to play a significant role. The thermal conductivity, typically 

represented by the variable 𝑘, quantifies a materials ability to transport heat. Physically, 

the value represents the thermal power per unit distance per unit temperature, given in units 

of W/m-K, and is an important metric to the thermal design of electronic devices. 

Thermal conductivity is related to the heat flux (𝑄”) and temperature gradient (∇𝑇) 

in a solid by the heat diffusion equation [181], 𝑄” = −𝑘∇𝑇. A relationship for 𝑘 is given 

by kinetic theory [182], 𝑘 =
1

3
𝐶𝑣Λ, where 𝐶 is volumetric heat capacity (the product of 
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mass density and specific heat, 𝜌𝑐𝑝), 𝑣 is the average carrier velocity, and Λ is the carrier 

mean free path. Amorphous solids typically have low carrier mean free path and thus low 

thermal conductivity compared to crystalline solids. For comparison, the amorphous 

dielectrics SiO2 (1.3 – 1.4 W/m-K) and HfO2 (1.1 W/m-K) [183] have relatively low 

thermal conductivities compared to single crystal Si (~150 W/m-K [184]). Metals such as 

Cu and Ag have thermal conductivities of near 400 W/m-K [185]. Carbon allotropes 

diamond (2000 – 3000 W/m-K [14-16]) and graphite (2000 W/m-K, in-plane [186]) have 

the highest thermal conductivity of bulk materials, owing to the extremely light C atoms 

along with very strong atomic bonding which increases carrier velocity and mean free path.  

At the interface of two dissimilar materials the total interface conductance is the 

combined contribution of two components: the thermal contact conductance and the 

thermal boundary conductance (TBC). Both are typically expressed in units of MW/m2-K, 

or thermal power per unit temperature per unit area. The difference between the two 

quantities is illustrated in Figure 2-1(a) and (b). The thermal contact conductance [187, 

188] is related to the mechanical quality (e.g., roughness) of the interface which, from a 

microscopic perspective, impedes heat flow by significantly reducing the contact area 

between the solids. The contact area of macroscopically smooth surfaces is generally less 

than 1% of the apparent area, and the remaining area is filled with low thermal conductivity 

air (0.026 W/m-K). The contact conductance is difficult to measure, but it is generally 

several orders of magnitude larger than the TBC. For materials in “perfect” contact, the 

TBC, or Kapitza conductance [189-191], arises from the difference in vibrational 

properties of the two materials. There can also be atomic mixing at “perfect’ interfaces. As 

a result, a temperature drop, ∆𝑇, will be experienced at the interface. This temperature drop 
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is proportional to the heat flux across the interface, 𝑄” = 𝑇𝐵𝐶 ∙ ∆𝑇, and the TBC is the 

constant of proportionality. Typical values of TBC range are on the order of 101 – 102 

MW/m2-K for phonon-dominated metal-dielectric and metal-semiconductor interfaces 

[192-194] at RT but can be as high as 103 MW/m2-K for electron-dominated metal-metal 

interfaces [195, 196]. 

In addition to transport within the bulk and across the interfaces, solids possess an 

innate ability to store thermal energy [185]. The volumetric heat capacity, 𝐶, measures this 

ability in units of J/m3-K, or the energy per unit temperature per unit volume. The heat 

capacity for solids (and liquids) is on the order of 106 J/m3-K. The heat capacity is defined 

as, 𝐶 =
1

𝑉
(

𝜕𝑈

𝜕𝑇
)

𝑉
, where 𝑈 is average internal energy of the material and 𝑉 is volume [178]. 

In general, as with thermal conductivity, the heat capacity can include contributions from 

phonons and electrons. Statistical thermodynamics relates the allowable quantum states of 

energy carriers (i.e., phonons and electrons) to the macroscopic properties of matter (e.g., 

Figure 2-1 (a) Microscale surface roughness reduces the contact area creating a 

temperature drop, thus, limiting the total heat transport at the interface between two 

materials. This contribution to the total thermal conductance is termed thermal 

contact conductance. (b) At “perfect” interfaces, the difference in vibrational 

properties, and atomic scale mixing, is also a limiting factor. Incoming phonons are 

scattered giving rise to a temperate difference across the interface. This component 

of the total thermal conductance is known as the thermal boundary conductance. 
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heat capacity) through the probability distribution function of the carriers [180]. The 

allowable quantum states of the energy carriers vary for every material and are given by 

the dispersion relations, and the density of states (DOS) is the total number of allowable 

states per unit volume per unit energy interval. 

As an example, Figure 2-2(a) plots the phonon dispersion of graphite along the high 

symmetry Γ→Κ direction of the first Brillouin zone (FBZ) [197]. Phonons follow a Bose-

Einstein distribution, 𝑓(𝜔) =
1

exp(ℏ𝜔 𝑘𝐵𝑇⁄ )−1
, where 𝜔 is angular frequency and ℏ and 𝑘𝐵 

are the reduced Planck’s constant and Boltzmann constants, respectively, while electrons 

follow a Fermi-Dirac distribution, 𝑓(𝐸) =
1

exp[(𝐸−𝜇) 𝑘𝐵𝑇⁄ ]+1
, where 𝐸 in energy and 𝜇 is a 

property called the chemical potential [179]. Both functions give the probability of finding 

an energy carrier at a given energy level in a system at equilibrium temperature, 𝑇. 

Relationships for the internal energy and, thus, the heat capacity of electrons and phonons 

have been given elsewhere [178-180]. The previous discussion was merely intended to 

illustrate the origin of these properties. The heat capacity of graphite was calculated [179, 

198] and plotted in Figure 2-2(b) along with published values from Desorbo et al. [199] 

and Bergman et al. [185] to show the accuracy with which macroscopic properties can be 

determined from the quantum phenomena. The thermal conductivity and heat capacity can 

be combined to define the thermal diffusivity, 𝐷 = 𝑘 𝐶⁄ , of a material which dictates the 

transient response to a thermal input and thus critical for thermal management of high-

power microelectronic devices.    
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2.2 Oxidation Limited Metal-Graphene Interfaces 

Heat removal in short channel graphene devices may be limited by metal-graphene 

(M-G) interfaces [200, 201] causing localized heating which can have a detrimental effect 

on performance and reliability of these devices. The M-G interaction is a mixture of 

covalent, ionic, and van der Waals interactions [202]. Metals have been categorized into 

two groups, weak adsorption (physisorption) and strong adsorption (chemisorption) [203-

Figure 2-2 (a) Graphite phonon dispersion from literature along the high symmetry 

Γ→Κ direction of the FBZ [197]. (b) The phonon dispersion was used to calculate the 

heat capacity for graphite and shows good comparison with published values from 

Desorbo et al. [199] and Bergman et al. [185] 
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205], based on their interfacial interaction strength with graphene. Interfaces between 

graphene and metals such as Ni, Co, Cr, Pd, and Ti result in chemisorption, which perturbs 

the electronic band structure of graphene due to hybridization of graphene π-bands with 

metal d-bands. These are favored over metals such as Cu, Al, Ag, Ir, Au, and Pt which 

result in physisorption. At physisorbed interfaces, the graphene electronic band structure 

is preserved; however, significant charge transfer may occur from metal to graphene, or 

vice versa, depending on the differences in work function causing a shift in graphene Fermi 

level and the formation of an interface dipole layer. 

This difference is illustrated graphically in Figure 2-3 where Khomyakov et al. 

[204] used plane averaged electron density to visualize the electron redistribution around 

the interface. In Figure 2-3(a), the density of electrons on either side of the interface is high 

for physisorbed M-G interface such as Au but quite low at interface (i.e., dipole formation). 

However, Figure 2-3(b) shows that for chemisorbed Ni-G interface the electron density at 

the interface is high. Also, the charge per carbon atom was greater compared to  

physisorbed Au, and the graphene metal separation difference was lower. The graphene 

becomes n-type (Cu, Al, Ag, Ni, Co, Pd, Ti) or p-type (Au, Pt) doped depending on the 

selection of metal contacts and can be used to create p-n junctions [206, 207]. However, 

the thermal transport at the M-G interface has been attributed to phonons [208-210]. The 

M-G interaction has also been shown to affect the phonon dispersion of graphene [211-

215], with more pronounced changes for chemisorbed interfaces (Ni, Ti) compared to 

physisorbed (Au, Cu, Pt).   
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Previous studies have shown that metal-graphene-metal (M-G-M) sandwiched 

structure may enhance the M-G interface interaction. Gong et al. [216] varied the top and 

bottom metals in an effort to improve the interface interaction between graphene and 

physisorbed metals. The result was increased binding energy at Cu-, Ag-, Ir-, Au-, and Pt-

G interfaces, which was attributed to different interface dipoles being formed at the top and 

bottom M-G interfaces. Franklin et al. [217], using 25 nm Pd-5 nm Ti as the bottom metal 

and 30 nm Au-30 nm Pd-0.5 nm Ti as the top metal, showed a 40% reduction in electrical 

contact resistance (Figure 2-4). This was attributed to enhanced M-G coupling and higher 

graphene doping. Using density functional theory (DFT), Liang et al. [215] showed a 

significant change in the phonon DOSs of single-layer graphene (SLG) sandwiched 

between Ti layers, which was attributed to strong interactions of SLG with Ti 

(chemisorbed) compared to Cu and Au (physiorbed). The result was much higher TBC at 

Figure 2-3 (a) Plane averaged electron density show formation of dipole characteristic 

of physisorbed Au-G interface. (b) At chemisorbed Ni-G interface, the distribution of 

electrons is significantly different, and the charge per carbon atom is higher and the 

separation distance smaller. Adapted from [204]. Copyright 2009 American Physical 

Society.   
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Ti-SLG-Ti interface compared to Au-SLG-Au and Cu-SLG-Cu interfaces calculated using 

DFT along with the atomistic Green’s function (AGF) method. Mao et al. [218] also 

showed increased TBC at chemisorbed Ni-SLG  interface compared to physisorbed Au- 

and Cu-SLG using first-principles calculations.  

Time-domain thermoreflectance (TDTR) has been used previously to measure TBC 

at M-HOPG [219, 220], M-G-SiO2 [208, 221-225], and M-G-M interfaces [209, 210, 226, 

227]. Schmidt et al. [219] reported the TBC at Ti-HOPG interface to be three to four times 

higher than Au-HOPG interface and two to three times higher than Al-HOPG interface, 

indicating that chemisorbed interfaces can have much higher TBC. The inclusion of a 5 nm 

Ti adhesion increased TBC at Al-HOPG interface to values comparable to Ti-HOPG 

interface. Gengler et al. [220] measured TBC at several M-HOPG interfaces and found 

TBC increased with metal Debye temperature up to ~400 K and remained constant at ~60 

MW/m2-K above 400 K. The M-HOPG studies are insufficient to completely explain the 

M-G interaction since HOPG is essentially successive graphene layers bonded by van der 

Figure 2-4 A 40% reduction in electrical resistance at metal-graphene-metal (i.e., 

double contacts) was observed compared to metal-graphene (i.e., top contacts) [217]. 

Copyright 2011 IEEE. 
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Waals forces, while isolated graphene must be supported by materials (e.g., SiO2, metals) 

with very different vibrational properties, interface structure, and chemical interaction (if 

any). 

Koh et al. [208] reported the TBC at Au-G-SiO2 (2 nm Ti adhesion layer) interface 

to be 20-30 MW/m2-K at RT for 1-10 graphene layers. In the same study, TBC was found 

to depend weakly on temperature above 100 K suggesting the dominant heat carriers across 

this interface were acoustic phonons. Hopkins et al. [221] chemically functionalized 

graphene with oxygen using O2 plasma in an Al-G-SiO2 structure [6], and TBC was 

increased from 30 to 40 MW/m2-K at RT demonstrating that interfacial bonding plays 

important role in heat transport across this interface [228]. Foley et al. [223] and Walton et 

al. [224] also studied the effects of plasma-functionalization of graphene. Foley et al. [223] 

also observed no enhancement in TBC or electrical contact conductance at Au-G-SiO2 

interface with and without a Ti adhesion layer. The authors attributed this to the limited 

surface reactivity of the graphene surface, however, this effect was not investigated for 

additional metals such as Ni or even Cr. 

Yang et al. [222] used frequency-domain thermoreflectance (FDTR) to create 

micron-scale maps of TBC as well as in-plane thermal conductance, which was used to 

determine thermal conductivity of graphene, encased between Ti and SiO2. The TBC was 

reported to 20-25 MW/m2-K at RT for one to seven graphene layers, similar to values at 

Au-G-SiO2 interface. The effect of oxidation on transport properties at Ti-G interface has 

been reported recently by Freedy et al. [225], who showed TBC decreased with increasing 

oxide composition in a 5 nm Ti film on SiO2 by varying Ti deposition rate. A similar result 

was observed at other metal-nonmetal interfaces [229]. Jiang et al. [226] combined X-ray 
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photoelectron spectroscopy (XPS) and TDTR and observed enhanced TBC across Al-G-

Cu, Cu-G-Cu, and Pt-G-Cu interfaces through controlled oxidation of graphene (Figure 

2-5(a)). Huang et al. [209] showed that improving conformity of graphene to underlying 

metal increased TBC across Al-G-Cu interface by 35% despite oxidation of underlying Cu 

layer (Figure 2-5(b)). The contribution of electrons across M-G-M interfaces has been the 

subject of recent literature.  Zhang et al. [227] reported an electronic contribution  while 

the temperature-dependence of TBC reported by Huang et al. [210] for Pd-G-Pd seemed  

to confirm no electronic contribution. Despite numerous studies, the TBC at suspected 

physisorbed and chemisorbed M-G interfaces has never been directly compared.  

2.3 Hexagonal Boron Nitride-Graphene Heterostructures 

To date, the most popular approach to creating 2D material heterostructures has 

been mechanical stacking of exfoliated or chemical vapor deposition (CVD) grown layers 

Figure 2-5 (a) Graphene surface oxidation enhanced TBC from 38 – 55% at various 

metal-graphene interfaces but decreased as oxygen/carbon atom percentage rose 

above ~7.7% [226]. Copyright 2016 Royal Society of Chemistry. (b) Improved surface 

conformity of graphene following anneal at 300 °C, led to a 35% increase in metal-

graphene TBC [209]. Copyright 2016 Elsevier Ltd.  
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[45-48, 50-54, 57]; however, direct, sequential CVD growth [230-233] or epitaxial growth 

on exfoliated 2D layers [234-236] are also possible. Regardless of preparation method, 

different stacking arrangements in graphene-h-BN vertical heterostructures are possible 

resulting in different electronic and phononic properties [69, 237-241]. As stated earlier, 

heat dissipation from atomically-thin 2D layers is limited by interfacial transport [171], 

also making them an ideal material system for the study of interfacial thermal transport. 

Nevertheless, thermal transport across the interfaces in van der Waals heterostructures is 

not completely understood but is required to keep the device temperature below threshold 

and enable energy efficient operation. Also, interface quality can vary from sample to 

sample and across samples based on preparation method making it difficult to obtain an 

intrinsic measurement. Ultimately, proper control and characterization of the thermal 

interfaces in layered heterostructures is crucial for practical device applications. 

The TBC at graphene-h-BN interfaces have been reported recently [241-246]. 

Using first principles AGF simulations, Mao et al. [242] reported a RT TBC of 187 

MW/m2-K for a multilayer graphene-multilayer h-BN structure. Zhang et al. [244] 

estimated the TBC at graphene nanoribbon-h-BN bilayer structure to be 5 MW/m2-K at RT 

using classical molecular dynamics (MD) simulations.  Yan et al. [241] used first principles 

simulations to study the effect of stacking arrangement on TBC for monolayer graphene 

sandwiched between layers of h-BN. The RT TBC values reported in this study ranged 

from 30-50 MW/m2-K. The first experimental measurement was performed by Chen et al. 

[243] using Raman spectroscopy. The reported value of 7.4 MW/m2-K was less than most 

theoretical results, which the authors attributed to trapped impurities resulting from the 

transfer process. Liu et al. [245] measured TBC at graphene-h-BN interface to be 52.2 
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MW/m2-K using the same Raman technique, while Kim et al. [246] predicted TBC of 5-

10 MW/m2-K in electrically biased graphene FET on h-BN substrate. Recently, Choi et al. 

[247] observed a two-fold reduction in hotspot temperature in graphene devices on h-BN 

compared to SiO2 highlighting the potential impact of the graphene-h-BN interface. 

Variation in TBC values calculated using different atomistic simulation techniques such as 

AGF and MD may be expected due to different assumptions and limitations. However, 

there is discrepancy in results even when an identical measurement technique, Raman 

spectroscopy, is used. Also, the Raman technique requires a patterning step to form leads 

(Figure 2-6) for electrically heating the graphene to create a temperature difference.  

2.4 Spatial Mapping of Metal-MoSe2 Interfaces 

The electrical properties of metal-TMD interfaces have been studied extensively 

[82, 248-251], but much less attention has been given to the thermal properties until 

recently. The metal contacts can be an important heat transfer pathway for flexible devices 

on polymer substrates [252]. In addition, operating temperature may affect the 

Figure 2-6 The Raman spectroscopy technique used to measure the TBC at graphene-

h-BN interfaces requires a patterning step to form electrical leads for Joule heating 

of graphene layer. The above optical images of samples tested in studies by (a) Chen 

et al. [243] and (b) Kim et al. [246] with metal electrodes. The variation of TBC for 

independently measured samples with identical technique demonstrates the necessity 

for additional investigations of the graphene-h-BN interface. (a) Copyright 2014 AIP 

Publishing LLC. (b) 2018 IOP Publishing Ltd. 
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semiconducting properties of TMDs [88, 253] making proper thermal management critical 

to design and performance of TMD devices. Previous studies have looked at the effect of 

different work function metal contacts on electrical properties of the metal-MoSe2 interface 

[254, 255]. The choice of metal contact can affect binding energy, charge redistribution, 

and doping resulting in varying Schottky barrier heights for carrier injection from metal to 

MoSe2. In addition, the interfacial properties may change for face- and edge-contacted 

devices similar to graphene [256]. 

Theoretical and experimental studies have reported TBC at metal-MoS2 [257-259] 

or substrate-MoS2 interface [260-263]. Mao et al. [257] and Yan et al. [259] even reported 

enhanced TBC for chemisorbed (i.e., strongly adsorbed) metal-MoS2 interfaces caused by 

orbital hybridization and electronic charge redistribution enhancing the phonon 

transmission at metal-MoS2 interface. However, much less work has been reported on 

MoSe2 despite its technological importance with an emphasis on the thermal conductivity 

[264-266]. Zhang et al. [267] used Raman spectroscopy to measure the TBC across MoSe2-

metal-SiO2 interface and reported an extremely low value of  0.1 MW/m2-K. The thermal 

properties of the metal-MoSe2 interface have yet to be studied extensively beyond this 

study. The metal-MoSe2-SiO2 interface represents the electrical contact geometry in a 

typical TMD based device which is an important heat transfer pathway in short channel 

devices [200], thus the interface must be engineered to maximize heat removal. 

