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ABSTRACT: Understanding the effect of phonon scattering is of
primary significance in the study of the thermal transport
properties of graphene. While phonon scattering negatively affects
the thermal conductivity, the exact effect of microscopic phonon
scattering is still poorly understood when full phonon dispersions
are taken into account. The heat transport properties of graphene
ribbons were investigated theoretically by taking into account
different polarization branches with different frequencies in order
to understand the physical mechanism of the thermal transport
phenomenon at the nanoscale. The effects of grain size, chiral
angle, Grüneisen anharmonicity parameter, specularity parameter,
and mass-fluctuation-scattering parameter were evaluated, taking
into account of the restrictions imposed by boundary, Umklapp, and isotope scattering mechanisms. The contribution from each
phonon branch was estimated, and the anisotropic coefficients were determined accordingly. The results indicated that the graphene
ribbons are very efficient at conducting heat in all the cases studied. All the acoustical branches contribute significantly to the heat
transport properties, and the temperature strongly affects the relative contribution of the phonon branches. The lattice thermal
conductivity varies periodically with the chiral angle. The maximum thermal conductivity is achieved in the zigzag direction, and the
minimum thermal conductivity is obtained in the armchair direction. The lattice thermal conductivity and anisotropic coefficient
depend heavily upon the roughness of the edges and the width of the ribbons. The specularity parameter and mass-fluctuation-
scattering parameter significantly affect the lattice thermal conductivity, and the effect arising from isotope scattering is significant in
the context of natural isotopic abundance. The dependence of the Grüneisen anharmonicity parameter on phonon branches must be
taken into account when making predictions. The results have significant implications for the understanding of the relations between
phonon scattering and thermal properties.

1. INTRODUCTION

Graphene is a two-dimensional form of crystalline carbon.1,2

Graphene is the simplest example of a two-dimensional crystal
and commonly modified with various functional groups.3,4

Graphene ribbons are a special category of graphene, with a high
aspect ratio.5,6 In this regard, the two-dimensional material does
bear similarity to carbon nanotubes.7,8 Various techniques such
as microscope lithography and organic synthesis have been
developed to produce minuscule amounts of graphene
ribbons.9,10 Microscopic quantities of the two-dimensional
material can be produced by plasma etching methods11,12 or
by chemical vapor deposition techniques.13,14 Graphene ribbons
produced by these techniques and methods are typically
characterized by several coupled layers with a disordered
structure of the edges.
Graphene ribbons possess unique physical properties, for

example, exceptional electrical properties. Unlike carbon
nanotubes, which can be semiconducting, semi-metallic, or
metallic depending upon the diameter and chirality,15,16

graphene ribbons would exhibit remarkable electrical properties,

which are significantly affected by the ribbon width and edge
configuration.17,18 For example, graphene ribbons with a width
of greater than around 10 nm are semi-metallic or metallic
conductors, whereas graphene ribbons with a width of less than
around 10 nanometers are semiconductors.19,20 The edge
configurations, for example, a zigzag or armchair arrangement,
greatly affect the electron mobility,21,22 and the edges may
behave like semiconductors. Such zigzag and armchair arrange-
ments are analogous to those defined in the context of carbon
nanotubes.23,24 The bandgap would still be zero in a zigzag
arrangement and would be non-zero in an armchair arrange-
ment.
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The term “conductivity” may refer to thermal or electrical
transport properties. Analogies might be made between thermal
and electrical conductivity. This is because heat and electron
transfer could be closely related to each other. Additionally,
conduction is the most significant means of heat and electron
transfer within a solid. Ballistic conduction is not limited to
electrons25 but can also apply to phonons.26 A good electrical
conductor would conduct heat well. The thermal properties of
graphene ribbons are also governed by their width and their edge
configurations and functionalization,27,28 which do have a
certain similarity to the electrical properties.17,18 The question
arises as to whether or not graphene ribbons can be
superconductors, conductors, or insulators in terms of lattice
thermal conductivity, depending upon microscopic phonon
scattering. Accordingly, the spectrum of thermal conductivity
might be determined, which can provide more than just the
magnitude of the thermal conductivity, for example, the
mechanisms of phonon transport in the nanostructured
material.
In graphene ribbons, heat is transported by phonons, which

