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Substrate effects on the thermal conductivity of epitaxial graphene nanoribbons

Zhi-Xin Guo,"" J. W. Ding," and Xin-Gao Gong®
' Department of Physics, Xiangtan University, Xiangtan, Hunan 411105, China
2College of Electronic Science Engineering, Nanjing University of Post & Telecommunication, 211106, Nanjing, China
3Key Laboratory for Computational Physical Sciences (MOE) and Surface Physics Laboratory, Fudan University, Shanghai 200433, China
(Received 13 February 2012; published 13 June 2012)

We study the effect of SiC substrate on thermal conductivity of epitaxial graphene nanoribbons (GNRs)
using the nonequilibrium molecular dynamics method. We show that the substrate has strong interaction with
single-layer GNRs during the thermal transport, which largely reduces the thermal conductivity. The high thermal
conductivity of suspended GNRs is obtained in the second layers of bilayer GNRs, which has a weak van der
Waals interaction with the underlying structures. The out-of-plane phonon mode is found to play a critical role
on the thermal conductivity variation of the second GNR layer induced by the underlying structures. The effect
of disordered edge defects on thermal conductivity is further investigated. The results show that the disordered
edge defects can remarkably decrease thermal conductivity of GNRs weakly interacted with substrate, while the
effect becomes minor on GNRs strongly interacted with substrate.
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I. INTRODUCTION

Graphene and graphene nanoribbons (GNRs) are thought to
be ideal materials for nanoelectronics due to their outstanding
electronic and thermal properties.'® In the production the
graphene nanomaterials can be either prepared by mechanical
exfoliation from graphite’® or by epitaxial growth on SiC
substrate.”! The mechanical method is quite delicate and
time consuming, which makes it unapplicable in the industry.
The epitaxial growth method is nowadays commonly accepted
to represent a viable method of controllable growth for the
fabrication of high quality graphene wafers.'! The electronic
properties of epitaxial graphene on SiC substrate had been ex-
tensively studied.'®!>~' It was found the electronic properties
of graphene can be well preserved in both the single-layer (SL)
graphene on SiC (0001) (C-terminated),'® and the second layer
of bilayer (BL) graphene on SiC (0001) (Si-terminated),'>'3
having great application potential in nanoelectronics. Since the
heat removal is a crucial issue in the nanoelectronic industry,
the thermal conduction property of epitaxial graphene and
GNRs becomes particularly important to its application in
nanoelectronics.

During the last two years the thermal conductivity of
exfoliated graphene on different substrates (SiO2, Cu) has been
extensively studied, where only weakly coupled graphene-
substrate interaction exists.!>™! Different from the exfoliated
graphene case, the epitaxial graphene-substrate interaction is
much more complicated, and both covalently bonded and
weakly coupled GNR-substrate interactions were experimen-
tally observed.'®?” Thus the thermal conductivity of epitaxial
graphene and GNRs is expected to be very different from the
exfoliated ones.

In this work we use the nonequilibrium molecular dynamics
(NEMD)%2!-23 method to study the thermal conductivity of
epitaxial GNRs on 4H-SiC (0001) and (0001) surface. On the
(0001) surface, both covalently bonded and weakly coupled
GNR-substrate interaction conditions are considered. On the
(0001) surface we consider both the SL. and BL. GNR-substrate
interaction cases. In the BL GNR we concentrate on the
thermal conductivity of the second layer since the first layer
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is expected to have similar thermal conductivity as the SL
GNR. Two typical GNRs, that is, armchair GNR (AGNR)
and zigzag GNR (ZGNR), are considered, and we refer to
AGNR/ZGNR with N dimer lines in width as N-AGNR/N-
ZGNR for convenient representation.?*

