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ABSTRACT OF THE DISSERTATION

Optothermal Raman Studies of Thermal Properties of Graphene Based Films

by

Hoda Malekpour

Doctor of Philosophy, Graduate Program in Electrical Engineering
University of California, Riverside, March 2017

Dr. Alexander A. Balandin, Chairperson

Efficient thermal management is becoming a critical issue for development of the

next generation of electronics. As the size of electronic devices shrinks, the dissipated

power density increases, demanding a better heat removal. The discovery of graphenes

unique electrical and thermal properties stimulated interest of electronic industry to de-

velopment of graphene based technologies. In this dissertation, I report the results of my

investigation of thermal properties of graphene derivatives and their applications in thermal

management. The dissertation consists of three parts. In the first part, I investigated ther-

mal conductivity of graphene laminate films deposited on thermally insulating polyethylene

terephthalate substrates. Graphene laminate is made of chemically derived graphene and

few layer graphene flakes packed in overlapping structure. Two types of graphene lami-

nate were studied: as deposited and compressed. The thermal conductivity of the laminate

was found to be in the range from 40 W /mK to 90 W /mK at room temperature. It was

established that the average size and the alignment of graphene flakes are parameters dom-

inating the heat conduction. In the second part of this dissertation, I investigated thermal
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conductivity of chemically reduced freestanding graphene oxide films. It was found that the

in-plane thermal conductivity of graphene oxide can be increased significantly using chemi-

cal reduction and temperature treatment. Finally, I studied the effect of defects on thermal

conductivity of suspended graphene. The knowledge of the thermal conductivity depen-

dence on the concentration of defects can shed light on the strength of the phonon - point

defect scattering in two-dimensional materials. The defects were introduced to graphene

in a controllable way using the low-energy electron beam irradiation. It was determined

that as the defect density increases the thermal conductivity decreases down to about 400

W /mK, and then reveal saturation type behavior. The thermal conductivity dependence

on the defect density was analyzed using the Boltzmann transport equation and molecu-

lar dynamics simulations. The obtained results are important for understanding phonon

transport in two-dimensional systems and for practical applications of graphene in thermal

management.
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Chapter 1

Introduction

1.1 Introduction to thermal connectivity

In physics, thermal conductivity is the property of a material to conduct heat. It is evaluated

in terms of Fourier’s law for heat conduction, based on which, the heat flux density (Ð→q )

is equal to the product of thermal conductivity (k) and the negative local temperature

gradient (∇T ):

Ð→q = −K∇T (1.1)

Thermal conductivity is measured in watt per kelvin per meter (Wm−1K−1). The reciprocal

of thermal conductivity is called thermal resistivity. Another term, which is important to be

defined, is thermal diffusivity. In heat transfer analysis, thermal diffusivity is the thermal

conductivity divided by density and specific heat capacity at constant pressure. It has the
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SI unit of m2/s:

α =KρCP (1.2)

Where, K is thermal conductivity (W /(mK)), ρ is density (kg/m3) and CP is specific

heat capacity (J/(kgK)). Thermal conductivity is a property that determines how much

heat will flow in a material, while thermal diffusivity determines how rapidly heat will flow

within it.

1.1.1 Thermal conductivity and heat conduction equation

Thermal conductivity of a material indicates its capability to conduct heat. It is defined as

rate of heat flow divided by the cross section area and temperature gradient:

K = ∆Q

∆t
.
1

A
.

1

∇T (1.3)

Where ∆Q/∆t is rate of heat flow, A is the cross section area and ∇T is temperature

gradient. The law of heat conduction, also known as Fourier’s law, states that the rate

of local heat flux, Ð→q , is equal to the product of thermal conductivity, k, and the negative

temperature gradient -∇T :

q = −K.∇T (1.4)

By integrating this differential equation, the integral form of Fourier’s law is obtained:

δQ

δt
= −K ∮

s
∇T.dÐ→A (1.5)

Where, δQ/δt is the amount of heat transferred per unit time, dA is oriented surface area

element. Integrating the above equation in a homogenous material of one dimensional
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geometry between two endpoints at constant temperature gives heat flow rate as:

∆Q

∆t
= −KA∆T

∆x
(1.6)

Where, ∆T is the temperature difference between the ends, ∆x is the distance between the

ends. This law forms the basis of derivation of heat conduction equation.

1.1.2 Limiting factors of thermal conductivity

Thermal conductivity of semiconductors is the sum of the lattice (phonon) kph and electronic

ke components. The characteristic ratio of these two obtained for doped semiconductors is

ke/kph ∼ 1/2. For intrinsic silicon structures this ratio is even lower. Thus, for simplicity, we

will only discuss the lattice (phonon) contribution to the thermal conductivity and neglect

its electronic part [3] . Kinetic theory of gases gives the following expression for the lattice

thermal conductivity:

K = 1

3
CV .v.l (1.7)

Where K is thermal conductivity, CV is heat capacitance per unit volume, v is phonon

group velocity and l is mean free path of particles between collisions. The phonon mean

free path (MFP) is determined by three processes: boundary scattering, scattering by other

phonons and impurity scattering. It is well known that the normal three-phonon scattering

processes (N-processes) in which the total momentum is conserved cannot lead to a finite

thermal resistance, although they influence it indirectly by redistributing phonon modes

[4, 5]. Only processes, which do not conserve crystal momentum, contribute to the lattice

thermal resistance. Such processes, referred as resistive, are boundary scattering, impurity

scattering, and three-phonon Umklapp scattering process (U-process) in which the sum of
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phonon wave vectors is not conserved but changes by a reciprocal-lattice vector.

At high temperature, all phonon modes are excited and substantial portion of

phonon collisions will be U-process and the mean free path we be proportional to 1/T .

On the other hands, boundary scattering becomes important when MFP is comparable

with the width of the sample. Based on Casimir limit the phonon-boundary scattering rate

presented as:

1

τB
= v

D
(1.8)

Where, v is the group velocity of phonons and D is the lateral dimension. Impurity scatter-

ing, in its turn, can be separated for isotope scattering arising from the presence of atoms

with different mass dislocation scattering, and scattering on atoms of different elements [3].

1.1.3 Different components of thermal conductivity

Heat can be conducted through a solid either by elastic waves in the crystal lattice or by

free charge carriers. In metals it is generally sufficient to consider only the contribution to

the flow of heat from the free electrons, hence the Wiedemann-Franz law relating electrical

and thermal conductivities. On the other hand in semiconductors it is also necessary to take

into account the contribution from the elastic waves, and the total thermal conductivity

may be expressed as:

K =Kl +Ke (1.9)

Where, kl and ke represents the lattice component and the electronic component, respec-

tively. In most semiconductors, kl is much greater than ke but there are a few materials

in which the magnitude of the two components may become comparable. It might be ex-
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pected that ke, should be related to the electrical conductivity by a relation similar to the

Wiedemann-Franz law with a slightly different constant of proportionality due to the fact

that degeneracy must be taken into account for metals, but not for semiconductors [6].

1.2 Methods of measuring thermal conductivity

1.2.1 Transient methods

In transient methods, measurement of thermal conductivity is performed during the process

of heating up and the thermal gradient is recorded as a function of time. The advantage

of these methods is that they can in general be performed more quickly, since there is no

need to wait for a steady-state situation. An example of this method, which has been

used in this dissertation, is Laser Flash Technique (LFT). The method is used to measure

thermal diffusivity of different materials. An energy pulse heats one side of a plane-parallel

sample. The temperature rise on the backside is detected as a function of time. The higher

the thermal diffusivity of the sample, the faster the energy reaches the backside. Thermal

diffusivity can be extracted from the measured temperature/time function on the backside

of the sample.

A light source (xenon flash lamp) heats the sample from the bottom side and the

temperature rise of the other side is measured as a function of time using an infrared (IR)

detector. The measurement of the thermal diffusivity α and specific heat CP allows the

calculation of the thermal conductivity K, with an additional measurement or knowledge

of the bulk density ρ of the sample material as shown in equation 1.10.

K(T ) = α(T ) × ρ(T ) ×CP (T ) (1.10)
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Where, T is the temperature, K is the thermal conductivity, α is thermal diffu-

sivity, ρ is the bulk density and CP is the specific heat. Lase flash method can be used for

measuring both the in-plane and cross-plane thermal conductivities, using different sample

holders and masks. Fig. 1.1 shows an schematic of the masks and sample holders that is

used for cross-plane and in-plane thermal conductivity measurements.

As shown in Fig. 1.1 (b), in-plane sample holder is designed so that the position

of the energy input on the bottom side of the sample and the position of measuring the

temperature increase on the top side of the sample (energy output) are located at different

lateral positions. Thus the measured temperature increase of the sample shows the thermal

diffusivity in a horizontal direction (in-plane).

1.2.2 Steady-state methods

In general, steady-state techniques perform a measurement when the temperature of the

material does not change with time. This makes the signal analysis straightforward (steady-

state implies constant signals). The disadvantage is that a well-engineered experimental

setup is usually needed. Optothermal Raman (OTR) measurement is an example of this

method that is widely used in this dissertation. In the next section, the OTR technique

will be discussed in detail.
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(a)

(b)

Figure 1.1: Schematic of thermal conductivity measurement, showing sample holders and
masks for (a) cross-plane and (b) in-plane laser flash measurement. In both arrangements
a flash lights heat the sample at one side and an IR detector reads the temperature rise at
the opposite side of the sample. However, in-plane mask is designed so that the temper-
ature reading occurs at different lateral position compared to the heating one. Therefore,
the generated heat mostly travels in the in-plane direction to produce the corresponding
temperature rise.
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1.3 Optothermal Raman measurement of thermal

conductivity

Optothermal Raman (OTR) is a direct steady-state measurement technique, which de-

termines thermal conductivity directly without the need to calculate it from the thermal

diffusivity data. In this technique, originally used for measuring the thermal properties

of graphene [7], the micro-Raman spectrometer is used as thermometer to determine the

local temperature rise. The temperature dependency of Raman peak position, give us the

ability to read the temperature rise using Raman spectroscopy. This method is especially

useful for graphene-based materials. Owing to graphenes distinctive Raman signature with

clear G and 2D band, the temperature could be accurately read. The strong temperature

dependency of Raman G band makes it perfect to be used as a mean of thermometry. That

means the shift in the position of the graphene G peak can be utilized to measure the local

temperature rise on the sample caused by laser heating. In this technique Raman excitation

laser is also used as a heater. The measurement procedure involved two steps: the calibra-

tion measurements and the power-dependent Raman measurements. Both procedures will

be discussed in the following sections.

1.3.1 Power-dependent Raman measurements

In the power-dependent Raman measurements, the position of Raman peak is read as a

function of different laser power. In this measurement Raman excitation laser acts as a

heater to cause local heating and thus peak shift. The power of laser is therefore chosen

8



Figure 1.2: Schematic of the power-dependent Raman measurement with the specially
designed sample holder.

to cause local heating. The shift in the peak is then recorded as a function of increasing

power. In order to attribute this peak shift to temperature rise, calibration measurements

need to be done.

For the power-dependent Raman measurements the sample is suspended over heat

sinks. Therefore the Raman induced heat on the sample travels toward the heat sinks

where the temperature remains at room temperature. Fig. 1.2 shows a schematic of this

measurement. For this study we have designed a special sample holder to suspend macro

size samples over two aluminum heat sinks. The power on the sample surface is then

measured by replacing the sample with a power meter. The slope ∆ω/∆P is then measured

during this measurement were ∆ω is the shift in Raman peak position and ∆P is the

increase in excitation laser power. Knowing the sample geometry and temperature rise,
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∆T = χ−1∆ω, in response to the absorbed power, ∆P , one can determine the thermal

conductivity K by solving the heat diffusion equation numerically. In order to determine

χ, the temperature coefficient of Raman peak, calibration measurements need to be done.

The details of calibration measurements and K extraction procedure are being discussed in

the following sections.

1.3.2 Calibration measurements

The aim of calibration measurements is to attribute the Raman peak shift recorded during

the power-dependent Raman measurements, to the laser induced temperature rise in the

sample. The measurement is performed in the cold-hot cell (LINKAM THMS-600) with

the temperature of the sample controlled externally (see Fig. 1.3). Low excitation power of

the Raman laser is used to avoid any local laser induced heating. Since the low excitation

power levels degrades the signal-to-noise (S/N) ratio, the exposure time should be increased

achieve acceptable S/N ratio.

In the calibration measurements, the Raman peak position is recorded as a function

of sample temperature, which is controlled externally using cold-hot cell. The slope of this

plot determines the temperature coefficient of Raman peak (χ). It should be remembered

that the χ value depends not only on the sample properties but also on the temperature

range for which it was extracted. In the following section I will discuss how the thermal

conductivity of sample is extracted having both calibration and power-dependent Raman

measurements results.

10



Figure 1.3: Optical image of the cold-hot cell, used to perform calibration measurements.
The cell is designed to externally control the temperature of the sample with the accuracy
of 0.1○C.

1.3.3 Thermal conductivity extraction

In order to extract the thermal conductivity Fouriers equation was solved for the specific

sample geometry. Here I will discuss the heat diffusion equation for a 3D structure samples.

COMSOL Multiphysics software package was used for numerical solution of the equation

with proper boundary conditions. The laser spot heat source was assumed to have the

Gaussian distribution of the power in the in-plane (x, y) direction. Considering penetration

depth of the laser beam through the sample thickness (z), P (x, y, z) can be written as:

P (x, y, z) = A × exp(−x
2 + y2
2σ2

) × exp(−z
d
) (1.11)

Where, A is the amplitude defined from the total laser power, Ptot, σ is the standard

deviation of the Gaussian distribution function defined from the laser spot size and d is the

laser penetration depth. A is defined so that the integral of P (x, y, z) over x, y, z is equal

to the total applied power, therefore A = Ptot/(2πdσ2). σ is defined so that the full width

at half maximum (FWHM) of Gaussian function is set to the laser spot size which itself

is calculated having the numerical aperture of the objective lens and the laser wavelength
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(2λ/(πNA)). Finally penetration depth, d is defined based on the refractive index of the

material and the laser wavelength [8].