2.5 Thermal Conductivity and Heat Capacity of Thin Film Hafnia 

Amorphous HfO2 films become partially crystalline as thickness of deposition 

increases which can affect surface morphology [268, 269] and electrical properties [270, 

271]. While the thermal properties of polycrystalline and amorphous HfO2 films have been 
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reported [272-276], the effect of crystallization is not completely understood. Thermal 

property measurement of thin film samples can become relatively complex compared to 

measuring properties of bulk samples as contact resistances become comparable with the 

resistance of thin films. Thermal conductivity of thin film HfO2 were reported by several 

studies. Lee and Cahill [272] measured the thermal conductivity of >500 nm 

polycrystalline HfO2 using the 3ω method to be ~1.2 W/m-K at RT. Hinz et al. [273] used 

scanning thermal microscopy to estimate the thermal conductivity of a 3 nm a-HfO2 layer 

to be 0.27 W/m-K. 

Few measurements of RT heat capacity of thin film of HfO2 can be found in 

literature. A very early study of bulk monoclinic HfO2 (with 1.66% ZrO2 impurity) 

reported molar heat capacity of 60.25 J/mol-K [277], while a more recent study determined 

the molar heat capacity of monoclinic HfO2 powder to be 58.63 J/mol-K [278]. These 

values correspond to volumetric heat capacity of 2.69 – 2.77 J/cm3-K. The electronic 

application of HfO2 typically uses amorphous phases, the properties of which may be 

affected by impurities, nanocrystalline structure, etc. The existence of nanocrystalline 

structure inside sample might lead to differences in heat capacity compared to bulk due to 

the modification in interatomic coupling as a consequence of variation in atomic structure 

[279] and excess volume due to grain boundaries [280]. Wang et al. [281] observed heat 

capacity enhancement for Al2O3. Microcalorimeters have been used to study heat capacity 

of thin films [282, 283] with few examples of heat capacity enhancement [284-286]. 

Accurate estimation of thermal properties is important to better understand and analyze 

HfO2 based electronic devices. 
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TDTR and its counterpart FDTR have been used previously to determine the 

thermal conductivity and heat capacity of thin films and substrates [276, 287-290]. Schmidt 

et al. [287] used FDTR to simultaneously measure metal-substrate TBC, substrate thermal 

conductivity, and heat capacity in Si and sapphire samples. Liu et al. [288] used frequency-

dependent TDTR to determine the thermal conductivity and heat capacity of Si and thin 

film SiO2. The method was then extended to hybrid organic-inorganic multilayer thin films. 

Wei et al. [289] determined the thermal conductivity and heat capacity of several known 

materials by performing TDTR measurements at low (100 kHz) and high (10 MHz) 

frequencies and, also, as a function of delay time to isolate the different parameters of 

interest. Olson et al. [290] recently used TDTR to measure the thermal conductivity and 

heat capacity of thin fluorine tin oxide films. 

Panzer et al. [274] used TDTR to estimate thermal conductivity of 5.6 to 20 nm 

HfO2 films and values varied from 0.49 to 0.95 W/m-K at RT. The thickness dependency 

of conductivity was not yet clear. Scott et al. [275] measured thermal conductivity of thin 

(1 – 10 nm) HfO2 films close to bulk value [183]. More recently, the effective thermal 

conductivity of 20 nm thick Hf1-xZrxO2 (0≤ x≤1) and heat capacity for films with x=0.5 and 

x=0.7 were reported [276].  The thin nature of the films makes intrinsic thermal 

conductivity difficult to measure directly, thus effective thermal conductivity was 

determined which includes the contribution of the interfaces on both sides of the thin film.  

The heat capacity for x=0.5 was below the bulk value which was attributed to the presence 

of tetragonal and orthorhombic crystalline phases. Atomic layer deposition (ALD) was 

employed in the preceding studies using TDTR, but results for HfO2 films of intermediate 

thickness (e.g., 100 – 200 nm) have not been reported.  
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2.6 Contributions 

The major contributions and important findings of the current work are listed below. 

In the study of thermal transport at metal-graphene interfaces: 

(1) TDTR is used to investigate the effect of physisorption versus 

chemisorption on the TBC at M-G-M interfaces. No enhancement of TBC was observed, 

which was attributed to the presence of native oxide of several nm in the bottom layer of 

the M-G-M interface employing transition metals Ti and Ni. The TBC at the Ti-Ti and Ni-

Ni interfaces was also reduced significantly compared to the Au-Au interface in this study 

confirming the effect of oxidation on the TBC. Also, the insertion of single-layer graphene 

into the Au-Au interface substantially reduced the electronic contribution to TBC which 

are the primary thermal carriers at M-M interfaces. These findings highlight a critical 

design consideration for the M-G-M interfaces in future device applications. 

In the study of thermal transport in h-BN-graphene heterostructures: 

(2) The TBC at the interface of h-BN and graphene is measured at RT using 

TDTR for the first time. At the time this thesis is being written, a Raman spectroscopy 

technique requiring lithographically patterned metal lines to electrically heat the graphene 

layer has been the lone method of interrogation. TDTR requires no special sample 

preparation only the deposition of thin metal film. The phonon transmission and TBC at h-

BN-graphene interface is predicted using two forms of the diffuse mismatch model for 

anisotropic materials, which at the time of writing, has not been reported in literature. The 

results of this study have implications for heterostructures composed of  2D materials. 
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In the study on spatial mapping of TBC at metal-MoSe2 interfaces: 

(3) A direct-write photolithography technique is used to isolate MoSe2 islands grown 

by CVD. A modified TDTR technique, requiring much less time than traditional TDTR 

scans, is used to create 2D maps showing the spatial variation of TBC across M-MoSe2-

SiO2 interfaces. Analysis of images reveals higher TBC in single-layer regions compared 

to bilayer. Traditional TDTR scans show increased TBC at Ti-MoSe2-SiO2 interface 

compared to Al-MoSe2-SiO2, consistent with the 2D maps of TBC. The results emphasize 

the impact selection of metal contacts have on the thermal dissipation from electrical 

contacts in future MoSe2 devices. 

In the study of thermal conductivity and heat capacity of thin film hafnia (HfO2), 

 (4) TDTR is used to measure the thermal conductivity and heat capacity of 

HfO2 thin films of varying thickness.  The thermal conductivity of 53, 106, and 215 nm 

films were near the bulk value; however, a 20% reduction in bulk heat capacity was 

observed for the 215 nm film compared to thinner films. Transmission electron microscopy 

revealed a combination of crystalline and amorphous regions in the thicker HfO2 films. 

Decreased film density is expected to be the origin of the reduction of heat capacity for the 

215 nm HfO2 layer. The effective thermal conductivity, which includes the contribution of 

the interfaces on the top and bottom of the thin films, was used to determine the thickness-

independent thermal conductivity of HfO2 films from 12 to 215 nm. 
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CHAPTER 3. METHODOLOGY 

In recent years, the research community has witnessed advances in the understanding of 

nanoscale heat transfer phenomena combined with development of experimental 

techniques to probe this regime. As a result, thermal metrology has become a critical area 

of research with emphasis on characterization of new materials and nanostructures. The 

following chapter presents the experimental setup and associated modeling for time-

domain thermoreflectance (TDTR) method which is utilized to execute the studies in this 

dissertation. This is preceded by a brief discussion of some alternative experimental 

techniques. Lastly, the diffuse mismatch model (DMM) implemented in Chapter 5 is also 

presented. 

3.1 Experimental Methodology 

3.1.1 Overview 

Scanning thermal microscopy (SThM) [291, 292] is a contact technique employing 

a sharp, temperature sensitive tip to scan the surface of a sample providing spatial 

temperature distribution, thermal property measurement, or thermomechanical strains 

[293-295]. Noncontact methods also exist which take advantage of near-field effects and 

conduction through air [296-298]. Atomic force microscopes (AFM) have become a 

popular platform for SThM driven mainly by advances in nanofabrication of cantilever-

based probes [299-301] with small tip radius and understanding of nanoscale heat transfer 

phenomena [302, 303] (i.e., tip-sample interaction), which are the primary factors 

determining spatial resolution (~10 nm [304]) and confidence in results. Like AFM, SThM 
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is a comparatively slow, low-throughput technique despite good spatial resolution. 

Resistive heating techniques take advantage of the temperature-dependent resistance of 

microfabricated metal heaters. Techniques such as the steady-state thermal bridge [176, 

265, 305-309] or the frequency-domain 3ω technique [175, 310-312] provide direct 

measurements of the cross-plane and/or in-plane thermal conductivity of thin films and 

substrates following a straightforward calibration step. Techniques based on resistive 

thermometry measure total thermal resistance of a sample, and the properties are 

determined through precise knowledge of the sample geometry. As a result, the interfaces 

are not easily resolved without the use of multiple samples. 

The use of non-invasive, optical techniques has grown tremendously in recent 

years.  For example, Raman spectroscopy has become a popular thermal thermometry and 

metrology tool [8, 10, 74, 261, 267, 313]. The in-plane thermal properties of thin films and 

2D materials can be determined by utilizing the Raman shift as a temperature-probe. 

Although the Raman laser interacts with optical phonons, which do not contribute much to 

heat transfer [178-180], they are very much affected by the local equilibrium temperature 

in a sample. However, there is a large uncertainty associated with stress-related peak shift 

and assumptions in the thermal model which can affect the resulting thermal properties 

[314]. While Raman is not altogether a time domain technique, temporal evolution of 

temperature can be acquired with the correct instrumentation. Time domain techniques, 

such as laser flash diffusivity [315], transient electrothermal [316], and thermoreflectance 

techniques (discussed in the next section), have the ability to resolve the bulk/thin film 

properties from interfaces because the thermal response is different for each component in 

a sample [317, 318]. 
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3.1.2 Time-Domain Thermoreflectance 

Among the time domain techniques, TDTR has become one of the most widely 

used to measure the thermal conductivity of thin films and substrates as well as TBC at 

interfaces. The nomenclature TDTR refers to the experiments performed at picosecond 

time-scales with modulated heating lasers, while alternative implementations employing 

nanosecond lasers are termed transient thermoreflectance [319]. FDTR differs from TDTR 

in that the experimental signal is recorded for various modulation frequencies rather than 

with delay time of the probe beam [287, 320-322].  Also, FDTR typically implements 

continuous-wave lasers as opposed to ultrafast pulsed lasers used in TDTR which generally 

have lower cost. Paddock and Eesley [323, 324] introduced TDTR for thermal diffusivity 

measurements in thin metal films. Capinski and Maris [325] described a method to improve 

the accuracy of measurements, while the current TDTR methodology was made popular 

by Cahill [326]. Combined with advances in ultrafast lasers, TDTR has since been widely 

implemented to study the thermal properties of thin films [193, 288, 327, 328], bulk 

substrates [329-331], and superlattices [332-335]. 

TDTR is a pump-probe optical technique which uses a modulated laser beam 

(pump) to heat the surface of a sample while the change in the reflectivity of the surface is 

monitored using an unmodulated beam (probe). A thin metal film (~100 nm) deposited on 

the sample converts the incoming photons to thermal energy over small distances (~10 nm) 

and, because of the temperature influence on its reflectivity, it also serves as a transducer 

to measure the temperature rise at the surface [317, 336]. Figure 3-1(a) shows an 

illustration of the pump and probe beam impinging on the sample surface at normal 

incidence, the most common setup for most TDTR experiments. Offset pump and probe 
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beams have been used previously to measure in-plane properties [337, 338]; however, 

modeling the thermal response is computationally expensive. Variable beam sizes and 

shapes have been used to measure in-plane thermal conductivity of highly-anisotropic 

materials more recently [339, 340]. Modulation of the pump beam allows the signal to be 

measured using a lock-in amplifier. The arrival of the probe beam is delayed relative to the 

pump to map the decay of the thermoreflectance signal, as shown in Figure 3-1(b), and the 

experimental data is fit to a thermal model [326, 329] to extract the thermal properties of 

interest (e.g., TBC). The known properties of the sample are used as inputs to the thermal 

model and unknown properties of interest are used as fitting variables.  

TDTR samples are generally bilayer (metal-substrate) or trilayer (metal-thin film-

substrate). The unknown properties typically include the substrate or thin film thermal 

conductivity and metal transducer-substrate or metal transducer-thin film and thin film-

substrate TBC. Known properties of the sample are measured beforehand (e.g., metal 

transducer and thin film thickness) or bulk values are assumed (e.g., metal transducer, thin 

Figure 3-1 (a) Visual representation of pump and probe beams impinging on the 

sample surface in a typical TDTR experiment. Prior to a measurement, the sample of 

interest (e.g., thin film or substrate) is coated with a thin metal film which serves as a 

temperature transducer. (b) The probe beam measures the change in 

thermoreflectance of metal film. The probe is delayed relative to the pump beam, and 

the decay of the thermoreflectance signal is mapped as function of this delay time. 
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film, and/or substrate volumetric heat capacity). Modulation of the pump beam in TDTR 

measurements creates a thermal wave which heats the sample at the frequency of the 

modulated beam, and the amplitude and phase of this signal is measured using a lock-in 

amplifier [329]. The thermal penetration depth, 𝑙, is a function of this modulation frequency 

as well as the thermal diffusivity, 𝐷, of the sample, and is given by 𝑙 = √𝐷 𝜋𝑓⁄ , where 𝑓 

is the modulation frequency of the pump beam [328]. For a given sample higher modulation 

frequency results in lower penetration depth. In general, the cross-plane and in-plane 

directions can be considered for TDTR experiments on thin film samples. 

An auxiliary use of TDTR systems is thin film measurement using picosecond 

acoustics [341, 342]. Thermal expansion near the surface of a layered sample (e.g., the 

metal transducer in TDTR measurements) following heating by the pump beam generates 

a strain wave which propagates through the film at the speed of sound in the material. The 

strain wave is partially reflected from an interface in the sample and creates a change in 

the reflectance upon returning to the surface. The result is an acoustic echo in the probe 

signal, the shape and intensity of which are dependent on the relative acoustic impedances 

of the two materials at the interface. It is commonly used as an accurate measure of 

transducer thickness in TDTR measurements but contains information about the interface 

quality as well [343]. Film thickness is determined through the relationship, 𝑑 =

𝑣s𝑡echo 2⁄ , where 𝑣s is the longitudinal speed of sound in a material and 𝑡echo is the time 

between the initial heating event and the first acoustic echo (or the time between successive 

echoes). The factor of two in the denominator accounts for the wave’s propagation through 

the thickness of the film and return to the surface.         
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The two-color TDTR [344] system used in this study, pictured in Figure 3-2, 

utilizes a Spectra Physics Mai-Tai HP Ti:Sapphire (λ=800 nm, 40 nJ/pulse) laser with 3W 

average power output, ~150 fs pulse width, and repetition rate of ~80 MHz. The laser is 

split into two paths (pump and probe) where the pump beam is modulated with an electro-

optic modulator (ConOptics Model 160) at a preselected frequency (typically 1 – 10 MHz) 

then frequency doubled using a BiBO crystal. Frequency doubling allows the pump beam 

to be spectrally filtered isolating the probe signal at the photodetector. This is necessary 

since the pump and probe strike the surface concentrically at a normal angle of incidence. 

Additionally, the probe signal can be isolated by modulating the reflected probe beam in 

the audio frequency regime (~200 Hz) [345] creating an additional frequency component 

to “lock-in” on which is not present in the pump beam. The arrival time of the probe is 

delayed up to 7 ns relative to the pump by adjusting its optical length using a double-pass 

mechanical delay stage in order to map the decay of the thermoreflectance signal. A 

resonant RLC circuit composed of Si PIN diode (Thorlabs DET10A) and inductor 

amplifies the signal and filters higher harmonics in reflected probe signal (discussed in the 

next section). The signal is again amplified (5x or 25x) with a Stanford Research Systems 

SR445a low-noise amplifier before reaching the lock-in (Stanford Research Systems 

SR844).  Data fitting is performed using a Levenberg-Marquardt non-linear least squares 

regression [346].  

In TDTR measurements, the error from the experimental factors is relatively small 

compared to the propagation of error from input parameters in the thermal model. This 

uncertainty is dependent upon the ratio of sensitivity of known and unknown parameters. 
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Equation 1 below gives the sensitivity, 𝑆𝑝, to a parameter, 𝑝, in a TDTR measurement 

[193], 

 𝑆𝑝 =
𝜕 ln(−𝑉in 𝑉out⁄ )

𝜕 ln 𝑝
, (1) 

where − 𝑉in 𝑉out⁄  is the ratio of in-phase and out-of-phase signals of the lock-in amplifier 

(discussed in more detail in the next section). A higher absolute value of sensitivity is 

desired for accurate data fitting, and we adjust the modulation frequency to achieve the 

highest sensitivity to the parameters of interest. The measurements in this study were 

performed at high modulation frequency to provide improved sensitivity to TBC compared 

to the lower frequencies. 

Figure 3-2 A schematic of the two-color TDTR setup used in our lab. The output of a 

femtosecond pulsed laser is split into two beam paths (pump and probe). The pump 

beam is modulated at preselected frequency (1 – 10 MHz) then frequency doubled 

before optically heating the sample. The frequency component of probe beam 

intensity is used to probe the temperature change of the sample which is then used to 

extract the thermal properties of interest. 
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Monte Carlo (MC) simulations [339, 347-349] to estimate the uncertainty of our 

measurements; these have been shown to be more accurate for low sensitivity parameters, 

as is the case for interfaces on SiO2 and Ti samples in this work. The MC simulations 

include uncertainties due to background noise, error in setting the phase shift of the lock-

in amplifier, noise in the measurement signal, and uncertainty in the fixed parameters in 

the model. The process is described briefly next, and a graphical representation is shown 

in Figure 3-3. Values for each parameter in the model are randomly sampled from a normal 

distribution based on their uncertainty to create a set of N initial guess values, while a series 

of N experimental data sets are created within the experimental uncertainty of the TDTR 

measurements. The value for N is generally 500-1000. Data fitting is performed for each 

of the N randomly generated experimental data sets using a single set of the N initial guess 

values to create a distribution of probable values for the parameter of interest (e.g., TBC). 

A 90% confidence interval is created by taking the 5th and 95th
 percentiles as lower and 

upper bounds, respectively.  

Figure 3-3 Schematic illustration of Monte Carlo method used for uncertainty 

estimation in TDTR experiments. 
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3.1.3 Frequency-Domain Thermal Response 

The implementation of the frequency-domain thermal response to model the 

thermoreflectance signal made by Cahill [326] was a critical update to TDTR experiments.  