have a wide variation in frequency. The scale of the physical
system may be comparable to the phonon mean free path or
even the phonon wavelength.27,28 This clearly necessitates an
understanding of the physical mechanism of the thermal
transport phenomenon at the nanoscale. This equality in length
scales raises fundamental conceptual problems concerning
nanoscale thermal transport,29,30 among which is the effects of
different phonon scattering factors on the heat transport
properties of graphene ribbons. This fundamental problem
remains to be resolved.31,32 While phonon scattering negatively
affects the lattice thermal conductivity, the exact effect of
microscopic phonon scattering is still poorly understood when
taking account of full phonon dispersions and the mechanisms
involved remain obscure.
The present study relates to the effects of different phonon

scattering factors on the thermal properties of a two-dimensional
crystal, namely, graphene ribbons, especially when the character-
istic length is smaller than the mean free path. The effects of
grain size, chiral angle, Grüneisen anharmonicity parameter,
specularity parameter, and mass-fluctuation-scattering parame-
ter on the lattice thermal conductivity were evaluated based
upon the solutions of the Boltzmann transport equation to
better understand the mechanisms responsible for phonon
scattering. The contribution from each phonon branch was
estimated, and the anisotropic coefficients were determined
accordingly. The objective of this study is to understand the
relationship between phonon scattering and thermal properties.
Particular emphasis is placed on the effects of different phonon
scattering factors on the heat transport properties of graphene
ribbons.

2. METHODS
2.1. Full Phonon Dispersions. The computations are

performed with full phonon dispersions in order to predict the
thermal conductivity accurately. The phonon dispersion
relationship has been determined using Raman spectrosco-
py33,34 and from the spectrum of inelastic X-ray scattering.35,36

The fourth-nearest neighbor force constant method37−40 is re-
parameterized to account for the relationship between the
phonon modes. Specifically, the non-diagonal force constant for
the second-nearest neighbor interaction is taken into
account;41,42 the in-of-plane and out-of-plane tangential force
constants are adjusted.43,44 The longitudinal acoustic, transverse

acoustic, zone-boundary acoustic, and zone-boundary optical
branches are taken into account over the first Brillouin zone. The
effects of the other two optical branches are not taken into
account due to their negligible contribution to the lattice
thermal conductivity. The phonon dispersion is anisotropic, and
therefore, the group velocity of the phonons depends heavily
upon the direction of phonon angular momentum.33−36 More
specifically, the phonons have high levels of propagation
velocities in the armchair direction in the longitudinal acoustic
and zone-boundary optical branches and in the zig-zag direction
in the transverse acoustic and zone-boundary acoustic branches.
The structure of the graphene ribbon described in terms of the
chiral angle is illustrated schematically in Figure 1. Carbon

atoms are represented by dark gray spheres. For purposes of the
description herein, the chiral angle is defined as the angle
between the chiral vector and the zigzag direction.

2.2. Boltzmann Transport Equation. The Boltzmann
transport equation for the spatially nonuniform phonon
distribution can be written as follows
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in which f is the distribution function and t is the time.
The relaxation time approximation is used. The scattering
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in which f and f 0 represent the perturbed and unperturbed
distribution functions, respectively, and τ is the relaxation time.
The unperturbed distribution function can be written as

= −ωℏ −f (e 1)k T
0

/ 1B
(3)

in which ℏ is the reduced Plank’s constant, kB is the Boltzmann
constant, and T is absolute temperature. The above formula is
often referred to as the Bose−Einstein distribution function.
The difference between the perturbed and unperturbed

distribution functions can be written as

τ υ− = − ⃗ ∇
∂
∂

f f T
f

T
( )0 g

0
(4)

