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Abstract

Graphene as a two-dimensional material with outstanding characteristics has
attracted immense interest in recent years. Due to its extraordinarily high thermal
conductivity, application of graphene as a heat spreading material for thermal
management has high expectations.

However, experimental reports on thermal properties of graphene have been
leaned toward the freely suspended graphene samples, while it is the supported
graphene in contact with a substrate that is suited for practical applications.
Scarcity of experimental studies on supported graphene thermal conductivity is
due to the lack of a reliable high-throughput measurement technique, since the
methods hitherto deployed had serious drawbacks.

Micro resistance thermometry technique has been implemented in measuring

the thermal conductivity of supported graphene at temperatures from 100 K to 400



K. Despite its excellent measurement accuracy, complicated sample fabrication
process leads to high cost and as well as contamination of the graphene. On the
contrary, optothermal Raman method is easy to implement and does not require
patterning or etching of graphene samples. However, when applied to supported
graphene, the measurement uncertainties of optothermal Raman technique is
excessively high, resulting in questionable thermal conductivity data.

In this study, we developed a thermal conductivity measurement technique
based on the optothermal Raman method with a dramatically improved
measurement accuracy for supported graphene. By conducting a three-
dimensional heat transfer analysis on optothermal Raman measurements, we
found that the critical parameter that affects the measurement accuracy is the
substrate thickness. Advantage of a thin substrate has been demonstrated
experimentally through conducting the optothermal Raman measurement of
supported graphene thermal conductivity.

For the first time, thermal conductivity of supported graphene has been
measured at temperatures from 350 K to 600 K, which is essential for applications
in thermal managing. Furthermore, we observed the strong dependence of thermal
conductivity on varying degrees of graphene-substrate conformity due to thermal
pre-annealing. Investigation of Raman G and 2D peaks of supported graphene
revealed that repeated thermal annealing resulted in enhanced graphene-substrate
conformity. A theoretical analysis based on elastic theory has been conducted,

where reduction in thermal conductivity was attributed to increased substrate-



induced phonon scattering arising from graphene-substrate conformity.

The measurement technique in this work applies not only to supported
graphene, but also could lead to extensive studies in graphene-analogous 2D
materials and their applications in thermal management. The wide variations in
thermal conductivity of supported graphene through thermo-mechanical affiliation
of graphene and substrate could offer an alternative route to tailoring the thermal

properties of graphene.
Keywords: thermal conductivity, supported graphene, optothermal Raman
technique, graphene-substrate conformity, substrate-induced phonon scattering,

thermal expansion mismatch, finite-difference method, CVD
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Chapter 1

Introduction

1.1 Motivation and objectives

1.1.1 Graphene as a promising material

Graphene has attracted significant interest in recent years, due to its
fascinating properties since its demonstration by Novoselov et al. (2004).
Graphene is a planar array of carbon atoms in hexagonal rings of sp2 covalent
bonding, an ultimate two-dimensional material that is constituted only by atoms
that are exposed to the surface. Graphene has the highest electronic mobility
(Bolotin et al., 2008) as well as the highest mechanical strength (Lee et al., 2008)
and the highest thermal conductivity (Balandin et al., 2008), combined with its
optical transparency and flexibility, offering great opportunities for electronic

device applications (Castro Neto et al., 2009; Novoselov et al., 2012).

1.1.2 Importance of supported graphene thermal conductivity for practical
applications

Studies on the thermal properties of graphene not only enable the exploitation
of the outstanding heat spreading capability for thermal management applications,

but also lead to a collective understanding of the thermal properties of graphene-



analogous two-dimensional materials (Geim and Grigorieva, 2013; Novoselov et
al., 2016; Wang et al., 2017). Thermal transport in graphene is mostly contributed
by phonons, quantized vibrational modes arising from the elasticity of periodic
sp2 covalent bonding of carbon atoms (Balandin, 2011; Pop et al., 2012; Sadeghi
etal., 2012; Xu et al., 2014).

The extreme characteristics of graphene are mostly reported for a free-
standing ‘suspended’ graphene that is effectively isolated from interactions from
the external environment as shown in Figure 1.1. However, for any practical
applications, graphene is inevitably brought to an interfacial contact with a solid
substrate, becoming a ‘supported’ graphene, since a stand-alone single-atom-thick
graphene is costly to realize and virtually impossible to mass produce. Due to its
nature as a surface material, it has been observed that the thermal conductivity of
graphene is significantly altered when the graphene is in contact with a solid
substrate, where a reduction in thermal conductivity by nearly an order-of-

magnitude has been reported (Seol et al., 2010; Cai et al., 2010).

1.1.3 Thermometry techniques for thermal conductivity measurement

Despite the high demand for an extensive study on the thermal properties of
supported graphene for practical applications, experimental reports have been
scarce due to the lack of a reliable high-throughput measurement technique. Micro
resistance thermometry of supported graphene, developed by the research group

of L. Shi (Seol et al., 2010; Seol et al., 2011; Sadeghi et al., 2013) involves a



complicated low-yield sample fabrication process which is difficult to emulate,
notwithstanding its superior measurement accuracy. On the other hand, while
optothermal Raman technique devised by the research group of A. Balandin
(2008) has proven to be a simple and effective tool for thermometry of suspended
graphene, its deployment to supported graphene thermometry showed
unacceptably high measurement uncertainties (Cai et al., 2010).

The scarcity of experimental reports on supported graphene leads to a
complete absence of thermal conductivity data at high temperature regimes of
more than 400 K, as shown in Figure 1.2. Taking into considerations the hot spot
temperatures of graphene devices that exceed 400 K (Yan et al., 2012; Kim et al.,
2016), evaluation of the supported graphene thermal conductivity at higher

temperature regime has a high priority.

1.1.4 Objectives and prospects

In this dissertation we develop a reliable and efficient optothermal Raman
technique for the measurement of supported graphene thermal conductivity,
optimized for room temperature and above. By conducting a three-dimensional
heat transfer analysis we optimize the sample configuration, where thickness of
the substrate turns out to be the most critical parameter in improving the
measurement accuracy of the supported graphene thermal conductivity. Our
thermometry technique should be applicable for future studies on thermal

conductivity of any two-dimensional material supported by a substrate.



We not only aim to measure and delineate the thermal conductivity of
monolayer supported graphene at temperatures ranging from 350 K to 600 K, but
also account for the varying degree of substrate-induced phonon scattering of
graphene arising from graphene-substrate conformity. Consequently we
demonstrate the possibility of modulating the thermal conductivity of supported
graphene through controlling the thermo-mechanical affiliation of graphene to

substrate.

1.2 Review of previous studies

1.2.1 Thermal conductivity of graphene in general

The intrinsic thermal conductivity of graphene (freely suspended graphene) is
reported range from 2000 to 4000 W/m K at room temperature by optothermal
Raman measurements (Balandin et al., 2008; Cai et al., 2010; Chen et al., 2012a),
which is among the highest values for the existing materials. Ultrahigh in-plane
thermal conductivity of graphene is attributed to high bond strength to atomic
mass ratio of sp2-bonded carbons, resulting in a strong lattice vibrational modes
(Pop et al., 2012). The defining feature of thermal property that differentiates
graphene from graphite, a vertical stack of graphene layers bound by weak van
der Waals force, is the strong out-of-plane acoustic vibrational modes (ZA
phonons), which is a unique aspect of graphene as a truly two-dimensional

material. It is widely accepted that ZA phonon branch is the dominant contributor



to the in-plane thermal conduction of graphene (Sadeghi et al., 2011; Pop et al.,
2012), where a theory predicts that the contribution of ZA modes to thermal
conductivity room temperature is over 70% (Lindsay et al., 2010).

Due to its very long intrinsic phonon mean path of over 600 nm (Pop et al.,
2012), thermal conductivity of graphene is easily affected by defects and has a
strong size effect. A. Balandin’s research group of reported the substantial
decrease in thermal conductivity of suspended graphene due to carbon isotope
concentration using the optothermal Raman technique, where C*3 acts as a phonon
scattering source due to atomic mass difference (Chen et al., 2012). Size effect of
thermal conductivity of suspended graphene has been investigated by micro
resistance thermometry technique, showing the strong dependence of thermal
conductivity on sample length from 300 nm to 600 nm (Xu et al., 2014).
Optothermal Raman measurement revealed that grain boundary, a line defect of
dislocated carbon atoms, also suppress the thermal conductivity of suspended
graphene, where the effect was marked for samples with grain size of less than 1
m (Lee etal., 2017).

While intrinsic thermal conductivity of graphene was believed to be limited by
‘umklapp’ process, referring to a phonon scattering process that results in a net
momentum change of phonons, a recent theoretical study suggests that
momentum-conserving process of phonons also play a significant role in thermal
conduction of graphene, especially at low temperature regimes (Lee et al., 2015a).

Another theoretical study argues that theoretical limit of suspended graphene



thermal conductivity is achieved at a sample size greater than 1 mm, where
collective phonon excitations with mean free paths of several hundred

micrometers are the main heat carriers (Fugallo et al., 2014).

1.2.2 Theoretical studies on supported graphene thermal conductivity

There is a wide consensus among theoretical studies that the thermal
conductivity of a supported graphene in contact with a solid substrate is
significantly lower than that of a freely suspended graphene. Previous theoretical
studies on supported graphene thermal conductivity are based on either molecular
dynamics (MD) or Boltzmann transport equation (BTE) approaches.

MD simulation reported that the thermal conductivity of supported graphene is
independent of the thickness of the substrate, implying the predominance of
surface atoms of the substrate on graphene-substrate interaction (Chen et al.,
2013). However, there are conflicting views on the thermal conductivity
dependence on graphene-substrate coupling strength, where some groups reported
a significant decrease in thermal conductivity due to shortened phonon lifetime
(Qiu and Ruan, 2012; Chen et al., 2013; Lee et al., 2015), while Eric Pop group
predicted an increase in thermal conductivity due to coupling of graphene ZA
phonons to the substrate Rayleigh waves which linearizes the phonon dispersion
of graphene (Ong and Pop, 2011). Size dependence of supported graphene is
believed to be weaker than that of suspended graphene due to strong substrate-

graphene coupling (Chen et al., 2013). Another MD simulation revealed the



importance of interfacial morphology and graphene-substrate morphology, where
a nonconformed graphene (923 W/m K) showed a significantly higher thermal
conductivity than an optimally conformed graphene (713 W/m K). BTE
simulations by N. Mingo’s group and Li Shi’s group emphasized the role of ZA
phonons in thermal conduction of graphene and the suppression of ZA phonons in
supported graphene resulting in a significantly reduced thermal conductivity
values that are in good agreement with the experiment (Lindsay et al., 2010; Seol
etal., 2010).

The thermal conductivity values of supported graphene on SiO; at room
temperature predicted by theories range from approximately 600 W/m K (Lindsay
et al., 2010; Seol et al., 2010; Ong and Pop, 2011; Chen et al., 2013) to 923 W/m

K (Lee et al., 2015b).

1.2.3 Measurement techniques of supported graphene thermal conductivity

Previous experimental studies on supported graphene thermal conductivity are
plotted in Figure 1.2. Most studies are based on micro resistance thermometry
technique (Seol et al., 2010; Wang et al., 2011; Bae et al., 2013; Sadeghi et al.,
2013), while a sole data point at room temperature is obtained by optothermal
Raman technique (Cai et al., 2010).

Micro resistance method probes the temperature of the supported graphene
sample from the linear dependence of electrical resistance of metallic

thermometers on temperature, where one-dimensional heat flow rate is determined



from the spatial temperature difference between thermometers placed at different
positions. Li Shi’s group fabricated a supported graphene on a suspended 300-nm-
thick SiO2, beam structure and reported a steady increase in thermal conductivity
at temperatures from 100 K to 380 K, obtaining a peak value of 636 W/m K at
300 K for a supported monolayer graphene (Seol et al., 2010; Sadeghi et al., 2013).
On the other hand, Eric Pop’s group developed a micro resistance technique with
graphene samples patterned on a 290-nm-thick SiO; substrate deposited on silicon,
reporting the length and width dependence of supported monolayer graphene
nanoribbon samples (Bae et al., 2013; Li et al., 2014). While micro resistance
technique shows a superior measurement accuracy, complicated series of
patterning and etching processes are not only costly but also vulnerable to defect-
generation and contamination of the supported graphene samples.

Optothermal Raman technique, while serving as the primary tool for
measuring the thermal conductivity of suspended graphene, its application to
supported graphene on an AuU/SixNy substrate showed large measurement
uncertainties (370 + 650/-320 W/m K), partly due to the overly approximated
heat transfer model, and partly due to the excessive cross-plane dissipation of heat

to the substrate, as will be discussed in Chapter 2.