Beginning with the frequency-domain solution for a semi-infinite solid heated at the 

surface by a periodic point source [350] given by Equation 2, 

 𝑔(𝑟) =
exp(−𝑞𝑟)

2𝜋𝑘𝑟
, (2) 

where 𝑞2 = (𝑖𝜔 𝐷⁄ ), 𝜔 is the angular frequency, 𝐷 is the thermal diffusivity, 𝑘 is the 

thermal conductivity, 𝑟 is the radial coordinate. Hankel transforms are used to simplify the 

convolutions in the analysis (discussed later) because of the cylindrical symmetry of the 

TDTR experiments. The Hankel transform of 𝑔(𝑟) is defined 

 𝐺(𝑠) = 2𝜋 ∫ 𝑔(𝑟)𝐽0(2𝜋𝑠𝑟)𝑟𝑑𝑟

∞

0

 (3) 

From a table of Hankel transforms [326], for a function 𝑓(𝑟) =
exp(−𝑎𝑟)

𝑟
, the transform is 

given by the relationship in Equation 4, 

 𝐹(𝑠) = 2𝜋 ∫ 𝑓(𝑟)𝐽0(2𝜋𝑠𝑟)𝑟𝑑𝑟 =
2𝜋

(4𝜋2𝑠2 + 𝑎2)
1
2

∞

0

 (4) 

For  𝑔(𝑟), 𝑎 = 𝑞, and the Hankel transform can be found easily as, 

 𝐺(𝑠) = 2𝜋 ∫
exp( − 𝑞𝑟)

2𝜋𝑘𝑟
𝐽0(2𝜋𝑠𝑟)𝑟𝑑𝑟 =

∞

0

1

𝑘(4𝜋2𝑠2 + 𝑞2)
1
2

 (5) 

Schmidt et al. [329] showed the analysis is identical for anisotropic materials, however 

𝑞2 = (𝑘𝑟𝑠2 + 𝜌𝑐𝑝𝑖𝜔) 𝑘𝑧⁄  following the Hankel transform of the heat diffusion equation 

in cylindrical coordinates. 𝑘𝑟 and 𝑘𝑧 are the in-plane and cross-plane thermal conductivity, 

respectively, 𝜌 is mass density, and 𝑐𝑝 is specific heat. 
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In TDTR, the modulated pump laser beam heating the surface of a sample, has a 

Gaussian distribution of intensity [326] which is given by  

 𝑝(𝑟) =
2𝐴

𝜋𝑤0
2 exp(−2𝑟2 𝑤0

2⁄ ), (6) 

where 𝐴 is the laser power, 𝑤0 is the 1 𝑒2⁄  radius of the pump beam. The Hankel transform 

of 𝑝(𝑟) is defined as 

 𝑃(𝑠) = 2𝜋 ∫ 𝑝(𝑟)𝐽0(2𝜋𝑠𝑟)𝑟𝑑𝑟
∞

0

 (7) 

Again, from a table of Hankel transforms [351] one can find that in general for a function 

𝑓(𝑟) = exp( − 𝑎2𝑟2), the Hankel transform is 

 𝐹(𝑠) = 2𝜋 ∫ 𝑓(𝑟)𝐽0(2𝜋𝑠𝑟)𝑟𝑑𝑟 =
𝜋

𝑎2
exp [−

(2𝜋𝑠)2

4𝑎2
]

∞

0

 (8) 

In the expression for 𝑝(𝑟), 𝑎2 =
2

𝑤0
2, and the Hankel transform is thus, 

 𝑃(𝑠) = 2𝜋 ∫
2𝐴

𝜋𝑤0
2 exp (−

2𝑟2

𝑤0
2 ) 𝐽0(2𝜋𝑠𝑟)𝑟𝑑𝑟 = 𝐴 exp (−

𝜋2𝑠2𝑤0
2

2
)

∞

0

 (9) 

The temperature rise at the surface, 𝜃(𝑟), due to the pump laser is a convolution of 

thermal response and pump beam intensity. The analysis is simplified in the frequency 

domain where the solution is given by the inverse transform of the product of 𝐺(𝑠) and 

𝑃(𝑠), 

 𝜃(𝑟) = 2𝜋 ∫ 𝑃(𝑠)𝐺(𝑠)𝐽0(2𝜋𝑠𝑟)𝑠𝑑𝑠
∞

0

 (10) 

The probe laser measures the surface temperature of the metal transducer which is 

proportional to the change in reflectivity of the sample. The lock-in amplifier records the 

change in reflected intensity of the probe beam. The probe also has a Gaussian distribution 
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of intensity and the measured signal is a weighted average of the temperature distribution 

𝜃(𝑟) given by 

 𝛥𝑇 =
4

𝑤1
2 ∫ 𝜃(𝑟) exp (−

2𝑟2

𝑤1
2 ) 𝑟𝑑𝑟

∞

0

 (11) 

Substituting the expression for 𝜃(𝑟), 𝛥𝑇 becomes 

 𝛥𝑇 =
4

𝑤1
2 ∫ [2𝜋 ∫ 𝑃(𝑠)𝐺(𝑠)𝐽0(2𝜋𝑠𝑟)𝑠𝑑𝑠

∞

0

] exp (−
2𝑟2

𝑤1
2 ) 𝑟𝑑𝑟

∞

0

 (12) 

Moving the Bessel function inside the integral over 𝑟 and rearranging gives 

 𝛥𝑇 =
4

𝑤1
2 ∫ 𝑃(𝑠)𝐺(𝑠)𝑠𝑑𝑠 [2𝜋 ∫ exp (−

2𝑟2

𝑤1
2 ) 𝐽0(2𝜋𝑠𝑟)𝑟𝑑𝑟

∞

0

]
∞

0

 (13) 

The term  [2𝜋 ∫ exp (−
2𝑟2

𝑤1
2 ) 𝐽0(2𝜋𝑠𝑟)𝑟𝑑𝑟

∞

0
] is a Hankel transform for a function of the 

form 𝑓(𝑟) = exp( − 𝑎2𝑟2), for which the Hankel transform was given previously in 

Equation 8. Now 𝑎2 =
2

𝑤1
2, and performing a Hankel transform and inserting this result into 

𝛥𝑇, the expression becomes, 

 𝛥𝑇 =
4

𝑤1
2 ∫ 𝑃(𝑠)𝐺(𝑠)𝑠𝑑𝑠 [

𝜋𝑤1
2

2
exp (−

𝜋2𝑠2𝑤1
2

2
)]

∞

0

 (14) 

Rearranging and cancelling out terms, 

 𝛥𝑇 = 2𝜋 ∫ 𝑃(𝑠)𝐺(𝑠) exp (−
𝜋2𝑠2𝑤1

2

2
)

∞

0

𝑠𝑑𝑠 (15) 

Plugging in the expression for 𝑃(𝑠) obtained earlier gives 

 𝛥𝑇 = 2𝜋𝐴 ∫ 𝐺(𝑠) exp [−
𝜋2𝑠2(𝑤0

2+𝑤1
2)

2
] 𝑠𝑑𝑠

∞

0
, (16) 
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which is a single integral over 𝑠 to be evaluated numerically. The upper limit of the integral 

can be set to 2 √𝑤0
2 + 𝑤1

2⁄  because exp [−
𝜋2𝑠2(𝑤0

2+𝑤1
2)

2
] decreases rapidly with increasing 

𝑠. Schmidt et al. [329] uses an upper limit of 10 √𝑤0
2 + 𝑤1

2⁄ . 

The algorithm described by Feldman [352] can be used to generalize the expression 

for surface temperature, Δ𝑇, for layered structures. The difference is the expression used 

for 𝐺(𝑠) which is given by, 

 𝐺(𝑠) = (
𝐵1

+ + 𝐵1
−

𝐵1
− + 𝐵1

+)
1

𝛾1
 (17) 

The terms 𝐵1
+ and 𝐵1

− correspond to thermal waves propogating in the positive and negative 

 

z  directions, respectively, normal to the sample surface [353]. The solution is found 

iteratively starting with the layer furthest from the surface using the expression 

(𝐵+

𝐵−)
𝑛

=
1

2𝛾1
[
exp(−𝑢𝑛𝐿𝑛) 0

0 exp(𝑢𝑛𝐿𝑛)
] (

𝛾𝑛 − 𝛾𝑛+1 + 𝛾𝑛𝛾𝑛+1 𝑇𝐵𝐶𝑛,𝑛+1⁄

𝛾𝑛 + 𝛾𝑛+1 + 𝛾𝑛𝛾𝑛+1 𝑇𝐵𝐶𝑛,𝑛+1⁄
) (𝐵+

𝐵−)
𝑛+1

, (18) 

where 𝑢𝑛 = (4𝜋2𝑠2 + 𝑞𝑛
2)

1

2, 𝑞𝑛
2 = 𝑖𝜔 𝐷𝑛⁄  [or 𝑞𝑛

2 = (𝑘𝑟,𝑛𝑠2 + 𝜌𝑛𝑐𝑝,𝑛𝑖𝜔) 𝑘𝑧,𝑛⁄ ], 𝛾𝑛 =

𝑘𝑛𝑢𝑛, and 𝑇𝐵𝐶𝑛,𝑛+1 is the thermal boundary conductance between layer 𝑛 and layer 𝑛 +

1. The top layer corresponds to 𝑛 = 1 and is of the layer of interest in order to find the 

temperature oscillation at the surface. The layer furthest from the surface is considered to 

semi-infinite therefore (𝐵+

𝐵−)
𝑛

= (
0
1

). 

3.1.4 Modeling Experimental Data Using the Frequency-Domain Solution 

The frequency domain thermal response is used to calculate the changes in 

reflectivity measured during a TDTR experiment. A graphical depiction of the 

measurement process presented by Schmidt et al. [329] is pictured in Figure 3-4 and 
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described here briefly. The laser output can be approximated as a series of delta functions 

separated by the period of the laser, 𝜏, since the pulse duration (~150 fs) is much shorter 

than the measurement time scale and pulse repetition period. The frequency spectrum of 

the laser output is also a series of delta functions separated in frequency by the repetition 

rate of the laser, 1 𝜏⁄ . The pump beam passes through an electro-optic modulator, which 

chops the beam with a square wave modulation at a 50% duty cycle at the modulation 

frequency, 𝑓. The use of lower values of 𝑓 increase the penetration depth of thermal waves 

but higher modulation frequency gives better spatial resolution [354], minimizes influences 

of uncertainties in beam diameter [355], and reduces the effects of radial heat flow [336]. 

As discussed in more detail next, the lock-in amplifier measures the fundamental 

harmonic component of the reflected probe beam. As a result, the heating event created by 

the pump can be approximated as a sine wave (Figure 3-4(a)). The high repetition rate of 

the laser (~80 MHz) prevents the sample from returning to ambient temperature between 

successive pulses, a phenomenon termed pulse accumulation [329]. Figure 3-4(b) shows 

the temperature decay of the sample between pulses. The arrival time of probe beam is 

delayed relative to the pump to map the decay of the thermoreflectance signal. The probe 

measures the response to the pump beam at a single delay time between each pulse. This 

is shown graphically in Figure 3-4(c). 

Lock-in detection extracts an extremely narrow band around the reference signal 

and only the fundamental harmonic component of the signal at 𝑓 is considered. The lock-

in amplifier used in our setup (Stanford Research Systems SR844) uses a square wave 

mixer instead of a pure sinusoid. The signal is amplified and filtered by placing an inductor 

in series with the output of the Si PIN photodiode and the 50  input of the lock-in 
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amplifier to remove the odd harmonics of the frequency 𝑓 [356]. The lock-in amplifier 

measures the fundamental harmonic component of the probe laser at the modulation 

Figure 3-4 (a) The heating event can be considered a sine wave because the lock-in 

amplifier only measures the response to the fundamental harmonic component at the 

modulation frequency of the pump beam. (b) The repetition rate of the laser (~80 

MHz) prevent the sample from reaching ambient temperature between successive 

pulse, a phenomenon called pulse accumulation. (c) The arrival time of the probe is 

delayed relative to the pump and measures the response to a pump pulse. (d) The 

TDTR signal, as measured by the lock-in amplifier, is the fundamental harmonic 

component of modulated heating event created by the pump. The result is, thus, a sine 

wave at the modulation frequency of the pump laser with different amplitude and 

phase. Copyright 2008 American Institute of Physics [329]. 
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frequency of the pump laser which represents the temporal decay in thermoreflectance 

response of the sample. The measured signal is displayed in Figure 3-4(d). The output of 

the lock-in amplifier is the amplitude and phase of the probe beam in response to the 

thermal wave resulting from the heating event created by the pump [287]. The amplitude 

and phase of the signal are a function of the properties of the sample and the delay time 

between the pump and probe beam. The probe beam is delayed relative to the pump, and 

reflectivity data is taken as a function of this delay time.  

As stated earlier, the change in surface temperature is proportional to the change in 

reflectivity measured by the probe beam. In the time domain, the signal of interest is given 

by the convolution of the thermal response and the probe beam intensity, but in the 

frequency domain this becomes multiplication. The real and imaginary parts of the change 

in reflectivity, Δ𝑅(𝑡), are given by 

Re[Δ𝑅(𝑡)] =
𝑑𝑅

𝑑𝑇
∑ [Δ𝑇(𝑚 𝜏⁄ + 𝑓) + Δ𝑇(𝑚 𝜏⁄ − 𝑓)] exp(𝑖2𝜋𝑚𝑡 𝜏⁄ )∞

𝑚=−∞ , (19a) 

Im[Δ𝑅(𝑡)] = −𝑖
𝑑𝑅

𝑑𝑇
∑ [Δ𝑇(𝑚 𝜏⁄ + 𝑓) − Δ𝑇(𝑚 𝜏⁄ − 𝑓)] exp(𝑖2𝜋𝑚𝑡 𝜏⁄ )∞

𝑚=−∞ , (19b) 

where 
𝑑𝑅

𝑑𝑇
 is the thermoreflectance coefficient of the sample and 𝑡 is the probe delay time. 

The lock-in amplifier used in our setup employs phase-sensitive detection with two square 

wave mixers. The reference inputs to the mixers are both at the modulation frequency 𝑓, 

but 90° out of phase with each other allowing both amplitude and phase of the 

thermoreflectance signal to be determined. Thus, the output of the lock-in amplifier has an 

in-phase and out-of-phase component [193, 326] 

 𝑉(𝑡) = 𝑉in(𝑡) + 𝑖𝑉out(𝑡) ∝
Δ𝑅(𝑡)

𝑅
, (20) 

where 𝑅 is the reflectivity of the sample. The out-of-phase component corrects for 

experimental artifacts caused by error in focusing of the pump beam and pump-probe 
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overlap [336], as well as gain of the electronics and properties of the photodetector [356]. 

𝑉in is essentially proportional to the surface temperature as a function of delay time, while 

𝑉out is proportional to the steady state temperature rise [355]. In addition, the reflectivity 

and thermoreflectance coefficient of the sample does not need to be measured separately if 

the ratio 

 −
𝑉in

𝑖𝑉out
=

∑ [Δ𝑇(𝑚 𝜏⁄ +𝑓)+Δ𝑇(𝑚 𝜏⁄ −𝑓)] exp(𝑖2𝜋𝑚𝑡 𝜏⁄ )∞
𝑚=−∞

∑ [Δ𝑇(𝑚 𝜏⁄ +𝑓)−Δ𝑇(𝑚 𝜏⁄ −𝑓)] exp(𝑖2𝜋𝑚𝑡 𝜏⁄ )∞
𝑚=−∞

, (21) 

is used in data analysis. 

3.2 Diffuse Mismatch Model 

Increases in computational power has led inextricably to advances in simulation 

techniques for determining thermal properties [357]. Methodologies such as MD [358-

361], lattice dynamics [362-364], and first principles simulations [214, 215, 241, 259] are 

continuously being implemented for calculation of thermal conductivity and TBC. 

However, each method contains inherent limitations and extreme care must be taken when 

interpreting results because of many assumptions associated with each technique. Crude 

models such as the acoustic mismatch model (AMM) [365-367], diffuse mismatch model 

(DMM) [191, 368-371], and similar variations like the maximum transmission limit (MTL) 

[198, 372] and radiation limit (RL) [194, 373, 374] are still popular for calculation of TBC. 

The main difference between these crude models is the calculation of the transmission at 

the interface. The concept of phonon transmission will be discussed in more detail in the 

next paragraph along with the DMM which is used here. The AMM assumes specular 

reflection at the interface which is valid only at small temperatures (T<30 K) when the 

long-wavelength phonons dominate heat transfer [191]. The aim of the MTL and RL are 
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to set upper limits to the phonon transmission and, thus, the TBC. The MTL allows perfect 

transmission from one side of the interface [372] and is only limited by the need to satisfy 

the laws of thermodynamics. In a similar way, the RL assumes that phonons from one side 

of the interface have a transmission of 1 [373]. 

The original derivation of the DMM presented by Swartz and Pohl [191] assumed 

diffuse, elastic scattering of phonons at the interface of two materials. Phonons impinging 

on the interface scatter, losing all memory of their origin but maintain their frequency. 

Accordingly, phonons will transmit or reflect (Figure 3-5), and the probability for 

transmission is dependent only on the DOS of the material. A later study by Stoner and 

Maris [192] showed that the elastic assumption under predicts the TBC compared to 

experimental measurements. More recent work has taken into account phonon dispersion 

[368], interfacial mixing [369], surface roughness [370], and inelastic scattering [371] with 

varying amounts of success. Nevertheless, the DMM remains a useful tool for capturing 

trends in the phonon transmission across interfaces and because of its simple 

implementation.  

Figure 3-5 The diffuse scattering assumption means phonons lose all memory of their 

origin. Incident phonons transmit or reflect upon striking an interface, and the 

probability of transmission depends solely on the phonon DOS. 
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For small Δ𝑇, the TBC approaches 𝑇𝐵𝐶 = 𝜏
𝜕(𝛼12𝐻1)

𝜕𝑇
 where, under the diffuse 

assumption [191], 𝛼12 = 𝐻2 (𝐻1 + 𝐻2)⁄  is the transmission coefficient from material 1 to 

material 2 and the phonon irradiation (an analog to photon irradiation) [372] 𝐻1 (W/m2) 

from a 3D isotropic solid is given by the relationship, 

 𝐻1 =
1

4
∑ ∫ ℏ𝜔𝑣𝑗,1𝑓(𝜔, 𝑇)𝐷1(𝜔)𝑑𝜔

𝜔max,𝑗

0𝑗 , (22) 

where 𝜔 is angular frequency, 𝑣𝑗,1 is the phonon group velocity for polarization 𝑗, and 

𝐷1(𝜔) is the phonon DOS. The Bose-Einstein distribution is 𝑓(𝜔, 𝑇) =
1

exp(ℏ𝜔 𝑘𝐵𝑇⁄ )−1
, 

which includes reduced Planck’s constant and Boltzmann constants, ℏ and 𝑘𝐵, 

respectively. The summation is carried out over each phonon polarization. From the Debye 

assumption [375], 𝜔 = 𝑣𝑘, the DOS becomes 𝐷1(𝜔) = 𝜔2 2𝜋2𝑣𝑗
3⁄ . Plugging both 

relationships into Equation 22 and following some derivation it can be shown that 

 𝐻1 =
𝑘B

4

8𝜋2ℏ3
∑

1

𝑣𝑗
2 ∫

𝑇4𝑥𝑗
3

𝑒𝑥𝑗 − 1
𝑑𝑥𝑗

𝑥max,𝑗

0𝑗

 (23) 

In Equation 23, 𝑥 = ℏ𝜔 𝑘B𝑇⁄  and the integration limits, 𝑥max,𝑗, correspond to the 

maximum frequency considered in each material. The prefactor 𝜏 = [1 −
1

2
(𝛼12 + 𝛼21)]

−1

 

is necessary when working in terms of local equivalent equilibrium temperature [376]. 

