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SUMMARY

This dissertation presents the study of thermal and electrical transport phenomena in the
systems based on atomically thin two-dimensional (2D) materials with a focus on the roles
of heterogeneities such as grain boundaries (GBs), interfaces, and junctions. The studies are
mainly focused on chemical vapor deposited (CVD) graphene and molybdenum disulfide
(MoS2) monolayers, while having implications in a wide range of 2D-material-based
systems. The nanoscale thermal transport experiments are performed using custom-designed
electrical thermometry platforms followed by 3D finite element (FE) analyses on models
with the exact geometrical dimensions as in the fabricated devices. Electrical measurements
are carried out in back-gated field effect transistor (FET) platform.

In particular, a simultaneous comparison of thermal transport was performed in supported
single crystalline graphene and a bi-crystalline graphene having an individual GB. The
experiments show that thermal conductance (per unit area) through an isolated GB can be up
to an order of magnitude lower than the theoretically anticipated values for one ring of defects
and depends on the crystalline mismatch angle. In collaboration with Prof. Aksamija
(Boltzmann transport equation —BTE— modeling), it is uncovered that the boundary
roughness scattering dominates the phonon transport in low-mismatch GBs, while for higher
mismatch angles there must be an extra resistance caused by the formation of a disordered
region at the GB. These results have major implications on the use of CVD graphene (which
exhibits a polycrystalline structure) for thermal management of power dissipation in
nanoelectronic devices.

The thermal transport is also studied in the through-plane direction which accounts for a
major fraction of power dissipation from hot-spots in devices made of 2D materials with
larger than ~100 nm characteristic length. First, the focus was on the interfacial thermal
transport characterization of graphene and MoS, monolayers which may serve as the bottle-

neck of dissipation in the through-plane direction. Despite the importance and implications
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in many areas, there is an enormous discrepancy in the literature on the interfacial thermal
transport characteristics of MoS> and other transition metal dichalcogenides (TMDs). The
effect of interface coupling and metal encapsulation on thermal boundary conductance (TBC)
across MoS; and graphene monolayers was also investigated.

Moreover, a system-level analysis of heat transport in the through-plane direction is also
carried out to quantify the thermal dissipation limits in 2D-material-based structures on
different technologically-viable substrates, e.g., diamond, aluminum nitride (AIN), sapphire,
and silicon with different oxide types/thicknesses. It is demonstrated that the heat dissipation
through graphene on AIN substrate near room temperature outperforms those of CVD
diamond and other studied substrates, owing to its superior TBC.

Apart from the thermal transport characterization of 2D materials, a method is developed
for reliable fabrication of high-quality lateral interfaces between graphene and MoS;
monolayers through seed-free consecutive CVD processes. Their electronic properties are
also comprehensively investigated through a combination of various experimental techniques
and theoretical modeling. The results show that the MoS-graphene devices exhibit an order
of magnitude higher mobility and lower noise metrics compared to the conventional MoS;-
metal devices as a result of energy band rearrangement and smaller Schottky barrier height
at the contacts. These findings suggest that MoS,-graphene in-plane heterostructures are
promising materials for the scale-up of all-2D circuitry with superlative electrical

performance.
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CHAPTER 1

INTRODUCTION
1.1. Relevance of Thermal Transport in Two-Dimensional Materials

According to Moore’s law, the transistor count per chip doubles every two years[5].
The continuing shrinkage in size is pushing the silicon-based industry toward its physical
limitations. Numerous efforts are now being dedicated to the development of two-
dimensional (2D) materials for future electronic/optoelectronic devices[6], [7]. Among 2D
materials, graphene has the highest charge carrier mobility[8], but the absence of a band-
gap restricts its applications[9]. Thus, efforts are focused on developing other 2D materials
which can provide complementary properties absent in graphene[6], [10]. Transition metal
dichalcogenides (TMDs) are a large family of layered materials with the formula MX»,
where M is a transition metal (such as Mo or W) and X is a chalcogenide (S, Se, or Te).
Both monolayer and few-layer TMDs are opening the possibility of developing systems
with reduced dimensionality and a range of unique properties[6]. For example, the spin-
orbit coupling effects can range from virtually nonexistent in graphene to quite significant
in TMDs[11]. Moreover, TMDs possess a tunable energy gap which allows them to have
high on-off ratios[12] for low-power logic and switching applications[13]. Combined with
graphene and hexagonal boron nitride (hBN), heterostructures of TMDs offer unique
emergent electronic properties[14]. For example, tunneling field effect transistors formed

by stacking of these atomically thin 2D materials can enable energy-efficient transistors



for digital and analog circuit applications[15]. These intrinsically 2D devices are also

highly desirable in flexible electronics[16].

While 2D heterogeneous materials provide intriguing opportunities for future high-
power/high-frequency electronics, thermal management in these devices can become a
challenge. In almost all device platforms that include 2D materials, heterogeneous
junctions of metal-semiconductor and insulator-semiconductor are unavoidably used as
elementary bricks that form complex electronic architectures[17], [18]. As a result, prior
to utilization of 2D heterogeneous materials in practice, a deeper understanding of the
limits set by dissipation and heat removal through various junctions and interfaces must be
developed. Recent studies of thermal transport in graphene has illustrated the importance
of 2D phonon physics, and has implications for the performance and reliability of 2D-
material-based devices[19], [20]. However, the mechanisms of thermal transport and the
roles of in-plane and out-of-plane phonons in TMDs and their heterostructures still remain
largely unexplored. Understanding dissipation through various junctions and interfaces
will enable us to design new classes of 2D material candidates with superior thermal
transport properties suitable for future ultra-scaled (having feature sizes below 10 nm) and

low-power electronics (requiring on-off current ratios exceeding 108) [10].

In addition to the intrinsic limits of thermal dissipation, 2D materials grown by
Chemical Vapor Deposition (CVD) are not single-crystalline, but exhibit a polycrystalline
structure due to nucleated growth in the CVD process [21]-[25]. The presence of grain

boundaries (GBs) poses additional challenges to the thermal transport and heat removal



from devices fabricated from CVD-grown samples due to the scattering of heat-carrying
phonons at the GBs. GB scattering puts additional extrinsic limitations on the ability of 2D

materials to conduct heat and manage dissipation [26].

On the other hand, since 2D materials at their limit of thinness are essentially “all-
interface” their interactions with the underlying substrates and encapsulating layers can
largely affect their performance. Thus far, the effects of these interactions have been
carefully considered in the design of the electronic functionality of the devices made of 2D
materials.[27] However, it is equally important to consider the interfacial thermal transport
characteristics of 2D materials in the design criteria, if one is to benefit from their
intriguing properties, especially for high-power/high-frequency applications.[28]-[37]
1.2. Literature Survey

In general, 2D materials are the atomically thin version of layered crystals which have
in-plane tight covalent bonds are weak cross-plane Van der Waals bonds.[38]-[40] Since
the discovery of graphene monolayer and its amazing properties, [41] 2D materials have
received massive attention in research which has led to the discovery of a wide range of
2D materials such as TMDs[42], hBN[43], and black phosphorus (BP - phosphorene)[44].
After the realization of atomically thin 2D materials through mechanical exfoliation,
efforts were dedicated to synthesizing 2D atomic layers through scalable techniques such
as CVD [22], [42], [43], [45]-[47] and liquid phase exfoliation[42], [48]-[50].
Development of the process for clean transfer of the 2D atomic layers [51]-[56] has made

it possible to make various heterostructures with advanced device functionality.



Over the past decade, there have been countless reports on the structural and electrical
characterization of the 2D materials and utilization of them and their heterostructures for
various device applications.[9], [10], [21]-[23], [42], [57]-[72] In particular, the effects of
interfaces[58], [64], [73]-[79] and grain boundaries [22], [25], [80]-[100] on the electronic
properties were studied to a great extent. There has been a pronounced research interest on
all-2D devices enabled by 2D material heterostructures. [9], [18], [40], [57], [58], [63],
[64], [69], [73], [76], [77], [79], [101]-[104], [104]-[116] In the earlier stage, the interest
were on fabricating vertical (Van der Waals) heterostructures by stacking the atomic layers
on top of each other.[9], [52], [57], [58], [77], [109] In particular, 2D transistors based on
out-of-plane graphene contacted MoS; have been reported with an improved performance
compared to metal-contacted MoS; device.[17], [103], [110], [113], [117] However, the
heterogeneous MoS,-Graphene devices made by such methods have usually been
fabricated with a micrometer-scale contact area, possibly to preserve the device mobility.
This requirement could seriously limit the number of devices per chip for future high
performance integrated electronics. Moreover, such methods impose sophisticated transfer
and fabrication techniques resulting in costly mass production. To by-pass the fabrication
challenges and performance/size limitations imposed by the vertical interfaces, researchers
were looking into the scalable fabrication of lateral interfaces between different 2D
materials. So far, lateral interfaces have been synthesized for 2D material pairs with high
crystal similarity such as hBN and graphene[79], [106] as well as different sets of

TMDs[77], [118]. Most recently, lateral metallic/semiconducting interface has been



demonstrated through chemical phase conversion of semiconducting 2H MoS> to the
metastable metallic 1T phase and improved device performances were achieved, but the
stability of the 1T phase can limit the applications of such structures[119]. The reports are
currently focused on the development of lateral junctions between graphene and different

semiconducting 2D materials such as MoS,.[120]-[125]

The widespread application of 2D materials and their heterostructures in various
applications requires a system level characterization of thermal transport and power
dissipation in the relevant 2D-based structures and interfaces to understand the limits of
operation and failure thresholds. [126]-[133] For several years, researchers have
investigated the energy dissipation, transport, and conversion phenomena at the nanoscale,
and particularly in reduced-dimensional materials and their interfaces.[127], [129], [131],
[134], [135] In particular, this area of research has great implications for the operation and
lifetime of the electronic, optoelectronic, and energy conversion/storage systems based on

2D materials.[6], [7]

In the early years, the experimental research efforts had been focused on the
development of thermal transport measurement techniques such as time domain
thermoreflectance (TDTR), 3-Omega (3w), suspended bridge, and Raman
thermometry.[136], [137] TDTR is a pump-probe technique in which a laser beam is used
to heat a metal transducer and another beam is used to measure the change in the
reflectance of the metal surface and contain temperature information.[138]-[140] The

TDTR method is widely used to probe the thermal conductance across various interfaces



and thermal conductivity of thin films.[33], [129], [131], [141], [142] In the 3w technique,
a microfabricated metal electrode is used to apply electrical (Joule) heating and measure
the temperature by monitoring the changes in the resistance of the electrode.[142], [143]
This method is capable of measuring both, in-plane and cross-plane transport in thin films
and other nanostructures. The suspended bridge method works similar to the 3w technique
but utilizes a measurement geometry that confines the heat from propagation in the
parasitic pathways (e.g., cross-plane direction) in order to improve the sensitivity for in-
plane thermal measurements.[29], [144]-[155] Among the challenges associated with the
micro-bridge technique are the cleanness of the fabrication process and additional
scattering sources due to the presence of polymeric residues.[156] In the Raman
thermometry, the dependence of Raman signal to temperature is used as the thermometer,
while the optical heating by the laser or in-situ Joule heating in the device under electrical
operation results in a temperature rise. [157]-[161] The thermometry probe can either be
a shift in the frequency of the Raman peaks or a change in the ratio of stokes and anti-
stokes. In principle, Raman technique is capable of measuring both in-plane conductivity
and thermal boundary conductance (TBC) in reduced dimensional systems by comparing
the Raman measurements on suspended and supported materials. On the downside,
uncertainty in the absorbed laser power and Raman peak shift lead to significant errors in
the extracted thermal parameters[142] and large disagreements in the literature data.[157],

[162]



On top of the development of experimental methods, there have also been numerous
developments in theoretical and computational techniques such as molecular dynamics
(MD) simulations Boltzmann transport equation (BTE) modeling to cover the length scales
from nanometers up to device-level.[129], [142] So far, the thermal transport studies have
covered steady-state and transient thermal transport in various devices and structures.[131]
Different carriers of heat, namely electrons and lattice vibrations (phonons) have widely

been studied.[127], [129]

So far, the thermal transport in various 2D atomic layers such as graphene [1], [26],
[29], [30], [155], [157], [163]-[176], MoS. [36], [37], [133], [158], [159], [165], [169],
[177]-[179] hBN [160], [180], [181], and BP [152], [161], [182] have been characterized.
Undoubtedly, graphene is the most-studied 2D material from a thermal transport
perspective.[1], [26], [29], [30], [155], [157], [163]-[175] For suspended single-layer
graphene, an in-plane thermal conductivity of ~5300 W.m™*.K* was first reported by
Balandin et al. through Raman thermometry technique, which exceeds those of diamond
and highly ordered pyrolytic graphite (HOPG).[157] Seol et al. later discovered that
thermal conductivity of supported graphene on silicon oxide reduces down to ~600 W.m"
1K? due to scattering of out-of-plane flexural phonons at the interface with the
substrate.[29] The effects of geometry [164], [171], [183], [184] and impurity [185]-[187]

on thermal transport in graphene-based structures have also been investigated.

Thermal transport in selected members of TMD family such as MoS: has also been

explored in the past few years. For the case of monolayer MoSy, reported values for the



room temperature thermal conductivity vary from 34.5 W.m1K? to ~62 W.m1.K*
through Raman technique.[36], [159] For multilayer MoS>, the room temperature thermal
conductivity is found in the range of 44-52 W.m™.K1.[151] For the case of WS, this value
for monolayer and bilayer materials are found to be 32 and 53 W.m™.K respectively.
[188] The lowest thermal conductivity among TMD materials is observed for WSe: in the

cross-plane direction which is ~0.05 W.m™.K™ at room temperature.[189]

Other than in-plane and cross-plane thermal conductivity in the 2D materials, the TBC
between the 2D materials and the underlying substrate could remarkably affect the overall
heat dissipation performance of the 2D-based systems. In this regard, there had been
several reports on the TBC measurements between graphene and substrates from different
methods.[34], [35], [166], [172], [190] For instance, Koh et al.[35] used TDTR method
and reported TBC values of ~25 MW.m?2.K and ~100 MW.m2.K* for heat conduction
across Au/Ti/n-layer-Gr/SiO2/Si (n between 1 to 10) and Au/Ti/SiO2/Si interfaces,
respectively. Yang et al.[166] also used frequency domain thermoreflectance (FDTR) and
reported a value of 2242 MW.m2.K™ for TBC across Au/Ti/Gr/SiO2/Si (monolayer) and
similar values up to 7 atomic layers. They also reported a TBC of ~80 MW.m2.K! for the
control experiment. Another paper by Cai et al.[172] reports a value of 28+16/-9.2 MW.m"
2 K1 for TBC across monolayer graphene on Au/SiNy substrate using Raman thermometry
technique. Chen et al.[34] also measured the TBC for the heat transport across sandwiched
graphene between SiO- layers (SiO2/Gr/SiO2) to be ~100 MW.m2. K. In spite of the

above experimental reports where integration of a graphene film reduces the TBC across



the interface, it is suggested that graphene may improve the TBC in strongly coupled

interfaces[191], while experimental verification of such cases is yet to come.

Despite the importance and implications in many areas, there is an enormous
discrepancy in the literature on the interfacial thermal transport characteristics of MoS:
and other TMDs.[36], [37], [133], [165] Through Raman thermometry technique, Zhang
et al.[37] reported thermal boundary conductance (TBC) values in the order of 0.1-1
MW.m2.K for MoS; or MoSe; with SiO2 and gold-coated SiO, substrates, far smaller
than the previously reported values on graphene[34], [35], [166], [172], [190]. Taube et
al.[36] in another Raman-based study obtained a value of ~2 MW.m2.K* for TBC of
monolayer MoS: on Si/SiO> substrate at 300K. Yalon et al.[133] also employed the Raman
spectroscopy technique and estimated the TBC between AlOx-coated monolayer MoS; and

Si/SiO; substrate to be in the range of 14+4 MW.m2.K"! at room temperature.

The paper by Judek et al.[165] reports the TBC values across graphene and MoS>
multilayers to be 1.7+0.2 MW.m2 Kt and 2.6+0.2 MW.m2.K™%, respectively. These values
are almost an order of magnitude smaller than the TBC results across graphene
monolayers. The lower TBC values in this report can be due to the volumetric contribution
of the multilayer flakes which reduces the lumped TBC. The interface and adhesion forces
of a multilayer are also not necessarily similar to those of monolayers due to less

conformity of the flakes with the substrate.

Apart from the above-discussed intrinsic and extrinsic thermal parameters associated

with 2D materials, it is of an utmost importance to understand how the heat generates in



2D-based devices during an electrical operation. This study would shed light on different
sources of scattering and could potentially enable one to identify the hot-spots under the
operation which has implications on the failure modes of the devices.[131] The
temperature rise in graphene-based electronic devices has been extensively studied by
various methods such as Raman spectroscopy[192], infra-red (IR) microscopy [31], [132],
[133], [193] and atomic force microscopy (AFM)-based techniques such as scanning
thermal microscopy (SThM)[194] and scanning Joule expansion microscopy
(SJEM).[126], [128], [193] Researchers have also looked at the high-power operation and
energy dissipation in 2D materials beyond graphene such as MoS; [133], [195], [196]and

BP atomic layers.[197]
1.3.Research Objectives

In the light of numerous research reports on the roles of heterogeneities and interfaces
on the electrical, chemical, mechanical and thermal properties of the 2D materials, it is
safe to conclude that in many cases the extrinsic limitations imposed by such imperfections

limit the overall performance and functionality of such 2D-based systems.