Considering our special designed sample holder (Fig. 1.2), the two ends of the

suspended sample are attached to the heat sinks, which are modeled as being at RT. All

other boundaries are defined as insulated from the environment, which means that the

temperature gradient across the boundary is set to zero:

Ð→n (K∇T ) = 0 (1.12)

The heat diffusion equation is solved via the iteration procedure. The total power and

the thermal conductivity are entered as the inputs to the equation and the temperature

distribution is determined as the result of simulations. The simulated temperature rise

is compared with the measured temperature in the laser spot. The thermal conductivity

is adjusted to higher or lower value based on the comparison. The task is simplified by

introducing the slope parameter:

θ = ∂ω

∂P
= χ∂T

∂P
(1.13)

The simulated plot of K vs. θ gives the actual value of thermal conductivity K for the

measured value of the slope θ.

1.4 Outline of the dissertation

This dissertation consists of three parts:

1. Thermal conductivities of graphene laminate films deposited on polyethylene tereph-

thalate substrates were studied. Two types of graphene laminate were investigated, as
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deposited and compressed, in order to determine the physical parameters affecting the

heat conduction the most. The measurements were performed using the optothermal

Raman technique and a set of suspended samples with the graphene laminate thick-

ness ranging from 9 µm to 44 µm. The thermal conductivity of graphene laminate

was found to be in the range from 40 W /mK to 90 W /mK at room temperature.

2. Thermal conductivity of chemically reduced freestanding graphene oxide film annealed

at 300 ○C was studied. Both the in-plane and cross-plane thermal conductivities were

measured using a combination of two different techniques: Raman opto-thermal and

laser flash. The in-plane thermal conductivity values of 11-45 W /mK have been

achieved in the reduced graphene oxide films, which show up to 15 times increased

thermal conductivity comparing to reported values of free-standing GO film.

3. Thermal conductivity of suspended graphene was studied as a function of the density

of defects, ND, introduced in a controllable way. Graphene layers were synthesized

using chemical vapor deposition technique and transferred on transmission electron

microscopy greed, suspended over its ∼ 7.5 mm size square holes. The defects in

graphene lattice were induced by the low-energy electron beams (20 kV ) and quantified

by their Raman spectrum using D to G peak intensity ratios. It was found that as

the density of defects changes from ∼ 2.0× 1010 cm−2 to ∼ 1.8× 1011 cm−2 the thermal

conductivity, K, reduces from ∼ (1.8± 0.2)× 103 W /mK to ∼ (4.0± 0.2)× 102 W /mK

at room temperature. At higher ND, the thermal conductivity reveals an intriguing

saturation behavior. The behavior was analyzed within the Boltzmann transport

equation approach and molecular dynamics calculations.
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Chapter 2

Graphene laminate as a conductive

coating for plastic

Due 1 to the large use of plastic in electronic packaging, there is a strong practical motivation

in thermally conductive coatings for various plastic materials. While being robust, light-

weight and easy-to-work with materials, plastics suffer from very low values of thermal

conductivity. Graphene laminate (GL) is a type of graphene-based material that can be

conveniently utilized in coating applications [9]. Graphene and few layer graphene (FLG)

flakes in GL layers, which are chemically derived, are closely packed in overlapping structure.

It is common to deposit (spray on) GL films on polyethylene terephthalate (PET) substrates.

Due to PETs extremely low thermal conductivity, ranging from 0.15 W /mK to 0.24 W /mK

at room temperature, its applications have certain limits.

1This section of dissertation follows the published material from H. Malekpour, K. H. Chang, J. C. Chen,
C. Y. Lu, D. L. Nika, K. S. Novoselov, A. A. Balandin, Nano Lett. 14, 5155 (2014)
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Coating PET with graphene laminate can lead to new applications domains.

Graphene laminate consists of overlapping graphene and FLG flakes. Due to the random

nature of graphene flakes overlapping regions, a large distribution of the flake sizes and

thicknesses as well as presence of defects and disorder, the physics of heat conduction in

such materials is non-trivial. Having the knowledge of thermal properties of GL layers and

understanding materials parameters that limit heat propagation facilitates optimizing GL

thermal coatings for practical applications. Here I investigated the thermal conductivity of

GL-on-PET on a set of as deposited and compressed samples with different mass densities

and GL thickness ranging from ∼ 9 µm to ∼ 44 µm. In the following, I will review the sample

structure followed by the outline of thermal measurements and experimental results. At

the end of the section, I will outline the theory of heat conduction in FLG used to assist in

the theoretical data analysis.

2.1 Preparation of graphene laminate on PET substrates

The samples for this study [1] were provided by University of Manchester and Bluestone

Global Tech. GL layers were derived chemically and deposited on PET substrates. For this

purpose, an aqueous dispersion of graphene nano-flakes was used as the coating ink. The

dispersion of graphene flakes is assisted by the presence of the surfactants for deposition of

a homogenous film. A conventional PET film was used as a substrate. The PET is a plastic

material widely used in various containers. First, the substrate is coated by graphene ink

using a laboratory slit coater. The coated substrate is then dried at low temperature to

form GL-on-PET samples. Some of the samples were roll compressed and thus the samples
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Table 2.1: Sample nomenclature, physical and thermal characteristics

GL-on-PET
Laminate Thickness

[µm]
Average Flane

Size [µm] K[W /mK] Note

1 44 1.10 40.0 ± 7.5 Uncompressed

2 14 1.15 59.0 ± 3.6 Uncompressed

3 13 1.24 75.5 ± 11.3 Uncompressed

4 9 1.18 90.0 ± 9.4 Compressed

5 24 1.07 63.5 ± 4.0 Compressed

6 30 0.96 44.5 ± 6.9 Compressed

were denoted uncompressed and compressed. The samples were then analyzed to better

understand the characteristics of the laminate. Fig. 2.1 shows top view SEM micrographs

of both uncompressed and compressed GL-on-PET. One should notice that the laminate

is made of overlapping single layer graphene and FLG flakes with different size and shape.

The cross-sectional SEM of the GL-on-PET is also shown in Fig. 2.2 with distinguished GL

layer. The cross-sectional SEM is used to determine the thickness of laminate ranging from

∼ 9 µm to ∼ 44 µm. An average value among several locations was used for this analysis due

to the thickness non-uniformity. Moreover, the sheet resistance of the graphene laminate

was measured by the 4-point probe technique and found to be within the 1.8 Ω/◻ - 6.1 Ω/◻

interval. The mass density of GL layers was found to vary from 1.0 g/cm3 to 1.9 g/cm3.

Table 2.1 summarizes some of the GL properties used for this study.

2.2 Statistical analysis on the average flake size

For further quantitative analysis of thermal properties, an accurate statistical analysis has

been done on the laminate flake size. As confirmed by SEM (Fig. 2.1), the GL is made
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Figure 2.1: Top-view SEM images of the (a) uncompressed (sample 3) and (b) compressed
(sample 4) GL-on-PET. Graphene laminate consists of the overlapping layers of graphene
and FLG flakes with arbitrary shapes and random in-plane orientation. Although most of
the flakes are aligned along the PET substrate some of the flakes reveal vertical orienta-
tion seen as bright white areas on SEM images. Note that the number of the misaligned
vertical flakes is substantially reduced in the compressed GL-on-PET samples. The figure
is reproduced from H. Malekpour, K. H. Chang, J. C. Chen, C. Y. Lu, D. L. Nika, K. S.
Novoselov, A. A. Balandin, Nano Lett. 14, 5155 (2014) with permission from American
Chemical Society.
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Figure 2.2: Cross-sectional SEM images of the (a) uncompressed (sample 2) and (b) com-
pressed (sample 4) GL-on-PET. The pseudo colors are used to indicate the graphene lami-
nate (burgundy) and PET (yellow) layers. The graphene laminate layer of the uncompressed
sample is ∼ 44µm thick while the PET substrate is ∼ 110µm thick in the uncompressed GL-
on-PET. The laminate thickness variation is clearly seen from the micrograph. The figure
is reproduced from H. Malekpour, K. H. Chang, J. C. Chen, C. Y. Lu, D. L. Nika, K. S.
Novoselov, A. A. Balandin, Nano Lett. 14, 5155 (2014) with permission from American
Chemical Society.
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Figure 2.3: Top view SEM image of graphene laminate on PET. The intersecting lines were
used for determing the average flake size

of overlapping single layer graphene and FLG flakes with different sizes and shapes. For

statistical analysis, extensive top view SEM studies have been performed to determine an

average flake size D of a large number of flakes. The average flake size is defined as an

average of the three diameter of each flake (see Fig. 2.3). To achieve sufficient accuracy for

statistical calculation of D, more than hundred flakes have been taken into consideration

for each sample. Fig. 2.4 shows the statistical analysis results for sample 1, 4 and 6. It

has been noticed that after almost ∼ 50 flakes are included in the analysis the average size

saturates to a particular well-defined value [1]. All the values of average flake size have been

provided in Table 2.1.
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Figure 2.4: Statistical analysis of the FLG flake size in GL-on-PET samples. The calculated
average flake size is shown as a function of the number of flakes taken into account. The
data is presented for the uncompressed (sample 1) and two compressed (samples 4 and 6)
GL-on-PET. Note that the flake sizes converge to the asymptotic average values of 1.10,
1.18 and 0.96 after number of the accounted flakes exceeds about a hundred. The figure
is reproduced from H. Malekpour, K. H. Chang, J. C. Chen, C. Y. Lu, D. L. Nika, K. S.
Novoselov, A. A. Balandin, Nano Lett. 14, 5155 (2014) with permission from American
Chemical Society.
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2.3 Optothermal Raman measurements of thermal

conductivity

For thermal studies of GL, the non-contact optothermal Raman (OTR) method was used

[10]. OTR is a direct steady-state measurement technique that determines the value of

thermal conductivity directly, without any need to calculate it from diffusivity value. This

technique was originally introduced by Balandin and co-workers for measuring thermal

properties of single layer graphene [7]. The measurement technique includes micro-Raman

spectrometer, which is used as thermometer to determine the local temperature rise. The

Raman excitation laser also serves as a heater to induce local heating in the sample. Ow-

ing to the clear G-peak Raman band of graphene, the temperature could be accurately

read. The measurement procedure involved two steps: the calibration measurement and

the power-dependent Raman measurement. More details of OTR technique can be found in

chapter 1. Here micro-Raman analysis was performed using 488 nm excitation wavelength

and power level varying up to 10 mW . For power-dependent Raman measurement, the

GL-on-PET samples were cut into the rectangular ribbons and suspended across a specially

designed sample holder, shown in Fig. 2.5. The sample holder contains two massive alu-

minum clamps serving as ideal heat sinks and providing good thermal contact with GL

layers.

The calibration measurement was performed inside a cold-hot cell. The cold-hot

cell allows the temperature of the sample to be controlled externally. Low excitation power

of the Raman laser (∼ 1mW ) was maintained during calibration measurement to avoid laser-
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induced heating. As a result of the calibration, the Raman G peak position is determined as

a function of the temperature of the sample. Here the temperature interval of 20○C −200○C

was used. It has been noticed that the G peak position followed an excellent linear shift

over the examined temperature range. The slope determines the temperature coefficient of

G Raman peak, χG, for the measured temperature range. One should note that the χG

value depends not only on the sample properties but also on the temperature range for

which it was extracted.

The second part of OTR method, power-dependent Raman measurement, includes

recording the position of Raman G peak as a function of the increasing excitation laser power

using the special designed sample holder described earlier. The power on the sample surface

was measured by replacing the sample with a photodiode power sensor. The increase in the

absorbed laser power, ∆P , generates local heating leading the Raman G peak to red shift

(∆ω). The shift over G peak was recorded for the uncompressed and compressed samples

as the function of the absorbed power. Having the sample geometry and temperature

rise, ∆T = χG
−1∆ω, in response to the absorbed power, ∆P , thermal conductivity K can

be extracted by solving the heat diffusion equation numerically. Fouriers equation was

solved for the specific sample geometry. Considering the large thickness of GL layer (∼ 9µm

∼ 44µm), the heat diffusion equation needs to be solved in 3-D structure. COMSOL software

package was used for numerical solution of the equation with proper boundary conditions.