Figure 1. Schematic representation of the structure of the graphene
ribbon described in terms of the chiral angle. Carbon atoms are
represented by dark grey spheres. The chiral angle is defined as the
angle between the chiral vector and the zigzag direction.
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υ ω⃗ = ∂
∂ ⃗qg

(5)

in which υg⃗ is the phonon group velocity, ω is the angular

frequency, and ⃗q is the phonon wave vector.
Thermal transport in the two-dimensional crystal is usually

considered to be governed by the three-phonon scattering
process. There are two possible scattering processes. For the
case (i), two incoming phonons with wave vectors ⃗q and ′⃗q
create one outgoing phonon with a wave vector ″⃗q

⃗ + ′⃗ = ⃗ + ″⃗ =q q b q i, 1,2,3i (6)

ω ω ω+ ′ = ″ (7)

in which ⃗bi is a vector of the reciprocal lattice.
For the case (ii), one incoming phonon with a wave vector ⃗q

decays into two outgoing phonons with wave vectors ′⃗q and ″⃗q

⃗ + ⃗ = ′⃗ + ″⃗ =q b q q i, 4,5,6i (8)

ω ω ω= ′ + ″ (9)

2.3. Boundary Scattering. The phonon transport is
partially diffusive, and the boundary scattering can be evaluated
by the specularity parameter, which represents the fraction of
phonons specularly reflected at the boundary.45,46 The
specularity parameter typically depends upon the phonon
wavelengths and edge roughness.47,48 For the boundary
scattering process, the relaxation time related to a phonon in
the state (s, ⃗q) can be written as follows
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in which τ ⃗q(s, )B is the relaxation time related to phonon-
boundary scattering, s is the phonon polarization branch, υ is the
phonon velocity, d is the width of the ribbon, and p is the
specularity parameter.
The specularity parameter can be computed as follows

η θ= −p qexp( 4 cos )2 2 2
(11)

in which η is the root-mean-square roughness and θ is the angle
of incidence.
2.4. Umklapp Scattering. For the Umklapp scattering

process, the relaxation time related to a phonon in the state (s, ⃗q)
can be written as follows49,50
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in which τ ⃗q(s, )U is the relaxation time related to Umklapp
scattering, ℏ is the reduced Plank’s constant, γ ⃗q( )s is the mode-
dependent Grüneisen anharmonicity parameter, M̅ is the
average atomic mass, TD is the Debye temperature, and T is
the temperature. The above expression has been derived from
the problems of lattice thermal conductivity related to carbon
nanotubes,51 graphene flakes,52 and graphene.53,54 The Debye
temperature is given by
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in which kB is the Boltzmann constant and gs(ω) is the phonon
density of states per each branch.
The two-dimensional phonon density of states per each

branch is given by
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in which qx and qy are the components of the two-dimensional
phonon wave vector, υy is the y-component of the phonon group
velocity, and Δqx is the interval between two neighboring qx
points.
The mode-dependent Grüneisen anharmonicity parameter

can be written as follows
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in which a is the lattice constant.
The Grüneisen anharmonicity parameter is given as

follows52−56
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γ ⃗ ≈ −q( ) 1.5ZO (21)

in which the subscript LA denotes the longitudinal acoustic
branch, the subscript TA denotes the transverse acoustic branch,
the subscript ZA denotes the zone-boundary acoustic branch,
and the subscript ZO denotes the zone-boundary optical branch.

2.5. Isotope Scattering. For the isotope scattering process,
the relaxation time related to a phonon in the state (s, ⃗q) can be
written as follows
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in which τ ⃗q(s, )I is the relaxation time related to isotope
scattering, Γ is the mass-fluctuation-scattering parameter, V0 is
the atomic volume, and g(ω) is the total phonon density of
states.
The total phonon density of states can be obtained by

summation of the contributions over all phonon branches
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The mass-fluctuation-scattering parameter of the isotopic
composition is given by
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in which f i is the fraction of component i,Mi is the atomic mass
of component i, and c is the fraction of carbon-13. The naturally
occurring ratio of carbon-13 to carbon-12 is around 1.11:98.89.
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2.6. Lattice Thermal Conductivity Model. All the
scattering processes described above are taken into account.
The combined relaxation time can be approximated as follows

