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Abstract

The semiconductor industry has seen much interest in materials beyond silicon. Among
these, two-dimensional (2D) nanomaterials are known to exhibit distinct evolution of
chemical and physical properties as the material thickness is scaled from bulk to atomic
layers. Wide band gap (WBG) materials have also attracted attention due to their

promising applications in power electronics and short wavelength photonics.

This work begins by summarizing the thermal properties of 2D materials, including
thermal conductivity, thermal boundary conductance, and thermoelectric properties.

We then study thermal and electrical transport in WTe,, which is a semimetallic 2D
material. Thermal properties of WTe, devices are extracted from the device electrical
characteristics using an analytical model. We also use finite element simulations to
estimate the current density improvements by novel heat dissipation structures, including
capping layers such as hexagonal boron nitride (h-BN). This work demonstrates that
WTe; can carry high current density despite its low thermal conductivity, which shows its

potential applications as a thermal barrier or electrode in phase-change memory.

Next, we discuss thermal conductivity of crystalline AIN and the influence of atomic-
scale defects. AIN plays a key role in modern power electronics and deep-ultraviolet
photonics. In these devices, heat dissipation is important during high-power and high-
temperature operation. Using the 3w characterization method, we measure temperature
dependent thermal conductivity of AIN single crystals, between 100 and 400 K.
Experimental data are compared with analytical models. We also investigate size effects
and accumulated thermal conductivity of AIN thin films, which are widely used as buffer
layer or capping layer in power electronic devices or light-emitting diodes. This work
improves the understanding of AIN thermal conductivity and demonstrates how this

material influences heat dissipation in wide band gap devices.



We also study the temperature reduction of GaN devices with polycrystalline diamond
top capping layer by Raman thermometry. Experimental results are compared with an
analytical model and finite element simulations. These results provide a fundamental

understanding of how to improve heat dissipation in GaN transistors.
Combined, these studies shed light into the fundamental thermal properties of 2D and

WBG materials. In addition, these results also serve as the foundations to design 2D and

WBG devices and systems with better heat dissipation capabilities.
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Chapter 1

Introduction

This chapter introduces the thermal limitations of semiconductor materials and devices.
We discuss the fundamental physics of thermal transport and thermal properties. We also
discuss various thermal measurement methodologies to study different materials and

devices.

1.1 Limitations of Moore’s Law Scaling

Electronic devices are components for controlling the flow of electrical currents for the
purpose of information processing and system control, including transistors and diodes.
Integrated circuits (1Cs) are built with billions of transistors. Moore’s Law observed that
the number of transistors of an IC doubles approximately every two years, for the
previous five decades.! Although dimension scaling appears to have slowed down,
transistor numbers in integrated circuits are still growing. The resulting improvements in
performance are more gradual than the speed-ups resulting from frequency increases. The
primary reason for the breakdown of dimension scaling is that at small sizes, current
leakage causes greater challenges, and also causes the chip to heat up, which increases

energy costs and lead to potential failure.

1.2 Thermal Transport
Understanding the fundamental limitations of Moore's Law has become increasingly

important and thermal limitation is one of them. Thermal limitation depends on how



much power is allowed for a system (or chip’s) operation, and how much increase in

temperature the chip can stand. The thermal limitation also depends on how fast heat is

removed away from the chip.

High temperature in integrated circuits should be avoided because of several reasons.

First, material properties degrade at high temperature. For example: mobility of both

electrons and holes decrease significantly when temperature is increasing, because

electron and hole scattering increases at high temperature (shown in Figure 1.1(a)).2
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Figure 1.1. (a) Si electron mobility versus temperature. Figure reproduced after Ref. 1.
(b) GaN band gap versus temperature. Figure reproduced after Ref. 2.

Band gaps also decrease when temperatures increase (shown in Figure 1.1(b)).2 For

example: GaN is a direct band gap semiconductor which is commonly used in blue light-

emitting diodes (LEDs) and other optoelectronic devices.*® When those devices are under

operation, the temperature increases because of Joule heating, which leads to band gap



reduction. Therefore, there is a shift in the output wavelength of the laser, which causes
undesired changes in device properties. In transistors, leakage current increases
exponentially as the temperature increases, which decreases their on/off ratio and causes
additional power consumption.® The reliability of semiconductor devices and
interconnects is also related to temperature. Mean time to failure (MTTF) decreases

exponentially as temperature increases, described by Arrhenius relationship as:’

Eq_
MTTF(T) = AeksT (1.1)
where A is a non-thermal constant, Exz is an activation energy, kg is the Boltzmann

constant, and T is the absolute temperature.

Other properties also change with temperature, such as mechanical failure due to thermal
expansion which causes unevenly distributed stress in the device and leads to mechanical

breakdown.

1.2.1 Thermal Conductivity

Thermal conduction has become very important in micro- and nano-scale materials and
devices. As the dimension of those materials become comparable to the mean free paths
(MFP) of different energy carriers, it is crucial to understand the carrier interactions and

how they affect thermal conductivities.

In a crystalline material, phonons, which are quantized lattice vibrations, play an

important role in heat conduction. In electrically conductive materials, such as metals,



electrons dominate heat conduction. The electronic thermal conductivity (ke) is related to
the electrical conductivity by the Wiedemann-Franz Law (WFL):

k, = oLT (1.2)

where o is the electrical conductivity, L is the Lorenz number and T is the temperature.
For most metals, the Lorenz number is approximately the same,® which is around L ~
2.45 x 10 WQ/K2. In heavily doped semiconductors, electronic thermal conductivity

also plays an important contribution to the total thermal conductivity.

Figure 1.2 shows thermal conductivities of some crystalline materials and amorphous
materials from 1 K to 1000 K, and Figure 1.3 shows the most relevant scattering
mechanisms: phonon-phonon scattering, boundary scattering which is significant in thin

films, and defect scattering. For three-dimensional (3D) materials, the thermal
conductivity can be described as k ~ in/l, where C is specific heat, v is the average

phonon velocity, 4 is the phonon MFP.® At low temperature, k increases with temperature
because C rises as ~T%", where d is the dimension (e.g. d = 3 for a three-dimensional

material) and n is the exponent in the phonon dispersion (frequency o o q", where q is

the phonon wave vector).8° At higher temperature the heat capacity is a constant
(approaching the Dulong-Petit limit), so the temperature dependence of the MFP
dominates. Therefore, for crystalline materials, their thermal conductivity values decrease

at high temperature because of phonon-phonon scattering.
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1.2.2 Thermal Boundary Conductance

Thermal boundary conductance (TBC) is a property indicating the ability to conduct heat

across the interface of two solids in intimate contact. The TBC often plays an important



role in calculating total thermal resistance of nanoscale devices. The thermal boundary

resistance (TBR = 1/TBC) is the inverse of the TBC.
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Figure 1.4. Temperature dependent thermal boundary conductance across various
material interfaces. Black dashed line is ~T trend. Blue dashed line is Diffuse Mismatch
Model for TiN/MgO, which is the upper limit of phonon-mediated TBC. The two highest
data sets are electron-mediated metal-metal interfaces, all others are phonon-mediated.
Figure reproduced after Ref.12, with recent updates (courtesy Eric Pop, unpublished).
Temperature dependent TBC values of many different interfaces'? are shown in Figure
1.4. Higher TBC value indicates better heat conduction between two materials. Upper
limit is represented by the interfaces between metals, for example: Pd — Ir and Al — Cu

interfaces. Metal interfaces have higher TBC values because thermal transport across

these interfaces is mediated by high densities of electrons. Small TBC values are due to



large Debye temperature mismatches, imperfect surfaces or contamination (trapped liquid
or air) at the interfaces. In practice, a quantity known as the Kapitza length is often used
to describe what a TBC value corresponds to, in term of a thin film material thickness.
For example: the TBC between monolayer MoS; and SiO: is equivalent to a Kapitza
length ~90 nm of SiO; at room temperature,** and the TBC between AIN and Al
corresponds to a Kapitza length ~2.2 pm of AIN at room temperature.!* This highlights
the importance of the temperature drops at dissimilar material interfaces, especially in

nano- and microscale films and devices.

1.3 Thermal Limitations in Semiconductors

Different applications require different thermal properties. For example, heat sinks and
heat spreaders need high thermal conductivity and large TBC. A Si substrate is usually a
good heat sink, its thermal conductivity is from 100 to 140 Wm™K* at room temperature,
depending on doping.*>*" SiC is widely used as a substrate in power electronics, it also
has very high thermal conductivity. Crystalline diamond has a very high thermal
conductivity above 2000 WmK! at room temperature.’® It becomes very popular to be
used as substrates or capping layers in power electronic devices, but the disadvantage is
the high cost to grow this material. On the other hands, low thermal conductivity and
small TBC are good for heating purposes, for example: thermoelectric devices or thermal

confinement in phase change memory.18



1.3.1 Thermal Limitations in Two-Dimensional Materials and Devices

Two dimensional (2D) materials have a wide range of band gaps (shown in Figure 1.5).1°
h-BN is usually considered an excellent electrical insulator. Semiconductors includes
MoSz, WSe; and etc. WTe; is a semimetal, which is a material with a very small overlap
between the bottom of the conduction band and the top of the valence band. Graphene is
also a semimetal, although in graphene the conduction and valence bands “touch” at a

single point, known as the Dirac point.
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Figure 1.5. Various types of 2D materials from insulator to superconductor. Figure
reproduced after Ref. 19.

One of the areas of focus in this dissertation is on the thermal properties of WTe,. WTe>
is the heaviest group 6 dichalcogenide (shown in Figure 1.6),%° which leads to its low
thermal conductivity. WTe; is a single-layer semimetal, it is unusual in nature. It could be
potentially used as very thin electrodes in 2D material devices. Since WTe; could be
used as electrodes instead of traditional metal contacts such as gold or Al or Cu, it is
important to study its maximum current density, thermal properties and its breakdown

behavior.
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Figure 1.6. Periodic Table. Tungsten and tellurium are in red circles, which shows WTe>
is the heaviest group 6 dichalcogenide. Figure reproduced after Ref. 20.

1.3.2 Thermal Limitations in Wide Band Gap Materials and Devices

Wide band gap materials (WBGSs) often include GaN, Ga»0s, AIN, and BN. GaN is a
well-known 111-V semiconductor with 3.4 eV band gap.?*?? Ga,0s has a 4.9 eV band gap,
and high-voltage transistors have been recently demonstrated with this material.*® BN is a
well-known electrical insulator, which is often used as dielectric layer in 2D devices.?®

AIN has a very large band gap, 6.2 eV.242°

Wide band gap materials have potential applications in power electronics and
optoelectronics. One of the applications is in short wavelength optoelectronics (shown in
Figure 1.7), such as LEDs and lasers. The output wavelength is related to the band gap,
thus wide band gap materials can be used to obtain shorter wavelength. For example:

blue LED made from GaN, an advancement which received the Nobel Prize in 2014.2°
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Figure 1.7. Light spectrum. AIN and GaN have band gaps in the ultraviolet regime.

Another very important application is GaN high electron mobility transistors (HEMT).
Figure 1.8(a) shows the device structure. Typical substrates include Si, SiC and sapphire.
SiC has high thermal conductivity but it is expensive. Sapphire is a cheaper material but
has smaller thermal conductivity (details in Section 4.1). Figure 1.8(b) shows the band
diagram between GaN layer and AlGaN layer. Two-dimensional electron gas (2DEG)

forms near the interface in the GaN layer.
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Figure 1.8. (a) Schematic of a GaN HEMT deivce. (b) Band alignment between AlGaN
and GaN interface.

For GaN power electronics, high power and high voltage are applied onto these devices,
which lead to significant Joule heating. Therefore, it is very important to understand

thermal properties and heat dissipation in those devices. Also, in WBG optoelectronics,
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heating leads to band gap reduction, which will cause wavelength shift. Thus, efficient

heat sinks and heat spreaders are crucial.

1.4 Hierarchy of Measurement Methodologies

In the context of electronics, there is often no direct way to measure heat conduction or
temperature, unlike electrical properties. Thus, all thermal measurements rely on
measuring properties that change with temperature. To measure thermal conductivity,
input power and temperature difference across the sample should be known. Thermal
conductivity can be extracted based on Fourier Law of heat conduction:

Q = —kAT (1.3)
where Q is the heat flux per unit area, k is the thermal conductivity of the material, and T
is the temperature. Thermocouples can be used to measure temperatures of large samples,

but for micro- and nano-scale samples, these present many difficulties.

Thermal measurement metrology can be classified into two general categories, optical
methods and electrical methods. Figure 1.9 shows several examples of thermal
measurement methods. There are several trade-offs between those measurement
techniques. For example, a complex measurement setup such as Raman thermometry or
3® measurement can be used on easily fabricated samples. On the other hand, complex
heater and sensor lines need to be fabricated on the samples for simple measurements

which only require multimeters and a power supply.
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1.4.1 Optical Methods

Figure 1.9(a) shows a thermoreflectance measurement structure.?’ A reflective metal is
used in this technique as the thermometer due to its temperature-dependent reflectance. A
known power laser is used to heat up the metal surface and a probe laser is used to
measure the change of reflectance of the metal. The time-dependent temperature decay is

used to extract the thermal conductivity of the sample underneath the metal pad.

Optical Methods Electrical Methods

/ (a) Thermoreﬂegtance \ (c) Suspended Thermometry\
robe

Pump

Electrolyte

\__ |

Figure 1.9. Thermal and thermoelectric measurement methods. (a) Thermoreflectance
uses a laser to probe temperature changes in the cross-plane direction through changes in
metal reflectance.?”?® (b) Raman thermometry uses spectroscopic shifts to calculate

temperature changes.29 (c) Suspended electrical thermometry platform utilizes 1D heat

conduction in the lateral direction to measure thermal properties.30 (d) Supported
thermometry can use steady-state and AC methods to probe lateral and cross-plane heat

31,14
flow.