Details of K extraction procedure is provided in chapter 1. A Gaussian distribution of power

with the standard deviation set to the laser spot size was used to simulate the laser induced

heating. The suspended GL-on-PET ribbon is connected to the heat sinks at its two ends,
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Figure 2.5: Optical image of the specially designed sample holder for optothermal Raman
measurements with macroscopic thin films. The GL-on-PET sample under test (seen as gray
ribbon) is suspended across a trench and fixed with two massive aluminum pads acting as
the heat sinks. The ribbon is heated with the Raman laser in the middle. The experimental
setup is a scaled up version of the original one used for the measurement of the thermal
conductivity of graphene. The figure is reproduced from H. Malekpour, K. H. Chang, J. C.
Chen, C. Y. Lu, D. L. Nika, K. S. Novoselov, A. A. Balandin, Nano Lett. 14, 5155 (2014)
with permission from American Chemical Society.

modeled as being at RT. All other boundaries are defined as insulated from the environment,

modeled by having a zero temperature gradient across the boundary. An iteration strategy

was used to solve the heat diffusion equation. The total power and the thermal conductivity

were given as the inputs to the equation and the temperature distribution is determined

as the result of simulations. The temperature rise is then compared with the measured

temperature and based on the results the thermal conductivity is adjusted to higher or

lower value.
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Figure 2.6: Raman G peak as a function of the sample temperature. The measurements
were carried out under the low excitation power to avoid local heating while the temper-
ature of the sample was controlled externally. Note an excellent liner fit for the examined
temperature range. The obtained dependence is used as a calibration curve for the thermal
measurement. The figure is reproduced from H. Malekpour, K. H. Chang, J. C. Chen, C.
Y. Lu, D. L. Nika, K. S. Novoselov, A. A. Balandin, Nano Lett. 14, 5155 (2014) with
permission from American Chemical Society.
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Figure 2.7: Raman G peak shift as a function of the laser power on the sample surface. The
results are shown for the uncompressed (sample 1) and compressed (sample 4) GL-on-PET.
The shift in G peak position with increasing power indicates the local temperature rise. The
slope of these linear dependencies is used for the extraction of the thermal conductivity.
The figure is reproduced from H. Malekpour, K. H. Chang, J. C. Chen, C. Y. Lu, D. L.
Nika, K. S. Novoselov, A. A. Balandin, Nano Lett. 14, 5155 (2014) with permission from
American Chemical Society.
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2.4 Effect of the flake size on thermal conductivity of

laminate

2.4.1 Experimental results

Following the procedure described in the previous section, the room temperature thermal

conductivities were measured for different uncompressed and compressed GL-on-PET and is

shown in Fig. 2.8 and summarized in Table 2.1. One can see from Fig. 2.8 that the overall

thermal conductivity values for GL-on-PET are pretty high ∼ 40 W /mK 90 W /mK.

Considering the extremely low thermal conductivity of PET and related plastic materials

(K ≈ 0.15 W /mK - 0.24 W /mK), coating PET with graphene laminate enhances the

thermal conductivity by more than two orders of magnitude (up to ×600 times). Based on

the plotted results (Fig. 2.8) high values of thermal conductivity can be obtained in both

compressed and uncompressed GL. No correlation was noticed between thermal conductivity

of GL and its mass density or thickness. It was found interestingly that thermal conductivity

of both uncompressed and compressed GL scales linearly with the average flake size D.

This would suggest that heat conduction in GL layers is limited by the flake boundaries

rather than intrinsic properties of the graphene and FLG. Compression improves the flakes

alignment and consequently results in higher K value at a given flake size. The better

alignment between flakes was confirmed by top view SEM analysis of the flakes, which

suggests the population of vertically oriented flakes is suppressed in the compressed samples.

The misaligned flakes appear as bright white spots (see Fig. 2.1). In order to theoretically

interpret the experimental results, the theory of heat transfer in FLG was applied. This
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Figure 2.8: Thermal conductivity of GL-on-PET as a function of the average flake size D.
The results are shown for the compressed (red circles) and uncompressed (blue rectangles)
GL-on-PET samples. The dashed lines are to guide the eyes only. Note that the high ther-
mal conductivity can be achieved in both uncompressed and compressed samples. For the
same flake size D, the compressed samples have higher thermal conductivity than uncom-
pressed ones owing to better flake alignment. The figure is reproduced from H. Malekpour,
K. H. Chang, J. C. Chen, C. Y. Lu, D. L. Nika, K. S. Novoselov, A. A. Balandin, Nano
Lett. 14, 5155 (2014) with permission from American Chemical Society.

will be discussed in the next section.

2.4.2 Theoretical analysis

Heat conduction in GL-on-PET in the plane direction consists of heat distribution in in-

dividual flakes and their boundaries conduction. Therefore, the total in-plane thermal

conductivity depends on thermal conductivity of each FLG flake as well as the strengths

of their coupling to each other. Defining a theoretical thermal conductivity to GL with

such a random structure is not easy due to uncertainty of parameters like the strength of
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individual flakes attachment and their mutual orientation. In order to gain insight into the

heat conduction in graphene laminate, formulas describing heat conduction in graphite thin

film were modified [11, 12]. The specifics of graphene laminates that are entered to the

model are characteristic dimensions of the flakes and concentration of defects. The thermal

conductivity in graphene laminates for its basal plane is written as [11, 13, 14]:

K =Kxx =
1

LxLyLz
∑
s,q
hωs(Ð→q )τ(ωs(Ð→q ))vx,svx,s

∂N0

∂T
(2.1)

Where τ(ωs(Ð→q )) denotes the relaxation time of a phonon with the frequency ωs(Ð→q ) from

the s-th acoustic phonon branch (s = LA,TA,ZA), Ð→q = (q∥, qz) is the phonon wave vector,

vx,s is the projection of phonon group velocity, N0 is the Bose-Einstein distribution func-

tion, T is the temperature and Lx, Ly, Lz are the actual sample size. The terms LA,TA

and ZA show the longitudinal acoustic, the transverse acoustic and the out-of-plane acous-

tic phonon branches, correspondingly. Following the approach described in Ref. [11] the

phonon transport in GL is defined to be two-dimensional (2D) for phonons with frequencies

ωs > ωc,s and three-dimensional (3D) for phonons with frequencies ωs ≤ ωc,s, where ωc is a

certain low-bound cutoff frequency. Applying the equal-energy surfaces approximation with

the cylindrical surfaces, one can rewrite Eq. 2.1 for the 2D and 3D parts of the thermal

conductivity in the following form [11]:

K3D = h̵2

4π2KBT 2 ∑
s=LA,TA,ZA

1

V ⊥s
∫

ωc,s

0
[ω∥s(q∥)]3τ(ω∥s)v∥s(q∥)

exp( h̵ω
∥

S

KBT )

[exp(h̵ω∥S) − 1]2
q∥dω∥s (2.2)

K2D = h̵2

4π2KBT 2 ∑
s=LA,TA,ZA

ωc,s

V ⊥s
∫

ωmax,s

ωc,s

[ω∥s(q∥)]2τ(ω∥s)v∥s(q∥)
exp( h̵ω

∥

S

KBT )

[exp(h̵ω∥S) − 1]2
q∥dω∥s

(2.3)

28



where v⊥s = ωc,s/qz,max and ωc,s is the phonon frequency of s-th branch at Apoint of graphite

Brillouin zone.

In these calculations three mechanisms of phonon scattering were taken into con-

sideration [12–15]: Umklapp scattering τU(ω∥s) = Mvs
2ωmax,s/(γ2sKBT [ω∥s ]2), point-defect

scattering τpd(ω∥s) = 4v
∥
s/(S0Γq[ω∥s ]2) and scattering on the flake boundaries τb(ω∥s) =D/v∥s ,

where the average Gruneisen parameter is branch dependent and is equal to γLA = 2,γTA =

1,γZA = −1.5, ωmax,s is the maximal frequency of s-th branch, S0 is the cross-section area

per atom, M is the graphene unit cell mass and Γ is a parameter showing the strength of

the point-defect scattering and defined from the typical defect densities in the given ma-

terial. Here τ is the total phonon relaxation time determined from the Matthiessens rule

1/τ = 1/τpd + 1/τU + 1/τb.

In this model the scattering from the boundaries of FLG was assumed to be com-

pletely diffused. The low-bound value of Γ parameter was estimated from the energy-

dispersive X-ray spectroscopy (EDS). The EDS results show the characteristic material

composition 92% - 94% of Carbon, 5.7% - 6.5% of Oxygen, 0.34% of Sodium and 0.56%

of Sulfur. Using these impurity composition, the parameter is calculated to be 0.02-0.03.

This value does not take into account the effect of vacancies and related structural defects,

which also contribute to the phonon-point defect scattering. Therefore, larger Γ values in

the range 0.05-0.2 were used. This value is rather typical for semiconductor or electrically

insulating technologically important materials.

The results of their calculations is shown in Fig. 2.9 (a-b) demonstrating the

dependence of the thermal conductivity K = K3D +K2D on the temperature for different
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Figure 2.9: Calculated thermal conductivity as a function of temperature shown for different
flake size D and defect scattering strength Γ. Not that increasing D or decreasing Γ increases
the thermal conductivity and strengthens its temperature dependence. The experimental
data points are shown with the circles. The figure is reproduced from H. Malekpour, K. H.
Chang, J. C. Chen, C. Y. Lu, D. L. Nika, K. S. Novoselov, A. A. Balandin, Nano Lett. 14,
5155 (2014) with permission from American Chemical Society.
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values of the average flake size D and different Γ. For comparison the experimental points

have been added to the plot, depicted by the red and pink circles. A weak dependence

of K on the temperature was noticed in the range of experimentally observed values of K.

The same behavior was observed in polycrystalline materials, where the phonon scatterings

on crystalline grains dominate [15]. One should note that increasing D or decreasing Γ,

leads to restoration of the strong dependence of K on the temperature (see Fig. 2.9 (a)

). This behavior is typical for the crystalline semiconductors and graphene [16]. It was

found that the dependence of K on D obtained from calculations is weaker than that of

experimental one. This inconsistency was attributed to different orientation and coupling

of flakes in experimental samples, which has not been considered in the model description.

The increasing dependency of thermal conductivity with the increasing size of the graphene

fillers, that was observed experimentally, was successfully conformed by theoretical calcula-

tions. This dependency is in line with the literature reports for carbon nanotubes and other

carbon allotropes [17, 18]. The values of the thermal conductivity obtained for graphene

laminate at RT (K ∼ 90 W /mK) are significantly lower than measured values reported for

large suspended graphene layers (K ∼ 3000 W /mK) [10]. This smaller value was explained

by the fact that the thermal conductivity of the laminates is limited not by the lattice dy-

namics of the graphene flakes but by their size, flake coupling and orientation with respect

to the heat flux.
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Chapter 3

Free standing reduced graphene

oxide film

Due to its extremely high in-plane thermal conductivity, graphene inspired a surge in exper-

imental and theoretical studies of heat conduction in graphene and other two-dimensional

(2-D) materials [11, 14, 19–22]. The thermal conductivity of graphene can exceed that of

the basal planes of graphite [7, 10, 23–25]. Both graphene and few-layer graphene (FLG)

have been proposed as fillers in the thermal interface materials [26–28]. Moreover, they can

be useful as flexible heat spreaders for cooling local hot spot in electronics and optoelec-

tronics [1, 29–31]. For this reason, researchers are trying to develop methods to scale up

the production of graphene sheets. One of the possible procedures to industry-scale appli-

cations of graphene-based materials for thermal management is the reduction of graphene

oxide (GO). However, the quality of graphene sheet produced by this technique is lower
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compared to the theoretical potential of pristine graphene and compared to other methods

such as mechanical exfoliation. This cost effective lower quality graphene can still be useful

for applications, such as thermal management, where exploiting high intrinsic electrical and

thermal properties of graphene is not critical. In this section the properties of chemically

treated reduced graphene oxide (rGO) films have been investigated. The GO films have

been chemically reduced using Hydroiodic Acid (HI) and then further annealed at 300○C.

Both the in-plane and cross-plane thermal conductivities were measured using a combina-

tion of two different techniques: Raman opto-thermal and laser flash. The details of the

studied samples will be discussed in the following section.

3.1 Reduction of freestanding graphene oxide film

Graphene [32] and few-layer graphene (FLG) are well known for their excellent thermal

conduction properties [7, 10, 23–25]. They have been demonstrated as ideal filler for ther-

mal interface materials (TIMs) [26–28], lateral heat spreaders [33], graphene coating and

laminates [1]. Despite the high thermal conductivity of exfoliated and deposited graphene,

2000-5000 W /mK [7, 10, 34–36], it cannot be used for practical thermal management ap-

plications, since it does not have the industrial requirements. For practical applications,

it is important to develop a cost effective procedure, producible in large scale and suitable

for batch processing. The restoration of graphene from reduction of graphene oxide [37]

is a promising method for industry scale synthesis of graphene for thermal management

applications. This is mainly due to the fact that graphene oxide is strongly hydrophilic and

thus the exfoliation of graphene oxide from graphite oxide is eased. However, the quality
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of the produced graphene, reduced graphene oxide, is lower than graphene produced by

mechanical exfoliation and other techniques like MBE and CVD.

Graphite oxide, which is a compound of carbon, oxygen and hydrogen, is artifi-

cially created by treating graphite with strong oxidizers. The Hummers method and its

modifications [38, 39] have been established as a successful method for mass production

of GO from natural graphite. However, very low values of thermal conductivity ∼ 2.9

W /mK have been reported for GO produced by this technique [33]. Graphene oxide is

therefore reduced using different chemical and thermal reduction methods [40] all aiming

to restore graphene lattice structure and its excellent electrical and thermal characteristics.

Among the whole process of oxidation and reduction, reduced graphene oxide is exposed to

damages, residue and impurities, all lowering the quality of produced graphene. Thus, for

practical applications it is important to understand how the reduction process affects the

heat conduction in rGO films.

The samples for this study were provided by university of Manchester. The thermal

and electrical properties of three different types of rGO films have been investigated. The

GO film has been chemically reduced using Hydroiodic Acid (HI) and then further annealed

at 300 °C. Two samples of each reduction procedure have been studied. Due to the random

nature of air packet formation, their appearance is different in each same-type sample and

thus the two samples have different morphology. More details of the samples are shown in

Table 3.1.
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Table 3.1: Samples description and details

Sample ID
Thickness

[µm]
Density
[g/cm3] Description

GO 12.6 1.83 Pristine graphene oxide membrane

HI-1 13.3 1.69
Hydro Iodic acid reduced GO

HI-2 15.8 0.65

HI-300-1 89.3 0.15 Hydro Iodic acid reduced GO further
annealed at 300 °CHI-300-2 27.9 0.20

LSHI-300-1 310 0.02 Large GO flakes reduced with Hydro Iodic acid
and further annealed at 300 °CLSHI-300-2 12.3 0.18

3.2 Characterization of free standing reduced graphene

oxide films

Different characterization techniques were used to determine the effect of reduction on the

film properties:

1. Scanning electron microscopy (SEM) to study the effect of reduction on microstructure

of the samples.