An isotropic Debye dispersion (i.e., 𝜔 = 𝑣𝑘) is generally assumed and may be valid 

for most bulk materials, but this assumption is not acceptable in the highly anisotropic, 2D 

graphene and h-BN. Duda et al. [377] accounted for this anisotropy by using an effective 

2D Debye density of states (𝐷2D,eff(𝜔) =
𝜔

2𝜋𝑣2

1

𝑑
, where 𝑑 is the interlayer spacing of a 2D 

material like graphite). More recently, Chen et al. [198] showed this 2D DMM model 

greatly overpredicts the TBC and presented a new DMM model using an anisotropic Debye 
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dispersion (𝜔2 = 𝑣𝑎𝑏
2 𝑘𝑎𝑏

2 + 𝑣𝑐
2𝑘𝑐

2, where 𝑘𝑎𝑏
2 = 𝑘𝑎

2 + 𝑘𝑏
2) referred to here as anisotropic-

DMM (A-DMM). The resulting FBZ is ellipsoidal, as opposed to spherical in the case of 

an isotropic dispersion (see Figure 3-6), where the major and minor axes correspond to the 

graphite 𝑎𝑏- (i.e. basal) and 𝑐-axis. The authors presented a detailed derivation and analysis 

where the real quasi-TA and quasi-LA branches of the phonon dispersion [378] are 

recomposed into two ellipsoids: TL1 and TL2 branches. Along with an additional TA 

branch, the phonon velocities (𝑣𝑎𝑏,𝑗 and 𝑣𝑐,𝑗) for each branch can be determined from the 

real phonon dispersion. The resulting cross-plane (𝑐-axis) phonon irradiation is given by 

[198], 
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(24) 

where 𝜃D,𝑗 is the Debye temperature (ℏ𝜔D,𝑗 𝑘B⁄ ). Here, the 𝜔 values in Chapter 5 are used 

in place of the Debye cutoff frequency, 𝜔D,𝑗. The first term in Equation (24) is identical to 

Equation (23) from the original DMM. The metal-graphite TBC results by Chen et al. [198] 

Figure 3-6 Graphical depiction of FBZ for (a) isotropic and (b) anisotropic Debye 

models.  
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showed the model still overpredicts the TBC at metal-graphite interfaces when compared 

to experiments [219].  

An update to the A-DMM reported by Li et al. [379] attempts to resolve any 

discrepancy caused by input parameters. While Chen et al. [198] used the “secant” method 

(i.e., the slope of secant line connecting the Γ point to the end of the FBZ) to estimate 

phonon velocity of each branch, this method greatly overpredicts the phonon velocity of 

the flexural (ZA) branch found in graphite and other layered materials like h-BN. Li et al. 

[372] instead utilizes the elastic constants to predict the phonon velocities and, cleverly 

employs a piecewise (PW) linear approximation for the ZA branch specifically. The PW 

linear approximation is a more accurate representation of the ZA branch because at small 

wavevector, the ZA branch varies as 𝑘2 which differs from TA and LA branches which 

vary as 𝑘 [197]. We refer to this model as PW anisotropic DMM (PWA-DMM). In 

addition, the cutoff frequencies are determined from the real phonon dispersion as opposed 

to the Debye approximation (𝜔D,𝑗 = 𝑣𝑗𝑘D). The 𝑐-axis phonon irradiation (𝐻PWA−DMM) for 

PWA-DMM is identical to A-DMM (Equation 24) model for the TA and TL1 branches. 

Following some derivation, the expression for TL2 branch can be given by, 

𝐻PWA−DMM,TL2 =
𝑘𝐵
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In Equation 25, 𝑣𝑎𝑏,1 and 𝑣𝑎𝑏,2 are the phonon velocities corresponding to the first and second 

segment of ZA branch using the piecewise linear approximation, respectively, and 𝛥𝑥 =

ℏΔ𝜔 𝑘B𝑇⁄  where Δ𝜔 = 𝑘𝑎𝑏,1(𝑣𝑎𝑏,1 − 𝑣𝑎𝑏,2). 𝑘𝑎𝑏,1 and 𝑘𝑎𝑏,2 are wavevectors 

corresponding to intersection of the two piecewise segments and the cutoff wavevector in 

the 𝑎𝑏-plane. The cutoff wave vectors are determined using the relationship 𝑘𝑎𝑏
2 𝑘𝑐 =

6𝜋2𝑁 𝑉⁄  and the anisotropy ratio of the real lattice to ensure the correct number of acoustic 

modes [198]. 
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CHAPTER 4. OXIDATION LIMITED METAL-GRAPHENE 

INTERFACES 

In the following chapter, TDTR is used to investigate the effect of chemisorption (strong 

bonding) and physisorption (weak bonding) on the TBC at metal-graphene-graphene (M-

G-M) interfaces. The interfaces are formed by transferring CVD-grown graphene to the 

surface of thin metal films followed deposition of metal transducer for TDTR. A sensitivity 

analysis reveals the impact of the supporting substrate’s thermal properties on the TBC 

measurement which affect the measurability of TBC. The effect of native oxide layers in 

Ti and Ni films is explored by probing both metal-graphene-metal and metal-metal 

interfaces. XPS is used to quantify the oxide thickness. The impact of single-layer graphene 

(SLG) on Au-Au interface is also compelling.  

4.1 Sample Fabrication and Characterization 

The graphene transfer process was described previously [37, 380] and has been 

implemented in many studies to study the properties of CVD grown graphene. SLG grown 

on Cu foil via a CVD process [381] was spin coated (3000 RPM for 60 s) with PMMA (4% 

wt./vol in Toluene) and cured at 180 °C for 1 min. Because graphene grows on both sides 

of the foil, the bottom of the foil was etched using 30 s O2 plasma (250 W, 50 sccm, 60 

mTorr) to remove the graphene layer. The Cu foil was then etched using ammonium 

persulfate (5% wt./vol. in DI water) for 3-6 hours, or until Cu was completely removed. 

The resulting PMMA-graphene film was transferred to the surface of the target substrate 

and allowed to dry in the ambient. The substrates were then coated with an additional layer 
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of PMMA in order to relax the wrinkles in the graphene [37]. Following the second PMMA 

coating, acetone was used to dissolve the PMMA film leaving only graphene on the surface 

of the samples. The samples were then annealed at 250°C in vacuum (5-10 mTorr) for three 

hours in an attempt to remove residual PMMA [382, 383] and improve conformity of 

graphene to the substrate [209]. This procedure was repeated for each sample used in this 

study. 

The samples used in this study are referred to as SiO2, Ti, Ni, and Au samples based 

upon the target layer on which the graphene is transferred to. Figure 4-1 shows a schematic 

of the geometry for each of the samples used in this study. The following is a brief 

description of each sample. The SiO2 sample was created by transferring SLG to 300 nm 

thermally grown SiO2 (measured using a Nanometrics Nanospec 3000 reflectometer) on Si 

(<100>, ρ=4-7 Ω-cm). Following graphene transfer, the SiO2 sample was coated with 100 

Figure 4-1 Schematic of sample geometries used in TDTR measurements. (a) 

Graphene was transferred to 300 nm thermally grown SiO2 100 nm and Au 

transducer (with 2 nm Ti adhesion layer) deposited by e-beam evaporation. 

Sandwiched graphene structures with (b) 812 nm Ti, (c) 230 nm Ni, and (d) 515 nm 

Au deposited by e-beam evaporation. Top metal layers for (b), (c), and (d) were 71 

nm Au-Ti, 77 nm Au-Ni, and 81 nm Au, respectively. 
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nm Au (including a 2 nm Ti adhesion layer between Au and SiO2) for TDTR 

measurements. The Ti, Ni, and Au samples were created by transferring graphene to 812 

nm thick Ti, 230 nm thick Ni, and 515 nm Au films on Si using electron-beam evaporation 

(Denton Explorer). Higher deposition rates of 5 and 3 A/s for Ti and Ni, respectively, were 

used in an effort to reduce oxidation during deposition [384, 385]. The Ti and Ni samples 

were coated with 60 nm Au-20 nm Ti and 60 nm Au-20 nm Ni, respectively, without 

breaking vacuum, while the Au sample was coated with 80 nm Au, to form the M-G-M 

interfaces. The 60 nm Au-20 nm Ti and 60 nm Au-20 nm Ni layers were treated as 

composite layers [222] since the TBC at M-M interfaces are typically an order of 

magnitude higher than at M-semiconductor or M-dielectric interfaces [195, 196].  The TBC 

values reported here are equivalent to the total thermal conductance of the M-G-SiO2 or 

M-G-M interfaces.  

The optical microscope image in Figure 4-2(a) shows a 1x1 mm2 area of SiO2 

coated with graphene. The atomic force microscope image in Figure 4-2(b) shows a typical 

1x1 µm2 area on the surface of the SiO2 sample. There are inherent wrinkles on the 

graphene surface resulting from the transfer process [380]. Raman spectroscopy (Renishaw 

InVia) and XPS (Thermo Scientific K-Alpha+) were used to verify the presence of SLG on 

the surface of the sample. Figure 4-2(c) shows the resulting Raman spectrum with G peak 

at ~1591 cm-1 and 2D peak ~2678 cm-1 and intensity ratio I(2D)/I(G) ≈ 3.1 which is typical 

of SLG [386]. The D peak at ~1344 cm-1 (I(D)/I(G) ≈ 0.15) is indicative of disorder/defects 

in the graphene layer (pristine graphene would have no D peak) which often arise near the 

sample edge or grain boundaries in graphite or graphene with small crystallite size [387]. 

The D peak could also arise due to the presence of sp3 amorphous carbon [388]. To quantify 
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the disorder in the graphene, the relation of Cancado et al. [389] is used to estimate the 

distance between defects and defect density of our samples to be ≈31 nm and ≈3.4 X 1010 

cm-2 for an excitation laser wavelength of 532 nm. The large D peak in the graphene 

samples is higher than some earlier studies but comparable to TDTR studies on transferred 

CVD-grown graphene [221]. However, the goal of this study is to compare the TBC for 

different M-G interfaces which we are still able to do since the graphene quality is constant 

across all samples. Figure 4-2(d) shows the deconvolution of the C1s XPS spectrum with 

labeled peaks indicating the different types of bonding present in our graphene sample.  

Figure 4-2 (a) Optical microscope image of graphene on the surface of 300 nm SiO2. 

Image shows graphene covering an area of 1x1 mm2. (b) Atomic force microscope 

images showing 1x1 µm2 surface of graphene on SiO2. (c) Raman spectrum for 

graphene on 300 nm SiO2 with G peak at ~1591 cm-1 and 2D peak at ~2678 cm-1. The 

relative intensity of the 2D to G peak (I(2D)/I(G) ≈ 3.1) indicates the graphene is 

single-layer, while the D peak at ~1344 cm-1 (I(D)/I(G) ≈ 0.15) is related to 

disorder/defects in the graphene layer. (d) The deconvolution of the C1s XPS 

spectrum shows the different types of bonding in the graphene layer. 
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The 1 𝑒2⁄  diameters of the pump and probe beams were measured using a beam 

profiler (DataRay Inc. Beam’R2) and were approximately 20 and 8 µm, respectively. The 

pump and probe laser powers were 40-50 mW and 7-10 mW, respectively. Data fitting was 

performed over probe delay times of 0.2 to 7 ns. The transducer used for all samples was 

Au, which precluded the use of picosecond acoustics [341] to determine the transducer 

thickness since the piezoreflectivity (i.e., the change in reflectance with strain) of Au is 

small near a wavelength of 800 nm [228]. Reference glass slides were co-deposited during 

each metal deposition in order to determine film thickness and thermal conductivities of 

the metal layers. Profilometry (KLA-Tencor P-15) and AFM (Veeco Dimension 3100) 

measurements performed on reference glass slides were used to determine the height of the 

thick metal films underneath the graphene interface and the transducer thicknesses (i.e., the 

metal layer deposited on top of the graphene). The bottom Ti, Ni, and Au films were 

measured to be 812, 230, and 515 nm thick, respectively, and the Au-Ti, Au-Ni, and Au 

transducers were 71, 77, and 81 nm thick, respectively. 

The thermal conductivity of the metal layers was determined  by measuring the RT 

electrical conductivity in conjunction with the Wiedemann-Franz law: 𝐿0 = 𝑘 𝜎𝑇⁄ , where 

𝑘 is thermal conductivity, 𝜎 is electrical conductivity, 𝑇 is absolute temperature, and 𝐿0 is 

the Lorenz number which is equal to 2.44 × 10−8 WΩK−2 [390]. Electrical conductivity 

measurements were performed on reference glass slides using a four-point probe technique. 

The resulting thermal conductivities of the 812 nm Ti, 230 nm Ni, and 515 nm Au were 

6.6, 50, and 200 W/m-K, respectively. The thermal conductivity of the 71 nm Au-Ti and 

79 nm Au-Ni composite transducers were measured to be 132 and 131 W/m-K, 

respectively. The thermal conductivity of the 102 nm Au and 81 nm Au transducers were 
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measured to be 185 and 200 W/m-K, respectively. The metal film thermal conductivities 

were treated as constants during data fitting, unless otherwise stated. 

4.2 Sensitivity Analysis 

Figure 4-3(a) shows the sensitivity to various parameters in the measurements 

performed on the SiO2 sample, including thickness of the Au transducer layer, 𝑑Au, SiO2 

Figure 4-3 (a) Sensitivity to thickness of the Au transducer layer (green-dash-dot), 

𝒅𝐀𝐮, SiO2 thermal conductivity (black-solid) and thickness (red-dash), 𝒌𝐒𝐢𝐎𝟐 and 

𝒅𝐒𝐢𝐎𝟐, respectively, and TBC at Au-G-SiO2 interface (blue-dot), 𝑻𝑩𝑪𝐀𝐮−𝐆−𝐒𝐢𝐎𝟐, (b)  

Sensitivity to various parameters in Ti sample including bottom Ti thermal 

conductivity (black-solid), 𝒌𝐓𝐢, TBC at Ti-G-Ti interface (blue-dot), 𝑻𝑩𝑪𝐓𝐢−𝐆−𝐓𝐢, 

bottom Ti thickness (red-dash), 𝒅𝐓𝐢, and Au-Ti transducer thickness (green-dash-

dot), 𝒅𝐀𝐮−𝐓𝐢. 
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thermal conductivity, 𝑘SiO2, and TBC at Au-G-SiO2 interface, 𝑇𝐵𝐶Au−G−SiO2. The 

measurements showed negligible sensitivity to Au transducer thermal conductivity; 

however, there was significant sensitivity to the thickness of the transducer and SiO2 

thermal conductivity.  The sensitivity to TBC was low due to the low thermal conductivity 

of the SiO2 layer. This will be discussed in more detail in the next paragraph. In addition 

to TBC at Ti-G-Ti interface, 𝑇𝐵𝐶Ti−G−Ti, TDTR measurements on the Ti sample were 

sensitive to bottom Ti thermal conductivity, 𝑘Ti, bottom Ti thickness, 𝑑Ti, and Au-Ti 

transducer thickness, 𝑑Au−Ti. The sensitivity of the model to these parameters is shown in 

Figure 4-3(b). There was negligible sensitivity to the thermal conductivity of Au-Ti 

transducer, 𝑘Au−Ti. Like the SiO2 sample, the sensitivity to TBC at the Ti-G-Ti interface 

was low compared to Ni and Au samples due to low thermal conductivity of the bottom Ti 

layer. The measurements on the Ni and Au samples showed sensitivity to TBC at Ni-Si 

and Au-Si interfaces, 𝑇𝐵𝐶Ni−Si and 𝑇𝐵𝐶Au−Si, respectively, as well as bottom Ni and Au 

film thickness, 𝑑Ni and 𝑑Au, respectively. Sensitivity to the thermal conductivity of Au-Ni 

and Au transducers, 𝑘Au−Ni and 𝑘Au, were negligible.  

Table 4-1 Summary of TBC values at M-G-SiO2 and M-G-M interfaces. Statistical 

uncertainty analysis (MC simulations) was performed to determine upper/lower 

uncertainty bounds. 

 

 

 

 

Sample TBC (MW/m2-K) Unc. (MW/m2-K) 
Au-G-SiO2 27.7 +2.9/-2.4 

Ti-G-Ti 30.9 +2.9/-2.7 

Ni-G-Ni 28.2 +6.2/-9.6 

Au-G-Au 28.9 +5.6/-4.5 
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Comparing the Kapitza length [391] (𝐿K =
𝑘

𝑇𝐵𝐶
) of an interface, where 𝑘 is the 

thermal conductivity of the underlying layer, to thickness (𝑑) of the underlying layer, the 

larger value will limit heat diffusion in the sample. The result is higher sensitivity to the 

interface or layer in question. For the 812 nm Ti layer, with thermal conductivity of 6.6 

W/m-K and using TBC value from Table 4-1, 𝐿K is 213 nm, much lower than the Ti layer 

thickness. The thermal conductivity of the bottom Ni layer was ~7.5 times higher than the 

bottom Ti layer, while the thermal conductivity of the bottom Au layer was ~30 times 

higher. 𝐿K of the underlying Ni and Au layers were 1.77 and 6.92 µm, respectively. As a 

Figure 4-4 Comparison of sensitivity of TBC at Au-G-SiO2 (black-solid), Ti-G-Ti 

(red-dash), Ni-G-Ni (blue-dot), and Au-G-Au (green-dash-dot) interfaces (a) as a 

function of delay time and (b) for different TBC values at a delay time of 200 ps. 
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result of the high 𝐿K values, the sensitivity to TBC at Ni-G-Ni and Au-G-Au interfaces was 

much higher. This is illustrated in Figure 4-4 using average TBC values found in Table 

4-1. Figure 4-4(a) compares sensitivity to TBC at M-G-SiO2 and M-G-M interfaces as a 

function of delay time. The sensitivity to Au-G-Au interface across this range was higher 

than M-G-SiO2 and other M-G-M interfaces as a result of higher 𝐿K. Figure 4-4(b) shows 

a comparison of sensitivity to TBC at these interfaces for TBC values ranging from 10 to 

100 MW/m2-K at a delay time of 200 ps.  Thermal conductivity of the underlying layer in 

SiO2 and Ti samples was used as a fitting variable due to low sensitivity to TBC while 

these parameters could be held constant in Ni and Au samples.   

4.3 TBC at Metal-Graphene-Oxide and Metal-Graphene-Metal Interfaces 

The TBC was measured in areas with and without graphene on the SiO2 sample for 

comparison. As stated in the preceding paragraph, both TBC and SiO2 thermal conductivity 

were used as fitting variables. The resulting SiO2 thermal conductivity (1.14 W/m-K) was 

near the bulk value [183]. The average TBC values were 84.9 and 27.7 MW/m2-K for the 

Au-SiO2 and Au-G-SiO2 interfaces, respectively, which are comparable to previously 

reported values [208, 223]. The MC method [347, 349] described in Chapter 3 was used to 

obtain a better estimate of the lower uncertainty bound compared with analytical 

expressions [288]. A histogram showing the distribution of TBC values at the Au-G-SiO2 

interface and a convergence plot with the 5th, 50th, and 95th percentiles from a typical MC 

simulation are shown in Figure 4-5(a) and (b), respectively. The reported TBC values at 

the Au-SiO2 and Au-G-SiO2 interfaces, 84.7 and 27.7 MW/m2-K, respectively, are the 

average of the 50th percentiles from each MC simulation. The upper and lower uncertainty 
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bounds, the average of the 95th and 5th percentiles, respectively, were +2.9/-2.4 MW/m2-K 

for the Au-G-SiO2 interface.  

The TBC at M-G-M interfaces were in a similar range as the SiO2 sample. The 

thermal conductivity of the underlying Ti layer was used as a fitting parameter along with 

TBC at Ti-Ti and Ti-G-Ti interfaces. The resulting data fits are shown in Figure 4-6(a). 

