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2D layered honeycomb network based ohismded carbon structures, which is well known
in literature as ‘Graphene’, is the smallest building unitnokt carbon family materials. The
unique properties like electronic, thermal, transport and mechamiopkrties have been
given hope for improvement in future nanodevid8saphene nanoribbons (GNR), where
charge carriers are confined in two dimensions and free to along the ribbon axis, have
attracted much attention nowadays as they are realized by é#fftogrroutes, by unzipping
nanotubes, or by various chemical routes, like chemical vapour tepoflecently, GNRs
have emerged as a potential few-atom-thick material inhwattd length, which are
considered as important parameters for tailoring the carbor meseelectronics. GNRs
have, thus, emerged as important candidates for thermoebgmbtications with high figure-
of-merit, due to this external arrangement of atoms whichctaffés thermal transport.
Furthermore, the precise knowledge of effect of width and emgghness in GNRs can give
rise to unusual physics. A large growing number of experimeatal theoretical
investigations [1-27] have been performed to study the thermaliespespecially thermal
transport assisted by phonon vibrations.

Han and Kim have performed experiments [18], and carried ouinsystestudies of
the scaling of transport gap in GNRs of various dimensions. Theyfoand evidence of a
transport mechanism in disordered GNRs based on hopping through kbcdires whose
size is close to the GNR width.

Nika et al [1,2] performed a detailed study of the latticermal conductivity of
graphene using the phonon dispersion obtained from the valence-fadc@/fi@) method.
They have used three-phonon Umklapp scattering directly considdripgonon relaxation
channels allowed by the energy and momentum conservation in graph&rél@in zone.
They have studied thermal conductivity of graphene flake am@&idn of temperature for

several different lengths of the flake. Their model obtaimed@riineisen parameters for the
2
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longitudinal ¢,a) and transversei{s) phonon branches through averaging over phonon
modes, which were obtained fraah initio calculations. Jiang et al [3] calculated the thermal
conductance of graphene in the pure ballistic limit obtaining avagre which translates to
the thermal conductivity in excess of ~6600 W/mK. Ghosh et alhgdf experimentally
found that graphene suspended across trenches in SiH&fér has thermal conductivities in
the range of 3000-5000 W/mK depending on the specific sizes, whicfrear 1 to 5 um.
Numerical andab initio calculations have shown that there is a strong need for a

simple analytical model, based on phonon Boltzmann transport equatibe nelaxation

time approximation, taking into account Umklapp phonon-phonon scattering and phonon

boundary scattering processes, and, most importantly, not confindalligstic transport
regime, which can explain the differences in the phonon transpgraphene nanoribbon, a
spatially bounded layer of graphene, at different temperaturet® dliéerent edge types and
lateral confinements: lengths and widths. Our hypothesastishese parameters are crucial,
through different phonon scattering mechanisms and availabiliberw&in phonon modes,
for understanding the behavior of thermal conductivity in GNR andtlaws, relevant for
applications of GNRs in (thermo)electric and photonic devitesaddition, we have
calculated thermal conductivities of phonon longitudinal acoustic (BA)l transverse
acoustic (TA) branches, which carry heat [1,2,28,29]. Separaalysis of longitudinal and
transversal branch contributions allows us to gain better understarigphgnon dispersions
and its characteristics as the main activators of fwatuction in GNR.

Thermal conductivity of graphene nanoribbons have potential applications
nanoscale thermal management such as on-chip cooling and eaevwgysion by controlling
the phonon heat transport which is also fundamental in seve®htie proposed novel
schemes of “thermal circuits” or information processing [2Blr investigation of the

thermal conductivity and of controlling mechanisms by longitudiraduatic (LA) and
3
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transverse acoustic (TA) phonon branches in graphene nanoribbon can kanimioorthe
development of energy-efficient nanoelectronics based on grapReapel development on
the experimental side, provides an ample opportunity for thedastsst their models to
understand the quantum phenomena which dictate phonon modulation in GNRs.