1.3 Overview

In Chapter 2, we develop a three-dimensional heat transfer model accounting



for the spatial temperature distribution of optothermal Raman measurements. We
demonstrate the inadequacy of previous two-dimensional heat transfer model and
the advantages of using a thin substrate with respect to measurement accuracy.

In Chapter 3, the preparation of the sample is presented, including the
synthesis of graphene and its transfer to the target substrate. Synthesized graphene
sample is characterized by optical microscopy, scanning electron microscopy,
Raman spectroscopy, and X-ray photoelectron spectroscopy techniques.

In Chapter 4, optothermal Raman method is implemented, measuring the
thermal conductivity of supported monolayer graphene at temperatures from 350
K to 600 K. It is shown that thermal conductivity of supported graphene is
dependent on the number of pre-annealing cycles as well as the measurement
temperature.

In Chapter 5, the effect of thermal annealing on thermal conductivity of the
supported graphene is examined, where it is revealed that enhanced graphene-
substrate conformity increases the substrate-induced phonon scattering rate,
thereby decreasing the thermal conductivity of graphene. Chapter 6 summarizes

the results.
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Chapter 2

Experimental Design

2.1 Introduction

Measuring the thermal conductivity of a supported graphene has major
challenges to overcome as compared with a suspended graphene. A suspended
graphene consists of a graphene that is effectively isolated from the surrounding
in terms of heat transfer interactions, in which case the heat transfer is confined to
the basal-plane (in-plane) direction of the graphene. On the other hand thermal
transport in occurs in three dimensions for a system consisting of a supported
graphene and its surroundings (i.e. substrate and atmosphere), complicating the
assessment of the basal-plane thermal conductivity of graphene, since heat is
transferred across the graphene-substrate interface (out-of-plane, or cross-plane
direction) as well as within the graphene (in-plane). Comparison of heat transfer
in suspended graphene and supported graphene is depicted in Figure 2.1.

Three dimensional heat transfer in a supported graphene complicates the
derivation of a heat transfer model for deducing the thermal conductivity of
graphene. To determine the thermal conductivity of graphene, thermal properties
of substrate, and the graphene-substrate interface should be given as a pre-

requisite, so as to establish the relation between experimentally measured
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temperature (dependent variable) and the supplied heat (controlled variable),
where thermal conductivity of graphene serves as a fitting parameter. As will be
shown in the following sections, the uncertainty in thermal boundary
conductance (TBC) of graphene-substrate interface (Gp) as well as temperature
dependence of thermal conductivity of substrate (ksu) significantly affect the
reliability of the thermal conductivity measurement.

To circumvent this problem, we have adopted an extremely thin substrate for
the supported graphene sample. Reduction of substrate thickness enhances the
reliability of the thermal conductivity measurement by minimizing the heat that
is transferred through the substrate, as schematically shown in Figure 2.2. By
minimizing the graphene-to-substrate heat dissipation, it will be shown that
effect of uncertainty in Gp and temperature dependence ksu» 0n measured thermal
conductivity becomes negligible, improving the measurement reliability as a
result.

Also, we derive a fully three-dimensional finite difference temperature model
for numerical analysis of heat transfer in optothermal Raman measurement for a
supported graphene sample, rather than relying on a two-dimensional heat
transfer model using a constant-value cross-plane heat transfer coefficient (g) for
approximation, which has been prevalent up to this date. Limitations of two-
dimensional heat transfer model in evaluating the thermal conductivity of
supported graphene will be discussed, stressing the necessity of a fully 3D

numerical simulation.
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2.2 Optothermal Raman technique

Optothermal Raman technique for measuring the thermal conductivity of
graphene (Fig. 2.3 (a)) was devised by Balandin et al. (2008), becoming the
dominant method for experimental studies in graphene thermal transport (Cai et
al., 2010; Faugeras et al., 2010, Chen et al., 2011; Lee et al., 2011; Chen et al.,
2012a; Chen et al., 2012b; Lee et al., 2017). Procedure of optothermal Raman
method is depicted in Fig. 2.3 (b). Heat is provided to the sample by controlled
laser heating, where the amount of supplied heat is determined from the product
between the laser power and the optical absorbance of graphene (ag), where the
optical reflectance is known to be negligible for a suspended graphene (Nair et al.,
2008). As the temperature of graphene increases as a result of heating, the
positions of Raman G and 2D peaks (refer to Section 3.3.4 for more details) of
graphene shift to lower wavenumbers (red-shift). Since a one-to-one
correspondence exists between temperature rise of graphene (AT) and the shift of
Raman peak position (Aw), temperature of graphene could be measured. The
measured temperature rise of graphene is expressed as a function of laser power,
optical absorbance, and thermal conductivity of graphene, which is determined as
a fitting parameter.

The advantage of optothermal Raman technique is in its simplicity in sample

preparation and implementation of the experiment, leading to reduction in cost
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and time. Compared with the optothermal Raman technique, the micro-bridge
resistance method (Seol et al., 2010; Bae et al., 2013), despite its superior
measurement accuracy, requires a series of expensive lithography process to
fabricate the experimental specimen. Complicated sample preparation procedure
not only increases the experiment cost, but also results in contamination of
graphene due to repeated coating of polymeric layers, which could lead to
unexpected reduction of the thermal conductivity of graphene (Pettes et al., 2011;
Xu et al., 2014).

However, the optothermal Raman technique was mostly limited to suspended
graphene thermal conductivity measurements up to this date. Previous study
shows that for a supported graphene, measurement error of optothermal Raman
technique becomes unacceptably large (86% ~ 175%, Cai et al., 2010), compared
to that for a suspended graphene (10% ~ 30%). As discussed in the previous
section, primary cause for this large uncertainty is the large amount of heat
leakage from graphene to the substrate, which is difficult to quantify. For a given
amount of laser heating, temperature rise of a supported graphene on thick
graphene is significantly smaller than that of a suspended graphene, since only a
small portion of the supplied heat is used to heat the temperature of graphene

rather than dissipated through the substrate.

2.3 Sample design
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To deny the role of the substrate as a heat sink, we deploy a commercially
available 8-nm-thick SiO> TEM grid (silicon dioxide support film, Ted Pella Inc.).
The lateral size of each SiO> membrane is 70 ym x 70 ym, fringed by a 200-nm-
thick silicon nitride (SixNy) frame. Monolayer CVD graphene was transferred to
the substrate, as will be discussed in Section 3.1 and 3.2. The overall schematic of
optothermal Raman measurement using an 8-nm-thick SiOz substrate is shown in

Figure 2.4.

2.4 Governing equations and boundary conditions

Heat transfer in a supported graphene is studied under the assumption of

Fourier’s Law, where thermal conductivity k is defined as

4 (2.1)

where g is the heat flux (W/m?) and VT is the temperature gradient in the real

space. Since the laser beam is axisymmetric with respect to the line of laser-
incidence, cylindrical coordinate system (r, 6, z) is best suited to modeling the

heat transport for this specific case.
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2.4.1 Heat transfer model in 2D

A previous study using optothermal Raman technique for supported graphene
measurement (Cai et al., 2010) applied a two-dimensional heat transfer model to
derive the thermal conductivity from measured temperature. The governing

equation is given as

kgtg lg(r a_Tj_ g [T _Toc]_'_ql,;ser _q’C’OI’WECtiOH = 0
ror\ or 2.2)

where kg is the thermal conductivity of graphene, tq is the thickness of graphene
(0.334 nm), T = T(r) is the temperature of the graphene, g is the lumped cross-
plane heat transfer coefficient with as regards the graphene-substrate heat
dissipation, q"aser IS the absorbed portion of the heat flux due to incident laser
beam, and q"*convection IS the heat flux due to natural convection from graphene to
atmosphere. Since both kg and g are unknown parameters, optothermal Raman
measurement has been performed for two lenses (50x and 100x) with different
q"'laser terms in Eq. (2.2), thus resulting in two independent equations and two
measured temperatures, allowing for simultaneous evaluation of kg and g.

While being simple to implement, 2D heat transfer model with constant value
approximation of g not only leads to large amount of measurement error, but also
results in a systematic bias as to the evaluated thermal conductivity of supported

graphene, as will be discussed in the following sections. Therefore, a fully three-

_17_



dimensional heat transfer model simultaneously accounting for the spatial
temperature distribution of the substrate as well as the graphene is required to

determine the thermal conductivity correctly and accurately.

2.4.2 Heat transfer model in 3D

As depicted in Figure 2.5, central axis of the incident laser is set to r = 0,
bottom of the substrate is set to z = 0, and top of the substrate which is in contact
with the supported graphene is set to z = 8 nm. The governing equation for the

heat conduction within the substrate is expressed as

or B

1 8( alsubJ 82 b
aZZ

where Tsun(r, z) is the temperature distribution of the substrate. The governing

equation for the graphene is

" " _
+ qlaser - QConvection =0

T,
(10 (r gj_kwb T,
-2 (2.4)

rorl or oz

where Tgy(r) is the temperature of graphene. Here, "' jaser IS given as
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14 " 2r2
qlaser :aqo eXp _?
0 (2.5)

where g is the maximum intensity and ro is the beam radius for the incident

Gaussian laser beam. Gaussian beam radius is given as

7NA (2.6)

where NA = 0.75 is the numerical aperture of the objective lens (100x) used for
focusing the laser beam.

While the heat loss due to natural convection at the upper surface of heated
plate is known to correspond to convection heat transfer coefficient (h) of several
W/m? K at larger scales, orders-of-magnitude increase in convection heat transfer
coefficient has been observed for samples that have micro and nanoscale heated
zone size (Hu et al., 2008; Kim and King, 2009; Pulavarthy et al., 2014). Since
Gaussian beam size is 218 nm for the incident laser, we use the convection heat
transfer coefficient value of 2.9 x 10* W/m? K that has been obtained from
optothermal Raman measurement in vacuum and atmospheric pressures (Chen et
al., 2011). As a result, convection loss term in Eq. (2.4) is expressed as
=h(T,-T,)

14
q convection

2.7)
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where T =300 K is the ambient temperature.
At the center of the laser beam axis (i.e. r = 0), adiabatic boundary condition

applies due to axisymmetry of heating.

Ty
or

_ T,

sub

= =0
or

-0 (2.8)

r=0

If the size of the specimen is sufficiently large, temperature of the graphene and
the substrate decreases at the far end of the sample with respect to the radial axis
(r = R), approaching room temperature, resulting in a constant temperature
boundary condition.

TQ(R):Tsub(R’Z):Tw (2.9)

At the bottom of the substrate (z = 0), the boundary condition is expressed as

M| _ h[ T, (r,0)-T,]=0

- Ksub
O |0 (2.10)

where z-directional heat flux between substrate and convection is balanced. At the

graphene-substrate interface (z = 8 nm), another boundary condition is given as
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oT.

sub

-K

~G, [T, - T, (r.2)]=0
=7 (2.11)

sub

where Gp is the thermal boundary conductance between graphene and SiO>
substrate. System of two governing linear partial differential equations, Eq. (2.3)
and Eq. (2.4), and six boundary conditions, Eq. (2.8) ~ (2.11), two variables, Ty

and Tsub, can be uniquely determined for a given value of kg and q"*jaser(r).

2.4.3 Finite difference method and numerical analysis

Finite difference energy balance method has been applied to solve the heat
transfer model for discretized control volumes in the cylindrical coordinate system.
Nodal points and their corresponding indices for r- and z- coordinates are given as
Figure 2.6. Non-uniform graded grid was deployed at the nodes in the vicinity of
the center axis, where spatial temperature change is rapid due to concentrated
laser heating. Gauss-Seidel method was applied for successive iteration until
convergence criterion of 10° was met. See Appendix A.1 for details in numerical
implementation using MATLAB for a sample case where kg = 1000 W/m K and
Gb = 25 MW/m? K are assumed. Radius (R) of the spatial domain was set as 20
wm, which is considered adequately large to satisfy the constant temperature
boundary condition at r = R, Eq. (2.9). Spatial temperature distribution for the
supported graphene is shown in Figure 2.7, where it is clearly demonstrated that

temperature approaches the room temperature at r > 10 pm for a typical case
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where kg = 1000 W/m K and laser power of 2.48 mW is assumed, where laser

power Py is defined as

P =205 rexp(-2r®/} )dr (2.12)

2.5 Improvement in measurement accuracy

2.5.1 Inadequacy of the 2D heat transfer model

To compare the effect of applying a 2D (Eq. (2.2)) and 3D (Eg. (2.3) and
(2.4)) heat transfer model, ‘true’ thermal conductivity of supported graphene is
assumed as 1000 W/m K, incident laser power is given as 5.0 mW, and true
measured temperatures for 100x and 50x lenses are computed by the 3D heat
transfer model. The measured temperatures corresponding to 100x and 50x lenses
obtained by the 3D model and their counterparts as to the 2D heat transfer model
(Eq. (2.2)) are applied to evaluate the measured kg, which in turn will be
compared with the ‘true’ Kg.