The Ti thermal conductivity from TDTR was approximately 9.6 W/m-K, slightly higher 

Figure 4-5 Results of a typical Monte Carlo simulations for measurements performed 

on the SiO2 sample. (a) A histogram showing the distribution of TBC values at Au-

G-SiO2 interface. (b) Convergence plot showing the 5th, 50th, and 95th percentile. The 

50th percentile is taken as the TBC value, while the 95th and 5th percentiles represent 

the upper and lower uncertainty bound, respectively. 
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than our value of 6.6 W/m-K using the Wiedemann-Franz law which measures the 

electronic contribution to thermal conductivity. An increased lattice contribution caused 

by metal oxidation may be the source of the difference in thermal conductivity observed 

using TDTR [390]. In addition, the Lorenz number, 𝐿0, may differ from the theoretical 

value (2.44 × 10−8 WΩK−2) for various metals [392] where higher Lorenz numbers can 

arise from increased lattice contribution. Using the 𝑘 (9.6 W/m-K) value from TDTR and 

Figure 4-6 (a) Comparison of typical data fits for Ti sample. (b) Ti2p XPS spectrum 

with peaks labeled corresponding to TiO2 (A and a) and the suboxides Ti2O3 (B and 

b), TiO (C and c), and Ti (D and d). 



 61 

measurement of 𝜎 (9.18 × 105 S

m
) from the four-point probe technique to calculate Lorenz 

number results in a 𝐿0 value of 3.54 × 10−8 WΩK−2. 

Average TBC at Ti-Ti and Ti-G-Ti interfaces were 96.1 and 30.9 MW/m2-K, 

respectively. The TBC at Ti-Ti interface was an order of magnitude lower than expected 

for a M-M interface [195, 196], which is attributed to oxidation in the Ti layer and 

confirmed using XPS. The effect is analogous to decreased TBC observed at Al-Si 

interface in the presence of a native oxide layer [370]. The Ti2p XPS spectrum shown in 

Figure 4-6(b) was used to determine the thickness of the oxide layer following the method 

of McCafferty and Wightman [393]. The oxide film was modeled as a mixture of TiO2 and 

the suboxides Ti2O3 and TiO. The ineleastic electron mean free paths were calculated from 

the NIST Electron Inelastic Mean Free Path Database [394] using the predictive formula 

of Gries [395] with densities of 4.5, 4.23, 4.49, and 4.95 g/cm3 for Ti, TiO2, Ti2O3, and 

TiO, respectively. The total oxide thickness was found to be ≈2.8 nm with the contribution 

of each suboxide being 1.3, 1.1, and 0.44 nm for TiO2, Ti2O3, and TiO, respectively. Since 

graphene forms a chemisorbed interface with Ti, it is quite possible that the TBC would be 

higher if Ti oxidation can be prevented in the samples.  

The TBC of the Ni-Ni interface was an order of magnitude larger than Ni-G-Ni 

interface (315 versus 28.2 MW/m2-K), a larger difference than observed for Ti samples. 

The resulting data fits for measurements on Ni sample are shown in Figure 4-7(a). The 

TBC at Ni-Ni interface was more than three times the TBC at the Ti-Ti interface. Like the 

Ti sample, oxidation of Ni layer likely led to lower TBC value at Ni-Ni interface. The Ni2p 

XPS spectrum is presented in Figure 4-7(b) with main peaks corresponding to Ni, NiO, 

and Ni(OH)2 [396]. However, unlike Ti, the native oxide layer formed on the Ni surface 
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was not treated as a multilayer stack with contributions from each oxidation state. Instead, 

the thickness of the mixed oxide/hydroxide film on the Ni sample was 2.5 nm estimated 

using the method of Strohmeier [397-399] with contributions from NiO and Ni(OH)2.  

The sensitivity to TBC at Au-Au interface was extremely low due to the high TBC 

at this interface. Gundrum et al. [195] reported TBC at Al-Cu interface to be 4 GW/m2-K 

at RT; we expect TBC at Au-Au interface is much higher than this value since Au does not 

form an oxide [400] like Al and Cu. Wilson et al. [196] reported TBC of 14 GW/m2-K at 

Pd/Ir interface. The TBC at this interface may be too high to resolve in the current sample 

configuration but is estimated to be > 10 GW/m2-K based on MC results. The average TBC 

value at Au-G-Au interface was 28.9 MW/m2-K. A typical data fit for the Au sample used 

Figure 4-7 Typical data fit for (a) Ni and (c) Au samples used in this study. (b) Ni2p 

XPS spectrum with main peaks associated with Ni, NiO, and Ni(OH)2. (d) 

Comparison of TBC values at graphene interfaces (e.g. Au-G-SiO2, Ti-G-Ti) for all 

samples used in this study (also listed in Table 4-1). 
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in this study is shown in Figure 4-7(c). A comparison of average TBC values for samples 

in this study are shown in Figure 4-7(d) and the results are listed in Table 4-1. The error 

bars shown in Figure 4-7(d) were obtained using the MC method as were the uncertainty 

values listed in Table 4-1. The two values listed in the uncertainty column correspond to 

the lower and upper uncertainty bounds, or the 5th percentile and 95th percentile, 

respectively, from the MC simulations. 

The TBC results at M-G-M interfaces presented here were in similar range as 

previously reported M-G-SiO2 [208, 221-225], and M-G-M interfaces [209, 210, 226, 227, 

401]. The total native oxide layer thickness estimated from the XPS spectra of Ti and Ni 

samples was 2.8 and 2.5 nm, respectively. Assuming the thermal conductivity of the oxide 

layers tis 1 W/m-K, this corresponds to a thermal conductance of 357 and 400 MW/m2-K 

for Ti and Ni samples. This is much higher than measured TBC value at Ti-G-Ti and Ni-

G-Ni interfaces, both of which contribute to the total interfacial thermal conductance [402]. 

Freedy et al. [225] showed increased TBC with decreased oxide concentration for a 5 nm 

Ti layer for graphene on SiO2 at the M-G-SiO2 interface showing that Ti oxidation, as 

opposed to graphene surface reactivity [223], is the limiting factor. A similar observation 

was made at Au-Al2O3 and Au-MgO interfaces [229] showing the effect of Ti oxidation on 

TBC. These studies focused on Ti because of its use as an adhesion layer for metal contacts. 

The results and observations here agree with these studies and further broaden the notion 

of reduction in TBC due to oxidation to other metals as we compare the effect on TBC for 

Ni in addition to Ti. 

Further, the difference in metal and metal oxide Debye temperatures (Ti =420 K 

[179], TiO2=750 K [403], Ni=495 K [404], NiO=630 K [405]) suggests the chemical 
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interaction plays a major role in the thermal transport at the M-G interface. The 

chemisorbed interface between graphene and metal may not be formed due to the thin 

native oxide layer in the bottom Ti and Ni layer which could explain why high TBC was 

not observed as predicted by previous computational studies [215, 218] even though 

conductance of oxide layer itself is much greater than the TBC. In addition, the C1s XPS 

spectra for graphene on Ti and Ni showed no carbide formation at bottom interface which 

can also affect interfacial properties [406-408]. Gengler et al. [220] reported a decrease in 

TBC with increased titanium carbide concentration, but the absence of carbide formation 

here leaves oxidation as the likely hindrance of M-G interaction at the bottom interface. 

However, this explanation is insufficient in explaining why the Au sample had 

similar TBC indicating that the bonding interactions are not the only important 

consideration for dictating TBC in our samples since the physisorbed sample (Au) was 

slightly higher than one chemisorbed sample (Ni) but lower than the other (Ti). For 

example, interface topology has a major effect on M-G TBC [209]. Different deposition 

methods (e.g., evaporation, sputtering) and deposition conditions (e.g., rate, pressure) can 

affect the surface roughness of metal films and thus the topology of the M-G interface. The 

chemisorbed M-G interface is expected to change electronic configuration [203-205] as 

well as phonon dispersion [211-215] of graphene. Huang et al. [210] showed that thermal 

transport at Pd-G-Pd interfaces was due to phonons with no significant electronic 

contribution, which could also explain why no TBC enhancement was observed. 

Interestingly, the insertion of a monolayer of graphene significantly reduced the TBC at 

Au-Au interface by more than two orders of magnitude. From this it can be concluded that 
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the electronic contribution to TBC at M-M interfaces is negated by the presence of the 

graphene. 

4.4 Conclusions 

This chapter presented TBC measurements at M-M interfaces using TDTR. The 

metals used here represent chemisorbed (Ti, Ni) and physisorbed (Au) interfaces based on 

how they interact with graphene. The TBC was similar to previously reported TBC at M-

G-SiO2 and M-G-M interfaces. Oxidation of the bottom Ti (2.8 nm) and Ni layers (2.5 nm) 

was confirmed using XPS and likely led to decreased TBC at Ti-G-Ti and Ni-G-Ni 

interfaces by preventing the formation of chemisorbed interface between graphene and 

metal. Significantly reduced Ti-Ti and Ni-Ni TBC, compared to typical M-M interfaces, 

confirmed the effect of oxidation. Reducing the oxidation of the bottom Ti and Ni layers 

should lead to enhanced TBC, a necessary consideration for fabrication of future graphene 

devices. Also, the insertion of one monolayer of graphene can significantly reduce thermal 

transport at M-M interface with no oxidation (e.g., Au-Au). 
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CHAPTER 5. HEXAGONAL BORON NITRIDE-GRAPHENE 

HETEROSTRUCTURES 

In this chapter, the experimentally measured TBC for Ti-graphene (Ti-G), Ti-h-BN, and h-

BN-graphene (h-BN-G) interfaces are correlated with theoretical modeling using the 

diffuse mismatch model (DMM). TDTR is used to estimate the TBC at the interface of h-

BN and graphene which is relevant for 2D heterostructures, a promising route to future 

applications for this class of materials. The DMM typically assume isotropic properties, 

this is far from valid for the highly anisotropic thermal transport in h-BN and graphene. 

Instead, the phonon transmission and TBC are predicted using two different forms of DMM 

developed for anisotropic materials and the contribution of the different phonon modes is 

demonstrated. 

5.1 Sample Fabrication and Characterization 

Single-layer graphene (SLG), with some bilayer islands, and few-layer h-BN were 

grown on Cu foil using separate CVD processes [230] and transferred to the surface of 300 

nm thermally-grown SiO2 (measured using a Nanometrics Nanospec 3000 reflectometer) 

using a PMMA polymer support (these samples were provided by collaborators at Rice 

University). Prior to transfer to SiO2, the underlying Cu foil was etched in FeCl3, and, 

following transfer, the PMMA was dissolved in acetone and isopropyl alcohol. The 

samples were annealed at 300C in vacuum (5-10 mTorr) to remove residual PMMA [383] 

and improve conformity to the substrate [209]. Raman spectroscopy data was acquired 

using a Renishaw InVia Raman microscope with 180 backscattering geometry and 488 
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nm Ar+ laser focused using a 50X objective lens (NA=0.5). XPS was performed using a 

Thermo Scientific K-Alpha+ spectrometer with an Al Kα monochromatic X-ray source 

(1486.6 eV). 

In preparation for thermal measurements, the samples were simultaneously coated 

with Au (3 nm Ti adhesion layer) using electron-beam evaporation to serve as a thermal 

transducer. Schmidt et al. [219] showed that inclusion of 5 nm Ti adhesion layer nearly 

doubled the TBC at Al-graphite interface. Therefore, the interfaces considered here are Ti-

G-SiO2 or Ti-h-BN-SiO2 despite Au layer as the thermal transducer. The sample 

geometries used in this study are shown in Figure 5-1(a)-(c). The actual film thickness of 

77 nm was measured on co-deposited glass slide using AFM (Veeco Dimension 3100). 

Figure 5-1 The samples used in this study are CVD grown (a) graphene, (b) h-BN, 

and (c) h-BN-G. Samples were coated with a Au thermal transducer (3 nm Ti 

adhesion layer) for TDTR measurements. The interfaces are considered Ti-G-SiO2 or 

Ti-h-BN-SiO2 in accordance with previous studies where a 5 nm Ti adhesion layer 

nearly doubled the TBC at Al-graphite interface. (d) An optical microscope image 

(20x) showing a ~0.5x0.5 mm2 area on the surface of h-BN-G sample. 
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The pump and probe 1/e2 radii were ~5 and ~3 µm, respectively, measured with a DataRay 

Inc. Beam’R2 beam profiler. Pump and probe powers of 10 and 4 mW, respectively, were 

used. The arrival time of the probe was delayed up to 5 ns relative to the pump. MC 

simulations were used to determine uncertainties associated with TBC estimation [347, 

349]. The optical microscope image in Figure 5-1(d) shows a 1x1 mm2 area of SiO2 coated 

with mostly SLG and h-BN.  

Figure 5-2(a) and (b) shows the Raman spectra from the samples used in this study. 

The graphene sample (Figure 5-2(a)) displayed G peak at 1592 cm-1 (E2g mode near the Γ 

point) [387] and 2D peak 2703 cm-1 (A1g mode near the Κ point) [409] and intensity ratio 

I(2D)/I(G) ≈ 2.2 [386] showing the sample is single-layer. However, the shift in peak 

positions and reduced I(2D)/I(G) ratio suggests some p-type doping [410, 411] previously 

Figure 5-2 (a) Graphene and (b) h-BN Raman spectra. The intensity ratio I(2D)/I(G) 

≈ 2.2 in (a) indicates graphene sample is single-layer. High resolution XPS spectra for 

h-BN samples showing (c) B and (d) N peaks at 191 and 398 eV, respectively. From 

the XPS data, we determined the stoichiometry of our h-BN sample was 1.17:1 (B:N). 
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attributed to residual PMMA [382]. The D peak at 1356 cm-1 arises from disorder in the 

graphene layer. Figure 5-2(b) shows the h-BN Raman spectrum with peak blue-shifted to 

~1370 cm-1, corresponding to the in-plane E2g mode, compared to the characteristic peak 

at ~1366 cm-1 for bulk h-BN [412]. This shift could be caused by stress in the film resulting 

from the growth process, substrate-interlayer interaction, or crystallite size [413-415]. A 

comparison of the  graphene and h-BN-graphene Raman spectra (not shown) did not 

display new peaks in the range of 1200-3200 cm-1 which would suggest coupling between 

the 2D layers [416-419]. There was simply peak broadening around 1360 cm-1 as a result 

of the h-BN layer. A more extensive Raman study may reveal shear or layer-breathing 

modes at lower frequencies. The high resolution XPS spectra in Figure 5-2(c) and (d), 

respectively, show B and N peaks at binding energies of 191 and 398 eV, respectively. 

From the XPS data, the stoichiometry of our h-BN sample was 1.17:1 (B:N) [420].  

5.2 TBC Measurement and Analysis Using TDTR 

The TBC at Ti-G-SiO2 and Ti-h-BN-SiO2 interfaces were 30.6 (+6.2/-4.2) and 33.7 

(+9.8/-5.3) MW/m2-K, respectively. The TBC at Ti-h-BN-G-SiO2 interface was 18.3 

(+4.0/-2.7) MW/m2-K. The TDTR signals are compared in Figure 5-3(a). The total 

interfacial thermal conductance per unit area can be ascribed to the metal-h-BN-G-SiO2 

interfaces acting in series, as in the case of a thin film sample between two solids [402]. 

Therefore, a one-dimensional thermal resistance network is used to estimate the TBC at h-

BN-G interface. This method was used previously [208, 221-223, 401] where the heat 

transport across M-G-SiO2 and M-G-M interfaces was treated as the resistances of the 

decoupled M-G and G-SiO2 (or G-M) interfaces acting in series. Zheng et al. reevaluated 

this analysis recently suggesting long wavelength phonons may traverse both interfaces 
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through a process similar to the heat transport in superlattices [332]. Nevertheless, we apply 

the method here in the following manner. Using the relationship, 1 𝑇𝐵𝐶Ti−G−SiO2⁄ =

1 𝑇𝐵𝐶Ti−G⁄ + 1 𝑇𝐵𝐶G−SiO2⁄ , we can determine 𝑇𝐵𝐶Ti−G. Similarly, the 𝑇𝐵𝐶G−SiO2 term 

can be replaced by 𝑇𝐵𝐶h−BN−SiO2 to determine 𝑇𝐵𝐶Ti−h−BN. The thermal conductance of 

the h-BN and G layers were much greater than the interfacial TBC and were therefore 

neglected.  

Figure 5-3 (a) TDTR signal comparisons for three samples used in this study. (b) 

Summary of TBC results from TDTR measurements and thermal resistor network. 

Ti-G-SiO2, Ti-h-BN-SiO2, and Ti-h-BN-SiO2 values measured using TDTR. Error 

bars were calculated using the MC method. G-SiO2 [312] and h-BN-SiO2 [421] data 

taken from literature. Ti-G, Ti-h-BN, and h-BN-G TBC values were estimated using 

series resistance approximation. 
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The 𝑇𝐵𝐶G−SiO2 and 𝑇𝐵𝐶h−BN−SiO2 values were previously reported for SLG (~80 

MW/m2-K) [312] and monolayer h-BN (~63 MW/m2-K) [421] using the 3ω technique. 

Using these values, the resulting 𝑇𝐵𝐶Ti−G and 𝑇𝐵𝐶Ti−h−BN are 49.6 (+18.7/-10.2) and 73.3 

(+69.1/-21.1) MW/m2-K. The uncertainty bounds were determined using the upper/lower 

limits from the MC simulations for Ti-G-SiO2 and Ti-h-BN-SiO2 interfaces. We use these 

values and formulate a new relationship, 1 𝑇𝐵𝐶Ti−h−BN−G−SiO2⁄ = 1 𝑇𝐵𝐶Ti−h−BN⁄ +

1 𝑇𝐵𝐶h−BN−G⁄ + 1 𝑇𝐵𝐶G−SiO2⁄ , and estimate 𝑇𝐵𝐶h−BN−G to be 35.1 (+4.5/-4.2) MW/m2-

K. The TBC values are summarized in Figure 5-3(b). When compared with previous values 

in literature, our TBC value is greater than 7.4 MW/m2-K reported by Chen et al. [243] and 

5-10 MW/m2-K reported by Kim et al. [246]. However, our value is less than 52.2 MW/m2-

K reported by Liu et al. [245], which we attribute to surface roughness resulting from the 

CVD growth process and PMMA residue following the transfer process.  This value is also 

in a similar range as TBC (30 – 50 MW/m2-K) for different lattice stacking configuration 

predicted using first principles AGF simulations [241]. 

5.3 DMM-Based TBC Analysis 

Next, the anisotropic DMM models discussed in Section 3.2 are implemented to 

predict the phonon transmission and TBC at Ti-G, T-h-BN, and h-BN-G interfaces. Phonon 

velocities were calculated using the elastic constants for Ti [378], graphite [422], and h-

BN [423]. The cutoff frequencies for each branch were determined from the published 

dispersion relations [197, 424, 425], and the Debye temperature for each branch 

corresponds to these frequencies. Following Chen et al. [198], the cutoff wavevectors are 

determined using the relationship 𝑘𝑎𝑏
2 𝑘𝑐 = 6𝜋2𝑁 𝑉⁄  and the anisotropy ratio of the real 
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lattice to ensure the correct number of acoustic modes. Also, the dispersion relation is 

unfolded along 𝑐-axis because of the relatively high velocity of optical modes in that 

direction. Table 5-1 lists the input parameters for both models, where 𝑣𝑎𝑏,2, 𝜔𝑎𝑏,1, and 

𝑘𝑎𝑏,1 are not used in the A-DMM model. Unlike Li et al. [379], the same input parameters 

are used in both models for direct comparison. 