2. X-ray photoelectron spectroscopy (XPS) to study the effect of reduction on carbon to

oxygen atomic ratios.

3. Electrical conductivity as a criterion of the effectiveness of reduction.

4. Ultra violate (UV) and visible Raman spectroscopy to study sp2/sp3 carbon bonding

and defects in reduced films.
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3.2.1 Scanning electron microscopy

SEM has been performed on the samples surface and cross section in order to better un-

derstand their microstructure (see Fig. 3.1 ). Fig. 3.1 (a-c) shows the top view and (d-i)

shows the cross section SEM images of the rGO films. The cross section SEM images show

the layered structure of the films. However, after thermal treatment, due to the release of

oxygen and carbon dioxide, air packets form in between layers and results in the increase

of film thickness and thus the decrease in density (see Table 3.1). As depicted in Fig. 3.1

(a-c), after both thermal and chemical treatment, the surface of reduced GO forms a rough

and corrugated structure due to the air packets trapped in the underneath layers. The

morphological changes seen in SEM confirm the thickness and density values provided in

3.1. The thickness H = 12.6 µm of the reference GO film increased to H = 13.3 µm after

chemical treatment using Hydroiodic acid and then significantly increased to H = 89.3 µm

after thermal treatment at 300 °C. In consequence, the apparent mass density decreases

from 1.83 gr/cm3 in GO reference sample all the way down to 0.15 gr/cm3, after both

chemical and thermal treatment, which is in line with previous reports [33]. The formation

of air packets strongly affects the cross-plane thermal transport while not seriously affecting

the in-plane thermal conduction.

3.2.2 X-Ray photoelectron spectroscopy

Depending on its preparation technique, GO can have chemical compositions ranging from

C8O2H3 to C8O4H5, which corresponds to a carbon to oxygen ratio (C/O) of 4:12:1 [41–

43]. After reduction, this ratio is typically increased to approximately 12:1 [44, 45]. In
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 3.1: Scanning electron microscopy of top view (a) HI-1 (b) HI-300-1(c) LSHI-300-1
and cross section view (d) HI-1(e) HI-300-1(f) LSHI-300-1(g) HI-2(h) HI-300-2 (i) LSHI-
300-2 free standing rGO films. After thermal treatment, air bubbles form and the structures
become more corrugated. Do to the random nature of this process, each sample possess its
own microstructure and morphology.
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Table 3.2: XPS elemental compositions and extracted Γ parameter

Sample ID
C1S
[%]

O1S
[%]

I3d
[%]

Si2p
[%]

Al2p
[%] Γ

GO 58.8 23.5 0.0 17.7 0.0 -

HI-1 80.1 15.8 0.5 2.6 1.0 1.287

HI-2 85.1 13.9 0.4 0.6 0.0 0.853

HI-300-1 87.7 11.4 0.3 0.0 0.6 0.647

HI-300-2 85.9 12.5 0.4 1.2 0.0 0.854

LSHI-300-1 82.7 15.7 0.3 0.6 0.7 0.824

LSHI-300-2 83.3 12.3 0.5 3.9 0.0 1.188

order to investigate the effectiveness of the reduction, X-Ray Photoelectron Spectroscopy

(XPS) was used to extract chemical composition of the samples. All samples show Carbon

(C), Oxygen (O) and Silicon (Si) elements with different concentrations. After chemical

reduction, Aluminum (Al) and Iodine (I) also appears in XPS data. More details of the

elemental concentration can be found in Table 3.2. In order to investigate the functional

groups of the films, the XPS C1s peaks were curve-fitted by its components. The main

peaks of the reference GO sample occurs at ∼ 284.9 eV and ∼ 287.2 eV corresponding to sp3

Carbon and double bonded Carbon-Oxygen (C=O), respectively. As the reduction goes on,

C=O bonding disappears and low intensity peaks at ∼ 286 eV and ∼ 288.8 eV evolves, which

corresponds to single bonded Carbon-Oxygen (C-O) and single/double bonded Carbon-

Oxygen combination (O-C=O) (See Fig. 3.2). Moreover, sp2 Carbon peaks appears at ∼ 285

eV after chemical/thermal treatment confirming the gradual restoration of the graphene

structure. The removal of Oxygen by chemical/ thermal treatment leads to the carbon

concentration to increase from ∼ 59% in GO up to ∼ 88%. The reported XPS data for GO

and rGO are in agreement with previous reports showing Carbon sp2 peak energy in the
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(a)

(b)

Figure 3.2: X-ray photoelectron spectroscopy data of the carbon C1s signatures of (a)
reference graphene oxide film and (b) HI-300-1. Lorentzian curve fitting was done and the
main peaks of GO occurs at ∼ 284.9 eV and ∼ 287.2 eV corresponding to sp3 Carbon and
double bonded Carbon-Oxygen (C=O). C=O bonding disappears after the reduction and
instead low intensity peaks at ∼ 286 eV and ∼ 288.8 eV corresponding to single bonded
Carbon-Oxygen (C-O) and single/double bonded Carbon-Oxygen combination (O-C=O)
evolves.
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range 284.1 − 285 eV while Carbon sp3 peak energy in the range 284.9 − 286 eV [46–50].

3.2.3 Electrical conductivity

Another parameter that is used to qualitatively estimate the effectiveness of reduction is

films electrical conductivity. GO by itself has very high sheet resistance, ∼ 0.5 MΩ/◻

[33]. Significant increase in electrical conductivity has been reported for reduced GO films

[33, 51–55], attributed to the enhancement of carbon sp2 phase [33, 49]. Here in this study,

electrical conductivity was measured for both GO and rGO films using two probe technique.

It was found that our chemical reduction technique followed by thermal annealing results in

electrical conductivity to increase significantly from ∼ 1.2× 10−5 S/cm to ∼ 0.6− 25.4 S/cm.

The results are compatible with previous reported values [33].

3.2.4 Raman spectroscopy

Raman spectroscopy is another characterization technique that is used to better investigate

the structure and composition of the GO and rGO films. Raman spectroscopy (Renishaw

InVia) was performed in a backscattering configuration under visible (λ = 488 nm) and UV

(λ = 325 nm) laser excitations. Fig. 3.3 shows the Raman spectra of GO and reduced GO

films after chemical and thermal treatment (sample HI-300-1). The peaks at ∼ 1350 cm−1

and ∼ 1580cm−1 in rGO visible Raman spectrum correspond to D and G band, respectively.

However the G-band of GO reference sample is instead a broad non-symmetric peak centered

at ∼ 1590 cm−1. As the reduction goes on, this broad band splits into two symmetric bands

at ∼ 1580 cm−1 and ∼ 1620 cm−1 correspond to G and D bands, respectively. The 2D band

at ∼ 2700 cm−1 and the S3 band near ∼ 2900 cm−1 are also present in Raman spectrum,
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which confirms previous reports [56–58]. The S3 band is known to be due to the second-

order of a combination of D and G bands [59]. After reduction, the 2D band becomes more

prominent. On the other hand, in UV Raman spectra of both GO and rGO films, the 2D

band is quenched, while the G-band remains strike and keeps its position. Moreover, the

ratio of Raman D to G band reduces under UV Raman as expected, since this ratio not

only depends on defects but also varies with excitation wavelength [60]. Having both UV

and visible Raman spectra helps us evaluate sp2 and sp3 carbon content, qualitatively. This

is due to the fact that UV Raman is more sensitive to sp3 carbon and Carbon-Hydrogen

C-H bonding.

The intensity ratio of the Raman D to G bands (ID/IG) reveals interesting behavior

and is of interest. Raman D to G peak intensity ratio is a measure of disordered carbon,

indicated by the sp3/sp2 carbon ratio [61]. A linear rise in ID/IG has been observed with

increasing electrical condutivity in ref.[51]. This intensity rise indicates that the crystallinity

of the materials is degrading. Due to reduction the average size of sp2 domain decreases but

the number of these domains increases leading to the intensity ratio of D to G Raman band

to increase [62]. However some groups reported a non-monotonic behavior of this intensity

ratio (first increase and then decrease), which could be attributed to the restoration of the

graphitic network due to healing [50]. Fig. 3.4 shows the behavior of different Raman

parameters with the degree of reduction. The XPS carbon concentration has been used to

represent the degree of reduction. As the reduction proceeds, the D to G peak intensity

ratio shows a non- monotonic behavior, initially increases and then decreases (Fig. 3.4 (b)).

However, the D peak width constantly decrease from ∼ 136 cm−1 all the way down to ∼ 60
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cm−1 (Fig. 3.4 (a)). These results are in line with previous reports, which suggested to use

D-peak width as a measure of reduction degree [50]. The monotonic decrease on Raman

D peak width with reduction is interpreted by the restoration of the graphene interatomic

distances and angles and to the smoothening of the films [50].

3.3 Thermal conductivity of free standing reduced

graphene oxide film

The in-plane and cross-plane thermal conductivities of the films have been measured using

a combination of two different techniques: Opto-Thermal Raman (OTR) method and Laser

Flash Technique (LFT). Due to the anisotropic thermal transport behavior of these layered

films, the cross-plane thermal conductivity value is needed in order to extract the in-plane

thermal conductivity using OTR measurement. As discussed in chapter 1, OTR is a di-

rect measuring technique originally introduced for measuring thermal conductivity of single

layer graphene [7]. The method was later developed for macro scale size samples using

special designed sample holder [1]. OTR is a steady state measuring technique in which the

thermal conductivity is directly measured without any need to be calculated from diffusivity

value. In this non-contact technique, the micro Raman spectrometer acts both as a heater

and thermometer. The Raman excitation laser causes local heating on the sample. This

local heating is then measured using Raman spectrometry, following the two steps proce-

dure: The calibration measurement and the power-dependent Raman measurement. The

micro-Raman spectroscopy (Renishaw In Via) was performed under 488 nm excitation laser
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Figure 3.3: Raman spectra of GO and rGO (HI-300-1) films under visible (488 nm) and
UV (325 nm) excitation wavelength. In rGO visible Raman spectrum, the peaks at ∼ 1350
cm−1 and ∼ 1580 cm−1 correspond to D and G peak, respectively. The G-peak of GO film
is a broad non-symmetric peak at ∼ 1590 cm−1, which splits into two overlapping peaks in
reduced GO film: G and D. The peaks at ∼ 2700 cm−1 and ∼ 2900 cm−1 corresponds to 2D
and S3 band. One should notice that 2D band is more intense in reduced GO film. In UV
raman spectrum, the D-band appears around ∼ 1408 cm−1 and ∼ 1432 cm−1 for GO and
rGO films, respectively.
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(a)

(b)

Figure 3.4: The variation of visible Raman spectrum parameters with XPS carbon concen-
tration, for samples labeled as group 1. XPS carbon concentration was used as a measure
of rduction degree: (a) Raman D band width reduces linearly with the reduction degree
and (b) Raman D to G band intensity ratio shows a non-monotonic behaviour with the
reduction degree.
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and power ranging from 1-4 mW. Following our approach for OTR in macro-scale [1], the

samples were cut into rectangular ribbons of 1 mm width and suspended across two stainless

steel heat sinks, for power-dependent Raman measurement. The calibration measurement

was done inside the coldhot cell (LINKAM THMS-600) in which the temperature of the

sample is controlled externally. Liquid nitrogen is used in order to achieve below room

temperature values. For this study, the temperature range is from −75○C to 125○C. This

temperature range has been selected deliberately to avoid any thermal treatment during

OTR measurement. Moreover, in order to avoid local heating during calibration measure-

ment, Raman spectroscopy with low excitation power (below ∼ 1mW ) was performed. At

each temperature, three different measurements have been performed in order to achieve an

average value. The G-peak position as a function of temperature is then measured during

calibration measurement. Fig. 3.5 shows the calibration measurement performed on sample

HI-2. A good linear fit has been achieved over the experimental temperature range and the

calibration slope of -0.026 cm−1/K has been obtained which is in line with previous reported

values for carbon based materials [63]. One should note that the calibration slope depends

on both the sample properties and the temperature range.

In the second step of OTR measurement, which is the power-dependent Raman

measurement, Raman spectrum is recorded at different laser powers and the shift over G-

peak is measured as a function of increasing excitation power. Since these samples are thick

enough, it can be assumed that the total laser power impinging on the samples surface

is absorbed by the sample and no power is transmitted through the thickness. The laser

power on the sample is measured by photodiode power sensor (OPHIR). As the laser power
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increases, , the induced local heating increases on the sample, which leads to the G band to

red shift. Fig. 3.6 shows the G peak shift with increasing excitation power for sample HI-1

and HI-300-1. As depicted, these two samples with different microstructure and elemental

composition, shows different temperature rise to the same excitation power levels. The

details of our OTR measurement including the power-dependent slopes and the calibration

slopes, for all the six samples, have been shown in Table 3.3. Thermal conductivity can

be obtained from sample temperature rise in response to the absorbed power, by knowing

the sample geometry. However, in such anisotropic films, it is necessary to know the value

of thermal conductivity through the film thickness in order to extract the in-plane thermal

conductivity from OTR results.

Initially, OTR was used in order to measure the in-plane thermal conductivity of

suspended single layer graphene, which has a 2D structure. However, for thick samples, 3D

heat conduction would occur as the cross-plane thermal conductivity is getting involved.