Graphene has served as the model 2D system for over a decade, and the effects of GBs
on its electrical and mechanical properties are very well investigated. However, no direct
measurement of the correlation between thermal transport and graphene GBs has been
reported. In the second chapter, the aim was to understand how individual graphene grain
boundaries affect the overall thermal transport characteristics of the monolayer graphene

films. Measurements on individual GBs enables us to identify the correlations between the
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thermal resistance imposed by the GBs and the crystallographic mismatch across the GB.
Benchmarking the experimental results against theoretical predictions (carried out through
collaboration) and literature data allows us to identify the governing mechanisms of the

phonon scattering across GBs with different mismatch angles and morphological details.

Heat generated in the hot-spots of 2D circuitry generally spreads within the plane of
the 2D materials and ultimately dissipates through the substrate and the contact
electrodes.[33] The contributions of in-plane and through-plane transport on the overall
thermal resistance (Rtn) is determined by a combination of geometrical dimensions as well
as thermal properties of the materials and interfaces.[33], [131] In many device
architectures (e.g., devices with characteristic lengths>100nm), the through-plane thermal
transport predominantly defines the Rtn.[33] In these cases, the interfacial thermal
resistances can significantly restrain the heat dissipation and lead to overheating of the
device. Despite its importance, there is an enormous discrepancy in the literature on the
interfacial thermal transport characteristics of MoS; and other TMDs (0.1 to 15 MW.m"
2 K™).[36], [37], [198] This 1-2 orders of magnitude variation in the reported results
demands a precise thermal transport study on MoS: in order to produce reliable data at
different temperatures and to identify the possible sources of such disagreements.
Particularly, if the values in the range of 1 MW.m2.K™! stand for the TBC of MoS; with
the substrate, the MoSz-based circuitry would face enormous heat removal and thermal
management challenges. In the third chapter, the research objective is to carry out a direct

comparison between the TBC across graphene and MoS; monolayers in identical
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conditions and investigate the effects of interface coupling, substrate properties, and

encapsulation on TBC across MoS> and graphene monolayers.

In the cases where through-plane transport is dominant, optimizing the overall thermal
resistance (Rtn) of the device requires a high-conductance substrate on top of a good
thermal interface. One major challenge is that the heat in high-conductance substrates such
as diamond is usually carried by high-frequency phonons which transmit poorly through
the Van der Waals interfaces that bind 2D materials.[141], [199] In other words, a practical
trade-off seems to exist between the bulk thermal conductivity of existing substrates and
the interfacial conductance at their junction with the 2D materials. On top of this criterion,
the microscopic details of the interface such as coupling (adhesion) forces, surface
roughness, and the presence of potential contaminants also affect the thermal boundary
resistances (TBRs) and consequently the Rrn. Thus, it is necessary to consider all the
thermal resistances and their decisive parameters simultaneously in the design of the 2D-
based systems, in order to maximize overall thermal dissipation. In the fourth chapter, the
scope is to quantify the limits of power dissipation in monolayer graphene, a representative
of 2D materials, fabricated on various technologically-viable substrates in order to identify

the best structures from a thermal management perspective.

Other than the challenges imposed by the heat dissipation, one major bottleneck of the
performance in nano-electronic devices made of 2D semiconducting materials such as
(MoSy) is the formation of a Schottky barrier at the MoS: junction with the metal contact

electrodes due to the Fermi level pinning phenomenon[200]. Moreover, miniaturization of
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the metal/2D-material junctions usually results in even larger contact resistances due to the
weak Van der Waals forces. Metals also do not have enough mechanical bendability for
use in flexible structures. To simultaneously address all these challenges, one should
replace the conventional metal electrodes with their 2D counterparts to fabricate
intrinsically 2D devices. The scalability and possibility of forming atomically narrow
junctions with improved electrical performance should be considered in the
design/development of the alternative fabrication routes. This objective has been addressed

in chapter five.

Finally, in chapter six, the results and discussions are summarize and the main

conclusions are stated.
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CHAPTER 2
THERMAL TRANSPORT MEASUREMENTS ACROSS INDIVIDUAL
GRAPHENE GRAIN BOUNDARIES

(Some parts of this chapter are taken from the published paper with the following citation:

Poya Yasaei, Arman Fathizadeh, Reza Hantehzadeh, Arnab K. Majee, Ahmed EI-Ghandour, David
Estrada, Craig D. Foster, Zlatan Aksamija, Fatemeh Khalili-Araghi, Amin Salehi-Khojin “Bimodal
Phonon Scattering in Graphene Grain Boundaries” Nano Lett., vol. 15, issue. 7, pp. 4532-4540,
2015.

Please refer to the authors’ contributions in page iv in the beginning of this document for details of
the contributions)

2.1. Introduction

Thermal management [26], [29]-[32], [154], [155], [157], [164], [170], [171] of power
dissipation in nanoelectronic devices[31], [155] is among the recently emerged potential
commercial applications of graphene. In order to realize this potential, extensive research
efforts have focused on the high-volume manufacturing of graphene. One of the most
practical approaches for large scale production of graphene is through CVD and roll-to-
roll processing techniques[54], [201]. In this approach, the outcome is primarily a
polycrystalline film, where single crystalline domains are joined by defective GBs[25].
GBs have been shown to largely alter the physical properties of CVD-grown graphene
films[23], [25], [26], [80], [81], [95], [96], [99], [202], [203]. So far, a wide range of
research studies has been dedicated on how the GBs affect the electronic properties of
graphene[23], [25], [80], [81], [84], [91], [95], [96], [202]-[204]. In this regard, strong

carrier scattering and suppressed electrical conductivity are reported at GBs as a result of
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modified density of states and formation of potential barriers in the vicinity of the GBs[80],
[95]. However, efforts on understanding the role of GBs in the thermal transport across the
graphene lattice have been limited to theoretical works[26], [205]-[208] and a few indirect
experimental measurements [128], [209]. This is mainly because the direct experimental
thermal transport study of GBs requires a novel measurement platform capable of

separating the contribution of the GB from the graphene lattice itself.

In this chapter, the temperature-dependent thermal transport results of supported CVD-
grown graphene for a single crystalline flake as well as two merged flakes having an
individual GB are presented. A symmetric electrical thermometry platform fabricated on
an ultra-thin freely suspended silicon nitride (SiN) membrane was employed to extract the
role of individual GBs having different crystalline mismatch angles between the grains.
The results demonstrate an order of magnitude variation in the heat conductance per unit
area through the GBs, depending on their crystallographic mismatch angle. For instance, a
few-nanometer-wide GB with a 21° mismatch angle adds a thermal resistance to the
graphene lattice that is equivalent to a 3.25 um length extension of the single crystalline
region. In contrast, the equivalent length for a GB with a 3° mismatch angle is only 380
nm. The phonon Boltzmann transport equation (pBTE) modelling (In collaboration with
Prof. Aksamija’s group) uncover that the significant drop in the thermal conductance at
high mismatch angle GBs can only be a result of multiple phonon boundary scattering
events, caused by formation of a disordered (amorphous) structure in the merging region

of two adjacent flakes[80].
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2.2. Graphene Synthesis and Characterization

The graphene used in this study is synthesized through atmospheric pressure CVD
method, similar to previous reports[23], [99]. By precise control over the growth time,
hexagonally shaped graphene domains grown from random nucleation points are merged
together forming the GBs with the high quality of stitching in the coalescing region of the
grains. In more details, Partial coverage graphene films with distinguishable GBs are
synthesized by ambient pressure CVD process on copper foils (from Alfa Aesar, product
no. 46365). At first, copper foils are initially cleaned by 10 minutes soaking in 10%
hydrochloric acid, rinsed in acetone and IPA, dried under nitrogen flow, and loaded into
the chamber. The CVD chamber is then evacuated (down to 1 mtorr) for and then purged
with forming gas (5% hydrogen diluted in Argon) up to the atmospheric pressure. The
graphene growth takes place at 1050° by introducing 20 ppm diluted methane (in argon)
for ~30-50 minutes. The samples are then rapidly cooled down in the protection of forming

gas.

There exist a number of different possibilities in the growth process due to the random
nature of the CVD process. A combination of scanning electron microscopy (SEM) and
AFM characterizations was performed on the grown graphene GB structures to examine
possible overlapping and weak stitching of the grains (i.e. existence of a pronounced
density of vacancies). In all cases, SEM images show a pretty uniform contrast in the
merging region of the grains, indicating the uniform and well-stitched GB structure (Figure

1a-c). In some cases, AFM topography maps show a bump on the merging site of the grains
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which is the characteristic of the wrinkles, as similarly observed on the wrinkles of single
grain regions (Figure 1d-f). However, no step profile was observed on the AFM mapping

for possible overlap regions.

= - - - 65

Profile 1: e
GB

Height (nm)
o o
w1 o

o
=)

. 2 0 1 2
= T 6.5
= P Profile 2: f
Z g £ 697 wrinkle
<
= 55
2
£ 50
450 1 >
Length (pm)

Figure 1. Topographic Characterization of Graphene GBs. (a-c) SEM images of the uniform
and well-stitched graphene GBs. It is clear that overlapping or disconnection does not exist in the
merging region of the flakes. Scale bars in (a), (b), and (¢) are 20um, 10um, and 2pum, respectively.
(d) The AFM topography image of two merged graphene GBs. The scale bar is 5um. (e-f) the
height profiles across the GB and across a wrinkle in the single crystalline grain.

Raman spectroscopy is also utilized to characterize the graphene and its GBs. Figure
2a shows the optical image of the coalesced graphene flakes. The Raman point spectra
obtained from the graphene region and GB region are shown in Figure 2b. Apart from a
small defect-induced D-peak at ~1350 cm™ in the merging region of the flakes, the

graphitic G and 2D peaks, respectively at 1580 and 2670 cm™ with an intensity ratio
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(Ip/lg) of >2 are observed in both spectra which correspond to monolayer graphene[23],
[99], [210]. Figure 2c shows the spatially resolved Raman spectroscopy map obtained for
the D-band (wavenumber ~1350 cm™). An intense Ip signal obtained in merging region of
the grains provides a strong evidence for the defective nature of GB region. The occasional
Ip signals at grains show some structural defects within the perfect lattice, which can be
attributed to the nucleation points[23], [210]. The ratio of 2D-to G-band intensity (l2o/lc)
is mapped where the high intensity ratio (> 2.5) all over the scanned area confirms the
uniform existence of monolayer graphene (Figure 2d). The spatially resolved Raman maps
were obtained using a Horiba JobinYvonXplora confocal Raman microscope equipped
with a motorized sample stage from Marzhauser Wetzlar. The laser excitation wavelength
was 532 nm and the maps were obtained for graphene GB samples transferred on SiO>
substrate. The spectral resolution of the laser was 2.5 cm™, and pixel size of the map was
500 nm. D (~1350 cm™), G (~1580 cm™) and 2D-band (~2690 cm™) spatial maps were

extracted.

Figure 2e shows selected area electron diffraction (SAED) patterns obtained from
transmission electron microscopy (TEM) for both grains and GB regions. Identical and
sharp hexagonal diffraction patterns recorded for the grains in different regions confirm
their single crystalline nature[204]. However, a twofold diffraction pattern was observed
when the aperture was located exactly at the merging region disclosing a crystallographic

mismatch between the grains, another evidence for the existence of GBs.
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Figure 2. Structural Characterization of Graphene GBs. (a) Optical image of two merged
hexagonal graphene grains, forming an individual GB (scale bar-5um). (b) Raman spectra obtained
from two points on graphene single crystalline grain and the vicinity of the GB. The spectra are
normalized with the G-peak intensity at 1580 cm™. (c) D-band Raman mapping of the same
graphene grains as shown in Figure 2a. The higher intensity in the merging region of the grains
demonstrates the defective nature of the GBs. (¢) 2D/G ratio mapping of the same region as shown
in Figure 2a (Scale bars-5um). The ratio in the range of 2.5 is associated with monolayer graphene.
(d) Selected area electron diffraction (SAED) patterns obtained from left (GL), right (Gr) grains
and GB region. Sharp and single hexagonal shape evidences the single crystalline structure of
grains. A pattern with two discrete sets of rotated spots appears in the merging region indicating
the imperfect stitching of the two graphene grains which results in the origination of GB. This

figure is reproduced from reference [99].
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TEM images and diffraction patterns were acquired on an aberration-corrected JEOL
JEM-ARM200CF, operated at 80 kV to avoid the beam damage effects. At first, graphene
samples were transferred to a 30 nm thick Silicon Nitride membrane using a polymer
assisted transfer technique. Further, samples were annealed at 350 °C for 3-4 hours in the
presence of forming gas (5% Hz in Argon) to clean the residual contamination and then
samples grid was loaded into the microscope for characterization.

Based on the above characterization data, the GBs in the partially covered films can be
distinguished by the geometry of the as grown hexagonal flakes. Due to a predominant
zigzag edge preference in the growth process[23], [211], [212], the crystalline
misorientation angle between the merged grains can be estimated by comparing the edge
orientations of the flakes[23] (Figure 3). This is also consistent with our TEM analysis

shown above [99].

Mismatch
Angle

Figure 3. Estimating the Crystallographic Mismatch Angle from Morphology. SEM image of
two merged hexagonally shaped single crystalline graphene grains forming an individual GB. The
comparison of the edge orientations is used to estimate the crystallographic mismatch angle across
the GB. The scale bar is 5 um.
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2.3. Design and Fabrication of the Electrical Thermometry Platform

To determine the role of GBs on thermal transport in graphene structures, a symmetric
electrical thermometry platform was designed that allows for simultaneous examination of
the thermal conductance through a single crystalline graphene flake (graphene region) and
a bi-crystalline region, having an individual GB perpendicular to the direction of heat flow
(GB region). To enhance the measurement sensitivity for in-plane thermal conduction, the
platform is fabricated on a 100-nm thick suspended SiN membrane (500x500 um?), which
practically confines the heat into a two-dimensional plane. Figure 4a shows a low-
magnification optical image of the fabricated device under illumination from the top
(reflection) and the bottom (transmission) of the membrane in order to produce maximum
contrast. The targeted area for measurement is in the center of the window (within a 100 x
100 um? square) to maintain the symmetry of the heat dissipation through the electrodes
and the underlying substrate. Figure 4b magnifies the central part of the device by SEM,
showing three thermometry metal electrodes and the graphene flakes, purposely colored
for clarity. The central (red) electrode serves as the heater, while the right and left (yellow)
electrodes serve as thermometers, operating at very low power with negligible joule
heating. The inset of Figure 4b shows the as-grown flakes before oxygen plasma etching
and electrode deposition. As indicated by dashed lines in Figure 4b, the electrodes are
patterned in such a way that the role of an individual GB can be examined through a
comparison between the left and right thermometers. The width of the graphene flakes are

11.5 pm and the distance between the electrodes are 5 pm. Figure 4c schematically shows
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the cross section (side view) of the platform. The SiO- layer between the electrodes and
graphene is essential for electrical insulation of the electrodes which are supposed to

simultaneously operate without any interference.
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Figure 4. Electrical Thermometry Platform for Investigation of Individual Graphene GBs.
(a) Low magnification optical microscopy image of a fabricated thermometry platform on a 100
nm thick silicon nitride (SiN) membrane. The scale bar is 100 um. The inset shows the fabricated
chip on a chip carrier with wire bonded electrical connections. (b) High magnification SEM image
of a fabricated thermometry platform, comprised of a heater electrode in the center and two sensor
electrodes on the sides having perfect symmetry. The scale bar is 5 um. The inset shows the SEM
image of the merged grains before oxygen plasma patterning and device fabrication. (c) Schematic
side view of the thermometry platform. (d) A simple thermal resistance circuit that shows the paths
of heat dissipation. The red star shows the heater position and the green and blue triangles show

the position of the grain sensor and GB region sensor, respectively.
In more details, The graphene films (on Cu) were transferred to standard SiN

membrane windows (from Silson Ltd.) using PMMA-assisted technique[53], followed by
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an annealing process at 350°C for 90 minutes in the flow of forming gas (5% Ha in Ar).
The GBs are located by the geometrical shape of the merged flakes in the partially covered
graphene film relative to predefined alignment marks. Electron beam lithography (EBL)
followed by O plasma cleaning is used to remove excess of graphene flakes and define
the target flakes into a rectangle with desired geometry. In another step, electrode patterns
are transferred onto the sample and SiO2/Cr/Au (5/5/40 nm) electrodes are deposited using
sputtering and electron beam evaporation systems. The devices are then annealed again to
remove polymer residues by the fabrication process and are mounted on chip carriers by
wire bonding. To carry out temperature-dependent thermal transport experiments, the
devices are mounted on chip carriers using copper tape and thermally conductive grease
(inset of Figure 2c). The devices are subsequently loaded in a cryostat system with a
precise temperature controller. The simplified equivalent thermal circuit of the device is
shown in Figure 4d, demonstrating two parasitic heat dissipation paths other than the

graphene films.
2.4. Thermal Transport Experiments and Finite Element (FE) Analysis

In the cryostat, the thermal resistances associated with the chip-carrier and its contacts
with the cold-finger on one side and with the sample on the other side causes a drift in the
actual temperature of the chip below 100K, which is carefully corrected by using a
reference cryogenic diode sensor. Heat flow measurements were performed at a
temperature range of 44 to 305 K in an ultra-high vacuum (~10"" mbar) on three devices,

having GBs with mismatch angles of 3, 8, and 21°. Initially, the electrical resistances of all
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electrodes are calibrated in a four-probe measurement configuration over the entire
temperature range. This calibration enables us to accurately measure the temperature in the
subsequent experiments by monitoring the changes in the resistance of the electrodes.
Next, the ambient temperature is held constant and a range of electrical powers are
dissipated into the heater. The temperature rises of the sensors are used to measure the
temperature gradients as functions of the input thermal power. After carrying out the
thermometry measurements, the graphene flakes are etched in low-power oxygen plasma
and control experiments are repeated in identical conditions in order to determine the

contribution of the underlying SiN membrane and the metal electrodes.