τ τ τ τ⃗
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The total thermal conductivity tensor can be obtained by
summing over all the phonon branches described above
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in which kij is the total thermal conductivity tensor, υ ⃗q(s, )i and
υ ⃗q(s, )j are the components of the phonon group velocity vector,
and N0 is the number of phonons.
The components of the phonon group velocity vector are

given by
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The thermal conductivity in a particular direction can be
written as follows

∑= ̂ ̂̂k T t k T t( ) ( )t
ij

i ij j
(29)

in which ̂t is the unit vector in a particular direction.
The thermal conductivity vector can be turned into physically

scalar by projecting the phonon velocity vector onto the
direction of thermal transport

υ υ υ θ⃗ = ⃗ ⃗ · ̂ = ⃗ ⃗̂ ̂q q t q( ) ( ) ( ) cost t (30)

in which θ ̂t is the angle formed by the phonon velocity vector
and the unit vector in the direction of thermal transport.
The anisotropic coefficient is defined as follows

α = −
k

k
1

zigzag

armchair (31)

in which α is the anisotropic coefficient. The anisotropic
coefficient is positive and takes into account the lattice thermal
conductivity in different directions.

3. RESULTS AND DISCUSSION
3.1. Effect of Grain Size. Much effort has been placed on

understanding the thermal properties of two-dimensional
crystals,27,28 especially when the characteristic length is
comparable to the mean free path. For graphene, the mean
free path is around 780 nm at room temperature.29,30,48 The
effect of ribbon width on the thermal conductivity at different
temperatures is investigated to better understand the mecha-
nism responsible for phonon boundary scattering. The
specularity parameter is defined by eq 11 to facilitate ease of
understanding and compare the effect of phonon boundary
scattering.
The results obtained for the thermal conductivity are

presented in Figure 2. The graphene ribbon varies considerably
in width. The width of the two-dimensional crystal is 500 nm, 2
μm, and 5 μm, respectively. The specularity parameter is 0.9, and

the Grüneisen anharmonicity parameter is mode-dependent.
The specularity parameter is estimated based on reported
literature values.57,58 The experimental data obtained for a width
of 5 μm available in the literature57,58 are also presented for
comparison. The theoretical results agree with the experimental
data. The thermal conductivity increases with the width of the
ribbon due to the reduced probability of diffusive scattering of
the phonons at the boundary. In all the cases studied here, there
is at most a three-fold increase in the thermal conductivity.
When the width of the ribbon, for example, 500 nm, is less than
the mean free path, the thermal conductivity is still much higher
than that of a highly conductive metal. The precise value will
vary depending upon the temperature. At lower temperatures,
the thermal conductivity associated with the crystal lattice
structure increases with temperature. At moderate and higher
temperatures, the thermal conductivity is inversely proportional
to temperature due to the increased degree of Umklapp
scattering.

3.2. Contribution from Different Phonon Branches.
The contribution from different phonon branches is estimated
for the graphene ribbon by applying a mode-dependent
Grüneisen anharmonicity parameter to the problem of nano-
scale phonon transport. The thermal conductivity per each
phonon branch is shown in Figure 3. The graphene ribbon with a
width of 5 μm is taken as an example to illustrate, with which
phonon scattering dominates over grain boundary scattering.
The specularity parameter is 0.9, and the Grüneisen
anharmonicity parameter is mode-dependent. The Grüneisen
anharmonicity parameter remains constant for each phonon
branch of the vibrational spectrum so that the contribution from
each branch can be easily determined.
The lattice thermal conductivity depends upon the vibrational

modes of the crystal lattice structure, as shown in Figure 3. At
room temperature, the transverse acoustic branch has the largest
contribution. At lower temperatures, the zone-boundary
acoustic branch has the largest contribution. In the all the
cases studied here, the acoustical branches contribute
significantly, whereas the contribution of the zone-boundary
optical branch to the thermal conductivity is very small. With
reference to Figure 3, phonons in the acoustical branches
dominate the nanoscale thermal transport in the crystal lattice
structure, since the acoustic phonons have a greater distribution
of phonon velocities.59,60 The group velocity of the optical