Table 5-1 Input parameters for A-DMM and PWA-DMM models. The phonon 

velocities were  calculated using the elastic constants for Ti [378], graphite [422], and 

h-BN [423] and cutoff frequencies for each branch were determined from the 

published dispersion relations [197, 424, 425]. The wavevectors,  𝒌𝒂𝒃,𝟏 and 𝒌𝒂𝒃,𝟐, 

frequencies 𝝎𝒂𝒃,𝟏 and 𝝎𝒂𝒃,𝟐, and phonon velocities 𝒗𝒂𝒃,𝟏 and 𝒗𝒂𝒃,𝟐, for TL2 branch 

were determined using the analysis of Li et al. [426]. 𝒗𝒂𝒃,𝟐, 𝝎𝒂𝒃,𝟏, and 𝒌𝒂𝒃,𝟏 are not 

used in the A-DMM model. 

Branch Parameters Graphene h-BN 

TA 

𝑣𝑐 (m/s) 1329 1915 

𝑣𝑎𝑏 (m/s) 13935 12364 

𝜔𝑐 (1012 rad/s) 8.24 9.98 

𝜔𝑎𝑏 (1012 rad/s) 190 166 

TL1 

𝑣𝑐 (m/s) 1329 1915 

𝑣𝑎𝑏 (m/s) 21628 19652 

𝜔𝑐 (1012 rad/s) 8.24 9.98 

𝜔𝑎𝑏 (1012 rad/s) 231 202 

TL2 

𝑣𝑐 (m/s) 4013 3586 

𝑣𝑎𝑏,1 (m/s) 1329 1915 

𝑣𝑎𝑏,2 (m/s) 7485 4396 

𝜔𝑐 (1012 rad/s) 22.8 22.8 

𝜔𝑎𝑏,1 (1012 rad/s) 5.34 4.08 

𝜔𝑎𝑏,2 (1012 rad/s) 100 61.7 

𝑘𝑎𝑏,1 (1010 m-1) 0.402 0.213 

𝑘𝑎𝑏,2 (1010 m-1) 1.83 1.80 

 

The DMM does not consider the quality of the interface (e.g., bonding, roughness), 

which varies from sample to sample; therefore, 𝛼12 is held constant and its value is 

determined for each interface by fitting both DMM models to our RT TDTR measurements 
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(Table 5-2). As a result, only the phonon irradiation from material 1 (e.g., Ti in the case of 

Ti-G and Ti-h-BN interface) needs to be considered [191]. Thus, when utilizing the fitted 

values, 𝛼12,fit, the A-DMM and PWA-DMM models differ from each other and from the 

original DMM (Equation 23) only when considering the h-BN-G interface. The 𝛼12,fit 

values listed in Table 5-2 are very insightful. As expected, 𝛼12,fit for the Ti-G and Ti-h-BN 

are identical for the A-DMM and PWA-DMM models. They are also similar order of 

magnitude (~10-2) for 𝛼12,fit at metal-graphite interfaces [208, 219] reported in previous 

studies. We must point out that Schmidt et al. [219] assumed a sine-type (or Born-von 

Karman) [372] dispersion for metals and effective 2D Debye density of states [377] in 

graphite. Also, the velocities of each phonon polarization were lumped into a single, 

average velocity. Koh et al. [208] used  a linear (Debye) dispersion for Au. 𝛼12,fit for h-

BN-G interface predicted by the PWA-DMM was nearly an order of magnitude larger than 

the value predicted by the A-DMM (see Table 5-2). The reason for this discrepancy is 

discussed below.  

Table 5-2 Fitted phonon transmission coefficients, 𝜶𝟏𝟐,𝐟𝐢𝐭, used in DMM analysis 

determined by fitting to RT TDTR data. 

Interface A-DMM [377] PWA-DMM [198] 

Ti-G 0.05424 0.05424 

Ti-h-BN 0.08016 0.08016 

h-BN-G 0.02494 0.2287 

 

The ratio of 𝛼12, calculated using phonon irradiation (Equations 24 and 25) and the 

relationship 𝛼12 = 𝐻2 (𝐻1 + 𝐻2)⁄ , to 𝛼12,fit values from Table 5-2 is compared in Figure 

5-4(a). While Li et al. [379] makes an elastic assumption and calculates 𝛼12(𝜔), we assume 
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inelastic scattering [427] in accordance with the A-DMM model and calculate 𝛼12(𝑇) 

allowing phonons of all frequencies in h-BN and graphene to participate. For the h-BN-G 

interface, 𝛼12 is expected to be near 0.5 for both models due to the similar vibrational 

properties of graphene and h-BN [197, 425]. The graph of 𝛼12 𝛼12,fit⁄  in Figure 5-4(a) 

shows a weak temperature dependence above 200 K for both the A-DMM model (solid 

lines) and PWA-DMM (dashed lines).  

Figure 5-4 (a) Ratio of transmission coefficients, 𝜶𝟏𝟐 𝜶𝟏𝟐,𝐟𝐢𝐭⁄ , for A-DMM (solid lines) 

and PWA-DMM (dashed lines), where 𝜶𝟏𝟐 is calculated from phonon irradiation 

(Equations 24 and 25) and the relationship 𝜶𝟏𝟐 = 𝑯𝟐 (𝑯𝟏 + 𝑯𝟐)⁄  and 𝜶𝟏𝟐,𝐟𝐢𝐭 is 

determined from RT TDTR data. The ratio 𝜶𝟏𝟐 𝜶𝟏𝟐,𝐟𝐢𝐭⁄  depend weakly on 

temperature above 200 K. (b) The transmission coefficient of each phonon branch, 

𝜶𝟏𝟐,𝒋, highlights the importance of the TL2 branch to total transmission, 𝜶𝟏𝟐. 
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The discrepancy between 𝛼12 and 𝛼12,fit was much larger for A-DMM compared 

to PWA-DMM model. At RT 𝛼12 𝛼12,fit⁄  for Ti-G and Ti-h-BN interfaces are 14.9 and 

7.27, respectively, using the A-DMM model, while there is much better agreement for the 

PWA-DMM (1.36 and 1.55 for Ti-G and Ti-h-BN, respectively). The high 𝛼12 𝛼12,fit⁄  ratio 

for the A-DMM for Ti-G and Ti-h-BN interface arises from the much higher phonon 

irradiation in graphene and h-BN compared to PWA-DMM. The phonon irradiation is 

proportional to 𝑣𝑎𝑏
−2, thus the assumption of a constant 𝑣𝑎𝑏 for TL2 branch, which 

contributes most to the irradiation [198, 379], results in much higher calculated 𝛼12 value 

for A-DMM model. This is the phonon focusing effect [428] whereby cross-plane TBC 

can be increased with a reduction in in-plane phonon velocity. The same is true for h-BN-

G interface where 𝛼12 𝛼12,fit⁄  was 30.3 and 1.57 for the A-DMM and PWA-DMM models, 

respectively. The transmission coefficient for each phonon branch, 𝛼12,𝑗, is shown in 

Figure 5-4(b) and further reinforces the importance of the TL2 branch.  

Finally, the TBC predicted using 𝛼12,fit are shown in Figure 5-5 along with TBC 

for Ti-G, Ti-h-BN, and h-BN-G from our TDTR results. Various literature results for h-

BN/G [243, 245, 246], M/G [210, 221, 401] and M/graphite [219] interfaces are also shown 

for comparison. The discrepancy between h-BN-G results for the A-DMM and PWA-

DMM models at low temperatures arises from the assumption of constant 𝛼12. The phonon 

wavelength varies as 𝑇−1 resulting in higher 𝛼12 at low temperatures where phonon 

wavelength is much larger than surface roughness leading to decreased scattering [191]. 

This behavior is captured by the PWA-DMM model but not the A-DMM. Interestingly, 

the TBC at h-BN/G interface is constant above 200 K for both models. TBC is expected to 

increase below the Debye temperature [180, 191],  which is greater than 1000 K [429] for 
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both h-BN and graphene. The observed trend with temperature may be a result of the ZA 

branch in 𝑎𝑏-axis and TA branch in 𝑐-axis (i.e., TL2 branch) properties being the dominant 

contributor to TBC for both A-DMM and PWA-DMM models. The maximum frequency 

of vibrations (Table 5-1) for the two branches correspond to Debye temperatures of 764 

and 174 K, respectively, but the contribution from both remain constant above 200 K.  

5.4 Conclusions 

To summarize, the TBC at h-BN-G interface was estimated using a series thermal 

resistor network coupled with TDTR measurements at Ti-G-SiO2, Ti-h-BN-SiO2, and Ti-

Figure 5-5 Comparison of TBC for Ti-G (red filled square), Ti-h-BN(filled blue 

square), and h-BN-G (filled green triangle) from this work. DMM results from this 

work are plotted as solid (A-DMM) and dashed lines (PWA-DMM). TBC values at 

Ti-G, Ti-hBN, and h-BN-G are estimated assuming series resistances. The DMM 

results were calculated using 𝜶𝟏𝟐,𝐟𝐢𝐭 values in Table 5-2. Also shown are previously 

reported of h-BN-G TBC from Chen et al. [243] (open left purple triangle), Liu et al. 

[245] (open purple diamond), and Kim et al. [246] (open purple trapezoid) using 

Raman spectroscopy. For further comparison, TBC for various metal-G [Al-O-G 

(open black square) [221], Pd-G (open up black triangle) [210], and Ag-G (open right 

black triangle) [401]] and Ti-graphite (open gray circles) [219] interfaces are also 

shown.  
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h-BN-G-SiO2 interfaces. The TBC at h-BN-G interface was 35.1 MW/m2-K; however, 

since h-BN and graphene have similar physical structure and acoustic properties the TBC 

at their interface may be increased by improving sample quality. The phonon transmission 

predicted using two forms of the DMM for anisotropic materials was compared. The A-

DMM model predicts a higher phonon irradiation thus higher transmission coefficient due 

the assumption of constant velocity of ZA mode across entire the FBZ. The PWA-DMM 

model uses two different phonon velocities near the center and at edge of the FBZ resulting 

in better prediction of phonon transmission. The phonon transmission and temperature 

dependence of TBC confirms the TL2 branch of h-BN and graphene are the dominant 

contributor when implementing both the A-DMM and PWA-DMM model.  This 

methodology can be extended to other 2D heterostructures to analyze the TBC at the 

interfaces of 2D layers. 
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CHAPTER 6. SPATIAL MAPPING OF THERMAL BOUNDARY 

CONDUCTANCE AT METAL-MOLYBDENUM DISELENIDE 

INTERFACES 

The following chapter presents the 2D spatial variation of the TBC at metal-MoSe2 (M-

MoSe2) interfaces. Photolithography allows individual islands of CVD grown MoSe2 to be 

isolated and probed using TDTR. A modified TDTR technique reduces the measurement 

time significantly. TDTR traditionally requires mapping the decay of the thermoreflectance 

signal as a function of time. Here, the TBC is determined by comparing the measured 

thermoreflectance signal at a single delay time to a correlation curve which predicts the 

variation of the thermoreflectance signal with TBC. Image clustering provides improved 

resolution of the optical images and TBC maps allowing distinction between regions with 

different layer number and TBC value. TDTR performed over the full range of delay times 

reveal a key finding of the current chapter. 

6.1 Sample Fabrication and Characterization 

Single-layer MoSe2 flakes were grown on a 310 nm thermally grown SiO2 through 

a low-pressure CVD (LPCVD) process, described previously [430, 431], by reacting 0.2 g 

MoO3 with 1.2 g Se powder under 40 sccm Ar + 6 sccm H2 carrier gas resulting in 

triangular MoSe2 islands (CVD growth was performed at Oak Ridge National Lab). The 

largest single-layer islands found on the sample were equilateral triangles with 80 µm side 

length. Individual MoSe2 islands were patterned using Futurrex, Inc.’s NR9-1500PY 

negative photoresist exposed using a Microtech LaserWriter LW405 system. The 
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LaserWriter allows for low-throughput, direct-write, photolithographic patterning with a 

focused laser beam (λ=375 nm) with 0.7 µm minimum resolution. After identifying 

candidate islands, those with approximately 80 µm side length, 100 µm square windows 

were drawn above them along with 500 µm square windows at each corner (Figure 6-1(a)). 

The larger windows were used to locate the 100 µm windows for site-specific TDTR 

measurements. The optical microscope image (10x objective) in Figure 6-1(b) shows the 

exposure pattern of MoSe2 islands prior to metal deposition for TDTR measurements.  

Following patterning, the samples were coated with Al, with and without a Ti 

adhesion layer, using electron-beam evaporation to form Al-MoSe2-SiO2 and Ti-MoSe2-

SiO2 interfaces. The Al-Ti interface can be ignored since the TBC at M-M interfaces is an 

order of magnitude higher than M-semiconductor or M-dielectric interfaces [195, 196, 

Figure 6-1 (a) Schematic of exposure pattern for MoSe2 islands for metal deposition 

and thermal measurements. (b) Optical microscope image showing exposed region of 

sample. (c), (d) Sample geometry used in TDTR measurements. (e) Atomic force 

microscope image, and (f) Profile of single-layer MoSe2 (~0.7 nm) along the line shown 

in (e) corresponding to single-layer MoSe2. 
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349]. Like Schmidt et al. [219] for graphite, Cheaito et al. [432] showed that inclusion of 

2 nm Ti adhesion layer was enough to effectively change the TBC at Au-Si interfaces, with 

little change up to 40 nm Ti. Therefore, with Ti adhesion layer we can consider the interface 

to be Ti-MoSe2-SiO2. The TBC values reported here are equivalent to the total thermal 

conductance of the M-MoSe2-SiO2 interface. In both geometries, the Al layer acts as an 

ideal transducer to absorb incident laser energy during thermal measurements because of 

its relatively large thermoreflectance coefficient at the wavelength of our probe laser 

(λ=800 nm) [433]. The transducer thicknesses (Figure 6-1(c) and (d)) were measured on 

co-deposited glass slides using AFM and confirmed using picosecond acoustics [341]. 

Raman spectroscopy and XPS data were acquired using the previously described Renishaw 

InVia Raman microscope and Thermo Scientific K-Alpha+ spectrometer, respectively.  

 The optical contrast of the MoSe2 regions in Figure 6-1(b) can be used to identify 

single-layer regions [434]. As stated previously, the largest islands on the sample were 

equilateral triangles with ~80 µm side length. The AFM image in Figure 6-1(e) shows the 

sample surface and the height of an isolated island was measured to be ~0.7 nm along the 

line in Figure 6-1(f), confirming the MoSe2 is single-layer [88]. The Raman spectrum 

(Figure 6-2(a)) shows two distinct peaks at ~244 and ~291 cm-1 corresponding to A1g (out-

of-plane) and E1
2g (in-plane) modes in MoSe2, respectively [89]. Less pronounced peaks 

corresponding to B1
2g and E1g modes can also be identified. The Mo 3d (Figure 6-2(b)) and 

Se 3d (Figure 6-2(c)) high resolution spectra shows the characteristic Mo 3d5/2 and Mo 

3d3/2 doublet with peak binding energies of 230 and 233 eV, respectively, with slight MoOx 

peak, along with Se 3d5/2 and Se 3d3/2 doublet peaks at 54.8 and 55.7 eV, respectively, in 

agreement with the previous studies [435].  
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6.2 TDTR Results 

6.2.1 2D Mapping of TBC 

In traditional TDTR experiments, the arrival time of the probe is delayed relative 

to the pump beam (in contrast, the pump beam can be advanced relative to the probe [326]) 

to map the decay of the thermoreflectance signal. This typically requires several minutes 

per measurement, but the time to scan a 2D area can be decreased substantially by 

Figure 6-2 (a) Single-layer MoSe2 Raman spectrum with two peaks corresponding to 

A1g (out-of plane) and E1
2g (in-plane) modes at ~244 and ~291 cm-1

, respectively. (b) 

High resolution Mo 3d XPS spectrum with Mo 3d5/2 and Mo 3d3/2 doublet with peak 

binding energies of 230 and 233 eV, respectively, with slight MoOx peak. (c) High 

resolution Se 3d XPS spectrum with Se 3d5/2 and Se 3d3/2 doublet with peak binding 

energies of 54.8 and 55.7 eV, respectively. (d) Correlation curve used to calculate TBC 

from the −𝑽𝐢𝐧 𝑽𝐨𝐮𝐭⁄  created by varying the M-MoSe2-SiO2 TBC from 1 to 150 

MW/m2-K at a delay time of 100 ps. The solid line is used to create TBC maps and 

corresponds to SiO2 thermal conductivity, 𝒌, of 1.38 W/m-K from TDTR 

measurements. The dashed lines are calculated using the upper and lower bounds 

from MC simulations. 
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measuring the thermoreflectance signal, −𝑉in 𝑉out⁄ , at a single delay time where 𝑉in and 

𝑉out are the in-phase and out-of-phase signal, respectively, of the lock-in amplifier. This 

approach was initially used to map the thermal conductivity of Nb-Ti-Cr-Si diffusion 

couples [355] and extended recently to show thermal conductivity suppression near grain 

boundaries in polycrystalline diamond [436]. The method is analogous to a technique used 

by Yang et al. [222] to map TBC at M-G interfaces. The 2D map of TBC is created by 

raster scanning the sample over a 120x120 µm2 area. Precise control of the sample position 

is achieved using a motorized translation stage and DC servo motor controller (Thorlabs 

MTS25-Z8 and KDC101, respectively). The pump and probe 1/e2 radii were ~5 and ~3 µm 

(measured using a DataRay Inc. Beam’R2 beam profiler), respectively, with pump and 

probe powers of 7 and 3 mW, respectively. The resolution of the resulting 2D image is 

determined by the step size of sample translation (3 µm in this study). The TBC is 

calculated by comparing the measured −𝑉in 𝑉out⁄  value to a correlation curve which 

predicts −𝑉in 𝑉out⁄  as a function of TBC at metal-MoSe2-SiO2. 

Prior to 2D TDTR mapping, correlation curves were created from theoretically 

calculated values of  −𝑉in 𝑉out⁄  as a function of TBC at M-MoSe2-SiO2 interface. To 

accomplish this, we must first know the geometry and thermal properties of each layer of 

our sample (Figure 6-1(c) and (d)).  As stated earlier, metal transducer thickness (𝑑) was 

measured using atomic force microscopy and confirmed using picosecond acoustics [341]. 

Thermal conductivity (𝑘) of metal films were measured using the Wiedemann-Franz law, 

𝐿0 = 𝑘 𝜎𝑇⁄ , where 𝑘 is thermal conductivity, 𝜎 is electrical conductivity, 𝑇 is absolute 

temperature, and 𝐿0 is the Lorenz number (taken from literature as 2.44 × 10−8 WΩK−2 
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[390]). Electrical conductivity measurements were performed at RT on reference glass 

slides using a four-point probe technique. 

SiO2 thickness was measured using reflectometry (Nanometrics Nanospec 3000 

reflectometer). The TBC at SiO2-Si interface was taken from literature [437] along with Si 

thermal conductivity [184]; however, the sensitivity to these two parameters were very 

small and did not significantly affect the measured TBC at  metal-MoSe2-SiO2 interface. 

