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ABSTRACT

With the advances in the field of electronics, it has become relevant to reflect on the ever-growing
problem of management of waste heat and probe further into nanoscale heat transport as the
devices are being vigorously scaled down to tens of nanometers. The physical entity that can help
create thermal blockade is now defined as phononic crystals (PnCs) in the community- the
terminology rooted into the word ‘phonon’ which represents the quanta of atomic vibration in
materials. Fabrication of PnCs has become a subject of interest for the potential it offers for heat
propagation control. Fabrication of intricate nanopatterns on materials like silicon and steel has
long since been realized with the optimization of various focused ion beam (FIB) techniques.
However, it has been reported that, with superior physical and mechanical properties i.e. Young’s
modulus (~1 TPa) and Debye temperature (~1900 K), graphene offers better flexibility and
control of phonon contributions. In this work, we have reflected on the asymmetry in thermal
transport in graphene phononic crystals as an initial study to understand thermal rectification

characteristics in nanoscale devices.

First, the dispersion curves and transmission probability of graphene based phononic crystals by
configuring different periodicity, porosity and pore shape were studied by Finite Element Method
simulations. From the dispersion relations, obvious band flattening or distinct frequency regions
were observed where phonon transmission was completely blocked. The analysis showed strong
evidence of porosity and pore shape dependency on phononic band gap (PnBG) generation. For
circular shaped nanopores, a very small PnBG opens at ~0.4 THz only at a high porosity over 0.73
which is extremely difficult to achieve using the current experimental facilities. To address this
limitation, cross shaped nanopore pattern was introduced where PnBG opened at a porosity
~0.28. The PnBG was most obvious at ~0.9 THz for single nanometer neck length and completely
disappeared when it increased to 10 nm indicating that the constrictions due to the narrow neck
structure induced phonon modes confinement contributing to the suppression or flattening of the
dispersion relation. At similar porosity and unit cell size, snowflake shaped pores exhibited
phononic bandgap (PnBG) in gradually higher THz (~1.5 THZ) regime as the symmetric
placement of the neck length along all the supercell edges reinforced the phonon confinement.
Also, the snowflake shaped nanopattern gives the advantage of having larger neck lengths of ~10

nm.

Next, a reproducible hybrid method was developed and demonstrated to successfully fabricate

large area (in um? dimensions) suspended graphene nanomesh (GNM). The GNR are patterned



into required dimensions using EBL and later suspended by buffered hydrofluoric acid (BHF)
release with gold electrodes acting as a heater. The GNM is fabricated by milling periodic
nanopores with as small as ~6 nm diameter on the suspended GNR by direct focused helium ion
beam milling (HIBM). Taking advantage of the fidelity of HIBM, symmetric and asymmetric
graphene nanomesh (GNM) samples were fabricated. The concept of resistive thermometry was
used to develop a 4-probe measurement method for thermal characterization of the prepared
GNM devices which had 20 nm, 25 nm and 30 nm pitch and ~6nm diameter nanopores. With the
base temperature maintained at 150K in a cryogenic vacuum probe station, joule heating was
used to generate temperature at the metal electrode. With the measurement setup, resistance at
the electrode was measured accurately and the corresponding temperature was calculated. By
observing the change in temperature at the heater when there is GNM present, it was confirmed
that some of the heat is dissipated through the GNM. The measurement was adopted to observe
the trend of thermal dissipation through asymmetric and symmetric GNM by maintaining similar
experimental conditions and most interestingly, characteristics of thermal rectification by
introducing asymmetry in the GNM was observed when the heater position was changed. It was
observed that the heat transport through the non-meshed area of the patterend GNR to the
meshed area is larger compared to when the heater position is swapped and heat transport

direction is from the meshed area to the non-meshed area.

Keywords: Graphene phononic crystal, Graphene nanomesh, Helium ion beam milling, Phononic

bandgap, Resistive thermometry, Thermal rectification.
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Chapter 1

Introduction

Since Moore’s prediction back in 1965 stating that the number of transistors in a dense integrated
circuit (IC) doubles every two years resulted in a projection of a historical trend. In the same paper,
the question was arisen, “will it be possible to remove the heat generated by tens of thousands of
components in a single silicon chip?” [1] Decades later, now, designing CPUs that perform tasks
efficiently without overheating is a major challenge and matter of consideration for
manufacturers to date. Advanced industrial field of electronics is now dealing with significant
increase in density integration, clock rate and the miniaturizing of modern electronic devices,
resulting in heat flux dissipation in chip level. And it has now become relevant to reflect on the
ever-growing problem of management of waste heat energy. At the same time, it goes without
saying that the interesting physical phenomena that manifests due to the scaling down of the
devices to nanoscale can now be observed. Of course, reducing the power supply voltage is one
obvious way to reduce the heat dissipation in nanoscale. But ICs that are not actively cooled
operate at a temperature of 100 °C and dissipate heat at room temperature [2]. Besides, the power
dissipated from a square unit area of an IC is approximately the product of the device density,
energy dissipated and the number of operation per second per device. Hence, the removable
power that can be taken away from the device is limited by the thermal conductivity of the circuit
material and the environment. Despite the extraordinary development in the silicon industry for
the past few decades, the modern silicon transistors are sill over >1000x more energy inefficient
then fundamental physical limits [3]. From here, itis relevant to have an insight into the molecular
concept of heat, which is essentially the kinetic energy of atoms and molecules. When we say heat
travels from the hot region to the cold region, i.e. in the opposite direction of a temperature
gradient, it is a depiction of heat flowing from the high internal energy region to low internal
energy region. Another thing that needs to come to consideration is increasing the efficiency of
energy conversion modules, like thermoelectric (TE) modules and thermal rectification. Thermal
rectification is very important for controlling heat currents, as recently the research in this field

suggests. This thesis documents the work carried out by the author in close collaboration with Dr.
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Fayong Liu for deploying the necessary experiments and Dr. Manoharan Muruganathan for the
simulations in understanding and demonstrating thermal rectification characteristics in

suspended graphene phononic crystals.

1.1. Motivation of this work

Phonons are considered to be the mechanical counterpart of photons and defined as the quanta
of crystal lattice vibrations, in other words, zero-spin bosonic quanta of excitations generated
from the simple harmonic oscillations of atoms in crystalline solids. While we have achieved
remarkable control over photons and electrons, for futuristic device applications, similar control
over phonons would be considered equally valuable. Maldovan presents the phononic spectrum
as shown in figure-1, which shows the frequency range of acoustic phonons for sound and heat

transport [4].
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Thermal cloaking
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Figure 1-1 The phononic spectrum [4].

From the figure, we can see that the sound waves oscillate at low frequencies in KHz regime, while
the heat vibrations oscillate at high frequencies in the THz regime. It is also significant to note that
the heat waves would travel shorter lengths than the sound waves, which is why the manipulation
and control of sound and heat propagation have different strategic approaches. The propagation
and control of KHz to MHz sounds waves have been made possible by creating phononic crystals,
which is roughly defined as periodic artificial structures comprising of two materials with
different elasticities [5], [6]. With the advent of nanofabrication methods, recently, the fabrication
of small scale periodic structures have been created with periodicities smaller than 1 um to
control THz phonon frequencies [7], [8], [9] From reference 7, phononic crystals with different
periodicities are shown in fig. 1.2 to give an idea about the different dimensions required to

manipulate phonons in different frequency regime. One of the intriguing aspects of
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nanofabrication methods would be to fabricate device dimensionalities that can provide
unidirectional transmission of heat. Of course, this is a difficult task to achieve, but experimental
concepts has been demonstrated to show that heat flows unidirectionally, and even extended to
provide ideas for implementation for digital electronic circuits like thermal transistors and

thermal logic gates [10], [11]

Figure 1-2 2D Examples of phononic crystals at different dimensional periodicities ranging from
centimeter; micrometer and nanometer range from left to right for controlling sound, hypersouna
and heat respectively [7]

The study of phonon-photon interaction have been studied for a while now with the support of
Raman spectroscopy and Brillouin scattering process. The simultaneous localization of acoustic
and optical waves have been reported [9], [12]-[17]. However, when it comes to proper heat
management of devices, one of the more important aspects to consider is the nanoscale heat

transfer.

Research on thermal rectification is very important to establish the idea of controlling current
induced heat transfer. The phenomena can be described as the thermal analogue of an electrical
diode. The thermal rectification effect may have quite important roles in improving thermal
management of electronics and saving energy. The concept of diode in electronics is a device of
system that allows the passage of current in one direction and blocks the transportin the opposite.
Analogously, thermal rectification is a diode-like behavior where the quantity of the heat flux
changes asymmetrically as the direction of the temperature gradient is reversed. For bulk
materials , the effect is more profoundly established as the researchers have shown that thermal
rectification occurs for a heterogeneous bar constructed of materials of different thermal
conductivity in two segments. As of now, an actual thermal diode in application has not been

reported.
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The study in thermal rectification behavior involves the designing and investigating the
mechanism, understanding the characteristics of thermal transport behavior in an engineered
system and so on. Such studies have been performed in case of bulk materials. However, for
nanoscale materials and devices, the mechanism of rectification has room for explanation as the

experimental studies are limited.

1.2 Aim of the thesis

While silicon is considered an important material in semiconductor studies due to its abundance
and ease of fabrication, graphene is useful providing a ground for interesting experimental
explorations. But, working with monolayer graphene is also challenging due to it’s optical
transparency and difficulties in handling. With reported tensile strength of ~1TPa, large surface
area to volume ratio, low reactivity and chemical purity make it an ideal material for experimental
endeavors. Also, the superior physical properties of graphene compared to that of Silicon implies
that manipulation of phonon of much higher frequencies is possible in graphene for similar

dimensions of nanopatterns.

Recently, the availability of various nanofabrication processes with high fidelity have allowed
researchers to fabricate and observe the novel properties of familiar materials at a nanoscale.
Graphene, the atomic layer of carbon atoms in a hexagonal lattice, has a high Young’s modulus of
~1000 GPa and Debye temperature of ~1900 K [18]. Thus, the wavelength of phonons at a given
temperature is greatly increased compared to other materials such as silicon. Controlling and
manipulating the flow of phonons which are the particles responsible for the transmission of heat
and sound through a material is of great scientific and technological interest for decades [1-10].
Earlier efforts in this regard employed structural defects such as impurities and interfaces at the
atomic scale to reduce the heat flow owing to the phonon scattering, essentially reducing the
phonon mean free path [11-14]. However, with the recent technological advancement in terms of
nanoscale device fabrication, scientists have found that materials with an array of specially
designed pores can selectively suppress the flow of phonons with certain frequencies, as they
introduce interference effects leading to the formation of phononic band gaps in these materials
[15, 16]. The approach of controlling and manipulating heat transport and thermal conductivity
by means of the wave interference method has an immense advantage over the phonon scattering
method as they allow heat flow control at the nanoscale level. Also, the range of the phononic
bandgap and the desired frequency of the thermal vibrations to be suppressed can be controlled

by varying the size and shape of the pores. Such materials which are engineered to control the
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transmission of phonons are called Phononic Crystals (PnC) and are used in a wide range of
applications such as noise and vibration attenuation, acoustic waveguides and filters. For room
temperature phononic applications, it is necessary to obtain a phononic bandgap in the THZ
regime. Graphene gives the flexibility of fabrication with its high Young’s modulus and Debye
temperature. With state-of-the-art patterning techniques like electron beam lithography (EBL)

and helium ion beam milling (HIBM), the possibilities are immense when it comes to graphene.

In this project, we are working to establish two things,
e The fabrication of graphene phononic crystals using helium ion beam milling (HIBM).

e By introducing asymmetry to the device, we aim to observe and study thermal
rectification phenomenon in graphene phononic crystal (GnPC).
As a future prospect, we also put into consideration improving the thermal sensing methods

which is discussed in Appendix A.

1.3 Outline of the thesis

In this dissertation, the prospect and scope of GnPC for inducing thermal rectification is discussed
in detail through the following chapters.

Chapter 2: Background

This chapter focuses on the theoretical concepts of thermal transport in nanoscale first. Then the
thermal transport properties in graphene is presented in an attempt to show the importance of
the unique 2D material for our experimental purpose. Finally, an overview of literature carried
out by other pioneering works is presented.

Chapter 2: Phonon transport in graphene: FEM simulation

In this chapter, we studied by finite element method (FEM) the phonon transport characteristics
in graphene. In a continuum model in both 2D and 3D module, we studied the phononic band gap
by studying the transmission probability and dispersion relation obtained from eigenfrequency
calculations.

Chapter 4: Experimental method: device fabrication

Taking into account the general idea obtained from the simulation, in this chapter the device
fabrication process is discussed in detail. The fabrication of graphene phononic crystals involves
two main techniques, a. Electron beam lithography (EBL) and b. Helium ion beam milling (HIBM).
Optimization of both of these techniques is necessary to obtain large area GNR with high

resolution nanopores. Fabrication of large area GNR with sub-10-nm pitch has already been
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achieved. Based on this result, fabrication of graphene phononic crystal is being carried out.
Chapter 5: Measurement method: thermal characterization

The characterization of the fabricated devices was carried out in a cryogenic probe station. By
varying the applied current through the metal electrodes, we measured the change in
temperature at the electrode as a function of resistance. By measuring an asymmetrical device,
we were able to observe thermal rectification phenomenon.

Chapter 6: Conclusion

A summary of the thesis and ideas for future plans are presented in this chapter.
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Chapter 2
Background

2.1 Thermal management of devices

With the modern computational devices surpassing Moore’s Law[19] it is now relevant to reflect
on the ever-growing problem of management of waste heat energy. Heat is an inevitable by-
product of any electronic devices. Electronic devices have many sources of heat. There are billions
of transistor packed into a chip and there are extremely intricate connections made to keep these
components together, all of which contribute in generating heat. Over the years, the coping
mechanism to deal with this problem has been developed and evolved. To enable the controlling
of the temperature and noise level of a semiconductor system by implementing innovative
methods has become an increased need as the industry is responding to the consumers by
offering products that are smaller and more powerful. A very basic example could be our personal
computers, where overclocking requires greater cooling to prevent overheating of the chips,
which reduces the computation efficiency significantly. The most straight forward, and in fact
most commonly implemented, solution relies on the use of external cooling components such as
highly heat conducting heat sinks and efficient heat exchangers. These essentially give of the heat
into the surrounding area, effectively resulting in a decrease of energy efficiency in terms of

computing power.

And as the industries are now working relentlessly on miniaturizing the chip features down to 50
nm, the crude solutions offered by macroscale heat management are not applicable anymore. As
the density of integrated circuits increase within a system, this power consumption is now
challenging the industry to create cutting edge technology to deal with thermal management. A
term commonly used to understand a microprocessor’s tendency to heat up is its thermal design
power (TDP). It is a measure of maximum sustained power dissipated by the chip while driving a
particular task. The evolution of processors from a 486 Intel chip to a multi-core processor shows
the exponential and inevitable increase in power density needed to maintain superior

computational power. And now, In the last decade, the processor power consumption has
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increased from 70W to 250W, and now the transition from single-core to multi-core

microprocessors are trying to address the increasing thermal management issue.

One of the ways to tackle is would be improving the design and 3-D circuit concept has come a
long way since then. They hold possibilities to increase device performance and reduce the
structural complexity a lot compared to the 2-D designs a lot. However, according to simulations,
the real challenge is the circuit delay induced by the rise in temperature, which is about 5% with
10 °C increase in temperature. The performance is degraded by more than 30% when the
temperature is doubled [20]. Another factor is to look into the thermal behavior materials in
nanoscale. In semiconductors and insulators, the heat transport through materials is mainly
through phonons which are quantized vibrations of atoms and are analogous to the elementary
particles in many ways- including the fact that they possess a certain mean free path (MFP) like
electrons. Phonon MFP can be in the range tens of nanometers to a few hundreds. So the interest
now lies in using 2-D materials like graphene, that possess high electron mobility and high

thermal conductivity that can lead to faster processing and high heat dissipation [21]-[25]

2.2 Thermal transport in materials

The macroscopic heat transfer is related to the thermal energy related properties of a material,
such as thermal conductivity. From there, we can associate these properties to the nanoscale and
atomic-level properties and phenomenon. In the macroscopic sense, heat transfer q is by means
of conduction, convection and radiation. The heat flux vector, defined as the flow of every per unit
of area per unit of time and expressed in units of W-m-2, is the sum of conductive g, convective qu

and radiative qr heat flux.