To accurately extract the thermal properties of the graphene single crystals and the GB
regions, 3D Finite Element (FE) simulations were performed using the actual geometrical
dimensions of the fabricated device (In collaboration with Prof. Foster’s group). Initially,
the data collected from the control experiments was used to find the temperature-dependent
thermal conductivity of the SIN membrane. In more details, thermal conductivity values
of the metal electrodes (using Wiedemann-Franz law)[32], [213] and the SiO: layer[214],
[215] are introduced into the steady-state thermal analysis of FE model as known
parameters, and the thermal conductivity of SiN membrane was found to match the
experimental data. Next, the average thermal conductivities of the grain and the GB regions
are fitted into the model in order to obtain the best match between the FE simulations and
the experimental temperature gradients on the thermometers. In the FE analysis, a thermal

interface resistance of 4x10® m2.K. W is assumed between SiO2-graphene and electrode-
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SiO,, which is in the range of typical values according to previous experimental
reports[34], [35], [154]. It is worth noting that owing to the large contact areas in the
designed platform, the extracted quantities are just slightly sensitive to the interface
resistances. Modulating contact resistances in the range of 5x10° to 7.5x108 m2.K.w*
(x87%) causes less than 3% change in the extracted thermal conductivities at 305K (details
are provided below). This range is adequately wide to account for the temperature
dependence of the contact resistances. The results of the FE simulations are plotted in
Figure 5a-b. Figure 5a shows the vector plot of the thermal flux in a half-size FE model,
clearly showing that more heat is being dissipated through the graphene region (right)
compared with the GB region (left). The steady-state temperature distribution in the FE

model is shown in Figure 5b.

Figure 5. Finite Element (FE) Simulations and Analyses. (a) Vector plot of the thermal flux in
a half-model FE simulation of the thermometry device, showing asymmetric heat dissipation

through grain and GB regions. (b) Temperature distribution in the FE model.
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2.4.1. Details of the Measurement Setup

An optical cryogenic refrigerator (from Janis, model: CCS-450) were used to carry out our
temperature dependent thermometry experiments. The system provides a nominal
temperature range of 10 to 500K using a closed loop Helium compressor and precise
temperature controlling unit (Lakeshore 335). All the measurements are carried out in
ultra-high vacuum (~10"" mbar) to minimize the heat losses by convection. As shown in
Figure 6a-b, the electrical connections are established through a chip-carrier/socket pair
with thermally anchored wires. The chip carrier is mounted on top of the cold finger by
applying sufficient vacuum compatible thermally conductive grease and is further fixed by
a Teflon strip to provide normal force for a good contact. The Same grease is also used on
top of the chip carrier to minimize thermal contact resistances between the silicon/SiN
membrane chip and the chip carrier. The temperature drift between the sample position
and the cold finger was tested all over the temperature range. The temperature difference
between the cold finger (read by the cryostat) and top of the chip carrier (sample), was
measured by a calibrated cryogenic temperature sensor (Omega model: CY7-SD7),
mounted on the chip carrier. Figure 6¢ shows the temperature drift in temperatures lower
than 100K. The corrected temperature profile has been used as the “sample temperature”

throughout the manuscript.
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Figure 6. Details of Experimental Setup (a-b) Optical images of the measurement setup (c)
Measured temperature drift between the sample and cold finger.

2.4.2. Details of the Measurement Process

To carry out the temperature dependent thermometry experiments, the electrical
resistances of all electrodes are initially calibrated in four-probe measurement
configuration over the entire temperature range, as shown in Figure 7a. Owing to the
symmetric design, the electrodes have quite similar resistance values and follow similar
trends. Figure 7b shows the current-voltage characteristics of the resistors at room
temperature in multiple sweeps and also before and after a complete set of experiments.
With a very good approximation, all of the trends are linear and overlapping, without
hysteresis and drift. Calibration of the resistances with the temperature enables us to
accurately measure the temperature in the subsequent experiments by monitoring the
changes in the resistance of the electrodes. Next, the temperature is swept and at any of the
desired temperature points, a range of electrical powers are dissipated into the heater, and
the three resistances are monitored in 4-probe configuration. Figure 7c shows a

representative signal obtained for the device with 3° mismatch angle at 100K.
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Figure 7. Details of the Thermal Transport Measurements. A representative set of data
processing plots from the experiments for the device with 3° mismatch angle. (a) The resistance
vs. temperature curves (calibration) for all the three electrodes (heater and sensors). (b) The I-V
characteristics of the electrodes. (c) The time-dependent change in the normalized resistances of
the electrodes at 100K. (d) Point plot of the normalized resistance as a function of time. The
standard deviation of all the data point at each applied heater power is considered as the uncertainty
of the measurement (4.9923x107%), which translated into a temperature resolution of 18mK. (e) The
change in the normalized resistances of the three electrodes as functions of the heater input power.
The inset shows the same curves. (f) The change in the temperatures of the electrodes as functions

of applied power to the heater.
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Owing to the ultra-thin structure of the platform and very small thermal capacity of the
membrane, the transient time of the heat transfer is shorter than a second. The steady state
heat conduction regime is reached immediately after changing the applied bias, as
indicated in Figure 7c. The uncertainty of the measured R/Ro based on the standard
deviations of all the data points (an example is shown in Figure 7d) at that certain applied
heater power (56.208 pW) is measured to be 4.9923x107°, which translates into 18mK
fluctuations in the converted temperatures, according to its conversion slope which is:

A~ 363.0319K.
A

Ro

In the R-t trend of the three sensors, by eliminating the time, the changes in the
resistance are plotted as a function of applied power, as shown in Figure 7e. Using the
calibration curves, the temperature rises of the three electrodes as functions of applied
power are obtained and plotted in Figure 7f. This final curve is used as the input for the FE

analysis for all the devices in all temperature points.
2.4.3. Details of the FE Simulations

To extract the thermal properties of the graphene, GB region, and the SiN membrane,
FE simulations were performed using the commercial ANSY'S software. Considering the
symmetrical design of the platform, the actual geometries of the fabricated devices are
used to make a 3D half model in size of 500x250x0.1 pm? (Figure 8a). As shown in Figure
8b-c, the model consists of four layers of solid elements (Solid70), representing Gold,

Chromium, SiO, and SiN from top to bottom, respectively. To model graphene flakes in
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the model, shell elements (Shell57) are used to add a thin layer of 0.335 nm thick, on top
of the SiN and underneath the electrodes. The swept mesh strategy is utilized to overcome
the large aspect ratio of the elements. The mesh size is refined and the convergence of the

results is tested.

Figure 8. Details of In-Plane FE Analysis (a) The overview of the temperature distribution in the
whole model. (b) Closer view of the central part of the model, which shows the electrodes in yellow
and the SiN membrane in blue (c) Closer view of the electrodes, consisting of 3 layers of Au, Cr,
and SiOz, from top to bottom, shown in yellow, red, and green, respectively. (d) The temperature
distribution in the central region of the model in a low number of color contours. The isothermal

lines clearly demonstrate asymmetry in the temperature distribution.

To run the simulations, three boundaries of the membrane (all edges except the

symmetry axis) are held at constant ambient temperature, and the symmetry boundary, as



well as the top and bottom surfaces, are isolated. Considering the geometry of the platform,
applying a constant temperature to the borders of the membrane is a very reasonable
assumption, as the membrane merges with a thick Si chip at those boundaries which
practically is a heat sink. Negligible convection and radiation is also a reasonable
assumption, as the temperature changes are small and the measurements are carried out in
high vacuum. To mimic the joule heating of the heater electrode, a power density is applied
to the heater which is inversely proportional to the width of the electrode. Solving the
steady-state thermal analysis, the temperature distribution is found for several of the
experimentally applied powers. The thermal properties of several of the materials that are
well-characterized in the literature are input as known. Namely, the thermal conductivity
of the metal electrodes is calculated from their electrical conductivity through Wiedemann-
Franz law[32], [216], using an average Lorentz number L = 2.7x10® W.Q. K2 The
temperature-dependent thermal conductivity of SiO- layer is also used according to former
studies[29], [167], [214], [217]. A typical thermal contact resistance of 4x10® m? K.W
was initially assumed to account for the SiO2-graphene interface resistance[29], [32], [34],
and the SiO»-electrode interface resistance[35]. However, it was later noticed in the
uncertainty analysis that even using much larger values in the range of 7.5x10%m2 K. W
only slightly changes the results (<3% at 305K and ~8% at 44K). This is due to the very
weak sensitivity of the extracted quantities to this parameter, owing to the relatively large

contact areas in the designed platform.
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After developing the model, the data from the controlled experiment is first used to
extract the temperature-dependent thermal conductivity of the underlying silicon nitride
membrane. For this purpose, the SiN thermal conductivity is optimized to match the
experimental temperature gradients on several of the applied powers. The optimization
process stops when the errors in the temperature gradients between the simulations and
experiments are smaller than 0.5%. Next, the experimental results of the graphene and GB
region are used to match/extract the average thermal conductivity of the graphene region
as well as the GB region. Figure 8d illustrates a set of temperature distribution which
matches the experimental data. Intentionally, the distribution is indicated by only 8
contours in Figure 8d to demonstrate the asymmetry in the temperature distribution by the

distinct isothermal lines.
2.4.4. Details of the Control Experiments

After carrying out the thermometry measurements and etching the graphene flakes in
a low-power oxygen plasma, control experiments are performed in order to determine the
thermal conductivity of the underlying SiN membrane. The thermal properties of the SiN
thin films in the literature vary within a wide range, depending on the elemental
composition of the film (i.e. X in SiNy), deposition method and quality, thickness, and etc.
Hence, direct extraction of its thermal conductivity in our devices is crucial. As shown in
Figure 9, it is found the thermal conductivity of the SiN membrane through our control

experiments and found its trend to be weakly dependent on the temperature, similar to the
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previously observed trends[218].These values are used as the input for extraction of the

thermal conductivity of graphene/GB-region.
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Figure 9. Extracted Thermal Conductivity of The SiN Membrane.

2.5. Analysis of the Experimental Thermometry Results

Figure 10a shows the extracted average thermal conductivity values of the graphene
and GB regions for the three tested devices having misorientation angles of 3, 8, and 21°.
The thermal conductivity of single crystalline graphene at room temperature is extracted
to be 836+126 W.m™1.K™. The error bars represent the overall uncertainties of the
measurements and are fully discussed later in this manuscript. This Figure also reveals that
a single GB can significantly decrease the thermal conductivity of the graphene structures,
and its effect becomes more evident as the misorientation angle of the merged grains
increases. To quantify the excessive thermal resistance caused by the GBs, the thermal

resistance (R) of the measured films was calculated as a function of temperature in Figure
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10b using a simple equation R=L/(KWt) where L,W, and t are the length (5 um), width
(11.5 um), and thickness (0.335 nm) of the graphene channel, and K is the average thermal
conductivity values from Figure 10a. The resistance of the GB regions (Rea-region) Can be
thought as a superimposition of two components: (i) the isolated GB (Rgg) and (ii) it's
adjacent graphene lattice (Rg). The contribution of the graphene lattice is directly found in
the grain region of the device, hence, the contribution of the GB is obtained by subtracting

the overall resistance of GB region from that of graphene region (Ree=ReB-region-RG).
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Figure 10. Extraction and Analysis of the Experimental Data. (a) Temperature-dependent
extracted thermal conductivity of the single crystalline graphene and the GB region with different

mismatch angles (3, 8, and 21 degrees). The error bars represent the overall uncertainty of the
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measurements. (b) The thermal resistance of the GB regions and the single crystalline graphene
grains. (c) The thermal conductance per unit area (G/A) of the different GBs. (d) The additional
thermal resistance caused by an individual GB is shown as an equivalent extra length of the single

grain with a similar width.

As a geometry-independent quantity, Figure 10c shows the thermal conductance per
unit area (G/A) for the isolated GBs having different mismatch angles (G=1/Rgg). At room
temperature, the measured G/A are 2.25, 1.02, and 0.26 GW.m™2.K™, for the GBs with 3¢,
8°, and 21° mismatch angles, respectively. A previous theoretical calculation predicted that
thermal conductance through the GBs at room temperature varies 50% to 80% of the
Ballistic limit (~4.2 GW.m?2.K?), depending on the phonon transparency of the GB
structure[26]. While the G/A for the GB with 3° mismatch angle lies within the predicted
range (~53%), the results of the GBs with 8° and 21° mismatch are strikingly lower, in the

range of 24% and 6% of the Ballistic limit, respectively.

Figure 10d shows the equivalent length of single crystalline graphene per unit width
which causes the same thermal resistance as of the GBs. This representation reveals that a
few-nanometer-wide GB with 21° mismatch angle imposes a huge thermal resistance,
equivalent to 3.25 pum of single crystal CVD graphene, while this equivalent length is only

380 nm for a GB with 3° mismatch angle.

2.6. Uncertainty Analyses
The partial derivative method is used to calculate the sensitivity of the extracted

quantities to different input parameters and to estimate the uncertainty of the analysis[32].
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The sensitivities are calculated by perturbing each parameter with a small amount (0xi)
around its typical value (xi) and calculating the optimization/extraction process to find the
corresponding change in the extracted conductivities (0k). The dimensionless sensitivities
are then calculated as follow:
_x; Ok
Si = Ea_xl
By knowing the sensitivity for each parameter, the overall uncertainty (ux) in the

extracted thermal conductivities can be calculated as follow:

u Uy \ 2
- 26

l

where u,, is the overall random and systematic uncertainty of the i"" parameter around

its typical value (xi) and s; is the sensitivity to that particular input.

Table 1. Uncertainty analysis for the device with 8° mismatch angle at 305K.

Xi Uy Ui/ Si.cr Si.cs Cicr= Cice= | (Cie)® /| (Cice)? /
Input Units [si-erl x [si-arl (cie) Z(cice)
(values) (errors) UafX UafXi

Kwmetal W/m/K 252 10 3.97% 0.602 0.679 2.39% 2.69% 3.65% 4.70%
Ksin W/m/K 152 0.2 13.2% 0.904 0.895 11.9% 11.8% 90.4% 89.9%
Ksioz W/m/K 14 0.1 7.14% 0.017 0.017 0.12% 0.12% 0.01% 0.01%
Rcontact m2.W/K 4x10® 3.5x10® 87.5% 0.034 0.032 3.01% 2.84% 5.8% 5.22%
OMetal nm 45 2 4.44% 0.108 0.121 0.48% 0.54% 0.15% 0.19%
dsin nm 100 3 3% 0.014 0.014 0.04% 0.04% 0% 0%
Ssioz nm 5 1 20% <0.01 <0.01 0% 0% 0% 0%
Woraphene/ 2 nm 5750 20 0.35% n.a. n.a. 0% 0% 0% 0%
LGraphene nm 5000 20 0.4% n.a. n.a. 0% 0% 0% 0%
Welectrode nm 500 5 1% n.a. n.a. 0% 0% 0% 0%
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Table 1 summarizes the uncertainty analysis of different inputs, showing the typical
values, errors, sensitivities, and the relative and absolute contributions of each parameter
to the overall uncertainty at T=305K, for a representative device (8° mismatch angle). The

overall uncertainties for all the data sets at the boundary points are shown as error bars in
Figure 10a. The overall uncertainty (%) for the device with 8° mismatch angle is ~12.5%

for both graphene region and the GB region at 305K. The errors have a ~90% relative
contribution by the uncertainty of the measurement in the thermal conductivity of the SiN
film (control experiments). These analysis also reveal than the extracted thermal
conductivities at 305K are less than 3% affected by the interface resistances changing in
the wide range of 5x10° to 7.5x10® m2.K.W-L. All the error bars shown in Figure 10a are
calculated with same method. It should be mentioned that only the effect of thermal
parameters and geometrical thicknesses were taken into account. Perturbing other
dimensions of the device such as width and length of graphene and width of the electrodes
was not feasible for us, as in each case the model need to be meshed from scratch.
However, it is noted that the uncertainties of these parameters are all within 1%, and their
sensitivities are also expected to be small. Hence their errors would minimally affect the
overall results, and are considered to be zero in the analysis.
2.7. Theoretical Modelling (in collaboration with Prof. Aksamija’s groups)

In order to explain the order of magnitude difference between our experiments and
previous predictions[26], extensive theoretical modeling (in collaboration with Prof.