II. METHODOLOGY
A. Background

The theoretical treatment of the thermal conductivity of
graphene/GNR can be roughly divided into two groups. The
firstis the molecular dynamics (MD) simulations, which utilize
the Tersoff/Brenner empirical potentials for C-C interactions
and NEMD/EMD simulations for the extraction of the thermal
conductivity.>®!> MD can give good results at high temper-
atures, while it is not correct at low temperatures due to its
failure in describing the Bose-Einstein phonon distributions
and ballistic phonon transport.?>*® The thermal conductivity
predicted by MD is also affected by the adopted empirical
potentials and the simulated system size,%?>?’ The second
is based on the solution of the Boltzmann equations with
the phonon scattering rates determined from the perturbation
theory or fitted to the experimental data, which is commonly
referred to as Callaway-Klemens.?8-32 The ab initio method (a
quantum mechanical based method) can be applied to calculate
the phonon spectra in the second method, which is expected
to give more accurate results than the empirical potential
method.’*3! While the accuracy of the second method can
also vary depending on the assumptions, particularly in the
treatment of Umklapp processes. Because of the computa-
tional expense, the studied graphene/GNR by MD method
is usually within 100-nm scale.>®!%3334 Thus the reported
thermal conductivity by MD method is usually lower than
that reported by Boltzmann equation based methods, which
usually consider the graphene/GNR size to be micrometer
scale.

Since the graphene/GNR with substrate is a complex system
containing many atoms in a unit cell,® itis hard to calculate the
phonon spectra directly from the quantum mechanical based
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methods, and no such study has been reported so far. MD is
an ideal choice to treat the large-complex nanosystems. In this
paper we use the MD to investigate thermal conductivity of
GNRs on SiC at room temperature (300 K), where the quantum
effect is expected to be minor.

The parameters of empirical interatomic potentials are
usually obtained by fitting the cohesive energy and lattice
constant of experimental and ab initio results. There may
be some divergence on the force constant and the phonon
spectra results between the empirical potential and ab initio
methods. We have calculated the force constants of Si-C and
C-C dimmers in use of both Tersoff*® potential and the ab
initio (RSDFT)?’ calculations. The force constant of Si-C(C-
C) dimmer obtained by Tersoff potential is 3.7(6.4) N/cm,
larger than obtained by the ab initio calculation, which has
a value of 2.0(4.9) N/cm. This indicates the Tersoff potential
overestimates the stiffness of C-C and C-Si bonds and thus
the phonon frequencies compared with the ab initio results.
We also have calculated the phonon spectra of graphene using
the Tersoff potential. Compared with the ab initio results,*® it
is found the overestimation of phonon spectra mainly appears
in the optical phonon modes, the frequencies of which are
higher than 900 cm~!. Since the thermal conductivity at
room temperature is mainly attributed to the low-frequency
phonons, we expect the Tersoff potential to overestimate
thermal conductivity to a small extent, and it does not affect
the general picture of heat transport.

B. MD simulation details

The 4H-SiC substrate is modeled with four alternating Si
and C atomic layers. One Si-C layer at the bottom of the
sample is fixed. GNRs are placed on top of the SiC substrate,
with infinite length along the X direction and finite width
along Y direction. The smallest cell of the GNR-SiC system is
of 10.12 nm in length (X direction) and 2.15 nm (around 1 nm)
for the SiC (GNR) in width (Y direction), containing 2128 SiC
atoms and 320 (368) 4-ZGNR (8-AGNR) atoms, respectively.

In the geometry optimization, periodic boundary conditions
are applied both along the X and Y directions. We use
the Tersoff potential to describe the C-C and C-Si bonded
interactions, and the nonbonded van der Waals interaction is
described by the Lennard-Jones (LJ) potential®” in the region
where the distance between GNR and SiC atoms is larger than
3.2 A. In the intermediate, the atomic interaction is described
by a cubic spline function.*’

In the NEMD simulation we employ the velocity Verlet
method to integrate equations of motion with a fixed time
step of 1 fs. Fixed boundary condition is applied along the X
direction, where the outmost layers of each end of GNR (SiC)
are fixed. Next to the boundaries, the adjacent 1-nm-long GNR
(SiC) layers are coupled to the Nosé-Hoover*! thermostats
with temperatures 310 and 290 K, respectively. The thermal
conductivity of GNRs « is then calculated from the Fourier
law,

d )

K=— .

vT -V
Ji is the total heat flux along length (X) direction except for
the two ends that coupled to the thermostats, which can be
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obtained from the Green-Kubo relation?’#2:

1
Ji(t) = Zvi,lgi + 3 Z rij1(Fij - v;)

ij.i#]

1
+ 6%{:(%,1 + 7ik, 1) Fijk - Vi), (2)

where g; is the local site energy, F;; is the two-body force, and
F;ji is the three-body force. VT is the temperature gradient in
the length direction, which is defined as VT = (T; — Tg)/L,
where Ty, Ty are the temperature of thermostats at the two
ends, and L is GNR length. V. = W - d - L is the volume, W
is the width, and d is the thickness of GNR. In this work we
choose d = 3.35 A, which is interplanar spacing of graphite.