According to the Fourier’s law of heat conduction, thermal conductivity is a property of a material
that can be defined as the rate of heat flow through unit cross-sectional area of a material per unit
temperature gradient under steady state conditions. The heat transfer rate across a material with

an area A is given by the following equation,

Here, K and AT are the thermal conductivity an the temperature gradient respectively. In some

materials, when T is small, K is considered to be a constant, while at wide temperature range, K is
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a function of T [26].

Convective heat flux, qu is expressed with the following equation,

here, p, c,, u and T are material’s density, specific heat capacity, thermal conductivity and

temperature.

Finally, qris equal to the photon contribution and expressed as the product of directional radiation
intensity I (W/(m2-sr-rad/s)) dependent on the angular frequency of the photons w, surface
normal unit vector s, polar angle 6 and the ratio of radiant flux absorbed by a volume per unit

length and received by the same volume p.

@1
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Thus, the macroscopic thermal energy entities like thermal storage, thermal transport and
thermal interactions can be associated with the study of the 4 principle carriers, electrons,
phonons, fluid particles and photons. Amongst these, the thermal transport due to fluid particles
is associated to their kinetic energy in a liquid or gas where collisions take place between the
particles. In a fluid, the collisions thus occur more often than in gases eventually having the
particles to overcome all intermolecular forces and become a gas. On the other hand, photons are
defined as the quantum of excitation of an electromagnetic field, i.e. the building blocks of EM

radiation. What we know as the visible light is only a small fraction of the photon spectrum.

The quantum property of an EM waves is given by its energy Ep, = hw where # is the Plank’s
constant. The photon also has a quantum momentum p = hk, where k is the wave vector and the

wave number k = 2m/A.

Thermal conduction in solid materials has two components- K., which is the component due to
electrical charge and K, which is the component due to atomic vibrations from their equilibrium

positions. The total thermal conductivity of a solid material can be expressed as,
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The phonon contribution to thermal transport in metals is usually negligible. The phonons are
likely to be scattered by the electrons and the electron component K. is dominant due to the large

quantity of free carriers.

In 1983, Franz and Wiedemann experimentally discovered that the ratio of the thermal
conductivity K. to the electrical conductivity o in metals is almost the same at a certain

temperature, T. This can be expressed as the following equation,

VRN D ¢ Eo S — (4)

This was later established by Lorentz that the ratio K./o is proportional to the absolute
temperature T and therefore, K¢/o is a universal constant in all metals. The expression Lo is knows

as the Lorenz number and only depends on the electron charge e, and Boltzman constant kg of a

material.
e
Lo="" (*£)2 = 245 X 10 8 WQ/K? rrroveemeeecees (5)

In room temperature, Lo values for three dimensional (3D) metals is exceptionally universal [27].

When it comes to insulators, the thermal transport is mainly due to the lattice component. The
mechanism of thermal transport involves the displacement of a particular atom, which travels
through the lattice instead of being localized. This gives rise to the lattice wave and results in
thermal wave propagation through the material. From this, the definition of phonons comes as
the quanta of excitation of normal modes of vibration. As the packing density of the
semiconductor devices is increased drastically, as a result, the characteristic device length is also
become reduced down to sub-100 nm range. This dimension is comparable to the mean free path
(MFP) of the energy carriers, which are electrons and phonons. At this scale, continuum laws such
as the Fourier’s law breaks down. In the cases of semiconductor materials like silicon, where
phonons conduct most of the heat through the channel, the MFP comes into play. When the heat
conduction channel becomes so narrow that its length is comparable to smaller to the MFP,

phonon-boundary condition becomes dominant and suppress the thermal conductance.
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2.3 Phonon transport in nanoscale

Phonon transport in markedly different when the system size reduces to nanoscale. Due to the
advancement in fabrication and synthesis of the devices in nanoscale, it is now important to
understand the nature of phonon transport in nanostructured materials. In crystalline solid
materials, the atoms oscillate around their equilibrium positions in quantized vibrations due to
the temperature of the system. These quantized oscillations are defined as phonons. In fig. 2.1,

different phonon wave regimes are shown.
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Figure 2-1 spectra of acoustic and vibrational i.e. mechanical and
thermal wavelength regime. [4]

In semiconductor materials, the thermal transport is mostly dominated by phonons with large
wave vector where the room temperature mean free path (MFP) can range from 1nm- 100 nm.
The surface or interface phonon scattering becomes important in this regime [28] [29] [30] . At
nanoscale, when the structural dimension becomes comparable to that of the phonon wavelength,
other phenomena like dispersion relation modification takes place that leads to quantum
confinement of phonons resulting in further alterations of the thermal transport through the
material. Also, at nanoscale, the surface to volume ratio of the material increases which in term

increases the importance of boundaries and interfaces [31].
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In solids, there are two types of phonons, acoustic phonons (denoted by A) and optical phonons
(denoted by 0). Acoustic phonons are in-phase phonons relative to the neighboring atoms, and
optical phonons are the out-of-plane ones as shown schematically in fig. 2.2. Both types of these
phonons disperse in Longitudinal and Transverse branches respectively, which will be shown in
detail in the next sub-section of this chapter. Optical phonons have a minimum frequency even at
infinite wavelength, whereas the acoustic phonon frequency approaches zero when the
wavelength is infinite. Finally, there are three polarization branches for acoustic and optical
phonons, one longitudinal and one transverse. In general, for N atoms per unit cell, there are 3

acoustic and 3(N-1) optical branches.

0o o0

Longitudinal Longitudinal
Acoustic Optical
Transverse Transverse
Acoustic Optical

Figure 2-2 Different types of motions of the atoms in the
unit cell.

2.3 The coordinate system and lattice structure of graphene

Graphene is a two-dimensional (2D) material that is can be considered as a monoatomic sheet of
SP2 bonded carbon atoms. Graphene sheets are the building blocks for three dimensional graphite
when they are weakly bonded to each other by the van der Waals force. While carbon nanotubes
(CNT) was a subject of investigation for about two decades now, studies on graphene is relatively
a new field. Extensive studies on graphene was only possible after it was first isolated by
mechanical exfoliation from graphite on a dielectric substrate [32] [33] [34] . Besides two

dimensionality, graphene is a widely sought material for its high Young’s modulus, optical
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transparency, and high melting temperature. These properties make graphene a perfect material

to be applied in industries [35], [36].

Graphene posseses the distinguishable honeycomb structure in atomic level as shown in fig. 2.3
[37]. In the figure the lattice structure of the material is shown, as well as the interatomic distance,

a = 1.42 A0. The unit cell of graphene is defined by the two lattice vectors,

\{)§| __________ ()and a; = (%)

e/
3| @) 138)

As we are more interested in the phonon transport through graphene, it is important to describe

the reciprocal lattice vectors as below,

2T 2T 2T 2T

b= (7,57 (3)and by = (—, =) - (4)

The first Brillouin zone represents a set of equivalent points in reciprocal space as shown in Fig.
2.3(b). There are six corners of the first Brillouin zone that consists of three pairs of inequivalent

points K and Ko.

Figure 2-3 (a) A schematic of graphene lattice is shown with hexagonal unit cell and basis
vectors ar and az. The space vectors are represented by 81, 62, and 63 that are connecting
the sub-lattices A and B The light grey rhombus represents the primitive unit cell. b) First
Brillouin zone with reciprocal lattice vectors b1 and b is shown, enunciating the high
symmetry points I K and M. Recreated based on various references.

By using the relations established in eq. 4 and 5, it is possible to draw the first Brillouin zone in
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graphene in the reciprocal plane (K, ky) as shown in fig. 1.3. The points [ Kand M at the boundary
of the Brillouin zone have the highest symmetry then the other points of the Brillouin zone. The

coordinates of these space points are given by,

|G
andM = (Z5) | 3 |-memeemeeees (5)
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2.4 Phonons in graphene

The structure of graphene discussed above considers graphene as a rigid material. But at finite
temperature the atoms vibrate around these equilibrium positions due to the thermal energy they
have. As the atoms are still bound to the periodic lattice, the movement of one atom will be
affected by the movement of the other atoms. These motions of the particles can be described by

a potential, from which the equations of motions ca be obtained.

The equations of motions can be obtained by Bloch’s theorem. The solutions are actually the

frequencies of the wavelike solutions that depend on the structure of the lattice.
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Figure 2-4 The phonon dispersion of graphene. [15]

These frequencies are the normal modes of the lattice and are described in terms of the reciprocal

lattice vector given by the dispersion relation w(k) [38]. In other words, the vibrations of these
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atoms are defined by the periodic wave solutions that matches the periodicity of the lattice. The

whole lattice vibrates with superposition of these normal modes, which are called phonons.

From the phonon dispersion plot in fig. 2.4 [39] we can notice the following things-
e The acoustic and optical branches typical for a two atom basis material is observed.

e We can recognize the high symmetry points at [, K and M as discussed in the previous

section.

Thermal properties of graphene has not been explored as extensively despite intensive research
on graphene for different applications. An experimental method to measure the thermal
conductivity of suspended graphene flake by implementing RAMAN spectroscopy has been
reported by Balandin et.al [21]. By observing the change in the position of the G-band in graphene
with the change in laser power and thus inducing higher temperature, it was possible to detect
the temperature rise in graphene. [21]. The measurement has room for error because even though
the actual sample was supported on the SiO; layer, due to the weak thermal coupling between the
substrate and the exfoliated graphene flake, it was assumed to be suspended. However, a more
recent measurement showed that when graphene is embedded in SiO;, the thermal resistance at
the interface of the two materials is lower compared to the values measure for other carbon
allotropes like carbon nanotubes [40]. Another factor to consider here is that, in the case of
supported graphene, the phonon scattering between the substrate and the graphene cannot be
ignored. Therefore, assuming similar values of thermal conductivity for both supported and
suspended graphene could be rather misleading. Most common type of device configurations
include supported graphene nowadays, however, not enough information is available regarding
thermal conductivity of supported or suspended graphene. Another RAMAN spectroscopy based
experimental method has been demonstrated by Freitag et. al. They had supported monolayer
graphene on a 300nm thick oxide film substrate. This method is also not perfect to measure the
thermal conductivity as the heat generated from the laser would travel both laterally and through
cross plane and travel into the substrate. In carbon nanotubes (CNT) this value was found to be
around 3500 WmK-1 [34]. Fig-2.5 shows the average values of thermal conductivity of graphene

allotropes as reported in various literature[33].
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Figure 2-5 Thermal conductivity of various carbon allotropes

[24]

2.5 Thermal rectification

Thermal rectification (TR) is a phenomenon analogous to the electrical transport in an electrical
diode, that promotes directionally preferential heat transport. Engineered nanostructures are
now being considered potential candidates to induce thermal asymmetry along with enhancing
electrical transport [3]. This in fact, acts as the thermal equivalent of an electrical p-n diode. For
the same temperature difference AT, this kind of system would allow a larger heat flux to flow in

one direction and in the opposite direction it will me comparatively lower.

Thus, we can introduce the rectification ratio from the following equation,

Y& (To -T) = Q4+ - Q- where Q+ > Q. and Q+ / Q- >1.

where Ty, T, Q+ and Q- are the mean temperature, temperature between hot and cold ends, larger
heat current and smaller heat current respectively [41].
It has been shown both theoretically and experimentally that thermal rectification can be

achieved when two bulk materials with different thermal conductivities are joined as observed

by C. Dames [42] and Kobayashi et. al.[43].
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Figure 2-6 Thermal rectification mechanism with two materials with
different thermal conductivities joined together [25]

The mechanism is shown in fig. 2.6 [3] two materials A and B can be subsequently used as the ‘hot’
and cold’ terminals where, AT = (Ts- Ta) or AT = (Ta- Tg). In the first case, both materials are in
a higher thermal conductivity regime and in the second case, the opposite is true. In the first case,
heat flows more easily from B to A in the second case, the heat dissipation direction is from A to

B. This is a demonstration of asymmetric heat flux for same AT.

Several promising methods have been proposed theoretically. One intriguing idea is proposed by
N. Yang et. al. is the carbon nanocone. They demonstrated a thermal rectification in large
temperature range from 200K to 400K by creating an indentation in graphene that preferentially
scatter phonons [44]. By performing energy based deviational MC simulation, A. Arora et. al. have
evaluated the thermal conductivity of restructured graphene [23]. While most of the proposal to
date are theoretical studies, recently there are intriguing experimental works are being done to
achieve thermal rectification in materials. C.W. Chang et. al. have achieved a thermal rectification
ratio of 1.02-1.07 by fabricating unevenly mass loaded carbon or boron nitride nanotubes and
observed heat flow preference from the high to the low-mass regions [45]. H. Wang et. al have
achieved 26% thermal rectification factor by defect-engineering monolayer suspended graphene.
The asymmetry is introduced by creating nanopores on one side of the GNR, or by creating a

structured with a tapered shaped to induce asymmetry [46].
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Chapter 3

Thermal transport in graphene: FEM simulation

With the recent technological advancement in terms of nanoscale device fabrication, scientists
have found that materials with an array of specially designed pores can selectively suppress the
flow of phonons with certain frequencies, as they introduce interference effects leading to the
formation of phononic band gaps in these materials [4], [47]. The approach of controlling and
manipulating heat transport and thermal conductivity by means of the wave interference method
has an immense advantage over the phonon scattering method as they allow heat flow control at
the nanoscale level. Also, the range of the phononic bandgap and the desired frequency of the
thermal vibrations to be suppressed can be controlled by varying the size and shape of the pores.
Such materials which are engineered to control the transmission of phonons are called Phononic
Crystals (PnC) and are used in a wide range of applications such as noise and vibration
attenuation, acoustic waveguides and filters. The emergence of two-dimensional materials which
exhibit extraordinary properties has led to the quest of novel ideas and applications in these
materials [48]. Amongst which, graphene, which is the first isolated two-dimensional material, is
of particular interest as it showcases excellent phonon transport properties [36], [49], [50]. As
mentioned earlier, phononic crystals which limit the heat flow due to the presence of an array of
specially designed pores are of utmost importance from this perspective. Recently, our group has
successfully nanopatterned periodic arrays of 3-4 nm sized pores on suspended graphene using
focused helium ion beam milling [51]. The robustness of the focused helium ion beam milling
system allows the fabrication of more complicated nanopore patterns such as cross shape,
hexagonal snowflake shape with the help of a pattern generator. It has already been reported that
circular periodic nanopores in graphene generate a phononic bandgap in the GHz regime [52] .
The bandgap frequency is dependent on the pitch size of the pattern. With lower pitch size in the
sub-10 nm regime, phononic band gaps at higher frequencies were observed. However, for
potential room temperature device applications, we need to obtain the phononic bandgap in the
THz regime. In this segment of the project, we tried to understand by simulation the conditioning

of GnPC within the available novel nanofabrication methods to generate PnBG.
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3.1 The finite element method (FEM)

Finite element method (FEM) is used widely for solving mathematical models. In analytical works,
this method is widely used for structural analysis, heat flow analysis, determination of

electromagnetic potential, mass transport and so on.
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Figure 3-1 Basic steps to perform FEA in COMSOL Multiphysics. Recreatea
from various references.

FEM technique is a numerical analysis method for finding approximate solutions of partial
differential equations. For this project, the FEM simulations were carried out using COMSOL
multiphysics software (previously known as FEMLAB) which is a commercial software designed
to address a wide range of physical phenomena. The software is equipped with “physics interfaces”

that are pre-built packages of physical equations and corresponding boundary conditions [53].