Aksamija’s groups) were carried out to elucidate the different phonon modes and their
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scattering mechanisms involved in thermal transport across the graphene GBs. To calculate
the in-plane thermal conductance across graphene GBs, the solution to pBTE is used in the

presence of GBs.[219] The details can be found in the published paper.[1]

In general, thermal transport in supported graphene is characterized by the complex
interplay between boundary roughness scattering and various internal scattering
mechanisms (substrate, phonon-phonon, impurity, isotope scattering)[220]. It has been
found that in wide supported graphene nanoribbons (GNRs), substrate scattering plays a
dominant role over edge roughness scattering, while in narrow GNRs, edge roughness
scattering plays a significant role. In the case of graphene GBs, it is crucial to determine
the contribution of the phonon scattering at the GB compared to other scattering
mechanisms[219]. It is also necessary to determine how different characteristics of the
GBs affect the thermal transport. Direct imaging of graphene GBs has shown the atomic
structure of the GBs can be comprised of a highly disordered and corrugated region[25],
[80], [95], [96], which is in contrast to well-ordered and symmetric GB structures more
commonly used in simulations. For a low angle of grain mismatch, this disordered region
is narrow and can be treated as a thin GB (single ring wide) having a root mean square
(rms) value of edge roughness A, whose value depends on the mismatch angle. When
phonons encounter such GBs, they may scatter with the roughness, and the probability of
this interaction depends on the direction of phonon propagation and its wavelength. Small
wavelength phonons interact with the GB more strongly and are scattered randomly while

large wavelengths can pass through the boundary unaffected. This interaction is captured
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by the momentum-dependent specularity parameter, representing the fraction of incident
phonons with wavevector g that will pass through the boundary unaffected, and is given
by p(4) = exp(—4A%q? cos? 8). As A increases, the specularity p(g) rapidly tends to

zero, indicating that all incident phonons will scatter diffusely once at the GB.

However, GB scattering is only one of several scattering mechanisms in supported
graphene. Most notably, substrate scattering adds considerably to scattering of phonons in
supported graphene[32]. The additional scattering from the thin GB can only reduce the
total thermal conductivity from ~850 W.m1.K* to ~750 W.m™.K* due to the strong
competing influence of the substrate. At higher angles of mismatch, atomic resolution
images obtained from graphene GBs by scanning tunneling microscope (STM)[80] and
TEM [25] show that a disordered boundary region can form, which can be wide enough to
add a considerable amount of additional resistance to the heat flow.

The added thermal resistance due to the disordered graphene region of width W, in the
GBs is calculated from Cahill’s minimum thermal conductivity model[221] by setting the
scattering rate to the maximum value reached when the phonon lifetime equals one half of
its period of vibration (z,,,}, = w/m). This model provides what is believed to be a lower
bound on the thermal conductivity of the disordered region; hence the W, calculated from
the minimum thermal conductivity model can be thought of as a lower bound on the width

of the disordered region at the GB.
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Figure 11. Boltzmann Transport Modelling Results. (a) Thermal conductivity vs. temperature
calculated from the phonon Boltzmann transport model. The symbols in (a) and (c) represent
experimental data from Figure 10 (a) and (c), while solid curves represent simulation results. (b)
shows the thermal conductivity at room temperature vs. the GB roughness A and width of the
disordered boundary region Wp. The solid curve shows total thermal conductivity plotted against
both Wp and A, while dashed line shows thermal conductivity vs. A with Wp =0 and the dotted line
shows thermal conductivity vs. Wp keeping A=0. Symbols represent experimental data at 300K.
(c) Thermal conductance of the grain boundary vs. temperature.

Figure 11a shows the variation of thermal conductivity with temperature for various
grain mismatch angles, including the one with no GB (single crystal). The total thermal
conductivity in Figure 11a has been calculated as Ksp_region = W5/ (Rgp—region - A
where Rgp_region 1S the total resistance due to graphene with GB and amorphous patch
and is given by: Rgp_region = [ (W — Wp)/(A.K¢)] + [Wp/(A. Kimin)]. Here, Wg
denotes the width of the graphene between heater and sensor (5um), W, is the width of the
disordered region at the GB, and K denotes thermal conductivity of graphene without any
GBs. Kp,in is the thermal conductivity of the disordered region from Cahill’s minimum
thermal conductivity model. Figure 8c shows the effective G/A through a GB as a function

of temperature. The G is calculated as the reciprocal of the resistance arising due to GB
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alone (Rgp) as (G = 1/Rgp), Where Rgp = [W/(A. Kgp_Region)] — [Ws/(A.K;)] and
K:g-region denotes total thermal conductivity in the GB region (as calculated above). It

can be seen that the boundary conductance (G/A) results obtained from phonon BTE are

in excellent agreement with the experimental data.

The effect of the GB on thermal conductivity due to different rms roughness (A) and
the effect of disordered region due to its varying width (W) are complementary to each
other because the effect of roughness saturates after A=0.25 nm. Figure 11b shows that for
low values of A and W), the total thermal conductivity (solid curve) follows the thermal
conductivity curve due to GB scattering alone (dashed curve), and for higher values of A
and W), follows the thermal conductivity trend due to the width of disordered strip alone
(dotted curve). Hence, for small values of A and W, (up to 0.25nm), thermal conductivity
is largely dominated by the GB scattering alone with negligible effect from the narrow
disordered strip, in agreement with the experimental data for low mismatch angle. For
higher values of A and W}, (beyond 0.25nm), GB scattering becomes completely diffuse
(p=0), and the effect of boundary roughness saturates. There is a natural cross-over
occurring at 1 nm, beyond which the thermal conductivity is governed dominantly by the
additional resistance of the disordered region. This is in good agreement with the
experimental data for large angle mismatch. Using the explained methodology, the
experimental data for thermal conductance of the GB is well reproduced for the entire
temperature range (Figure 11c). These results are also confirmed through MD simulation

carried out by Prof. Khalili-Araghi’s group.[1]
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2.8. Summary and Conclusion

In summary, a symmetrical electrical thermometry technique was used to directly
extract the temperature-dependent thermal resistance of graphene GBs with different
crystalline mismatch angles. It was observed that the thermal resistance at highly
misoriented GBs can be remarkably higher than previous theoretical predictions owing to
the larger disorder found in the atomic structure of GBs in CVD grown graphene. BTE
calculations indicate that a bimodal scattering mechanism governs the phonon transport
through the GB: for small mismatch angles, the thermal resistance of the GB can be
captured through phonon scattering from the GB roughness while for higher mismatch
angles, the GB roughness effect is saturated. The lower thermal conductivity at higher
mismatch angles can be explained by the presence of a narrow strip of disordered graphene
at the GB. For the highest mismatch angle of 21°, the width of the disordered region is
calculated to be 7.5 nm based on the minimum thermal conductivity model. For
intermediately misoriented GBs, thermal conductivity is affected by a complex interplay
between the amount edge roughness and the amount of disorder in the disordered patch.

Further study is required to probe the structure and morphology of the GB region.
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CHAPTER 3
INTERFACIAL THERMAL TRANSPORT IN MONOLAYER MoSz2- AND
GRAPHENE-BASED DEVICED

(Some parts of this chapter are taken from the published paper with the following citation:

Poya Yasaei, Cameron J. Foss, Klas Karis, Amirhossein Behranginia, Ahmed El-Ghandour, Arman
Fathizadeh, Javier Olivares, Arnab K. Majee, Craig D. Foster, Fatemeh Khalili-Araghi, Zlatan
Aksamija, Amin Salehi-Khojin, “Interfacial Thermal Transport in Monolayer MoS,- and
Graphene-Based Devices” Advanced Materials Interfaces, p. 1700334, Jul. 2017.

Please refer to the authors’ contributions in page iv in the beginning of this document for details of
the contributions)

3.1. Introduction

Since 2D materials at their limit of thinness (monolayer) are essentially “all-interface”
their interactions with the underlying substrates and encapsulating layers can largely affect
their performance. Thus far, the effects of these interactions have been carefully considered
in the design of the electronic functionality of the devices made of 2D materials.[27]
However, it is equally important to consider the interfacial thermal transport characteristics
of 2D materials in the design criteria, if one is to benefit from their intriguing properties,
especially for high-power/high-frequency applications.[28]-[37] Over-heating in 2D-
based electronics could lead to chemical degradations and/or thermomechanical strains
resulting in the failure of an operating device or deviation from the desired performance

characteristics.[130]

Despite the importance and implications in many areas, there is an enormous

discrepancy in the literature on the interfacial thermal transport characteristics of MoS;
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and other TMDs.[36], [37], [133], [165] Through Raman thermometry technique, Zhang
et al.[37] reported TBC values in the order of 0.1-1 MW.m2.K for MoS; or MoSe; with
SiO; and gold-coated SiO- substrates, far smaller than the previously reported values on
graphene[34], [35], [166], [172], [190]. Taube et al.[36] in another Raman-based study
obtained a value of ~2 MW.m2.K! for TBC of monolayer MoS; on Si/SiO2 substrate at
300K. Yalon et al.[133] also employed the Raman spectroscopy technique and estimated
the TBC between AlOx-coated monolayer MoS; and Si/SiO; substrate to be in the range
of 14+4 MW.m™.K'! at room temperature. This 1-2 orders of magnitude variation demands
a precise thermal transport study on MoS; in order to produce reliable data at different
temperatures and to identify the possible sources of such disagreements. Particularly, if the
values in the range of 1 MW.m?2. K stand for the TBC of MoS; with the substrate, the
MoS>-based circuitry would suffer from enormous heat removal and thermal management
challenges. It is worth noting that these numbers are nearly 2 orders of magnitude smaller
than the typical TBC values reported between graphene and substrates.[34], [35], [166],

[172], [190]

In this chapter, the interfacial thermal transport across CVD MoS; and graphene
monolayers is systematically studied using electrical thermometry experiments and 3D FE
analyses (In collaboration with Prof. Foster’s group). First, the results were validated on
graphene with the well-established data in the literature obtained from different techniques
(e.g., time domain thermoreflectance and Raman).[35], [166], [172] In identical

measurement platform and experimental conditions, it is observed that the TBC across
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MoS; remains in the same range as in graphene, far larger than the reports based on Raman
thermometry with optical heating.[36], [37] To address the possible sources of discrepancy
in the measured TBC values in the literature, the effect of processing quality and potential
interface contaminants (affecting the interface couplings and adhesion forces) are studied
on the measured TBC values through a comparison between direct-grown and transferred
MoS. monolayers. The effects of the underlying substrate on the TBC across MoS> and
graphene is also examined by performing identical experiments on two of the most
technologically viable substrates, namely, Si/SiO2 and c-plane sapphire. Finally, the effects
of metal encapsulating layers on the TBC are investigated through a combination of MD
simulations (in collaboration with Prof. Khalili’s group) and BTE modeling (in
collaboration with Prof. Aksamija’s group) which reveal that that the emergence of
Rayleigh wave modes (RWMs) dramatically contributes to the interfacial conductance
across encapsulated 2D monolayers.
3.2. Synthesis and Characterization of Graphene and MoS2

The MoS; and graphene used in this study were synthesized by atmospheric pressure
CVD method with recipes described in our previous reports[99], [222]. The graphene
flakes were synthesized by ambient pressure CVD process, similar to Chapter 2 of this
dissertation and the previous reports.[1], [99] A typical PMMA-assisted[55], [56] method
was used to transfer the graphene flakes to the desired substrates. For MoS; synthesis, a
vapor phase CVD method[22], [223] was adopted, in which the sulfur flakes and

molybdenum trioxide (MoQOz) powder are used as precursors. In this process, the target
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substrates (Si/SiO> or sapphire) were placed upside-down in an alumina crucible having 2
mg of MoO3 and then loaded in the center of a 3” quartz furnace. Another crucible having
1 g sulfur was also loaded in the upstream in a precisely calibrated location (to achieve the
desired temperature profile). The furnace is then evacuated and purged with argon gas to
reach to atmospheric pressure. The chamber temperature was then increased to 550 °C in
30 minutes and to 850 °C in the next 60 minutes under 70 sccm argon flow. The growth
time was 10 minutes and the furnace was cooled down to the room temperature by natural
cooling. MoS:; flakes were either directly used for device fabrication or transferred using
a PMMA-assisted method with KOH etching.[22] AFM and Raman spectroscopy revealed
that the synthesized graphene and MoS: are highly crystalline monolayers, as evidenced
by their sub-nanometer measured thickness and sharp Raman peaks. More specifically,
Figurel2a-b shows topographic AFM maps of MoS; and graphene single crystalline flakes
with apparent thicknesses of 0.65 nm and 0.75nm, respectively. Raman spectroscopy is
used to characterize the crystalline quality of the synthesized structures. For MoS,, the
signature peaks of E3, and A, appear at ~384.6 and ~405.6 cm™ which show a high-
quality CVD MoS; which corresponds to a mono- or bilayer (Figure 12c).[22], [224] In
case of graphene (Figure 12d), apart from a small defect-induced D-peak at ~1340-1350
cmt, the Raman spectra shows the graphitic G and 2D peaks, respectively at 1580 and
2670 cm™ with an intensity ratio (lao/lc) of >2, which correspond to monolayer
graphene[23], [99], [210]. With the combination of Raman and AFM results, it is

concluded that the MoS. and graphene samples are monolayers.
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Figure 12. Characterization of MoS; and Graphene Flakes. (a-b) AFM topography maps of the
direct-grown MoS; and transferred graphene flakes on Si/SiO; substrate. The scale bars are 5 pm.
(c-d) Raman point spectra obtained from the synthesized MoS; (c) and graphene (d) flakes.

It is worth noting that the graphene flakes were synthesized on copper foils and then
transferred to the target substrates via polymer-assisted wet transfer process.[225] The
MoS:; flakes were either directly synthesized on the target substrates or transferred via a
similar polymer-assisted method.[22] This enables us to account for the contributions of
interface contaminants and coupling forces on the interfacial thermal characteristics of

MoS; with the substrate.
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3.3. Design and Fabrication of Through-Plane Thermometry Platform

To measure the thermal transport across MoS: and graphene, a symmetrical serpentine-
shape four-probe electrical thermometry platform was designed which simultaneously
serves as the heater and the temperature sensor. Figure 13 shows different steps of the
fabrication process for the thermometry platform. After the transfer processes, the samples
are annealed at 300 in °C for 3 hours in presence of argon (for MoS>) or forming gas (for
graphene). The selected flakes are then patterned into a symmetrical (octagonal) shape
through a standard EBL process followed by oxygen plasma etching. The resist is then
dissolved in remover PG and the surface is then annealed again, as explained above, to
remove the solvent residues and obtain a clean surface. In the second EBL process the
electrode patterns are transferred onto the sample and metal (5/50 nm Ti/Au) is deposited.
Finally, the excess of the flake is etched away in another oxygen plasma process to prevent

in-plane thermal and current cross-talking.
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Figure 13. Different Steps of The Fabrication Process. The scale bars are 10 pm.

3.4. Through-Plane Thermometry Experiments

For temperature-dependent thermometry experiments, the devices were mounted on
chip carriers using conductive epoxy and loaded into the cryogenic system with a precise
temperature controller. The experiments are performed in high vacuum (~10" mbar) to
minimize the heat losses by convection. The temperature rise was always kept under 40K
which results in a negligible heat loss through radiation. The temperature of the cold finger
is used as the cold source temperature (Tc) in all the measurements, while the hot source
temperature (Tw) is measured at the heater/sensor through electrical thermometry. The chip

carrier is mounted on the cold finger by applying sufficient vacuum compatible thermally

49



conductive grease and is further fixed by a Teflon strip to provide normal force for a good
contact. The test substrate is fixed on the chip carrier with conductive epoxy, which
provides an improved conductance compared to our previously used method by double-
sided copper tape and thermal grease. In this modified configuration, the temperature drift
in the system is negligible down to ~35 K, but to assure a minimal error for precise TBR

extractions, only the data above 85 K is used in the analyses.

In the thermometry experiments, the temperature of the cryostat is swept from 25 K to
295 K and kept constant at desired temperature points. At each point, the temperature is
regulated for 1 hour to assure thermal stabilization with a uniform temperature distribution
in the entire chip carrier/substrate structure. Next, a range of electrical powers are
dissipated into the heater, and the resistance is monitored in 4-probe configuration, as
shown in Figure 14a. In small applied powers, the resistance of the heater does not change,
revealing that the temperature rise due to Joule heating is approximately zero. This
resistance can be correlated to the temperature of the cold finger, enabling the calibration
of the heater electrode for temperature sensing (Figure 14b). Calibration of the resistance
with the temperature allows for accurate temperature measurements in the higher applied
powers where the temperature increases due to Joule heating (Figure 14c). The small size
of the heater electrode results in a small thermal capacity in which the transient time of the
heat transfer is in the order of few seconds. Hence, running the measurement for ~ 100s is
long enough to obtain a steady-state response in the platform. Figure 14d shows the

temperature rise of the electrode as a function of applied power which is used to obtain the
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overall thermal dissipation resistance to the environment (Rtn). In other words, the Rtn
represents the average temperature rise of the serpentine shape electrode when the unit
power (e.g., ImW) is being dissipated between the voltage leads of the platform. The small
non-linearity in the Temperature-Power data at high dissipated powers - especially for low-
temperature data - originates from the temperature dependence of thermal conductivity of
the substrate materials (i.e., SiO2). To avoid such issues, the data around 1mW dissipated
power is used for extraction of thermal resistances throughout the manuscript where the

temperature rise is less than 20 K over the entire temperature range.

In our thermometry experiments, the uncertainty of the measured resistance based on
the standard deviations of all the data points in the lowest applied power (14.454uW @
295K — worst case) is measured to be 1.2916x1073, which translates to ~45mK fluctuations
in the converted temperatures, according to the calibration curve. The sample numbers and
plots provided in this section are based on the control experiment on the Si/SiO2 (270 nm)

substrate as a representative of all other measurements.
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Figure 14. A representative Set of Data Processing Plots for One of The Control Experiments
on Si/SiO; Substrate. (a) The resistance vs. time at different temperatures and applied powers. (b)
The calibration curve for temperature vs. resistance. The data is fitted by a 3' order polynomial.
(c) Converted temperature vs. time at different base temperatures and applied powers. (d) The
temperature rise of the electrode as a function of applied power at different base temperatures.