If the sample has isotropic heat conduction nature, OTR method is enough to measure

the thermal conductivity. However, in case of anisotropic 3D heat conduction, i.e. the

heat conduction in thr rGO films used in this study, the in-plane or cross-plane thermal

conductivity can be measured by OTR only when one of them is known. For this reason,

here in this study, Laser Flash Technique (LFT) was used in order to measure the cross-plane

thermal conductivity, independently. As discussed in chapter 1, LFT is a transient method

that measures the thermal diffusivity (α) of the material. The thermal conductivity is then

calculated by the following equation: K = ραCp, where ρ and Cp represents the density and

specific heat, respectively. The apparent mass density of the samples was measured directly
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Table 3.3: Thermal and electrical conductivity measurement details

Sample ID
OTR

∆ω/∆T
[cm−1/K]

OTR
∆ω/∆P

[cm−1/mW ]

LFT
Kcross−plane
[W /mK]

OTR & LFT
Kin−plane
[W /mK]

Electrical
Conductivity

[S/cm]
HI-1 0.035 5.98 0.23 20 1.4

HI-2 0.026 6.34 0.13 15 2.1

HI-300-1 0.044 3.18 - 45 0.6

HI-300-2 0.018 3.16 0.59 11 14.7

LSHI-300-1 0.038 4.70 0.27 29 8.2

LSHI-300-2 0.022 2.19 0.83 23 25.4

by dividing their mass to their volume. The cross-plane α was measured using the LFT

in the standard configuration in which the rGO film is heated by a flash lamp from one

side and the temperature rise on the opposite side is measured using an IR detector. The

specific heat of graphite, which has similar thermal properties and has known tabulated Cp

was used in order to calculate thermal conductivity values. Previous works by our group on

the on thermally annealed rGO films, reported similar Cp values for graphite [33]. Fig. 3.7

depicts the cross-plane thermal conductivity values plotted as a function of temperature (25

to 75 °C). One should note that all the cross-plane thermal conductivities are rather small

(below ∼ 1 W /m.K) owing to the layered structure of the material. However, the behavior of

cross-plane thermal conductivity with the reduction mechanism seems to be complicated.

After thermal treatment, due to the appearance of air packets, the cross-plane thermal

conductivity is expected to decrease [33]. On the other hand, due to the appearance of

these air packets, the surface roughness increases leading to corrugated structure to form.

As a consequent, thermal conductivity is expected to increase owing to the formation of

more touching points between the film layers. Considering the cross-plane SEM images
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Figure 3.5: Opto-Thermal Raman calibration measurement done on Hydro Iodic acid re-
duced GO film over the temperature range of -75 °C to 150 °C inside the cold/hot cell. G
peak position red shifts linearly as the temperature increase. The slope of this plot is later
used to extract thermal conductivity.
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Figure 3.6: Power-dependent Opto-Thermal Raman measurement done on sample HI-1 and
HI-300-1 with the excitation power ranging from 1 to 4 mW. The position of Raman Gpeak
red shifts linearly as the laser power increases. The difference in the slopes is coming from
the different local heating occurred due to the excitation power increase which originates
from the difference in thermal conductivities.
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depicted in Fig. 3.1, one should note that the most important parameter limiting the

cross-plane thermal conductivity is the samples morphology. For example, in the samples

labeled as group 2 (HI-2, HI-300-2 and LSHI-300-2), thermal conductivity increases after

thermal treatment is applied, originating from more corrugated structure and less air packet

formation, compared to group 1. Measuring the cross-plane thermal conductivity of sample

HI-300-1 was impossible due to the light penetration through the sample using LFT. In

order to later extract the in-plane thermal conductivity of this sample, the anisotropy

factor was assumed to be the same as sample LSHI-300-1 which has similar micro-structure

to sample HI-300-1. Having cross-plane thermal conductivity values measured by LFT, the

in-plane thermal conductivities can be extracted from OTR data. All the in-plane thermal

conductivities are shown in Table 3.3. The in-plane thermal conductivity of ∼ 12−40W /mK

has been measured for our chemically reduced GO films. However, for the GO reference

sample, due to its low thermal conductivity (∼ 2.9W /mK) [33], laser-induced burn occurs

even with small excitation powers. Moreover, the broad and non-symmetric Raman G band

of GO makes it difficult to do curve fitting and locate the peak position. Therefore, we were

unable to extract the thermal conductivity of GO reference sample using OTR technique.

Nevertheless, compared to previous reported value for GO film with similar structure (2.9

W /mK) [33], ∼ 4−14 times improvement of in-plane thermal conductivity has been achieved.

The in-plane thermal conductivity seems to be less influenced by the film microstructure

and morphology.

Having the in-plane and cross-plane thermal conductivities measured, it is inter-

esting to observe how these values correlate to the films elemental and structural charac-
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Figure 3.7: Cross-plane thermal conductivity values of graphene oxide and chemi-
cally/thermally reduced GO films, obtained using laser flash technique. The Experimental
values are plotted as a function of measuring temperature. The cross-plane thermal con-
ductivity is directly affected by the samples microstructure and morphology.
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teristics. For this purpose, Raman spectroscopy was used to evaluate the films disorders

and carbon hybridization. The behavior of in-plane thermal conductivity versus different

Raman parameters has been shown in Fig. 3.8. As the intensity ratio of UV Raman D to

G band decreases, thermal conductivity increases almost linearly (see Fig. 3.8 (a)). The

decrease in Raman D to G band intensity ratio could correspond to the reduction of defects

and sp3 carbon content, leading to the increase in thermal conductivity. This is also in

agreement with previous work [33], reporting a reduction in the UV Raman D to G peak

intensity ratio after high temperature annealing of GO film. Full width at half maximum

(FWHM) of G band in carbon-based materials, is another parameter which corresponds to

the amount of defects and disorders. According to [64], the peak width increases contin-

uously with increasing disorders. In Fig. 3.8 (b), the thermal conductivity is shown as a

function of FWHM of G-band for both UV and visible excitation wavelength. It is clearly

observed that as a consequence of reduction and graphene restoration, the film disorders

will decrease leading to a significant increase in thermal conductivity.

Now that we have both thermal and electrical conductivities, it would be also in-

teresting to compare the electron and phonon contribution in in-plane thermal conductivity.

It is known that the thermal transport in graphene is dominated by acoustic phonons [10,

14]. Wiedemann Franz law was used in order to calculate electrical contribution to thermal

conductivity and as expected, it was found that more than 99.9% of the conduction is due

to phonon transport. The results of our electrical conductivity measurement are shown in

Table 3.3. It is interesting to see how the thermal and electrical conductivities scale with

carbon concentration. Fig. 3.9 shows the behavior of these two conductivities with XPS-
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(a)

(b)

Figure 3.8: The behavior of thermal conductivity with UV and visible Raman characteris-
tics: (a) Raman D to G peak intensity ratio and (b) Raman G peak width. Both G peak
width and D to G peak intensity ratio is used as a measure of disorder, which is decreased
owing to the reduction, leading to thermal conductivity to increase constantly.

53



extracted carbon concentration. Fig. 3.9 (a) shows the correlation of thermal conductivity

to the carbon concentration plotted for this work along with our other reported values for

graphene laminate and thermally annealed rGO films [1, 33]. It seems that thermal con-

ductivity increases, with almost a quadratic trend, as the concentration of carbon atoms

increases.

3.4 Theoretical analysis

In order to theoretically interpret the results, the methodology developed for thermal con-

ductivity of graphite was used [11] to better understand the results achieved for chemically

annealed rGO films. In this calculation, the phonon energy dispersion of graphite obtained

within Born-von Karman model of lattice dynamics [65, 66] has been used and oxygen and

other impurities have been considered as point defects. As discussed in ref [11], for phonon

frequencies larger than cut-off frequency, ωs > ωc,s , a two dimensional (2D) phonon trans-

port is assumed in rGO films and for phonon frequencies below that, ωs ≤ ωc,s , phonon

transport is assumed to be three dimensional (3D). Here ωc,s is the low-bound cutoff fre-

quency of the s-th phonon branch. Therefore, the in-plane thermal conductivity can be

written as:

Kin−plane =K3D +K2D

K3D = h̵2

4π2KBT 2 ∑
s=LA,TA,ZA

1

V ⊥s
∫

ωc,s

0
[ω∥s(q∥)]3τ(ω∥s)v∥s(q∥)

exp( h̵ω
∥

S

KBT )

[exp(h̵ω∥S) − 1]2
q∥dω∥s

K2D = h̵2

4π2KBT 2 ∑
s=LA,TA,ZA

ωc,s

V ⊥s
∫

ωmax,s

ωc,s

[ω∥s(q∥)]2τ(ω∥s)v∥s(q∥)
exp( h̵ω

∥

S

KBT )

[exp(h̵ω∥S) − 1]2
q∥dω∥s

(3.1)

54



(a)

(b)

Figure 3.9: Correlation of (a) thermal and (b) electrical conductivities of rGO films with
carbon concentration plotted along with other reported values for graphene laminate and
thermally reduced rGO films [1, 33]. As carbon concentration exceeds ∼ 90% both electrical
and thermal conductivities increase significantly.
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Where, τs,ω denotes the relaxation time for a phonon with the frequency ω from

the s-th acoustic phonon branch, Ð→q (q∥, qz) is the phonon wave vector, vs = dω/dq∥ is the in-

plane phonon group velocity for s-th branch, T is the temperature, KB is the Boltzmanns

constant, h̵ is the Planks constant. In the summation six lowest phonon branches were

considered: in-plane longitudinal acoustic LA1, in-plane transverse acoustic TA1, out-of-

plane transverse acoustic ZA, in-plane longitudinal acoustic-like LA2, in-plane transverse

acoustic-like TA2 and out-of-plane transverse acoustic-like ZO′.

The total phonon relaxation time can be written as the sum of three components

assuming that thermal conductivity is limited by three main scattering mechanism: Umk-

lapp scattering (U), point-defect scattering (PD) and scattering on ordered clusters edges

(E). Therefore, using the Matthiessens rule as [11, 13, 14, 67–69]: 1/τ = 1/τpd,s + 1/τU,s +

1/τE,s, the total phonon relaxation time is calculated, where τE,s(ω) = L/v∥s , τU,s(ω) =

Mvs
2ωmax,s/(γ2sKBT [ω]2) and τPD,s(ω) = 4v

∥
s/(s0Γq∥ω2). Here γ denotes the average

Gruneisen parameter which depends on the phonon branch and is equal to: γLA1,LA2 = 2,

γTA1,TA2 = 1, γZA,ZO′ = −1.5. ωmax,s is the maximum frequency of s-th phonon branch, s0

is the cross-section area per atom, M is the graphite unit cell mass, Γ is the measure of the

strength of the point-defect scattering due to mass-difference and L is the average length

of ordered sp2 or sp3 clusters.

The value of cut-off frequency of the s-th phonon branch is determined from the

phonon spectra as the highest energy of s-th branch along c-axis direction:ωc,LA1/LA2
=

89cm−1, ωc,TA1/TA2
= 89cm−1, ωc,ZA/ZO′ = 32cm−1 and finally Γ determines the strength

of point-defects scattering and is estimated by [67]: Γ = ∑i ci(∆Mi/MC)2, where ∆Mi =

56



Figure 3.10: The calculation results of the in-plane thermal conductivity of reduced GO
film at RT as a function of parameter plotted for two different graphitic cluster size d= 50
nm and d= 3.4 . The calculation results have been plotted along with experimental results
for comparison.

Md,i −MC is the difference between the mass of point-defects Md,i and the mass of carbon

atom MC , and ci is the ratio between the concentrations of the defects i and carbon atoms.

As stated before, any atom other than carbon was considered as impurities attached to

carbon showing their effect as a point-defects in graphite lattice. The parameter has been

calculated for each atom using XPS extracted atomic concentrations and is shown in Table

3.2. As it is depicted in Fig. 3.9 (a), there are two data points (shown in green triangles)

which their thermal conductivities decrease as the concentration of carbon atoms increases.

The two data points belong to sample HI-2 and HI-300-2. This behavior is explained by the

fact that thermal conductivity is not only a function of point-defects concentration but also

depends on the average graphene cluster size. Fig. 3.10 Shows the results of calculations for
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the dependence of in-plane thermal conductivity of rGO films as a function of Γ parameter

depicted for two different L values, where L is the average length of the ordered graphitic

clusters. The calculation results have been plotted along with experimental data points.

Here is how the experimental results are interpreted: as a result of reduction, oxygen atoms

are released from the film leading to the concentration of oxygen atoms to decrease and thus

concentration of carbon atoms to increase constantly. This is modeled in our calculation

using Γ parameter, which is determined from the concentration and mass of point defects

(oxygen and other impurities). Generally, as the concentration of carbon atoms increases,

the total concentration of point defects decreases leading to the Γ parameter to decrease.

However, since Γ also depends on the mass density of point defects, this trend can be

affected based on the atomic mass of impurities. The same behavior was observed for the

thermally reduced rGO samples [33].

Thermal conductivity seems to have more intriguing behavior with Γ parameter

(See Fig. 3.10) since the average cluster size of graphitic regions would come into account.

Having the in-plane thermal conductivity and Γ parameter from experiment, the average

length of graphitic clusters can be extracted from theoretical results (see Fig. 3.10). These

results can be used to explain the lower thermal conductivity values observed for sample HI-

2 and HI-300-2 despite their higher carbon concentration, which is attributed to their lower

graphitic clustering size. Electrical conductivity also shows the same increasing behavior

as the carbon concentration is increased (See Fig. 3.9 (b)). The study is important for the

use of rGO in thermal management applications.
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Chapter 4

Thermal conductivity of graphene

with defects

Graphene 1 [32] has exceptionally high intrinsic thermal conductivity [7, 10]. The measure-

ments of thermal conductivity of large suspended graphene samples using the optothermal

Raman technique revealed thermal conductivity values exceeding those of bulk graphite,

which has thermal conductivity of ∼ 2000 W /mK at room temperature (RT) [10]. Inde-

pendent measurements with the optothermal Raman technique [24, 70] and the scanning

thermal microscopy [71] confirmed the excellent heat conduction properties of graphene.