For a given incident laser power of 5.0 mW and graphene thermal
conductivity of 1000 W/m K, measured temperature of a supported graphene on a
semi-infinite-thick SiOz substrate using the 3D heat transfer model is computed as
360.77 K and 379.39 K for 50x and 100x lenses, respectively. Figure 2.8 shows
the kg and g pairs in 2D heat transfer model that satisfy the measured temperatures

for 50x and 100x lenses, respectively. The kg and g pair that satisfy the measured
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temperatures for both 50x and 100x lenses are kg = 1430 W/m K and g = 1.2
MW/m? K, respectively. Compared to the ‘true’ supported thermal conductivity
value of 1000 W/m K, the thermal conductivity determined by the 2D model
(1430 WI/m K) is overestimated by 43%, indicating a significant systematic error
originating from the constant value approximation of interfacial heat transfer
coefficient g.

True value of g, which is a spatial variable of r, defined as

» (2.13)

where ;" is the cross-plane (z-direction) component of the heat flux vector, is
computed by the 3D heat transfer model for comparison. As shown in Figure 2.9,
it is noted that 2D approximation underestimates the g(r) value near the heating
zone (r < 218 nm), resulting in an overestimation of ky to compensate for the
underestimated graphene-substrate heat dissipation, for a given measured

temperature.

2.5.2 Advantages of the thin SiO2 substrate
For quantitative comparison of measurement accuracy between the revised
method (8-nm-thick SiO2 substrate) and the conventional method (semi-infinite-

thick SiO, substrate), thermal conductivity of the substrate (ksio2) and thermal
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boundary conductance of the graphene-substrate interface (Gp) has been varied.
We show that the kg value that is deduced from a given measured temperature, Tm,
for the thin substrate is negligibly affected by the variances in Gp and ksio2, while
kg derived from the thick substrate is strongly dependent on, i.e. easily distorted
by the choice of input parameters, Gp and ksio2. Unless otherwise specified, Tm
was set to 400 K and the corresponding laser powers for the thin substrate and the
thick substrate were P = 2.49 mW and 6.30 mW, respectively. The thickness of
the substrate were 8 nm and 10000 nm for the thin substrate and the thick SiO:
substrate.

Thermal boundary conductance at the graphene-SiO. interface had been
measured experimentally by numerous groups, and it is noticed that the Gy values
that has been reported varies over a wide range, from 266 W/m? K using modified
a modified optothermal Raman technique (Tang et al., 2014) to 50 MW/m? K
using a pump/probe technique (Mak et al., 2010). It is also worthy of note that the
measured Gp value showed a large dispersion (from 20 MW/m? K to 110 MW/m?
K) even for the measurements conducted by the same group and for the same
instance, alluding to the variable nature of the interface rather than the reliability
of the measurement technique (Mak et al., 2010). As to the 3D heat transfer
numerical simulation for determining the thermal conductivity of optothermal
Raman measurements (see Chapter 4), we used the theoretically predicted value
of Gp = 25 MW/m? K using the diffusive mismatch model (Persson et al., 2010)

unless otherwise specified.
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The evaluation of kg from the measured temperature, T, defined as

. :IrT(r)exp(—Zrz/roz)dr
" [rexp(-2r’/r})dr

(2.14)

is affected by the choice of the input parameter Gy, through the heat flux boundary
condition at the graphene interface, Eq. (2.11). The extent to which the evaluated
kg depends on Gy is shown in Figure 2.10, where it could be clearly seen that 8-
nm-thick substrate offers a reliable measurement of kg compared to the 10000-nm-
thick substrate, irrespective of the variation as to the input parameter Gy, available
knowledge of which is insufficient. The result is in good agreement with the
physical intuition. Since cross-plane heat flux at the graphene-SiO> interface of
the thin substrate case is limited by the significantly higher thermal resistance of
the extremely thin SiO2 substrate that has orders of magnitude lower thermal
conductivity compared to that of the graphene. In-plane thermal sheet resistance,
Rsth, analogous to the electrical sheet resistance, is a useful concept to compare

the relative heat-conducting capacity of the membrane, defined as

okt (2.15)

where k and t are thermal conductivity and thickness of the sheet, respectively.

Since Rsw of a monolayer graphene (kg = 1000 W/m K, tg = 0.334 nm), 8-nm-

_25_



thick substrate (ksioz = 1.34 W/m K, tsup = 8 nm), and 10000-nm-thick substrate
(ksio2 = 1.34 W/m K, tsup = 10000 nm) is 2.99 x 10° K/W, 9.33 < 10" K/W, and
7.46 X< 10* K/W, respectively, implying that graphene is the dominant path of the
heat transfer for the 8-nm-thick substrate case, while thick SiO: substrate has
orders-of-magnitude effective conduction path compared to that of graphene for
the 10000-nm-thick substrate case.

Similar analysis was conducted with respect to the thermal conductivity of the
SiO2 (ksioz). Although thermal properties of thermally grown amorphous SiO3 is
well known, temperature dependence of ksioz is non-negligible, ranging from 1.34
W/m K at 300 K to 1.75 W/m K at 600 K. Considering the typical sample
temperature range (300 K to 600 K or more) of the optothermal Raman
measurements supported graphene, it is deduced from Figure 2.11 that for the
10000-nm-thick substrate case, over-complicated numerical analysis where Ksioz
dependence on T is accounted for is needed to correctly evaluate the kg, whereas
for the 8-nm-thick case, any value of ksio2 between 0.5 to 2.0 W/m K will not
affect the evaluated kg significantly.

Another advantage of the thin substrate is the sensitivity of the measured Tnm
on kg. From Figure 2.12, it is seen that for a given measured temperature Tm = 335
K, and its measurement error 6Tm, optothermal Raman measurement for the thin
substrate could determine the kg more accurately (smaller dkg) due to larger oTm/
Kg.

Propagated measurement uncertainty of kg is expressed as
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(2.16)

where X; is either a variable or a parameter that is related to kg with a certain
amount of uncertainty 6.Xi. For a given amount of 6.Xi, which is often related to the
limitation of the equipment rather than the experiment scheme, lower Okg/OXi
results in lower okg, therefore better accuracy. Comparison between thin substrate
and thick substrate is summarized in Table 2.1, where advantage of the 8-nm

substrate over the thick substrate in terms of measurement accuracy is clearly seen.

2.6 Conclusion

For optothermal Raman measurement of supported graphene thermal
conductivity, an experiment design using a substrate of an ultra-thin (8 nm) SiO>
has been developed, in order to minimize the transfer of heat via the substrate. To
determine the thermal conductivity of graphene (kg) from the measured
temperature using optothermal Raman technique, a heat transfer model specifying
the gquantitative relation between the variables and parameters is required. It has
been demonstrated that the prevalent 2D heat transfer approximation using a
constant value cross-plane heat transfer coefficient (g) results in a significant

overestimation of kg, stressing the importance of a 3D heat transfer model where
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spatial temperature distribution of graphene as well substrate is fully accounted
for. Numerical analysis based on finite difference method and Gauss-Seidel
iteration has been performed over typical range optothermal Raman measurement
conditions, demonstrating the superior measurement accuracy of thin substrate

over thick substrate.
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Figure 2.1 Schematic comparison of heat transfer in supported graphene
(above) and suspended graphene (below).
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Figure 2.2 Minimization of heat dissipation through the substrate for a
supported graphene could be achieved by reducing the thickness of the
substrate, resulting in a heat flow similar to that of a suspended graphene.
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Figure 2.3 (a) Schematic representation of an optothermal Raman
measurement for a suspended membrane (graphene). (b) Procedures of an

optothermal Raman measurement.
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Figure 2.4 (a) Specimen using 8-nm-thick SiO> TEM grid as the substrate, (b)
and its optical image.
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Figure 2.5 Heat transfer in a supported graphene sample for an optothermal
Raman measurement in cylindrical coordinate system. © /> and © L’ represent
the in-plane and out-of-plane directions with respect to the supported
graphene, respectively.
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Figure 2.6 Discretized r and z for the supported graphene (above) and the
substrate (below) for numerical analysis.
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Figure 2.7 Spatial temperature distribution obtained using Egs. (2.3) ~ (2.11)
for a supported graphene with 8-nm-thick substrate, assuming kg = 1000 W/m
K, ksub = 1.38 W/m K, Gp = 25 MW/m? K, and the incident laser power of 2.49
mW. It is shown that the temperature difference along the cross-plane direction
(L) is negligible to that along the in-plane direction ( /). Also it is
demonstrated that the large lateral size of our supported graphene (70 ym)
justifies imposing a constant temperature (T-) boundary condition at r = R in
evaluating the thermal conductivity of the graphene (kg).
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Figure 2.8 Evaluation of thermal conductivity and constant cross-plane heat
transfer coefficient using a 2D heat transfer model, Eq. (2.2), and two
objective lenses (50x, 100x), where true value of kg is assumed as 1000 W/m
K. It is clearly seen that the kg deduced from the 2D model (1430 W/m K) is

significantly overestimated, stressing the importance of a 3D heat transfer
model.
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Figure 2.9 Comparison of cross-plane heat transfer coefficient at the graphene-
substrate interface (g), between 3D heat transfer model and 2D heat transfer
model. It is shown that constant-value g approximation for a 2D model results
in an underestimation of g , which actually is a spatial variable, near the
heating zone (r < ro).
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Figure 2.10 Dependence of evaluated kg on the variation of Gy for a thin
substrate (8 nm) and a thick substrate (10000 nm). Supported graphene thermal
conductivity deviates significantly from the true value (assumed as 1000 W/m
K for this case) depending on the Gy value that is coupled with large
uncertainty.
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Figure 2.11 Dependence of evaluated kg on the variation of ksio2 for a thin
substrate (8 nm) and a thick substrate (10000 nm).
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Figure 2.12 Dependence of evaluated kg on the measured temperature (Tm) for
a thin substrate (8 nm) and a thick substrate (10000 nm).
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8-nm Si0, Thick Si10,

substrate [A] [B/A] substrate [B]
Ok /Dks;o -29.1 26.3 -765
5kg/aGb [Wm! K1)/ [MW m2 K1) '0018 318 '573

Table 2.1 Comparison of kg dependence on Gy and ksio2, demonstrating the
superior accuracy of using a thin substrate.
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Chapter 3

Sample Preparation and Characterization

3.1 Synthesis of graphene

The first experimental demonstration of graphene was achieved by mechanical
exfoliation from a bulk pyrolytic graphite (Novoselov et al., 2004), also known as
the “Scotch tape method”. However random peeling of graphene by mechanical
exfoliation limited the lateral size of the single-atom-thick samples to few
micrometers at best, therefore being inappropriate for mass production and
practical applications. Various efforts have been made to obtain large-area high-
quality graphene with chemical vapor deposition (CVD) method becoming the
most prevalent. Comparison of various synthesis methods of graphene are shown
in Table 3.1, where it is seen that CVD method is a reasonable compromise
between versatility, availability, and quality.

CVD synthesis of graphene requires a precursor gas that contains carbon and a
heat source that provides energy for thermal decomposition of hydrocarbon
precursor gas. Since thermal decomposition temperatures of carbon sources are
very high, imposing a severe limitation on the system, a transition metal catalyst
is preferred as the growth bed. Schematic of CVD is described in Figure 3.1. Gas

phase reactant is transported to the reaction zone, followed by thermal
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decomposition, diffusion, and reaction at the surface of the catalyst, subsequently

desorbed and pumped away.

3.1.1 Sample requirements and growth mechanism of CVD graphene

For the current study, a high-quality monolayer-dominant graphene with
sample size as large as possible is favorable in order to determine the effect of
graphene-substrate interaction, while minimizing the undesired effect on thermal
transport including size effect, phonon scattering by defects and/or grain
boundaries, and uncertainty in graphene thickness.