However, there is an additional interface between the metal pad and the sample, extra
efforts are needed to subtract the contribution from this additional interface in order to
extract the intrinsic thermal properties of the sample. This method is also not ideal to
measure a complex device structure since this additional metal pads may cause undesired

changes to the electrical properties of the devices.
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A Raman thermometry schematic is shown in Figure 1.9(b).32 When light interacts with
atoms, the light can be scattered by the atomic vibrations. Most scattered light has the
same frequency as the incident light, but some fraction of light has different frequencies
due to interaction between incoming photons and the atomic vibrations of the sample.
This phenomenon that the light is scattered with frequency change is called Raman
scattering. When the scattered frequency is smaller than that of the incident light (due to
phonon emission), it is called Stokes scattering. When scattered frequency is larger, it is
called anti-Stokes (phonon absorption). Because this frequency modulation is specific to
molecular vibrations and phonons in crystal, it is possible to analyze composition of
material or crystal lattice information by analyzing spectrum of Raman scattered light.
There are two main methods to extract temperature from Raman spectrum. The first one
is to use peak position. At higher temperature, peaks shift to shorter wave numbers.® The
second method is to use the ratio between anti-Stokes and Stokes peak to calculate

temperature.3*

Raman thermometry is a non-contact optical method and it does not require additional
metals on the sample. It is often used to measure devices that are self-heated or heated by
the Raman laser. One of the most important trade-offs is the spatial resolution, which
corresponds to the diffraction limit of the laser, around 500 nm. Also, this method cannot

be used on samples without Raman signal for a given laser wavelength.
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1.4.2 Electrical Methods

Electrical methods can be broken down into two main categories, suspended and
supported thermometry. Electrical methods use the changes in electrical resistance with
temperature to extract temperature information of the samples. For suspended method

(shown in Figure 1.9(c)), since the sample is not in contact with any substrate, there is no

heat loss into the substrate that need to be subtracted.* However, a suspended thermal
measurement structure is more difficult to fabricate than a supported platform. For a
supported platform (shown in Figure 1.9(d)), more efforts are used to subtract the
contribution of heat conduction into the substrate.'* 3! Heat loss to the substrate is
significant, especially for the samples on high thermal conductivity substrates (e.g. a
silicon wafer). The large heat sinking substrate is useful for cross-plane thermal
measurements (e.g. 30 method). Most of the electrical techniques do not require complex
system, but calibration is very important and difficult. Compared to optical methods,

electrical methods cannot be used to measure spatial changes of thermal properties.

Each thermal measurement has its own advantages and disadvantages. Understanding
how to select the optimal method based on the material properties and device structures is

very important.

1.5 Organization and Scope of Work

Chapter 1 motivates the importance to study thermal properties including thermal

conductivity and thermal boundary resistance in 2D materials and WBGs. This
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dissertation will highlight the thermal study of one 2D material (WTe>), and two WBGs

(AIN and GaN). It will also summarize the thermal properties of 2D materials.

Chapter 2 reviews the thermal properties of 2D materials. Those thermal properties

include thermal conductivity, TBC and thermoelectric property (Seebeck coefficient).

Chapter 3 examines the maximum current density, thermal properties, and breakdown
behavior of WTe». To accomplish this, we use both analytical model and finite element
simulation to compare with experimental 1-V data. We discover that WTe> has larger
maximum current density than Cu or Al interconnect and it has very low thermal

conductivity due to its large molecular mass.

Chapter 4 discusses the fundamental thermal properties of AIN and how atomic defects
affect its thermal conductivity. We will show how 3 electro-thermal method works in
this chapter. We use 3w method to measure the temperature dependent thermal
conductivity from 100 K to 400 K of single crystalline AIN samples. We also use a
complex analytical model, which includes several scattering mechanisms to compare

with experimental results.

Chapter 5 discusses the temperature reduction of GaN devices with polycrystalline

diamond capping layer. Raman thermometry is used to monitor the temperatures, and

simulations are used to compare with experimental results.
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Chapter 6 summarizes the main contribution this dissertation. We discuss the future

directions of thermal studies of 2D materials and wide band gap materials.
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Chapter 2

Thermal and Thermoelectric Properties
of Two-dimensional Materials

Two-dimensional (2D) layered materials, including graphene, boron nitride, and
transition metal dichalcogenides (TMDs), have attracted much interest for their unusual
attributes and potential applications. In this chapter, we review recent progress as well as
historical data of thermal and thermoelectric properties of such materials, from atomically
thin (<1 nm) monolayers to bulk. Their bulk thermal conductivity is highly anisotropic,
10-300 times larger along the atomic layer planes than across them. In monolayers, the
thermal conductivity could be reduced by interactions with adjacent materials due to
scattering of phonons. The thermal interfaces of such materials are also poor heat
conductors due to weak van der Waals interactions and, especially for TMDs, heavy
atomic masses. The molar heat capacity is also higher in the TMDs with heavier atomic
masses (e.g. WTe; rather than MoS.) below room temperature. The thermopower
(Seebeck coefficient) depends strongly on temperature and doping, being moderate (~50
HuV/K) in semimetallic graphene, but very high (~1 mV/K) in TMDs with large band gaps
at room temperature. This review also highlights much experimental data that is missing,
particularly in the atomically thin limit (monolayer or few-layer) of TMDs, and such

knowledge gaps could guide future research.
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2.1 Introduction

Layered two-dimensional (2D) materials consist of sub-nanometer thin layers (the
thickness of one to three atoms) characterized by strong in-plane covalent bonds, while
the individual layers are held together by weak, cross-plane van der Waals interactions.
These materials include graphite, hexagonal boron nitride (h-BN), black phosphorus
(BP), and transition metal dichalcogenides (TMDs) like MoS, and it is their bonding
anisotropy that ultimately leads to their unusual thermal properties. The atomically thin
planes can “slide” over each other and, in bulk form, such layered materials have been
used in lubricants (graphite, M0S)*® and writing instruments (graphite) for hundreds of

years.

The term “2D material” typically applies to the single (mono-) layer separated from the
bulk material, although few-layered samples (e.g. 2-5 layers) have also been often
referred to as “2D”. Single- or few-layer samples were originally separated as small (~10
um) flakes from the bulk by mechanical exfoliation (e.g. with adhesive tape),®” but have
been more recently grown by chemical vapor deposition (CVD) as single layers over

large (centimeter to meter) areas.3:3°

2D materials present a unique set of physical, electrical, and thermal properties mostly
derived from their layered nature and the weak, yet tunable, coupling between layers.
Key properties include sub-nanometer thinness without dangling bonds, high and equal
electron and hole mobility (graphene),*® very high in-plane thermal conductivity

(graphene, h-BN),* low cross-plane thermal conductivity (graphite, h-BN, Mo0S;)*42
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and, in some cases, extremely low cross-plane thermal conductivity (comparable to air
for disordered, layered WSe; or lower than air for layered, 2D heterostructures).*** Some
bulk layered materials such as WS, also have high Seebeck coefficient (> 500 uV/K),*
yet many thermophysical properties remain unknown for individual monolayers. Perhaps
more importantly, 2D materials span a very broad chemical space ranging from graphene

and h-BN to TMDs with the form MX: (where M = transition metal; X = chalcogen).

2.2 Thermal Conductivity

The thermal conductivity (x) of a material represents its ability to conduct heat. For
diffusive thermal transport, when the size of the system is greater than the phonon mean
free path (MFP), the heat flux is proportional to thermal conductivity and the temperature
gradient, Q = -«VT. The thermal conductivity can be related to the specific heat, C, as x =
(2/d)CvA, where d is the dimension of the system, v is the properly averaged phonon
group velocity, and / is the MFP.*647 Furthermore, the thermal conductance is G = xA/L
(and its inverse is the thermal resistance Rw), here written for an object of cross-sectional

area, A, and length, L.

The analogy with electrical transport is quickly apparent: the temperature (in K) is
analogous to voltage (in V), the thermal resistance (K/W) to the electrical resistance (€2),
and the heating power (in W) to current (in A). Similar to Ohm’s Law (AV = IR), the
temperature rise of an object can be written as AT = PR, where P is the heating power.
Although it is tempting to assume that a material or device with large thermal

conductivity (e.g. graphene) must have negligible temperature rise, this intuition often
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fails when comparing devices with small dimensions as it is the conductance which must
be considered. The conductance of 2D devices can be very low. In addition, as we will
see, devices based on 2D materials are often limited by their interfaces, which is
quantified by their thermal boundary conductance (TBC) with the adjacent substrates or

contacts.

Nevertheless, since the thermal conductivity is an intrinsic material property, it is more
commonly used to describe and compare materials, while the thermal conductance
depends on dimensions and device geometry. Thus, in this section we summarize the
room-temperature thermal conductivities (in-plane and cross-plane) of several 2D
materials based on available experimental data, as shown in Figure 2.1. The data in
Figure 2.1 are shown as presently known ranges, with the understanding that these could
evolve as more studies become available. The upper end of these ranges is the most
crystalline material that has been measured, and the lower end corresponds to

polycrystalline or otherwise disordered samples.

2.2.1 In-Plane

Highly oriented pyrolytic graphite (HOPG) has room-temperature in-plane thermal
conductivity of »; ~ 300-2000 WmK™, depending on its (poly)crystalline nature. >4
The upper end of this range is comparable to the thermal conductivity of crystalline
diamond and among the highest of any known bulk material. Graphene is a single layer
of graphite and, due to its atomically thin nature, its thermal conductivity is strongly

dependent on the environment. Freely suspended graphene has x; ~ 1600 - 4000 Wm Kt
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due to its high phonon velocity, very long MFP ~250 - 600 nm, and lack of phonon
scattering with adjacent layers.**#9-%1 (The upper end of this range corresponds to

isotopically purified samples, with 0.01% *3C instead of the 1.1% natural abundance.®?)

However, when graphene is supported by a substrate (e.g. SiO>), its in-plane thermal
conductivity is reduced to 600 - 700 Wm™K-! due to substrate scattering of phonons,>3%°
with phonon MFP of 100 nm.*1“® If the top surface of graphene is also encased by SiOx,
phonons will suffer more scattering and the thermal conductivity is reduced to 80 - 400
Wm K15 depending on the number of layers. Moreover, when SiO,-supported
graphene is patterned into nanoribbons (GNRsS), its thermal conductivity decreases to 40 -
220 Wm Kt due to edge roughness scattering, and its value has a strong width-
dependence.5”-° These findings have demonstrated that the graphene thermal
conductivity can be manipulated by its environment and dimensions. Nevertheless, since
all these results were obtained for graphene on (or encased by) SiOo, it is not yet known

how other substrates (like SiNx or h-BN) would affect its thermal conductivity.

The in-plane thermal conductivity of bulk h-BN is reported to be x =~ 400 WmK* at
room temperature,*®%°-62 and that of suspended and supported few-layer h-BN is 230 -
280 Wm1K1,55636% These values are smaller than those of graphite, which is presumably
attributed to mass-difference (B vs. N) scattering and stronger phonon-phonon scattering
in h-BN determined by phonon dispersion (i.e. shorter MFP). TMDs have yet smaller in-
plane thermal conductivity than h-BN, due to smaller phonon group velocity and weaker

covalent bonds, caused by heavier and larger constituent atoms. For example, the in-
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plane thermal conductivity of bulk 2H-MoS; was found to be in the range x; = 74.3 - 110
Wm K- for geologically-mined samples®®%%-8 and as low as 15 Wm™K* for lab-grown
samples.®® Those of suspended mono- and few-layers are 13.3 - 84 WmK™ and 15.6 - 77
WmK?, respectively.’®"" Similar to graphene, supported MoS; is expected to have
lower thermal conductivity than suspended samples due to substrate scattering, and the
measured values are 63 + 22 WmK™ and 74 + 10 Wm™K* for mono and bilayer,
respectively.> The apparent closeness of the supported thermal conductivity to the

suspended may be a result of differing levels of crystal quality between studies.

Not unexpectedly, somewhat lower in-plane thermal conductivities were found in the
heavier TMDs based on Mo and W, or Se and Te. Suspended mono- and bilayer WS>
have thermal conductivity of 32 - 53 Wm™K™* at room temperature.”® And bulk WS, has
in-plane thermal conductivity around 120 - 124 Wm™K*.887° For suspended and
supported mono- or few-layer MoSe;, its thermal conductivity range is 6.2 — 127,71:8081
and 17 - 24 Wm*K, respectively with a bulk thermal conductivity measured to be
between 20.3 - 30 WmK1.558283 Muyltiple studies show many-layer or bulk WSe848
and WTe,2®8 samples to have comparable in-plane thermal conductivity, in the range of
1 - 15 WmK™,%8 ostensibly depending on sample quality and preparation, with the lower
end of the range signaling larger disorder. However, two studies (from the same group)
report measurements of bulk WSe> thermal conductivities to be between 40 - 42
Wm1K1.%88 The in-plane thermal conductivity of ReS; thick film is around 50 - 70

Wm1K1.% Notably, thermal conductivity data in the monolayer limit is presently
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missing for the Se- and Te-based TMDs, no doubt in part due to their lack of

environmental stability in such thin films.®

Another unusual layered 2D material of interest is black phosphorus (BP), with atomic
structure as shown in Fig. 1d and 1h. Recent experiments have reported the in-plane
thermal conductivity of BP flakes (ten to hundreds of nanometers thick) to be in the range
of xac = 6 to 36 Wm™K in the armchair (AC) direction or xjzz = 8 to 101 Wm*K? in
the zigzag (ZZ) direction at room temperature,®1% and the value increases with
thickness. Here too, the thinnest BP films are the least environmentally stable, thus the
lowest end of this range was probably measured on partially amorphous or oxidized
films. More importantly, the in-plane thermal conductivity of BP is anisotropic, which is
also reflected in its phonon dispersion. The thermal conductivity anisotropy ratio between

the zigzag and armchair direction is 1.5 to 2.91-93,98:100-103

2.2.2 Cross-Plane

The cross-plane thermal conductivity of 2D layered materials (as shown in Figure 2.1) is
typically defined only in the bulk material. For monolayer samples, the quantity of
interest for cross-plane thermal transport is the thermal boundary conductance (TBC),
which is reviewed in the next section. The transition from monolayer to bulk behavior
occurs in samples of thickness comparable to the MFP of the dominant phonons at a
given temperature. Based on kinetic theory %2 and a phenomenological ballistic-diffusive
model,*® the MFP of cross-plane phonons is approximated to be ~10 nm., However,

experiments show the MFP is of the order ~100 nm at room temperature for thin
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graphitic®1% or MoS; films.*? In other words, the cross-plane thermal conductivity of
thin graphitic or MoS; films is not a constant, but a function of the sample thickness,
from few nanometers thin up to ~0.5 pum thick.*>1%1% The cross-plane transition to bulk
behavior in other layered 2D materials is not known today but, if MoS2 and graphite
have a similar transition despite MoS> having heavier atomic masses, lower phonon
velocities, and generally a lower cross-plane thermal conductivity (Figure 2.1), other

TMDs, h-BN, and BP may also share the same behavior.
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Figure 2.1. Measured room-temperature ranges of thermal conductivity « for 2D
materials, highlighting the strong in-plane vs. cross-plane anisotropy. In-plane thermal

.. ., 15 41,49-51 53,54
conductivity ranges are for graphite, ~ suspended graphene, supported graphene,
encased graphene,56 graphene nanoribbons (GNRs),57'59 h-BN,**® Mos,,* "7
WSz, MoSez, ™ WSez, ™™ WTez,*° and black phosphorus (BP).gl'97 Cross-plane
thermal conductivity ranges are shown for bulk graphite,15 h-BN,108 MOSZ,GG'109
WSez,43'109 ReS: and BP.”"® The lowest cross-plane thermal conductivity reported for

disordered layered WSe: is about six times lower than the amorphous limit.* A few other
special or limiting cases are pointed out by small arrows.
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As previously mentioned, a unique attribute of layered 2D materials is their highly
anisotropic nature, leading to a bulk cross-plane thermal conductivity «, that is much
lower (by orders of magnitude) than the in-plane thermal conductivity . This behavior is
due to much weaker cross-plane van der Waals interactions compared to the strong in-

plane covalent bonds.