Figure 15a-b shows the thermometry platform and the FE model used for analysis of
the experimental data. Figure 15¢ shows the temperature-dependent Rty of the devices
based on transferred graphene, direct-grown and transferred MoS; in K/ImW (Kelvin per
milliwatt). The Rrn values of the devices without 2D materials (control experiment) on
Si/SiO2 (270 nm) substrate tested under identical experimental conditions is also shown in
Figure 15c. All the tested structures show a similar descending trend for Rtn versus

temperature which is mainly dictated by the thermal resistance of the Si/SiO> substrate.
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The difference in the RtH values is associated with the difference in the TBR caused by
the presence of the graphene or MoS2 monolayer. It is worth noting that for all the tested
structures herein, at least 3 different devices were tested to assure repeatability of the
measurements and the standard deviations of the measured values are shown as error bars

in the RtH versus Temperature plots.

To quantify the contribution of each component (e.g., metal electrodes, interfaces, and
substrate) on R, the experimental data was analyzed in a 3D FE model using the actual
geometrical dimensions of the fabricated devices. Figure 15b show the top and cross-
sectional view of the temperature distribution in the Au/Ti/MoS2/SiO2/Si stack (270nm
SiO> thickness) at ImW applied power at 295 K base temperature. The results indicate a
sharp temperature gradient around the interface and the oxide layer due to their large and
localized resistance. In the FE model, the temperature-dependent thermal conductivity of
the substrate materials (presented in the next subsection)[32], [226], [227] and the metal
electrodes (obtained using Wiedemann-Franz law)[32], [213] were used as known
parameters in the steady-state thermal analysis. The modeled lumped TBR between the
metal electrode and the substrate (in presence or absence of the 2D material) was then

iteratively found to match the experimental data.
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Figure 15. Through-Plane Thermometry Experiments and FE Analyses (a) Colored SEM
image of the electrical thermometry platform fabricated on a symmetrically patterned MoS: flake.
The scale bar is 2um. The inset shows the same device before oxygen plasma etching. (b)
Temperature distribution in the FE model for the Au/Ti/MoS./SiO,/Si stack at 1mW applied power
and at 295 K base temperature. The cross-sectional side view of the FE model along the black
dashed line is also shown. (c) Temperature-dependent overall thermal resistance to the
environment (Rry) of all the tested structures on Si/SiO, (270nm SiO; thickness). The inset
magnifies the same curves. The error bars indicate the standard deviation of at least 3 experiments
in identical conditions. (d) Temperature-dependent TBC for the tested structures extracted from
the FE analyses plotted against the data from Koh et al.[35] and Chen et al.[34] reports. The error
bars represent the overall uncertainty of the measurements, as discussed in the following
subsections. (e) Rtu versus T, and (f) TBC versus T for the tested structures on sapphire.

As a geometry-independent quantity, the TBC values (reciprocal of TBR) extracted

from the FE analyses are shown in Figure 15d for graphene, MoS; (direct-grown and
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transferred), and control experiment on Si/SiO> substrate over the entire temperature range
(85-295K). The temperature dependence of TBC follows the heat capacity of the as
flexural acoustic (ZA) branch[228] and nearly flattens at room temperature, in accordance
with earlier work.[35] The results are plotted along with the data by Koh et al.[35] for heat
conduction across Au/Ti/Gr/SiO2/Si and Au/Ti/SiO2/Si interfaces as well as the data by
Chen et al.[34] for the heat transport across sandwiched graphene between SiO> layers
(Si02/Gr/SiO2). The error bars represent the overall uncertainties of the measurements and
are fully discussed in the following subsections. For the case of Au/Ti/Gr/SiO./Si and
AU/Ti/SiO/Si, the TBCs at 295K are 27 and 74 MW.m™.K™, respectively, consistent with
the results obtained by Koh et al. on the very similar structures using time domain
thermoreflectance (TDTR) method.[35] The values are also in agreement with the report
by Yang et al.[166] which shows a TBC of 22+2 MW.m>2.K! for the Au/Ti/Gr/SiO-
interface and 80 MW.m=2.K! for the control experiment (Au/Ti/SiO,). The TBC at 295K
for Au/Ti/MoS,/SiO,/Si stack is also found to be 33.5 and 20.3 MW.m™2.K™* for the direct-
grown and transferred MoS, respectively. This difference is likely due to the presence of
interface contaminants in the transferred structure resulting in a weaker interface coupling
(adhesion forces) or an additional series resistance in the path of phonon transmission
across the interface. Here it is noted that the TBC in both MoS; cases are in the same order
as in graphene, but they are remarkably larger than the previous reports by Zhang et al.[37]
(0.1-1 MW.m2.K1) and Taube et al.[36] (~2 MW.m2.K ). However, our results agree

better with the data by Yalon et al. where the TBC for the monolayer CVD MoS: encased
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between an AlOy layer and a SiO/Si substrate was estimated to be 14+4 MW.m2.K? at
room temperature.[198] The disagreement among these results can be partly due to the
presence/absence of an encapsulating layer. The samples in this study are encased by a
metal and the report by Yalon et al.[133], [198] is on AlOx-coated samples, while the
reports by Zhang et al.[37] and Taube et al.[36] do not have any encapsulating layer on
the 2D material. The discrepancy could also be due to better interface quality in our tested
structures. The samples were annealed at 300 in °C for 3 hours in vacuum which is known
to remove the polymeric residue[229] and increase the adhesion of the 2D monolayers with
the substrate. Our extracted TBCs are also an order of magnitude larger than the reported
values by Judek et al.[165] on multilayer graphene and MoS; which are 1.7+0.2 MW.m"

2 Kland 2.6+0.2 MW.m2.K, respectively.

The same measurements was also performed on sapphire substrate (c-plane, average
roughness: Ra<lnm) which has already proven as a viable substrate for many applications
involving 2D materials.[230], [231] Figures 15e-f show the full data set for sapphire along
with the selected data on Si/SiO> for comparison. Unlike the Si/SiO2 substrates with 270nm
oxide thickness, the Rt plots in all the sapphire experiments show an ascending trend as
the temperature increases from 85 to 295K (Figure 15e). More specifically, the Rty at
295K for Au/Ti/sapphire and Au/Ti/Gr/Sapphire stacks are 3.9 and 4.23 K/mW,
respectively, which decrease to 1.6 and 1.76 K/mW at 85K, suggesting the suitability of
sapphire for 2D-based cryogenic applications. The FE analyses on the sapphire

thermometry data show a TBC value of 44 MW.m2.K™ at 295K for the control experiment
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on sapphire which is smaller than that of Si/SiO> substrate (74 MW.m2.K'). This can be
explained by the larger mismatch in the Debye temperature of Ti (~420K) to that of
sapphire (1000K) compared with SiO> (550K).[141], [199], [232] For Au/Ti/Gr/Sapphire
and Au/Ti/MoSz/sapphire (direct-grown and transferred), the values of TBC at 295K are

33.5, 37.5, and 19 MW.m2.K1, respectively (Figure 15f).
3.4.1. Temperature Dependence of Thermal Conductivities of The Materials

The temperature-dependent thermal conductivities of all the materials used in the
fabricated structures are well-characterized in the literature and are input as known
parameters in the FE analyses. For the metal electrodes (Au/Ti), the effective thermal
conductivity is calculated from the electrical conductivity through Wiedemann-Franz
law[32], [216], using an average Lorentz number L = 2.7x10® W.Q.K"? (Figure 16a). The
temperature-dependent thermal conductivity of SiO> layer is used from the report by Bae
et al.[32] which is shown in Figure 16b. For sapphire and silicon single crystals, the data
reported by Dobrovinskaya et al.[227] and Glassbrenner et al.[226] are respectively used

in the analyses (Figure 16c¢-d).
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Figure 16. Thermal Conductivities of The Materials vs. Temperature. (a) Metal electrode
through Wiedemann-Franz law[32], [216], (b) Silicon oxide (SiO,), (c) Sapphire single crystal, (d)
Silicon single crystal.

3.4.2. Details of the Through-Plane Finite Element (FE) Simulations

A 3D FE model in lateral size of 100x100x pm? with a varying depth between 50.056 to

50.326 um (depending on the dielectric thickness), consisting of ~2x10° elements is built

in commercial software ANSY'S (See the full model in Figure 17a-b). In the model, solid

elements (Solid70) are used to represent all the five layers in the experimental thermometry

platforms. From bottom to top, the layers and their corresponding thicknesses are: (I) Si

(50pum), (1) SiO2 (270nm thickness), (I111) a Inm-thick layer representing the lumped TBR,
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(V) Titanium (5nm), and (V) Gold (50nm) (Figure 17c). The mesh size is refined and the
convergence of the results is tested. The geometrical dimensions of the model are obtained
from the SEM images of the actual fabricated devices within 5% error. The temperature-
dependent thermal conductivities of all the known materials are input as known to the
model. The back and side surfaces of the model are held at a constant (ambient)
temperature (the temperature of the cold finger in the cryogenic refrigerator). The top
surface is isolated which is a reasonable assumption due to a negligible convection
(vacuum ~107 mbar) and radiation (temperature changes < 20K). A volumetric heat
generation is applied to the current-carrying metal electrodes (gold) to resemble the Joule

heating which is inversely proportional to the width of the electrode.

By solving the steady-state thermal transport at different applied powers, the average
nodal temperature rises of the serpentine shape electrode (between the voltage leads) are
extracted and compared to that of the experiment. The thermal conductivity of the 1nm
TBR layer is then optimized in several iterations until the temperature rise in the model
matches that of the experiment (within 0.5% error). Figure 17d-f show few cross-sectional
view of the temperature distributions for the Au/Ti/Gr/SiO2/Si stack with 270 nm oxide

thickness at 295K and at 1mW.
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Figure 17. Details of The FE Model for Through-Plane Thermometry Platform. (a) Full view
of the FE model, showing the temperature distribution on a cross-sectional plane for the
AU/Ti/Gr/SiO2/Si stack with 270 nm oxide thickness at 295K and at ImW. (b) Top view of the
temperature distribution for the simulation shown in (a). (c) The actual distribution of the layers in
the cross-sectional view. (d-f) More temperature distribution plots at higher magnification for the

simulation shown in (a).
3.5. Uncertainty Analysis

To calculate the uncertainty of the extracted TBCs, sensitivity analyses were performed
using the partial derivative method, similar to the analyses in Chapter 2.[1], [32] In this
analyses, each of the input parameters are perturbed (&xi) around its typical value (x;) and
the corresponding change in the TBC (67BC) is calculated through FE simulation. The

dimensionless sensitivities are then calculated as follow:

. X JdTBC
" TBC 0x;

S
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The overall uncertainty (ursc) in the extracted TBCs is then calculated as follow:

= S X —
TBC _ %

l

where u,, is the overall random and systematic uncertainty of the i"" parameter around its
typical value (xi) and s; is the sensitivity to that particular input. Due to the heavy load of
the uncertainty analyses, this process is carried out for selected data points as shown in
Figure 15d and 15f. Table 2 summarizes a set of uncertainty analysis of different inputs on
the extracted TBC of the Au/Ti/M0S2/SiO2/Si stack (270nm oxide thickness — direct-
grown).

Table 2. Uncertainty analysis for the TBC of Au/Ti/MoS/SiO./Si stack (direct-grown) at 295K.

Input Units Xi Uxi UyifXi Si Ci= |Si x (Ci)z/
(values) (errors) (%) UsifXi| Z(ci)? (%)

Rth K/mwW 8.493 0.16 1.88% 7.463 0.019766 29.58

Kwmetal Wim/K 106.49 5 4.70% 0.207 0.000428 0.64

Ksioz Wim/K 1.26 0.03 2.38% 5.744 0.014318 21.42

Ksi Wim/K 149 5 3.36% 0.527 1.73%10°% 0.026

TBR (Metal-Si0;) | MKW | 7.4x108 | 2.5x10® | 33.78% 0.0098 1.11x10° 0.017

OMetal nm 55 2 3.64% 1.556 0.003202 4.791

dsioz nm 270 10 3.7% 4.605 0.02909 43.53

Wielectrode nm 950 20 2.11% Neglected N.A. N.A.

Lelectrode nm 6850 20 0.29% Neglected N.A. N.A.

The table shows the typical values, errors, sensitivities, and the relative and absolute
contributions of each parameter to the overall uncertainty of the TBC at T=295K. The error
in the Rrn is obtained from the standard deviation of at least 3 experiments in identical

conditions. The TBR (Metal-SiO>) is the TBR between the metal and substrate on the outer
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regions of the platform in the FE model (extension of the electrodes) which has a negligible

contribution to the overall uncertainty.

The overall uncertainty (uTTTfCC) IS 25.85% for the Au/Ti/M0S,/SiO2/Si stack at 295K. In

higher conductance substrates like sapphire, the uncertainty becomes smaller due to lower

contributions of the in-plane dissipation and substrate resistances.

3.6. Theoretical Modelling and Simulations (in collaboration)

In extracting the experimentally measured values, all interfacial resistances including
the metal/2D-material and 2D-material/substrate were considered as a lumped TBR value
in the FE model. Next, we collaborated with Prof. Khalili-Araghi and Prof. Aksamija’s
groups to deconvolute the contributions of these resistances and to gain more insight into

the governing physics of the interfacial thermal transport in these structures.

MD simulations were used to calculate the through-plane thermal conductivity of a
stacked system consisting of a single layer of MoS> sandwiched between Ti on one side
and SiO2 on the other side (Ti/Mo0S2/SiOz). The TBC (Kapitza conductance) at each
interface was extracted from a series of NEMD as outlined in Figure 18. The details of the

MD simulations can be found in reference [2].
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Figure 18. Snapshots of The Four MD Simulation Systems Consisting of Ti, MoS;, and SiO..
For each system, the temperature profile normal to the plane of MoS; obtained from the NEMD

simulations is shown. The temperature profiles are used to calculate the TBC at each boundary.

In addition to obtaining the TBC between MoS; and substrates (Ti or SiO2) in the triple
stacked (double interface) system (Figure 18d) two other simulations were performed to
calculate the TBC between MoS; and Ti as well as MoS; and SiO; directly from double
stacked systems (single interface), as shown in Figure 18b-c. A control simulation on Ti-
SiO> stack without the MoS: layer was also performed (Figure 18a).

The thermal conductivity of Ti and SiO- are found to be 2.6 W.m1.K* and 0.9 W.m"

L KL, respectively. It has to be noted that while the finite size of the system is not expected
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to affect the TBC of the boundaries, it may affect the bulk conductivity of the substrates
calculated from the simulations. The deviation in the thermal conductivity of Ti from MD
simulations and experimental measurements (~21.9 W.m.K1)[233] comes from the fact
that classical MD does not account for the electronic contribution to the thermal
conductivity. Using Wiedemann-Franz law, the electronic thermal conductivity can be
estimated as ~19.44 W.m™.K'1, assuming an electrical conductivity of 2.4x10° S/m[233]
and an average Lorenz number of 2.7x10® W.Q.K2 for Ti.[32], [234] This suggests a
lattice thermal conductivity of 2.46 W.m™.K™* which is in good agreement with the MD
value (2.6 W.m™2.K™1). It should be noticed that only phonons contribute to the interfacial
thermal transport across the 2D material interfaces with the insulating substrates[35], thus
the conclusion based on the MD simulations is valid at the interface area. For the above-
mentioned structures, the TBC of each interface was calculated from the simulations and

is summarized in Table 3.

Table 3. TBCs from the MD simulations along with the experimental data. The top three rows
are from single interface systems and the bottom three rows are values from the stacked system
(two interfaces). Individual interface values of the stacked system were calculated using the
temperature drops between the two sides of the interface. (*) shows the extracted values from

triple-stack simulations.

TBC-MD TBC—Experiment

(MW.m2. K1) (MW.m2. K1)
MoS,/SiO; 15.6
Ti/MoS; 7.9

Ti/SiO; 57.7 56-74

Ti/M0S,/SiO; 10.9 20.3-33.5
MoS,/SiO; (*) 54.6
Ti/MoS; (*) 13.7
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The control simulation shows a TBC of 57.7 MW.m2.K' between the SiO, substrate
and the Ti layer, comparable to the experimentally measured value of 74 (Figure 15d). The
results show that adding a MoS: layer between Ti and SiO> decreases the TBC from 57.7
MW.m=2.K™ in the control simulation to 10.9 MW.m2.K. A similar decrease from 74
MW.m2.K* to 20.3-33.5 MW.m2.K was observed in our experiments once the MoS;
layer is introduced in the device. Interestingly, the simulations reveal that the TBC between
MoS; and Ti or between MoS: and SiO2 cannot be calculated independently. The TBC
between MoS; and Ti calculated in the double stacked system increases by 70% once the
Ti-MoS; system is placed on the SiO> substrate. On the other hand, the MoS>-SiO, TBC
increases by a factor of 3.5 once the Ti is added to the system. Our MD simulation results
clearly indicate that a full system analysis is required to precisely deduce the TBC values

in multi-interface systems.