Bulk values for volumetric heat capacity were used for each layer. The SiO2 thermal 

conductivity is the most important parameter which remains to be determined. The 

importance of the properties of the underlying layer immediately adjacent to the interface 

of interest [349] was showed previously for M-G-SiO2 interfaces, which also applies here 

for M-MoSe2-SiO2 interfaces. The sensitivity of the model to SiO2 thermal conductivity 

makes its measurement critical to accurately determining TBC.  Performing full TDTR 

scans (from 100 – 6000 ps) on the larger (500 µm) windows, the SiO2 thermal conductivity 

was determined to  be 1.38 (+0.68/-0.46) W/m-K in agreement with bulk [438]. The upper 

and lower bounds were calculated using MC simulations [347, 349].  

With all properties of the sample now known, a correlation curve (Figure 6-2(d)) 

was created by calculating −𝑉in 𝑉out⁄  while varying the M-MoSe2-SiO2 TBC from 1 to 150 

MW/m2-K at a delay time of 100 ps. We chose 100 ps because the sensitivity to TBC is 

higher at short delay times. The solid line in Figure 6-2(d) is used to create TBC maps and 

corresponds to SiO2 thermal conductivity, 𝑘, of 1.38 W/m-K from TDTR measurements. 

The dashed lines represent the upper and lower limits from MC simulations. For each 

curve, −𝑉in 𝑉out⁄  increases with TBC then plateaus which can be explained by the 

decreased sensitivity compared to SiO2 thermal conductivity as TBC increases [349]. 
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Spatial mapping of TBC was performed by raster scanning of the sample over a 120x120 

µm2 area using 3 µm increments (i.e., the 1/e2 radius of the probe beam), much larger than 

the 100 µm square area of metal coated MoSe2 islands. 

By analyzing the thermoreflectance signal (i.e., −𝑉in 𝑉out⁄ ) we can easily 

distinguish between areas with and without metal present. Figure 6-3(a) (Al) and (b) (Ti) 

show optical images (100x) of individual MoSe2 islands which were probed during this 

study. From the figure, we see the growth process produced mostly single-layer islands and 

some bilayer regions where smaller islands have grown above larger regions. A map of  

−𝑉in 𝑉out⁄  signal across the 120x120 µm2 area in Figure 6-3(c) and (d) show the alignment 

is quite good in comparison with the optical images. The recorded −𝑉in 𝑉out⁄  signal in 

areas where no metal transducer coated the sample resulted in negative numbers which, 

when used as input to the correlation curve, produced negative TBC. These values were 

ultimately set to zero. Also excluded were TBC values less than ~5 MW/m2-K as they are 

only observed near the edge of the metal covered regions of the sample.  

Analyzing the TBC maps of Figure 6-3(e) and (f), some single-layer MoSe2 regions 

can be distinguished from bilayer regions.  Higher TBC values were located on areas not 

covered by MoSe2 (Al-SiO2 or Ti-SiO2 interfaces). In addition, the color contours across 

the MoSe2 islands show TBC is higher for the Ti sample compared with Al. Edge effects 

were observed, as evidenced by differences in the color contours in the center and near the 

edge of MoSe2 islands in Figure 6-3(c)-(f), which could be due to different M-MoSe2 

interaction at the a-axis of MoSe2 or near the edge of metal coated area of the sample. The 

variation in TBC across the probed area could result from change in the interface structure 
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near bilayer MoSe2 regions. TBC depends on chemical (i.e., bonding) [439] and 

mechanical (i.e., roughness) [370] properties of the interface. A systematic study 

correlating interfacial bonding [226] and/or surface roughness [209] to TBC using XPS or 

Figure 6-3 Optical microscope images (100x) showing probed area of 2D TDTR 

mapping experiments at (a) Al-MoSe2-SiO2 and (b) Ti-MoSe2-SiO2 interfaces. (c), (d) 

Spatial variation of −𝑽𝐢𝐧 𝑽𝐨𝐮𝐭⁄  signal showing good alignment with to optical images. 

2D TBC map across probed 120x120 µm2 area of (e) Al and (f) Ti covered regions of 

sample. Some single-layer MoSe2 regions can be distinguished from bilayer regions 

in both images. The color contours suggest higher TBC across Ti-MoSe2-SiO2 

interfaces compared to Al-MoSe2-SiO2. Also, higher TBC values were located on 

areas not covered by MoSe2 (Al-SiO2 or Ti-SiO2 interfaces). Edge effects are apparent 

from differences in color contours at the center and near the edges of MoSe2 islands 

in (c)-(f). 
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AFM, respectively, could provide more insight to the nature of thermal interaction at 

electrical contacts in TMD devices. 

As previously mentioned, the growth process for the MoSe2 samples result in 

single-layer and bilayer regions. While performing the TBC mapping, single-layer and 

bilayer regions are probed together without distinguishing between the two during the 

measurement. The results suggest there is a sharp distinction between regions with different 

layer number, but finding a sharp boundary is arduous due to low resolution of TBC maps 

and difficulty in alignment with corresponding optical image. The distribution of TBC in 

single-layer and bilayer regions is compared using the contrast of the optical images in 

Figure 6-3(a) and (b). Single-layer regions appear lighter than bilayer regions, allowing the 

pixels of the optical images to be clustered by applying k-means algorithm [440] (help from 

Wenqing Shen is much appreciated). The k-means algorithm partitions all pixels into k 

clusters with each cluster having a mean value, and pixels in one cluster are closest to the 

corresponding mean value among all cluster means. Regions with no MoSe2 (i.e., 0-layer) 

can also be identified. 

The TBC maps (Figure 6-3(e) and (f)) are clustered based on the TBC value, 

enabling a sharp boundary to be established between different regions. Key points, mostly 

corners, of the optical images and TBC maps are selected, and the locations of these key 

points are used to calculate the perspective transformation matrix between the optical 

images and TBC maps which were used to align optical images and TBC maps. The 

original TBC maps have much lower resolution than the optical images thus they are 

resized/scaled for alignment and better clustering results. The clustered optical images are 

shown in Figure 6-4(a) and (b) and the different colors correspond to single-layer (blue), 
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bilayer (green) and 0-layer (red) regions of the sample. Following alignment, the 

corresponding TBC values for each cluster in the optical images were extracted from the 

aligned TBC maps. The histogram plots for each cluster are shown in Figure 6-4(c) and (d) 

for Al and Ti samples, respectively. The results reveal the TBC in single-layer regions are 

in fact higher than bilayer regions.  

6.2.2 Full Delay Time TDTR 

Because the sensitivity of model parameters varies over a range of delay times, we 

perform full TDTR scans (100 – 6000 ps) at different positions across the areas shown in 

Figure 6-3(a) and (b) to obtain a more accurate estimation of TBC. The results of full TDTR 

Figure 6-4 Clustered optical images for (a) Al and (b) Ti samples with single-layer 

(blue), bilayer (green), and 0-layer (red) regions highlighted. Histograms showing the 

distribution of TBC values across (c) Al and (d) Ti samples confirm TBC in single-

layer regions is higher than bilayer regions. 
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scans shown in Figure 6-5 were, for the most part, in agreement with the TBC maps where 

two, clearly-defined regions were observed corresponding to M-MoSe2-SiO2 and M-SiO2 

interfaces. In Figure 6-5 we see that TBC at Ti-MoSe2-SiO2 interface was consistently 

higher than Al-MoSe2-SiO2 interface in agreement with the contour plots in Figure 6-3(e) 

and (f). On average, TBC increases of 4 and 24 MW/m2-K were observed at Ti-MoSe2-

SiO2 and Ti-SiO2 interfaces compared to Al-MoSe2-SiO2 and Al-SiO2 interfaces, 

respectively, showing the choice of metal can significantly impact the TBC and thus heat 

dissipation from electrical contacts in TMD devices. The error bars in Figure 6-5 were 

calculated using MC simulations [347, 349]. It must be pointed out that the TBC from full 

TDTR scans differs from the 2D TBC maps. However, the general trend of increased TBC 

Figure 6-5 Summary of TBC values from full TDTR scans at several positions across 

MoSe2 islands from 2D mapping experiments. Error bars were calculated using MC 

simulations. We observed two, clearly-defined regions corresponding to M-MoSe2-

SiO2 and M-SiO2 interfaces. Also, TBC at Ti-MoSe2-SiO2 interface was consistently 

higher than Al-MoSe2-SiO2 interface. TBC increases of 4 and 24 MW/m2-K, on 

average, at Ti-MoSe2-SiO2 and Ti-SiO2 interfaces, respectively, compared to Al-

MoSe2-SiO2 and Al-SiO2 interfaces show the impact of metal contact on TBC. 
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at Ti-MoSe2 and Ti-SiO2 interfaces can still be observed, thus the TBC mapping results are 

useful for comparative purposes.  

In addition, the TBC at Al-SiO2 and Ti-SiO2 interfaces is less than previously 

reported values (85 – 120 MW/m2-K) for M-SiO2 interfaces [208, 288, 349] which is 

attributed to residual photoresist or other residue from the CVD growth process. This 

difference in TBC for Al and Ti interfaces with MoSe2 could be caused by strong 

interaction between Ti 3d and Se 4p orbitals [255]. On the other hand, the difference in 

Debye temperatures of Al and Ti metals (Ti =420 K, Al=428 K [179]) and oxides 

(TiO2=750 K [403], Al2O3=1100 K [441]) formed during high vacuum deposition could 

give rise to the observed differences in TBC. From this perspective, we would expect the 

Ti-MoSe2-SiO2 TBC to be higher since the Debye temperature of MoSe2 (200 K [442]) is 

much closer to TiO2. TBC may also be increased for both Al and Ti deposited in ultra-high 

vacuum environment, as shown previously for Ti-G-SiO2
 [225] and Ti-Al2O3 and Ti-MgO 

interfaces [229] either due to lower Debye temperature or increased reactivity of metal 

films with less oxidation.  

Finally, the TBC results presented here are compared to values reported in literature 

for MoS2 and MoSe2 interfaces. Both are TMDs with similar semiconducting properties 

and structure; however, MoS2 has been more widely studied until recently thus we use 

MoS2 results for comparative purposes. The TBC at MoS2 and MoSe2 interfaces are not 

expected to be same as they are two different materials and the surface structure depends 

on the sample fabrication method, but the comparison aims to highlight the similarities and 

differences from other studies. The values presented here are slightly less than the 

previously reported values (20 – 26 MW/m2-K) at M-MoS2 [258] interface.  Previous 
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studies used exfoliated MoS2 and MoSe2 flakes which can have different interfacial 

properties compared to CVD grown. More recent studies of MoS2-SiO2 interfaces [261, 

263],  reported small differences between exfoliated and CVD-grown MoS2 with and 

without an AlOx capping layer which forms interface structure (AlOx-MoS2-SiO2) similar 

to the M-MoSe2-SiO2 interfaces used here. It is important to note that in the present study 

the M-MoSe2-SiO2 interfaces were treated as a single, diffuse interface. The results of 

Yasaei et al. [262] for Au-Ti-MoS2-SiO2 interfaces are more relevant to the current study. 

Reported TBC values were 20 and 33 MW/m2-K for exfoliated and CVD grown MoS2, 

respectively, in similar range of the values presented here. 

6.3 Conclusions 

In summary, the spatial variation of the TBC at interfaces of CVD grown MoSe2 

with metal was investigated using a modified TDTR technique. The thermoreflectance 

signal at a single probe delay time was compared with a correlation curve which describes 

the change in the signal with respect to the TBC at M-MoSe2-SiO2 interface. Using this 

technique, a 2D map of TBC was created in reduced time than would be required to do full 

TDTR scans over delay times of several ns. The results showed higher TBC at Ti-MoSe2-

SiO2 interface compared to Al-MoSe2-SiO2. The analysis of clustered optical images 

revealed the TBC in single-layer regions was higher than bilayer regions of MoSe2. Full 

TDTR scans also confirmed an increase in TBC at M-MoSe2-SiO2 and M-SiO2 for Ti 

compared to Al highlighting the importance of choice of metal contact. This study will 

provide much needed insights into the energy efficient design and thermal management of 

future TMD devices. 
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CHAPTER 7. THERMAL CONDUCTIVITY AND HEAT 

CAPACITY OF THIN FILM HAFNIA 

In this chapter, the thermal properties of thin film HfO2 are examined. Thermal 

conductivity and heat capacity are determined for films of varying thickness. The 

modulation frequency of TDTR experiments determines the sensitivity to different thermal 

properties of a sample. From this, the thermal conductivity and heat capacity can be 

determined simultaneously. The total thermal conductance and effective thermal 

conductivity are estimated based on the layer thickness. Both include the contribution from 

the interfaces above and below the thin film layer. The thickness-independent, intrinsic 

thermal conductivity is determined for HfO2 layers ranging from 12 – 215 nm using least-

squares fitting and a relationship between the intrinsic thermal conductivity, the effective 

thermal conductivity, and the total thermal conductance of the interfaces adjacent to the 

thin film layer. 

7.1 Sample Fabrication and Characterization 

The HfO2 layers in this study were grown on Si substrates at 200 °C in a Cambridge 

Nanotech Fiji ALD system using Tetrakis(dimethylamido) hafnium and water precursors 

[443]. Thin Ti layers were first deposited on Si to improve adhesion of HfO2 (these samples 

are obtained from industrial collaborators). In preparation for TDTR measurements, the 

HfO2 films were coated with 100 nm Au (2 nm Ti adhesion layer) using electron-beam 

evaporation. The thicknesses of the Au transducer above HfO2 film was determined using 

profilometry measurements on a co-deposited glass slide. The thermal conductivity was 
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estimated from electrical conductivity measurements and the Wiedemann-Franz law: 𝐿 =

𝑘 𝜎𝑇⁄ , where 𝜎 is the electrical conducitivity, 𝑇 is the absolute temperature, and 𝐿 is the 

Lorentz number, 2.44 × 10−8 WΩK-2 [390]. The resulting thermal conductivity for the Au 

film (190 W/m-K) was used as an input to the thermal model. The bulk value of the thermal 

conductivity was assumed for the Si substrate [184]. Bulk values for heat capacity were 

used for the Au film and Si substrate. 

Figure 7-1(a) and (b) show scanning electron microscope images of the 12 nm and 

106 nm sample, respectively. The structure of HfO2 layers varied for samples with different 

thicknesses. Disordered, amorphous phases were located near the HfO2-Si interface, while 

regions of crystalline, monoclinic phase appear as the sample thickness increased.  The 

cross-sectional TEM image in Figure 7-1(c) show the disordered structure of the 12 nm 

HfO2 layer suggesting the 12 nm sample is entirely amorphous. A similar image of the 106 

nm sample in Figure 7-1(d) show an amorphous region near the HfO2-Si interface, but 

crystalline regions can be observed while approaching the Au-HfO2 interface. Figure 7-1(e) 

and (f) show high magnification TEM images of the highlighted regions of Figure 7-1(d) 

and confirms our observation of two distinct regions in 106 nm samples. The stoichiometry 

of the 12 nm and 106 nm HfO2 layers were determined using electron energy loss 

spectroscopy (Figure 7-2(a) and (b)). The results show the 12 nm sample contained small 

oxygen deficiency, while the stoichiometry of the 106 nm sample was that of HfO2. The 

local structure of HfO2 was further analyzed by implementing fast Fourier transform (FFT) 

of the TEM image. Figure 7-2(c) and (d) show 12 nm layer and ordered crystalline structure 

in 106 nm layer, respectively. The FFT results confirm the highlighted crystalline region 

consists of monoclinic HfO2.  
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7.2 TDTR Methodology for Thin Film Analysis 

Liu et al. [288] analyzed the thermal model used in TDTR and FDTR method and 

established criteria in which cross-plane and/or in-plane heat transfer effects must be 

considered. In the process, they found that cross-plane transport dominates in most of the 

thin film measurements. In addition, low and high frequency regimes where the thin film 

layer can be treated as an interface or as semi-infinite, resulting from a comparison of the 

Figure 7-1 Scanning electron microscope images showing thickness of (a) 12 nm and 

(b) 106 nm HfO2 layers. (c) Cross-sectional TEM images showing overall structure of 

the HfO2 layer in 12 nm (d) and 106 nm samples. Si substrate is also shown. (e) 

Monoclinic and (f) amorphous regions of 106 nm HfO2 layer highlighted in (d). 
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penetration depth to the layer thickness [437], were given by the relationships 𝑓low <

0.055𝑘 𝜋𝑑2𝐶⁄  and 𝑓high > 4.5𝑘 𝜋𝑑2𝐶⁄   [288] where 𝑑 is the thickness of the thin film 

layer. 

In the low frequency regime, the thermal response is determined by the thermal 

conductance, 𝐺 =
𝑘

𝑑
, and the heat capacity, 𝐶, and a thin film layer can be treated as an 

interface. The contributions from the interfaces on each side of the layer cannot be resolved 

individually; only the total thermal conductance, 𝐺T, can be determined. In the high 

frequency regime, the thermal response is determined by the thermal effusivity (√𝑘𝐶), 

which measures a materials ability to exchange thermal energy with its surroundings, and 

Figure 7-2 Electron energy loss spectroscopy results of (a) 12 nm and (b) 106 nm HfO2 

sample. FFT of TEM image for (c) amorphous 12 nm sample and (d) crystalline 

region in 106 nm layer. 



 95 

the thin film layer can be treated as semi-infinite. In the intermediate regime the thermal 

effusivity as well as the thermal diffusivity (𝐷 =
𝑘

𝐶
) are both important. In these two 

regimes the thermal conductivity and the heat capacity can be determined by creating a 𝑘-

𝐶 diagram from different combinations of the two properties at different modulation 

frequencies [288, 290]. The different curves intersect at the thermal conductivity and heat 

capacity of the sample. 

Table 7-1 lists the high and low frequency cutoffs for each sample in this study 

using 𝑘 of bulk HfO2 for (1.1 W/m-K) [183] and 𝐶 values determined here. The modulation 

frequencies used in this study were 1.2, 3.6, 6.3, and 8.8 MHz, corresponding to 𝑙 values 

from 110 to 340 nm. To increase sensitivity to the properties of the HfO2 layers, the 𝑘-𝐶 

diagrams were created using modulation frequencies of 6.3, and 8.8 MHz for the 215, 106, 

and 53 nm samples (𝑙 ≈ 110-140 nm). The 12 nm sample was treated as an interface for all 

frequencies and total thermal conductance (𝐺T) was measured. The pump and probe 1/e2 

radii were ~19 and ~8 µm, respectively, with pump and probe powers of 25-40 and 7-8 

mW, respectively. The arrival time of the probe was delayed up to 7 ns relative to the pump.  

Table 7-1 Low and high frequency regimes for interface and semi-infinite 

approximation, respectively, satisfying the relationships 𝒇𝐥𝐨𝐰 < 𝟎. 𝟎𝟓𝟓𝒌 𝝅𝒅𝟐𝑪⁄  and 

𝒇𝐡𝐢𝐠𝐡 > 𝟒. 𝟓𝒌 𝝅𝒅𝟐𝑪⁄   [274]. The heat capacity values for each sample are taken from 

𝒌 − 𝑪 diagrams. The 12 nm HfO2 layer was treated as interface because the 

modulation frequencies in this study were below the low frequency cutoff [288, 437]. 