The presently known experimental data ranges of thermal conductivity in the cross-plane
direction (x.) of several bulk 2D materials are shown in Figure 2.1. The accepted value
for crystalline, HOPG is in the range of 5 to 7 Wm™K! at room temperature,'>“® however
the effective value of «, is lower in films thinner than ~ 0.5 pm %252 or in films with
significant disorder. The cross-plane thermal conductivity of bulk h-BN is in the range x.
= 1.5 t0 4.8 Wm1K1 486162108 that of 2H-M0S; is 1.7 to 5 Wm1K1,42:48.66-68.109 that of
WS; is 1.7 to 2.8 Wm™K™,%8:79 that of MoSe is 1 to 2.6 Wm™K™,%5%8 and that of black
phosphorus is 3.5 to 6.5 WmK™1,9395:96.100 gt ropom-temperature. Cross-plane thermal
conductivity of WTe, and ReS; are 0.6 to 1.34 Wm™K™?, 888 and 0.55 Wm?K?1,%
respectively. Those low thermal conductivity values are due to their heavy molecular

masses.

The cross-plane thermal conductivity data for WSe, merits additional discussion.® >! For
this material, one study showed that disordered yet layered crystals of WSe, can have
cross-plane thermal conductivity that is six times lower than the amorphous limit of this

material, and up to 30 times lower than the c-axis thermal conductivity of crystalline
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WSe;,,*? as displayed in Figure 2.1. The 0.05 WmK* cross-plane thermal conductivity
measured in WSe reprents the lowest measured value in a fully-dense, single-material
solid at room temperature, and is comparable to that of air. This unusual behavior was
attributed to the localization of lattice vibrations induced by random stacking of
crystalline WSe> sheets, i.e. by controlling both order and disorder, and hence the thermal
conduction channels, in this anisotropic material. Including the disordered WSe>
measurement, the cross-plane thermal conductivity of WSe is 0.05 to 2.45

Wm 1K1, 436889109 snanning almost two orders of magnitude. Interestingly, artificial
heterostrutures, created by stacking crystalline monolayer graphene, MoS», and WSe;, are
able to achieve the lowest measured thermal conductivity in a fully-dense solid to date.
By leveraging mismatches of mass densities and phonon density of states between 2D
materials, the effective thermal conductivity is reduced to approximately a factor of three

lower than air, in the range of 0.007 to 0.009 Wm1K44

2.3 Thermal Boundary Conductance

The thermal boundary conductance (TBC) and its inverse, the thermal boundary
resistance (TBR), are used to describe the temperature discontinuity at an interface
between two materials.*'° The TBC is also known as the Kapitza conductance, 1112
although, strictly speaking, the term only applies for an atomically perfect and abrupt
interface.!™? It relates the heat flux, Q, across the interface to the temperature drop, AT =
Q/G”, where G” is the TBC in units of MWm™ K™, Even atomically “perfect” interfaces
have a finite TBC, because the temperature discontinuity is caused by phonon reflection

and scattering at the interface.
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Heat dissipation in 2D materials and devices is often limited by their interfaces with other
materials, and this is particularly the case for monolayer or few-layer devices.1**1% In
fact, the interface dominates the internal (cross-plane) thermal resistance of a 2D film as
long as TBC < k./t where t is the thickness of the film. Unlike the electrical conductivity
and even the thermal conductivity of solids (which span approximately 20 and 5 orders of
magnitude, respectively), the TBC between most materials spans a much narrower range,
less than 4 orders of magnitude. Of course, this range refers to the TBC of intimately
connected interfaces, not those between porous or otherwise rough interfaces, whose

TBC could be much lower. 116

Figure 2.2 summarizes the presently available data for the TBC of 2D materials with their
environment, all at room temperature. Most such measurements are carried out either by
a Raman opto-thermal method, "% py time-domain thermoreflectance (TDTR, which
necessitates a metal transducer like Al or Au on top),®1%117 or by the electrical 3w
method, '8 which requires encapsulating the sample in an insulator. Use of these
approaches explains the limited interfaces of 2D materials probed thus far and the
prevalence of interfaces with SiO2, which is the most common insulator in nanoscale

processing, formed by thermally oxidizing silicon substrate wafers.
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Figure 2.2. Room temperature thermal boundary conductance (TBC) of interfaces
between graphene or graphite and metals, 1?1 graphene and oxides, 17118122123 21 and
2D materials, 44124126 TMDs and metals,?®"! and TMDs with oxides.3371107.127 A]j

symbols and ranges are from experimental data, except “Mo0S>—G” which is from
molecular dynamics simulations,'?>12¢ displayed for comparison. G = graphene, FLG =
few-layer graphene, HOPG = highly oriented pyrolytic graphite.

The ranges of data in Figure 2.2 are broadly grouped by TBC of graphene- or graphite-
metal interfaces (G-Metal), graphene-SiO: interfaces (G-Ox), interfaces between
dissimilar 2D materials (2D-2D), and interfaces of TMDs. All the G-Metal
interfaces'®?% and the G-Ox interfaces®> 5% 56 are approximately in the range of 20-100
MWm=2K1, Interestingly, the HOPG interface with various metals can be understood in
terms of differences in adhesion.!?® Al and Ti have better adhesion to HOPG, yielding a
smoother, continuous interface. In comparison, Cr and Au films have larger grains and
weaker adhesion, leading to lower TBC.1% This TBC range of 20 - 100 MWm2K is
roughly equivalent to the cross-plane thermal resistance of a graphite film between 60-

300 nm thick (180 - 900 layers), or the thermal resistance of a SiO; film between 14 - 70

nm thick. Thus, it becomes immediately apparent how the thermal resistance of such
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interfaces can fundamentally limit heat dissipation from all mono- and few-layer

graphene devices in contact with typical insulators. 415

The G-BN interface was measured by a combined electrical and Raman technique,'?* and
the G-MoS; interface TBC range was estimated from MD simulations.?12¢ We included
here these simulations for comparison, as there is no other experimental TBC data
between dissimilar 2D materials, to our knowledge. The measured G-BN interface TBC
was ~7.4 MWm2K1, lower than what might be expected for these smooth materials with
light atomic masses, but within the common range of TBC for a variety of materials.*?® It
is nevertheless possible that contamination of the interface by liquid or organic residues
during fabrication (as the authors themselves have speculated'?*) could have limited heat

flow in this measurement, and that the pristine G-BN interface TBC may be higher.

The TMD interfaces in Figure 2.2 deserve additional discussion. These are the results of
several recent Raman optothermal measurements,”>1%127 and a combined electrical-
Raman measurement.® Although we subtract the contribution of the substrate thermal
resistance from all reported values, the range of the TMD-SiO; interface TBC appears
very large, with some values near 0.1 MWm2K*,”* which would be a record low for a
solid-solid interface at room temperature.'?® It is important to note that purely optical
measurements require accurate knowledge of the heating power in the MoS,, dependent
on the laser spot size and the absorption coefficient of M0S,.*1"127 The electro-Raman
measurement circumvents this through more accurate knowledge of the electrical input

power.3 In addition, the purely optical measurements were carried out on flakes
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mechanically exfoliated onto their substrates, but the electro-Raman measurement was on
monolayer MoS; grown directly (at high temperature by CVD) on the SiO2 substrate.>®
Thus, it is possible that the exfoliated TMD samples measured by optical means did not
have atomically smooth interfaces with their substrate and were potentially affected by
interface roughness or by contamination during the transfer process.’*197127 The TBC of
the interface between CVD-grown monolayer MoS; and SiO: reported from electro-
Raman measurements was the highest, in the 8 to 15 MWm2K! range. This value is
comparable to ~25 MWm2K! obtained from TDTR measurements of the interface
between Al or CoPt transducers and bulk MoS2,% and probably more accurately

represents the (upper) limit of such TMD interfaces.

By analogy to the earlier discussion, a TBC range of 1 - 10 MWm2K is roughly
equivalent to the cross-plane thermal resistance of a MoS: film between 200 to 2000 nm
thick, or the thermal resistance of a SiO> film between 140 to 1400 nm thick. Thus, it is
extremely important to properly understand the lower end of the TBC range for the
TMDs, and to take it into account when examining heat dissipation from TMD-based

nanoelectronics.

In general, the expected range of TBC between two dissimilar materials has two limits.
For a pristine but otherwise weakly bonded interface, the atoms of the two materials are
in their equilibrium positions, as dictated by their interatomic interactions. The TBC is a
consequence of only the lattice dynamics of the materials, and this limit can be

understood in terms of the dissimilar vibrations on the two sides of the interface, and their
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(inelastic) scattering at the interface.!1%1112% This regime represents the upper limit of the
TBC, which could only be increased by applying higher incident pressure to the
interface.® The lower end of the TBC range is not well-defined, but could be understood
by considering imperfect interfaces due to surface roughness, wrinkling (especially for
2D monolayers), or contamination from impurities during the fabrication (e.g. 2D
material transfer) process. Thus, experimental data in Figure 2.2 strongly depend on the
“cleanliness” of the interface, with only the upper values approaching the fundamental

limit of a given interface.

Figure 2.3 also displays the temperature dependence of the TBC for several 2D material
interfaces. The TBC is a function of temperature, through the role of the heat capacity. At
temperatures below the Debye temperature (T < ®p) the number of phonon modes
available to carry heat across the interface rises with the temperature (C oc T9" for a
phonon dispersion o ~ g in d dimensions),**! but the TBC becomes a constant, just like
the heat capacity, at T > ®p. In Figure 2.3, as may be expected, “simple” interfaces tend
to have larger TBC, and more complex interfaces (e.g. Ti-G-SiO2) tend to have lower
TBC. The latter is formed by two graphene interfaces in series, although it is not possible

to decouple the TBC of the Ti-G from the G-SiO; interface.

The TBC not only plays an important role in heat dissipation of 2D devices, but also
influences the device electrical performance. Better thermal interface can help heat
dissipation and lower the device operation temperature. For semiconductor devices, such

as field effect transistors (FET), lower temperature rise means less mobility degradation.
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Similarly, for metal interconnects, better heat dissipation enables higher current density,

improved reliability, and higher breakdown voltage.6-132-134
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Figure 2.3. Experimentally measured temperature dependence of TBC, primarily
available for graphite!?® and graphene!'”1*® samples (HOPG = highly oriented pyrolytic
graphite, G = graphene). The thermal boundary conductance increases with temperature
as more phonon modes become available to carry heat across the interface.
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2.4 Thermoelectric Properties

The reversible conversion between a temperature difference AT and an electric voltage
AV is called a thermoelectric effect. Thermoelectric effects in materials can be grouped
into three categories: the Seebeck effect is the generation of a voltage due to diffusion of
charge carriers in a temperature gradient; its reverse, the Peltier effect, refers to the
generation of a temperature gradient in the presence of current flow. In the Seebeck
effect, the generated voltage is AV = (S — SA)AT, where Sag is the Seebeck coefficient
(thermopower) of material A or B, and AT is the temperature difference. The third

category is the Thomson effect, which can be seen as the continuous version of the
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Seebeck effect: a spatial variation of S within a material due to a temperature gradient can

create local electric fields, without the presence of a material junction.

The Seebeck coefficient of a material can be thought of as the specific heat per charge
carrier, i.e. the energy per carrier per degree Kelvin. Metals tend to be poor
thermoelectrics, because only a small fraction of carriers around the Fermi energy (Er)
can participate, and the thermopower S = (ksT/Er)ks/e is small, of the order 1 pV/K
because Er > ksT, where e is the elementary charge. In semiconductors, on the other
hand, the energy carriers can be “far” from Er, and S = (Er — E)/(eT) can be large, of the
order 0.1 - 1 mV/K. However, this implies that S in semiconductors scales inversely with
doping, and will be largest in more insulating samples with lower conductivity ¢.1%
Moreover, in semiconductors the thermopower can be negative (Sn < 0) for electrons but

positive (Sp > 0) for holes.

Thermoelectric energy harvesters typically consist of alternating n- and p-type doped
material “legs” which are arranged “electrically in series but thermally in parallel.” This
arrangement allows for all the thermoelectric segments to experience the same AT, but for
their individual voltages (AV) to add up.®*® The efficiency of a thermoelectric energy
converter can be expressed as the figure of merit ZT = (S?¢/x)T. Due to the inverse
relationship of S and o in semiconductors, this implies that the thermoelectric efficiency
could be maximized at an intermediate doping level (which maximizes the power factor

S%6) and for the lowest possible thermal conductivity x. Thus, materials with highest ZT
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are expected to be highly doped semiconductors with low (lattice) thermal conductivity,

i.e. materials with heavier atoms and weaker interatomic bonds.

Based on the discussion above, one does not expect graphene, graphite, or WTe: to be
good thermoelectric materials due to high « (for graphene) and semimetallic nature (for
both). However, 2D layered semiconductors (e.g. MoS:z or SnSe, as we will see below)
could have promising thermoelectric properties, particularly if the doping can be selected
to maximize the power factor and ZT. Semiconducting 2D materials, as other low-
dimensional materials, offer a large derivative of the electronic density of states around
Er, which can increase their thermopower S compared to bulk materials even at
comparable ¢.1% In addition, 2D materials can be layered, thus increasing the number of
interfaces and naturally decreasing the thermal conductivity (x. in the cross-plane

direction), one of the requirements for high ZT.