Figure 2. Lattice thermal conductivity as a function of temperature for
graphene ribbons with different widths. The specularity parameter is
0.9, and the Grüneisen anharmonicity parameter is mode-dependent.
The experimental data obtained for a width of 5 μm are presented for
comparison.
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branches is low,59,60 and as a result, the contribution is small.
The contribution from each phonon branch varies considerably
with temperature, especially at lower temperatures. The
temperature greatly affects the relative contribution of the
phonon branches.
3.3. Effect of Chiral Angle. The effect of chiral angle on the

thermal conductivity of the two-dimensional crystal with
different widths is illustrated in Figure 4. The specularity

parameter is 0.9, and the Grüneisen anharmonicity parameter is
mode-dependent. When the chiral angle is 0°, the edge has an
armchair configuration. When the chiral angle is 30°, the edge
has a zigzag configuration.
The thermal conductivity varies periodically with the chiral

angle, as shown in Figure 4. The thermal conductivity is periodic
with period 60°. More specifically, the thermal conductivity is a
periodic function, which repeats on intervals of 60°. The
graphene ribbon with a width of 1.0 μm provides the ability to
conduct heat highly efficiently while enabling the thermal
conductivity to remain in the range of about 2440 K to about
2680 K. In all the cases studied here, the maximum thermal
conductivity is achieved at a chiral angle of 30°, at which the
edge has a zigzag configuration. In contrast, the minimum
thermal conductivity is obtained at a chiral angle of 0°, at which

the edge has an armchair configuration. Therefore, the thermal
conductivity depends upon the direction of thermal transport.
For wider graphene ribbons, the transverse acoustic branch
significantly contributes to the thermal conductivity, leading to
larger, yet gentle changes of the thermal conductivity with
respect to the chiral angle, as shown in Figure 4. In this case, the
dimensions are much larger than the phonon mean free path,
and therefore, Umklapp phonon−phonon scattering dominates
over grain boundary scattering. For narrower graphene ribbons
for which the dimensions are smaller than the mean free path,
phonon-boundary scattering dominates over Umklapp scatter-
ing. Accordingly, the thermal conductivity deceases significantly
and varies irregularly in a periodic manner with the chiral angle.

3.4. Anisotropic Coefficients. The effect of edge rough-
ness on the thermal conductivity and anisotropic coefficient of
the graphene ribbons with different widths in the armchair
direction is illustrated in Figure 5 and in Figure 6, respectively.

The root-mean-square roughness of the edges gradually
increases from 0.1 to 1.0 with an increment of 0.1. In addition,
the Grüneisen anharmonicity parameter is mode-dependent.

Figure 3. Lattice thermal conductivity as a function of temperature per
each phonon branch. The width of the ribbon is 5 μm. The specularity
parameter is 0.9, and the Grüneisen anharmonicity parameter is mode-
dependent.

Figure 4. Effect of chiral angle on the lattice thermal conductivity of the
two-dimensional crystal with different widths. The specularity
parameter is 0.9, and the Grüneisen anharmonicity parameter is
mode-dependent.

Figure 5. Effect of edge roughness on the lattice thermal conductivity of
the two-dimensional crystal with different widths in the armchair
direction. The root-mean-square roughness of the edges gradually
increases from 0.1 to 1.0 with an increment of 0.1. The Grüneisen
anharmonicity parameter is mode-dependent.