While various transition metals including have been tested as the catalyst
substrate for graphene synthesis, it has been discovered that copper is best suited
for producing monolayer graphene. The distinctive feature of copper in
comparison with other transition metals is its negligible carbon solubility. Low
carbon solubility of copper leads to graphene growth limited to single-atom-layer
thickness originating from the surface reaction only, whereas other transition
metals have additional layers of graphene due to precipitation of carbon that
originally has been diffused into depth of the bulk catalyst substrate during
cooling. Therefore copper offers a significantly better control over the thickness
of graphene (i.e. monolayer), while spatially nonuniform multilayered graphene is
inevitable for other transition metals such as nickel (Li et al., 2009a). Therefore,
we chose copper foil (Alfa Aesar, 99.999% purity, 25-um-thick) as the catalyst

substrate for synthesizing a large-area monolayer graphene sample.
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Methane (CH4) and hydrogen (H2) was used as reactant gas. The role of
methane is to provide hydrocarbon species (CHx) which agglomerates into CnHy,
which is thermodynamically favorable, eventually leading to fully grown
graphene at the catalyst substrate (Zhang et al., 2011). CHy species are known to
move freely on the copper surface due to weak interaction between carbon and
copper, therefore the number of nucleation sites for graphene growth are
significantly smaller than the number of decomposed CHs molecules, resulting in
large single crystalline grain size, as shown in Figure 3.2.

The role of hydrogen, on the other hand, is more complicated than that of CHa.
It has been observed that hydrogen serves not only as catalyst for thermal
decomposition of CH4 during graphene growth, but also as an etching reagent for
removing multi-layered graphene (Vlassiouk et al., 2011). Due to the duality of
the effect of Hy, careful adjustment of the ratio between CH4 and Hy is necessary,
where excessive amount of CHs4 lead to a spatially-nonuniform defective multi-
layered graphene, while excessive supply of Ha results in interrupted monolayer
graphene or isolated graphene islands (Lewis et al., 2013).

Optimization of the ratio between CH4 and H> as well as their partial pressures
not only important for thickness control of graphene, but also affects the
nucleation density of graphene growth, and eventually the resulting grain size. A
study based on the kinetic model of graphene growth has revealed that nucleation
density, which is inversely proportional to the grain size, is a function of CH4 and

H> flow rate as well as temperature and growth time (Mehdipour and Ostrikov,
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2012), as shown in Figure 3.3.
Temperature of CVD graphene growth is related to the density of point

defects of graphene through Arrhenius equation

E
ndefects oC exp( k ?I- J
B (3.1)

where ngefects 1S the density of defects, Ea is the activation energy, ks is the
Boltzmann constant, and T is the temperature, and it could be seen that higher
temperature reduces the amount of defects. However, due to the melting point of
the copper substrate (1085 ), the synthesis temperature was limited to 1000 C

to minimize the evaporation of copper atoms to the ambient atmosphere.

3.1.2 CVD system

Schematic of the CVD system for synthesizing the graphene samples for this
work is depicted in Figures 3.4 and 3.5. CVD consists of a quartz tube chamber
(inner diameter of 100 mm) and a furnace that surrounds the quartz tube for
supplying heat to the reaction zone via radiation heat transfer. Precursor gas is
supplied from a gas cylinder, mediated by a pressure regulator and a mass flow
rate controller (CG2000, ATOVAC). Temperature and pressure inside the
chamber are monitored by a capacitance manometer (MKS Instruments) and a K-

type thermocouple (Omega). A rotary pump (750 W, W2V40, Woosung Automa)
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is connected to the chamber to lower the pressure, with the exhaust gas exiting
through a gas scrubber to minimize the amount of combustible gas molecules. For
safety purpose, a gas detector/alarm system was installed, to prevent the leakage

of flammable H> or CHa.

3.1.3 CVD synthesis of graphene

To obtain high-quality monolayer graphene, various synthesis parameters
including temperature (Tgrowth), growth time (tgrowth), volumetric flow rates of Hy
and CHa (Vmethane and Vhydrogen) has been tested. It has turned out that CH4 flow
rate of 30 cm®/s and H; flow rate of 5 cm®/s at growth temperature of 1000 C
yields an interrupted monolayer graphene with large grain size (larger than 5 xm)
and insignificant amount of defects. To obtain a completely grown graphene, a
second growth step increasing the Vmethane from 30 to 60 cm®/s has been added to
supplement the first step. To remove the copper oxide species on the surface of
the copper foil catalyst substrate, as well as recrystallization of the copper surface
before CVD synthesis, pre-annealing has been performed under H, environment
and high temperature (1000 C). Summarized growth procedure is shown in
Figure 3.6.

It should be noted that pre-cleansing of copper foil before CVD synthesis is
required to minimize the impurity that could otherwise adversely affect the
growth of graphene (Kim et al., 2013). Cu foil was immersed in Ni etchant (nickel

etchant TFB, Transene) for 90 seconds for removing the surface contaminants,
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and washed in deionized water, acetone, and IPA, resulting in a cleaner the copper

foil surface as shown in Figure 3.7.

3.2 Transfer of graphene

After synthesis, monolayer graphene should be transferred to the target
substrate, a TEM (transmission electron microscopy) grid of 8-nm-thick SiO>
membranes in this case, procedure of which is depicted in Figure 3.8. While
graphene is known to be amongst the strongest material with yield strength of up
to 130 GPa (Lee et al., 2008), monolayer graphene samples are prone to tearing
apart due to its extremely small cross-sectional area. Therefore, a flexible
membrane is needed to strengthen the graphene sample for transfer process.
Poly(methyl methacrylate)/chlorobenzene solution of 46 g/l was spin-coated on
graphene/copper at 4500 rpm, followed by baking at 150 C for 90 seconds,
forming an approximately 300-nm-thick flexible polymer film on top of the
graphene.

Subsequently, copper foil in contact with the layered sample of PMMA on
graphene was etched away using aqueous solution of ammonium persulfate
(28g/1), followed by rinsing in deionized water. The PMMA/graphene sample was
manually brought to contact with the target substrate (TEM grid) in deionized
water bath, and immersed in acetone in order to remove the PMMA top coat

thereafter.

_47_



3.3 Characterization

3.3.1 Scanning electron microscopy (SEM)

CVD synthesized graphene consists of patchwork quilt of randomly oriented
single-crystalline domains (grains) divided by grain boundaries (Huang et al.,
2011; Mattevi et al., 2011). SEM image of incompletely grown CVD graphene
(i.e. supply of CH4 and H> gas is cut after a short growth time) offers a simple
way to estimate its average grain size for a given CVD synthesis condition. As
shown in Figure 3.9, number density of nucleation sites over the investigated area

is 14.5 sites per 1128 /m?

4A 4A
<

—_— < —_—
272_ N graphene T N (32)

where N is the number of graphene islands, A is the investigated area, and lgraphene
is the average grain diameter, resulting in lgraphene Of approximately 7 - 10 um. As
will be discussed later, grain size of our sample exceeds the average phonon mean
free path of graphene (less than 1 m), implying that the effect of grain boundaries
on basal-plane heat conduction of graphene is negligible. Since the scope of this
work is to determine the graphene-substrate interaction on heat transfer, the

average grain size of our CVD graphene is considered sufficiently large.
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3.3.2 X-ray photoelectron spectroscopy (XPS)

XPS is a surface analysis technique probing the elemental composition and the
chemical structure of a material by detecting the kinetic energy of photo-emitted
electrons. XPS measurement of graphene reveals the distribution of binding
energies of core electrons (s-orbital) of carbon atoms consisting the graphene,
with binding energy of sp2-bonded carbon corresponding to 284.5 eV. As shown
in Figure 3.10, deconvoluted Cls spectrum of the CVD synthesized graphene,
obtained from XPS measurement performed in NCIRF at SNU (Sigma Probe,
ThermoVG), shows that 83.6% of carbon atoms are sp2-bonded, while other
16.4% of carbons are attributed to carbon adsorbates, defects and grain boundaries.
Judging from the XPS carbon spectra, our sample is comparable to the latest high-

quality CVD synthesized graphene (Zhang et al., 2017).

3.3.3 Optical microscopy

Optical microscopy image (100x lens, NA = 0.75) of CVD graphene
transferred on SiO2/Si wafer (Figure 3.11) shows a uniform optical contrast,
indicating that the coverage of graphene is complete without noticeable cracks

over 180 /m x 120 um area.

3.3.4 Raman spectroscopy

Raman spectroscopy is a versatile tool for characterizing the graphene,

_49_



capable of investigating the number of layers, defects, charge carrier density,
built-in strain, and thermal properties as well (Ferrari and Basko, 2013). Raman
spectrum of graphene has two distinctive peaks — G peak (~1600 cm™) and 2D
peak (~2700 cm™), respectively. G peak is known to arise from the in-plane
optical bond-stretching vibrational motions of sp2 carbons (Ferrari, 2007),
whereas 2D peak originates from momentum conservation relation for two
phonons with opposite wave vectors (Ferrari et al., 2006). Another conditionally
existent peak is the D peak (~ 1350 cm), originating from the breathing motion
of the six-member carbon rings, which is Raman-active only at the presence of
defects that breaks the symmetry (Tuinstra and Koenig, 1970). Raman spectra for
graphene sample on 8-nm-thick SiO, TEM grid has been obtained using 514 nm
laser (inVia, Renishaw), with positions, intensity, and width of G and 2D peaks of
graphene determined from WIRE 3.4 spectral analysis software. Typical Raman
spectrum of our sample is shown in Figure 3.12.

Raman spectrum of a monolayer graphene is known to have an intensity ratio

between 2D and G peaks over two

|2—D> 2
ls (3.1)

where I2p and I are the heights of the G and 2D peaks, respectively. On the other

hand, multilayered graphene has an Ip to Ig ratio of less than two, due to
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broadening and decomposition of the 2D peak into multiple peaks. Another
criterion for assessing the number of graphene layers is the FWHM (full-width at
half maximum), where FWHM_p of a monolayer graphene is approximately 30
cm* while that of a multilayer graphene is larger than 40 cm™ (Li et al., 2009b). It
is clearly seen in Fig. 3.12 that our sample is monolayer dominant with I2p to Ig
ratio of more than three and FWHM2p of less than 30 cm™. It is also evident in
Fig. 3.12 that Raman D peak is of negligible intensity, alluding to the point-

defect-free quality of our graphene sample.

3.4 Conclusion

Large-area high-quality monolayer graphene has been synthesized by CVD
method using copper foil as the catalyst substrate with CH4 and H: as reactant gas,
and PMMA technique has been deployed to transfer the graphene from the copper
foil to the target substrate (TEM grid). SEM measurement for an intermediately
grown sample shows the large single-crystalline domain size of our graphene, and
Raman measurement as well as optical image reveals that the graphene is
uniformly covered and monolayer dominant. XPS measurement for binding
energy of carbon core electrons (C1s) and the absence of Raman D peak at 1350
cm™ demonstrates that the graphene contains negligible amount of defects. As a
result, our graphene sample is of adequate quality for the subsequent thermal

conductivity measurements.
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Pros Cons

Mechanical  vEasy to produce v'Small sample size
Exfoliation ¥ High quality v'Tape residuals
Chemical _ .
L. v'Mass production v'Low quality
Exfoliation
v'Large sample size
CVD v'Easy to produce v'Reaction residuals
v'Easy to transfer v'Polycrystalline
¥'Capable of doping
. . . v'High temperature
v
Eplta)ﬂa] Very clean synthesis v Ultrahigh vacuum

Table 3.1 Comparison of graphene synthesis techniques.
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Figure 3.1 Schematic of chemical vapor deposition technique.
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Figure 3.2 Growth of graphene on a copper foil. (a) Copper foil as received.
(b) Recrystallization of copper after annealing at 1000 C. (c) Initial stage of
graphene growth — formation of graphene islands. (d) Complete growth of
graphene on copper foil.
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Figure 3.3 Relation between nucleation density (n) of graphene growth and
CVD synthesis parameters.
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Figure 3.4 Schematic of the CVD equipment.
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Figure 3.5 Photographic image of the CVD equipment and its components.
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Figure 3.6 Graphene CVD synthesis procedure using CH4 and H> as precursor
gas.
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Figure 3.7 Comparison of SEM image of graphene/copper foil sample with
(below) and without (above) pre-cleansing of the copper foil. Note the
difference in contaminant (white particles) densities.
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Figure 3.8 Transfer of graphene from copper foil catalyst to target substrate
using PMMA method. (a) Graphene as synthesized by CVD technique. (b)
PMMA flexible membrane spin-coated on graphene. (c) Removal of the
graphene at the other side (backside) of the copper foil. (d), () Etching of
copper in ammonium persulfate. (f) Cleansing in deionized water. (Q)
Graphene/PMMA sample brought to contact with the target substrate. (h), (i)
Dissolution of the PMMA top layer in acetone.
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Figure 3.9 SEM image of initial stage of the graphene growth. Flow rates for
CH4 and Hz were 30 sccm and 5 sccm, respectively, at 1000 C.
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Figure 3.10 Core electron binding energy of carbon (C1s spectrum) for CVD
synthesized graphene. XPS measurement was taken at NCIRF, SNU.
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Figure 3.11 Optical microscopy (100x lens) image of CVD graphene on
Si02/Si wafer with SiO; thickness of 280 nm. Mostly uniform shade of the
image indicates monolayer dominant characteristic of our sample, without
major cracks.
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Figure 3.12 Raman spectrum of the CVD graphene sample transferred on 8-

nm-thick SiO2 TEM grid.
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Chapter 4
Optothermal Raman Measurement of Supported

Graphene Thermal Conductivity

4.1 Introduction

In this chapter, we implement the optothermal Raman method that has been
devised (Chapter 2), using the high-quality monolayer graphene synthesized by
CVD method which has been transferred on an 8-nm-thick SiO2 substrate
(Chapter 3). Procedure of optothermal Raman measurement is described in
Section 2.3 and schematically represented in Fig. 2.3 (b). Thermal conductivity of
supported monolayer graphene has been measured over a temperature range from
350 K to 600 K for a varying numbers of thermal annealing pre-treatment before
the measurement is conducted. The purpose of repeated thermal annealing is to
enhance the graphene-substrate conformity, the effect of which will be discussed

in Chapter 4.