Figure 2.4 summarizes the experimentally determined ranges of thermopower for layered
n- and p-type 2D materials, as they are known today (at room temperature). The data are
organized by measurements along the “in-plane” direction, “cross-plane” direction (in
highly anisotropic crystalline samples) or on “compressed polycrystalline bulk samples”.
As expected, the S of HOPG is low, as is that of WTey, both being semimetallic. Other
thermopower values all correspond to semiconducting 2D materials, and the ranges given
represent multiple studies carried out at different doping (carrier density) levels. In
general, larger thermopower corresponds to lower ¢ (undoped material) and lower

thermopower corresponds to higher o (highly doped material). Data points represented by
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diamonds were single measurements taken as a particular doping value. The experimental
data dlsplayed include MOSz 136-145 WSZ 45,146-149 MOSGZ 45,150-156 WSEQ 45,85,136,146,147,150-
152,154,157 WT82,87’150_152 M0T82,150-152,158-160 Snse,161-166 SﬂSz,lG? black phOSphOI’US,lOO‘mS'

173 graphene, 33124174176 a5 well as TiS, and its intercalated compounds.t7”178
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Figure 2.4. Room temperature Seebeck coefficients of various 2D materials: MoS,,*%-
145,179 WS2 45,146-149 MOSe2 45,150-156 Wse2 45,85,136,146,147,150-152,154,157 W-I-e2 87,150-152 MoTez

150-152,158-160 Snse’ 161-166 Sn82,167 black phOSphOfUS, 100,168-173 graphene’53,124,174-176 and
TiS; and its intercalated compounds.t””*78 The bars represent experimentally reported
ranges, and the diamond symbols are individual data points. The lower end of a range of
values correspond to higher doping, and the upper end to lower doping. The first two
groupings represent in-plane and cross-plane measurements of the crystalline layered
materials. The third grouping is for bulk 2D materials or their polycrystalline form which
the directionality of the measurement was not reported.

For comparison, traditional bulk thermoelectric materials like Bi>Tes have Seebeck
coefficient of approximately -228 pV/K (n-type) or 81 uV/K (p-type) at room
temperature.*® Most 2D materials have comparable Seebeck coefficients to bulk BizTes,

however available data for MoS,, black phosphorus, and WSe: suggest that with
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appropriate carrier modulation (i.e. doping) these 2D materials could have larger
electrical conductivity & at the same thermopower S (compared to the bulk materials),**

ostensibly due to the low-dimensional thermoelectric enhancement discussed earlier.

Stacking 2D materials to create superlattice structures may lead to promising
thermoelectric properties, as the cross-plane thermal conductivity will be reduced by
interface phonon scattering. However, due to present difficulty in transferring and
stacking 2D films (while keeping such interfaces clean), only few data are available for
such structures. Figure 2.4 displays the experimental data for G-5L BN-G structures,*?*

and for intercalated TiS, compounds.t”’

Finally, Figure 2.5 displays recent data showing the measured thermopower of MoS; 3
and WSe;, %157 as a function of carrier density (here modulated with the presence of a
back-gate, rather than via chemical doping). As expected, the magnitude of |S| decreases
at higher carrier densities, and therefore higher electrical conductance. The 2D power
factor is maximized for an electrical conductivity 6 = 10° S/m, higher than can be
achieved with bulk materials.'3® For a typical mobility of ~30 cm?V1s! in a CVD-grown
monolayer TMD,*-391% gych an electrical conductivity corresponds to a carrier density of
~1.2 x 10" cm?, well within the reach of experiments which rely on “electrostatic”

gating, but difficult to achieve by controlled chemical doping.
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Figure 2.5. Experimentally measured dependence of thermopower S vs. electrical
conductivity o, where data are available, at room temperature.3157 Note that Sh < 0 < S,.
As expected, |S| scales inversely with carrier density (n or p) and thus with electrical
conductivity (o).

2.5 Conclusion and Future Outlook

The thermal conductivities of 2D materials have strong anisotropy which is given by the
structure of such materials and have a very large range (2 ~ 3 orders of magnitude) which
is partly due to the huge difference of the molecule masses. And these may lead to
different potential applications, such as heat spreader (e.g. graphene), heat isolation layer
(e.g. amorphous or disordered WSe>). 2D materials also have a large range of band gaps,
from metal (graphene), semimetal (WTez), semiconductor (e.g. MoS2, MoSez, MoTe,
WS>) to isolator (BN). By stacking those materials, we can further engineer their thermal
(as well as electrical) properties, which do not exist in other 3D bulk materials in nature.
TBC plays a much important role in 2D materials and devices comparing to conventional
3D material. As the dimension is scaling, the intrinsic thermal resistance is small, the all

system is very sensitive to the contamination, or imperfect interfaces with other materials
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and environment. Seebeck coefficient can be increased by gating the material and
minimizing electrical conductivity, but these will harm the figure of merit (ZT). To
realize 2D material based thermoelectrics, stacking will be important (which also

required clean transfer method).
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Chapter 3
Thermal Transport in WTe;

This chapter presents the extracted thermal properties of WTe> devices by using electrical
measurements. This chapter will discuss the fundamental material properties of WTe.
High-field electrical measurements and electro-thermal modeling reveal that ultra-thin
WTe; can carry remarkably high current density (approaching 50 MA/cm?, higher than
most common interconnect metals 18118%) despite a very low thermal conductivity (of the
order ~3 Wm™ K1), These results suggest several pathways for air-stable technological

viability of this broadly relevant layered semimetal.

Results in this chapter were published in M. Mleczko, R. Xu, et al., "High current density
and low thermal conductivity of atomically thin semimetallic WTe." ACS Nano, 10,

(8),7507, 2016.

3.1 WTe; Material Properties

The preceding decade has seen much interest in two-dimensional (2D) nanomaterials,
often exhibiting unique evolution of chemical and physical properties as material
thickness is scaled from layered bulk to individual atomic or molecular monolayers.!84
185,186,187 \While semiconducting 2D materials have received much attention, layered 2D
semimetals other than graphene have been relatively underexplored in the atomically thin
limit. Materials like B-MoTe2 and WTe; stabilize as semimetals in a distortion of the

octahedral 1T (CdlI structure) geometry, with in-plane buckled chains formed by pairs of
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Mo/W atoms dimerizing in intermetallic charge-exchange,88-1% while van der Waals
bonding dominates interlayer interaction. Whereas MoTe> may be synthesized in both
2H- and Tg- polytypes, or reversibly switched between the two as a function of
temperature or strain,'®* 1% WTe, has been known since the 1960s to exclusively adopt
the latter structure, irrespective of growth conditions 188 19319 or conventionally
achievable strain,'%2 as the heaviest of the Group VI dichalcogenides. Despite the
inaccessibility of a semiconducting phase, this semimetal has received renewed attention
from the experimental observation of non-saturating magnetoresistance in bulk samples,
in excess of 13,000,000% at 60 T.1% This behavior was attributed to perfect
compensation between balanced electron and hole populations at the Fermi surface below
150 K, projected to persist down to individual monolayers.1%: 1" Recent studies have also
identified WTe; as a potential two-dimensional contact for planar devices, with a
uniquely low electronic work function (® < 4.4 eV) amongst 2D metals,'% recently
applied in realizing unipolar n-type transport in the nominally ambipolar semiconductor
WSe,.1% Layer-dependent experiments of any kind are nonetheless limited,?°*2% owing
to a lack of geological sources, challenges in precursor purification during bulk crystal
growth,%* 19 as well as observed degradation (oxidation) of thin layered tellurides with
exposure to ambient oxygen and moisture.?°®2%* |n particular, Wang and colleagues
studied magneto transport in uncapped flakes down to bilayer thickness,?*® reporting an
insulating regime in sub 6-layer samples attributed to oxidation-induced disorder from

ambient exposure.
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3.1.1 Device Structure

Bulk crystals of WTe, were grown directly by Chemical Vapor Transport (CVT) of a
commercial molecular powder (American Elements WTez, 99.5%), with no need for
chemical or thermal precursor pre-treatment, using elemental iodine as a transport agent.
We achieved a high yield of few-millimeter-sized crystals, exhibiting both ribbon- and
platelet-like morphologies with clear evidence of layered structure under mechanical

cleavage or Scanning Electron Microscope (SEM) inspection (shown in Figure 3.1).
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Figure 3.1. (a) Bulk WTe; crystals grown by CVT, with mm increments for scale, and
cartoon profile of 1T°- (Tq-) layered crystal structure. (b) SEM micrograph of bulk crystal
displaying layered structure at edge.

We then mechanically exfoliated few-layer WTe; flakes onto 90 nm SiO, on p*™* Si
substrates under an inert atmosphere (a nitrogen-purged glovebox with O, and H.O
below 3 ppm at their highest levels) and initially capped them with a 300 nm film of
poly(methyl methacrylate) (PMMA\), serving both as protective coating and resist for
electron-beam (e-beam) lithography. Contacts were lithographically defined, developed
and metalized with 20 nm Ti / 20 nm Au, such that exposed flake surfaces at the contact
interface saw cleanroom air for less than 5 min. before transfer into a load-locked e-beam

evaporator (base chamber pressure ~10 Torr). To mitigate the possibility of channel
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oxidation, we performed resist and metal lift-off in another nitrogen glovebox connected
to a thermal ALD chamber where, after lift-off, we immediately deposited ~15 nm of
amorphous AlOx in situ via alternating trimethylaluminium (TMA) and H-O pulses at

150 °C.

N
N
o
o

(6) ==sdnus

Ios (HA/pm)
N
o
=)

Frniae

Figure 3.2. (a) Schematic of AlOx-capped WTe, Transfer Line Method (TLM) structures
on 90 nm SiO; (on Si) with Ti/Au contacts. (b) AFM micrograph of fabricated WTe>
TLM structures showing 5 device channel lengths (from 85 to 1500 nm) and 6 electrodes,
capped with ~15 nm AlOx by ALD. AFM height profile (lower inset) was extracted along
the dotted line. (¢) Time-dependent degradation of current vs. voltage (I-Vps) in AlOx
capped (11-layer, L = 0.5 um) and uncapped (7 layers, L = 0.46 um) devices. The ALD-
capped devices are stable for over one week, whereas the bare (uncapped) devices
degrade within hours or days.

Inspection by optical and atomic force microscopy (AFM) revealed uniform nucleation of
this capping dielectric (Figure 3.2), with identical RMS roughness on flakes and the
surrounding oxide (< 0.4 nm). The smoothness of the capping film facilitated layer

counting in flakes directly from AFM height profiles, uniformly measured as integer

multiples of the interlayer spacing ~0.704 nm?88 18 with an additional ~0.2 nm offset.

42



3.1.2 Oxidation and Capping Protection

We utilized the encapsulation to prevent ambient oxidation of ultrathin WTe», and ALD
alumina was chosen for its compatibility with standard microfabrication and effectiveness
as an oxygen and moisture barrier (also recently applied for environmental stability of
few-layer black phosphorous 2952%¢), Grown on devices whose channels had only seen an
inert nitrogen atmosphere, 15 nm AlOy films were found to significantly improve device
yield and preserve Ohmic response with no noticeable current degradation after one week
(Figure 3.3(a)). In comparison, uncapped devices measured immediately after in-air
metal lift-off manifested current non-linearity at moderate source-drain biases, and
significant decline in performance over several days - even when stored in partially
deoxygenated environments (e.g. a tabletop drybox). Such degradation is consistent with
increased charge trap density from the progressive oxidation of top-most WTe layers,
which we evaluated by high resolution X-Ray Photoelectron Spectroscopy (XPS) in

Figure 3.3(b).
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Figure 3.3. (a) Time-dependent degradation of current vs. voltage (I-Vos) in AlOx
capped (11-layer, L = 0.5 um) and uncapped (7 layer, L = 0.46 um) devices. The ALD-
capped devices are stable for over one week, whereas the bare (uncapped) devices
degrade within hours or days. (b) High-resolution XPS of ALD-capped and bare
multilayer WTe> flakes on SiO2/Si substrates; ambient degradation is visible in the
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formation of Te-O sub-peaks and a binding energy shift of W-4f peaks suggesting partial
WOz bonding character.

Oxidation of uncapped crystals is evident in the Te 3d spectra of both freshly cleaved and
aged multilayers on SiO/Si, most prominently in the appearance of secondary peaks
across the 3d 3/2 and 5/2 energy range matching reference values for Te (IV)-O binding
in Te0,.297:208 These features increase in intensity with time relative to Te-W bonds,
matching a trend recently observed in Ref. 200, though are entirely absent on surfaces
probed through the AlOx capping. There, only W bonding is measured even after 7 days
of storage. Ancillary evidence is provided in the upward energetic shift of W-4f peaks in
uncapped samples, by an average ~0.8 eV relative to capped flakes, and appearance of a
high-energy shoulder suggesting a partial WO3 bonding character induced through
atmospheric exposure. Layered WOs is the oxide most readily formed on W
dichalcogenide crystals, 22 producing XPS W-4f reference peaks measured an average
2-3 eV higher #1212 jn binding energy than those of comparatively closely spaced WS,
and WSe; 21224 ysed here as analogues for WTe,. Our findings indicate significant
chemical degradation of uncapped layers during the ~ 1 hour period of ambient exposure
between glovebox-based exfoliation and XPS measurement, despite prior studies
observing constant optical contrast for exposed few-layer samples on the order of 1
day.?% This supports the conjecture of oxidation-induced disorder driving a metal-to-
insulator transition in resistivity as WTe; thickness is decreased below 6-layers,?*® a

regime avoided through careful encapsulation in all our thinner samples discussed below.
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3.1.3 Semimetallic 1-V behavior

Figure 3.4 shows the lack of gate voltage dependence for an AlOx capped 14-layer WTe;
flake on 90 nm SiO- and p++ Si global back-gate, showing negligible source-drain
current modulation, which indirectly proves the semimetallic property of this material.
Figure 3.5 shows the band diagrams of both bulk and monolayer WTe.. The overlap

between conduction band and valence band indicates that WTe, is semimetallic.
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Figure 3.4. Lack of gate voltage dependence for an AlOx capped 14 layer WTe; flake on
90 nm SiO2 and p++ Si global back-gate, showing negligible source-drain current
modulation.
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Figure 3.5. Calculated band structures of 1T> WTe; (a) bulk and (b) monolayer.?*®

3.1.4 Electrical Properties

We performed electrical characterization via two-terminal and transfer line method
(TLM) test structures, with channel lengths L from 80 nm to 2 um. As expected for

carrier-rich semimetallic devices, the Si back-gate had a negligible effect on current
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modulation and the remainder of electrical measurements were carried out at zero gate
bias. Figure 3.6(a) shows the linear fits for a TLM test structure, over the 80-300 K

temperature range. Plotting the measured resistance normalized by width, RW = RsL +
2Rc, yields a slope Rs as the intrinsic sheet resistance and the intercept 2Rc as the total

contact resistance (L and W are the length and width of WTe; channel).
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Figure 3.6. (a) Sample TLM plot of AlOx capped, 11-layer WTe; devices presenting the
total resistance (normalized by width) vs. channel length L; lines are a numerical fit to
measured values (symbols). The vertical intercept yields 2Rc and the slope yields Rs. (b)
Measured temperature dependence of resistivity for AIOx capped WTe; devices with 5—
17 layers, derived from TLM sheet resistance.