In collaboration with Prof. Aksamija’s group, through ab initio calculations and BTE
modeling, the TBCs were calculated for the double stacked and triple stacked systems to
quantify the effects caused by encapsulation on the thermal transport across the tested
monolayers (both MoS; and graphene). The model includes two effects that impact the
TBCs: (i) the coupling forces between the monolayer and the environment (substrate and
encapsulating layer) that modify the phonon dispersion of the monolayer, including
gapping of the flexural branch and emergence of hybridized Rayleigh wave modes
(RWMs),[235] and (ii) the vibrational modes in the monolayer couple to the modes in the

substrate through the van der Waals interaction forces, treated in our model as a harmonic
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spring with constant K,[29], and thus transfer heat between them. These calculations yield
the TBC values, which agree with the experimental values quite closely and allow us to
break the total TBC into the key components, showing that hybridization of phonon modes

leads to higher TBC when the monolayer is encapsulated.

3.7. Summary and Conclusion

In summary, the thermal dissipation was studied across CVD MoS; and graphene
monolayers through a coupled combination of experiments, simulations, and modeling. In
contrast with previous estimations[36], [37], our comparative experiments and 3D FE
analyses reveal that the TBC across MoS: is in the same order as in the case of graphene
on both Si/SiO and sapphire substrates. Remarkably, our MD results unveil that the TBC
of a 2D material with the substrate can be largely different in presence of an encapsulating
layer. First principles BTE calculations explain this effect as being due to hybridization of
the phonon modes and emergence of Rayleigh waves. This finding opens up an additional
pathway for interfacial thermal transport in 2D-based devices through deposition of an

engineered encapsulating layer (i.e., contact metals or gate dielectrics).
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CHAPTER 4
QUANTIFYING THE LIMITS OF THROUGH-PLANE THERMAL
DISSIPATION IN 2D-MATERIAL-BASED SYSTEMS

(Some parts of this chapter are taken from the published paper with the following citation:

Poya Yasaei, Amirhossein Behranginia, Zahra Hemmat, Ahmed El-Ghandour, Craig D. Foster,
Amin Salehi-Khojin “Quantifying the Limits of Through-Plane Thermal Dissipation in 2D-
Material-Based Systems” 2D Mater., vol. 4, no. 3, p. 35027, Aug. 2017.

Please refer to the authors’ contributions in page iv in the beginning of this document for details of
the contributions)

4.1. Introduction

As discussed in the previous chapters, heat dissipation and thermal management are
crucial for the design and operation of 2D nano-devices, in which overheating could lead
to premature failure. While 2D materials offer excellent intrinsic thermal properties, the
heat dissipation performance of devices based on these materials will be affected by the
thermal characteristics of the enabling infrastructures, such as interconnects and substrates
as well as their junctions and interfaces. Thus, a system-level analysis is essential to
quantify the thermal dissipation limits in 2D material-based structures to realize their
competitive advantage over their 3D counterparts.[28]-[35], [155], [157]

Heat generated in the hot-spots of 2D circuitry generally spreads within the plane of
the 2D materials and ultimately dissipates through the substrate and the contact
electrodes.[33] The contributions of in-plane and through-plane transport on the overall

thermal resistance (Rtr) is determined by a combination of geometrical dimensions as well
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as thermal properties of the materials and interfaces.[33], [131] In many device
architectures (e.g., devices with characteristic lengths>100nm), the through-plane thermal
transport predominantly defines the Rt1.[33] In these cases, optimizing the Rty requires a
high-conductance substrate as well as a good thermal interface. One major challenge is
that the heat in high-conductance substrates such as diamond is usually carried by high-
frequency phonons which transmit poorly through the Van der Waals interfaces that bind
2D materials.[141], [199] In other words, a practical trade-off seems to exist between the
bulk thermal conductivity of existing substrates and the interfacial conductance at their
junction with the 2D materials. On top of this criterion, the microscopic details of the
interface such as coupling (adhesion) forces, surface roughness, and presence of potential
contaminants also affect the TBRs and consequently the Rtn. Thus, it is necessary to
consider all the thermal resistances and their decisive parameters simultaneously in the

design of the 2D-based systems, in order to maximize overall thermal dissipation.
4.2. Through-Plane Thermal Transport Measurements

In this chapter, the same electrical thermometry platform was utilized which was
developed in the previous chapter to measure through-plane thermal transport in
representative 2D-based devices fabricated on the substrates with the highest available
thermal conductances, e.g., CVD diamond (K~1500 W.m™.K! at room temperature), tape-
casted (sintered) aluminum nitride (AIN - K~170 W.m™. K1), and single crystalline c-plane
sapphire (K~31 W.m™1.K%). It is noted that beryllium oxide (BeO) (K~250 W.m1.K%) is

another high-conductance substrate, but we declined to test it due to its toxicity, which has
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caused a ban on its use in many industries.[236], [237] The Si/SiO2 (270nm oxide
thickness) was also tested as a reference point for comparison, as it is the most frequently
used substrate for devices based on 2D materials. The Si/SiO2 and sapphire substrates are
single crystalline with a surface roughness of <lnm. Commercially available CVD
diamond and tape-casted AIN substrates were used with an advertised roughness of <10nm
and <1p-in (~25.4nm), respectively. Optical images of the as-received diamond and AIN
substrates are respectively shown in Figure 19a-b. The AFM images of diamond and AIN
are also respectively shown in Figure 19c-d and a representative height profile is shown in
the insets. Surface analyses show that diamond has a root mean square (rms) roughness of
Rq¢=5.21nm and Rq=3.72nm before and after waviness removal, respectively. AIN is more
wavy than rough, as evidenced by Rq=24.6nm and Rq=2.3nm before and after waviness

removal, respectively.

a b
200 | .
nm "I
0 )

Figure 19. Morphological Characterization of Diamond and AIN Substrates. (a-b) Optical

image of an as-received diamond and AIN substrates, respectively. The scale bars are 15 um. (c-
d) AFM images of the diamond and AIN substrates, respectively. The scale bars are 2 um. The
inset shows the height profile along the green and blue lines.
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Detailed analyses were performed to quantify the limits of through-plane heat
dissipation in the tested devices and to identify the best structure from a thermal
management perspective. Monolayer CVD graphene is used as a model for 2D materials
throughout this study. The graphene growth process and characterization can be found in
the previous chapters and in the previous reports.[23], [99], [222] After the synthesis of
graphene on copper foils, a typical polymer-assisted wet etching process was used to

transfer the monolayer flakes to the target substrates.[225]

For the through-plane thermal transport measurements, the same serpentine-shape
electrical thermometry platform is employed which was developed in the previous chapter,
as shown in Figure 20a. The resistance of the four-probe heater/sensor electrode, which is
patterned on a monolayer graphene (or a bare substrate for control experiments), was
initially calibrated at different temperatures (25K to 295K) in the cryogenic refrigerator
(inset of Figure 20b). The base temperature is then held constant and different levels of
electrical power (Joule heating) were applied to the platform, while the resistance was
being monitored (Figure 20b shows a representative dataset for graphene on SiO2/Si with
270nm oxide thickness). Using the calibration data in Figure 20b, the change in the
resistance was used to precisely measure the temperature rise (AT) of the platform at
different applied powers (P) (Figure 20c). The slope of the AT versus P plot represents the
RrH to the environment. The Rtn characterizes the temperature rise of the device at a given
applied power and determines how efficiently a certain structure can dissipate the heat

from the electrode.
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Figure 20. Thermometry Measurements on Different Technologically-Viable Substrates. (a)
False-Colored SEM image of the thermometry platform. The inset shows the graphene flake
defined into a symmetric octagon before electrode patterning/deposition and plasma etching. The
dashed lines indicate the graphene borders under the metal electrodes. The scale bar is 2um. (b)
Hyperspectral data for the electrical resistances of the heater versus time at different temperatures
and applied powers. The inset shows the calibration curve with a 3rd order polynomial fitting. (c)
The temperature rise (AT) versus applied power (P) at different base temperatures. (d)
Temperature-dependent overall thermal resistance to the environment (Rru) of the tested
structures. The error bars indicate the standard deviation of at least 3 experiments in identical
conditions. (e) The top- and side-view of the temperature distribution of the Au/Ti/Gr/SiO,/Si stack
(270nm SiO; thickness) in the FE model at 2mW applied power and at 295K base temperature. (f)
TBC of the tested structures at different temperatures extracted from the FE analyses. The error

bars represent the overall uncertainty of the measurements.
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In the measurements, the structure consists of a monolayer graphene sheet capped with
an Au/Ti (50/5 nm) electrode and supported by different substrates. For all the substrates,
The RtH was also tested for a directly deposited metal electrode on the substrates without
any graphene layer (control experiments). The temperature-dependent Rt values of these
structures with graphene are shown in Figure 20d (Unit: K/mW - Kelvin per milliwatt).
The full dataset along with the control experiment results (Au/Ti/Substrate stacks) are
presented in Figure 21. The error bars in Figure 20d represent the standard deviations of at
least 3 measurements in identical conditions (same in all Rty-T plots hereafter). As shown
in Figure 21d, the highest Rty throughout the temperature range is obtained for the
AU/Ti/Gr/SiO2/Si (270nm oxide) structure, which increases from 8.72 K/mW at 295K to
15.55 K/mW at 85K. Remarkably, the lowest Rty values near the room temperature are
recorded for the Au/Ti/Gr/AIN structure (1.75 K/mW at 295K). At low temperatures, the

Au/Ti/Gr/Sapphire stack provides the lowest Rty (1.77 K/mW at 85K).

It is noteworthy that the Ryw for the Au/Ti/Gr/Diamond structure is quite large, despite
the very high lattice thermal conductivity of diamond. For the Au/Ti/Diamond stack
(control experiment — in Figure 21), the Rtn at 295K is ~1.78 K/mW, which increases to
5.41 K/mW at 85K. For the Au/Ti/Gr/Diamond stack, the RyH is 6.17 K/mW and 14.93
K/mW at 295K and 85K, respectively. This enormous surge in the Rty upon incorporating
the graphene monolayer in the stack implies that the TBR significantly contributes to the

Rty of the Au/Ti/Gr/Diamond structure.
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Figure 21. Full Dataset for (a) Rtwand (b) TBC for the Diamond, Sapphire, AIN, and Si/SiO;
(270nm) Substrates.

To extract the interfacial thermal properties of these structures, the thermometry results
are analyzed in a 3D FE model with the exact geometrical dimensions of the fabricated
platform (In collaboration with Prof. Foster’s group). In the FE model, the previously
measured thermal conductivity of the materials[32], [213], [226], [227], [238] were used
as input parameters and iteratively matched the lumped TBR between the metal electrode
and the substrate. For Si, SiO», sapphire, and metal electrode, the thermal conductivity data
is presented in chapter 3.4. For diamond, and aluminum nitride, this data is presented in
the next sub-chapter. Figure 20e shows the temperature distribution of a representative FE
model for the Au/Ti/Gr/SiO2/Si stack (270nm SiO> thickness) at 2mW applied power at
295 K. Figure 20f exhibits the extracted TBC values for the tested structures (Full dataset
in Figure 21). For the case of Au/Ti/Gr/SiO,/Si the TBC at 295K is 27 MW.m2 K™, nearly

half of the TBC for the Au/Ti/SiO/Si stack (74 MW.m2.K™1). These values are consistent
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with the well-established results by Koh et al. on the same structures using TDTR
technique.[35] The values are also consistent with the report by Yang et al.[166] which
shows a TBC of 22+2 MW.m2.K™ for the Au/Ti/single-layer graphene/SiO; interface and
a TBC of 80 MW.m2.K™! for the control experiment (Au/Ti/SiO2). In our measurements,
the highest TBC at 295K was obtained for the sapphire and AIN substrates (~33.5 MW.m"
2 K™1). Sapphire also exhibits the highest TBC at low temperatures (23.4 MW.m2.K* at
85K). The lowest values of TBC in the tested temperature range were obtained for the
AU/Ti/Gr/Diamond stack (6.2 MW.m2.K™ at 295K and 2.46 MW.m2. K at 85K). The
TBC for the Au/Ti/diamond stack is also the lowest among the tested control samples
(22.78 MW.m2K? at 295 and 7.74 MW.m2.K* at 85K — see Figure 21). This is in
agreement with the previously reported metal/diamond TBC values.[131], [141] The low
TBC in diamond interfaces is attributed to the very high Debye temperature of diamond
(2200K), which is highly mismatched with most of the metals and the 2D materials (in the
out-of-plane direction).[141], [199], [239] This imposes serious challenges for the use of
diamond for thermal management in 2D-based applications. In Figure 20f, the error bars
of the selected data points represent the overall uncertainty of the extracted TBCs, obtained

through an analysis based on the partial derivative method,[1], [32] similar to chapter 3.
4.3. Identifying The Bottlenecks of Heat Dissipation

To better identify the bottlenecks of heat dissipation in these structures, the
thermometry platform was modeled with an equivalent thermal circuit, as shown in Figure

22a along with the schematic side view of the device (Figure 22b). The structure is
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modeled as an in-plane resistance through the metal electrodes (Rwm) acting in parallel to
the through-plane overall dissipation resistance. In the through-plane direction, the TBR
(here noted as Rg), the dielectric resistance (Rp - if present), and the substrate resistance
(Rs) act in series. It is worth noting that the serpentine-shape thermometry platform is
designed in such a way that the in-plane conduction through the voltage leads (low-power
electrodes) accounts for <2% of the overall heat dissipation (Rm>>Rg+Rp+Rs). Thus, the
generated heat in the electrode predominantly transfers across the interface and through
the substrate, and the in-plane dissipation through the electrodes can be neglected.
Knowing the geometry and the bulk/interfacial thermal properties in the tested devices, the

values of Rg, Rp, and Rs are calculated and shown in Figure 22c.
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Figure 22. Thermal Circuit Analyses for The Tested Structures. (a) The equivalent thermal circuit of
the fabricated platform. The metal resistance (Rw) is parallel to the through-plane resistance which consists
of the TBR (Rg), dielectric resistance (Rp - if present), and substrate resistance (Rs). (b) Schematic side view
of the test structure. (c) Accumulative plots of Ry for the tested structures. The dashed lines provide eye

guidance for a comparison of Rty at 295K.
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For the Au/Ti/Gr/SiO2/Si stack, the Rtn at 295K is comprised of 17% Rs, 76% Rp, and
7% Rs. At 85K, the values for Rg, Rp, and Rs are 14.5%, 85%, and 0.5%, respectively. For
the Au/Ti/Gr/Diamond stack, the Rs is negligible and the Rtw is mainly contributed by the
Rs (~99%). In the sapphire stack, the Rs at 295K is the largest among other stacks, but the
Rtn remains relatively small owing to a decent interface conductance. The results for the

AIN stack are remarkable because it provides the lowest Rty among the tested structures.
4.4. Optimizing The Dielectric Layer on Silicon for Better Thermal Dissipation

It should be noted that the applicability of the AIN substrate is limited to devices that
do not require a back-gate for operation. Moreover, the fabrication process on AIN
substrate is more difficult (due to a poor metal adhesion) compared to the substrates with
sub-nanometer roughness such as Si/SiO> and sapphire. Silicon substrate is also preferred
in many industries due to its abundance, low cost, and availability of developed fabrication
recipes. From a thermal transport perspective, Figure 22c shows that Rs for the silicon
substrate (with K~150 W.m™1.K) is a tiny fraction of Ry, while a major contribution
comes from the Rp. A prospective approach to improving the overall heat dissipation is to
reduce the thickness of SiO> or deposit dielectric thin films with higher thermal
conductivity. There is a wide range of different dielectric materials that can be reliably
deposited on silicon wafers to potentially deliver desirable thermal and electrical
properties.[240] Finding the best choice of the dielectrics for a given 2D material requires
an extensive survey of materials, which lies beyond the scope of this work. Here, the

possibility of reducing the Rty is investigated by using thinner dielectrics of highest
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practicality. The thermally grown SiO> (thickness of 22 and 29nm) and atomic layer
deposited (ALD) aluminum oxide (Al203) (thickness: 12 and 25nm) thin films were
selected. SiO2 has proven to form an excellent insulator with a high-quality interface with

silicon.[240], [241] Al:Oz is also a widely used alternative to SiO2 with higher

permittivity.[242]
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Figure 23. Thermometry Results of Graphene Stacks on Silicon Substrate with Thin Oxides.
(@ Rt and (b) TBC wversus Temperature results of Au/Ti/Gr/SiO2/Si (22nm) and
AU/Ti/Gr/AlOs/Si (12nm) stacks along with the graphene stack results on sapphire, AIN, and
diamond substrates. The error bars in (2) indicate the standard deviation of >3 experiments in
identical conditions. The error bars in (b) shows the uncertainty of the extracted TBC values.

Figure 23 shows the Rty measurements and TBC extractions for the Au/Ti/Gr/SiO>/Si
(22nm) and Au/Ti/Gr/Al;O3/Si (12nm) stacks at different temperatures along with the
graphene-stack results on diamond, AIN, and sapphire. The Rty of Au/Ti/Gr/SiO2/Si

(22nm) and Au/Ti/Gr/Al203/Si (12nm) structures at 295K are 3.00 K/mW and 2.68 K/ImW,
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respectively (Figure 23). The values are still higher than those of AIN structure but are far

lower than the case of diamond and Si/SiO> (270nm).