4.2 Effective optical absorbance of supported graphene

While optical absorbance of a suspended graphene has been studied

previously (Nair et al., 2008; Cai et al., 2010), assessing the effective absorbance
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of laser power by the supported graphene sample should take into consideration
the effect of the substrate. The procedure of evaluating the effective absorbance,
aeff, 1S shown in Figure 4.1, where power of the laser (514 nm wavelength
collimated by 100x objective lens with NA = 0.75) was measured using a
powermeter (Fig. 4.2 (a)). By comparing the power of the incident laser (Po, Case
0) and the transmitted laser through the 8-nm substrate without the graphene (P,

Case 1), reflectance of the substrate (psioz) is determined as

P

Psio, :1_31
0 (4.2

By measuring the transmitted laser power of the 8-nm substrate with the graphene

(P2, Case 2), optical absorbance of the monolayer graphene (o) is deduced as

Po 1_psio2 (4_2)
The power absorbed by the supported graphene sample (Peff) is summation of the
incident and reflected (by the SiO, substrate) laser beam absorbed by the graphene,

expressed as

Peff = ag {1+p5i02 (1_ ag)} I:)0 = Ol I:)0 (43)
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The measured value of psio. was 3.687 + 0.408 %, which is in good agreement
with the calculated psio2 value of 3.7 % using the Fresnel equation and the
refractive index of 1.476 + Qi for an 8-nm SiO> respectively. The measured value
of ag was 3.011 = 0.142 %, along with psio2, resulting in oefr value of 3.119 +

0.158 %, obtained from Eq. (4.3).

4.3 Sample description in terms of thermal annealing

Experimental results denoted as “15, 2"%", <3 and ‘4" are named after the
number thermal annealing cycles in atmospheric condition (1 atm) from 300 K to
550 K. Sample ‘N has been thermally annealed repeatedly for more than 10
cycles from 300 K to 600 K in atmospheric condition. Sample ‘VAC’ has been
thermally annealed in high vacuum condition (~107 torr) from 300 K to 520 K.
‘15 to “N™ are for an identical sample with different number of annealing cycles,
whereas ‘VAC’ is a separately prepared sample. Thermal annealing conditions for

the corresponding samples are shown in Figure 4.3.

4.4 Raman peak position vs. temperature

In optothermal Raman technique, temperature change (AT) is determined from

the measured position shift (Aw) of either Raman G or 2D peak of the graphene.
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To assess the quantitative relation between AT and Aw, position change of the
supported graphene sample was measured as the temperature was controlled by a

heated stage, as shown in Fig. 4.2 (b).

4.4.1 Linear temperature dependence of Raman peaks for samples 15, 2",
and 3"

Raman peak position as a function of temperature is fitted to a 1% order
polynomial function (‘straight line’), which is valid for a suspended graphene.
Measurement data for Raman G and 2D peak position of 1%, 2" and 3™ are
shown in Figures 4.4 and 4.5. The resulting temperature coefficients of Raman G
and 2D peaks (Ow/0T) are listed in Table 4.1. It is seen that ow/0T values of G
peak position for 1%, 2" and 3" are not only similar to each other, but also in
good agreement with the values reported for a suspended graphene experimentally

(Calizo et al., 2007), and with the theoretical prediction (Bonini et al., 2007).

4.4.2 Curve-fitting of temperature dependence of Raman peaks for samples
4% Nth, and VAC

On the other hand, the samples where the graphene is believed to be strongly
adhered to the substrate due to repeated thermal annealing (4th, Nth, and VAC)
showed larger dw/0T values with distinctively convex-downwards behavior of Aw
as a function of AT, suggesting the inadequacy of a straight-line approximation, as

shown in Figure 4.6.
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In this regard, we deployed a more sophisticated curve-fitting model to the
relevant samples, proposed by Yoon et al. (2011), accounting for the measured
shift of Raman G peak position with respect to the temperature difference (Aw'®?)
as a superposition of the intrinsic contribution (Aw™"™) and the thermal
expansion mismatch strain contribution (Aw*™"). While the Aw™™¢ js directly
adopted from a theoretical model based on first principles calculation (Bonini et

al., 2007), Aw™™@", arising from the difference in thermal expansion coefficient

(TEC) between the graphene and the underlying substrate, is given as

A™™ (T) = j [_z%y{ﬁmz (T)-A4, (T)}]dT
300K (4_4)

where wo is the Raman peak position at 300 K, where wo ( = 1580 cm™) is the
Raman G peak position at room temperature, y ( = 1.8) is the Griineisen parameter
of graphene (Zabel et al., 2012; Metten et al., 2014), Sy and fsio2 are the thermal
expansion coefficients of graphene and SiOa, respectively, and Ssio2(T) is adopted
from the existing database (Standard Reference Material 739 Certificate, NIST).
To restrict the number of fitting parameters, a first-order temperature dependence
of fy(T) = fo + Pu(T - T) has been assumed. fq4(T) has been obtained by
minimizing the mean squared error (MSE) of temperature calibration of N

sample, given as
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= 4.5)

where wi and Q; are the G peak positions of the i-th measurement and fitting
model values corresponding to the controlled temperature Ti, respectively, and n
( = 405) is total number of measured data points. As a result, curve fitting of N'"
sample is shown in Figure 4.7 (red solid line), corresponding to the optimized set
of parameters, fo and f1, of -7.86 x 10® K and 3.72 x 108 K2, respectively. It is
noteworthy that TEC of graphene (8y) obtained from the curve fitting of N'
sample is in reasonable agreement with previous experiments, as shown in Figure
4.8.

In assessing the temperature rise from the measured Raman shift over varying
incident laser power, details of which will be explained in the following section
(Section 4.5), we relied upon the curve fitting result of N™, instead of those of the
corresponding samples. Although temperature calibration also had been
conducted over 4" and VAC samples as well as N the total number of
temperature calibration data points of 4™ (n = 50) and VAC (n = 26) were
significantly smaller than that of N* (n = 405), to the point of being inadequate to
represent the subtle convex-downwards curvature associated with the non-linear
fitting model (as discussed above) resulting from the corresponding samples. The
restrictions in the total number of acquired data points were imposed inevitably to

minimize the undesirable thermal annealing effect involved in the temperature
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calibration process, while N™ is inherently free of such restraints, enabling
multiple sets of temperature calibration measurement and large number of data
points. The validness of substituting the temperature calibration fitting curve of 4t
and VAC samples with that of N is illustrated in Figure 4.6, where it is clearly
shown that temperature calibration data points of 4™ (red filled square markers)
and VAC (blue open diamond markers) are distributed along the fitted model of
N™ (solid black line), and all of the data points of 4" and VVAC are within the 95%
prediction band (Bonferroni method) of the N™ without exception.

As for samples 4th, N, and VAC, where the nonlinear temperature calibration
model discussed above was deployed, only the Raman G peak position was used
in assessing the temperature, since a theoretical model accounting for the
Aw™MS(T) contribution to the Aw'?(T) for the Raman 2D peak was not
available. On the contrary, as for the samples Ambient-1st to -3rd, where straight-
lined 1% order approximation was applied, both the Raman G and 2D peaks were

utilized.

4.5 Temperature vs. laser power

To determine the thermal conductivity of supported graphene as a function of
temperature, Raman peak shift (Aw) has been measured as a function of laser
power (PL), where Aw is transduced into AT using the results of Section 4.4. The

result are shown in Figure 4.8, where Aw for G and 2D peaks are plotted versus

_71_



the absorbed laser power (Peff), respectively.

4.6 Thermal conductivity dependence on pre-annealing

From the results of Section 4.2 ~ 4.5, combined with the 3D heat transfer
model, thermal conductivity kg of the supported graphene could be determined. In
principle, kg is determined as the parameter that best fits the measured temperature
Tm for the given amount of laser power P.. To minimize the time consuming trial-
and-error iteration, a quantitative one-to-one relation between kg and ATm/PL has
been tabulated as a polynomial function using a spline-interpolation method,
which is possible since the governing equations Egs. (2.3) and (2.4) are linear
with respect to the variable ATm. Coefficients of a 50" order polynomial function
have been derived from spline interpolation over 80 pairs of kg and ATm/PL
obtained by 3D heat transfer model, using the 1-D interpolation function of
MATLAB software (interpl(x, y, XX, 'spline’)), as shown in Figure 4.10. Based on
this result any ATm/PL data could be converted to thermal conductivity.

The thermal conductivity of supported graphene as a function of temperature
for 1%, 2nd 31 4% N™ and VAC are shown in Figure 4.11 with their respective
measurement errors. Previous experimental studies on supported graphene (Cai et
al., 2010; Seol et al., 2010; Wang et al., 2011; Bae et al., 2013; Sadeghi et al.,
2013) and suspended graphene (Cai et al., 2010; Chen et al., 2011, Chen et al.,

2012a, Chen et al., 2012b), as well as that of a pyrolytic graphite (Touloukian,
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1970) are shown in Figure 4.12, for comparison. For the first time, the thermal
conductivity of monolayer graphene has been measured at temperatures higher
than 400 K.

From Figure 4.11, it is seen that kg of supported graphene varies not only with
temperature, but also with number of thermal annealing cycles. Especially, for the
supported graphene sample that has been annealed only once (1%), the kq values
are comparable with those of suspended graphene, exceeding 3000 W/m K at 344
K, as clearly seen in Figure 4.12. This unusually high thermal conductivity of
supported graphene is contrary to the perception that kg of supported graphene is
several factors lower than that of suspended graphene, due to strong substrate-
induced phonon scattering with respect to the out-of-plane acoustic (ZA) phonon
modes, which is the dominant contributor to the thermal conduction of graphene
(Seol et al., 2010; Lindsay et al., 2010). The highest thermal conductivity reported
for a monolayer supported graphene on SiO. was 617 W/m K at ~300 K for the
experimental measurement (Seol et al., 2010; Seol et al., 2011) and 923 W/m K
for the theoretical prediction (Lee et al., 2015), while 1%-sample has the maximum
kg value of 3396 W/m K, which is even higher than most of the experimental
reports for the suspended graphene, as Figure 4.12 shows.

As thermal annealing is repeated at atmospheric conditions from 2™ to N™,
thermal conductivity is gradually decreased until becoming saturated, where peak
ke value of N™ was 948 W/m K, which is drastically lower than that of the 1%, but

significantly higher than 617 W/m K that has been measured by a micro-
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resistance method (Seol et al., 2010; Seol et al., 2011). We temporarily attributed
this difference to the measurement condition, where micro-resistance method was
implemented in a vacuumized chamber while our optothermal Raman
measurement was conducted in atmospheric conditions. It has been reported
previously that average separation distance between graphene and SiO decreases
from 9 A in atmospheric condition to 4.2 A in vacuum condition which is
attributed to reduced amount of ambient molecular species (Ishigami et al., 2007),
alluding to a different degree of substrate-induced phonon scattering for supported
graphene in vacuum and atmospheric condition. While optothermal Raman
measurement under vacuum condition was not possible with the existing
equipment, pre-annealing was conducted in an attempt to further reduce the
graphene-substrate separation distance of the supported graphene, resulting in
VAC-sample. Interestingly, the peak thermal conductivity of VAC was 646 W/m

K at 352 K, which is very close to the value reported by Seol et al. (2010).