In principle, the FEM method works by discretizing a continuous domain by a large number of
subdomains. Each of these subdomains are called elements and can be defined with an unknown
function represented by simple interpolation of functions with unknown coefficients. By
discretization, we are basically dividing the initial boundary value problem with an infinite

number of degrees of freedom into smaller segments each of which now has a smaller (finite)
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number of degrees of freedom. Now, the solution of the entire problem is now an approximation
of a finite number of unknown coeffecients each of which now can be associated with a partial
differential equation. By solving these PDEs we can generate the solution of the individual
boundary value problems. An FEM analysis flow chart is shown in fig. 3.1 and the steps are

discussed as follows.

Pre-processing: At first, it is necessary to build the model with the required design and
dimensions. To most efficiently use the computational power within the shortest amount of time
without having to compromise with the calculation accuracy, the most important step is to
discretize the entire domain, say Q. In this step, the entire domain is subdivided into a number of
small domains, denoted as (e = 1,23,..,M), where M is the total number of subdomains or
elements as known otherwise. A one-dimensional domain is often discretized into elements that
are straight or curved lines as shown in (fig. 3.2 (a). These short segmented elements then
interconnects to form the actual line. Elements for two and three-dimensional domains are also
shown in fig. 3.2. These linear lines, triangles and tetrahedral can be taken as the basic elements
for one, two and three dimensional problems where the elements form the curved lines or planer

patches for the model.

Figure 3-2 Schematic of the basic 1D, 2D and 3D finite elements.

Solution

To understand how the solution works, we can consider a one dimensional typical boundary

value problem where a function u can be approximated by another function u, according to the
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following linear relation,

and, up = Y w; ¥ --------------- (3.2)

Figure 3-3 Schematic of the discretization process in COMSOL. The function u showed by the
solid blue line shows approximated values to u, represented by the red dashed line. The linear
basis functions are shown by the solid black line.

https://www.comsol.jp/multiphysics /finite-element-method )

Fig. 3.3 [54] schematically represents an 1D problem where a rod is nonuniformly heated in the x
direction. Here, W;represents the basis functions and u; denotes the coeffecients of the functions
that approximate u with up. For a real valued problem, in the second step, the finite element
analysis (FEA) selects an interpolation function that provides an approximation of the unknown
solution within the element. It is usually a first, second of higher order polynomial equation. It is
important to choose the interpolation function accordingly because higher order polynomials will
result in more complex functions even though they are more accurate. Therefore, more simple

and basic linear interpolations are usually used.

Post processing
Once the solutions of the problems are determined, the post-processing step enables the user to

evaluate the results of the FEA by plotting data and exporting tools.

As mentioned before, the aim of this project is to fabricate a graphene based phononic crystal. To
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be able to understand the ideal characteristics of the phononic crystal and to have an idea about
the nanopattern to obtain for phononic bandgap generation, we performed numerical analysis.
We used FEM simulation using COMSOL MULTIPHYSICS software [55]. Thermal phonon
wavelengths are a few nanometers at room temperature and phonons quickly lose their
coherence when scattered by surfaces with nanometer scale roughness [47], [56] . Therefore, the
simulation model was based on the approximation of periodic nanopores on monolayer graphene.
Starting with simple 2D models, the simulations were gradually improved to imitate the actual
conditions as close as possible. To simulate the heat transfer in graphene we created the following
models which differ from each other primarily by types of the GNR with the corresponding

nanopores:
- 2D model with square shaped pores
- 2D model with circular pores

- 3D model with circular pores

- 3Dmodel with cross shaped pores,

- 3D model with snowflake shaped pores.

In COMSOL the design of the model involves several steps that include
1) Geometry specification of the object

2) Division of the object into sub-domains, i.e. meshing,

3) Applying descriptions of the subdomains,

4) Specification of the subdomain boundaries and performing the calculation.

2.2 Simulation in 2D module

At first, we developed the model for 2D acoustic module with boundary probe conditions. The
structure is considered to be infinite in y-direction and finite in the x-direction. The periodicity is
considered to be a; and a; described by the two basis vectors (a;, 0) and (0, az). According to the
Floquet-Bloch theorem, if x is a position vector in the unit cell and k = (ky, ky) is the bloch wave

vector, the relation of pressure distribution p for nodes lying on the boundary of the unit cell is,

p(x+ait+az) =p(x)exp [I (kai + kyaz) -------------- (3.4)

The transmission probability of the phonon frequencies is shown for the model with an extremely

34



small pitch of 6nm. The schematic of the model is shown in fig. 3.4. Transmission probability of
the phononic crystal and the associated pressure map at fixed frequencies were generated using
FEM simulation. The COMSOL MULTIPHYSICS software is adopted to solve the acoustic wave
propagation in the designed phononic crystal. The equation used to analyze the acoustic wave

problems is expressed as,

(1/poc?) (82p/6t2) + A. (-Ap/po) = 0 -=------=----- (3.5)

This can be reduced to,

A. (-Apo /po) - (w?2po /poc?) =0 -----mmmmmmmmee- (3.6)

For the two dimensional case, the model is build using the parameter described in the following

table.

Table 3.1: parameters for the 2D phononic crystal model

Name Expression Value Description

al 18 [nm] 1.8E—8 m unit cell x size

a2 al 1.8E—8 m unit cell y size

c0 343[m/s] 343 m/s speed of sound

Dvisc 0.22[mm]*sqrt(100[Hz]/10[kHz]) | 2.2E-5m viscous boundary
layer

Kx 0 0 wave vector X-
component

Ky 0 0 wave vector y-
component

L_in 5*al 9E—8 m inlet length

L_out 5*al 9E—-8 m outlet length

L_pml 3*al 54E—8 m 0

lambda0 | c0/50[GHz] 6.86E—9 m wavelength at 50 MHz

N 10 10 number of wave
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vector

N_layer 10 10 number of unit cells

(layers) in finite

model
11 3 [nm] 3E-9m length of square pore
12 3 [nm] 3E-9m width of square pore
«——n times unit ceII—>|
<o
excitation- | - ~ |read-oyt (averaged)
Q -
E PML N |: ] :d:
symmetric boundary | | - |

7] graphene [] air

Figure 3-4 Schematic of the model with square shaped nanopores in GNR

A 2D crystal system with10x5 crystal lattice with lattice parameter of 16 nm and a different pitch
size is built in COMSOL multiphysics. The pitch is defined as the distance between the centers of
two adjacent nanopores. The illustrated transmission spectra shown in fig. 2.4 shows clearly the
phonon blockade at different frequencies. The illustrated pressured maps are taken at frequencies

as shown below,

e 3THZ - pre Bragg gap formation

e 4 THz - Shows complete phonon blockade at the middle of the first Bragg gap
e 5.5 THz - Shows transmission after Bragg gap formation

e 6.5 THz - complete phonon blockade at the middle of the second Bragg gap

e 7 THz - shows transmission again.

From this transmission characteristics, we can see that at low THz regime, the system acts as
homogeneous medium and acoustic wave propagation is through the whole material. The
periodic structure doesn’t affect the transmission of the acoustic waves in this regime as the
lattice constant is much smaller than the wavelength. At about 6THz, the wavelength is

comparable to the length
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Extending the simulation for different pitch lengths, we can obtain transmission probability at
different ranges of the spectrum. In fig. 3.5, we can see the probability of PnBG generation is

inversely related to the pitch length.

Pitch

Global: (nm) i 3 THz
x107%0 gI_ Ii; m
26 — ‘; | Air -
5'3 |_1‘ ' 4 THz
5 2t | 3 == 3]
P - < g E llllllll-
=16 v Q —
o 1
% 147" | & 2oy {
£120 'y Bbo? Q4 \J'
& 1 A | Q& ‘Q’b l ‘
£038 . MR
=06 ~ Il
04 | |
0.2
0 -
-0.2
freq (Hz)

Transmission spectrum for the structure with pitch p = 6 nm
Pore diameter d = 3 nm
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Figure 3-5 Transmission spectra of a 2D phononic crystal model
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Figure 3-6 The range of phononic bandgap generated in GnPC with circular shaped pores with the pitch
varied from 10-18 nm.

Next, the effect of pitch size on the bandgap width and bandgap range was studied as shown in
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fig. 3.6 and 3.7. In fig 3.6, the different pitch for circular shaped pores were plotted in the x-axis
for corresponding PnBG along y-axis. The effect of lattice parameter is obvious as the lower pitch
contributed in opening larger bandgaps in higher THz regime. When the nanopores were square
shaped, similar effects are observed and even a second bandgap is opened at sub-10-nm pitch
regime. This is a very crude simulation performed in 2D module and only takes into account the
unidirectional longitudinal wave transport through the lattice. In the next section, we improvise

the simulation in 3D module for more accuracy based on the preliminary findings from here.
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Figure 3-7 The comparison of PnBG ranges for GnPC with square and
circular shaped pores at different pitch.

3.4 Simulation in 3D module

After being able to observe the significance of PnBG in terms of lattice parameter, pore shape and
periodicity, the simulation was extended in the 3D module. Our colleague developed the model
with the assumption of graphene with 1nm thickness to favor the meshing condition in COMSOL

and performed the study for square, circular and cross shaped pores. It has been shown that while
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circular and square shaped pores do not show any PnBG opening, by implementing certain
dimensional conditions it was possible to observe PnBG for cross-shaped nanopores. It was
observed that the PnBG depended strongly on the ratio of the width at the edge of the cross (w)
to the pitch (p) of the cross. The phenomena and the possible mechanism are discussed in detail

in the later sections.

—

>
Neck  pitch

Pore diameter
r M

Figure 3-8 Schematic representation of the model showing the neck, pitch and
the diameter of the nanopores (top). Arrows pointing towards the respective
pairs of boundary conditions (bottom)

To carry out the dispersion relation between the phonon energy and the wave vector, Floquet
boundary conditions are used [57]. Amongst the available application-specific modules for
various physics phenomena, we made use of the acoustic module to solve the wave propagation
in the phononic crystal to obtain the pressure map of the system at fixed phononic frequencies.
The graphene thickness was fixed to be 1 nm to favor the meshing condition in COMSOL

MULTIPHYSICS software.

In the 3D case, we first try to simulate the most common and experimentally affordable circular

pore shapes. In the 2D case, the bandgap was larger at sub-10-nm pitch scale, we also constructed
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our 3D models varying the pitch starting 6 nm. Then we took care to investigate the porosity
favorable for PnBG opening at this lattice parameters. To study the dispersion relation, we applied
Floquet boundary condition (Floquet BC) on the model as shown in fig. 3.8. For an infinite

waveguide, Floquet BC is represented by the following equation.

Udst = Usrc e Kp(Lygp Lgpe) =mmmmmmmmmmmm e (37)

Here, kr is the Floquet wavenumber, and the subscripts dst and src represent destination and
source respectively. u is the displacement field and r is the spatial coordinates of the boundaries

on which the BC is applied.

Once the BC is applied on a representative unit cell, it would then sweep for the relevant
wavenumbers while solving the eigenvalues (or eignefrequencies) at each interval defined by the
user. The wavenumber and the frequency values would then build the dispersion relation curves
for the periodic waveguides. Collet et. al. have shown the use of Floquet BC to obtain dispersion

relation for a cylindrical rod attached to a thin plate [57].

In the following segment, [ will discuss the results obtained for circular nanopores in graphene.
For 6 nm pitch, we can see that the PnBG is prompted to open as the porosity is increased from

0.523 to 0.68. A PnBG around 0.4 THz regime is observed.

Table 3.2: Parameter for the 3D phononic crystal model for circular nanopores.

Pitch (unit cell length) 6 nm

Thickness 1nm
Porosity (a) 0.502 (b) 0.53 (c) 0.68
Radius () 2.4 (b) 2.6 nm (c) 2.8 nm

It is encouraging for us that the PnBG is observed for the more realistic case of GnPC. However,
the unit cell dimensions at this point are extremely small and experimentally impossible to

achieve. The neck length becomes ~1nm when the porosity is 0.68 which is not achievable with
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the current technology. So we explore to obtain more possibilities to get as close to experimental

scenario by increasing the pitch, neck length and optimizing the porosity.
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Figure 3-9 Calculated dispersion relation for GnPC with 6 nm pich and varying radius. The change
in radius also corresponds to the change in porosity. The figure numbers (a), (b) and (c)
correspond to the dimensions as described in table 2.1. As the porosity is increased, a PnBG
around 4THz is opened for this case.

Table 3.3: Parameter for the 3D phononic crystal model for circular nanopores.

Pitch (unit cell length) 7 nm 20 nm 25 nm
Thickness 1nm

Porosity (a) 0.89 (b) 0.78 (c) 0.789
Radius (a) 3.4 nm (b) 9.64 nm (c) 12.13 nm

With the dispersion relation shown in fig. 3.10, we observed that the PnBG opens when the
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porosity is relatively high, even when the pitch is increased upto 25 nm. This attests to an

extremely narrow neck length associated with the PnBG opening.
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Figure 3-10 Calculated dispersion relation for GnPC with 7, 20 and 25 nm pich and varying
radius. The change in radius also corresponds to the change in porosity. The figure numbers
(a), (b) and (c) correspond to the dimensions as described in table 2.2.

As shownin fig. 3.11, the pore-shape dependence of the the GNPC was studied for different models

() N ) <
(_> :
Diamew Length of Side = 13:25 nm

Thickness: 1 nm
Pitch (p): 25 nm

(C) Pitch (p) }
/ S == \WVidth at center of cross (h) nm
/ b
/ = \Vidth at edge of cross (w) nm

Figure 3-11 Different PnC models constructed for the simulation in 3D
modlule.
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with square, circular and cross shaped pores. This particular study is done in close collaboration
with our colleague S. Kubo.

The porosity and pitch of the GnPC was maintained at 0.28 and 25 nm respectively. For the cross
shaped structure, which is the structure of our interest, has a pitch of 25 nm, width at the center
of the cross = 20 nm and width at the edge of the cross 5 nm. This gives a neck of 5 nm which is
referred to as the distance between the two holes in the periodic structure. While the circular and
square shaped pores didn’t show any phononic band gap, the cross shaped pore exhibited
multiple phononic bandgaps in 0.57 THz to 0.60 THz, 0.68 THz to 0.69 THz and 0.87 THz to 0.90
THz regions (fig. 3.12). In this simulation, the porosity, thickness and pitch of all the GPnCs are
considered the same. From this, we can make the assumption that the appearance of the PnBG

was influenced by the pore shape control in the graphene.
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Figure 3-12 Calculated phonon dispersion relations for graphene phononic crystals with circular, square
and cross shaped nanpore structures from left to right. A porosity of 28%, 25 nm pitch and 1 nm thickness
was maintained for all of the studijes.

To correlate the effect of pore shapes on the PnBG opening, we saw that, one important aspect of
the cross-shaped hole structure that had influenced the PnBG opening was the neck length, which
is defined as the distance between two corresponding pores. 28% porosity was maintained for all
of the structures with varying neck length by adjusting the width at the center of the nanopores
accordingly. The phonon band dispersion relations of these structures are shown in 3-12 (a)-(c).
When the neck length was 10 nm, no PnBG was observed from the dispersion relation. However,
the PnBG appeared and became more obvious as the neck length was gradually decreased as
shown in fig. 3.12. Also, at smaller neck length conditions, we could observe multiple PnBGs. At a
neck length as small as 1 nm, from the dispersion relation we could observe four different PnBG

regions: green (0.26 THz to 0.29 THz), purple (0.37 THz to 0.49 THz), blue (0.63 THz to 0.67 THz),
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and red (0.85 THz to 0.86 THz) compared to the case of the 5 nm neck cross structure which
showed only three regions. These results show that due to the shorter neck length, the phonons
are obstructed at the constriction leading to phonon confinement. The opening of PnBG is due to

the interference of the phonon waves at the constriction along the length and width [58]
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Figure 3-13 Effect of neck length on PnBG with porosity maintained at 28%, thickness 1 nm and pitch 25 nm
for all of the models. From left to right, neck length was 10 nm, 5 nm and 1 nm gradually. The PnBG is observed
to be dependent on the neck length and with smaller neck length, PnBG is more obvious.
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PnBG are observed for the pithes 25 nm and 20 nm.