Figure 23b shows the extracted TBC values of the graphene stacks on silicon
substrates. At 295K, the TBC for Au/Ti/Gr/SiO>/Si (22nm) and Au/Ti/Gr/Al203/Si (12nm)
structures are respectively 22.8 and 21.2 MW.m2.K™1, which reduce to 13.7 and 10 MW.m"
2 K at 85K. These values are also lower than the TBC on AIN and sapphire substrates.
Overall, these results suggest that thin oxide substrates provide a competitive thermal
dissipation performance for devices that require a back-gate. However, AIN shows the best
through-plane heat dissipation performance near room temperature among the tested
structures. The full data set for different oxide thicknesses along with the data for control

experiments are presented in Figure 24.
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Figure 24. The Full Dataset for The Thermometry Results on Silicon Substrate with Thin
Oxides. (a) Rrnand (b) TBC for different test structures on thin oxides at the temperature range of

85-295K. The TBC curves are plotted against the data for Si/SiO, (270nm) for comparison.
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4.5. Establishing The Trend of Rtu Versus TBC in The Tested Structures

In a different presentation, Figure 25 demonstrates the R+ values at 295K with respect
to TBC. The solid lines show the trends predicted by the FE analyses and the symbols
indicate the experimentally obtained data points. This figure demonstrates the importance
of substrate conductance and TBC on the Rrn in the tested structures. It is observed that
for high-conductance substrates (i.e., thin oxides on silicon, AIN, and diamond), the TBC
is the bottle-neck of dissipation. This implies that further improvement of the substrate
thermal conductance would not lead to a significant reduction in the Rtn unless the TBC
is improved. For instance, the AIN substrate provides lower Rty than diamond due to a
superior TBC where the impact of substrate conductance is insignificant. This figure also
visualizes the shift in the TBC upon incorporation of a graphene monolayer in the stack.
For instance, although the control experiment TBC for AIN is lower than those of thin

oxides, the TBC after addition of a graphene is greater, leading to a lower Rh.
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Figure 25. Dependence of Rty on TBC for All The Tested Structures. The solid lines show the
trends obtained from FE analyses and the symbols represent the experimental data. The dashed
lines compare the Rty and TBC between the Au/Ti/Gr/Diamond and Au/Ti/Gr/AlIN stacks.

4.6. Thermal Conductivity Values for Other Materials Used in the Platform

The thermal conductivities of the materials used in the fabricated structures are
obtained from literature or our direct measurements and are used as known parameters in
the FE analyses. For the CVD diamond (Figure 26a), the thermal conductivity data from
Hebei Co. (manufacturer of the diamond substrates used in this study) in the range of 298
— 433 K is extrapolated down to 200 K using the trends in the report by Vandersande et al.
(1994)[238] for diamond with the closest thermal conductivities. It worth noting that the
sensitivity of the extracted TBCs for diamond experiments to the thermal conductivity of
the diamond are found to be very low (weak function) because the diamond substrate

resistance has a minor contribution on the overall Rt1. Hence, the error in the extrapolation
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would not notably affect the extracted TBC values. This allowed us to further extrapolate
the trends down to 75K (Orange) and still the overall uncertainty in the extracted TBC
values remain less than 3%, considering +500 W.m™.K™ uncertainty for the diamond

thermal conductivity at low temperatures.
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Figure 26. Thermal Conductivities of The Materials vs. Temperature. (a) Diamond[238], (b)
AIN[243], (c) Al;O3 thin film.

Regarding the bulk AIN, Figure 26b shows the available data for pure AIN by Slack et
al.[243] as well as the data for AIN-170 (used in this study) by Toshiba Corp. published in
1989. For aluminum oxide thin films by ALD, since a reliable temperature-dependent data
was not found in the literature, the experiments were directly carried out to estimate the
thermal conductivity. In more details, the difference in the Rty of the control experiment
data on Si/Al,O3 (12nm) and Si/Al,O3 (25nm) were attributed to the 13nm difference in
the oxide thickness. Knowing the geometry of the device, the K at different temperatures
are calculated and shown in Figure 26¢. These values are slightly higher than the sputtered
amorphous Al>Os3 thin films measured by Lee et al.,[244] but the temperature-dependent

trends are very consistent.
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4.7. Summary and Conclusion

In summary, the thermal dissipation is investigated across monolayer CVD graphene,
as a representative 2D materials on different technologically-viable substrates having a
wide range of thermal conductances and interfacial properties. The contributions of the
interfaces and substrate resistances were systematically quantified on the overall thermal
dissipation resistance to the environment (Rtn), which is essential for the design of
electronic circuitry from a thermal management perspective. The results indicate that the
overall thermal dissipation performance of monolayer graphene on AIN substrate can rival
that of diamond and silicon substrate (even with thin oxides) as a result of a superior TBC.
This study reveals that the TBC of monolayer 2D materials on high-conductance substrates
is the bottle-neck of power dissipation, while the role of substrate conductance is

insignificant.
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CHAPTER 5
SYNTHESIS AND ELECTRONIC CHARACTERIZATION OF LATERAL MoSz-
GRAPHENE HETEROSTRUCTURES

(Some parts of this chapter are taken from the published paper with the following citation:

Amirhossein Behranginia, Poya Yasaei, Arnab K. Majee, Vinod K. Sangwan, Fei Long, Cameron
J. Foss, Tara Foroozan, Shadi Fuladi, Mohammad Reza Hantehzadeh, Reza Shahbazian-Yassar,
Mark C. Hersam, Zlatan Aksamija, Amin Salehi-Khojin “Direct Growth of High Mobility and Low
Noise Lateral MoS,-Graphene Heterostructure Electronics” Small, 2017.

Please refer to the authors’ contributions in page iv in the beginning of this document for details of
the contributions)

5.1. Introduction

According to Moore’s law, the transistor count per chip doubles every two years.[245]
The continuing shrinkage in size is pushing the silicon-based industry toward its physical
limitations. Numerous efforts are now being dedicated to the development of 2D materials
for future electronic/optoelectronic devices.[7], [22], [42], [47], [50], [231], [246] TMDs
are opening the possibility of developing systems with reduced dimensionality and a range
of unique properties.[42] The most abundant member of this family, MoSz, has shown
interesting semiconducting properties[247], [248] that make it a promising candidate for
digital electronic circuitry applications. On the downside, the electrical performance of
MoS; field-effect transistors (FETs) has been limited by the performance of the MoS>
junction with the metal contact electrodes.[200] In particular, due to Fermi level pinning,
nearly all metals form a Schottky barrier upon contact with MoS», which results in large

contact resistances on the extrinsic (2-probe) performance of MoS,-based devices.[200]
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Additionally, metals do not possess sufficient mechanical bendability for use in flexible
structures. Thus, significant research has been invested in finding a replacement for
conventional metal electrodes that will allow the fabrication of intrinsically 2D devices

with improved device metrics.[17], [103], [110], [113], [117], [119]

Recently, 2D transistors based on out-of-plane graphene contacted MoS; have been
reported with an improved performance compared to metal-contacted MoS; devices[17],
[103], [110], [113], [117]. However, the heterogeneous MoS,/Gr devices made by such
methods have usually been fabricated with a micrometer-scale contact area, possibly to
preserve the device mobility. This requirement could seriously limit the number of devices
per chip for future high performance integrated electronics. Moreover, such methods
impose sophisticated transfer and fabrication techniques resulting in costly mass
production. To by-pass the fabrication challenges and performance/size limitations
imposed by the vertical interfaces in stacked heterostructures, there has been a pronounced
interest in scalable fabrication of lateral interfaces between different 2D materials. So far,
lateral interfaces have been synthesized for 2D material pairs with high crystal similarity
such as hBN and graphene[79], [106] as well as different sets of TMDs[77], [118]. Among
the possible 2D lateral interfaces, one of the most interesting types is the
semiconducting/conducting junction as it addresses long-standing challenges on the
compactness of  high-performance all 2D electronics. Recently, lateral
metallic/semiconducting interface has been demonstrated through chemical phase

conversion of semiconducting 2H MoS: to the metastable metallic 1T phase and improved
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device performances were achieved, but the stability of the 1T phase can limit the

applications of such structures[119].

In this study, seed-free consecutive CVD processes are utilized to synthesize lateral
MoS»-graphene interfaces with large crystal domain sizes and high interface quality.
Device-level experiments reveal that the extrinsic mobility of MoSz-graphene FETS is
improved by an order of magnitude compared with the MoS,-metal FETs because of
energy band rearrangement and smaller Schottky barrier height at the contacts, especially
in the accumulation region (large positive gate voltages). For direct verification of the
device-level measurements and to gain more insight into the role of the interface on the
overall resistance of the device, Kelvin probe force microscopy (KPFM) is employed to
map the surface potential distribution of a biased MoSz-graphene heterojunction under
applied gate potentials. Low-frequency 1/f noise metrics of the MoSz-graphene FETSs are
also extensively studied in both subthreshold and accumulation regions to identify the
origins of signal fluctuations in lateral MoS»-graphene devices. The results show that the
mobility fluctuations are the dominant origin of the noise in the accumulation region, while
the overall noise amplitude is an order of magnitude lower than MoS,-metal FETSs.
Additionally, electrostatic breakdown measurements are performed on both MoS,-
graphene and MoSz-metal devices to study the failure modes of the devices under high-
power operation. Overall, the research efforts presented in this chapter establishes the

superlative electronic properties of directly grown MoS,-graphene lateral heterostructures.

85



5.2. Synthesis and Characterization of MoS2-Graphene Lateral Heterostructures

In this method, a graphene film with partial (or full) coverage is initially synthesized
on a copper substrate in an AP-CVD process and then transferred to a silicon (SiO2/Si)
substrate, similar to the previous chapters and the earlier reports.[1], [99] The samples are
then transferred to another AP-CVD chamber to synthesize MoS; through the reaction of
sulfur and molybdenum trioxide (MoQOs3) precursors. Figure 27a shows the optical image
of the CVD grown MoS: film, making a lateral junction with partially covered Gr flakes.
Interestingly, it was observed that the growth of MoS: is more favorable on bare oxide
substrate compared to graphene films. This can be due to the scarcity of the nucleation
sites on the sp? hybridized carbon atoms of the graphene as opposed to the SiO2 surface
which has many oxygen terminated bonds that can turn into dangling bonds in high
temperatures. This can result in selective deposition of MoS, on SiO2 compared to
graphene, as long as the concentrations of precursors are not too high. This preference
(selective deposition) causes the growth of MoS: film to stop right at the edge of the
graphene films, making a sharp lateral (in-plane) junction. With shorter growth times a
partially covered MoS; film (consisting of discrete MoS; flakes) is formed next to
graphene domains (Figure 27b). It is noted that the respective hexagonal and triangular
shapes of the graphene and MoS> domains are due to an edge preference in the CVD
growth processes, confirming high crystalline quality with quite large grain sizes[21], [22],
[211], [249]. SEM imaging of the samples (Figure 27c) shows high-quality MoS,-

graphene lateral heterojunctions with no visible gap or overlap. However, due to the
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relatively large (25%) mismatch between the lattice parameters in graphene and MoSy, it
is believed that covalent lateral bonding at an atomically sharp interface is not likely to
happen without major crystalline distortion. Such a distortion is less significant in covalent
lateral interfaces with higher lattice similarity such as MoS>-WS> or graphene-hBN. As
discussed earlier, the lateral MoS,-graphene interfaces are formed due to the self-limiting
growth process (deposition selectivity) which leads to a very narrow overlapping region.
The paper by Ling et al.[120] has also shown that MoS»-graphene interfaces exhibit a 2-
30 nm wide overlapping region. However, no distortion is observed in the lattice
parameters of graphene or MoS: in the overlapping region, as evidenced by high-resolution
transmission electron microscopy (HRTEM) images and their corresponding Fast Fourier
Transform (FFT) diffractograms. To directly evaluate the overlapping region in the
samples, atomic force microscopy was also performed on the MoSz-graphene interfaces.
Figure 27d-e show the AFM images of the interface. Particularly, Fig 27e shows that the

overlapping region is narrower than 30 nm.

In the next phase, fully-covered graphene samples were fabricated on Si/SiO;
substrates and were patterned into arbitrary shapes using the standard photolithography
and oxygen plasma etching processes. The patterned graphene samples were then loaded
into the CVD chamber for MoS. growth and the gaps were filled with MoS> films while

the graphene film remained nearly unaffected (Figure 27f).
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Figure 27. Microscopy and Characterization of MoS;-Graphene In-Plane Heterostructure.
Optical image of (a) the fully covered MoS; film (b) partially covered MoS; flakes next to the
partially covered graphene flakes (scale bars 10 pm). (c) SEM image of the MoS,-graphene in-
plane heterostructure from the selected area in (b) (scale bar 5 um). (d) AFM image of the selected
area of (c) (scale bar 5 pum). (e) Higher magnification AFM image of the selected area in (d),
showing the interface between MoS; and graphene (scale bar 300 nm). (f) Optical image of a cross-
shape patterned graphene film which is filled with MoS; in a second CVD growth (scale bar 5 pum).
(g) Raman mapping of a selected area shown in (f) (scale bar is 2 um). (h) Representative Raman
point spectra from the MoS,-graphene interface area. (i) SEM image of a large scale MoS-
graphene in-plane heterostructure (scale bar 10 um) the inset magnifies the same image (Scale bar

ininset 2 um).

Raman spectroscopy is used to characterize the structure of the grown materials and
the lateral interface. Figure 279 shows the spatial distributions of the graphene and MoS;
Raman peaks in the selected area of the cross-shaped MoS,-graphene heterojunction

shown in Figure 27f. The classical least square (CLS) fitting was used to analyze the
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obtained hyper-spectra, including the E%; and Alg peaks of the MoS; (coded as green in
Figure 27g) and the G peak of the graphene (coded as red). These results show that a
uniform MoS: film has fully filled the etched-away gap of graphene and formed a lateral
interface without any evidence of overlaps or gaps. These images also show that MoS> has
not grown on top of the graphene film except for few tiny nucleation sites that are believed
to form on the graphene defects. It is worth noting that the optimized growth condition is
crucial to avoid MoS; formation on the graphene films in the form of small islands or
multilayer structures[222]. The Raman point spectra obtained from the border (Figure 27h)
shows the presence of representative graphene peaks next to the MoS» and the silicon
substrate peaks. To demonstrate the scalability of the direct CVD method for fabrication
of MoS,-graphene heterostructures, a large-scale fully covered graphene film was
patterned into small squares to serve as electrodes and synthesized a uniform MoS; film to
fill the gaps (Figure 27i).

5.2.1. Details of the Growth Process for CVD MoS: on Graphene

The oxygen plasma treatment is performed on SiO2/Silicon substrate for two minutes
to make the substrate hydrophilic, which helps with the transfer of the graphene film and
the growth of MoS; on the substrate. After transferring the partial coverage graphene film
onto the SiO>/Silicon substrate, the substrate is annealed at 400 °C for 8 hours. The 5%
diluted hydrogen in argon gas was also continuously supplied during the annealing process
to remove the residue of the transfer process. Then, the substrate is placed inside of the

MoS, CVD chamber together with 2 milligrams of Molybdenum trioxides (MoOs3) and 1
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gram of sulfur as precursors for the MoS; growth. The chamber temperature increased to
550 °C in 30 minutes and then it was increased to 850 °C in 60 minutes. The growth time
was 10 minutes and then furnace was cooled down to the room temperature by natural
cooling. It is worth mentioning that increasing the time of the MoS> growth or the amount
of the MoOs powder will result in the growth of the MoS: film on top of the graphene

film.[250]
5.2.2. Details of the Raman Mapping

The Swift mode Raman mapping with a 500 nm scanning step size is performed for
two different ranges with the total number of 1824 collected spectrums. The first range
was from 100 cm™ to 900 cm™ and the second one was from 800 cm™ to 1700 cm™.The
CLS fitting was used to analyze the Raman data, which includes the E% and Alg peaks of

the MoS; and the G peak of the graphene.
5.3. Electrical Characterization of MoS2-Graphene Field-Effect Transistors (FETS)

Next, back-gated FETs were fabricated by patterning metal electrodes on the graphene
films rather than on the MoS; channel (Figure 28a-b). Initially, two-probe current-voltage
(1a-Vas) measurements were performed at a back-gate voltage (Vg) of 60 V (which turns
on the devices) at different temperatures. We noticed almost an order of magnitude higher
current and a more linear trend for the MoS»-graphene devices compared with the MoS»-

metal ones.
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Figure 28. Electrical Characterization of MoS,-Graphene and MoS,-Metal Devices (a-b) SEM
images of the MoS,-graphene and MoS,-metal FETS, respectively (scale bars 2 um and 1 pum,
respectively). (¢) The linear regression (Rsquare) Of the l4-Vsq at different temperatures for the MoS,-
graphene and MoS,-metal FETs (The inset shows normalized l4-Vsqg characteristics of the both
devices — normalized with their respective lg at Vsa=1V). (d) 14-Vq characteristics of the MoS,-
graphene and MoS,-metal FETs at 270 K (the inset shows the drain current at V=80V with respect
to temperature). (e) Schottky barrier height - extracted from Arrhenius measurements - as a
function of Vy for the MoS;-graphene and MoS;-metal FETSs.