Figure 6. Effect of edge roughness on the anisotropic coefficient of the
two-dimensional crystal with different widths in the armchair direction.
The root-mean-square roughness of the edges gradually increases from
0.1 to 1.0 with an increment of 0.1. The Grüneisen anharmonicity
parameter is mode-dependent.
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The thermal conductivity and anisotropic coefficient depend
heavily upon the roughness of the edges and the width of the
ribbons, as shown in Figure 5. The thermal conductivity in the
armchair direction increases with decreasing the roughness of
the edges and with increasing the width of the ribbons.
Advantageously, the edges should be smooth enough to allow
the desired level of thermal conductivity in the armchair
direction. The ribbons should also be wide enough to achieve
the desired thermal conductivity level in the armchair direction
despite the existing limitations in producing graphene ribbons of
any significant length. While a comparatively high level of
thermal conductivity is necessary or desirable, graphene ribbons
have yet to be made in practical macro-scale lengths. The
maximum anisotropic coefficient will depend upon both the
roughness of the edges and the width of the ribbons, as shown in
Figure 6. The graphene ribbons vary significantly in anisotropic
coefficient with the width of the ribbons. For narrower graphene
ribbons, smooth edges have the disadvantage of larger
anisotropic coefficients. In contrast, wider graphene ribbons
would be difficult or even impossible to achieve isotropic
thermal properties. In this case, the anisotropic coefficient
increases with the roughness of the edges.
3.5. Effect of Grüneisen Anharmonicity Parameter.

The effect of Grüneisen anharmonicity parameter on the
thermal conductivity is illustrated in Figure 7. The thermal

conductivity is plotted against temperature. The graphene
ribbon varies considerably in the Grüneisen anharmonicity
parameter. Specifically, the Grüneisen anharmonicity parameter
is 0.8, 1.0, 1.5, 2.0, or mode-dependent. The width of the ribbon
is 5 μm, and the specularity parameter is 0.9. The temperature
varies from 200 to 400 K. The Grüneisen anharmonicity
parameter is determined empirically. In the theory of the nature
of conventional semiconductors, the Grüneisen anharmonicity
parameter is physically scalar and independent of any temper-
ature or phonon mode.54 However, there is a noticeable
difference in the Grüneisen anharmonicity parameter between
graphite,61 graphene,54,62 and carbon nanotubes.63−66 In the
present study, the Grüneisen anharmonicity parameter is mode-
dependent, with mode dependence based on all phonon
branches computed via density functional theory and the basic
theory of crystal lattice dynamics.56 The Grüneisen anharmo-
nicity parameter can be up to 2.0 for graphene54,62 and as low as
1.06 for graphite,61,66 which are larger than the theoretical limit
of 0.8.56 However, it has been demonstrated that the Grüneisen

anharmonicity parameter decreases with increasing temper-
ature.67,68 Therefore, the results of lattice thermal conductivity
are presented with a wide range of the Grüneisen anharmonicity
parameter.
The thermal conductivity at room temperature varies from

about 3200 W/(mK) with a Grüneisen anharmonicity
parameter of 2.0 to about 6000 W/(mK) with a Grüneisen
anharmonicity parameter of 0.8, as shown in Figure 7. When the
Grüneisen anharmonicity parameter is mode-dependent, the
thermal conductivity at room temperature is about 4600 W/
(mK). Therefore, the Grüneisen anharmonicity parameter has a
considerable effect on the thermal conductivity. For the
Umklapp scattering process, the relaxation time is inversely
proportional to the Grüneisen anharmonicity parameter
squared, as defined by eq 12. In all the cases studied here,
there is at most a two-fold increase in the thermal conductivity,
since the presence of other scattering mechanisms reduces the
dependency induced by the Grüneisen anharmonicity param-
eter. The theoretical results predicted with the mode-dependent
Grüneisen anharmonicity parameter are consistent with the
experimental data available in the literature,57,58 as shown in
Figure 2. Consequently, the dependence of the Grüneisen
anharmonicity parameter on phonon branches must be taken
into account when making predictions.