From the bandgap map shown in fig. 3.14, we can observe the effect of pitch to width ratio (W/P)
on the generation of PnBG. Both 20 and 25 nm pitch GpNCs show phononic bandgap opening at a
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certain W/P value. Phononic bandgaps around 0.6 THz and 0.9 THz frequency regime were
observed for the 25 and 20 nm pitch GPnCs repectively. With the decreasing pitch, i.e. decreasing
unit cell size that resulted in increasing pore intervals, it was observed that the phonon dispersion
relation shifted to higher frequency regime. Conditioning of the PnBG seems to be dependent on

the w/p ratio as the bandgaps are seemingly generated at the similar w/p regions.

After realizing the importance of conditioning pore-shape size for the generation of PnBG and
with the possibility with HIM milling system for the practical applications, [ was further motivated
to expand the previous study for a snowflake-shaped GnPC. We envisioned being able to generate
high THz PnBG by introducing more complex shapes that would help increase the neck length by
keeping the similar porosity. From experimental point of view, introducing a more complex
shaped waveguide is not easy, but not completely a farfetched idea either. Keeping the material
parameters similar as the preliminary simulation cases, this time a hexagonal snowflake shaped

PnC was studied.

Fig. 3.15(a) shows the schematic representation of the unit cell of the hexagonal snow-flake
phononic crystal considered in this study. According to Flouquet’s theorem, wave propagation
through a lattice can be realized within the irreducible Brillouin zone. If we have a medium with
heterogeneous elastic properties or particular geometric features, only certain waves can
propagate through the structures. Each of these modes can be identified by a wave number and
defined as the distribution of dispersion curves, from which it is possible to identify the
frequencies that are being blocked by a certain phononic crystal system [21]. Henceforth, it
becomes necessary to define a unit cell in the k-space such that the wave vectors can be expressed
in terms of the reciprocal lattice basis as shown in fig-3.15 (a) for the hexagonal unit cell. The
periodic nanostructure obtained by repeating the unit cell in x and y directions is shown in 1b.
The periodicity of the structure is fixed to be 25 nm throughout the calculations. In this study we
focus on the variations in the interference effect as we change the neck-length of the snow-flake
structure. Hence we performed phononic band structure calculation for different neck-length L,
along the high symmetry points of the Brillouin zone shown in Fig 3.15c. The pitch is defined by
the distance between the center of two snowflakes, which is essentially the length of the unit cell
itself. The study has been carried out on the minimum unit cell (fig-3.15(b)) with periodic
boundary conditions which replicates the minimum unit cell in both X- and Y- directions to imitate
the snowflake shaped phononic crystal. Also, several other bandgaps are seen to be formed at

lower frequencies suppressing a large portion of the phonon frequency.
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Figure 3-15 (a) Schematic representation of the unit cell of the hexagonal snow-flake phononic
crystal. L and W are the length and width of the neck of the snow-flake structure. (b) Supercell ot
the snow-flake phononic crystal formed when the unit cell shown in (a) is repeated in both the x
and y directions. The periodicity P represents the distance between the centres of two snow-flake
nanopores and is fixed to be 25 nm throughout the calculation. (c) Schematic diagram showing the
Brillouin zone of the hexagonal lattice. The shaded region I’ - K - M — I represents the path along
which the phononic band structure calculation is performed. (d) The phononic band structure
calculated for snow-flake structure with neck length 5.2 nm showing the bandgaps in the THz
regime which is desired for room temperature thermoelectric applications.

The thermal conductivity in a material can be expressed with the following equation,
Wimnax I
K= hw; —2gv;lidw
> [ weGa

where j runs over different polarization branches of phonon, which include two transverse
acoustic branches and one longitudinal acoustic branch, ~wjis the phonon energy, n;is the
occupation number, 7'is the temperature, gjis the density of states, v;the group velocity and /is
the mean free path of the phonon. As far as the wave interference approach towards controlling
the heat transport and thermal conductivity concerned, various shapes of nanopores with
different periods affect the dispersion relation of the phonon which in turn affects the propagation
of phonon by changing the density of states and the group velocity. The wavelength of the phonon
forbidden to propagate depends on the period of the nanopores as the interference effect follow
the Bragg's law, nd =~ 2a where A is the phonon wavelength and a is the periodicity of the
nanopores. The shape of the phononic crystal also has immense effect in introducing the thermal

bandgap in these nanostructures. Fig. 3.15 (a) shows the schematic representation of the unit cell
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of the hexagonal snow-flake phononic crystal considered in this study. L and W are the length and
width of the neck of the snowflake structure. The periodic nanostructure obtained by repeating
the unit cell in x and y directions is shown in fig. 3.15 (b). The periodicity of the structure is fixed
to be 25 nm throughout the calculations. In this study we focus on the variations in the
interference effect as we change the neck-length of the snow-flake structure. Hence we performed
phononic band structure calculation for different neck-length L, along the high symmetry points
of the Brillouin zone shown in Fig 3.15 (c) . Fig. 3.15 (d) shows the band structure calculated for
the snow-flake structure which has a neck length of L = 5.2 nm. A phononic bandgap at higher
frequency regime (~ 1.6 THz) was obtained compared to the bandgap around 0.9 THz obtained
for the cross bar structure in our previous study [23]. Also, several other thermal bandgaps are

formed at lower frequencies suppressing a large portion of the phonon frequency.
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Figure 3-16 Phononic band structure calculated along the high symmetry points of the Brillouin zone for
neck lengths (a) 6.6 nm, (b) 7.6 nm, (c) 8 nm and (d) 9.2 nm of the snow-flake shaped phononic crystal.

Motivated by the improvement in the thermal bandgap calculation, we carried out band structure
calculations for other neck lengths. We noticed that varying the neck-length also reduces the size
of the triangles in the snow-flake unit cell so as to keep the periodicity constant. This could impact
the dispersion relation as the coherent interference due to the wave reflection from the triangular
surfaces may change with the size of the triangle. Fig 3.16 a-d shows the phononic band structure
plotted along the high symmetry points for the lengths 6.6 nm, 7.6 nm, 8 nm and 9.2 nm
respectively. Compared to the large bandgap observed for L = 5.2 nm in Fig 3.16 d, increasing the
length to 6.6 nm lowered the frequency of the bandgap and at the same time reduced the size of

47



bandgap (Fig 3.16 b). However, increasing the neck length further to 7.6 nm (Fig 3.16 c) brought
back the large bandgap around 1.6 THz. Additionally, a small bandgap of width 14 GHz is opened
around 1.7 THz (purple colour). Further increasing the neck length to 8 nm gives rise to more
bands at higher phononic frequency. Also, a new bandgap is opened around 1.96 THz. Note that
the large bandgap present around 1.5 THz reduced in size compared to the case of L. = 7.6 nm. Fig
3.16 (d) shows the phononic band structure calculation for L = 9.2 nm, where the top band gap
reduced in frequency. Also, the large bandgap around 1.5 THz became very narrow. To summarize
the observation of the bandgap opening for different neck length of the phononic crystal, we
tabulated the range and width of the highest bandgap for all the above-mentioned neck-lengths
in table 3.4.

Table 3.4: Tabulated PnBG widths.

L PnBG range PnBG width
(nm) (THz) (GHz)

6.6 1.465-1.479 14

7.6 1.698-1.711 13

8 1.951-1.980 29

9.2 1.948-1.971 23

Although a steady increase in the frequency of the highest bandgap was observed until L. = 8 nm,
the frequency range and the width of the bandgap reduced for L. = 9.2 nm. Thus the dependence
of the bandgap opening on the length of the neck is not linear as expected. This motivated us to
study the phononic band gap opening for all the possible neck lengths. Fig 3.17 shows the
phononic band gap map for neck length varied from 2 nm until 11 nm. The different colours
indicate different band gaps appearing between two particular bands. These colours are also
matched with the colours used in Fig 3.15 d and Fig 3.16 to indicate different bands. As is evident
from the bandgap map, the bandgap does not follow a linear relationship with the neck length.
Moreover, some of the bands follow an oscillatory pattern where the bandgap width increases
with the length, reaches a maximum and then decreases with increase in neck-length. Such a
pattern can be observed especially in the case of the large hill shaped bands centring at 5 nm and
8 nm neck length (Cyan and black respectively). Also, it is noteworthy that the overall bandgap
map has an oscillatory pattern which peaks at neck lengths of 5.4 nm and 8.4 nm. Such a bandgap
map will help to selectively choose the parameters of the snowflake phononic crystal to suppress

the thermal conductivity in the THz regime [59].
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Figure 3-17 The phononic bandgap map which depicts the band gaps plotted as
a function of frequency for various neck lengths of the snow-flake phononic
crystal. The neck-length is continuously varied from 2 nm to 11 nm. Different
colours indicate different phononic band gaps appearing between two particular
bands

We have also calculated the transmission probability as a function of phonon frequency for the
snow-flake shaped phononic crystal having neck length of 8 nm (Fig. 3.18). Complete suppression
of frequencies around 0.7 THz, 1 THz and 1.75 THz observed in the transmission probability
spectrum represents the phononic bandgaps. When compared with the phononic band structure
calculated for the snow-flake structure with neck length 8 nm, an upward shift of 0.27 THz in the
phonon frequency is observed in the transmission spectrum. Such a difference is expected due to
the limited number of nanopores used in the transmission spectrum analysis (Fig. 3.18 inset).
Also, the diffraction effects from the two edges of the snow-flake structure would have
contributed to this anomaly. Nonetheless, apart from this upward shift in the frequency, the
position of the bandgap and the width of the bandgap is in good agreement with the band
structure calculation shown in Fig 3.16c. To confirm the propagation of phonons with certain
frequency through the phononic crystal we visualized the pressure map for various frequencies
in the transmission spectrum (Fig 3.18 inset). Here a pressure wave of a certain frequency is
applied at the left end of the sample and visualised the transmission of the wave through the

phononic crystal. The pressure map for 0.3 THz, 0.6 THz and 1.75 THz are shown in the inset of
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Fig. 3.18 As for 0.3 THz, which shows high transmission probability, most parts of the wave
reached the other end of the phononic crystal as expected. While for 0.6 THz frequency, which has
avery small transmission probability, a small portion of the wave reached the other end. However,
for 1.75 THz wave which falls in the bandgap region of the transmission spectrum, the wave is
completely blocked by the phononic structure which substantiates the ability of the snow-flake

nanopores in suppressing thermal conductivity.
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Figure 3-18 The transmission probability calculated as a function of phonon frequency
for the snow-flake shaped phononic crystal having neck length of 8 nm. The portion oi
the spectrum with zero transmission probability represents the phononic band gaps ir
the band structure calculation. The inset shows the pressure map, which analyses the
transmission of the phonons with particular frequency through the snow-flake phononic
crystal. The pressure map for phononic frequencies of 0.3 THz, 0.6 THz and 1.75 THz are
shown.

Summary

To summarize this chapter, we have investigated the thermal transport probability regulation in
graphene phononic crystals in carrying conditions using FEM. As a result of the coherent
interference from the snow-flake nanopores, a phononic bandgap in the THz regime was obtained
which is desirable for room temperature thermoelectric applications. The size of the bandgap and
its position in the phonon dispersion curve could be manipulated by varying the neck length of
the snow-flake structure. A distinctive band gap map is also computed by varying the neck length

of the snow-flake structure, which provides enormous information as to the size and position of
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the phononic band gap at various neck length. The transmission probability calculation as a
function of phonon frequency also shows good agreement with the band structure calculation.
The pressure map of the phononic crystal for various frequencies having different transmission
probability also validate the effectiveness of snow-flake shaped nanopores in suppressing the
phonons with frequencies in the bandgap region [59]. While the much simpler pore shapes like
the circular one requires high density nanopores, in the case of the more complicated shapes, the

pitch dependence becomes rather crude.
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Chapter 4

Experimental method: Device fabrication

Carbon is one of the most abundant materials on Earth and when bonded to itself, can be found
in a number of allotropes like diamond, graphite, fullerenes, graphene and so on (Fig. 4.1) [60]s.
These allotropes occur due to the different ways the chemical bonds are structured. The
hexagonal honeycomb lattice of graphene is the most stable one. Graphene is considered one of

the exotic materials of the 21st century.

This monolayer allotrope of carbon has earned attention worldwide since 2004, resulting in a
Nobel Prize in Physics in 2010 for Geim and Novoselov, before which it was considered that the

strictly 2D material can not exist [36].

Figure 4-1 The allotropes of carbon: a) diamond, b) graphite, c) lonsdaleite, d)
C60 buckminsterfullerene, e) C540, Fullerite f) C70, g) amorphous carbon, and
h) single-walled carbon nanotube. [From Wikipedia]
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Due to its exceptional charge transport, mechanical, thermal and optical properties, graphene is
now considered for a variety of novel and futuristic applications such as nanoelectronic devices,

gas and biosensors, flexible electronics and so on [61]-[63].

However, the practical application of graphene based devices is still restricted mostly due to the
fact that tailoring graphene to the desired forms is not established yet. The mechanical and
electrical characteristics are immensely affected by the defects in graphene. At the same time,
intentionally created periodic defects can open up new possibilities such as phononic applications.
Therefore, it is essential to be able to visualize and understand monolayer graphene in the atomic

regime. There are mainly two methods of obtaining pristine monolayer graphene,

a. Mechanical exfoliation: Graphene can be readily exfoliated from bulk graphite because graphite
is basically graphene sheets attached by van der Waals force in a stacked fashion [36], [50], [61],
[64]. The process is as simple as attaching the sticky side of scotch tape on a graphite source and
pulling out, causing a number of graphitic flakes with variable area and thickness to adhere to the
tape. These flakes then can be easily transferred onto a desired substrate i.e. Si0, and under
careful observation under an optical microscope, monolayer graphene can be easily detected.

(figd-2) [65]

~ Single-layer graphene

Figure 4-2 lllustration of the process of scotch-tape based mechanical
exfoliation method. [8]

b. Chemical vapor deposition (CVD): The domain size obtained by mechanical exfoliation method

is rather small and limits the flexibility in device fabrication process in many cases. Monolayer
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graphene is also produce by epitaxial growth by chemical vapor deposition (CVD) method where
methane as a precursor gas in inserted into a growth chamber along with a carrier gas. A metal is
used as a substrate to avoid formation of carbides as a byproduct of the chemical reaction. Metal
substrate also help avoid formation of carbon solid solution that can range from room
temperature upto 1000 °C (fig. 4.3) [66]. To briefly explain the mechanism of graphene formation,

carbon would diffuse into the metal and precipitate on the surface to form monolayer graphene.

[67],[68].

: e Gas
in Substrate St
—

Heating element

Figure 4-3 Schematic of a CVD growth chamber [11]

In this chapter, the fabrication of graphene nanophononic device is being described. For this
experiment, commercially available CVD graphene (Graphene supermarket, Graphnea) on Cu-foil
has been utilized. The devices are fabricated on a Si substrate covered with 500 nm thick thermal
SiO». The substrate wafers are available commercially (University Wafer). The nanophonon device
consists of suspended graphene with periodic nanopores with metal electrodes acting as the
thermal sensors. The aim is to be able to detect the change in thermal transport through the
suspended graphene with and without the periodic nanopores. It is expected that the nanoporous

structure would exhibit significant reduction in thermal conductivity due to phonon scattering.

4.1 Preparation of the sample substrate

The substrate was diced into the size of 15x20 mm wafers to accommodate the sample into the
sample cassette of our EBL system (ELS-7500, ELIONIX INC., Japan). The wafer is also pre-diced
into smaller sections for easier separation of devices to fit into a chip carrier. The dicing process
is carried out with a dicing saw from A-WD-10B, Tokyo Seimitsu Co., Ltd., Japan). Afterwards, the

substrates are cleaned with acetone, isopropyl alcohol (IPA) followed by deionized water (DIW).
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Finally, they’re once again cleaned with piranha solution (hydrogen peroxide H,0; and sulfuric

acid H2S04) to remove any contaminations.