4.7 Conclusion

Optothermal Raman measurement has been performed for supported
monolayer CVD graphene samples on 8-nm-thick SiO> substrate, where thermal
conductivity has been evaluated from the measured temperature and the 3D heat
transfer model. To the best of our knowledge, we were the first to report the

thermal conductivity of supported graphene at temperatures higher than 400 K,
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which is critical for thermal management of high-current high-performance device
application of graphene. As predicted by the numerical analysis, the uncertainties
of our measured thermal conductivity values improved dramatically over the
previous work (Cai et al., 2010) and were comparable to those reported for
suspended graphene, demonstrating the viability of optothermal Raman technique
for supported graphene as well as suspended graphene thermal conductivity
measurements.

Furthermore, our result shows that the thermal conductivity of supported
graphene is strongly dependent upon sample preparation conditions (i.e. number
of pre-annealing), where thermal conductivity values ranged from 646 W/m K
(vacuum-annealed sample) and 900 W/m K (more than 10 annealing cycles) to
3396 W/m K (single annealing cycle) at temperatures around 350 K. The effect of
annealing on thermal conductivity of supported graphene will be discussed in the

following chapter.
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Figure 4.1 Procedure of determining the effective absorbance of supported
graphene on 8-nm-thick SiO> substrate using a powermeter.
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Powermeter

Figure 4.2 Photographic image of the powermeter (above) and the
temperature-controlled heated stage (below).
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Figure 4.3 Thermal annealing conditions for 1%, 2", 3 4" and N™ samples.
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Figure 4.5 Temperature dependence of Raman 2D peak positions for 1% (a),
2" (b), and 3" (c) samples.

0w/oT

0,p/0T

lst

znd

3rd

-0.01617 + 0.003457 cm YK
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-0.04190 + 0.002836 cm /K

Table 4.1 Temperature coefficients of Raman G and 2D peak positions for 1%,
2" and 3™ samples.
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Figure 4.6 Temperature dependence of Raman G peak positions for 4", Nth,
and VVAC samples, along with the prediction and confidence bands determined

from Bonferroni criteria.
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Figure 4.7 Curve fitting of Raman G peak position as a function of
temperature change for the N sample, where temperature change is the
summation of intrinsic component and thermal expansion mismatch induced
strain component.
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Figure 4.10 Thermal conductivity of graphene (kg) as a function of measured
temperature (Tm) divided by laser power (P.), obtained from the 3D heat
transfer model and spline interpolation.
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Figure 4.11 Thermal conductivity of supported graphene at various
temperatures for 1%, 2", 39 4™ N™ and VAC samples, using either Raman G
or 2D peaks.

_85_

s B ke

—



4000

3500 |

3000

N
vl
(=]
o
T

2000 |

1500 |

Thermal conductivity (W m-1 K1)

1000 |

500

1 \
1 v
1 1
1 \
| \
\
st
t /1 (2D)
L
] 1
1
1 *\ || I'y )
' \ 1A g
+ Y )
[ \ ‘. E %
I \ 9 (o4
[ v ‘ b (J)
(=3 A Y o
1 £ v S
| B 5 o Wy %
e ‘* R A 006
= . NowN N ®
470 . \ By N 2
5 >, \ Y A (3}
8 A LI \ \ -
1 N p X \ 4
1 Of?::‘ \tl *\§ K "/9
' XS B AL B
1 SN o ey U "~
H '5,’ . wa WSk~ afp
! G h“_‘ Sea Y
¢ ‘\\ 5}\.“5:\‘\‘\\30
: N )
. Supported graphene, 3-layer KW oy S el
H T A T SN o
1 hes R
! & RN R 4
/ . s Nth ) -
,‘ ,\‘5\?’ o ° L % 0 Ty
' ")D‘O A
: &7 A G)
,- Tk T s -g&--—-*ﬁ.
B e ds X
' S 4e8% o0 v
4 %QQQO Pt e o~ ' Supported graphene, 1-layer
, -
L& oo ~.
r,‘ o & .o i ~Supported graphene, 1-layer (Ramaln)
* o% < - Supported graphene, 1-layer , short (L~ 260 nm)
100 200 300 400 500 600

Temperature (K)

- -@ - [Supported graphene] (Resistance thermometry) Seol, J. H. Science ( 2010 ) (Li Shi)

B [Supported graphene] (Raman optothermal) Cai, W. Nano Lett. ( 2010 ) (Li Shi & Ruoff)
- -& - [Suspended graphene (8 um)] (Raman optothermal, vacuum) Chen, S. ACS Nano ( 2011 ) (Li Shi & Ruoff)

- =% - [Suspended graphene (9.7 um)] (Raman optothermal, vacuum) Chen, S. ACS Nano (2011 ) (Li Shi & Ruoff)

- 13 - [Suspended graphene (2.8 um)] (Raman optothermal) Chen, S. Nature Mater. (2012 ) (Balandin & Ruoff)

- —+ - [Suspended graphene (3.8 um)] (Raman optothermal) Cai, W. Nano Lett. ( 2010 ) (Li Shi & Ruoff)

)

)
)
)

[Suspended graphene (2.8 um)] (Raman optothermal) Chen, S. Nanotechnology (2012 ) (Ruoff & Cai, W.)
- - - [Graphite, pyrolytic] (Recommeded values) Touloukian, Y. S. Thermophysical Properties of Matter ( 1970 ) (Klemens)

©

[Supported graphene (34-layer)] (Resistance thermometry) Sadeghi, M. M. PNAS { 2013 ) (Li Shi)
& - [Supported graphene (3-layer)] (Resistance thermometry) Wang, Z. Nano Lett. ( 2011 ) AI7[=
- ¢ - [Supported graphene (L~260nm)] (Resistance thermometry) Bae, M.-H. Nature Comm. { 2013 ) (Eric Pop)

- -@ - [Supported graphene (2-layer)] (Resistance thermometry) Sadeghi, M. M. PNAS ( 2013 ) (Li Shi)

Figure 4.12 Comparison of thermal conductivity values with previous works.
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Chapter 5
Effect of Graphene-Substrate Interactions on

Thermal Conductivity of Supported Graphene

5.1 Introduction

Thermal conductivity of supported graphene has been hitherto considered as a
single-valued property for a given temperature, while our optothermal
measurement of supported graphene with various pre-annealing conditions clearly
shows that kg is not only a variable of temperature, but also of number of
annealing and of pressure condition, as discussed in Chapter 4.

In this chapter we attempt to explain the effect of pre-annealing on thermal
conductivity of supported graphene. We show that repeated thermal annealing
enhances the graphene-substrate conformity, firstly, by investigating the positions
of Raman G and 2D peaks at room temperature condition for the supported
graphene samples as regards their charge carrier concentration, and secondly, by
comparing the temperature dependence of Raman G and 2D peaks. Analysis of
interfacial dynamic constants based on elastic theory and equation of states
reveals that enhanced graphene-substrate conformity results in an increase in the
substrate-induced phonon scattering rate of supported graphene, thereby reducing

its basal plane thermal conductivity.
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5.2 Effect of thermal annealing on graphene-substrate conformity

Previous atomic force microscopy and scanning tunneling microscopy studies
revealed that the surface of a thermally grown amorphous SiO; substrate consists
of wvarious topological features, including protrusions, depressions, and
corrugations. Typical SiO2 surface exhibits an average root-mean-square
roughness ranging from 0.168 nm (Lui et al., 2009) to 0.37 nm (Cullen et al.,
2009) and an average correlation length between peaks ranging from 16 nm
(Ishigami et al., 2007) to 22 nm (Lui et al., 2009). Due to the extremely thin cross
sectional area and mechanical strength, supported graphene ‘partially’ adheres to
the SiO surface, closely resembling the topological features of the substrate
(Ishigami et al., 2007; Geringer et al., 2009; Lui et al., 2009; Cullen et al., 2010;
Bunch and Dunn, 2012; Yamamoto et al., 2012).

It is known from various experimental studies reported that the degree of
conformity of graphene to the substrate increases as a result of thermal annealing,
resulting in increased area of contact and decreased average separation distance
between graphene and the substrate (Ishigami et al., 2007; Liu et al., 2008; Ryu et
al., 2010; Song and Cho, 2010; Cheng et al., 2011; Lee et al., 2012; Kumar et al.,
2013). The effect of heating on graphene-substrate conformity is understood as a
transition between metastable states of varying degree of adhesions, whereas the

most stable configuration of graphene on substrate should exhibit the minimum
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energy of formation, and annealing provides the energy to overcome the ‘potential
barrier’ between the metastable states. Indeed, a theoretical study based on elastic
theory of membrane has revealed that multiple numbers of supported graphene
configurations in equilibrium are possible for a given geometry of the substrate,
and transition between ‘pinned’ and ‘de-pinned’ state is determined by the energy
cost to overcome bending and strain of the supported graphene (Kusminskiy et al.,

2011).

5.2.1 Height ratio and FWHM of Raman peaks

As shown in Figure 5.2, repeated thermal annealing resulted in a decrease in
height ratio between Raman 2D to G peaks, as well as broadening of the 2D peak.
It is in good agreement with the previous reports where thermal pre-annealing was
implemented before Raman measurements of supported graphene (Das et al.,

2008; Ryu et al., 2010).

5.2.2 Charge carrier concentration of supported graphene

Enhanced graphene-substrate conformity of supported graphene in
atmospheric condition is manifested by the increase in positive charge carrier
(‘hole’), as recent studies suggest (Das et al., 2008; Ryu et al., 2010; Cheng et al.,
2011; Gammelgaard et al., 2014). Increased hole concentration is explained as a
result of increased area of graphene-substrate contact points, where attraction of

ambient molecules including Oz and H20, that contribute to p-type charge carriers,
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are encouraged due to increased reactivity of graphene, as shown in Figure 5.1 (a).

To investigate the p-type charge carrier concentrations of our supported
graphene samples with different number of thermal annealing, a vector analysis in
Raman we- w2p space has been conducted, method of which has been proposed by
Lee et al. (2012). It has been observed that change in p-type carrier concentration
(Anp) expedites a shift of Raman G and 2D peak positions simultaneously (Das et
al., 2008), with the ratio of position change between G and 2D peaks showing a

constant value

Ao o7

Aa (5.1)

At constant temperature condition, another source of Raman G and 2D peak shift
is the magnitude of the residual strain of the supported graphene, where the ratio

between Awg and Awap isS

A% 59 (5.2)
Aawg

The changes in p-doping and residual strain have discriminable slopes in the wc-
w2p Map by Egs. (5.1) and (5.2), allowing for determining the degree of p-doping
by a vector decomposition of Raman G and 2D peak shifts.

The we and wzp data for our samples 1% to N were measured at room
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temperature in atmospheric condition, as shown in Figure 5.3. Vector
decomposition between the samples clearly shows that the concentration of p-type
charge carriers gradually increases as thermal annealing is repeated, resulting in a
very strong p-doping of N sample (An, ~ 10 cm?), indicating that the

graphene-substrate conformity have increased accordingly.

5.2.3 Increase in temperature coefficients of Raman peaks as a result of
thermal annealing

The difference in the temperature dependence of Raman peaks between
samples 1%t to N, also supports that repeated thermal annealing enhanced the
graphene-substrate conformity, as shown in Figure 5.4. As discussed in Section
4.4.2, Raman shift of a supported graphene is attributed to the intrinsic
anharmonicity of graphene and the external effect of thermal expansion mismatch
between the graphene and the SiO> substrate. For a suspended graphene, which is
free of external strain, the temperature coefficient originates from the intrinsic
anharmonicity, where the experiment for a suspended graphene (Calizo et al.,
2007) and the theoretical study for a graphene that is free of external interactions
(Bonini et al., 2007) showed a good agreement in the temperature coefficient of
Raman G peak of graphene of -0.016 cm™/K, approximately.

While the temperature coefficients of Raman G peaks for 1%, 2" and 3™
samples (Table 4.1) are comparable to that of suspended graphene, 4", N™ and

VAC shows a significantly larger magnitude of Raman shift for a given amount of
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temperature change, as could be seen in Figure 5.4. This implies that supported
graphene samples thermally annealed to a lesser degree (1%, 24, and 3™) are
relatively free to expand and contract on the substrate as temperature changes,
while thoroughly annealed samples are strongly bound to the substrate, as the
larger proportion of thermal expansion mismatch strain induced Raman shift

suggest.