3.6. Effect of Specularity Parameter and Mass-
Fluctuation-Scattering Parameter. The specularity param-
eter typically depends upon the edge roughness.47,48 The effect
of the specularity parameter on the thermal conductivity is
investigated for three different cases. The theoretical results are
presented in Figure 8, in which the thermal conductivity is

plotted against temperature for different cases of the specularity
parameter and mass-fluctuation-scattering parameter. The
specularity parameter is 0.8 and 0.9, respectively. In addition,
the width of the ribbon is 5 μm, and mass-fluctuation-scattering
parameters are 0 and 0.1, respectively.
The specularity parameter significantly affects the thermal

conductivity of graphene ribbons. This effect becomes more
pronounced at lower temperatures, as shown in Figure 8. The
mass-fluctuation-scattering parameter also strongly affects the
thermal conductivity, especially at lower temperatures. Natural-
abundance stable-isotopic analysis of graphene is used, and the
stable isotopes are carbon-12 and carbon-13. Isotope ratio mass

Figure 7. Effect of the Grüneisen anharmonicity parameter on the
lattice thermal conductivity at different temperatures. The width of the
ribbon is 5 μm, and the specularity parameter is 0.9.

Figure 8. Lattice thermal conductivity as a function of temperature for
different cases of specularity parameter and mass-fluctuation-scattering
parameter. The width of the ribbon is 5 μm, and the mass-fluctuation-
scattering parameter is 0, 0.1, and the isotope ratio, respectively. The
specularity parameter is 0.8 and 0.9, respectively.
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spectrometry is a specialized branch of mass spectrometry
utilizing the relative abundance of isotopes,69,70 and the
methodology allows for the precise measurement of mixtures
of naturally occurring isotopes. The natural isotopic abundance
of carbon-13 and carbon-12 is 1.109 and 98.891%. Therefore,
the naturally occurring ratio of carbon-13 to carbon-12 is about
1.11:98.89, as stated previously. Differences in mass between
different isotopes may reduce the ability to conduct heat. The
results presented in Figure 8 indicate that the reduction ratio of
thermal conductivity is very high, and therefore, the effect arising
from isotope scattering is significant in the context of natural
isotopic abundance.

4. CONCLUSIONS

The heat transport properties of graphene ribbons at different
temperatures were investigated theoretically by taking into
account full phonon dispersions. The effects of different phonon
scattering factors, such as grain size, chiral angle, Grüneisen
anharmonicity parameter, specularity parameter, and mass-
fluctuation-scattering parameter, on the lattice thermal con-
ductivity were evaluated based upon the numerical solutions of
the Boltzmann transport equation in order to understand the
thermal transport phenomena occurring in the nanostructured
material. The contribution from each phonon branch was
estimated by applying a mode-dependent Grüneisen anharmo-
nicity parameter, and the anisotropic coefficients were
determined accordingly.

• The results indicated that the lattice thermal conductivity
is significantly higher than that of highly conductive
metals in all the cases studied. All the acoustical branches
contribute significantly to the heat transport properties,
whereas the contribution of the zone-boundary optical
branch to the lattice thermal conductivity is very small.
The contribution from each phonon branch varies
considerably with temperature, especially at lower
temperatures.

• For narrower graphene ribbons, the crystal structure
displays anisotropic thermal transport. The thermal
conductivity varies periodically with the chiral angle.
The thermal conductivity is periodic with period 60°. The
maximum thermal conductivity of the two-dimensional
crystal is achieved at a chiral angle of 30°, at which the
edge has a zigzag configuration. The minimum thermal
conductivity is obtained at a chiral angle of 0°, at which
the edge has an armchair configuration. The thermal
conductivity and anisotropic coefficient depend heavily
upon the roughness of the edges and the width of the
ribbons.

• The Grüneisen anharmonicity parameter has a consid-
erable effect on the thermal conductivity. The depend-
ence of the Grüneisen anharmonicity parameter on
phonon branches must be taken into account when
making predictions. The specularity parameter and mass-
fluctuation-scattering parameter significantly affect the
lattice thermal conductivity, and the effects become more
pronounced at lower temperatures. The effect arising
from isotope scattering is significant in the context of
natural isotopic abundance.
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