Theoretical considerations suggest that graphene can have higher thermal conductivity than

that of the graphite basal planes despite similar phonon dispersions and crystal lattice an-

harmonicities. This fact is attributed to an unusually long mean free path (MFP) of the

1This section of dissertation follows the published material from H. Malekpour, P. Ramnani, S. Srinivasan,
G. Balasubramanian, D. L. Nika, A. Mulchandani, R. K. Lake, A. A. Balandin, Nanoscale 8, 14608 (2016)
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long-wavelength phonons in two-dimensional (2D) lattices [10, 19, 23]. Recent calculations

by different methods suggested that the graphene sample size should be in the 100 µm

[11, 21] or even 1 mm [22] range in order to fully recover the intrinsic thermal conductiv-

ity limited only by the lattice anharmonicity, i.e. without phonon scattering by defects,

polycrystalline grains, and edges of the samples. The intrinsic thermal conductivity values

obtained in these works ranged from 4000-6000 W/mK near RT [11, 21, 22]. In other terms,

the high intrinsic thermal conductivity of graphene can be explained by the fact that the

phonon Umklapp scattering is less efficient in restoring thermal equilibrium in 2D systems

than in bulk three-dimensional (3D) systems [11, 14, 72].

The thermal conductivity of graphene can be degraded by defects such as polymer

residue from nanofabrication [73], edge roughness [19], polycrystalline grain boundaries

[74], and disorder from contact with a substrate or a capping layer [25, 75, 76]. For this

reason, the thermal conductivity of graphene synthesized by the chemical vapor deposition

(CVD) is always lower than that of the mechanically exfoliated graphene from highly ordered

pyrolytic graphite (HOPG) [7, 24, 34–36]. A possible loss of polycrystalline grain orientation

in the average quality CVD graphene can lead to additional degradation of the thermal

conductivity [77]. However, to date, there have been no quantitative experimental studies

of the thermal conductivity dependence on the concentration of defects, ND, in graphene.

The only reported experimental study of the phonon-point-defect scattering in graphene

utilized isotopically modified graphene [78]. The phonon scattering on isotope impurities is

limited to the mass-difference term only. It does not include the local strain effects owing

to missing atoms, bond breaking or presence of chemical impurities. It was established in
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Ref. [78] that the dependence of the thermal conductivity on the isotope impurity (13C)

concentration is in line with the prediction of the well-established virtual crystal model [79]

used to calculate thermal conductivity in alloy semiconductors such as SixGe1−x [79] or

AlxGa1−xAs [80]. This model predicts the highest K for the material with either x=0 or

(1-x)=0 and a fast decrease to a minimum as x deviates from 0. The situation is expected

to be different in materials with defects induced by irradiation.

The knowledge of the K dependence on the concentration of defects induced by

irradiation can shed light on the strength of the phonon-point defect scattering in 2D ma-

terials. The change in the dimensionality results in different dependencies of the scattering

rates on the phonon wavelengths in the processes of phonon relaxation by defects and grain

boundaries [13, 19, 67]. In bulk 3D crystals, the phonon scattering rate on point defects,

1/τP , varies as ∼ 1/f4 (where f is the phonon frequency) [67]. Owing to the changed phonon

density of states (PDOS), the phonon scattering rate in 2D graphene has a different fre-

quency dependence, 1/τP ∼ 1/f3, which can, in principle, affect the phonon MFP and the

thermal conductivity. In addition to the fundamental scientific interest, a quantitative study

of the dependence of thermal conductivity on density of defects is important for practical

applications of graphene in thermal management. The graphene and few-layer graphene

(FLG) heat spreaders [29, 81, 82] will likely be produced by CVD while FLG thermal fillers

in thermal interface materials (TIMs) [26, 83, 84] will be synthesized via the liquid phase

exfoliation (LPE) technique. Both methods typically provide graphene with a large density

of defects than that exfoliated from HOPG. Here in this study I report the results of an

investigation of the thermal conductivity of suspended CVD grown single layer graphene
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(SLG) as a function of the density of defects, ND. the details of this experiment is discussed

in the following sections.

4.1 Preparing the experimental set up

In order to study the effect of defects on thermal conductivity of graphene, chemical vapor

deposition (CVD) technique was used to grow single layer graphene. The single layer

graphene samples were fabricated using ambient pressure chemical vapor deposition (AP-

CVD) on a Cu foil [85]. Briefly, a polycrystalline Cu foil (99.8%, Alfa Aesar) was cleaned in

acetic acid, acetone and IPA to remove any surface oxides. The cleaned Cu foil was loaded

into the CVD chamber and the furnace temperature was ramped to 1030○C while flowing

Ar and H2 and the foil was annealed for 2 hours. For the growth of graphene, methane (90

ppm) along with Ar and H2 was introduced into the chamber for 20 minutes. After growth,

the furnace was turned off and cooled to room temperature in Ar and H2 atmosphere. Then,

the SLG grains were transferred on to a metallic (gold) TEM grid using a direct transfer

method to avoid any contamination from the polymer support layer. Briefly, a TEM grid

(G2000, 7.5 µm square holes, TedPella) was placed directly on the Cu foil/graphene stack

along with a drop of isopropyl alcohol (IPA). On heating, as the IPA evaporates the surface

tension draws the graphene and metallic grid together into intimate contact. The Cu foil

is then etched in ferric chloride, washed in DI water and the resulting graphene on TEM

grid is dried and used for subsequent Raman measurements. The gold TEM grid with the

thickness of 25 microns acts as a heat sink in our experimental set up. The CVD-grown

single layer graphene is suspended over square holes of 7.5 microns on TEM grid. The
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Figure 4.1: Raman Spectrum of the suspended CVD grown SLG. A small D peak appears
even before any irradiation step is applied which is a characteristic of CVD grown graphene.
The figure is reproduced from H. Malekpour, P. Ramnani, S. Srinivasan, G. Balasubrama-
nian, D. L. Nika, A. Mulchandani, R. K. Lake, A. A. Balandin, Nanoscale 8, 14608 (2016)
with permission from Royal Society of Chemistry.

quality of transferred graphene is studied using Raman spectroscopy. Fig. 4.1 depicts

the Raman spectrum of CVD-grown graphene before any irradiation step is applied. One

should note that even before irradiation a small D-peak appears in the Raman spectrum,

showing the presence of defects, which is a characteristic of CVD-grown graphene. Scanning

Electron Microscopy (SEM) is used to locate suspended graphene areas, fully covering a

hole on TEM grid. Fig. 4.2 shows an SEM image of the sample with partially and fully

covered areas of suspended graphene. Three different fully covered SLG spots were chosen

for our thermal studies, referred to as SLG # 1, SLG # 2 and SLG # 3, in the rest of this

chapter.
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Figure 4.2: Scanning electron microscopy image of graphene transferred on gold TEM
grid showing 7.5 m array of square holes. Some holes are fully or partially covered with
the graphene flake. The grid is depicted in gold color, the holes are shown in black and
the almost transparent greenish areas are suspended graphene flakes. The figure is repro-
duced from H. Malekpour, P. Ramnani, S. Srinivasan, G. Balasubramanian, D. L. Nika, A.
Mulchandani, R. K. Lake, A. A. Balandin, Nanoscale 8, 14608 (2016) with permission from
Royal Society of Chemistry.
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4.2 Introducing defects using low energy electron beam

irradiation

The suspended SLG areas were exposed to 20 KeV electron beam to induce defects in

Graphene in a controllable way for our thermal studies [86, 87]. Philips XL-30 FEG field-

emission system was used for this purpose. The irradiation process was done inside vacuum

chamber with the pressure set to be below 10−4 Torr. The suspended graphene areas

were exposed to continuous electron beam from electron gun with current varying from

∼ 3 nA to ∼ 10nA controlled by the beam spot size. In order to set the beam current,

Faraday cup was used to read the beam current at desired spot size before each step of

irradiation. A constant magnification was maintained during all irradiation steps in to keep

the irradiated area constant, therefore the dose density rate is controlled by irradiation

time. After each step of irradiation, Raman spectroscopy was used to quantify the amount

of induced defects. Fig. 4.3 depicts the evolution of Raman spectrum after four steps of

irradiation. As the sample undergoes more steps of irradiation, the Raman D peak intensity

ratio increase leading to Raman D to G peak intensity ratio, , ID/IG, increases from 0.13

for as-grown CVD graphene all the way to 1.00, after four steps of the electron beam

irradiation (Fig. 4.3).The presence of D-peak in the spectrum before irradiation indicates

a background defects concentration characteristic for CVD graphene and explains K-value

somewhat below graphite bulk limit [10, 88]. The Raman D to G peak intensity ratio is

later used to quantify the amount of induced defects, which is going to be discussed in next

section.
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4.3 Quantifying defects using Raman spectroscopy

The evolution of the Raman spectrum under irradiation was used for quantifying the density

of defects, ND, following a conventional formula [60, 89]:

ND(cm−2) = (1.8 ± 0.5) × 1022

λ4
(ID
IG

) (4.1)

Where λ is the excitation wavelength and ND is the density of defects. It is known that Eq.

4.1 is valid for a relatively low defect-density regime. The criterion was met in these ex-

periments. The density of defects increases linearly with the Raman D to G peak intensity

ratio. To investigate the correlation between the density of defects and the e-beam irradi-

ation dose, the Raman D to G peak intensity ratio, ID/IG, is plotted as a function of the

total irradiation dose in Fig. 4.4. The Raman D to G peak intensity ratio increases linearly

with irradiation dose, which is compatible with previous reports for the low defect-density

regime [86].

4.4 Investigating nature of defects

In addition to the quantity of defects, the origin of defects can be investigated using Raman

spectroscopy. It is reported that the nature of defects correlates with Raman D to D′ peak

intensity ratio [90]. It has been shown that I(D)/I(D′) in graphene attains its maximum

(≃ 13) for the defects associated with sp3 hybridization, decreases for the vacancy-like

defects (≃ 7) and reaches a minimum for the boundary-like defects (≃ 3.5) [91]. Following

this approach the nature of defects was found to be vacancies. For this investigation, the
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Figure 4.3: Evolution of Raman spectrum under electron beam irradiation. As the sample
is exposed to the electron beam, the Raman D peak intensity increases resulting in a D-to-
G peak intensity ratio change from ∼ 0.13 to ∼ 1.00. The Raman G peak shifts to higher
frequencies and the D′ peak appears at ∼ 1620 cm1. The Raman D to G peak intensity
ratio is used to quantify the amount of induced defects. The figure is reproduced from H.
Malekpour, P. Ramnani, S. Srinivasan, G. Balasubramanian, D. L. Nika, A. Mulchandani,
R. K. Lake, A. A. Balandin, Nanoscale 8, 14608 (2016) with permission from Royal Society
of Chemistry.
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Figure 4.4: Correlation of the Raman D-to-G peak intensity ratio with the electron beam
irradiation dose. The low energy 20 keV electron beam was used to irradiate graphene.
The beam current varied from ∼ 3 to ∼ 9 nA. The Raman D-to-G peak intensity ratio
depends linearly on the irradiation dose. The figure is reproduced from H. Malekpour, P.
Ramnani, S. Srinivasan, G. Balasubramanian, D. L. Nika, A. Mulchandani, R. K. Lake, A.
A. Balandin, Nanoscale 8, 14608 (2016) with permission from Royal Society of Chemistry.
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Raman D and G peaks are fitted with Lorentzian functions and the D′ peak by a Fano line

shape. Fig. 4.5 shows the detail of the Raman curve fitting. The intensity Ratio of Raman

D to G peaks is plotted as a function of Raman D′ to G peaks intensity ratio (see Fig. 4.6)

and it was found that the slop of this plot, which shows I(D)/I(D′), is constant and equal

to ∼ 7, attributed to vacancy type defect [91]. It is known that the intensity of D band

depends not only on the concentration of defects [90], but also on the type of defects and

only defects that are capable of scattering electrons between the two valleys K and K ′ of

Brillouin zone can contribute to the D band [92–94]. For this reason not all types of defects

in graphene can be detected by Raman spectroscopy.

4.5 Thermal conductivity of graphene and e-beam

irradiated graphene

In this study [2], OTR technique was used for investigating thermal properties of graphene

samples. As it was discussed chapter 1, in optothermal Raman technique, which is a non-

contact steady-state technique, the micro-Raman spectrometer acts both as a heater and

thermometer and the sample is suspended over a heat sink which in our case is a gold TEM

grid. The measurement is done in two steps: the calibration measurement and the power-

dependent Raman measurement. For calibration measurement, a low-power excitation laser

is used to record the Raman spectra of graphene sample in a wide temperature range

[7]. For this purpose, the sample is placed inside a cold-hot cell (Linkam 600), where the

temperature is controlled externally with the steps of 10○C and accuracy of 0.1○C. To
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Figure 4.5: The detail of Raman curve fitting performed in order to investigate nature of
defects: Raman D and G peaks are fitted with Lorentzian functions and the D′ peak by a
Fano line shape. The figure is reproduced from H. Malekpour, P. Ramnani, S. Srinivasan,
G. Balasubramanian, D. L. Nika, A. Mulchandani, R. K. Lake, A. A. Balandin, Nanoscale
8, 14608 (2016) with permission from Royal Society of Chemistry.
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Figure 4.6: Nature of defects has been found to be mostly vacancies based their Raman
spectrum analysis. The Raman D to D′ peak intensity ratio of ∼ 7 has been achieved,
for SLG 3 at different steps of irradiations, which has been attributed to vacancy type
defect [91]. The figure is reproduced from H. Malekpour, P. Ramnani, S. Srinivasan, G.
Balasubramanian, D. L. Nika, A. Mulchandani, R. K. Lake, A. A. Balandin, Nanoscale 8,
14608 (2016) with permission from Royal Society of Chemistry.
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stabilize the temperature, the samples were kept at each temperature step for around 5

minutes and then Raman G peak positions were recorded. Low laser excitation power of

∼ 0.5 mW was used in our experiments to avoid any local heating caused by the laser which

could affect the local temperature. As a result of calibration measurement, the position of

the Raman G peak is determined as a function of the sample temperature. In the second

step of the optothermal measurements, the Raman spectrum of sample is recorded as a

function of increasing excitation power.