To compare the linearity of the Ig-Vgs trends, the normalized 14-Vgs trends (Y axis:
lo/ls@vsd=1v) at temperature 270 K are shown as an inset to Figure 28c. Unlike the MoS;-

metal device, the MoS,-graphene FET shows a linear behavior. The correlation coefficient
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of the linear regression (Rsquare) In the 14-Vgs is also calculated for both devices at different
temperatures (see Figure 28c). The Rsquare Of the M0S»2-graphene FET starts from 1 at room
temperature and goes to 0.970 at 40 K. However, the Rsquare OF the M0S>-metal transistor
shows greater temperature dependence (0.998 to 0.799). The larger non-linearity in the Ig-
Vs curve of the MoS»-metal device compared to the MoS»-graphene device — especially
at low temperatures — suggests that a larger Schottky barrier is present for the metal-

contacted MoS: device.

The 1g-Vg results at 270 K (Figure 28d) indicate that the current density (IdX%) at Vg=

80 V for the MoSz-graphene FET is 20 times higher than the MoS,-metal FET. This ratio
becomes even larger at low temperatures and approaches ~74 times at 40 K (Figure 28d
inset), which is attributed to a smaller barrier for thermally induced charge carriers in the
MoSz-graphene in-plane heterostructure. The extrinsic field-effect mobility is also
calculated for both structures at room temperature and different back gate voltages. Both
transistors are completely turned OFF at large negative gate biases and turned ON at a
threshold voltage of 55 V and 40 V with an ON/OFF ratio of 10* and 10° for MoS,-metal
and MoS,-graphene, respectively. The linear field-effect mobility is calculated as ~11.5
cm?/V.S for MoS;-graphene and ~1.5 cm?/V.S for MoS;-metal at V=80 V. It should be
noted that the field-effect mobility of the MoS>-metal devices is consistent with the
previously reported mobility of monolayer CVD MoS; without top-gate dielectrics.[113]
However, higher extrinsic mobility values can be achieved by using multilayer MoS,[251]

or using high-k dielectric substrates/overcoats.[252] The temperature-dependent

92



measurements show that the mobility of the MoS>-metal FET is reduced by 95% as the
temperature is decreased to 40 K, while the MoS»-graphene FET shows almost constant
mobility down to 160 K and then 30% reduction in the mobility at 40 K. This temperature
dependence is also demonstrated in the inset of Figure 28d in which the drain current of
the MoS:-graphene device reduces by ~4 times, while that of the MoSz-metal device

decreases by ~26 times.

To gain better insight concerning the Schottky barrier height, a 2D thermionic model
is used to analyze the data (Arrhenius measurements).[253] Figure 29 shows the
logarithmic plots of (1a/T%?) versus (1000/T) for the MoSz-graphene and MoS,-metal

interfaces at different Vgsand +40V back gate bias. To study the Schottky barrier height of

\"
-q(@p——35)

the devices, a 2D thermionic equation Id:AT3/2exp< ) is used in which Iq is

B
source-drain current, T is temperature, g is electron charge, Kg is Boltzmann constant, ®g
is Schottky barrier height, Vs is Source-drain current, n is Schottky diode non-ideality

factor, and A is Richardson’s constant[253], [254].
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Figure 29. Arrhenius Measurements at V=40V for Different Applied Vs for (a), MoS,/Gr (b),
MoS,/Metal transistors

Vds

The slope of figure 29a (%) at each source-drain bias for V=40 V is derived
B

and plotted in Figure 30 for the MoS»-graphene in-plane heterostructure. Finally, the
Schottky barrier height (®g) is calculated at the intercept of Figure 30 with the Y axis,

where the Vs is zero[253].
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Figure 30. Slope of the Arrhenius graph as a function of the Vs at gate 40 V.

In Figure 31, the Arrhenius graphs are also plotted at constant Vsq for different applied

gate voltages at room temperature. Changing the slope of the Figure 31a from minus value
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at V4=50 V to about zero at V4=60 V and positive value at V4=70 V also confirms the
absence of the Schottky barrier for the MoS»-graphene in-plane contact at gate biases close
to the 60 V and above. Figure 28e further shows the derived Schottky barrier height of
both structures at room temperature for different applied gate voltages. The Schottky
barrier height for the MoSz-metal structure is about 88 meV at Vy= 10 V and decreases to
60 meV for Vg = 60 V, while the MoSz-graphene in-plane heterostructure starts at ~58

meV at Vg= 10 V and fades to zero at Vg=60 V.
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Figure 31. Arrhenius Measurements at Vsq = 1V for Different Applied Vy for (a) MoS.-

graphene (b) MoS;-metal transistors.

5.3.1. Details for the Fabrication Process for the MoS2-Graphene FETs

After the graphene film was transferred onto the SiO. substrate, it was patterned into
rectangles by a photolithography process followed by oxygen plasma etching. Next, MoS:-
graphene heterostructure was synthesized, and the metal electrodes were patterned on the

MoS,-graphene FETs and on the MoS, FETs by an electron beam lithography method.
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Finally, 10 nm Titanium and 60 nm Gold were deposited on the devices by an electron

beam evaporation process.
5.4. Kelvin Probe Force Microscopy (KPFM)

KPFM experiments were also performed to map the surface potential distribution
across the MoSz-graphene interface under applied source-drain and gate voltages.

Schematic of the setup is shown in Figure 32.

m—— Graphene
MoS,
Si/SiO, substrate

Figure 32. Schematic of Kelvin Probe Force Microscopy (KPFM) Setup.

This technique enables us to spatially map the local potential drops in the MoS;-
graphene lateral heterojunction and in the MoS. and graphene films under device
operational conditions to gain insight into their relative contributions to the overall
resistance of the device. Figure 33a shows the KPFM mapping of the device at Vgs=0 V
and Vg= 0 V. The change in the surface potential was also mapped along the entire length
of the device at Vgs = 1V and at different gate voltages (Figure 33b-c). As the gate voltage

increases from -20 V to +20 V, the potential drop across the interface decreases from 455

96



mV to 201 mV (Figure 33d). This observation implies that the contribution of the resistive

potential drop across the interface relative to the total resistance of the device decreases as

one increases the gate voltage. In other words, the MoS2-graphene contact resistance has a

negligible contribution to the overall device resistance at larger gate voltages.
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Figure 33. KPFM Measurements Under Operation. (a) KPFM mapping of the MoS,-graphene

transistor with Vg, =0V and Vsq = 0V. The interface between graphene and MoS; is

highlighted with yellow dashed line (scale bar 2 um). (b) KPFM mapping of the interface area

from a selected region shown in (a) by keeping Vsq = 1V and changing Vg from —20V to

+20V with 10V increments (Scale bar 2 um). The dashed lines show the interface area. (c)

Corresponding surface potential profiles across the interface area. (d) The potential drop at the

interface area as a function of the applied gate voltages.
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5.4.1. Details of the KPFM Measurements

All AFM experiments were carried out with a Dimension ICON system (Bruker, CA)
in ambient conditions. PFQNE-AL cantilevers (Bruker, CA) were selected for improved
spatial resolution in surface potential measurements. The nominal spring constant is 0.8
N/m and the resonant frequency is 300 kHz. Two-pass technique (also known as ‘lift
mode’) was applied in KPFM experiments. During scanning, the sample was grounded,
while a bias AV = V. + V4 was applied to the AFM cantilever, where the V- and V.
are the DC and AC component, respectively. The frequency of V,. was chosen at the
resonant frequency of the cantilever. The AFM controller nulled the cantilever amplitude
due to periodic electrostatic force by adjusting V. If the work function of the cantilever

tip ®;,, is known, then the sample work function @ can be given as ®; = ®;, — eVp.

@, and V. are opposite in sign, so the work function & has inverse contrast with KPFM

mapping. All AFM data were analyzed with Nanoscope Analysis software (Bruker, CA).
5.5. Low Frequency 1/f Noise Measurements

Next, a systematic study of 1/f noise was performed in the MoS,-graphene and MoS;-
metal devices in a vacuum (pressure < 10 Torr) in a collaboration with Prof. Hersam’s
group. Low frequency 1/f noise has the potential to severely limit the performance of
nanoscale materials because 1/f noise increases with decreasing number of carriers (i.e.,
device size). Recently, it has been shown that metal contacts can play a significant role in

1/f noise in CVVD-grown MoS,. Thus, 1/f noise is an important metric to gauge the quality
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and viability of lateral graphene-MoS: heterojunctions. Extensive details of the noise
measurements can be found in reference [4]. In summary, the normalized noise amplitude
(A ~ 1/N) with the total number of carriers (i.e., channel area L x W) for all measured
MoS;.-graphene and MoS;-metal devices is shown in Figure 34. V4 dependence of
normalized noise amplitude shows overall decreased noise in MoS»2-graphene.
Furthermore, channel area-scaling results in a tighter distribution of noise metrics for
MoS,-graphene devices (Figure 34), suggesting MoS»2-metal has a larger contribution of
noise from the contacts. Furthermore, the overall V4 dependence is more well-defined (A
~ 1/Vg) in MoSz-graphene devices, again corroborating the dominance of channel

resistance fluctuations compared to contact resistance fluctuations.
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Figure 34. Comparison of Area-Normalized Noise Amplitude of MoS,-Graphene and MoS,-

Metal FETs as a Function of V,. Two gray lines show upper and lower bounds of noise amplitude

for MoS;-graphene devices.
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5.6. Electrostatic Break-Down Tests

For reliable electronics, it is also critical to achieve mechanically and electrostatically
robust contacts. The present MoS,-graphene devices have essentially a 1D interface
between two 2D materials. Thus far, electrostatic breakdown of a lateral heterojunction of
this type has not been probed. Figure 35a,b shows current-voltage characteristics of a
MoS2-graphene and a MoS;-metal device for Vg = 75 to -75 V (sweep rate = 1 V/s) under
vacuum (pressure < 107 torr) which are carried out through a collaboration with Prof.
Hersam’s group. Both devices show qualitatively similar behavior of electrostatic
breakdown. In particular, the current decreases irreversibly by more than 2 orders of
magnitude within 1 V. Interestingly, both MoS»-graphene and MoS-metal devices show
comparable maximum width-normalized drain current (~40 pA/um) just before
breakdown, roughly an order of magnitude lower current density than high quality
exfoliated monolayer Mo0S,[195] The breakdown field of the two devices is also
comparable (~38 MV/m). SEM of the broken devices was conducted to probe
morphological evidence of the failure mode (inset of Figure 35a-b). A significant portion
of CVD MoS; was found missing near the drain contacts in both of the devices. This
suggests a similar failure mechanism irrespective of metal or lateral graphene contacts.
Thus, direct growth of the MoS;-graphene heterojunction does not significantly affect the

electrostatic breakdown characteristics of the devices.
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Figure 35. Breakdown Study of MoS,-Graphene and MoS;-Metal FETs. (a), (b) Current-
voltage characteristics of a MoS»-graphene and MoS;-metal FET, respectively, at V4= 0V showing
irreversible breakdown at large V4. The current was normalized to the channel width. The insets of
(a) and (b) show scanning electron microscopy micrographs of the MoS,-graphene and MoS;-metal
FETs after the breakdown, respectively.

5.7. Summary and Conclusion

In conclusion, seed-free synthesis of graphene and MoS; lateral heterojunctions is
reported through the CVD method, which exhibit improved electrical performance
compared to conventional metal-contact MoS; devices. This method makes in-plane
MoS»-graphene heterostructures promising for the large-scale production of electronic and
logic circuits from all-2D materials for next generation device applications. Temperature-
dependent electrical characterization shows Ohmic behavior for the MoS,-graphene FET
devices at back-gate voltages above 60 V, verifying a high-quality lateral interface between
MoS: and graphene. KPFM results also visualize the reduction of the MoS,-graphene in-

plane junction resistance at positive gate voltages. Moreover, MoS-graphene devices
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show up to an order of magnitude lower noise amplitude in comparison to MoS»-metal
devices fabricated under similar conditions. The first electrostatic breakdown study of
lateral MoS.-graphene heterojunctions are also conducted. In this case, MoS.-graphene
and MoS;-metal devices showed comparable current density, breakdown fields, and

similar failure modes through microscopic visualization.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORKS

In conclusion, this dissertation demonstrates the importance of different types of
heterogeneities such as grain boundaries and interfaces on the thermal and electrical
characteristics of 2D-material-based systems.

In the case of monolayer graphene synthesized by CVD technique, the results show
that the thermal resistance of the GBs with large mismatch angles is almost an order of
magnitude higher than those of GBs with small mismatch angles. The BTE modeling
shows that this is only possible of an amorphous carbon region form at the coalescing
region of two adjacent grains which accounts for the additional resistance observed in the
highly mismatched GBs. This is due to the fact that such a large resistance cannot be caused
by a single scattering event, considering the other scattering sources such as the ones at the
interface with the substrate. For intermediately misoriented GBs, the average thermal
conductivity of the polycrystalline film is determined by a complex interplay between the
amount edge roughness and width of the amorphous region at the GB. Further study is
required to probe the structure and morphology of the GB region to precisely determine its
thermal properties. If one is to benefit from the outstandingly high thermal conductivity of
graphene for thermal management and heat dissipation applications, the results suggest
that a modified synthesis process which yields aligned graphene grains should be

used.[255], [256] The results also highlight the important structure-property-processing
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correlations of 1D defects on thermal transport in 2D crystals, emphasizing the importance
of engineering such correlations in emerging 2D materials and devices.[1]

One of the main goals in this dissertation was to systematically study the interfacial
thermal transport across CVD MoS> monolayers and compare the results to those of
graphene in identical experimental conditions in order to identify the possible sources of
disagreement in the literature. If the values in the range of 1 MW.m2.K™ stand for the TBC
of MoS; with the substrate, the MoS»-based circuitry would face enormous heat removal
and thermal management challenges (10-20 times higher thermal resistance compared with
an equivalent graphene device). To address this goal, the results were first validated on
graphene with the well-established data in the literature obtained from different techniques
(e.g., thermoreflectance and Raman).[35], [166], [172] In identical measurement platform
and experimental conditions, it was then found that the TBC across MoS> remains in the
same range as in graphene, far larger than the reports based on Raman thermometry with
optical heating.[36], [37] The parameters which could potentially cause the above-
discussed discrepancy in the measured TBC values in the literature was also investigated.
Moreover, the effect of processing quality and potential interface contaminants (affecting
the interface couplings and adhesion forces) were studied on the measured TBC values
through a comparison between direct-grown and transferred MoS2 monolayers. The results
show that the TBC is highly dependent on the processing quality, as indicated by a TBC
of ~19 MW.m2.K! for transferred MoS; and ~37 MW.m2.K* for direct-grown MoS; on

sapphire. The effects of metal encapsulating layers on the TBC were investigated through
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a combination of MD simulations and BTE modeling which reveal that the emergence of
RWMs dramatically contributes to the interfacial conductance across encapsulated 2D
monolayers.

In the cases that the through-plane thermal transport is the dominant pathway of heat
removal, the heat dissipation capability of the system is defined by the substrate
conductance as well as the TBC across the 2D materials. One major challenge is that the
heat in high-conductance substrates such as diamond is usually carried by high-frequency
phonons which transmit poorly through the Van der Waals interfaces that bind 2D
materials. This implies that a practical trade-off exists between the bulk thermal
conductivity of existing substrates and the interfacial conductance at their junction with
the 2D materials. Another main finding of this dissertation was to quantify the limits of
through-plane power dissipation in monolayer graphene, a representative of 2D materials,
fabricated on the substrates with the highest available thermal conductances, e.g., CVD
diamond, tape-casted (sintered) AIN, single crystalline sapphire, and silicon with different
oxide layers. In the tested structures, the weights of the contributing thermal resistances
were quantified in the through-plane direction, namely TBRs, dielectric resistance (if
present), and bulk substrate resistance. The results demonstrate that the heat dissipation
through graphene on AIN substrate near room temperature outperforms those of CVD
diamond and other studied substrates, owing to its superior TBC. This study highlights that

in a broader perspective, a system-level analysis is essential to quantify the thermal
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dissipation limits in 2D material-based structures to realize their competitive advantage
over their 3D counterparts.

Last, but not least, the creation of high-quality heterojunctions between conducting and
semiconducting 2D materials were investigated, which are known to be an essential step
to enable fabrication of all-2D electronic circuitry with competitive device performance.
This is particularly important in MoS»-based devices, as the performance and applications
of typical metal-contacted MoS,-based electronics are constrained by their contact
electrodes due to the presence of huge contact resistances. In particular, due to the Fermi
level pinning phenomenon, nearly all the metals form a Schottky barrier upon contact with
MoS. which imposes large contact resistances on the extrinsic (2-probe) performance of
the MoS»-based devices. To address this issue, an all-CVVD-based process is developed to
synthesize nearly perfect lateral (in-plane) MoS>-Graphene heterojunctions without
noticeable gap or overlap. The fabricated FETs with graphene contacts exhibit an order of
magnitude improved mobility and lower noise metrics over the metal-contacted MoS>
FETs. This is attributed to the Ohmic behavior at the MoS>-Graphene interface which is
confirmed through various experimental results.

The results presented in this dissertation provide a comprehensive understanding of
system-level thermal transport in graphene- and MoS»-based nanoelectronic devices. The
main assumption of such analyses is the formation of uniform heat sources in the system
which is not true in the devices under operation. For the future works, one should

investigate the temperature rise of the relevant 2D-based devices under operational
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conditions to probe the power dissipation phenomena and identify the formation of
localized hit-spots. Another pathway for future works is to investigate the materials which
can form improved TBC with 2D materials. Obviously, improving TBC should take place
on substrates with high thermal conductance. Another potential pathway for improving the
TBC is through engineering of the encapsulating dielectrics. It may be possible to preserve
the electronic functionality of a given device, meanwhile improve the TBC by depositing

given dielectrics on top.
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