5.3 Effect of graphene-substrate separation distance on thermal

conductivity

Assuming an infinitely thin graphene membrane in the proximity of a SiO;
substrate with sinusoidal corrugations as shown in Figure 5.5, the equilibrium
configuration of the graphene for a given topology of the substrate is determined
by minimizing the total free-energy of the system. Following the method reported
by Aitken and Huang (2010), for a various set of parameters dJs, 4 (corrugation
amplitude and wavelength of the substrate, respectively), and ¢ (built-in strain),
the degree-of-conformation parameters dy (corrugation amplitude of the graphene)
and h (mean separation distance) could be obtained, and the resulting dynamic
constants (Kvaw) has been evaluated as the second derivative of the van der Waals
(vdW) energy of the system, as shown in Figure 5.6. Here, Young’s modulus and
bending stiffness of graphene was assumed to be 352.8 N/m and 2.392 x 1071° N

m, respectively. Also ho = 6.0 x 10*® m was used for equilibrium separation
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between flat graphene and flat SiO, substrate and /o = 0.0961 J/m? for its
equilibrium van der Waals energy per unit area. Since |Kvaw|? is proportional to
the phonon scattering rate of the graphene that is induced by the substrate
interaction (Seol et al., 2010), it could be inferred from our analysis that an
increase in graphene-substrate conformity (i.e. a decrease in h or an increase in dg)
results in a decrease in thermal conductivity of a supported graphene, which is in
agreement with our experimental observations. See Appendix B for details in

numerical implementation using MATLAB.

5.4 Effect of intercalated layer of water on thermal conductivity

The effect of a possible layer of H>O molecules intercalated between the
graphene and the substrate has been investigated. It has been recently reported
that a layer of water formed between graphene and SiO, remains stable under
ambient atmosphere despite the hydrophobicity of graphene (Lee et al., 2014), in
accordance with the wide consensus that the existence of a water layer in-between
is possible (Schedin et al., 2007; Sabio et al., 2008). Since the preparation of our
supported graphene sample had involved a series of wet transfer processes in a
deionized water, it is feasible that a significant amount of H.O molecules had
been confined within the graphene-SiO: interface, dehydrating upon thermal
annealing. To simplify the analysis, a graphene over an ideally flat substrate

without any topological features has been assumed, and the compressibility of the
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intercalated H2O layer is determined from the Tait equation of state (Gilvarry,
1957). By varying the amount of H,O, the equilibrium separation distance (h) and
the net force constant (Knet) is determined from the force balance between the
atmospheric pressure (Fi), graphene-substrate vdW interaction (Fvaw), and the
internal pressure exerted by the H>O layer (F2) with respect to the graphene
membrane as illustrated in Figure 5.7. As plotted in Figure 5.8, due to a decrease
in h as a result of dehydration of intercalated H.O from thermal annealing, Knet
increases, thereby reducing the thermal conductivity of a supported graphene. It
has also been explained theoretically that the adhesion energy of
graphene/water/SiO, is expected to be considerably lower than that of
graphene/SiO. (Gao et al., 2014), indicating that removal of a water layer by
thermal annealing could also contribute to decrease in graphene thermal
conductivity. We notice that the possible presence of an intercalated water layer
and its dehydration is not in contradiction with our observations on the increase in
p-type charge carrier concentration as a result of thermal annealing (Figure 5.3),
where a layer of H2O is known to decouple the charge transfer from the substrate
to the graphene (Shim et al., 2012). See Appendix C for details in numerical

implementation using MATLAB.

5.5 Conclusion

The reduction of supported graphene thermal conductivity with repeated
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thermal pre-annealing is attributed to the increased graphene-substrate conformity
which in turn enhances the substrate-induced phonon scattering rate of graphene.
The increased graphene-substrate conformity was manifested through both the
change in charge carrier concentration of graphene, and the increase in thermal
expansion mismatch strain between graphene and the substrate. Qualitative
analysis based on elastic theory shows that phonon scattering rate increases as
graphene-substrate separation distance decreases, resulting in a decrease in
thermal conductivity. The effect of a possible intercalated water layer also has
been investigated, where dehydration due to thermal annealing leads to stronger
net force constant enacting on the graphene, and consequently reducing the

thermal conductivity of graphene.
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Figure 5.1 Schematic comparison of supported graphene as prepared (above),
and after annealing (below).
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Figure 5.2 Raman spectra of supported graphene as prepared and after 10
thermal annealing. Notice the significant decrease in the ratio of height

between Raman 2D and G peaks.
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Figure 5.3 Raman peak positions of supported graphene samples with varying

degree of thermal

pre-annealing, measured at room temperature in

atmospheric conditions. By vector decomposition of the p-doping components
(slope = 0.7) and the strain component (slope = 2.2), difference in positive
charge carrier concentrations between the samples could be estimated.
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Figure 5.4 Comparison of the temperature dependence of Raman G (above)
and 2D (below) peaks of supported graphene samples with varying degree of

thermal pre-annealing.
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Figure 5.5 Schematic representation of the simplified model for a supported
graphene over a substrate with a sinusoidal corrugations.

- 100 -



7.5

*5
g , Ik.z 10
= < .20
= . = 40
®
2 6.5 .
x L)
: .
>
X s . .
5.5
1 1.1 12
h/h,
7.5
‘?’E 7 oo S0
Z . . .
@
O 65 o
L - [ ]
x
¥ 6 . e ° 10
L) LI ‘20
: = 40
55 - - ' -
0 0.2 0.4 0.6 0.8 1
8,/8.

Figure 5.6 Relations between the force constant and the degree of
conformation parameters, h and Jq. Here, ho is the equilibrium distance
between a flat graphene and a flat substrate free of corrugation and strain.

- 101 -



Atmosphere (1 atm)

Fy

i

Graphene —»]

F2 FVdW

L]

H,O layer

Si0, substrate

Fy - Fygw = F;

Figure 5.7 Schematic of the balance between the forces enacting over a
supported monolayer graphene with an intercalated layer of H>O, where F1 is
the downward force due to the ambient atmospheric pressure, F2 is the
compressive force exerted by the H>O layer, and Fuw is the attractive force
induced by the graphene-substrate van der Waals interaction.
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Figure 5.8 Net force constant (Knet) as a function of normalized separation
distance between graphene and SiO substrate with intercalated H2O layer in
between.
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Chapter 6

Summary and Conclusions

Thermal conductivity of supported CVD monolayer graphene in contact with
SiO2 substrate from 350 K to 600 K has been measured by optothermal Raman
technique with significantly improved measurement accuracy. The thermal
conductivity of supported showed a strong decreasing behavior as thermal pre-
annealing was repeated, which is attributed to enhanced graphene-substrate
conformity and increased substrate-induced phonon scattering.

In Chapter 2, a 3D heat transfer model accounting for the spatial temperature
distribution of optothermal Raman measurements of supported graphene has been
developed. Numerical analysis showed the inadequacy of the previous 2D heat
transfer model assuming a constant value cross-plane heat transfer coefficient at
the interface of graphene-substrate, resulting in a significant overestimation of the
measured thermal conductivity value. By minimizing the thickness of the
substrate, 3D heat transfer model demonstrates that optothermal Raman technique
robustly determines the thermal conductivity of supported graphene, regardless of
the uncertainties in the thermal boundary conductance and thermal conductivity of
SiOo.

In Chapter 3, detailed sample preparation procedures has been presented. High

quality monolayer graphene has been synthesized by CVD method with copper
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foil as the catalyst substrate, followed by a transfer of graphene to the target 8-
nm-thick SiO, substrate applying the PMMA transfer technique. The
characteristics and quality of CVD graphene have been examined by optical
microscopy, SEM, XPS, and Raman spectroscopy techniques. Characterization of
the sample has shown that the synthesized CVD graphene is large-area
monolayer-dominant and free of major cracks and structural defects, with
sufficiently large grain sizes.

In Chapter 4, optothermal Raman technique devised in Chapter 2 was
implemented over the supported graphene sample prepared in Chapter 3. Effective
absorbance, temperature vs Raman peak positions, and laser power vs. Raman
peak positions have been measured. Tabulated one-to-one correspondence
between thermal conductivity (kg) and measured temperature difference dived by
laser power (ATm/PL), thermal conductivity values of supported graphene under
varying degrees of thermal pre-annealing have been plotted against the measured
temperatures. To the best of our knowledge, we are the first to report the thermal
conductivity values of supported monolayer graphene at temperatures higher than
400 K, understanding of which is essential in practical device applications and
thermal management of graphene.

The strong dependence of supported graphene thermal conductivity on pre-
annealing condition has never been observed before. In Chapter 5, vector
decomposition in Raman G-2D space has revealed that repeated thermal annealing

resulted in gradual increase in p-type charge carrier concentrations of supported
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graphene samples. The comparison of temperature coefficients of Raman peaks
between samples showed that repeated annealing resulted in increased thermal
expansion mismatch induced strain of graphene, indicating the enhanced
graphene-substrate conformity. Analysis based on elastic theory of membrane has
been conducted to investigate the effect of graphene-substrate conformity on
thermal conductivity. The decrease in thermal conductivity with thermal
annealing was attributed to the corresponding increase in net dynamic constant of
the graphene-substrate interaction, which in turn increase the substrate induced
phonon scattering of graphene.

The optothermal Raman technique developed in this work has been
successfully applied in measuring the thermal conductivity of supported graphene
at high temperature regimes. Due to its simplicity and reliability, we believe that
our method will encourage extensive studies on thermal properties of two-
dimensional materials for device applications.

We experimentally demonstrated that the thermal conductivity of supported
graphene depends on thermal pre-treatment as well as temperature. This could
offer an alternative route to modulating the thermal conductivity of supported
graphene by controlling its thermo-mechanical affiliation without inducing any

structural defects.
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Appendix

MATLAB codes for numerical simulations

Appendix A. 3D heat transfer model for supported graphene

Nk = 1*10"5; % number of iterations <LLLLLLLLLLLLLLLLLLLLL L === === ==

user input !!ftrrrrrrrnd

o)

o)

% radius

ddr = 4*107-9; % <LLLLLLLLLLLL LKL LKL L LKL mmmmmmm = = user

input trrrrrrrrrnd

drmax = 1000*10"-9; % <LLLLLLLLLLLLL LKL LKL LKL = mmmm— == = user

input trrrrrrrrrn

M = 100; $ <LK LKL LKL LLLL LKL LKL L === === == — user input ftrirrrrrrnd
dr (1) = ddr;

r(l) = 0.5*dr(1);

if dr(i-1) < drmax

dr (i) = ddr*i;

else
dr (i) = drmax;
end
r(i) = r(i-1)+dr(i);
end
dr (M+1) = dr (M)
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o)

% Thickness

tg = 0.334*10"-9;

ddz = 0.01*10"-6; % <LLLLLLLLLLLLLLLLLLLL LKL m === === — = user
input ttrrrrrrrred
dzmax = 1.0*%10"-6; % <LLLLLLLLLLL LKL LKL LKL LK === === == — user
input !ttrrrrrrrret
N = 50 + 2; % <<LLLLLL LKL LKL LKL L LKL LKL === == === = user input !PPrrrrrrrnd
tdz (1) = ddz;
for i = 2:N-2

if tdz (i-1) < dzmax

tdz (1) = ddz*i;
else
tdz (i) = dzmax;

end
end
for i = 1:N-2

dz (i) = tdz (N-i-1);
end
z(1l) = 0.0;
for i = 2:N-1

z(i) = z(i-1) + dz(i-1);
end
z (N) = z(N-1);
% Physical properties  <<<<<<KK<LKLKLKLKLKLKLKLKLKLKLKLKLLKLS—=——————~ user

input trtrrrrrrend
kg = 1000; % [W*m*-1*K"-1] graphene 300 ~ 1000

ko = 1.38; % [W*m*-1*K*-1] SiO2

hB = 2.9%10"4; % [W*m"-2*K"-1] bottom-side natural convection heat

transfer coefficient
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hT = 2.9*%10%4; % [W*m"-2*K"-1] top-side natural convection heat
transfer coefficient

TBC = 25.0%10"6; % [W*m"-2*K~-1] 25~178*10"6 W*m"-2*K"-1 thermal
boundary conductance between graphene and sio2

% Laser beam intensity

Q laser = 6.298*10"-3; % [W] laser power <LLLLLLLL LKL LKL LKL L L LKL LS === ===
-—- user input !!frrrirrrrn

absorption = 0.031191013466747; % total absorption ratio of graphene

lambda = 514*10"-9; % [m] laser wavelength

NA = 0.75;

r0 = lambda/ (pi*NA) ; % [m]

gl = 2*Q_laser*absorption/(pi*rOAZ); % [W/m*2] maximum laser power
intensity

Q total = 0.0;
for i = 1:M

rl = r(i)-0.5*dr(i);

r2 = r(i)+0.5*dr (i+1);

rrl = rl/r0;

rr2 = r2/r0;

q(i) = 0.5*gq0* (x0%2)/(r2”2 - rl"2)*[exp(-(2*rrl”"2)) - exp (-
(2*rr272))1; % average laser heat generation per area for i-th control
volume