𝒅𝐇𝐟𝐎𝟐 (nm) 𝑪 (J/cm3-K) 𝒇𝐥𝐨𝐰 (MHz) 𝒇𝐡𝐢𝐠𝐡 (MHz) 

12 2.8 43.4 3550 

53 2.8 2.23 182 

106 2.7 0.577 47.2 

215 2.2 0.172 14.1 
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7.3 TDTR Results for Thin Film Samples 

7.3.1 𝑘 − 𝐶 Diagrams 

The transducer-thin film (e.g., Au-HfO2) TBC was used as a fitting variable in 

addition to thin film thermal conductivity. The sensitivity to the TBC at the Au-HfO2 and 

HfO2-Si interfaces, i.e., 𝑇𝐵𝐶Au−HfO2 and 𝑇𝐵𝐶HfO2−Si, respectively, was extremely low due 

to the low thermal conductivity of the HfO2 layers. Both interfaces include a 2 nm Ti 

adhesion layer, and the TBC at Ti-Si interface has been reported to be 150 – 200 MW/m2-

K [432, 444]. As a result, 𝑇𝐵𝐶HfO2−Si was held constant at 150 MW/m2-K while fitting for 

𝑇𝐵𝐶Au−HfO2 and 𝑘HfO2 for the 53, 106, and 215 nm samples. The results of the 𝑘-𝐶 

diagrams for the 53, 106, and 215 nm HfO2 samples are analyzed next. 

A 𝑘 − 𝐶 curve was created for modulation frequencies of 6.3 and 8.8 MHz which 

intersects at the thermal conductivity and heat capacity of the HfO2 layer. Figure 7-3(a) 

shows the 𝑘-𝐶 diagram for the 215 nm layer. The intersecting points of the graph are near 

the bulk thermal conductivity of 1.1 W/m-K, but the heat capacity of 2.2 J/cm3-K is nearly 

20% less than the heat capacity of thinner samples. The 𝑘-𝐶 diagram for the 106 nm HfO2 

sample in Figure 7-3(b) intersects at 𝑘 and 𝐶 values of 1.09 W/m-K and 2.7 J/cm3-K, 

respectively.  In Figure 7-3(c), the 𝑘-𝐶 diagram for the 53 nm thick HfO2 layer has an 

intersecting point at 1.03 W/m-K and 2.77 J/cm3-K.  

The variation in the heat capacity measurement of the 215 nm sample could be 

caused by thermal waves probing both amorphous and crystalline regions of the HfO2 

layer. The crystalline (stable monoclinic or metastable orthorhombic) HfO2 is expected to 

be more dense than amorphous HfO2. Kuo et al. [445] observed crystallization, increased 
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refractive index, and decreased etch rate (10% hydrofluoric acid) of sputtered HfO2 films 

following high temperature anneal. The authors attributed this to film densification. 

Figure 7-3 𝒌-𝑪 diagrams for (a) 215, (b) 106, (c) 53 nm thick HfO2 layers where the 

curves for each frequency intersect at the thermal conductivity and heat capacity of 

the sample. In (a), the intersection points vary from 𝒌 = 1.1 W/m-K and 𝑪 = 2.2 J/cm3-

K, a 20% decrease in heat capacity compared to thinner films. In (b), the intersection 

points occur at 𝒌 = 1.09 W/m-K and 𝑪 = 2.7 J/cm3-K. The curves in (c) intersect at 𝒌 

= 1.03 W/m-K and 𝑪 = 2.77 J/cm3-K. 
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However, this is insufficient to explain the variation in heat capacity since the 215 nm HfO2 

should be more crystalline but lower heat capacity was observed. On the other hand, Lee 

et al. [272] observed 10% reduction in density compared to bulk in polycrystalline HfO2 

films which, if also true for the samples in this study, could explain the reduction in heat 

capacity. It is also possible that increased carbon impurities in thicker HfO2 films could 

lead to decreased density as shown previously for HfO2 films deposited by metal-organic 

chemical vapor deposition [446]. An additional explanation, related with the sample 

structure, is that amorphous HfO2 has higher heat capacity than monoclinic HfO2 [447]; 

therefore, the effective heat capacity would decrease when the sample includes a larger 

portion of monoclinic HfO2. 

7.3.2 Intrinsic Thermal Conductivity 

After estimating heat capacity for each sample, the HfO2 thermal conductivity and 

TBC at Au-HfO2 interface can be determined. The heat capacity from the 𝑘 − 𝐶 diagrams 

in Figure 7-3 were treated as constants, and 𝑇𝐵𝐶HfO2−Si was held constant and set to 150 

MW/m2-K [432]. TDTR scans were performed at varying points across the samples and 

typical experimental signals are compared in Figure 7-4. The results are plotted in Figure 

7-5(a) where the error bars were calculated using MC simulations [347, 349]. The thermal 

conductivity agrees with the bulk value, while TBC varies from 60 – 100 MW/m2-K. The 

error bounds for TBC at Au-HfO2 interface in Figure 7-5(a) become larger as sample 

thickness increases. This is because the sensitivity to 𝑇𝐵𝐶Au−HfO2 decreases as the thermal 

resistance of the underlying HfO2 increases.  
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The heat capacity of the 12 nm layer could not be determined because of its thin 

nature; however, the interface approximation [288, 437] was valid since all modulation 

frequencies used in this study were below the low frequency cutoff in Table 7-1. Treating 

the 12 nm HfO2 layer as an interface between the metal transducer and Si substrate, the 

average thermal conductance, 𝐺T, of the 12 nm HfO2 layer across the four modulation 

frequencies was 39.3 (+3.9/-3.7) MW/m2-K. This includes the contribution from  

𝑇𝐵𝐶Au−HfO2 and 𝑇𝐵𝐶HfO2−Si which cannot be resolved separately by TDTR at the 

modulation frequencies used here. The low thermal conductance is due to the low thermal 

conductivity and amorphous nature of the film [448]. For comparison, 𝐺T of the 53, 106, 

and 215 nm HfO2 samples were calculated using the results in Figure 7-5(a) assuming 

𝑇𝐵𝐶Au−HfO2, 𝐺T,HfO2, and 𝑇𝐵𝐶HfO2−Si are three resistances in series [402]. The results are 

shown in Figure 7-5(b) along with the result for the 12 nm sample. As expected, 𝐺T 

decreases with increasing HfO2 thickness.  

Figure 7-4 Comparison of TDTR signals (8.8 MHz) near the intersecting points of the 

𝒌-𝑪 diagrams. The 𝒌 (𝑪) values for the 215, 106, and 53 nm samples were 1.1 (2.2), 

1.09 (2.7), and 1.03 (2.8) W/m-K (J/cm3-K), respectively. 
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Finally, the intrinsic thermal conductivity of HfO2 films of varying thickness is 

determined. The product of 𝐺T and the layer thickness was first used to calculate and 

effective thermal conductivity, including the contribution from  𝑇𝐵𝐶Au−HfO2 and 

Figure 7-5 (a) Thermal conductivity and TBC at Au-HfO2 interface of 53, 106, and 

215 nm HfO2 films. The heat capacity from the 𝒌 − 𝑪 diagrams in Figure 7-3 were 

treated as constants, and 𝑻𝑩𝑪𝐇𝐟𝐎𝟐−𝐒𝐢 was held constant and set to 150 MW/m2-K. The 

thermal conductivities were comparable to the bulk value. The error bars were 

determined from MC simulations. (b) Comparison of 𝑮𝐓 and 𝒌𝐞𝐟𝐟 values of 12, 53, 

106, and 215 nm thick HfO2 samples. From Equation 1 (solid line), the thickness-

independent 𝒌𝐢 for HfO2 was estimated to be 1.00 W/m-K, in agreement with a 

previous study [275]. The dashed lines represent the upper and lower bounds of 𝒌𝐞𝐟𝐟 

from the results of MC simulations. 
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𝑇𝐵𝐶HfO2−Si, for each sample. The intrinsic thermal conductivity, 𝑘i, of HfO2 is related to 

the effective thermal conductivity through the relationship [274], 

 𝑘eff =
𝑘i

1+
𝑘i

𝑑𝐺𝑇𝐵𝐶
⁄

, (26) 

where 𝐺𝑇𝐵𝐶 is the combined thermal conductance of the Au-HfO2 and HfO2-Si interfaces. 

Using nonlinear least-squares fitting, 𝑘i and 𝐺𝑇𝐵𝐶 values of 1.00 W/m-K and 65.4 MW/m2-

K, respectively, are calculated. The resulting curve is plotted as a solid line in Figure 7-5(b), 

while the upper and lower bounds are plotted as dashed lines. The intrinsic thermal 

conductivity agrees well with the 𝑘 − 𝐶 diagrams as well as a similar study on thin film 

HfO2 [275]. 

7.4 Conclusions 

In conclusion, the thermal conductivity and heat capacity of thin film, HfO2 

samples were measured at RT using TDTR. The thermal conductivity of 53, 106, and 215 

nm HfO2 agreed with bulk values, but the volumetric heat capacity decreased for the 215 

nm layer compared to the thinner films. The composition of the films was determined using 

TEM, and the change of heat capacity could be explained by decreased density of HfO2 

layer due to the combined amorphous and crystalline regions of HfO2 layer. The effective 

thermal conductivity, including the contribution of adjacent interfaces above and below the 

HfO2 layers, was used to calculate the thickness-independent, intrinsic thermal 

conductivity to be 1.00 W/m-K in agreement with bulk values 
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CHAPTER 8. SUMMARY AND OUTLOOK 

8.1 Summary and Conclusions 

In this dissertation, the thermal transport at the interfaces of 2D materials and within 

thin film HfO2 were investigated using TDTR. The following is a summary of the results. 

(1) TDTR was used to investigate the effect of chemisorption and physisorption 

on the TBC at M-G-M interfaces. Transition metals Ti and Ni form chemisorbed (strongly 

bonded) interfaces with graphene while Au forms physisorbed (weakly bonded) interface. 

No enhancement of TBC was observed for Ti and Ni, which was attributed to the presence 

of native oxide in the bottom layer of the metal-graphene-metal interface. XPS revealed 

native oxide layers of 2.8 and 2.5 nm thickness were present in Ti and Ni samples, 

respectively. The TBC was also significantly reduced at the Ti-Ti and Ni-Ni interfaces 

compared to the Au-Au interface in this study confirming the effect of oxidation on TBC. 

Au is a noble metal which does not oxidize in ambient conditions. The insertion of single-

layer graphene into the Au-Au interface substantially reduced the electronic contribution 

to TBC which are the primary thermal carriers at M-M interfaces. These findings highlight 

a critical design consideration for the M-G-M interfaces in future device applications. 

 (2) The TBC at the interfaces of h-BN and graphene was measured at RT using 

TDTR. At the time this thesis is being written, a Raman spectroscopy technique requiring 

lithographically patterned metal lines to electrically heat the graphene layer has been the 

lone method for probing this interface. TDTR requires no special sample preparation only 

the deposition of a thin metal film. CVD grown h-BN and graphene were first transferred 
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to the surfaces of two oxidized Si samples, and TDTR was used to determine the TBC at 

M-h-BN-SiO2 and M-G-SiO2 interfaces. A h-BN-graphene interface was formed by 

mechanical stacking through successive transfers of graphene followed by h-BN. TDTR 

was then used to probe the M-h-BN-G-SiO2 sample. The three measurements were 

combined with a series resistor network model to extract the TBC at the h-BN-G interface. 

To complement the experimental results, the phonon transmission and TBC at h-

BN-G interface were predicted using two forms of the DMM for anisotropic materials. The 

two models assume an anisotropic dispersion in h-BN and graphene, a more accurate 

depiction of the physical properties of the two materials. They differ only in the 

representation of the ZA phonon mode along the in-plane direction. One model applies a 

piecewise linear approximation with two different phonon velocities near the center and at 

the boundary of the first Brillouin zone, as opposed to a single velocity, which is the 

assumption of the first model. The phonon transmission predicted using the piecewise 

approximation was in better agreement with experimental fit, and therefore a more accurate 

representation of the physical properties of the materials. Both models displayed similar 

temperature dependent behavior, which is to suggest the in-plane ZA mode and out-of-

plane LA mode along the out-of-plane direction are the dominant contributors to the 

phonon transmission and TBC at the h-BN-graphene interface.   

 (3) A direct-write photolithography technique was used to isolate CVD grown 

MoSe2 islands for TDTR measurements. Following deposition of Al and Ti, a modified 

TDTR technique, requiring much less time than traditional TDTR scans, was used to create 

2D maps showing the spatial variation of TBC across M-MoSe2-SiO2 interfaces. 

Traditionally, in TDTR the decay of the thermoreflectance signal is determined as a 
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function of time. To reduce the time to map a 2D area, a correlation curve was created 

showing the variation in thermoreflectance signal with TBC at a single time. The 

thermoreflectance signal was then measured experimentally and compared with the 

correlation curve to determine the TBC value. 2D TBC maps were created at Al-MoSe2-

SiO2 and Ti-MoSe2-SiO2 interfaces. The analysis of the TBC maps revealed higher TBC 

in single-layer regions of MoSe2 compared to bilayer. The TBC maps were also combined 

with traditional TDTR scans to confirm increased TBC at Ti-MoSe2-SiO2 interface 

compared to Al-MoSe2-SiO2. The results emphasize the impact selection of metal contacts 

can have on the thermal dissipation from electrical contacts in future MoSe2 devices. 

 (4) The thermal conductivity and heat capacity of HfO2 thin films of varying 

thickness were measured using TDTR. The thermal conductivity of 53, 106, and 215 nm 

films were near the bulk value. A 20% reduction in heat capacity was observed for the 215 

nm film compared with thinner films. The composition of the HfO2 films was investigated 

using transmission electron microscopy. A 12 nm film was fully amorphous, but a 

combination of amorphous and crystalline regions was observed in the thicker HfO2 

thickness. The decrease in heat capacity of the 215 nm films was, thus, attributed to 

decreased film density. The thickness of the 12 nm sample prevented performance of 

similar measurements of thermal conductivity and heat capacity. Instead, by treating the 

film as an interface, the total thermal conductance was measured with the contribution of 

the interfaces on the top and bottom of the thin film included in the measurement. In a 

similar way, the total thermal conductance of the remaining thin films was determined, and 

an effective thermal conductivity was determined for each sample by taking the product of 

the total thermal conductance and film thickness. The thickness-independent thermal 
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conductivity of HfO2 films from 12 to 215 nm was estimated by fitting the effective thermal 

conductivity and combined TBC at both interfaces to an empirical model. The resulting 

thermal conductivity was in agreement with bulk. 

8.2 Outlook for Future Work 

Extensions to the topics covered in this dissertation are discussed next. 

8.2.1 High Quality Metal-2D Material Interfaces 

The oxidation of most metals upon exposure to ambient is unavoidable. To form 

high quality M-G or M-TMD interfaces for future studies, great care should be taken during 

and after metal deposition to ensure a high-quality interface is formed. In high vacuum 

(~10-6 Torr), oxygen species can react with metals during deposition. For example, in the 

case of Ti, high vacuum deposition results in TiOx prior to exposure to ambient [449]. 

Metal capping layers which do not oxidize (e.g., Au) are often utilized to prevent surface 

oxidation of Ti. This will be for naught if TiOx is deposited and not pure Ti metal because 

the oxidation will be prevalent throughout the thickness of the film. Wherever possible, the 

metal depositions should be performed in ultrahigh vacuum (~10-9 Torr) to prevent 

deposition of TiOx species. Before exposure to ambient a capping layer such as Au will 

successfully prevent further oxidation in Ti layer forming high quality M-G and M-TMD 

interface [225, 450-452] for experimental study. The impact of high quality M-G contacts 

on future graphene devices is efficient thermal management including reduction in 

operating temperature leading to improved reliability and longevity. 



 106 

A second option is to perform metal deposition inside a glovebox under N2 or Ar2 

rich environment. This will also prevent oxidation of metal during deposition. For CVD 

grown graphene, a wet transfer process [37, 380] is generally used whereby graphene is 

retrieved from the surface of deionized water, or some other aqueous solvent, and placed 

on the substrate. In the case of sandwiched M-G-M structure, the metal surface is exposed 

to water which may result in further oxidation. A dry process [36, 38] should be used 

instead to prevent the oxidation from additional exposure during wet transfer. For example, 

graphene transferred from deionized water to a polymer surface, followed by dry transfer 

to substrate. This should mitigate additional oxidation which may result from the transfer 

process. An additional advantage of this technique it that it can be combined with glove 

box metal deposition to form high quality M-G interfaces. Dry processing may be 

automated in the future to improve scalability of device fabrication. 

8.2.2 Isolated Metal-2D Material Interfaces 

A direct measurement of TBC at a M-G or M-TMD interface has not been 

performed. Though the in-plane properties of 2D materials have been measured in 

suspended geometry with Raman spectroscopy [8, 10, 267, 453], a direct measurement of 

the cross-plane interfacial properties in this geometry have eluded researchers thus far. 

TDTR requires the deposition of a thin metal film which serves as a transducer for 

temperature measurement, and the ultrathin layer thickness of 2D materials require a 

substrate for mechanical support. Potential issues may arise if suspended 2D layer cannot 

support metal film. Thin metal films can be used, but for TDTR the metal must be optically 

thick so that all energy is absorbed in the metal transducer and only diffuses into underlying 

layer through heat conduction [317, 336]. Another issue may arise if high thermal 
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conductivity metal such as Au is used. The thermal energy generated in the metal film 

following absorption of photons from the focused laser will diffuse along the in-plane 

direction in the metal. This will limit the sensitivity to the graphene or other 2D material 

layer. The assumption that the bottom layer in a multilayered TDTR sample is semi-infinite 

must also be satisfied. This can be done by assuming air underneath suspended materials 

is the semi-infinite bottom layer; however, the low thermal conductivity of air will limit 

sensitivity to TBC. This may not be feasible at this point, but I am optimistic that with the 

talent in the research community it will be accomplished at some point. Efforts have 

already been taken to probe the in-plane properties of layered bulk materials [264]. It is 

only a matter of time until this method reaches the single-layer limit. 

8.2.3 Characterization of Variability in 2D Material Properties 

The study of 2D materials will not be complete until high quality 2D layers can be 

produced across large areas. Exfoliation of high quality crystals from bulk [1] is promising 

at the fundamental research level, but device integration is unattainable using this method. 

Likewise, layers produced by CVD [36, 38, 381, 454-456] or epitaxial growth [6, 231, 457, 

458] can be formed over large areas; however, the quality can be degraded compared to 

bulk with sample to sample variation as well as variation across a single sample. CVD 

growth is the most promising because of the possibility of large area coverage and 

flexibility in choice of supporting substrate. CVD-grown TMD layers with varying 

defect/doping concentration can result in different bandgap [459-461] and carrier type 

[430, 462, 463]. Tunable properties such as these are critical for the application of TMDs 

in optoelectronic devices designed for operation in a specific segment of the 

electromagenetic spectrum or CMOS devices with alternating n-type and p-type 
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transistors. The thermal conductivity has been shown to vary as well [265, 266] which 

could greatly impact device performance but more work is needed. In addition, the effect 

of defect/doping concentration on the interfacial properties is not understood. One method 

of investigation could be in-situ XPS measurements [451] on TMD layers with different 

defect/doping concentration to show the interfacial reaction during metal deposition, 

followed by correlation with electrical and thermal experiments. The results from 

characterization of high quality, large area 2D layers with controlled defects/doping 

concentration will ultimately determine the fate of this class of materials.  
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