For this purpose, the excitation laser power is intentionally increased to cause

the local heating of the suspended graphene. The spectral position of the Raman G peak

indicates the local temperature rise in response to the laser heating with the help of the

calibration characteristic. Having these two measurements done, one can extract thermal

conductivity of the sample [7].

Fig. 4.7 demonstrates the experimental results of calibration (a) and power mea-

surement (b) measurement for SLG before any irradiation step is applied. As depicted

in Fig. 4.7 (a) the Raman G peak spectral position depends linearly on the sample tem-

perature in the examined temperature interval and the extracted temperature coefficient

χG = 0.013 cm−1/○C which is in line with previous reported values for graphene [63]. The

shift of Raman G-peak with increasing laser power is plotted in Fig. 4.7 (b). An excellent

linear drop of G peak position is clearly seen in this figure. One of the important factors

that needs to be measured is the absorption coefficient of suspended graphene sample. It is

known that the absorption of graphene depends on the excitation wavelength and numer-

ical aperture of the objective lens. However in practical too many factors can affect this
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(a)

(b)

Figure 4.7: Raman spectroscopy data for extraction of thermal conductivity of suspended
CVD graphene flakes. (a) Calibration dependence of the Raman G peak position as a
function of temperature. The measurement was conducted before graphene exposure to the
electron beam. (b) Raman G peak position dependence on the power on the excitation
laser. The SEM image of this sample is depicted in the inset. The results demonstrate
an excellent linear trend. The figure is reproduced from H. Malekpour, P. Ramnani, S.
Srinivasan, G. Balasubramanian, D. L. Nika, A. Mulchandani, R. K. Lake, A. A. Balandin,
Nanoscale 8, 14608 (2016) with permission from Royal Society of Chemistry.
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Figure 4.8: Schematic of the direct procedure for direct measurement of absorption coeffi-
cient for SLG.

absorption such as surface contamination, defects and bending [10, 95–97]. Therefore, the

experimental absorption coefficient was measured directly by placing a photodiode power

meter (Ophir) under the sample (Fig. 4.8). The portion of light absorbed by suspended

graphene, which causes the local heating, was measured for a graphene covered hole and a

reference empty hole. The difference in power reading corresponds to the power absorbed by

graphene at a given laser wavelength. The measurement was repeated ten times at different

laser power levels to dteremine the absorption coefficient of 5.68%±0.72% at the excitation

laser wavelength of λ = 488 nm

The slope of the power-dependent Raman measurement, wG(PD) line in Fig. 4.7

(b), carries information about the value of thermal conductivity K. To extract thermal

conductivity value, heat diffusion equation was solved, for the specific sample geometry.

COMSOL software package in two dimensions (2D) was used for numerical solution of the

equation with proper boundary conditions following the procedure explained in chapter 1.

Fig. 4.9 shows the simulation results and how thermal conductivity is extracted having

θ from experiment. The thermal conductivity of suspended CVD graphene was found to

be around 1800 W/mK near room temperature (RT), before introduction of defects. This
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Figure 4.9: Typical simulation results obtained from the COMSOL modeling showing the
θ factor. Thermal conductivity can be directly extracted having power-dependent Raman
measurement slope. The figure is reproduced from H. Malekpour, P. Ramnani, S. Srinivasan,
G. Balasubramanian, D. L. Nika, A. Mulchandani, R. K. Lake, A. A. Balandin, Nanoscale
8, 14608 (2016) with permission from Royal Society of Chemistry.

value is in line with the previous reported values for CVD graphene [24, 70]. This value is

smaller than that of graphene obtained by mechanical exfoliation from the highly oriented

pyrolytic graphite (HOPG) due to the possible presence of few grain boundaries and defects

introduced during synthesis and transfer, which all reduce the thermal conductivity of CVD

graphene [7, 10, 35, 36]. Following the same approach thermal conductivity was obtained

after each step of irradiation. It was found that the calibration measurement results remain
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Figure 4.10: Calibration measurement done on SLG 2 before and after the irradiation
procedure. The temperature coefficient of the Raman G-peak are not affected by irradiation
and can be assumed constant. The figure is reproduced from H. Malekpour, P. Ramnani, S.
Srinivasan, G. Balasubramanian, D. L. Nika, A. Mulchandani, R. K. Lake, A. A. Balandin,
Nanoscale 8, 14608 (2016) with permission from Royal Society of Chemistry.

almost the same after irradiation is applied (see Fig. 4.10).

For simplicity, the calibration measurement was done once for each spot and was

assumed constant after irradiation is applied. One of the challenging parts of the experiment

was the power-dependent Raman measurement for highly irradiated samples. As the laser

power was increased for power-dependent Raman measurement, local healing of induced

defects occurred at the laser hot spot, leading to the Raman D to G peak intensity ratio
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Figure 4.11: Raman D to G peak intensity ratio monitoring, during power-dependent Ra-
man measurement, for keeping the power below critical point, at which defects starts to
locally heal, used for highly irradiated samples. The figure is reproduced from H. Malekpour,
P. Ramnani, S. Srinivasan, G. Balasubramanian, D. L. Nika, A. Mulchandani, R. K. Lake,
A. A. Balandin, Nanoscale 8, 14608 (2016) with permission from Royal Society of Chem-
istry.

to reduce . This is explained by the drop of thermal conductivity at high level of induced

defects, which leads to the laser hot spot to reach very high temperatures at even low levels

of excitation power. To solve this problem, Raman D to G peak intensity ratio was recorded

during power-dependent Raman measurement of irradiated samples and the power level was

kept below the critical point in which the drop of Raman D to G peak intensity ratio occurs.

Fig. 4.11 depicts the details of this procedure.

77



Fig. 4.12 depicts the result of power-dependent Raman measurement for two levels

of irradiation for the spot 3. A clear increase in the slope was measured for higher levels

of irradiation indicating the decrease of thermal conductivity. The decrease in thermal

conductivity means higher levels of local heating is caused by the same laser power and

therefore larger shift in Raman G peak occurs.

4.6 The behavior of thermal conductivity with defects

density

In Fig. 4.13 we present the extracted thermal conductivity, K, as a function of the defect

density, ND, by square, circle and triangle points corresponding to three suspended flakes

of graphene. For the small defect densities, ND < 1.2 × 1011cm−2, the thermal conductivity

decreased with increasing ND. It can be approximated with the linear dependence K =

1990 − 116 ×ND [W/mK]. In the ND = 0 limit, the thermal conductivity K=1990 W/mK

was still slightly smaller than that of the ideal basal plane of HOPG due to the background

defects and possible grain boundaries present in CVD graphene before irradiation. At the

defect density of ND ∼ 1.5 × 1011cm−2, one can see an intriguing change in the K(ND)

slope. It can be interpreted as a strong reduction in the rate of the decrease of K with

increasing concentration ND or the on-set of saturation. The thermal conductivity in this

region is still rather high K ∼ 400 W/mK. This is clearly above the amorphous carbon limit

[10]. For theoretical interpretation of the measured behavior of the thermal conductivity

we employed both a BTE analysis and MD simulations.
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Figure 4.12: Power-dependent Raman measurement results shown for SLG 3 after the 1st
and 4th steps of irradiation were applied. One should notice the increase of the slope
factor, which is directly related to the suppression of thermal conductivity. The power
range has been kept below 2 mW to avoid local healing of induced defects. The figure
is reproduced from H. Malekpour, P. Ramnani, S. Srinivasan, G. Balasubramanian, D.
L. Nika, A. Mulchandani, R. K. Lake, A. A. Balandin, Nanoscale 8, 14608 (2016) with
permission from Royal Society of Chemistry.
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Figure 4.13: Dependence of the thermal conductivity on the density of defects. The exper-
imental data are shown by squares, circles and triangles. The solid curves are calculated
using the BTE with different values of the specularity parameter p. Note that the interplay
of three phonon relaxation mechanisms-Umklapp, point-defect, and rough edge scattering-
gives a thermal conductivity dependence on the defect density close to the experimentally
observed trend. The figure is reproduced from H. Malekpour, P. Ramnani, S. Srinivasan,
G. Balasubramanian, D. L. Nika, A. Mulchandani, R. K. Lake, A. A. Balandin, Nanoscale
8, 14608 (2016) with permission from Royal Society of Chemistry.
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4.6.1 Boltzman transport equation analysis

In order to analyze the experimental data, Boltzaman transport equation (BTE) approach

was used with the relaxation time approximation (RTA). In the framework of this BTE-RTA

approach the thermal conductivity can be written as [19, 98]:

KG = 1

4πKBT 2h
∑

s=LA,TA,ZA
∫

qmax

0
{[hωs(q)

dωs(q)
dq

]2τtotal(s, q)
exp[hωS(q)/KBT ]

[exp[hωs(q)/KBT ] − 1]2 q}dq

(4.2)

where h = 0.335 nm is the graphene layer thickness, and the summation is performed over all

acoustic phonon branches s=LA, TA or ZA, ωs is the phonon frequency of the s-th phonon

branch, q is the phonon wave number, τtotal(s, q) is the total phonon relaxation time, T is the

absolute temperature, h and KB are Plank's and Boltzmann's constant, respectively. The

scattering rates for the three main phonon relaxation processes, phonon-phonon Umklapp

(U) scattering, phonon-rough-edge scattering (B) and phonon-point-defect (PD) scattering,

are given by:

1

τB(s, q) = vs
L
× (1 − p)

(1 + p)
1

τPD(s, q) = S0Γqsω
2
s

4vs
τU,s =

1

γ2s
× Mv2s
KBT

× ωs,max

ω2
(4.3)

Here vs = dωs/dq is the phonon group velocity, p is the specularity parameter in-

troduced above, S0 is the surface per atom, ωs,max is the maximum cut-off frequency for a

given branch, γs is an average Gruneisen parameter of the branch s, M is the mass of an

unit cell, Γ = ξ(Nd/NG) is the measure of the strength of the point defect scattering and

NG = 3.8 × 1015cm−2 is the concentration of carbon atoms. For analysis of the experimen-

tal data, three main mechanisms of phonon scattering were taken into account: phonon

phonon Umklapp (U) scattering, phonon rough edge scattering (also referred to as bound-
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ary (B) scattering), and phonon point-defect (PD) scattering. Within the relaxation time

approximation (RTA), the total relaxation rate is given as:

1

τtotal(s, q)
= 1

τU(s, q) +
1

τB(s, q) +
1

τPD(s, q) (4.4)

where the index s=LA, TA, or ZA enumerates longitudinal acoustic (LA), trans-

verse acoustic (TA), and out-of-plane acoustic (ZA) phonon polarization branches, and q

is the phonon wave number. The dependence of the thermal conductivity on the defect

density, calculated from BTE within the RTA for different values of the specularity param-

eter p, is presented in Fig. 4.13 by solid curves. The specularity parameter depends on the

roughness of the edge and defines the probability of specular scattering of the phonons. For

p=1, the scattering of phonons is purely specular, which means that the edge scattering

does not introduce extra thermal resistance. For p=0, the scattering is fully diffuse, which

corresponds to the strongest thermal resistance from the graphene edges [11, 19]. The ex-

perimentally observed trend in thermal conductivity can be recovered with the reasonable

values of the specularity parameter changing from p=0.5 to p=0.9 [19].

The strength of the phonon scattering on defects is determined by the mass-

difference parameter ξ = (∆M/M)2, where M is the mass of carbon atom and ∆M =M−MD

is the difference between masses of a carbon atom and a defect. The value of ξ strongly

depends on the nature of defects. In this BTE analysis, ξ was used as a fitting parameter to

the experimental data. Within this model assumptions, the agreement with the experimen-

tal results is reached for ξ= 590. The perturbation theory calculations [99] for pure vacancy

defects in graphite estimate the value of the parameter to be ξ ∼ 9. This is substantially

smaller than the fitting value to the experimental data. The latter is explained by the fact
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that the model used here assumes only one type of phonon-defect scattering: mass-difference

scattering on single vacancies. In reality, the samples under this study contain a variety of

defects, including those that were present before irradiation and those induced by irradia-

tion, which are different from simple vacancies. Thus, large ξ imitates the effect of phonon

scattering on all other types of defects. The expected defect clustering will also result in

higher ξ than that calculated from the perturbation theory under point-defect assump-

tion. The important conclusion from the BTE modeling is that the observed weakening

K(ND) dependence can be reproduced via interplay of the three main phonon scattering

mechanisms-mklapp scattering due to lattice anharmonicity, mass-difference scattering, and

rough edge scattering.

4.6.2 Molecular dynamics (MD) simulation

In this section the possible nature of defects in the samples and their effect on the thermal

conductivity will be studied as revealed from MD simulations. Simulations are performed

on a pristine graphene sheet of size 319.5 nm 54.1 nm containing 660,000 carbon (C) atoms.

Defects (single and double vacancies) are introduced in the structure by randomly selecting

and removing carbon atoms. The C − C interactions are described using the optimized

Tersoff potential for thermal transport in graphene [100]. Periodic boundary conditions

are employed in all directions. The simulations are carried out with the LAMMPS pack-

age [68]. The graphene structure is energy minimized and subsequently simulated under

the isothermal-isobaric (NPT) ensemble using the Nose-Hoover thermostat at 300 K and

barostat at 0 MPa for 4 ns, followed by equilibration in canonical (NVT) ensemble for 4

ns using the Nose-Hoover thermostat at 300 K. The coupling time for thermostats are 0.1

83



ps and that for barostat is 1 ps. The thermodynamic constraints are removed and the

structure is simulated under the microcanonical (NVE) ensemble for 3 ns to ensure equili-

bration. Subsequently, thermal conductivity is computed using the reverse non-equilibrium

MD technique [101, 102]. The time step of integration used in all the simulations is 1 fs.