Figure 3.6(b) presents a summary of TLM-extracted resistivity o in the range 0.4-1.4 mQ
cm (at room temperature) for WTez devices of different layer thicknesses. Most ultra-thin
devices display metallic behavior (p increasing with T), consistent with prior reports of
bulk resistivity for synthetic WTe,.202216.217 Only the 14L and 17L devices exhibit some
decline in p with increasing T; however, we note these were the two most resistive TLM

structures probed, thus their temperature-dependent behavior is more indicative of defect-

limited hopping rather than phonon-limited transport (as for the devices with lower p).
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Interestingly, no clear layer dependence of resistivity emerges for the thickness range
probed here; this could be due to different crystalline orientations of the devices, as
buckled W chains break the 2D symmetry of the layer plane with a preferred
directionality.'8-1% This has been noted in scanning tunneling microscopy (STM)
measurements of aligned zigzag features on cleaved WTe; surfaces,?'® and a strong
variation on magneto transport in bulk ribbons with the angle of the applied field.%
Thickness invariance in this range is also consistent with recent measurements of an
effectively 3-dimensional (3D) electronic structure in WTe,,?%22° with only moderate
Fermi surface anisotropy in 2D layers attributed to increased interlayer coupling from the
described lattice distortion. Room-temperature resistivity remains an order of magnitude
greater than that of layered band metals in bulk,**2 including most Group V (V, Nb,
Ta) disulfides, selenides and tellurides. It nonetheless remains comparable to that of bulk
WTe,2%% 21" unlike the 10-fold or greater increase of p in metals like 1T-TaS; in the few-

nanometer thickness regime.?%% 222

Extracted contact resistances for 20 nm Ti/ 20 nm Au leads also show no clear
dependence on layer number, with mean Rc spanning a range of 500-600 Q-pm across
80-300 K. The contact resistance to ultra-thin WTe; found here is near the lower end of
reported resistances for evaporated metals on Group VI layered semiconductors (0.5-2
kQ-um ) without chemical doping or lattice-level modification.??222* Averaged Rc values
were then used to estimate the effective field along channels on thinner flakes (3-7
layers), for which full TLM structures were not available, enabling extraction of overall

current density J at set field values. Despite the aforementioned variability obscuring an
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explicit layer dependence, the current density J appears to increase for devices up to 9-11
layers thick, beyond which J saturates. A gradual fall-off in current density is expected
for thicker, metallic layered crystals with top contacts due to interlayer resistance limiting
current flow to the top-most layers. In contrast, the cross-plane current distribution in
few-layer graphene or semiconducting 2D materials is determined by competing effects
from electrostatic gating, top-down charge-injection, and interlayer electrostatic
screening.?2%2% For a carrier-rich (semi-) metallic 2D crystal, dielectric screening limits
the charge injected into lower layers from top contacts as the thickness is increased,
effectively confining current to the upper-most layers in the absence of direct edge-
injection. Underlying strata serve primarily to screen-out any substrate (e.g. oxide) charge
fluctuations in approaching bulk transport limits.??> Absence of this screening in the
thinnest, most sensitive samples (< 5L) explains the lower measured current densities and

higher TLM-extracted contact resistance.

3.1.5 High Field Electrical Measurement

We next examine high-field coupled electrical and thermal transport in our WTe>
devices, as summarized in this section. Figure 3.7 displays several measured I-V curves
up to breakdown of our WTe; devices, with high lateral Vps (the higher resistivity at 80 K
is due to inter-sample variability of particular 5-layer and 10-layer flake). We find that
AlOx-capped WTe; devices can reach up to 30-50 MA/cm? current densities, in excess of
the 10-20 MA/cm? benchmark for VLSI interconnect stress-testing.!8-18 This current
density range is larger than typical values for Al and Cu, which are several MA/cm?, and

is similar to bulk W films at several tens of MA/cm?.22-229 However, among atomically
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thin semimetallic layers only graphene can withstand higher current densities, typically
hundreds of MA/cm? and approaching 1 GA/cm? for aggressively scaled nanoribbons.?%
SEM imaging of failed devices showed breakdown near the device mid-points, with
metal contacts fully intact, suggesting WTe: failure at the point of maximum temperature
and good contact resistance up to high bias. Incomplete breakdown in our thinnest
devices (3-5L) suggests improved heat-sinking with reduced interlayer thermal
resistance. Moreover, ohmic response and comparable breakdown densities (15-50
MA/cm?) are consistent across this thickness range, despite the previously discussed
reduction in low-field current density. This is contrasted with a reportedly distinct
insulating regime in uncapped <6L samples,?®® demonstrating the importance of avoiding
channel exposure to oxygen/moisture during processing. For comparison, the less-
resistive band metal TaSe, supports peak current densities of 36 MA/cm? in
conventionally fabricated devices at body thickness t ~ 12 nm, degrading to negligible

levels in the few-layer limit under ambient conditions.?!
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Figure 3.7. Current vs. voltage up to breakdown of ALD-capped WTe: devices at 80 K
(blue) and 300 K (red) ambient in vacuum probe station (~10° Torr), demonstrating self-
heating behavior and thermal breakdown. The maximum current density approaches 50
MA/cm?, almost an order of magnitude higher than typical 3D metal (e.g. Al, Cu)
interconnects.
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10L, 10 kV
Figure 3.8. SEM micrographs of AlOx-capped WTe, channels following high-current

thermal breakdown, imaged at 10 kV. Uniform breakdown in channel centers signifies
uniform heating during operation and negligible contact resistance.

Figure 3.8 shows SEM images of the devices after high-current breakdown. Breakdown
in channel centers indicated that the contacts are good, and channel has uniform heating
during operation. Also, breakdown around channel centers is consistent with measured
metallic conduction, failing at the center where has the highest temperature in the
channel. Near-complete rupture is observed across the entire width of flakes, with
apparent local disruption of the capping dielectric layer in some devices (bottom figure).
The failure temperature is 1300 K, which is melting temperature of WTe>. It happens
with several secondary phenomena, including the formation of Al-Te glasses. Volume

expansion may explain the oxide stress visible around the failed device show in the top

figure.
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We also obtain current densities of >30 MA/cm? (shown in Figure 3.9) in two WTe;
nanoribbons (~50 nm wide). These current densities are larger than typical values for Al
and Cu nanowire, which are only several MA/cm?, and are similar to bulk W films at
several tens of MA/cm?. Maximum current of these nanoribbons is almost the same with

the values of larger devices.

This is unlike short graphene nanoribbons which show higher current density than large
graphene devices due to their larger thermal healing length which facilitates heat sinking
to the contacts. This highlights that the current density limitation of short WTe, NRs is

intrinsic, due to their low in-plane thermal conductivity.
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Figure 3.9. (a) SEM micrographs and (b) AFM micrographs and height profile of a ~50
nm wide, 12L thick exfoliated WTe, nanoribbon (WNR), capped with AlO,. Red arrow
indicates point of failure. (c) Breakdown current densities of the two WNRs (at 80 K
ambient) are comparable to the large WTe, device current densities.
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3.2 Theoretical Calculation

We use high field electrical data to extract thermal properties. First, we note that for
modeling purposes p(T) can be fit as a function of temperature by a cubic polynomial
(shown Figure 3.10). This facilitates current calculation as a function of temperature, 1(T)

= VIR(T), self-consistently with a self-heating (SH) model.
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Figure 3.10. Comparative temperature-dependent resistivity of newly made capped and
uncapped flakes, fit with a cubic polynomial model (dashed lines).

3.2.1 Analytical Model

To estimate the average temperature rise, we can express the thermal resistance per unit

length from the WTe; channel to the substrate as:?*

1
g-l — RCox +{ ﬂ-kox + koxW} 1 L (31)

+
W |In[6(t, /W+1)] ¢ 2kg; \| Wy

where tox is the SiO> thickness, kox and ks; are the thermal conductivities of SiO. and Si
(including their temperature dependence®?) and Wess is an effective width of the heat
dissipation path through the Si substrate.?®® The equation above represents the series
combination of three terms: the thermal resistance of the WTe>—SiO; interface Rcox, the

spreading thermal resistance into the SiO,,%’ and the spreading thermal resistance into the

Si substrate (Figure 3.11).
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Figure 3.11. Device schematic showing pathways for heat sinking with arrows through
metal contacts, capping layer (laterally) and through the substrate (vertically). Inset
shows thermal resistance pathways for vertical heat flow which dominates in longer
devices.

The average temperature rise due to Joule heating is T = To + I(T)VRm, where Ty is the
ambient temperature and Rw ~ 1/(gL) is the total thermal resistance for “long” devices,
much longer than the thermal healing length Ln along our WTe; devices. Here Ly =
(kWt/g)*2 = 70 to 150 nm (as we will see in the following discussion), where t is the
thickness and K is the lateral thermal conductivity of WTe». Figure 3.12 shows that this
model with SH can correctly reproduce the decrease in current at high field, whereas the
model without SH cannot capture this behavior, for a “long” device with L = 750 nm. The
WTe>-SiO; thermal interface resistance was used as a fitting parameter here, yielding an

estimated Rcox =~ 3108 m? KW, which is similar to the values of Rcox for graphene—

SiO, interfaces.*
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Figure 3.12. Measured (symbols) and simulated (lines) current vs. voltage for an

uncapped 20-layer WTe> device on 90 nm SiO: (on Si). Solid lines modeled with self-
heating (SH), fit with Rcox = 3x10® m?K/W; dashed lines are calculated without SH.

We utilize these self-heating studies at high field to estimate the lateral thermal
conductivity k of WTe,, with the model of Liao et al.>” This is primarily applicable to our
“shorter” devices (compared to Ly) where more heat flows laterally into the metal

contacts. We can express the peak (maximum) temperature along the WTe; device as a

function of the input power and other thermal parameters as:

T —T +p 1 )(1+gL,R,x—1/cosh[L/(2L,)]
L 1+gL,R.x

(3.2)
where x = tanh[L/(2Ln)]. Similarly, we can also express the average temperature (Tavg)

along the WTe;:

T T 4P 1 \(1+gL,Rx-2xL,/L
8 gL 1+ gL, R, x

(3.3)
where Rt = Lum / [Kmtm(W+2Lnm)] is the thermal resistance of the metal contacts, Lum =

(tmtoxkm/Kox) represents the thermal healing length into metal contacts of thickness tm
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and thermal conductivity km, and To = 80 K or 300 K. The input power is P = I(Vps—
2IRc), where Rc is the electrical contact resistance, and Tmax = 1300 K is the WTe>
breakdown temperature (the melting temperature of WTe2).!! For devices capped by
AlOy, we must be careful to account for partial lateral heat sinking through this capping
layer. Thus, we modify the lateral healing length to Ly = (ke Wt/g)Y? where the effective
thermal conductivity ket is the parallel combination of lateral heat flow along the WTe>
and the AlOy capping (tcap = 15 nm and Keap =~ 4 Wm™K* at high temperature near
Tmax).233 234 Once ket is estimated from our SH model, the thermal conductivity of WTe;

can be deduced from k = Keff — Keap(tcap/t).

We note that in this high-temperature breakdown model we cannot fit the thermal
conductivity k and Rcox independently; nonetheless, values consistent with all our
measured device breakdowns are fit at k = 2.5-3.5 Wm™K™ for Rcox 0of 5x10° m? KW,
up to k = 9-11 Wm™K? for Rcox = 10 m? KWL, Rcox Values are expected to be smaller
at high temperatures (near Tmax = 1300 K) than the earlier 3x10® m?KW estimate at 80-

150 K, due to higher phonon occupation.

The lateral thermal conductivity estimated here is greater than that measured by Jana et
al. on bulk polycrystalline samples of WTe; (~1 Wm™K),2%2 suggesting higher material
quality in exfoliated mono-crystalline flakes, within the range computed by Liu et al.?*
The electronic contribution is 10 to 30% of the overall thermal conductivity, based on
estimates with the Wiedemann-Franz Law. The lower bound of our estimated Kk is less

than half the maximum lattice conductivity of ~9 WmK along the [100] (in-plane)
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WTe, direction, from first-principles calculations.?®® Its magnitude and variation between
devices is nonetheless consistent with the anisotropy expected between multiple in-plane
(i.e. relative to W-W dimer chain orientation) and cross-plane k values, suggesting a
strong role of structural asymmetry on thermal transport in 1T°/Tg-distorted crystals.
Orientation-mapping of devices and ancillary measurement techniques (e.g. time-
dependent thermoreflectance across flakes of varying thickness) are needed to elucidate
the directional-dependence of this parameter.®® Finally, such low thermal conductivity
may act set intrinsic limits on current density, unlike graphene wherein high in-plane k
facilitates longer healing length and boundary-limited thermal transport. Whereas scaling
to short, narrow nano-ribbons improves peak J of graphene by over an order of
magnitude,?® no improvement was observed in the breakdown density across a 12L

WTe; ribbon with W =50.5 £1 nm.

3.2.2 Finite Element Simulation

To validate the analytic model, we have also used COMSOL simulation results as
comparison. And we also explore different type of capping layers on WTe; devices.

boron nitride is a 2D insulator with very high thermal conductivity up to a few hundreds.

Finite element simulations confirm the predictions of our analytic model, and also
confirms the ranges of thermal conductivity and interface thermal resistance. We also
find that the device temperature can be further reduced by using h-BN capping, which
provides excellent heat spreading due to its large in-plane thermal conductivity, shown in

Figure 3.13. Figure 3.13(a) uses AlOx capping and the maximum temperature is around

56



1300 K while there is no capping layer in Figure 3.13 (b). Figure 3.13(c) uses BN, and
maximum temperature is 1100 K. In addition, the peak temperature can also be reduced

by decreasing the SiO2 substrate thickness, shown in Figure 3.13(d).
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Figure 3.13. Temperature distribution from finite element (FE) simulation with 3.55 V
applied to a WTe; device (dimensions L = 465 nm, W = 1.1 pum and t = 6.3 nm). (a)
capped with 15 nm AlO; as in the experiments, (b) uncapped, (c) capped with 15 nm h-
BN (all on 90 nm SiO; on Si substrate). (d) capped with 15 nm AlOx on 30 nm SiO>
substrate. (a) has Tmax around the melting temperature of WTe,, consistent with
experiments (FE simulations use temperature dependent thermal conductivities of Si,
SiO2 and h-BN.)