We divide the GNR into N slabs in length direction, with
each slab containing two GNR layers. The temperature of
Jth slab can be calculated from the kinetic energy of atoms
according to the Boltzmann distribution:

1 3
(E) =) smv} = SnksT, 3)

where (E) is the mean kinetic energy, v; is the velocity of
atom, m is the atomic mass, n is the number of atoms in the
slab, and kp is the Boltzmann constant. We identify the system
to get the nonequilibrium stationary state when the averaged
temperature and heat flux on each slab do not change with
time, and find 5 ns is sufficient in this work. Then we start
to calculate the temperature profile and heat flux on GNR by
averaging about 5 ns after the nonequilibrium stationary state
is set up.

The following four kinds of epitaxial GNRs on SiC are
considered: A, SL GNR on SiC (0001); B, BL GNR on
SiC(0001); C, SL GNR on SiC (0001) with the weakly coupled
interaction; and D, SL GNR on SiC (0001) with the covalently
bonded interaction. Before geometry optimization, the initial
distance between the GNR and SiC surface was set to be 2.3 A
in cases A and B, 3.0 A in case C, and 2.0 A in case D.

III. SIMULATION RESULTS AND DISCUSSIONS

In Fig. 1 we show the optimized structures of 8-AGNR on
SiC for the above four cases. As one can see, the SL GNRs can
either covalently bonded or weakly coupled to the substrate.
In the covalently bonded case (cases A, D), the formed C-Si
(C-C) covalent bond between GNR and substrate has a length
around 2.15 (1.60) A in the middle region, being consistent
with the bond length of the graphene-SiC system in previous
reports.'>!3*3 While in the edge region the C-Si (C-C) bond
length is only about 2.10 (1.50) A, shorter than the bond length
in the middle region, indicating that the edge atoms make
the interaction between GNR and substrate stronger than that
between graphene and substrate. In the weakly coupled case
(case C), the mean distance between GNR and SiC surface is
3.30 A, similar with the graphene case.**

In the BL GNR (case B), while the mean distance between
the first and the second layer is 3.51 A, it is obviously larger
than the interlayer distance of the suspended BL graphene. The
larger interlayer distance comes from the larger shear modules
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FIG. 1. (Color online) Optimized structures of 8-AGNR on SiC
substrate for four cases: (a) single-layer GNR on SiC (0001); (b)
bilayer GNR on SiC (0001); (c) single-layer GNR on SiC (0001) with
weakly coupled interaction; and (d) single-layer GNR on SiC (00071)
with covalently bonded interaction. Carbon atoms are represented by
gray balls; Si by yellow balls.

of GNRs* and the large ripples formed on first GNR layer due
to its strong interaction with SiC surface.*® Compared with the
BL graphene, the interlayer force in BL GNR is smaller due
to its finite width, while its shear modules are much larger.
Thus, unlike the BL graphene, the weak interlayer van der
Waals force cannot make the second GNR layer follow the
large ripples of the first GNR layer, and the second GNR layer
still keeps a relatively planar structure. The large interlayer
distance appears at the trough of the ripple in first GNR layer.

The corresponding height profile of GNRs on SiC along the
length direction is shown in Fig. 2. From the figure the ripples
of GNRs that covalently bonded with SiC are obviously larger
than that of GNR weakly coupled with SiC. The smallest and
largest ripples appear in cases C and D, respectively, both of
which are on SiC (0001). Moreover, in the BL GNR the ripple
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of the second GNR layer is obviously smaller than that of first
GNR layer [Fig. 2(b)], which corresponds to a larger interlayer
distance as discussed above.