4.2 Transferring CVD graphene on the substrate

Polymer supported graphene transfer is the most widely used method for graphene transfer. In
this process, a polymer layer such as PMMA, poly bisphenol A, PDMS or special self release
polymers are used as a temporary support to prevent folding or tearing of graphene during the

metal etching step [69], [70].

For our experiment, commercially available CVD graphene from Graphene Platform has been used.
The CVD graphene is delivered on a 4x4 inch copper foil. It is expected that high quality monolayer
graphene covers the top side of the entire Cu-foil surface, which is the desirable layer we want to
transfer on the substrate. To begin the process, a suitable section out of the Cu-foil is cut out. Care
has been administrated while handling as not to inflict damage on the top layer. PMMA was spin
coated on the substrate at 4000 rpm and post baking was done on a hot plate for 5 minutes at
180 °C. This PMMA layer acts as a support and protective layer for the graphene during the
following steps of etching and transfer. The Cu foils containing graphene was moved carefully on
the surface of the etching solution (25% Ammonium peroxide sulfate (APS) (NH4)2S:0s) keeping
PMMA/graphene side up. Once the copper is completely dissolved in 5-6 hours, the PMMA layer
containing graphene is carefully transferred to DIW for 15 minutes. This allows the residual APS
to be diluted and removed. This step is repeated 3 times to ensure maximum possible removal of
APS. In the last step, The PMMA /graphene layer is picked out of the water bath with the substrate.
Afterwards, the sample is air dried to remove any excess water and then baked on the hot plate at
1200 C for 2 minutes. Keeping the sample in vacuum condition for a few hours after this step seems
to be preferable to enhance the adhesion of graphene on SiO; and increase the quality. However,
any technical proof to assess this condition has not yet been confirmed. Later on, the PMMA is
removed by keeping the sample in acetone for 2-3 hours. The sample is again rinsed in acetone
and IPA. Graphene is very sensitive to impurities and contaminants; therefore, the cleanliness of
graphene is vital when studying its intrinsic properties. Due to the polymer residue after the
transfer process, cleaning the sample is necessary and critical. Therefore, the sample kept in
Acetone (60°C) for 30 min before rinsing in IPA for additional 2 min. Then the sample annealed
in the infrared furnace (ULVAC VHC-P610CP) for 3 hrs at 250°C in (Ar+H2) atmosphere. Figure
4.4 shows Raman spectrum of one of the received samples (before cleaning). Address pattern

(5.91X6.5) mm2 with registration marks and contact pads fabricated by one EBL step on top of
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(10X10-mm2) CVD sample.
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Figure 4-4 (a) and (b) images of CVD graphene sample from Graphene Platform. (c) A
Raman spectrum of our CVD samples provided by the company.

4.3 Device fabrication

The measurement method involves a heating element that should produce a thermal gradient
through the graphene, and the thermal transport is measured at a metal electrode . The GNR
should be suspended to ensure maximum heat transport through graphene itself.There should be

a heating and sensing element to measure the thermal transport through the GNR.

A schematic of the device is shown in fig. 4.5

Focused helium iog beam =

: spended Graphene
Au electrodes

Silicon
285nm SiO, substrate

Figure 4-5 Schematic of the GNM device used for thermal
characterization.
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The device fabrication method is discussed in detail in the following segments.
4.3.a Fabrication of metal contacts on the sample

The sample device consists of 4 metal electrodes, each equipped with 4 contact pads for
performing 4-terminal electrothermal measurement. Before beginning the fabrication, the CVD
graphene should be void of impurities and foreign particles. The samples with CVD transferred
graphene are kept in vaccum environment, but the samples are always rinsed in acetone and IPA

and dried on a hot plate prior to every process.

For electron beam lithography (EBL), I coated the sample with a positive bilayer resist consisting
of Methyl Methacrylate (MMA)/Poly Methyl Methacrylate (PMMA 495K). The sample was pre-
baked at 1800 C for 5 minutes. MMA and PMMA resists were spin coated at 2000 and 4000 RPM
respectively, with a 5 minutes soft-baking at 1800 C in between. The benefit of using bilayer resist
is to achieve an undercut after the development due to the difference in sensitivity of the upper
and lower layer of the resist. This undercut significantly enhances the liftoff process. Our lab has

already developed this recipe as shown schematically in fig. 4.6

e-beam
Plasma shower

Graphene

Substrate
1- e-beam lithography on
(MMA/PMMA) resist bilayer

r/Au W
CriAu

Graphene

Substrate

4- metal deposition of Cr/Au

i

2- development in 1:1
MIBK:IPA then rinse in IPA

Graphene
Substrate

5- lift-off’ in acetone at 60 °C

Graphene

W

bstrate

3- O, plasma - RIE

Figure 4-6 Flow chart of EBL lift-off technique for metal deposition and the significance of using

MMA/PMMA bilayer resist.
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The e-beam lithography (EBL) was performed using Elionix ELS-7500 EBL system operating at
an acceleration voltage of 50 keV. The exposed sample was developed in 1:1 MIBK: IPA mixture
(Methyl isobutyl ketone (MIBK):2-Iso-Proponal (IPA)) for 51 secs, then immediately rinsed in IPA

for 30 seconds. This process yields nicely sharp patterns as shown in fig. 4.7.

Before metallization, the sample was placed in a Reactive lon Etch (RIE) chamber to etch the CVD
graphene. This step makes it possible to have the metal in direct contact with the Si02. Otherwise,
if graphene is between the Si02 and metal, peeling occurs during consecutive fabrication steps.
The uncovered Graphene layer was etched in O, (10 sccm) using an RF power of 30 W for 25 sec

and at a pressure of 4 Pa.

,/ CVD graphene

Si0, § 1§ ) Ebeamexposure
Si
ARN
PMMA

E- beam

CVD graphene
—— VA
[Develop
\ = — — [—
_— S —
l RIE
/Cr/Au
— S— =
S — —
l PMMA
stripping
In acetone with
\ — T sonication

a. Metal deposition  b. GNR patterning

Figure 4-7 Fabrication of mask pattern for metal contacts (a) The process of obtaining the metal contacts
by lithography and liftoff is shown. (b) the mask pattern of the original sample prepared in AUTOCAD. (c)
the pattern for large contact pads after development. (d) comparison of resolution at the center of the
pattern. The metal electrodes for thermal sensing will be patterned in this area along with GNR.

However, as the pattern is quite large, for the later processes, | have switched to using optical
lithography for the later endeavors. The optical lithography system (Heidelberg MLA 150
Maskless Aligner) provides a minimum pattern resolution of 600 nm, which is acceptable for my

sample. It is a full scale production level laser writer which can be used to perform lithography
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directly on wafers as well as to prepare photomasks for contact or shadow lithography. In this
case, a positive optical resist AZ-1500 spin coated at 5000 RPM on the sample was used. The
sample was pre-baked for 5 minutes at 120°C to ensure no moisture was adhered on the surface,
as the resist is hydrophobic and any amount of moisture might lead to bad adhesion and

subsequently to distorted structures.

The exposed sample was developed using MF-319 r 55 seconds, and then rinsed in DIW for 30
seconds. The graphene was removed by using RIE using the similar recipe as mentioned in the
previous paragraph. Afterwards, gold deposition and liftoff was carried out in a similar fashion.

The metal deposited with an electron beam evaporator system (EBE) (ULVAC MUE-ECO-EB). Ata
base pressure of 1 X 10-3 Pa, I deposited Chromium of 5 nm thickenss and gold of 75 nm
thickeness. the rate of deposition is ~1.5 A/second and ~2.5 A/second for Chromium and gold,

respectively.

Chromium provides good adhesion between gold and SiO2. After the metal deposition was
complete, the sample was allowed to be cooled down to room temperature and kept in acetone
for ~30 minutes for liftoff. The samples after depositing metal contacts is shown in fig. 3.8. It is to
be noted that, vernier scales have been added to the pattern as well. This additional step helps

keep track of shifting of the patterns in the later steps.

4.3.b Fabrication of the electrodes

The electrodes are the crucial components of the device and the trickiest as well. These electrodes
are small constrictions with a width in the nanometer range and a length of a few micrometers.
These will work as the heater and thermometer to measure the thermal conductivity of graphene.
As the electrodes are much smaller than the rest of the components of the device, | used EBL with

a high resolution positive resist, ARP.

One important issue to discuss here is the misalignment between the different layers of exposure.
The basic fabrication process involves stacking individual layers with different exposure
conditions. Also, it is to be mentioned again that the very first layer was fabricated using optical
lithography, while the following layers were fabricated using EBL. Therefore, aligning the

individual layers is extremely important.
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Here I would like to explain the aligning method in EBL. The first step is inserting the pattern
information into the EBL system. The alignment marks for the first layer must be patterned on

the substrate. There are two types of registration marks (REG marks) used as discussed below,

REG 2 marks: used for global position of the wafer for writing. The software searches for REG
marks A and B, calculates rotational misalignment with respect to the stage from the detected
position and orients the stage accordingly. Then it calculates the difference between the detected

actual position to the value obtained from the CAD file. This data is used in the next step.

REG 3 marks: these are for local rotational misalignment correction of the actual scan area. The
software finds the marks A and B to calculate the rotational misalignment from the detected actual
position and compares it to the actual specified position. This data is then added to the pattern

for exposure.

Another topic to consider here is the registration types. Automatic registration allows the
software to detect the reg marks automatically. As long as the liftoff is good and the marks are
sharply defined, auto registration is recommended. For manual registration, the operator has to
manually drive the SEM GUI to find the reg mark and align it with a cross, square or circle mark

according to the shape of the reg mark itself on the fabricated sample.

Unfortunately, even after carefully maintaining the standard alignment procedures, it is expected
for the EBL systems to show at least some shift between the layers. These errors are due to two

major problems,

Due to the proximity effect, the actual marks slightly expand and their edges become blunt [71].
This kind of expansion affects the position of the alignment spot of the marks. The blunt edges

therefore increase the alignment uncertainty in high magnification

The second problem is the mechanically induced errors, which is unavoidable for almost any
mechanical system. This error will be different for every EBL system. In our case, the errors

occurring from stage movement seems to be almost always constant.

Considering all these issues we have modified the design of the electrodes so that it gives

maximum possibility of compensating the misalignments in most of the fabrication cases.
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The misalignment was found to be ~1 pm in the x direction, but more severe in the y direction

with a value exceeding ~2.5 pm most of the times, as shown in the following table.

Table 4.1: Average misalignment while combining MLA and EBL

Pattern Minimum | Minimum Process Thickness  of | Misalignment
type separation | pattern width gold

Low ~5 um 2.6 um MLA 100 nm ~ 1.2 um
resolution along Y-axis
mask

High 1 um .5 pm EBL 80 nm

resolution

mask

Low resolution
pattern by MLA

PG S

High resolution
pattern by EBL

Figure 4-8 On the left the high resolution center pattern is shown after optical lithography and
development. ON the right, the same sample is shown after metal deposition.

To carry out the operation, ARP-6200 resist is spin coated on the substrate at 4000 rpm for 60

seconds. The samples is soft baked at 1500 C for 60 seconds. The exposure is carried out at 0.0375

dose time and 50 pA current. After exposure, the sample is developed with AR 600-546 developer

for 110 seconds, then rinsed in AR 600-02 is to stop the chemical reaction of the developer. The

sample is then rinsed in DIW for 30 seconds and post baked at 130° C for 30 seconds. In fig. 4.8,

the optical microscope images of the fabricated metal contacts and electrodes are shown.
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4.3.c Patterning of the GNR

According to the design, the GNR sits at the center of the pattern and good alignment is necessary.

This time, two different methods were utilized.

For the first method, I used a bilayer resist consisting of PMMA and ARN-7520. ARN is a negative
resist, meaning that it remains on the substrate after exposure and developing. It belongs to the
novolac family (obtained from Allresist) which gives very high resolution for electron beam
lithography. The ARN provides the pattern layer and the PMMA is the liftoff layer, as it is difficult

to remove ARN with currently available resist removers.

Before the process, the sample is again rinsed in acetone, [PA and annealed in the infrared furnace
in Ar+H:; environment for 3 hours at 2500 C to ensure that the graphene is clean. Immediately
after annealing, PMMA and ARN are spin coated respectively at 4000 RPM with a 5 minute soft
bake at 180° C in between. The EBL exposure is carried out with 250 pA current at 50 kV
acceleration voltage. Dose test was carried out to realize the best possible dose and current. The

dose test result for ARN is shown in the table below.

Table 4.2 Dose test for ARN

Write field (um) Dose (uC/cm2) Current (nA) Dose time
600 110 1 0.11

100 0.10

90 0.9

80 0.8

70 0.7

60 0.6
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Dose time varied from 0.11 to 0.06 ps

Figure 4-9 Dose test results for negative ARN resist. The patterns
here have a minimum resolution of 250 nm.

From the dose test results, I chose the 0.60 uC/s. The sample was developed in AR 300-47 for 90
seconds. The PMMA and graphene was removed by oxygen plasma for 2 minutes and 10 seconds.
The etching rate of ARN with O; plasma is 125 seconds and the thickness of the resistis ~ 180 um.
It is safe to say that a few hundred nm of ARN will still remain after PMMA and the rest of the
graphene is removed as shown in fig. 4.9. Finally, the sample is rinsed in acetone in an ultrasound
bath for 2 minutes to remove dissolve PMMA and remove the ARN layer (liftoff of ARN layer). The
quality of the GNR obtained in this process is confirmed by RAMAN spectroscopy.

Anchor electrode
CVD graphene

SEM micrograph of suspended GNR sample »

Figure 4-10 Schematic of the GNR patterning and suspension process. Bottom: SEM
image of the Patterned and suspended GNR with 400 nm x 600 nm dimension.

63



The second process of patterning GNR is explained now. Instead of ARN, we used HSQ (hydrogen
silsequioxane) which is also a negative resist. HSQ is spin coated at 5000 rpm for 60 seconds
resulting in a thickness of about 32 nm. After that, the sample was pre-baked at 180 °C for 5
minutes. The GNR was patterned using EBL at 250 pA current and 90 mC/cm? dose and the
exposed sample was developed in MF-319 developer for 70 seconds and gently rinsed in flowing
DiW for 30 seconds. Afterwards, it was post baked at 90 °C for 30 minutes and the hard mask for
the GNR was prepared. Afterwards, reactive oxygen plasma was used to remove the exposed
graphene. The O; plasma is non-reactive for the SiO; hard mask. The process is shown in fig. 4.10.

For our final samples, we followed this process of GNR patterning.

4.3.d Suspension and nanopatterning of the GNR

The suspension of the GNR is the most difficult part of the process and requires careful execution.
We have seen that the failure of devices occur mostly during the process itself. Once the device is
suspended, it has been fairly stable handle for experiments. The process of suspending monolayer
graphene has been developed and demonstrated by our lab [51]. To develop the suspension and
patterning process, we started with a sample layout as shown in fig. 4.11 that houses 94 devices

with GNR lengths verying from 0.6 - 9.6 um and widths varying from 0.2 - 16 pm.

1. Anchor electrode
(no CVD underneath)

3. (graphene pattern) 2. Electrode
(CVD underneath)

Figure 4-11 Layout for the sample used to develop the suspension
process of GNR. on the laft, the layout of the entire chip. On the right,
the schematic representation of a single device.
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The general fabrication scheme for this sample was a two step lithography to fabricate the anchor
and electrodes, the patterning of graphene using a negative resist. A completely fabricated sample

and the optical image of a single device with a large GNR is shown in the following figure.

Au anchor
electrode

N S0 # Si0,

‘i suspended

suspended
graphene § graphene \
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graphene "
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Figure 4-13 SEM micrographs of the fabricated samples.