Figure 3.14 compares the maximum temperature (Tmax) in the channel of several different
device structures. Temperature can be reduced by using h-BN capping (shown in black
dashed line), and it can be further reduced by thinning the oxide layer thickness from 90

nm to 30 nm.
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Figure 3.14. Tmax vs P. Comparing analytical model (dashed lines) and simulation results
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(symbols). We use an effective thermal conductivity for anisotropic h-BN in the
analytical model, ken = (kjk1)¥2 ~ 15 W/m/K.

With significant reduction of temperature, we can improve max current density to around

50 MA/cm? in BN capped device and thin oxide device (shown in Table 3.1)

Capping tcap tSiOZ kcap vmax Jmax
material | (nm) [ (nm) (W/m/K) (V) (MA/cm?)
h-BN 15 90 ~150 (in-plane) 4 48
~1.5 (cross-plane)
AlO, 15 90 ~4 3.55 43
AlO, 15 30 ~4 4.5 54
none 3.4 41

Table 3.1. Summary of FE simulations, using k=10Wm K™ and Reex = 10° m’KW™ for
WTe, Comparing maximum achievable voltages and current densities of h-BN capped,

AlOy capped and uncapped WTe; devices at Tmax ~ 1300 K (breakdown). The h-BN
capped device has the highest current density (Jmax). Thermal conductivity values are
used at high temperature, where data are available, including the anisotropy of kj and k.

in h-BN.
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3.3 Electronic Contribution of Thermal Conductivity

The electronic contribution ke to the net thermal conductivity k of few-layer WTe; flakes
is calculated by the Wiedemann-Franz Law as ke = oL T, where o is electrical
conductivity, T is temperature, and L = 2.44 x 108 W Q K2 is the Lorenz number.
Estimated ke values for WTe; devices of varying thickness are shown in Figure 3.15,
extracted for AlOx-capped few-layer films. This electronic contribution in ultrathin
devices is consistent with prior measurements on bulk, polycrystalline samples through a
similar Wiedemann-Franz interpretation of crystal resistivity.?!> Combining these
observations with our estimates above, we surmise that total thermal conductivity of
WTe; is dominated by phonons, but with a non-negligible (10-30%) electronic

contribution.
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Figure 3.15. Electronic contribution (ke) to the lateral thermal conductivity of WTe>
multilayers vs. temperature. Estimates were made with the Wiedemann-Franz Law from
the resistivity directly measured on our TLM structures.
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3.4 Conclusion

Fitting a self-heating current model against experimental data, we extrapolated
comparatively low thin-film thermal conductivities for WTe,, down to ~3 Wm1K™,
WTe; breakdown occurred at large current densities, nearly 50 MA/cm? for encapsulated,
air-stable devices, suggesting technological viability of this 2D semimetal with low
electronic work function and record magnetoresistance down to the ultimate thickness
limit. Nanostructured WTe> thus emerges a promising candidate for multiple
applications, including as 2D contacts to layered transistors and phase-change

memory, 19819237 magnetic memory,'*2% sensors and spintronics. 323
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Chapter 4
Thermal Properties of Crystalline AIN

Wide band gap (WBG) semiconductors such as GaN, Ga>Os and AIN have attracted
much interest due to their potential applications in power and radio-frequency (RF)
electronics,?4% 241242 35 well as deep ultraviolet (UV) photonics.*® In these contexts, heat
dissipation is important during high-power and high-temperature operation.#> 244 24 For
example, power devices handle hundreds or even thousands of Volts, and the high power
density leads to high operating temperature due to Joule heating, potentially diminishing
the device performance and lifetime. Thermal cycling also causes fatigue and eventual

failure in such devices.246: 247

Among WBG materials, AIN has a large direct band gap (~6.1 eV, almost twice that of
SiC and GaN)?48 249.2%0 and one of the largest thermal conductivities. In this respect, as
shown in Figure 4.1, AIN is among a rare class of materials that have both a large
electronic band gap and a large thermal conductivity. AIN is widely used as buffer for
GaN growth or as capping layer®® 22 in power high-electron mobility transistors
(HEMTSs). However, many questions remain about the role of intrinsic defects and
impurities which can occur during AIN growth. The contribution of individual phonon
modes to thermal transport in AIN is also not well understood, which is important in
establishing the dependence of AIN thermal conductivity on film thickness. (The

contribution of electrons to thermal transport is negligible in WBG materials.)
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Here, we elucidate these features of AIN thermal transport, by combining 3w thermal
measurements from 100 to 400 K, with thermal modeling using both analytical and ab
initio techniques. We uncover that Al vacancies play an important role in limiting the
thermal conductivity of present samples, and that phonons with long mean free paths
(MFPs > 0.3 um) contribute over 50% of the thermal conductivity at room temperature.
This implies that the effective crystalline AIN thermal conductivity is strongly reduced in

sub-micron films, and could be as low as ~25 Wm™K™ in a 10 nm thin film.

Results in this section were published in R. Xu, et al., (2019). “Thermal conductivity of
crystalline AIN and the influence of atomic-scale defects”, Journal of Applied

Physics, 126, (18), 185105, 2019

4.1 Summary of Thermal Conductivity of WBG

Figure 4.1 summarizes the room temperature thermal conductivities of several
representative bulk solids with respect to their electronic band gaps. In this plot, a few
trends emerge: First, among conducting, zero band gap materials, Cu and graphite
(parallel to the basal plane) have the highest thermal conductivity.® (Cu is the only
material on this plot whose thermal conductivity is dominated by electrons.) Second,
among crystalline semiconductors the thermal conductivity weakly scales with the
electronic band gap,?®>2°4%® as both depend on the strength of the interatomic bonds and
(inversely) on the atomic mass. Crystalline boron arsenide (BAs) is somewhat of an
exception, with high thermal conductivity despite a relatively moderate electronic band

gap, due to its unusual optical-acoustic phononic gap.2°®?%" However, polycrystalline and
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amorphous semiconductors (e.g. poly-Si and a-Si) have much reduced thermal
conductivity due to grain boundary and disorder scattering, respectively.'®’ Third, many
electrical insulators, like sapphire, SiO2 or SiNx, have low thermal conductivity.2%8.259260
Thus, only few materials have both large thermal conductivity and large electronic gap,
i.e. diamond,*® hexagonal boron nitride (h-BN)?3 (parallel to the basal plane) and AIN, as

circled in Figure 4.1.
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Figure 4.1. Room temperature thermal conductivities of different materials vs. their
electronic band gaps. These include electrical conductors (e.g., graphite and Cu),*®
semiconductors (e.g., Si,*>*" Ge,*® InSh,?® InP,?%! GaAs,?% BAs,?*%7 SiC,2% GaN,?1?
and Ga,032%%), and some electrical insulators (e.g., diamond, h-BN,% AIN,?4%
sapphire,?® amorphous Si02?%° and amorphous SiN«?%). The plot reveals that AIN lies in
the same range as diamond and h-BN (star symbols), with both wide band gaps and high
thermal conductivities. Isotopically purified samples may have higher thermal
conductivity (values displayed are for natural isotopes). Diamonds are for crystalline,
squares for polycrystalline, and circles for amorphous materials.

These three materials can provide excellent heat dissipation, especially in power
electronics where large amounts of heat is generated. These materials can also be doped,

to be used within or as parts of active device regions. The fundamental properties that
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lead to their high thermal conductivity are small atomic mass, strong inter-atomic bonds,
and simple crystal structure. However, the thermal properties of AIN have been studied
relatively less?*?> compared to other WBG materials, and details regarding the role of
defects and phonon MFPs, particularly as a function of temperature and sample thickness,

are still missing and thus the subject of this work.

4.2 Sample Preparation

The 3w heater lines used in this work are 20 um wide and 2 mm long (between the inner
voltage probes). The lines were fabricated using photo-lithography. First, the AIN sample
was spin-coated with a lift-off layer, LOL 2000, at 3000 rpm for 60 seconds, and pre-
baked at 170°C for 7 minutes. Then, a photoresist, SPR 3612, was spin-coated on top at
5500 rpm for 40 s and pre-baked at 90°C for 60 seconds. A photomask was used to
pattern the heater lines after 3 s exposure with an ultraviolet (UV) mask aligner
lithography tool (Karl Suss). Afterwards, we carried out a post-exposure bake at 115°C
for 60 s. We developed our sample by immersing it in MF-26A developer for 60 s. This
was followed up by a soaking process in distilled water for 1 min and a gentle dry with
compressed air. Then, we evaporated 5 nm Ti and 60 nm Pd using an e-beam evaporator
(KJ-Lesker). Finally, the lift-off process was done by soaking the sample for 20 min in

remover PG at 60°C.

4.3 30 Method

The AIN bulk crystals (500 um thick) were grown using physical vapor transport

(PVT).2®® These samples have some imperfections, including Al vacancies and

264

substitutional point defects™* of oxygen (O), carbon (C) and silicon (Si) atoms, all in the
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range of 0.4x10' to 2x10' cm™. Figure 4.2 shows a schematic of the 3w setup, which is
a method for thermal conductivity measurements using AC-heated electrical lines that
also serve as thermometers, well described elsewhere.?%-2%>266 Here, four-probe metal
lines (5 nm Ti followed by 60 nm Pd) are patterned by optical lithography and lift-off on
the AIN sample surface, serving as both heaters and thermometers, as shown in Figure

4.2(a). The electrical schematic of the 3w measurement is displayed in Figure 4.2(b).

Current Reference Lock-in
(@) V3w (b) source signal amplifier
V. g p
£ S —
Vs g Viw
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v ; I o -
\/ 5
o
Q o 3
< —g*‘ V1w+3w
£
m -
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Figure 4.2. (a) Schematic of four-probe 3w metal heater line on AIN single crystal
sample. Heater consists of 5 nm Ti and 60 nm Pd, 20 um wide and 2 mm long between
the inner voltage probes. Arrows indicate heat flow direction. Inset shows an optical
image of one of the AIN samples with patterned 3w heaters. (b) Electronic circuit and
instrument setup of the 3w measurement.

As shown in Figure 4.3(a), an AC current (/1) at frequency o is passed through the
heater, which causes a second harmonic temperature rise (A72) in the sample due to
Joule heating. The metal heater line resistance scales linearly with temperature from 100
K to 400 K, as R = Ro[1 + a(T - Ty)], where o = (5.5 £ 0.2) x 107 K'! is the temperature
coefficient of resistance (TCR) and 7o = 100 K, as in Figure 4.3(b). Due to this linear

relationship, the measured line resistance will also have a component (R2.) that is a
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second harmonic of the frequency. According to Ohm’s Law, the heater output voltage
has both 1w and 3w components, Vie+3o = Roolio = Vie + V3e. We use a custom-built
circuit board, schematically displayed in Figure 4.2(b), to separate V3, from Vig:30.28” A
potentiometer (Ryariable) Which has a low TCR of 50 ppm/K is adjusted to match the
resistance of the sample heater (Rsampic). When these two resistance values are matched,
the voltage drop across the potentiometer is V1. Both Vi, and Vie+3e are input to a lock-
in amplifier, as shown in Figure 4.2(b), and V3, of the sample is the difference of these

two voltage signals.

After collecting the 3w voltage data, we analytically extract the thermal conductivity of
the AIN sample as follows. The 3w voltage V3, vs. frequency f = w/(27) is shown in
Figure 4.3(c). The real part of V3, is plotted vs. In(f) in Figure 4.3(d), displaying a linear

variation whose slope S leads to the thermal conductivity & of the sample:

RER], 3
k= 42 (4.1)

4rLS
where L is the length and R is the resistance of the heater, dR/dT = aRo, and /1 is the
magnitude of the AC current. We used heater dimensions that were 2 mm long (between
inner voltage probes) and 20 um wide, allowing us to treat the heater as a one-
dimensional line.2% Thus, heat flow is perpendicular to the top sample surface, which is
in the same direction as the (few) dislocation line defects. The density of dislocation lines
provided by the manufacturer®® is in the range of 10% to 10* cm™, which is expected to

have a small impact on the thermal conductivity.>*
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Figure 4.3. Analysis of 3w measurement. (a) An AC current of frequency lw is passed
through the heater line. Joule heating causes a second harmonic temperature rise, at 2w,
in the AIN sample underneath the heater. The metal heater resistance varies linearly with
temperature as R = Ro[1 + a(T — To)], where « is the TCR and To is the background
temperature. Due to this linear relationship, the measured heater resistance will also have
a 2w component dependent on the sample temperature. Multiplied by the AC current
input, the output voltage will have a component at 3w. (b) TCR measurement fitting of
sample 1. Symbols are experimental data, solid line is the fit. (c) Measured |V3q| Vvs.
frequency f. The real part of Vs, is linear with In(f), as shown in (d). Blue circles are
measured data, and the thermal conductivity k is calculated using the slope of the linear
fit (solid line).

The extracted temperature-dependent thermal conductivities of two single crystal AIN
samples are plotted in Figure 4.4(a), from 100 K to 400 K. (Sample I shown in red
diamonds and sample II shown in blue diamonds.) All measurements were performed in a

vacuum probe station (< 10 Torr). As a cross-check, we also used time-domain

thermoreflectance (TDTR)*"%*?70 to measure the thermal conductivity of sample II at
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room temperature [white diamond in Figure 4.4(a)], confirming the accuracy of our
measurements. The average thermal conductivity of these AIN samples ranges from 674
+56 Wm'K! at 100 K to 186 = 7 Wm™'K™! at 400 K. At room temperature, the average
thermal conductivity is 237 + 6 Wm™'K"! measured by the 3w method and 247 + 20 Wm"

'K-! by TDTR (for sample II), these values being consistent with each other and similar

to others reported in the literature.?>*
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Figure 4.4. (a) Thermal conductivity of AIN vs. temperature. Square symbols are
experimental data measured by our 3w method. Diamond symbol is measured using
TDTR. Dashed line is the model calculated by first principles simulation. Solid line is the
thermal conductivity calculated by the analytical model. (b) Thermal conductivity of AIN
vs. sample thickness, at room temperature. Solid lines are the theoretical calculation
using different AIN defect densities. Diamond symbols are single crystal samples
measured in this work [circled, colors matching panel (a)], those by Slack et al.,?* and
Rounds et al.?®> Square symbols are a polycrystalline bulk sample?’* (in green) and
various polycrystalline films (grey: Kuo et al.,?’? purple: Duquenne et al.,?”® black: Zhao
et al.,?’* red: Choi et al.,?” blue: Yalon et al., yellow: Jacquot et al.,?’® green: Bian et
al.2’"). White round symbols correspond to amorphous thin films by Zhao et al.?”* and
Gaskins et al.?™

We also report the thermal boundary conductance (TBC), Gy = 117 MWm™2K'! at room
temperature between AIN and the Al metal pad used in TDTR. The uncertainty due to this
TBC during 3w measurements is negligible due to the large thermal diffusion length at
our frequencies (100 to 250 pm) but could play a role in thinner AIN films and devices.