Figure 3 shows the width dependence of thermal con-
ductivity of both AGNRs and ZGNRs on SiC. As shown
in the figure, the thermal conductivity of GNRs covalently
bonded with SiC is very different from that weakly coupled
with SiC. In the covalently bonded case, thermal conductivity
of GNRs is very low (below 30 W/mK), and has little
variation when the width gets larger than 2 nm. This shows
that the strong covalent Si-C/C-C bonds formed between
GNR and SiC surface have destroyed the intrinsic thermal
conductivity of GNRs. In addition, the thermal conductivity
of GNR on SiC (0001) (case D) is distinctly smaller than
that on the (0001) surface (case A). This is attributed to the
larger GNR ripples formed on the (0001) surface than that on
(0001) surface (Fig. 2), which would induce stronger phonon
scattering. Different from the covalently bonded cases, thermal
conductivity of GNRs weakly coupled with SiC is much higher
(case C). However, we find that some C-Si covalent bonds
are newly formed between the edge of SL GNR and SiC
(000T) surface during the NEMD simulation (inset of Fig. 3),
which is attributed to the large atomic amplitude of GNR
in the direction perpendicular to the SiC surface when the
system is thermostated to 300 K. The covalent bonds would
induce additional edge localized phonon scattering on the
GNR, and thus reduce the thermal conductivity. Since the
number of newly formed covalent bonds is proportional to
the length of GNR, compared with that of the suspended
GNR, we expect the thermal conductivity will be largely
reduced when the GNR length gets to micrometer scale
(experimental length).

From Fig. 3 it is definite that the thermal conductivity of the
second GNR layer in a BL GNR (case B) is very close to that of
the suspended GNR. Also, the width dependence of thermal
conductivity is very similar to each other: With the width
increasing, the thermal conductivity of AGNR monotonously
increases, while the thermal conductivity of ZGNR increases
first and then decreases.® This implies the weak van der Waals
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FIG. 3. (Color online) Width dependence of thermal conductivity

of both (a) AGNRs and (b) ZGNRs on SiC in cases A (blue up

triangle), B (cyan right triangle), C (red circle), and D (black square),

with comparison to the suspended GNRs (magenta diamond). The
length of GNRs is 10 nm.

interaction from underlying structures (both the first GNR
layer and SiC substrate) does not break the intrinsic thermal
conductivity of the second GNR layer.

In Fig. 4 we show the length dependence of thermal
conductivity of the second layers of BL GNRs with comparison
to the suspended GNRs. Similar to that of the suspended
GNRs and carbon nanotubes,®*’ the thermal conductivity of
the second 8-AGNR (4-ZGNR) layer monotonously increases
with the length increasing and follows a power law of k ~ L#,
with 8 = 0.38 (0.49). The value of $ is very close to that of
the suspended GNR [8 = 0.32 (0.50)], showing that the high
thermal conductivity is well preserved in the second GNR
layer.

To further explore the substrate effect on thermal conduc-
tivity of the second layer of BL GNRs on SiC, we freeze
the out-of-plane atomic vibration of the second GNR layer
and recalculate the thermal conductivity with comparison to
the suspended SL GNR. For simplicity here we only present

805 1754
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FIG. 4. (Color online) Thermal conductivity « vs the length L in
log-log scale for the second (a) 8-AGNR and (b) 4-ZGNR layers in
BL GNR, with comparison to the suspended GNRs. In both cases,
k ~ LP, with 8 being close to that of the suspended GNRs.
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TABLE I. Thermal conductivity « of 8-ZGNRs with/without the
out-of-plane vibrational constraint. The GNR length is kept at 10 nm.

GNR type Constraint k (W/mK)
Suspended SL GNR Free 81.1
Suspended SL. GNR Constraint 71.7
Second layer of BL GNR Free 71.3
Second layer of BL GNR Constraint 79.1

the calculated thermal conductivity of ZGNRs. A similar
result is also obtained for AGNRs. As shown in Table I,
freezing the out-of-plane atomic vibration decreases the
thermal conductivity of the suspended SL GNR, while it
considerably increases the thermal conductivity of the second
layer of BL GNR.