The fabricated samples with supported graphene are released in buffered hydrofluoric acid (bHF)
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for 60 seconds to result in ~100 nm SiO; etching for. However, for larger graphene ribbon with
higher than 1.2um width, the etching time is significantly higher, about 180 seconds. The longer
etching time removes about 300 nm SiO». After that, the sample is carefully taken out of the bHF
container, and then submerged into DIW for one minutes to rinse the bHFE. This step is repeated 3
times. Then, the suspended sample is released into an IPA bath. To avoid the collapsing of GNR
due to surface tension, the sample is dried in a critical point dryer. Finally, the sample is annealed
once again at 2500 C for 3 hours in Ar+H; environment. From the SEM images in fir. 4.13,

suspended and collapsed GNR can be identified from their clear contrast.

Anchor electrode

CVD graphene
_

=

SE micrograph of charge dependence
of pores for 9 nm pitch.

Figure 4-14 The process of HIBM milling on suspended graphene sample and the first
attempt at milling shows a GNR milled at different ion doses.

The suspended devices were patterned by using HIBM facility in AIST in a high vacuum chamber .
The schematic of the mechanism of HIBM milling is shown in the fig. 4.14. In the figure, we can
see that nanopattern with 9nm pitch was obtained. The dose should be optimized in this case
because as seen from the figure, the nanopatterns are already obtained for the low charge of 4.81
x 105 ions/pore and 6.3 x 105 ions/pore. At the higher dose, the pores tend to get merged which
is due to the overexposure from Gaussian beam tail [72]. In fig. 3.15, a device patterned with
nanopores at 25 pitch is shown. The large area GNR with 600 nm width and 4 pm length was
patterned successfully with the charge of 4.81 x 105 ions/pore. By optimizing the dose, it was
possible to fabricate the nanopatterns at a pitch as low as 12 nm as shown in fig. 4.15. As the pitch

was much smaller, this time the dose was also reduced to 2.18 x 105 ions/pore. We can see that

66



the nonpatterns were obtained but at some vertical cracks can be observed in the zoomed in

image (fig. 4.15 b). These vertical cracks were formed due to two effects,

e The tensile stress in the horizontal direction,, and

e (Gaussian beam spot caused the adjacent nanopores to merge to form a crack.

Pitch = 12
Dose =2.18 x
105 ions/pore

y
1
Expected [ J !
beam spot l _______ X
Actual
irradiation
range

. Area=05x22pym
& Pitch= 11
& Dose = 1.87 x 10° ions/ pore

Design pattern

100 nm

Figure 4-15 (a) High resolution nanopores with a pitch of 12 nm are formed on large area
suspended GNR. The dose was optimized. (b) Some cracks and large pores are observed in the
zoomed image. These cracks are formed either due to the tensile stress and/or the Gaussian
beam spot that merged the adjacent pores.

After successfully patterning ~10nm pitch nanopores on suspended graphene, we extended this
experiment to fabricate the GnPC for the thermal measurement. From our previous work, we saw
that a beam current of 1 nA and a dwell time of 45000 ps yields the best results. Therefore, In
order to maintain the consistency of the dimensions of the nanopores, and also to be able to
investigate the influence of different pitch size we kept the experimental parameters the same as
before. Here, the dwell time here refers to the time that one nanopore is exposed to the helium
ion beam. If required, the patterned samples could be checked using secondary helium ion beam

microscopy. The contaminations on the milled GNR are suspected to be the residual resist.

For the final sample, the GNMs were patterned by HIBM on the suspended GNRs in a high vacuum

chamber (<5 x 1077 mbar), as shown in Figure 4.16. From the images obtained from the
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secondary HIBM micrographs after patterning of the sample was finished, the diameter of the
nanopores was estimated to be approximately 6 nm as shown in Figure 4-16 (b). It can also be
observed that at some areas, no nanopores cannot be observed. This is due to the contaminations
on the GNR that prevents the He-ion from making nanopores. From the image, we can also confirm
that the fraction of the missing nanoproes is relatively low compared to the entire meshed area

on the sample.

100 nm

Figure 4-16 (a) Secondary microscope image of typical suspended GNM devices.
(b) Magnified image of the fabricated nanopores with ~6nm dimeter:.

After HIBM

~ Cracks from edges
“ to centre
&~

Au

No gap reserved to the graphene side-edge

200 nm 100 nm

Figure 4-17 a) 100 nm wide non-meshed area maintained on the left and right edges. (b) visible cracks are
observed at the edges of the device (a) as observed by secondary HIBM after milling (c) 100 nm gaps on the
top and bottom, 50 nm gaps on the left and right were maintained to stabilize the meshed devices. For
observation of this device, the focus was kept on the metal layer.

It is to be addressed here that, milling such a large GNR entirely might cause the structure to
collapse at the edge connecting the GNR to the metal electrode. To avoid this, we attempted to

maintain a certain distance of 50 nm between the graphene and metal contact to create an anchor

for the GnPC device.
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Summary

This chapter focused on the fabrication process of the device to measure thermal conductivity of

GnPC by heat spreader method. The main points are,

e A repeatable method to fabricate complex multilayer designs was developed. One
important aspect of this method is to be able to combine optical lithography and EBL. This
helps immensely to reduce the fabrication time. Also, the process has been optimized so
that the misalignment between the optical lithography and EBL layers are maintained

strictly within the acceptable level.

e Asuitable method to suspend large area GNR was developed during the early stage of this
project and later implied for the fabrication of the main device.

e Finally, HIBM has been used to fabricate extremely high resolution nanopores on GNR
which has the possibility to exhibit PnBG in accordance to the numerical simulation

discussed in chapter 2.
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Chapter 5

Measurement and thermal characterization

Electronic transport in graphene has been extensively studied since its isolation. But the
experimental challenges limit the methods of understanding the thermal properties. As discussed
earlier, a method for measuring room temperature thermal conductivity of suspended graphene
has been reported using the heat generated with the laser beam of RAMAN by Balandin et. al. [21],
[32], [40] . Malekpour et. al. measure the thermal conductivity of graphene laminate films
deposited on polyetheylene terephthalate (PTE)[49]. The obtained values range from about 3000
Wm-1K-! to 5000 Wm-K-!, which is much higher than diamond and graphite. However, the
temperature (T) sensitivity of the RAMAN techniques, the k-T behavior for the 2D system has not
yet been understood properly. Also, these measurements were performed on supported graphene.
the charge mobility of graphene supported on SiO; should be 10 times suppressed compared to
the supported graphene [73].

Control and manipulation of heat transport through materials has been a key goal in thermal
engineering. Thermal rectification is one of the most well sought aspects of solid-state devices
which is an analogous expression of an electrical diode in which the thermal transport through a
material is directional. To say in the simplest way, thermal rectification is achieved when the heat
flow in the forward direction is relatively higher and very little heat flow is maintained in the
backward direction. There have been quite a few theoretical studies on thermal rectification in
graphene based systems like the one described by ]. Hu et. al where thermal conductivity of
symmetric and asymmetric graphene nanoribbon were studied by molecular dynamic
simulations. It was observed that the asymmetric nanoribbons show significant thermal
rectification behaviors compared to the symmetric ones [74]. An experimental study of observing
thermal rectification in graphene has been conducted by H. Wang et. al, where they claim that
monolayer graphene can be potentially engineered to create high-performance thermal rectifiers
[46]. In our experimental work, we had the chance to explore the effect of asymmetry in graphene

nanoribbons to demonstrate thermal rectification characteristics.
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5.1 Measurement method overview

We established a measurement method with an aim to generate a temperature gradient through
a graphene nanoribbon and detect the change in temperature at the heater. The basic idea of this
measurement comes from resistive thermometry which is measuring the corresponding change
in resistance of a material with the change in temperature. We used the 4-probe measurement
method to detect accurately the change in resistance at the heating terminal as a function of
applied power. This method is specially useful when the samples like thin films, thin wafer or thin
semiconductor materials. of The schematic of a 4-probe resistivity measurement system is shown
in figure 5.1. Current is applied to the sample through the terminals 1 and 4 creating a potential

drop across the terminals 2 and 3, which can be measured.

A-(a)—

Figure 5-1 Schematic representation of the 4-probe
electrothermal measurement.

As discussed in the previous chapter, we fabricated suspended GNM devices by engineering
nanopatterns on them using helium ion beam milling (HiBM). Symmetric and asymmetric
samples were fabricated by preferentially choosing nanoporous and pristine regions on the
suspended GNR. For thermal characterization, we measured the thermal properties of the metal
electrodes to establish a reference scale. Afterwards, we observed the thermal properties ofa GNR
with a uniformly patterned nanomesh. This device serves as the symmetrical device and provides
comparable result with the reference electrode. Finally, we fabricated a GNM device with

nanopatterns fabricated across the halfway length of the GNR to create an asymmetry.

The entire measurement process is carried out in 4 steps as mentioned below.
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Step 1: calibration of the heating element: in this step, the metal electrode is calibrated which is

used to detect the reference temperature.
Step 2: Measure the change in heater temperature as a function of applied current.
Step 3: Normalizing the reference temperature for multiple devices.

Step 4: Using the same method from steps 1-3, normalizing the temperature for the symmetrical

device.

Step 5: Using the same method from steps 1-3, normalizing the temperature for the asymmetrical

AW

===

Figure 5-2 Left: Optical microscope image of the metal electrode device. Right:
Schematic of the device.

device.

The reference devices consists of gold electrodes as shown in the optical microscope image in fig.
5.2(left) and schematically shown in fig. 5.2(right). Regarding the calibration of the metal
electrode, we took for devices and pattern the structure including both the heater and the sensor.
The direction of the heater and the sensor can be swapped by changing the direction of the applied
current. The device is made such that the center part of the electrode is much narrower than the
metal contacts to induce joule heating when an electric current is applied and thus can function

as a heater.
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5.2 Effect of Joule heating on metal electrodes

Before proceeding to the measurement, we studied the effect of joule heating on the metal
nanowire by FEM method. The performance and scaling of graphene based electronics is highly
dependent on the quality of contacts between the graphene and the metal electrodes. Joule
heating, also known as resistance heating or ohmic heating, is the phenomena when electrical
current passing through a conductive material produces heat in the process. This is also one
commonly anticipated reason of device failure. To better understand the role of Joule heating on
thermal conductivity, several research groups have reported the methods to indirectly measure
the local temperature changes during electromigration [75], [76]. However, any method to directly
quantify the temperature fields due to electromigration has not yet been reported. Especially, for
systems with nanoscale resolution, the knowledge remains vague, even though it is important to
understand the phenomena for the sake of both to ensure the reliability of the nanoscale systems
and to create functional devices. Here, [ tried to simulate the effect of joule heating on the metal
electrodes of the same dimensions and material properties as our fabricated samples. First, the

heating power P is expressed by the following equation,

Here, [ is the applied current and R is the resistance of the material and the law is known as Joule-
Lenz’'s law. Joule heating can be explained as the interaction between charge carriers, e.g.
electrons and the atomic ions on the material. If a voltage difference can be maintained between
two points of a conductor, the resultant electric field can accelerate the charge carriers in the
direction of the electric field. These charged particles now have kinetic energy and can collide
with the ions in the conductor. These collisions result in scattering of the particles randomizing
and deviating their direction of motion from the electric field, which constitutes thermal motion.
This is the basic concept of thermal energy generation in a conductor [76]. Consequently, material
flowing along such a wire is not replaced as the atoms are moving in the direction of the electron
flow, which is called electromigration. These voids eventually result in failure of the wire itself,

which is evident from the OM and SEM images of our samples.

FEM simulation was performed to understand the joule heating phenomena in the fabricated gold
nanowire. COMSOL Multiphysics® version 5.4 includes a heat transfer module that was used for
this work. Multiphysics coupling for heat transfer due to electromagnetic heating, i.e. joule heating,

is possible in the new update, which gives more freedom in simplifying the model [77]. A model
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was constructed consisting of large gold connectors and a gold nanowire at the center of the
assembly which represents closely the experimental sample. As shown in fig. 5.2, the nanowire
has a length of 10pum, width of 500 nm and thickness of 100 nm. Models with two different
configurations were made. Fig. 5.3 represents the model closer to the actual device. The boundary

condition of the contact surface is specified using Fourier’s law of heat conduction written as,

LY ST —— (5.2)

Here, n is the magnitude of the unit vector normal to the contact surface of the subdomain and qo
is the heat flux that enters the subdomain. A constant temperature is maintained at the opposite

boundaries of the sub-domains according to the equation 5.3

Where Ty is the initial temperature. All the other subdomains are constructed to assume that

complete insulation from the surrounding environments is achieved so that,

N1y ) Y P —— (5.4)
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Figure 5-3 Model built with COMSOL multiphysics to quantify the joule heating effect at the gold nanowire. The
bottom model was built as a supporting model to understand the thermal concentration at the bending point
of the constriction.

This assumption implies that the conductor, despite being heated by some current source at a
terminal, can only interact with either surrounding air or the substrate SiO». Air and SiO; have
thermal conductivities of 0.024 Wm-K-! and 1.28 Wm-1K-! respectively, which is negligible
compared to the thermal conductivity of graphene. This assumption helps to simplify the mode

by assuming that the heat transfer from graphene to either air of SiO; can be ignored.
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Considering that the structure is in contact with air, we used the convective heat flux on the
surface as the boundary condition. Mathematically, the heat flux is described by the following

equation,

N q=h (Text = T) ------mmmmmmmmmmmoeees (5.1)

Here, h is the heat transfer coefficient and Tex is the temperature of the external fluid (in our case
ambient air) from the boundary. h was defined considering free convection takes place between
the surface of the gold and ambient air. We calculated the change in heat through the metal
interface by applying some current [ at one terminal and considering terminal B as ground. The
terminal current was varied from 0.001 A to 0.1 A. For all the cases, it was observed that the
increase of temperature was constrained mostly at the center of the structure. The constriction
length was varied from 10pm to 30 um, where the prior one is closer to the dimension of the
actual device. The temperature raised as a function of applied current for different constriction
lengths is shown in the following table. All of the calculations were carried out at an ambient

temperature of 293.5 K (table 5.1).

Table 5.1: Simulated result of temperature at the metal constriction due to applying current

Length of the electrode | Thickness of the | Applied current (A) | Maximum temp. at the
(um) electrode (nm) electrode (°C)

0.0001 20
10 100 0.001 20

0.01 21.4

0.05 55.7

0.1 168
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degC
A 20

- 20.01

Figure 5-4 The joule heating effect is centered at the smali
constriction of the metal conductor:

5.3 Measurement setup

A KEITHLEY 4200 sourcemeter with system noise below 1 pA was used to apply current through
the metal contacts and a KEITHLEY 2420 nanovoltmeter was used to measure the resistance at
the constriction. All measurements were carried out in vacuum in a variable temperature helium
close cycle cryogenic cooling system which can go down to ~ 4.8 K base temperature. The
measurement temperature range was from 10K to 300K. The Au electrodes shown in fig. 5.3 were
used to apply a drain current Ip and drain voltage Vp For establishing the feasibility of the 4-probe
measurement system, we first measured the temperature dependent resistance of the gold
nanowire by varying the base temperature from 100K to 300K at an interval of 50K between
measurements. The measurement current was maintained to sweep between -1mA to 1mA to
ensure that no additional effect of joule heating took place. The measurement setup is shown

schematically in fig. 5.5, where the Au electrode on the left side was calibrated first.
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Figure 5-5 Left: the schematic of the device structure for 4-probe
measurement. Right: actual measurement setup.

5.3 Electrical characterization

Focused helium ioq

= Suspended Graphene
: Au electrodes

> Silicon
285nm SiO, substrate

Figure 5-6 Schematic representation of the GNM device.

The schematic structure of the suspended GNM is shown in fig. 5.6. The device is fabricated on
285 nm thick SiO; substrate. The gold electrodes on the two sides anchoring the meshed GNR
were used to apply a drain voltage Vp and source voltage Vs. the backgate voltage Vie was applied
at the silicon substrate at the bottom of the structure. As discussed in the previous chapter, 50 nm
no-meshed area from the metal edges and 100 nm non-meshed area at the side of the GNR was

maintained as shown in fig. 5.7.
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Figure 5-7 Fabricated suspended GNM structure with non-meshed edges.