(The Kapitza length of AIN corresponding to this TBC is k/Gp ~ 2.2 um at room
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temperature, meaning that heat flow across AIN films thinner than this value could be

partly limited by the thermal resistance of their interfaces, 1/Gbv.)

4.4 Analytical Model

To analyze the contributions of different phonons and understand the underlying phonon
scattering mechanisms in AIN, we turn to computational modeling, using two
approaches: (1) we fit the measured data to an analytical model based on the Boltzmann
Transport Equation (BTE), and (2) we perform full ab initio calculations. The analytical
model [black solid line in Figure 4.4(a)] is calculated based on the simplified BTE, using

the Debye approximation for the phonon dispersion of the acoustic modes: 25827

k = é(]v/l = éZs fowma" hwg(w) —df((;’n v21(w)dw (4.2)

where 4 is the phonon MFP, v is the phonon group velocity, C is the heat capacity, w is
the phonon frequency, w4, 1s the Debye cutoff frequency, g(w) is the phonon density of
states, f (w, T) is the Bose-Einstein distribution, T(w) is the phonon scattering time, and s
includes two transverse acoustic (TA) phonon modes and one longitudinal acoustic (LA)

mode of AIN. The scattering rate is

e et RN (4.3)
where the subscripts correspond to normal-process (N), Umklapp (U), defect (D), and
boundary (B) scattering, respectively. Point defect scattering arises from impurity atoms
of C, Si, and O, and from Al vacancies. As it turns out, the latter plays an important role

in the reduction of thermal conductivity in this study, and the point defect scattering rate

can be written as*®’
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= = Wt Y fi(FEh? (4.4)

D 4mv3

where V is the unit volume for wurtzite AIN given by V = +v/3a%c/8,a=3.11 Aand c =
4.98 A are lattice constants,?! f; is the fractional concentration of the i-th impurity atom,
m and m; are the masses of original and i-th impurity atoms, respectively. In point defect
scattering, Al vacancies play a dominant role because the mass difference is the atomic
mass of the Al atom, which is much larger than the mass difference between Si and Al
atoms or the difference among O, C, and N atoms. In AIN, C atoms often substitute for N
atoms, while Si substitutes for Al.%4 In our analytical model, the Al vacancy density is
used as a fitting parameter, with a fitted value of ~2x10%° cm3, which is within the range
quoted by the sample manufacturer.?8® An important “shortcut” used here for treating
vacancy scattering relies on a previous study by Katcho et al.?82 which showed good
agreement with first principles calculations if the vacancy mass difference is taken as six
times the mass of the missing atom. This is justified because vacancies lead to larger
local distortion in the crystal compared to substitutional defects, due to bond breaking
and atomic rearrangements, and these distortions contribute to enhanced phonon

scattering.

4.5 First Principles Calculations

We also employ a second modeling approach, using first principles calculations, based on
the BTE coupled with density functional theory (DFT). This method has previously
shown good agreement with experiments for a range of other materials.?3328428% The
phonon frequencies and anharmonic phonon scattering rates for AIN are computed using

harmonic (2nd order) and anharmonic (3rd order) interatomic force constants (IFCs) for a
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5x5x5 supercell of AIN wurtzite structure (space group P6smc). We follow the finite
displacement method as implemented in phonopy?® and thirdorder.py,?’ extracting the
2nd and 3rd order IFCs respectively from interatomic forces. These interatomic forces
and the optimized structural parameters for wurtzite AIN are calculated using the DFT
package VASP.8 Similar to the analytic approach described earlier, the phonon
scattering rate with Al vacancies is computed using Eq. 4.4, where the mass difference is
six times the original atomic mass.22 All contributions to phonon scattering rates and
finally the thermal conductivity are calculated using the almaBTE package,?® where the
BTE is solved using an iterative scheme, and the obtained thermal conductivity is shown
with a purple dashed line in Figure 4.4(a), displaying good agreement with the

experiments.

We note that the analytic and first-principles calculations fit the thermal conductivity data
with different Al vacancy concentrations, i.e. 2 x 10'° cm=and 4 x 10'® cm?,
respectively, although both are in the range quoted by the sample manufacturer.?®® This
difference is due to the different anharmonic scattering rates implemented in the two
approaches. In the analytical model, anharmonic scattering rates for both normal and
Umklapp processes follow the simple w? behavior.?* The anharmonic scattering rates in
the ab initio calculations show deviation from this behavior at both low and high
frequencies.?®* 2% However, we note that the five-fold difference in vacancy
concentration causes only about ~25% change of expected bulk thermal conductivity

[Figure 4.4(b)], illustrating the relative (in)sensitivity of this parameter in this range.
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4.7 Thickness Dependence of Thermal Conductivity

Figure 4.4(b) examines the AIN thermal conductivity dependence on vacancy
concentration and film thickness. The thickness dependence with different vacancy
concentrations has not been previously analyzed before, although (as we will see) AIN is
subject to strong phonon-boundary scattering effects due to the large phonon MFP in this
material. In other words, the thermal conductivity of sub-micron thin AIN films is
strongly reduced, and thin buffer films of this material are expected to have much lower
effective thermal conductivity than the bulk material. This is an intrinsic effect, in
addition to the earlier observation of extrinsic thermal impedance contribution from

interfaces (like AI/AIN) of sub-micron thin films.

Figure 4.4(b) displays the calculated thickness-dependent thermal conductivity with
different defect densities using solid lines, all at room temperature. For comparison,
experimental data on various single crystal films are shown in diamond symbols,
including this work and Refs. [25,272,291]. Square symbols correspond to one bulk
polycrystalline AIN measured with TDTR?’! and other polycrystalline films measured by
various groups. 32272:273:274.275. 276277 R ound symbols correspond to amorphous thin films
by Zhao et al.>’* and Gaskins et al.?”® Due to significant disorder scattering, amorphous
films have much lower thermal conductivity than (poly-)crystalline films, as expected.

251,252 5

Thus, when using AIN thin films as buffer or capping layers in power devices,

highly crystalline, low-defect films provide better heat dissipation.
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However, Figure 4.4(b) also reveals that the thermal conductivity of all films ~10 um or
thinner is expected to be decreased by ~10% or more from the bulk value. The effective
thermal conductivities of 10 nm and 100 nm thin AIN films are predicted to be just ~25
Wm 'K and ~110 Wm™'K™! at room temperature (less than 1/12 and 1/3 of the best bulk
material values), respectively, even in defect-free films, due to strong phonon-boundary

scattering.

4.8 Accumulated Thermal Conductivity

To understand the physical origin of the strong phonon-boundary scattering in AIN thin
films, we turn to Figure 4.5. First, in Figure 4.5(a) we plot the calculated thermal
conductivity as a function of the cumulative contributions of phonons across the range of
MFPs expected in such crystals. The accumulated thermal conductivity is the thermal

conductivity contribution from all phonons with MFP below a given value:>*

Kaceum (o) = 3 J° C(A) v(A)AdA (4.5)

where C is the heat capacity as a function of MFP, since C(w) = hwg(w) df (w,T)/dT
and A = vr(w). The integral is taken from 0 to A,, and thus Kaccum is the thermal
conductivity of phonons with MFP < A,, here at room temperature. The contributions of
both LA and TA modes are shown in Figure 4.5(a), the LA mode contribution being
larger due to its larger phonon group velocity. The total thermal conductivity is the sum

of contributions from one LA and two TA modes.

To gain additional insight, we normalize the accumulated thermal conductivity by the

bulk value (Kaccum/Kouik) in Figure 4.5(b), for the “perfect crystal” with zero defects. Our
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calculations estimate that 50% of the AIN bulk thermal conductivity is contributed by
phonons with MFPs > 0.3 um, and 10% is contributed by phonons with very long MFPs
> 7 um, at room temperature. These values are comparable to the median MFP ~ 2.5 um
of Freedman et al.,?®2 obtained by broadband frequency domain thermoreflectance (BB-
FDTR) which considered only Umklapp phonon scattering (vs. the four scattering
mechanisms included here). Taken together, these findings explain why “size effects” on
the thermal conductivity of AIN are expected to be strong in sub-micron films at room
temperature, and noticeable even in sub-10 um thin films. In other words, the effective
thermal conductivity of AIN is strongly reduced in films with thickness comparable to or

smaller than such long phonon MFPs, as illustrated earlier in Figure 4.4(b).

We define the phonon MFP corresponding to 50% or 90% of the cumulative heat
conduction as MFP(50% or 90%), plotting it at higher temperatures in Figure 4.5(c). As
the temperature increases, phonon occupation and phonon-phonon scattering increase,
thus MFP(50% or 90%) decreases. This implies that “size effects” on the thermal
conductivity of AIN become somewhat less important at elevated temperature, i.e. the
reduction of thermal conductivity in thin films of this material will be less pronounced vs.
the bulk value at that temperature. The thermal conductivity of thin films at high
temperatures will also experience a competition between phonon-phonon and phonon-
boundary scattering. This is illustrated in Figure 4.5(d), which shows the expected
temperature dependence of thermal conductivity from bulk to 1 pm, 0.1 pm, and 10 nm
thin films. The increasing role of phonon-boundary scattering lowers the thermal
conductivity, but also renders it less temperature-sensitive in the thinnest films, and less

dependent on film thickness at the highest temperatures. The exact details of boundary
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scattering processes will depend, in part, on the particular surface roughness of such AIN
films. These details were previously studied for Si, Ge and GaAs thin films and

nanowires,”>*** and should be the subject of future work for AIN.
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Figure 4.5. (a) Calculated accumulated thermal conductivity vs. phonon MFP for AIN
bulk at room temperature, comparing the total and its longitudinal acoustic and transverse
acoustic phonon contributions, Kaccum = Kaccum,LA + 2Kaccum,TA. (b) Normalized accumulated
thermal conductivity Kaccum / Kbuik at room temperature, where Kouik is the maximum value
Of Kaccum. Phonons with MFP larger than 0.3 pm (or 7 pm) are estimated to contribute
50% (or 10%) of the heat conduction, as shown by dashed lines. (c) Calculated
temperature dependence of MFP(50% or 90%) for AIN. (d) Expected temperature
dependence of thermal conductivity for different film thicknesses, as labeled. Thinner
films have weaker temperature dependence, due to the predominance of boundary
scattering. All calculations (a-d) in this figure assume defect-free samples.
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4.9 Conclusion

In summary, we have performed 3w measurements of thermal conductivity in single
crystal AIN samples, from 100 K to 400 K. We compared these results with analytic and
ab initio simulations, to estimate the impurity defect densities. Aluminum vacancies play
the most important role among all atomic scale defects, due to the large atomic mass
mismatch, which can be analytically captured by modeling phonon-vacancy scattering
using six times the mass of the missing atom. The accumulated thermal conductivity
shows that phonons with MPFs larger than 0.3 pm (or 7 um) contribute to 50% (or 10%)
of heat conduction at room temperature. This implies that AIN thin films and devices
with sub-micron features will exhibit strongly reduced effective thermal conductivity
compared to the bulk value, even in the absence of point defects. These results are
essential for the understanding of thermal transport in AIN thin films and devices over a

broad temperature range, for applications in power electronics and deep-UV lasers.

76



Chapter 5

Raman Thermometry of GaN Devices
with Diamond Heat Spreaders

GaN high electron mobility transistors (HEMTSs) have been widely used in power
electronics due to its high critical breakdown field and 2DEG density.?*! 242 Radio
frequency (RF) HEMTSs based on GaN have also been commercialized and deployed in
cellular base stations.?®® GaN bulk has a thermal conductivity around 230 Wm1K™ at
room temperature.?-?2 However, when used in HEMT devices, GaN thickness is usually
reduced to a few hundred nanometers. *2 Due to boundary scattering, its thermal
conductivity is expected to be reduced significantly. One important application of GaN
HEMTs is in the field of power electronics. Power electronics are operated at high
temperature due to high input power and Joule heating.?** Therefore, it is crucial to
provide better heat dissipations in order to achieve and maintain good device behaviors.
To this end, here we use polycrystalline diamond layers as heat spreaders on top of GaN
devices. This poly-diamond layer provides additional heat paths to reduce the channel
temperature. Raman thermometry is used to monitor temperature when devices are under

electrical bias.

5.1 Device Structure

A two-terminal device structure (shown in Figure 5.1) is used in this work to study the

thermal properties of the diamond-integrated GaN device.?®® This device structure from
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top to bottom includes 20 nm SiN / 320 nm n-GaN / 120 nm unintentionally doped (UID)
GaN / 400 pum sapphire substrate. The channel layer is n-type GaN doped by Si with a
dopant density of 10'® cm. A 650 nm thick polycrystalline diamond layer is grown by
chemical vapor deposition (CVD) on top of SiN layer. Growth temperature is around 650
°C.2%" Ohmic contact is formed by a stack of evaporated metals (from bottom to top): 20

nm Ti/ 120 nm Al /20 nm Ni /50 nm Au.

(a) (b) metal pad metal pad

650 nm

poly-diamond —
Ohmic metal

q 320 nm n-GaN

400 pm
sapphire substrate

Figure 5.1. (a) Top-down optical image of two identical devices (L =7 pum, W = 50 pum),
(b) Cross-section schematic of GaN 2-terminal device along the red dashed line direction
in (a). From top to bottom: 650 nm poly-diamond (blue) / 20 nm SiN (green) / 320 nm n-
GaN (purple) / 120 nm unintentionally doped (UID) GaN (pink) / 400 pum sapphire
substrate (grey). Ohmic metal is formed by a stack of metals (from bottom to top): 20 nm
Ti /120 nm Al /20 nm Ni /50 nm Au. Metal pad is 200 nm Au.

5.2 Raman Thermometry Measurement

Raman spectroscopy can be used to determine the temperature of a material. At high
temperature, Raman peaks red shift due to thermal expansion. With Raman thermometry,
the temperature is measured optically, and the power is applied electrically. The input
power in electrical heating experiments is well defined. Calibration curves (peak position

versus temperature) are obtained before the measurements under electrical bias. When the
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devices are under electrical bias, Raman peak positions are measured again and then

compared to the calibration curves to extract temperature.