This illustrates two facts. One is that the out-of-plane
phonon mode in suspended SL. GNR has a positive contribution
to the thermal transport, although it is not dominating. The
other is that the thermal conductivity reduction of the second
layer of BL GNR mainly comes from the coupling between
its out-of-plane phonon mode and the phonon modes of the
underlying structures (including phonon modes of both first
GNR layer*® and SiC surface). It should be mentioned that
the thermal conductivity of the second layer (79.1 W/mK)
in BL GNR is even higher than that of the suspended SL
GNR (77.7 W/mK) when the out-of-plane atomic vibration is
frozen. This interesting phenomenon indicates an increment
of thermal conductivity can be realized through the substrate
coupling in system with only two-dimensional vibrations.
Recently, through a coupled atomic chain model, we have
clarified that there exists a competitive mechanism on thermal
conductivity in a coupling system: the phonon resonance
effect that decreases thermal conductivity and phonon-band-
up-shift effect that increases thermal conductivity.”? In this
case, the phonon resonance effect mainly comes from the
coupling between out-of-plane phonon mode of the second
GNR layer and the phonon modes of the first GNR layer
and SiC substrate. When the out-of-plane atomic vibration
is frozen, the phonon resonance effect would be largely
reduced, and the phonon-band-up-shift effect become dom-
inated. Thus the thermal conductivity can be increased by
the coupling. The results further confirm the existence of two
competitive effects between the thermal conductive material
and substrate.

To make a more sound connection to experimental systems,
where the GNRs are usually with disordered and contaminated
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FIG. 5. (Color online) Schematic representation of GNR with
disordered edge defects, with single (D1), double (D2), and triple
(D3) missing hexagons coexisting on each edge.

0
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TABLE II. Thermal conductivity « (W/mK) of 8-ZGNRs
with/without disordered edge defects on SiC substrate. The GNR
length is kept at 10 nm.

GNR type k of ideal GNR « of defected GNR
Suspended GNR 81.1 30.8
GNR in case A 184 14.5
GNR in case B 71.3 29.2
GNR in case C 65.4 26.9
GNR in case D 59 5.6

edges, we further calculate thermal conductivity of 8-ZGNR
of 10 nm long with three types of defects: single (D1), double
(D2), and triple (D3) missing hexagons defects,* coexisting
on each edge of GNR (remove nine atoms on each edge, see
Fig. 5). To give an idea of the impact of disordered defect,
we arrange the three types of defects with random position on
each GNR edge 12 times, and the final thermal conductivity is
averaged over the 12 random cases.

As shown in Table II, the thermal conductivity of all the
GNRs decreases with the presence of disordered edge defects.
Moreover, the defects have the most dramatically influence
on thermal conductivity of suspended GNR, which make
the reduction of thermal conductivity get to 62.0% (from
81.1 to 30.8 W/mK). The thermal conductivity reduction
in second layer of BL GNR (59.0%) and SL. GNR weakly
coupled with SiC (58.9%) are also remarkable. However,
for the SL GNRs covalently bonded with SiC, the thermal
conductivity reduction induced by disordered edge defects
is less than 21.0%, not so remarkable. This indicates the
disordered edge defects have more significant influence on
thermal conductivity of GNRs which have perfect structure
and weak interactions with substrate, due to the strong
phonon scattering from edge-localized phonons. For the
GNRs that have strong interaction with substrate since the
intrinsic thermal conductivity of GNRs has been destroyed
by the substrate, the effect of disordered edge defects
becomes minor.
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IV. CONCLUSIONS

In summary, we have investigated the thermal conductivity
of epitaxial SL and BL GNRs on SiC substrate using the
NEMD method. For the SL. GNR, both covalently bonded
and weakly coupled GNR-substrate interaction conditions that
were observed by experiments are considered. The thermal
conductivity of SL GNRs in the covalently bonded conditionis
particularly low, while it is much higher in the weakly
coupled condition. However, there appear some C-Si covalent
bonds between the edge of S GNR and SiC surface in the
weakly coupled condition during the thermal transport, which
induces additional edge localized phonon scattering and is
expected to largely reduce the thermal conductivity when the
GNR length gets to micrometer scale. The second layer of
BL GNR is found to have the highest thermal conductivity
among all the epitaxial GNRs, and keeps much the same
thermal-conductivity characteristics as the suspended GNR.
We find that the out-of-plane phonon mode of the second GNR
layer plays a critical role on the thermal conductivity variation
induced by the underlying structures. The existence of two
competitive effects between thermal conductive material and
substrate is further confirmed. The effect of disordered edge
defects on thermal conductivity of epitaxial GNRs is further
investigated. The results show that disordered edge defects can
remarkably decrease thermal conductivity of GNRs weakly
interacted with substrate, while the effect becomes minor
on GNRs strongly interacted with substrate. We expect the
present study can be helpful to the forthcoming applications
of epitaxial graphene nanomaterials in nanoelectronics.
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