Source and drain voltage were applied along the two metal electrodes and the chuck inside the
cryogenic chamber was used to apply the backgate voltage. From similar experiments conducted
in our lab previously, we have seen that during (I, — Vg;) measurements, the GNMs would
collapse [78]. It is due to the strong electrostatic force applied on the GNR by V¢ which results in
a strong pulling force on the suspended GNRs. This phenomenon can damage the suspended GNM
device. A reference GNM with 500 nm length and 1200 nm width was used to modulate the (I, —
Vge) characteristics as shown in fig. 5.9. After extracting the charge neutrality point (CNP),
conventional (Ip —Vp) measurement was implemented for the other GNM devices with their
pitch varying from 15nm to 50 nm. The GNM used for measuring the CNP was not imaged after

meshing with HIBM to avoid additional damage on the device. These measurements are carried

out at 300K base temperature.

" 2Pitch=25nm,r|o imaging after HIBM 20Pitch=25nm,no imaging after HIBM
(b) Reference GNM (¢) Reference GNM

10

Drain current (nA)
Drain current (nA)
o

300K

VB(;=0V
» 8‘620 10 0 10 20 -2?) 01 -0.005 0 0.005 0.01
Reference GNM with 25 nm pltCh Backgate Voltage(V) Drain Voltage(V)

Figure 5-8 (a) The milling area of a GNM with 25 nm pitch before milling. Imaging was not done after milling to
keep the device integrity (b) At a fixed Vp = 5 mV at a base temperature of 300 K, Ip ~Vgc plot is shown for the

device shown in (a). (c) At a constant base temperature of 300 K and zero backgate voltage Vg, linear Ip~Vp
relationship is observed.
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As shown in fig. 5.8, the GNM device with 100 nm non-meshed area and a pitch of 25 nm for the
meshed area shows Vgc dependence on Ip shows less than 10 nA current flowing at Vg = 0, which
is close to the CNP of the device. For comparison, a reference device as shown in fig. 5.10 was
introduced. This device has seven suspended GNR with 500 nm length and 100 nm width. After
measurement, it was seen that the average current for CNP in the GNR device was 60 nA at Vgc =

0 which is higher than the GNM device. This can be due to two reasons,

The tensile stress on the non-meshed side is expected to highly suppress the conductance in that
region. This kind of strain can highly suppress the conductance at the non-meshed regions [79]-
[81]. With 100 nm non-meshed region in this device, the central meshed area exerts some stress
to the non-meshed side and sinks slightly, which is discussed in the fabrication chapter by
showing the non-linear distribution of the nanopores and can be observed from the secondary

HIBM image of the meshed structure.

60Roeference device (7 X 100 nm GNRs) 1o|§gference device (7 X 100 nm GNRs)
(e) Reference GNRs (f) Reference GNRs

500

o
(2]
o

Drain current (nA)
IS o
o o
o o

Drain current (nA)
o

-500
300K

300K
Vp=5mV Vie=0V
400 -1000

Reference GNRS (7 X 100 nm) -20 -10 0 10 20 -0.01 -0.005 0 0.005 0.01
Backgate Voltage(V) Drain Voltage(V)

Figure 5-9 Left: Fabricated reference device for comparison of the CNP. 7 suspended parallel devices
each with 100 nm width were fabricated for this purpose. Middle: Ip ~Vpc trend at a constant Vp ana
base temperature 300 K shows average CNP appears at Vpc = 0. Right: linear Ip~vD characteristics for
Vee = 0 and 300 K base temperature is observed for the same device.

From fig. 5.8 (c), there was no transport gap opening observed. This implies that the stress on the
non-meshed 100 nm region was not enough to open a band gap and a small amount of current
could still flow in room temperature. Keeping this mind, I, — Vp measurement was carried out
for GNM devices with different pitches as shown in fig. 5.10. All of these devices had non-meshed
regions of the same dimensions. Despite that, it was possible to observe the effect of pitch on the
Ip — Vp characteristics of the GNMs. From this observation, for this measurement, the 100 nm
non-meshed region was counted out of the conductance analysis. At the same time, it is to be
noted that the non-meshed region is a notable part of the GNM device both in mechanical and

electrical properties.
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GNM devices with different pitches
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Figure 5-10 The characteristic linear I, — V trend observed for
different GNM devices with varied pitch sizes.

5.4 Thermal characterization
5.4.1 Calibration of reference electrode

The measurement result of the conventional Ip - Vp characteristics of the gold nanowire is shown
in fig. 5.11 (a). The characteristic Ohmic property is observed by sweeping source current
between -1mA to 1mA. By extracting the slopes of the plots corresponding to different stage
temperatures, we can see that the resistance of the metal nanowire increased linearly as a

function of temperature.
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-1 -0.5 0 0.5 1 100 150 200 250 300
Current (mA) Temperature (K)

Figure 5-11 Left: The characteristic linear 1 — Vp trend observed for left side reference electrode
at different base temperatures. Right: resistance of the metal electrode as a function of
temperature.
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Similar characteristics were observed for the electrode on the right side as well, as shown in the
following figure. For rest of this chapter, the left and right electrode will be analogous to the

schematic figures.
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Figure 5-12 The Ip - Vp characteristics of the right side reference electrode at different base
temperatures. Right: resistance of the metal electrode as a function of temperature.

Next, to realize the joule heating effect on the heater, we took a constant base temperature at 150K
and applied high current to generate temperature at the source. The current sweep was
maintained from 5mA - 20 mA. From fig. 5.12, we can see that the resistance of the metal
increased linearly as the applied current increased which can be attributed to resistance heating

at the wire.

The corresponding power to the applied current can be obtained from the relation P = I2R.

From the linear plot, the temperature can be obtained by exercising the relationship y = bx+ a,

which can be re-written for resistance and temperature relationships as,

R =Db.T + a, where b is the slope of the plot and a is the intercept in fig. 5.13(b).

As shown in fig. 5.14 (right), we can now establish the relationship between the applied power
and corresponding temperature. The temperature obtained at this point is the temperature at the

metal wire without any graphene, which will be addressed as T;¥¢ where NG corresponds to ‘No
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graphene’ and h corresponds to ‘heater’. This nomenclature is followed throughout the rest of the

report.
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Figure 5-13 Left: heating characteristics of the left side metal electrode as a function of applied current.
Right: temperature dependence of the metal electrode as a function of applied power:

We carried out a similar measurement for the electrode on the right side, essentially changing the

position of the heater. A similar trend is observed as shown in the following figure.
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9 240
Eus X 220
) g
@ 8.6 = 200
O o
S84 2 180
2 £
]
8.2 ® 160
Q
& =
8 140
5 10 15 20 0 1 2 3 4
Current (mA) Power (mW)

Figure 5-14 Left: heating characteristics of the right side metal electrode as a function of applied
current. Right: temperature dependence of the metal electrode as a function of applied power:

After establishing the process, we normalized the temperature to the corresponding power for 4
different devices possessing the same material characteristics and dimensionality in design. From
fig. 5.11, we can see that the characteristic linear trait for all the devices are fairly in agreement
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which gives us statistical evidence to normalize the plot in fig. 5.15 (b) and use it as the reference
for the left side electrode. The similar method is applied for the same devices in the same
measurement conditions for the right side electrode, and also in this case we got statistically

agreeing normalized plot as shown in figure 5.16.
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Figure 5-15 Normalized temperature of the left side electrodes of 4 devices as a function of power.

Heating characteristics of metal electrodes (right) without graphene at 150K base temp.
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Figure 5-16 Normalized temperature of the right side electrodes of 4 devices as a function of power.

5.4 Thermal characteristics of half-meshed GNM

Taking the measurement process discussed in the previous section as standard, we now
proceeded to observe the thermal characteristics of the half meshed GNM as shown in the

following figure. The suspended GNR was patterned by helium ion milling on the right half side.
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The different pitch were 20, 25 and 30 nm.

Figure 5-17 SEM image of the half-meshed GNM device.

By maintaining the same measurement conditions as discussed in the previous section, we
obtained the temperature at the heater for the half meshed device. This temperature is addressed

as T¢ as shown in the following figure.
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Figure 5-18 1 - Va characteristics of half meshed GNM device as measured on the left
side. Thermal dissipation is from the non-meshed side to the meshed side.
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Figure 5-19 I1 - Va characteristics of half meshed GNM device as measured on the right side.
Thermal dissipation is from the meshed side to the non-meshed side.
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Figure 5-20 Ia - Va characteristics of half meshed GNM device with 30 nm pitch as
measured on the right side. Thermal dissipation is from the non-meshed side to the
meshed side.



The T for the right side electrode can be also obtained for the half-meshed device as shown in
fig. 5.19. For comparison and better understanding, we took another half-meshed device with 30

nm pitch and performed the same measurement as shown in figures 5.21 and 5.22.
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Figure 5-21 Iqa - Va characteristics of half meshed GNM device with 30 nm pitch as
measured on the left side. Thermal dissipation is from the meshed side to the non-
meshed side.

5.4 Discussion

By applying the principle of resistive heating, we were able to measure the change in resistance
at the electrode with and without any GNM present. The temperature was calculated at the heater
as a function of power. When there is no graphene present, i.e. reference electrode, we measured
a temperature T}'¢ where NG means ‘no-graphene’ and the subscript h means ‘heater’. At a base
temperature of 150 K, a current from 5 mA to 20 mA was swept at the heater. Where there is no
graphene present, it is expected that no conductive heat transfer takes place. As the measurement
is carried out in 10-7 MPa vacuum condition, the radiative and convective heat transfer is expected
to be negligible. Next, when we have GNM present, some amount of heat is expected to be
transported through the GNM and the measured temperature at the heater, T)¢, is expected to be

lower than T'¢. From the difference of these two values we will have AT, which is the difference
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of these two values and can be written as,

Y e A (5.1)
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Figure 5-22 Heating characteristics of the half-meshed device with 20 nm
pitch. By extracting the heating data for the left and right side of the half-
meshed device, a difference in thermal transport is detected.
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Figure 5-23 Heating characteristics of the half-meshed device with 30 nm pitch. By
extracting the heating data for the left and right side of the half-meshed device, a
difference in thermal transport is detected.



From the figures 5.22and 5.23 we can see that when compared to the reference devices, the half
mesh devices showed slight deviation. When we extracted the temperature against power for the
left and right side heaters for the half meshed devices, both 20 nm and 30 nm pitch devices
showed strong difference in thermal transport as the heater position was changed. In fig. 5.24, we

extracted similar data for the fully meshed devices.

20nm fully-mesh heating at 150K 20 nm full-meshed GNM heating at 150 K
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Figure 5-24 Heating characteristics of the fully-meshed device with 20 nm pitch. By extracting the
heating data for the left and right side of the full-meshed device, the difference in thermal transport
in negligible
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Figure 5-25 Heating characteristics of the fully-meshed device with 25 nm pitch. By extracting the
heating data for the left and right side of the full meshed device, the difference in thermal transport
in negligible
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Both for the 20 and 25 nm pitch fully meshed devices, the difference in thermal transport when
the heater position is changed is almost negligible. From these two figures we can see that even
though AT}, value is negligible, there’s a slight negative slope for the left side electrodes. We
associate it with the fabrication anomalies. Due to the fabrication limitations it is impossible
create absolutely symmetrical metal electrodes and therefore, the actual heat transfer is slightly
different. As we cannot avoid this limitation during fabrication, this instrumental error remains
while we calibrate the electrode and finally results in this anomaly in the extracted plot. In
optimum conditions, we expect that the temperature curves for the left and the right electrode

would be superimposed on each other.
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Figure 5-26 Trend of thermal assymetry observed in the fabricated GPnCs. The thermal
transport is observed to be lower when the heater position is on the pristine graphene
side of the fabricated GPnC compared to when the heater position is changed to the
meshed side of the fabricated GPnC.

In fig. 5-26, a qualitative analysis of the thermal rectification observed in the fabricated sample is
shown. The thermal conductivity of pristine graphene is shown by the red dotted line and the
thermal conductivity of the meshed graphene is represented by the blue dashed line. The solid
read line shows the trend in thermal transport from the meshed to non-meshed area on the left
side, and vice versa on the right side. Now, the thermal conductivity of pristine graphene as a
obvious trend in decrease as the temperature is increased. It is due to the Umklapp scattering in
graphene that increases with the increase in temperature [34], [52], [82], [83]. As we introduce
the nanopores, that induces more scattering sites for phonons which becomes more significant
and the thermal conductivity slope for the nanomeshed sample becomes more or less constant
with increasing temperature . Therefore, when the thermal transport is from the meshed from the

non-meshed side (that is, the heater is placed on the meshed side) the overall thermal transport
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is smaller compared to when the heater position is changed to the non-meshed side as shown by
the solid red line in fig. 5.26. A similar study has been reported by Wang et al., where they created

the asymmetry by milling randomized nanopores on suspended GNR [84].

To summarize this chapter, we have established a thermoelectric measurement method to
observe the change in thermal transport in GNM devices. By comparing thermal transport in
symmetric (full meshed) and asymmetric (half meshed) devices, we observed thermal
rectification nature in the asymmetric GNM device. To understand the physical mechanism of the

rectification phenomenon is our next step in this work.
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Chapter 6

Conclusion and future tasks

6.1 Conclusion

Controlling the thermal conductivity of a material independently of its electrical conductivity has
always been an intriguing aspect for practical applications of thermoelectric materials.
Fabricating phononic crystals to induce increased boundary scattering of phonons has been a
topic of interest for a while now. The high in-plane thermal conductivity and high Young’s modulus
make it a more desirable candidate to manipulate THz regime thermal phonon frequencies.
Numerical analysis explaining the reduction of thermal conduction due to phonon blockade has
been reported for both Si and graphene. Even though for actual experimental works, Si is still very
popular due to ease of fabrication, but, any Si based phononic crystal systems applicable for room
temperature applications have not yet as the workable phonon frequency range in SiPnC is still in
the low GHz regime [8], [85]-[87]. Realizing the superior physical properties of graphene to be
more favorable for this case, I worked on fabricating graphene phononic crystals in this project.

Until now, the following points are noteworthy.

» In this thesis, I have first shown by numerical simulation that, by using graphene, we can
achieve phonon blockade in the THz regime by introducing periodic structures with
nanometer range periodicity. This analysis opened up the possibility to experimentally
fabricate graphene phononic crystals because the periodicity of the phononic structures
suggested by the simulation appeared to be achievable using the available nanofabrication
techniques like EBL and HIBM.

» From FEM simulation, it was shown that by introducing snowflake shaped GPnC in a
hexagonal unit cell layout, it is possible to obtain THz phonon bandgaps for wide range of
neck lengths, which is important from the fabrication point of view for feasibility and
flexibility in dimensional control.
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» To be able to achieve the high-resolution nanopore arrays suggested by the simulation,
HIBM is a decent tool providing small beam dimeter and controllability. In collaboration
with my colleague, the process for fabricating the GnPC using HIBM was established. In
the first step of this process, buffered hydrofluoric acid (bHF) was used for a certain time
to etch away SiO and suspend the GNR between two anchor electrodes. Afterwards, it was
exposed to HIBM to create nanopores with a radius of 3-4 nm and pitch as low as 11 nm.
It is to be mentioned that, for the actual measurement presented in this report, we chose
the devices with 15 nm pitch and ~6nm diameter. Also, by fabricating full-meshed and
half-meshed GnPC, we introduced different devices to measure. This allowed us to
measure the thermal transport through the GnPCs of variant configurations. We focused
on the half meshed GnPC which corresponds to the asymmetric crystal. For comparison,
we used the full-meshed GnPC under same measurement conditions.

» The feasibility of the phononic crystal can only be justified by the proper thermal
measurement method. A proper electrothermal measurement method is established
based on the concept of 4-probe measurement method. We were able to accurately detect
the change in resistance in the GNR with the change in temperature. Metal electrodes and
sensors are fabricated on the suspended graphene, one of which is used as a heater and
the others are used as the sensors. Heat is generated by applying some electrical current
at the heater, which travels through the graphene sheet contributing to increase the

temperature at the sensor.