Raman thermometry has already been widely used in Si,?%2%° TMDs*4412 and WBG
materials.300%01:302 | this study, we perform Raman thermometry on GaN devices. In
order to extract accurate temperature information, the power dissipation in the channel
needs to be known. Total power input (P) includes the power dropped in the channel
(Pchanne) and the power dissipated at the contacts (Pcontact). TLM extraction (shown in
Figure 5.2) is done to obtain contact resistance (2Rc). Plotting the measured resistance,
RW =RsL + 2Rc, yields a slope Rs as the intrinsic sheet resistance and the y-axis intercept
2Rc as the total contact resistance (here, adjusted by width). Thus, the power dropped in
the channel is calculated as

Pehanner = I X (V=1 X 2Rc /W) (5.1)

where | is input current, V is input voltage and W is channel width.
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Figure 5.2. (a) Top-down optical image of the TLM structure. Channel lengths are 3 pm,
5 um, 10 um, 15 pm, 25 pm and 30 um. TLM extraction on GaN devices: (b) without
diamond capping layer and (c) with 650 nm poly-diamond capping layer. Y-axis intercept
is the total contact resistance (2Rc).
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Temperature dependent Raman spectra (Figure 5.3) of GaN and the diamond capping are
simultaneously obtained using a Horiba LabRam Raman system. Samples are set on a
Linkam hot stage during temperature calibration, in air. GaN and diamond Raman peak

positions are plotted against temperature with linear fitting, shown in Figure 5.4.
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Figure 5.3. Temperature dependent Raman spectra of GaN peak and C-C sp® in
polycrystalline diamond from 50 °C too 250 °C. Data are vertically offset to allow easier
distinction. Note: raw data are shown, but baseline was subtracted for peak fitting and
temperature calibration.
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Figure 5.4. Peak position versus temperature with linear fitting of (a) GaN and (b) poly-
diamond.
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After temperature calibration, Raman measurements are done with the devices under
electrical bias. Temperature rise (AT) of the reference device (without diamond capping)
and the one with 650 nm poly-diamond layer are plotted versus the power dissipation in
the channel (Pchanner), Shown in Figure 5.5. Raman peaks are measured at the center of the
channel. Temperature values are extracted using the calibration curves in Figure 5.4.
Under the same power input, the device with poly-diamond capping has lower
temperature than the device without diamond capping. This is due to the additional heat
dissipation paths between the diamond layer and metals, as well as lateral heat spreading
in the device width direction. The error bars in measured temperatures are from the
uncertainty in Raman measurements and peak fitting. For the device with poly-diamond
capping, the GaN layer and diamond layer have no detectable temperature difference,

within the error bars of the measurement.

350
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Figure 5.5. Temperature rise versus power dissipated in the middle of the GaN channel
(device dimensions: L =7 um, W = 50 um). Red dots show the temperature values of the
reference sample (without diamond layer), which are extracted from the GaN peak. Blue
and yellow dots show the temperature of the diamond and GaN layers, from the device
with 650 nm diamond capping layer.
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Another application of Raman thermometry could be to verify fabrication variability. The
total contact resistance (2Rc) is extracted in TLM measurement, but we cannot separate
the values of two contacts in TLM extraction. However, we are able to use Raman
thermometry to monitor the temperature near each contact. Metal contacts are heated up
by Joule heating under electrical bias. With the same current flow, the hotter contact has
higher electrical contact resistance. We measure three positions in the GaN channel (at
the center and near each contact) on the reference sample (without diamond capping) to
extract temperature values. We also change the polarization of voltage bias to observe

whether there is thermoelectric effect at the contacts.%

Figure 5.6 shows the extracted results of a 5 pm long and 200 um wide device measured
at 70 °C (ambient temperature). The right contact is always hotter than the left contact
regardless of the direction of current flow and the power input level (shown in Figure
5.6(c)), which indicates that there is no observable thermoelectric effect at these contacts,
and Joule heating dominates in this device structure. Thus, for the device shown in Figure
5.6, the right contact has higher electrical resistance than the left one. From Figure 5.6(c),
we estimate that the temperature of the right contact is ~14% higher than the temperature
of the left contact (averaged over all measurements), which indicates that the resistance
of the right contact of this device is also ~14% higher than the left. The total contact
resistance of this device (L =5 um, W =200 um) is 15.5 Q. Thus, the right contact
resistance is around 7.2 Q and the left contact resistance is around 8.3 Q2. We have
measured three devices and observed uneven contacts in all of them with a range of 7%

to 16% differences between contacts. The possible reasons of uneven contacts might be
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fabrication variability, e.g. defects in the metal contacts, poor adhesion during metal

deposition, or defects in the GaN channel layer.
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Figure 5.6. Extracted temperatures of a two-terminal GaN device (L =15 pm, W = 200
um) at 2.5 V bias with reverse and forward current flow direction, shown in (a) and (b).
Ambient temperature is 70 °C. The right contact was always hotter for this device,
regardless of current flow direction. (c) Measured temperature vs. total power: right
contact temperatures are shown in red diamond symbols, center temperatures are shown
in grey triangular symbols, and left contact temperatures are shown in blue round
symbols. Symbols connected by dashed lines represent current flowing from right to left
as shown in (a). Symbols connected by dotted lines represent current flowing from left to
right as shown in (b). All lines are guides to the eye. Some variability is introduced by the
positioning of the laser spot near the metal-GaN contact.

5.3 Analytical Model

To understand the experimental results, we use an analytical model for comparison.
Equivalent thermal circuit is shown in Figure 5.7(a). Maximum temperature (Tmax) is at
the top surface of n-GaN layer and ambient temperature (To) is at the bottom of the

sapphire substrate. Total thermal conductance of the reference device is calculated as:

g—l — R_n_|_ Ryip _I_Rint 1 L
w w w 2ksup Weff

(5.2)
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The equation above represents the series combination of four terms: the thermal
resistance of n-type GaN, the thermal resistance of UID GaN, the thermal resistance of
the UID GaN-sapphire interface, and the spreading thermal resistance into the sapphire
substrate. In this simple model, the interface thermal resistance is Rint = 10 m?K/W, the
thermal conductivity of the sapphire substrate is ke = 34 WmK™,28 thermal
conductivity of t, = 120 nm GaN layer is k, = 30 Wm™K™, and the thermal conductivity
of tuip = 320 nm GaN is kuip = 60 Wm™K1,3% which are significantly reduced from the
bulk value due to strong boundary scattering. The thermal resistances (per unit area) are
Rn = tn / kn and Ruip = tuip / kuin. The effective width of the heat dissipation path through

the sapphire substrate is West = W + 2(tn + tuip) = W, because the thickness of n-GaN

layer and UID-GaN layer are negligible compared to device width. The result of this
simple analytical model is shown with the grey dashed line in Figure 5.7(b), which is

consistent with the measured data.
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Pchannel (W)
Figure 5.7. (a) Equivalent thermal circuit of the reference sample without diamond
capping. (b) Temperature rise (AT) of the reference sample (without diamond) versus
power dissipated in the channel (Pchanner). AT is the difference between the maximum
temperature in the channel (Tmax) and ambient temperature (To). Analytical model is
shown in grey dashed line. Red symbols show experimental results of the reference
sample and red dashed line is the linear fit of the experimental data.
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5.4 Finite Element Simulation

To validate the experimental results and analytic model, we have also used COMSOL
simulation results as comparison (shown in Figure 5.8). With input electrical power at 0.2
W, the maximum channel temperature is shown for the reference sample (without
diamond) and the poly-diamond integrated device. The polycrystalline diamond in our
sample is expected to have non-negligible anisotropy, due to its grain structure.?%® We
compare our diamond film with the poly-diamond films measured by Sood et al., which
has similar grain size and thickness, and we choose to use thermal conductivity with an
in-plane value ~77 Wm*K™ and a cross-plane value ~210 Wm*K1.2” The Ohmic contact
is a stack of metals (20 nm Ti/ 120 nm Al /20 nm Ni / 50 nm Au). Thermal
conductivities of thin metal films are significantly reduced compared to the bulk due to
boundary scattering. Therefore, we use 2 Wm™K?, 225 Wm*K?, 45 WmK* and 120

Wm K for Ti,3% Al%% Ni*%7 and Au thin films,3% respectively.

4428 4412

420

400
400

380
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360 360

340 340

320 320
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Figure 5.8. Temperature distribution from COMSOL simulation with 0.2 W electrical
power applied to a 2-terminal GaN device (dimensions L = 7 um, W = 50 um, same with
the measured device). Ambient temperature is 293 K. (a) reference sample without poly-
diamond capping, (b) capped with 650 nm poly-diamond. All simulations are done on
half of a device (one device is divided into halves along the channel length direction).
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Other parameters including device dimensions, thermal conductivities of n-GaN and
UID-GaN, and TBC are the same with the input values of the analytical model. In our
COMSOL simulation, the bottom surface of the sapphire is set to be ambient temperature
(293 K). The top, left and right boundaries of the device are set to be adiabatic condition,
because the heat loss through convection and radiation is negligible. The reference device
has a maximum temperature (Tmax) 0f 428 K and its temperature rise (47) is 135 K, while
the diamond-capped device has a maximum temperature of 412 K which corresponds to
AT = 119 K. Finite element simulation confirms the temperature reduction by adding a
poly-diamond top capping layer. This diamond structure helps to dissipate heat from the
GaN channel into the contacts. It also spreads the heat laterally along the width direction.
This diamond heat spreader layer helps to reduce Tmax by ~13%. Therefore, our diamond
integrated GaN device has better heat dissipation capability compared to the traditional

GaN device without top diamond capping layer.

5.5 Conclusion and Future Outlook

Poly-diamond top capping layer reduces GaN device channel temperature by adding
additional heat paths. Raman thermometry measurement results are verified by analytical
model and COMSOL simulation. However, this device is based on a simplified 2-
terminal device structure. Future study should be focused on GaN HEMT structure under

AC bias.
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Chapter 6

Conclusions and Perspectives

This chapter summarizes the contributions of this dissertation and discusses future

research ideas.

6.1 Conclusions

In this dissertation, we investigated thermal transport in 2D materials and WBG
materials, with a focus on WTe>, AIN and GaN. We combined experimental
measurements, finite element simulations and analytical models to perform a
comprehensive study. We also summarized thermal conductivity, thermal boundary
conductance and thermoelectric properties of 2D materials, including graphene, TMDs,

h-BN and etc.

We have summarized the thermal properties of 2D materials and we found that the
thermal conductivities of 2D materials have strong anisotropy which is given by the
structure of such materials and have a very large range (3 ~ 4 orders of magnitude) which
is partly due to the huge difference of the molecule masses. These may lead to different
potential applications, such as heat spreader (e.g. graphene), heat isolation layer (e.g.
amorphous or disordered WSe>). 2D materials also have a large range of band gaps, from
metal (graphene), semimetal (WTe.), semiconductors (e.g. MoS,, MoSe2, MoTez, WS»)

to electrical insulators (BN). By stacking those materials, we can further engineer their
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thermal (as well as electrical) properties, which do not exist in other 3D bulk materials in
nature. TBC plays a much important role in 2D materials and devices comparing to
conventional 3D material. Seebeck coefficient can be increased by gating the material
and minimizing electrical conductivity, but these will harm the figure of merit (ZT). To

realize 2D material based thermoelectrics, stacking will be important.

We investigated the thermal conductivity of WTe; by fitting a self-heating current model
against experimental data. We extrapolated comparatively low thin-film thermal
conductivities for WTez, which is as low as ~3 Wm™K in-plane, at room temperature.
We found that WTe, breakdown occurred at large current densities, nearly 50 MA/cm?
for encapsulated, air-stable devices, suggesting technological viability of this 2D
semimetal with low electronic work function and record magnetoresistance down to the

ultimate thickness limit.

We studied the thermal limitations of current density in WTe; devices, using
experiments, analytical model, and finite element simulations. The low thermal
conductivity of WTe> limits heat spreading in such devices, but using higher thermal
conductivity capping layers or decreasing SiO; substrate thickness can improve the

maximum current density of WTex.

To study the thermal properties of WBGs, we performed 3w measurements on single

crystal AIN samples. We compared these results with analytic and ab initio simulations,

to estimate the impurity defect densities. Aluminum vacancies play the most important
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role among all atomic scale defects, due to the large atomic mass mismatch, which can be
analytically captured by modeling phonon-vacancy scattering using six times the mass of
the missing atom. The accumulated thermal conductivity shows that phonons with MPFs
larger than 0.3 um (or 7 um) contribute to 50% (or 10%) of heat conduction at room
temperature. This implies that AIN thin films and devices with sub-micron features will
exhibit strongly reduced effective thermal conductivity compared to the bulk value, even
in the absence of point defects. These results are essential for the understanding of
thermal transport in AIN thin films and devices over a broad temperature range, for

applications in power electronics and deep-UV lasers.

To further our study on WBG materials, we also performed Raman thermometry
measurements on 2-terminal GaN devices. We use both experimental results, analytical
model and finite element simulation to show that poly-diamond capping layer reduces

GaN channel temperature.

6.2 Future Work

To continue our study on WTeg, future work should focus on device level experimental
measurements and electro-thermal simulations, including using WTe; as 2D contact to
layered transistors, or electrodes in phase change memory. Besides studying a single 2D
materials, it becomes increasingly interesting to investigate the effective thermal
conductivity and Seebeck coefficient of a stacked layer using different 2D materials.

Both experimental measurements and theoretical calculations are needed in this area.
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For WBG study, future work should focus on the thickness dependency of thermal
conductivity, in order to gain higher confidence in the obtained data and further “fill in”
the missing data in sub-micro regime. While 3w method was used to obtain cross-plane
thermal conductivity of AIN, in-plane thermal conductivity measurements could be
pursued using a suspended membrane platform. We note this is an important
measurement as well, because the grain structure of the AIN thin films is expected to be
different in the “vertical” vs. “lateral” direction, thus the thermal conductivity will also be
anisotropic. Those future measurement will provide a complete study of the anisotropic

thermal conductivity of AIN.

System-level simulations to estimate the improvement in reliability of AIN and h-BN
heat spreaders could be another future area. This could be done by both finite element

simulations and analytical models.

Future work should also be carried out to study GaN HEMTSs. Those devices will be used

in RF applications. Novel thermal measurement should be designed to measurement

device operation temperature under AC bias.
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