The electron energies of 20 keV used in the electron beam irradiation process are

less than the knockout threshold energy of 80 keV [86, 103–105]. Such irradiation is only

sufficient to overcome the energy barrier required for breaking of the carbon-carbon bond

and initiating reaction with any residual impurities such as H2O and O2 on the surface of

graphene. This reaction results in functionalization of graphene with −OH and −C = O

groups. Prior studies have shown that the C = O configuration is energetically more favor-

able than OH, and the transition of OH and other functional groups into the energetically

stable C = O configuration can occur especially when they are annealed [106]. The en-

ergy barrier for the diffusion of −OH and epoxy groups is around 0.5-0.7 eV [107], which

corresponds to a diffusion rate ∼ 102 s−1 as calculated from transition-state theory, assum-

ing a typical phonon frequency range in graphene. For this reason, the functional groups

can be mobile at the temperature of the thermal experiments ( 350 K). Upon continuous

electron beam irradiation, two epoxy or hydroxyl group can come together and release an

O2 molecule [107]. When the coverage of functional groups is high, detectable amounts of

CO/CO2 can be released creating vacancies in the graphene lattice [108]. The presence of

−OH and −C = O functional groups can be the reason for stronger phonon-defect scattering

than that predicted by BTE models with vacancies only (and the resulting large ξ required

for fitting to the experimental data). The MD simulations show that a combination of
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Figure 4.14: Molecular dynamics simulation results for thermal conductivity of graphene
with single and double vacancy defects. The simulated defect structures are depicted in the
inset. The results show that the contributions of single and double vacancies are similar in
reducing the thermal conductivity of graphene. The results are in line with the experimental
trend. The absolute value at the zero-defect limit is lower than the experimental due to the
domain-size limitation in the simulation. The figure is reproduced from H. Malekpour, P.
Ramnani, S. Srinivasan, G. Balasubramanian, D. L. Nika, A. Mulchandani, R. K. Lake, A.
A. Balandin, Nanoscale 8, 14608 (2016) with permission from Royal Society of Chemistry.
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single and double vacancy defects can also account for the experimentally observed thermal

conductivity dependence on the defect concentration. The absolute value at the zero-defect

limit is lower than the experimental due to the domain-size limitation in the simulation.

Fig. 4.14 shows that thermal conductivity decreases drastically as ND increases

from 2 × 1010cm−2 to 10 × 1010cm−2 and reaches a near-constant value at the higher con-

centrations of defects. This value is substantially above the amorphous carbon limit, in

line with the experiment. According to this model scenario, upon irradiation, −C = O and

other functionalized defects are formed that strongly reduce the thermal conductivity. Con-

tinuous irradiation results in the creation of single and double vacancies. The increase in

their concentration does not lead to pronounced K reduction, which approaches an approx-

imately constant value for the ND range that was investigated. It can be explained in the

following way. As more defects are introduced in graphene through irradiation the addi-

tional defect sites serve as scattering centers for phonons with wavelengths shorter than the

distance between two vacancies. The delocalized long-wavelength phonons, that carry a sig-

nificant fraction of heat, are less affected by extra defects that are closely spaced compared

to those introduced at the previous irradiation step. At some irradiation dose, the increase

in the phonon scattering rate of the delocalized modes due to extra defects is substantially

smaller than that of the short-ranged localized modes. Hence, after a certain critical ND

the thermal conductivity effectively saturates. The weakening of the K(ND) dependence

observed experimentally and reveled in the present MD simulation is in line with reported

computational results performed for graphene and graphene ribbons [109–112].
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Chapter 5

Conclusions

In this dissertation I’ve studied thermal properties of different graphene-derivatives using

OTR technique: Graphene laminate, reduced graphene oxide film and graphene with ebeam

induced defects. In the fisrt part of the dissertation thermal conductivity of graphene lam-

inate film deposited on PET substrate was in order to investigate the possibility of making

plastic thermally conductive. PET is widely used in packaging industery and a conductive

PET can be beneficial in many applications such as packaging industery where dissipating

excess heat is needed. Two different types of laminates were studied: as-deposited and

compressed. It was found that thermal conductivity of graphene laminate films on PET

varies from 40 to 90 W /mK at RT. Graphene laminate is made of overlapping single layer

and multi layer graphene flakes. After a detailed statistical analysis on the average flake size

it was found that the average size and the alignment of graphene flakes are more important

parameters defining the heat conduction than the mass density of the graphene laminate.

The thermal conductivity scales up linearly with the average graphene flake size in both
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as deposited and compressed laminates. The compressed laminates have higher thermal

conductivity for the same average flake size owing to better flake alignment. The possibility

of coating plastic materials with thin graphene laminates that have more than two orders-

of-magnitude higher thermal conductivity can be used for improving thermal management

of electronic and optoelectronic packaging.

One of the interesting facts about this study was that the high thermal conduc-

tivity values of GL were achieved in both uncompressed and compressed GL-on-PET. This

suggests that for practical applications, graphene coating can be beneficial for improving

heat conduction properties of plastics without roll compression or any other processing

steps. The plastic material used in this study, polyethylene terephthalate, is widely used

in packaging industry such as water bottles or soft drink. The low cost, durability and

lightweight of plastics makes it beneficial for packaging industry. However in many cases,

the insulating behavior of plastic is not desirable and limits many possible applications.

New applications of plastic materials, e.g. packaging or housing of electronic components,

require higher values of thermal conductivity. This is mainly due to the increasing dissi-

pated heat densities for modern electronics and optoelectronics. The described thermal data

suggests that graphene laminates could be applied as potential thermal coatings in such ap-

plications. It has been demonstrated that graphene laminate coatings could improve the

thermal conductivity of plastic materials up to 600 times. Thus, a significant increase in the

potential range of practical applications of plastics could be achieved, allowing them to be

used in areas not feasible till now. This study could be a significant progress for improving

thermal management of electronic and optoelectronic packaging.
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Considering the significance of graphene and few layer graphene in thermal man-

agement applications such as thermal interface materials, thermal coatings and pads, there

is a demand to develop methods to scale up the production of graphene sheets. The reduc-

tion of grapehne oxide has been attracted lots of attention for this purpose. The possibility

of using an inexpensive natural graphite as the raw material along with the excellent prop-

erties of graphite oxide to easily exfoliate in water solution, makes the reduction technique

a promising industry-compatible technique for production of grahene sheets. However, the

quality of graphene produced by this technbique is lower compared to the theoretical po-

tential of pristine graphene and compared to other methods such as mechanical exfoliation.

This cost effective lower quality graphene can still be useful for applications, such as thermal

management, where exploiting high intrinsic electrical and thermal properties of graphene

is not critical. In the second part of this dissertation, thermal conductivity of freestanding

chemically reduced graphene oxide films were studied. The layered structure of the films

makes them strongly anisotropic in thermal conduction and therefore a combination of two

different techniques were used to extract both the in-plane and cross-plane thermal conduc-

tivity values. The two methods include the transient laser flash and the steady state Raman

opto-thermal techniques. The in-plane thermal conductivity values of 11-45 W/mK have

been achieved for the chemically reduced graphene oxide films which shows up to 15 times

increase in thermal conductivity compared to graphene oxide film. It was found that the

in-plane thermal conductivity increases with increasing carbon concentration. Electrical

conductivity exhibits similar behavior. This could be explained by the formation of more

sp2 phases, confirmed by the Raman studies. The theoretical calculation suggests that the
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average graphitic cluster size might affect this increasing trend. On the other hands, the

cross-plane thermal conductivity values show a direct correlation to the film microstructure

and morphology. Low cross-plane thermal conductivity values ∼ 0.1 to ∼ 1.0 W /m.K were

measured, owing to the layered structure of the films. The study is important for the use

of rGO in thermal management applications.

Graphene [32] has exceptionally high intrinsic thermal conductivity, ∼ 4000− 6000

W/mK [7, 10]. However, this high value of thermal conductivity can be degraded by defects

such as polymer residue from nanofabrication [73], edge roughness [19], polycrystalline grain

boundaries [74], and disorder from contact with a substrate or a capping layer [25, 75, 76].

For this reason, the thermal conductivity of graphene synthesized by the chemical vapor

deposition (CVD) is always lower than that of the mechanically exfoliated graphene from

highly ordered pyrolytic graphite (HOPG) [7, 24, 34–36]. A possible loss of polycrystalline

grain orientation in the average quality CVD graphene can lead to additional degradation

of the thermal conductivity [77]. However, to date, there have been no quantitative experi-

mental studies of the thermal conductivity dependence on the concentration of defects, ND,

in graphene. The knowledge of the K dependence on the concentration of defects induced

by irradiation can shed light on the strength of the phonon-point defect scattering in 2-D

materials. The change in the dimensionality results in different dependencies of the scatter-

ing rates on the phonon wavelengths in the processes of phonon relaxation by defects and

grain boundaries [13, 19, 67]. In the third part of this dissertation, thermal conductivity of

suspended CVD graphene was studied as a function of the defect density. The defects were

introduced by the low-energy electron beams and quantified by the Raman D-to-G peak in-
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tensity ratios. It was found that as the defect density changes from 2.0×1010 cm2 to 1.8×1011

cm2 the thermal conductivity reduces from ∼ (1.8 ± 0.2) × 103 W /mK to ∼ (4.0 ± 0.2) × 102

W /mK near RT. At higher defect density the thermal conductivity revealed an intriguing

weakening of the K(ND) dependence. This behavior was explained theoretically within the

Boltzmann transport equation and molecular dynamics approaches. The obtained results

contribute to understanding the acoustic phonon-point defect scattering in 2D materials.

My data indicating rather large values of thermal conductivity for graphene with defects

adds validity to the proposed practical applications of graphene in thermal management.
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[89] Márcia Maria Lucchese et al. “Quantifying ion-induced defects and Raman relaxation
length in graphene”. In: Carbon 48.5 (2010), pp. 1592–1597.

[90] Pedro Venezuela, Michele Lazzeri, and Francesco Mauri. “Theory of double-resonant
Raman spectra in graphene: intensity and line shape of defect-induced and two-
phonon bands”. In: Physical Review B 84.3 (2011), p. 035433.

[91] Axel Eckmann et al. “Probing the nature of defects in graphene by Raman spec-
troscopy”. In: Nano letters 12.8 (2012), pp. 3925–3930.

[92] LG Cancado et al. “Influence of the atomic structure on the Raman spectra of
graphite edges”. In: Physical review letters 93.24 (2004), p. 247401.

[93] Cinzia Casiraghi et al. “Raman spectroscopy of graphene edges”. In: Nano letters
9.4 (2009), pp. 1433–1441.

[94] Benjamin Krauss et al. “Raman scattering at pure graphene zigzag edges”. In: Nano
letters 10.11 (2010), pp. 4544–4548.

[95] Kin Fai Mak et al. “Measurement of the optical conductivity of graphene”. In: Phys-
ical review letters 101.19 (2008), p. 196405.

[96] Iman Santoso et al. “Tunable optical absorption and interactions in graphene via
oxygen plasma”. In: Physical Review B 89.7 (2014), p. 075134.

[97] Guang-Xin Ni et al. “Tuning Optical Conductivity of Large-Scale CVD Graphene
by Strain Engineering”. In: Advanced Materials 26.7 (2014), pp. 1081–1086.

[98] Ajit K Vallabhaneni et al. “Reliability of Raman measurements of thermal conduc-
tivity of single-layer graphene due to selective electron-phonon coupling: A first-
principles study”. In: Physical Review B 93.12 (2016), p. 125432.

98



[99] CA Ratsifaritana and PG Klemens. “Scattering of phonons by vacancies”. In: Inter-
national journal of thermophysics 8.6 (1987), pp. 737–750.

[100] Helin Cao et al. “Electronic transport in chemical vapor deposited graphene syn-
thesized on Cu: Quantum Hall effect and weak localization”. In: arXiv preprint
arXiv:0910.4329 (2009).

[101] L Lindsay and DA Broido. “Optimized Tersoff and Brenner empirical potential pa-
rameters for lattice dynamics and phonon thermal transport in carbon nanotubes
and graphene”. In: Physical Review B 81.20 (2010), p. 205441.

[102] Steve Plimpton. “Fast parallel algorithms for short-range molecular dynamics”. In:
Journal of computational physics 117.1 (1995), pp. 1–19.

[103] J Kotakoski et al. “From point defects in graphene to two-dimensional amorphous
carbon”. In: Physical Review Letters 106.10 (2011), p. 105505.

[104] Florian Banhart, Jani Kotakoski, and Arkady V Krasheninnikov. “Structural defects
in graphene”. In: ACS nano 5.1 (2010), pp. 26–41.

[105] Tianli Feng et al. “Spectral phonon mean free path and thermal conductivity ac-
cumulation in defected graphene: The effects of defect type and concentration”. In:
Physical Review B 91.22 (2015), p. 224301.

[106] Akbar Bagri et al. “Stability and formation mechanisms of carbonyl-and hydroxyl-
decorated holes in graphene oxide”. In: The Journal of Physical Chemistry C 114.28
(2010), pp. 12053–12061.

[107] Si Zhou and Angelo Bongiorno. “Origin of the chemical and kinetic stability of
graphene oxide”. In: Scientific reports 3 (2013).

[108] Rosanna Larciprete et al. “Dual path mechanism in the thermal reduction of graphene
oxide”. In: Journal of the American Chemical Society 133.43 (2011), pp. 17315–
17321.

[109] Hengji Zhang, Geunsik Lee, and Kyeongjae Cho. “Thermal transport in graphene
and effects of vacancy defects”. In: Physical Review B 84.11 (2011), p. 115460.

[110] Feng Hao, Daining Fang, and Zhiping Xu. “Mechanical and thermal transport prop-
erties of graphene with defects”. In: Applied physics letters 99.4 (2011), p. 041901.
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