» Thermal rectification phenomenon has been observed in the asymmetric GnPC. For fully
meshed devices, we observed symmetric electrical and thermal transport. For the half
meshed devices, symmetric electrical transport and asymmetric thermal transport were
observed. We observed that the heat flow through the asymmetric GnPC is higher from
the meshed side to the non-meshed side when the temperature gradient is maintained the

same. The opposite phenomena is true when the heater position is swapped.

6.2 Future work

Maximizing phonon transport: The issue of electrical leakage current

It has been reported that the estimated electrical thermal conductivity in graphene is about 1%
of that of the total thermal conductivity [22] [21]. So it is established that most of the heat
transported through graphene is phonon transport. However, for the resistive thermometry that
we employed, it is difficult to argue that the electrical transport through graphene will have
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negligible effect on the increased resistance on the sensor. For the future endeavors, it is advisable
to address this issue. To limit the electrical transport during this measurement while maintaining

the thermal transport, there are two possible ways.

a. The first proposal is to introduce a layer of electrically insulating thermal conductor in
between the metal electrodes and graphene. Hexagonal boron nitride is one such material
possessing a similar lattice structure has graphene and a wide direct electrical bandgap
of 5.8eV and a thermal conductivity of ~400 W/mK. To include a layer of hBN will require
an additional step of EBL and RIE process. But the measured thermal conductivity of this
device might be able to answer the questions about the electron contribution to the heat

transfer through graphene.
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Figure 6-1 Schematic representation of the device fabrication process
with hBN as an electrically insulating thermal conduction layer

Another way is to utilize the chromium oxide. As discussed in chapter 3, during the fabrication of
metal electrodes, we deposit chrome to incrase the adhesion with the metal. One interesting
aspect of chrome is that, when exposed to air; it oxidizes into a few nanometer of chromium oxide

(Cr203). This (Cr203) is also a hexagonal symmetry material with a lattice parameter of 2.49 Ao,
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While the high electrical resistivity of Cr203 has been reported, the thermal conductivity of Cr;03
has not been well studied. However, using Cr.03; makes the fabrication process easier compared
to the hBN transfer process. All we need to do is expose the deposited chromium to external air.
A few devices has already been fabricated in this method and the I4- V4 measurements show lower
electrical conductivity compared to the devices without oxidized Cr. The Cr,03 devices are still

under investigation for thermal conduction properties.

b. The second method is to separate the heater complete from graphene. By increasing the
surface area of the heater like the device shown in 5.1 (a) should increase the temperature.
The radiative heat transport, if high enough, should be measurable at a nearby sensor
fabricated on graphene. If the similar thermal transport relationship as discussed in
chapter 4 can be obtained from such device, we can readily justify the independent

phonon transport through the GNR without any contribution from the electrons.
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Appendix
Development of heat spreader method for
thermal characterization

Determination of the thermal conductivity of a material is of great interest because it contributes
to the performance of thermoelectric materials and thermal management in electronic circuits.
Thermal conductivity is a property of the material that depends on the parameters such as
structure, density, porosity, electrical conductivity etc. Thermal conductivity of a thin film
material is usually smaller than their bulk counterpart. For example, at room temperature, k of
bulk Si can be a factor of 5 magnitude higher than a Si thin film of 20 nm [31] [28]. And « along
the plane of a single layer of encapsulated graphene is at least 10 times smaller than the
corresponding value for bulk graphite [88]. Two reasons could be associated with such reduction
in thermal conductivity,

a. The techniques available for thin film synthesis technologies are not perfect, and result in
impurities, disorder, and grain boundaries which contribute in reducing the thermal
conductivity,

b. Even for atomically perfect thin films, the effects of scattering, phonon leakage and related
interactions become more important in the nanoscale. Both basic mechanisms generally
affect in-plane (kx) and crossplane (kz) transport differently, so even for bulk materials
that are isotropic, the thermal conductivity in thin films is usually isotropic.

In this section, I will discuss the methodology of a electrothermal measurement system for
measuring the thermal conductivity of supported monolayer graphene. Graphene, a material with
extremely high in-plane thermal conductivity, has the possibility to work as a phononic crystal. It

is expected that GnPC will exhibit lower thermal conductivity compared to pristine graphene.

A-1 experimental setup for the thermal measurement

Electronic transport in graphene has been extensively studies since it’'s isolation. But the
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experimental challenges limits the methods of understanding the thermal properties. As
discussed earlier, a method for measuring room temperature thermal conductivity of suspended
graphene has been reported using the heat generated with the laser beam of RAMAN by Balandin
et. al. [21], [32], [40] . Malekpour et. al. measure the thermal conductivity of graphene laminate
films deposited on polyetheylene terephthalate (PTE)[49]. The obtained values range from about
3000 Wm-1K-1to 5000 Wm-K-1, which is much higher than diamond and graphite. However, the
temperature (T) sensitivity of the RAMAN techniques, the k-T behavior for the 2D system has not
yetbeen understood properly. Also, these measurements were performed on supported graphene.
the charge mobility of graphene supported on SiO; should be 10 times suppressed compared to
the supported graphene [73]. An intricate method of measuring the thermal conductivity of
supported graphene by using the theory of resistance thermometry has been reported [89]. The
sensitivity of four-terminal thermal resistance sensing gives us the freedom to employ the idea
for measuring the thermal conductivity of supported and suspended graphene. The study will

further be extended for graphene nanomesh structures i.e. graphene phononic crsytals.

As discussed before, the relationship between the rise in temperature and the resistance of the

nanowire is given by the following equation,

R TG RN, | J—— (5.2)

Here, Ro is the wire resistance at AT = 0 and « is the temperatuer coefficient of resistance (TCR).

From this, we can say that,

or, dT/dR = 1/ aRgq ------------------ (5.4)

this is a linear relation, which should be obtainable for any metal. From this equation, we can

obtain TCR for gold.

The measurement system that we established can be considered as a modified heat spreader
method. The aim is to be able to create a thermal gradient across a sheet of graphene and
measuring the change in temperature at different distances from the heater. The basic idea of this

measurement comes from resistive thermometry, which is measuring the corresponding change
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in resistance of a material with the change in temperature. When resistance is measured with a
simple multimeter, the resistance of the cables leading to the sample and any resistance at the
contacts is measured as well. The contact resistances can be a serious problem when the electrical
contact is made using micromanipulators or scaled down to the nanometer regime. In fig. A-1, the
schematic of the 4-probe measurement method is shown. The concept is discussed earlier in

chapter 5 of this thesis.

A-(a)—
®

Figure A-1 Schematic representation of the 4-probe electrothermai
measurement

A-2 Measurement of thermal transport in supported graphene

A KEITHLEY 4200 sourcemeter was used to apply current through the metal contacts and a
KEITHLEY 2420 nanovoltmeter was used to measure the resistance at the constriction. All
measurements were carried out in vacuum in a variable temperature helium close cycle cryogenic
cooling system which can go down to ~ 4.8 K base temperature. To measure the TCR for the gold
nanowire, the temperature of the stage was maintained at 10K and gradually increased. For
establishing the feasibility of the 4-probe measurement system, at first we measured the
temperature dependent resistance of the entire circuit. One concern here was to ensure that the
applied current was not contributing itself to increase the resistance of the conductor. Keeping
the stage temperature at 10K, we applied a series of small currents with an interval of about
20minutes in between each measurement. The applied currents and their corresponding

resistance is shown in the following table.

Table: A-1: Determination of sensing current

Current applied (pA) Resistance (Q)
50 163.11
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100 162.68
200 162.60
300 162.67
400 162.86
500 163

From this table, it is clear that the resistance of the conductor remained constant within the range
of 100-400 pA, before it started raising. Above 400 pA, the applied current itself started
contributing to increasing the resistance of the conductor. From this initial measurement, we took
100 pA as the reference current. As shown in fig.5, after adopting the reference current, the
measurement was carried out from 5K to 300 K substrate temperature. The increase in resistance
is fairly linear to the increasing temperature which satisfies the equation 5.4. The slope of the
linear plot represents the value of TCR comprising of the entire circuit. This measurement is

necessary to obtain a reference data.
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Temperature dependent resistance of the entire circuit

Figure A-2 Increase of resistance at the metal conductor
with increasing temperature of the substrate.

As shown with the FEM simulation for joule heating in the previous chapter, it is necessary to
obtain the temperature generated at the gold electrode due to applied current. As shown in fig. A-
1, 4-terminal measurement was employed. The KEITHLEY 2182 nanovoltmeter offers low noise

measurements at high speed. This feature is extremely useful for us, as it helps reducing the
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measurement time and therefore, we can argue that the small current applied during thermal

sensing does not or negligibly contribute in increasing the temperature of the sensor itself. The

experiment was conducted again in the similar fashion as the two-terminal method. The

temperature variation of the stage i.e. the substrate temperature was maintained the same as the

reference measurement. As shown in fig. A-2, also in this case, the resistance of the gold nanowire

increased linearly with increasing base temperature. The TCR was calculated from the slope of

the linear plot and the value was 0.00314 which is in good agreement of the already reported

value of 0.003715 [89].
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Figure A-3 Increase of resistance at the metal electrode with increasing
temperature of the substrate. The calculated value of TCR is in well
agreement with literature.

Next, we increased the temperature at the electrode by applying higher current at the terminal.

From this point onwards, the base temperature was kept constant at 10K. We were able to

measure the change in resistance, Rsource, Of the gold nanowire at different current, which is

denoted as Isource.

We can rewrite eq. 4.2 as,

R =Ro (1 + o (T = Tp) ---------n---=-- (4.5)
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With this experiment, we have established the 4-point probe thermal measurement setup with

high resolution nanovoltmeter.

By replacing the obtained value of « and Ty as 10K, we calculated the temperature T at the gold
electrode from the plot shown in fig. 7. It is to be noted that from now onwards, the subscripts

‘source’ and ‘measure’ will be used to denote the heater and sensor in the circuit respectively.
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Figure A-4 Calculated temperature at the electrode with respect to
applied current.

To measure the thermal transport through graphene, we extended this measurement for a
configuration where one of the electrodes was considered as a heater. The other electrodes at
different distances from the heater were configured as the thermal sensors as shown

schematically in the following figure.
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Figure A-6 On the left, the established circuit for thermal measurement is shown. On the right the
temperature rise at the electrode with respect to the applied current is shown.
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Ideally, the measurement should be carried out in a condition where both the heater and sensor
are connected to a 4-probe measurement system. To do that, we would need a system with 8 or
more probes. Currently our Nagase prober system provides the assembly suitable for measuring
using 6 probes only. Therefore, we used the 4-probe measurement for the sensor electrode. The
heater was connected to a KEITHLEY 2400 source meter for supplying current. The experimental
setup is shown schematically in the following figure. The possible heater-sensor combinations are
shown in fig. A-6(a). The current dependence to the generated temperature for this electrode

followed the same trend as before.

After establishing and optimizing the measurement method for the heater and sensor respectively,
we proceeded to measure the actual thermal transport through graphene. Using the same circuit

combination.

As shown in fig. A-7, we were able to measure the change in temperature at the sensor by varying
the current at the heater. Similar to the process described before, the sensing current has been
determined as shown in the following table. In this case, we chose 200 pA as the sensing current.
The calculated temperature at the sensor was plotted against the calculated temperature at the
heater due to current applied from 5mA to 30 mA. The data points show a fairly linear trend which
is in well agreement to the fact that the temperature at the sensor is directly related to the

temperature at the heater.

Table A-2 Determination of sensing current

lmeasure (P-A) Rmeasure (Q)
50 4.3

100 4.1

200 3.9

300 3.9

400 3.88
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500 3.8625
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Figure A-7 Change in temperature at the sensor is observed due to the change in
temperature at the heater. The temperature change at the heater is induced by the

applied current.
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Figure A-8 The thermal transport through graphene is shown here for two different pairs ol
electrodes. Both pairs have the same distance between them. The temperature depenence at the
sensors for both cases show fairly similar characteristics with respect to the applied current.
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For the next step, to establish the feasibility for the measurement for the heater-sensor pair, the
entire setup was made for a different pair of electrodes. Fig. 4.11 shows the relationship between
the two sets of measurements carried out with two different pairs of electrodes. The plot shows
that the both measurements deliver fairly similar data. This is the expected outcome as in both

cases, the electrodes are of similar dimension and separated by 500 nm graphene in between.

In fig. A-8, the temperature dependence at sensors at differnet distances from the heater is shown.
The red squares in the figure represent the electrode at 500 nm distance and the yellow triangles
represents the temperature data point at an electrode 1000 nm away from the heater. From the
plot, clear dependence of thermal transport with respect to the distance from the source of heat

is observed.
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Figure A-9 The thermal transport through graphene at different distance from the heat
source is observed. The plot shows clear dependence of thermal transport on distance
from the heat source. The electrode that is closer to the heater exhibits higher heat
transpor trait compared to the electrode further from the source.
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A-3 measurement of thermal conductivity of supported graphene

To obtain clear dependence of the thermal transport in terms of distance of the sensor from the
heat source confirms the feasibility of the measurement method. To obtain the thermal
conductivity of the supported graphene in our sample, we first calculated the resistivity using the

following calculations.

Thermal resistivity, Rs = (T1 - T2) / AR ---------=----- (4.6)

Here, T1and T, are the temperatures at the heater and sensor, A is the cross sectional area of the

nanowire and R is the measured resistance.

Conductance = Rs1 --------mnmnmmmm- (4.7)

By multiplying the cross sectional area of the material to eq. 4.7, we can calculate the thermal
conductivity k. We calculated the k for graphen considering two cases. For the first one, we
included the thickness of SiO; which gives L = 500.3315 nm. For the second case, we took the
thickness of conly graphene which is 0.3315 nm. The calculated thermal conductivities are shown

in fig. 4.13.
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Figure A-10 Calculated thermal conductivity of supported graphene (a) considering total thickness to be
500.3315 nm, (b) considering only the thickness of graphene as 0.3315 nm.
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A-4 Extension towards suspended graphene

This experiment provides the reference data to expand this measurement for the supported gNR
sample with and without nanopores. The next scheme of the measurement is already established
by understanding the thermal transport properties of the suspended cases. It has been observed
that the suspended samples are more fragile and also are tricky to be measured. In fig. 4.14, the
plot shows the initial measurement for temperature increase with applied current for a
suspended gold nanowire. The entire measurement was carried out in similar fashion and similar
conditions as discussed until now. However, we have notied that the gold wires became
extremely unsustainable. The heater would fail when the temperature was only around 154 K, at

25 mA applied current.

The possible reason for this kind of failure could be that the heat retained much longer in the
nanowire as the Si0; was absent after bHF etching. Also, the measurement was done continuously
which would also contribute to the joule heating of the wire. For the next measurement, we
maintained a cooldown period after each measurement which was 20 minutes. We also reduced
the measurement sampling upto 2 seconds. We have already observed that the nanovoltmeter
gives stable resistance value almost immediately. In this process we were able to raise the

temperature at the gold nanowire upto 308 K as shown in the plotin fig. A-11.
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Figure A-11 The highest calculated temperature obtainable with
suspended gold heater was about 153.75 K.
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Figure A-12 The highest calculated temperature obtainable with suspended gold
heater was about 153.75 K.

This measurement is extremely significant for this project because it supports the idea that the
retention of heat at the gold nanowire contributes to the joule heating effect unless it is allowed

to be cooled down radiatively.
In conclusion, is important to note the following points,

- The four-probe measurement method has been established for heat spreader samples
with supported graphene. compared to TDTR or pulsed laser measurements, this method
gives fidelity and flexibility in measurement. Also, the high resolution analyzers provide
accurate measurements for minute changes in resistance due to temperature.

- The measurement is now being extended for suspended GNR samples. A reduction of
thermal conductivity due to phonon confinement and scattering is expected to be

observed for the GnPC samples.
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