Q total = Q total+g(i)*pi* (r2"2 - rl"2);
end
Q total = Q total/absorption;

o)

% Temperature; room temperature

T room = 26.84 + 273.16; % [K]

% Temperature; Initial condition

for i = 1:M
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for j

T(i,j) = T room;

end

end

omega =

1.0;

Tmax = T room;

o)

ktg =

o)

rl = r(l) - 0.5*dr(1);
r2 = r(l) + 0.5*dr (2);
rr = r(l);
B(1,N) = 0;
C(1,N) = r2*ktg/dr(2);
D(1,N) = rr*(r2-rl)*TBC;
E(1,N) = 0;
F(1,N) = rr*(r2-rl)*hT;
A(1,N) = 1/( B(1,N) + C(1,N)
G(1,N) = rr*(r2-rl)*qg(l);
for i = 2:M
rl = r(i) - 0.5*dr(i);
r2 = r(i) + 0.5*dr (i+1);

% Coefficients

% Constants

kg*tg;

+ D(1,N) + E(1,N)
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B(i,N) = rl*ktg/dr(i);
C(i,N) = r2*ktg/dr(i+l);
D(i,N) = rr*(r2-rl)*TBC;
E(i,N) = 0;
F(i,N) = rr*(r2-rl)*hT;
A(i,N) = 1/( B(i,N) + C(i,N) + D(i,N) + E(i,N) + F(i,N) );
G(i,N) = rr*(r2-rl)*qg(i);
end
rl = r(l) - 0.5*dr(1);
r2 = r(l) + 0.5*dr (2);
rr = r(l);
B(l1,N-1) = 0;
C(1,N-1) = r2*(0.5*dz (N-2)) *ko/dr (2);
D(1,N-1) = rr*(r2-rl)*ko/dz(N-2);
E(1,N-1) = rr*(r2-rl)*TBC;
F(1,N-1) = O;
A(1,N-1) = 1/( B(1,N-1) + C(l,N-1) + D(1,N-1) + E(1,N-1) + F(1,N-1) );
G(1,N-1) = 0;

rl = r(i) - 0.5*%dr(i);

r2 = r(i) + 0.5*dr (i+1);

B(i,N-1) = rl*(0.5*dz(N-2))*ko/dr (1) ;
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C(i,N-1) = r2*(0.5*dz (N-2)) *ko/dr (i+1);

D(i,N-1) = rr*(r2-rl)*ko/dz (N-2);
E(i,N-1) = rr*(r2-rl)*TBC;
F(i,N-1) = 0;
A(i,N-1) = 1/( B(i,N-1) + C(i,N-1) + D(i,N-1) + E(i,N-1) + F(i,N-1) );
G(i,N-1) = 0;
end

for j = 2:N-2
rl = r(l) - 0.5*%dr(1);

r2 = r(l) + 0.5*dr(2);

rr = r(l);
B(1,3) = 0;
C(l,3) = r2*0.5*(dz (j-1) + dz(3j))*ko/dr(2);

D(1,3j) = rr*(r2-rl)*ko/dz(j-1);

E(1,3) = rr*(r2-rl)*ko/dz(3);

F(1,3) = 0;

A(llj) = l/( B(l,j) + C(lrj) + D(llj) + E(lrj) + F(llj) ) ;
G(1,3) = 0;

rl = r(i) - 0.5*%dr(i);

r2 = r(i) + 0.5*dr (i+1);

rr = r(i);
B(i,j) = rl1*0.5*(dz(j-1) + dz(3j))*ko/dr(i);
C(i,Jj) = r2*0.5*(dz (j-1) + dz(j))*ko/dr (i+1);

D(i,j) = rr*(r2-rl)*ko/dz(j-1);
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E(

F(

A(
G(
end

end

rl = r(l)

r2 = r(l)

rr = r(l);

D(1,1) =
E(1,1) =

F(1,1) =

G(1,1) =

for i = 1:

i,3) = rr*(r2-rl)*ko/dz(3);

_O,'

rl = r(i) - 0.5*dr(i);

r2 = r(i) + 0.5*dr(i+1);

rr = r(i);

B(i,1) = rl*(0.5*dz (1)) *ko/dr(1i);
C(i,1) = r2*(0.5*dz (1)) *ko/dr (i+1);
D(i,1) = 0;

E(i,1) = rr*(r2-rl)*ko/dz(1l);
F(i,1) = rr*(r2-rl)*hB;
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i,3) = 0;
lr]) = l/( B(i,j) + C(ilj) + D(irj) + E(llj)
i,3) = 0;
- 0.5*dr(1);
+ 0.5*dr (2);
= r2*(0.5*%dz (1)) *ko/dr (2) ;
0;
rr* (r2-rl)*ko/dz (1) ;
rr* (r2-rl) *hB;
=1/( B(1,1) + C(1,1) + D(1,1) + E(1,1) + F(1,1) );
0;
M



A(i,1) = 1/( B(i,1) + C(i,1) + D(i,1) + E(i,1)
G(i,1) = 0;

+ F(i,1) );

end

% Iteration

for k = 1:Nk

T pre = T;

T(1,N) = A(1,N)*[ C(1,N)*T(2,N) + D(1,N)*T(1,N-1)
G(1,N)];

+ F(1,N)*T room +

for i = 2:M-1

T(i,N) = A(i,N)*[ B(i,N)*T(i-1,N) + C(i,N)*T(i+1,N) +
D(i,N)*T(i,N-1) + F(i,N)*T room + G(i,N) ];

end

T(1,N-1) = A(1,N-1)*[ C(1,N-1)*T(2,N-1)
*T(1,N)]1;

+ D(1,N-1)*T(1,N-2) + E(1,N-

for i = 2:M-1

T(i,N-1) = A(i,N-1)*[ B(i,N-1)*T(i-1,N-1) + C(i,N-1)*T(i+1,N-1) +
D(i,N-1)*T(i,N-2) + E(i,N-1)*T(i,N)];

end

for § = 2:N-2
T(1,3) = A(l,3)*[ C(1,3)*T(2,3) + D(1,3)*T(1,3-1) +
E(1,3)*T(1,3+1) 1;
for 1 = 2:M-1
T(i,3) = A(i,3)*[ B(i,3)*T(i-1,3) + C(i,3)*T(i+1,3) +
D(i,3)*T(i,]J-1) + E(i,J)*T(i,3+1) 1;

end
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end

T(1,1) =
for i = 2
T(i,1)

E(i,1)*T(1i,2)

end

T =
eps (k) =
Tmax =
Tcenter (k)

end

rr = r(i);
rl = rr - 0.5*dr (i) ;
r2 = rr + 0.5*dr (i+1);
Tm =

end

$ Plot

A(l,1)*[ C(1,1)*T(2,1)

M-1

= A(i,1)*[

B(i,1)*T(i-1,1)

+ F(i,1)*T room ];

T(1,N);

= Tmax;

T pre + omega* (T-T pre);

abs ((T(1,N)-Tmax)/Tmax) ;
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+ E(1,1)*T(1,2)

+ C(i,1)*T(i+1,1)

+

Tm + pi*T(i,N)*qg(i)*(r272 - rl"2)/(absorption*Q total);

542

+ F(1,1)*T room ];

Q1

]| '@}

TU



Q conv = 0.0;
for i = 1:M

rl = r(i)-0.5*dr(i);

r2 = r(i)+0.5*dr (i+1);

Q conv = Q conv + (hT*(T(i,N)-T room) + hB*(T(i,1)-T room))*pi*(r2°2 -
rln2);
end
subplot(1,3,1)
semilogx(r,T(:,1),'r', r,T(:,N),'b")
subplot(1,3,2)
loglog (rNk, real (eps(l:k-1)))
subplot(1,3,3)

semilogx (rNk, real (Tcenter(l:k-1)))

T top = T(1,N)

T mid = T(1,round(N/2))

T bottom = T(1,1)

Tm

Convection contribution = Q_conv/(absorption*Q_total)
R domain = r (M)

Z domain

I
N
=
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Appendix B. Effect of graphene-SiO. conformity on force constant

nu = 0.149;
C = 345/ (1-nu”2); % N/m

D= 1.46%(1.60219%107-19)/(1-nu”2); % N*m

GO

o

0.6*(1.60219*10"-1); $ J/m"2

hO

0.6*107-9; % m

dhn = 0.001; % user input

hn = [0.7 : dhn : 21; % normalized h, hn = h/hO

h = hn*hO;

dh = dhn*h0;

M = size (hn,2);

% user input--—-——————————
lam = 5*h0; % 16 ~ 23 nm

dels = 0.6*h0; % 0.17 ~ 0.37 nm

eps = -0.02 % mismatch strain

delsn = dels/hO0;

ilam h0/lam;

lamn = lam/hO0;

delgn = [0 : 0.001 : 1]; $c2=0~11: relative amplitude of the
graphene to that of the substrate
delg = hO0*delgn;

N = size(delg,2);

for j = 1:N

Ug(§) = ( 0.25*C*eps* ((2*pi/lam)~2) +
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0.25*D* ((2*pi/lam)~4) )*(delg(j)"2) +

end

for i = 1:M
ih = h0/h(i);

g = 2*pi*h(i)/lam;
U vdw (i) = -GO*[1.5*(1ih"3) - 0.5*(ih"9)];
Ul(i) = 4.5*GO*[ -(ih"5) + 2.5*(ih"11) 1,
U2 (i) = 9% (pi”3)*GO*[ (ilam”3)* (ih"2) *besselk(3,q) -
((pi”3)/24)* (1h"5) * (11lam”"6) *besselk (6,q) 1;
for j = 1:N

UU vdw (i,J) = U vdw(i) + Ul(i)* ((delgn(j)"2)
U2 (i) * (delgn(j) *delsn) ;

U total (i,3) = UU vdw(i,3) + Ug(j);

end

end

criteria = 0;
I =20;
J = 0;
for j = 1:N
for i =1 : M-1

if U total(i,J) < criteria

criteria = U _total(i,3J):
end
end

end
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for j = 1:N
for i =1 : M-1
dU_total(i,j) = (U_total(i+l,j) - U _total(i,j))/dh;
end

end

for j = 1:N
for i =1 : M-2
ddU_total(i,j) = (dU_total(i+l,3j) - dU_total(i,j))/dh;
end

end

end

hhn = hh/h0;

I

J

U min n = U _total(I,J) /GO
h_eq = h(I);

sk _stiff = ddU total (I+1,J+1)
h eg n = h eq/h0

delgs = delg(J)/dels

k_vdw ddU_total (I, J)

% subplot (1,2,1)

oe

plot (hn,U total(:,3]))

oe

hold on
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oe

oe

oe

%end

subplot(1,2,2)
plot (hhn,ddU total(:,3))

hold on
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Appendix C. Effect of intercalated water layer on force constant

M H20 = (18.01528/6.022140857)*10"-26; % kg per molecule
Vo = 0.001; $ m~3/kg
a g=1.42*107-10; % m

N g = (3%-0.5)/(a_g"2);

GO = 0.6*%(1.60219*10"-1); s J/m"2

hO = 0.6*10"-9; % m

PO = 1.01325 *10"5; % N/m"2 (= J/m"3)
KO = 2.15*10"9; % Pa

n = 7.15;

dhn = 0.0001;

hn = [1 : dhn : 2];

M = size(h,2);

for i = 1:M

ihn = 1/hn(1);

P vdw(i) = 4.5*G0*(1/h0)*( (ihn"4) - (ihn”~10) );
ha(i) = (((n/KO0)*P_vdw(i) + 1)7(1/n))*h(i);

P in(i) = (KO/n)*((ha(i)/h(i))"n - 1) + PO;

V(i) = Vv0/(((n/K0)*P_vdw (i) + 1)~ (1/n));

end

for i = 1:M

ihn = 1/hn(1i);
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k_in(i) = KO* (ha(i)"n)*(1/(h(1i)"(n+1)));

k_vdw (1) = 27*G0*(1/h072)*( -(2/3)*(1hn”5) + (5/3)*(ihn~11) ) ;
k_net (i) = k_vdw(i) + k_in(i);

k_Seol (i) = 27*GO*(1/h(i)"2);

N_H20(i) = h(i)/(M_H20*V(i));

n_H20(i) = N_H20(i)/N_g;

end

subplot(1,3,1)

plot (hn,k net, hn,k in, hn,k vdw, hn,k Seol)
hold on

subplot(1,3,2)

$plot (hn, P _vdw, hn, P in)

plot (hn,n H20)

hold on

subplot (1,3, 3)

plot (hn, V)

hold on
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