General expression for the thermal conductivity of graphene camitben as [1,2],

%, (a)

2
e 27 { } exp( j 1)
0 0

whered =LA, TA. S Cyn, h, kg, T and g, are the area of the sampl@lumetric specific
heat of each mode, reduced Planck constant, Boltzmann consiswitjta temperature and
wave vector, respectively. Herg, is they component of the group-velocity vector in branch
L. 6 = 0.35nm s the effective layer thicknes® (ranging from 0 to 2 ) is the angle between
the wave vector anglaxis, andgmax is the cut-off wave vector ang, [1,2,6] is given by

@ (q)=v,q A=LATA (2)
In this work, we do not consider other scattering mechanisms sudefacts. Therefore,

according to the Matthiessen’s rulg,*(q,6) =7.% (a) +755 (9.6), where 7, ,(q) and
Ty, (q,B) are relaxation times of Umklapp phonon-phonon scattering and phonon-boundary

scattering respectively;, , (q) is given as [1,6]

_ MU (9) D,

754 (9) —m 3
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M, y; andwmax). are mass of a graphene unit cell, Griineisen parametenaichum cut-off
frequency for each branch respectively. It controls the strength of the phonon-phonon
scattering process for each branch.

The proper treatment of phonon-boundary scattering rate is kriicaanoscale

system, especially when the characteristic size ofsyfsem is close to or less than the

phonon mean free path, , (q,6) is given as [7]

L, (8)/u,(aq) if I <I,

,(6)/v,(q) otherwise )

7y, (9.6) ={

wherel is the averaged distance traveled ballistically by a phonéorebditting the end
boundary, andi is the averaged distance traveled ballistically by a phonon beittirey the

lateral boundaryl,andl. are given as follows,

1 F oL
(9)= L |cosé| -([ yay = 2|cosd| ®)
R S S
I'(H)_W|sin9|-£ydy_2|sin9| ©

where L and W are length and width of GNRs.
The parameters for dispersion originate from ref. [3], wthite group velocities for LA and
TA branches are 1504%/s and 1064Qms, respectively. The Grineisen parameters for LA

and TA branches are 2.0 and 0.75, respectively [8].

(6]
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Figure 1: The schematic diagram for Graphen Nanoribbon (GNR).

In Figure 1, the atoms denoted with (yellow) circles atethes are fixed to avoid the
spurious global rotation of the GNRs in the our simulation [27]. h&fee also performed
simulations regarding width and length conditions gquantitatively. Out hgpist is that
thermal conductivity is limited and dependent on the finite leagthwidth of GNRs.

Figure 2 shows the length dependence of thermal conductivity in @MNRslifferent
edge roughness along with temperature effect. In the situatiergonsider the width of
GNRs to be 50 nm and that length ranges from 100 nm to 1050 nm. Reggéest that our
calculated thermal conductivity is limited by the finite ldngt GNRs and corresponds to the
value for graphene of macroscopic size. This is consistent étiphionon mean free path
(MFP) in graphene extracted from the experiment (775 nm) [4] beingapately the same
as the length (up t61000 nm) of the GNRs simulated in this study. It is noticeablethiea
length dependence of thermal conductivity in GNRs is contrdiiethe phonon-boundary
scattering mechanism, while phonon mean free path (MFP) isotledtby the length of
GNRs. It is observed in Figure 2 that thermal conductivitydtgpncreases with length, as

acoustic phonons with longer wavelengths become available foiraesfer.
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Figure 2: The length dependence of thermal conductivity of GNRs with rdifteedge

roughness along with temperature variations.

An increase in the GNRs length increases the number of phonorexpiesiience
lateral boundary scattering, resulting in MFP being dependent on dmathand lateral
boundary scattering. The finite value of thermal conductigityGNRs results from the
existence of diffuse phonon-boundary scattering. In the casegeféalge roughness € 2.0
nm), almost all phonons undergo a pure diffuse reflection at lavenahdaries, so the
phonons diffuse normally and the thermal conductivity converges to @anbmeghen the
length of GNRs is longer than 700 nm, which is believed to be the phoRBnifvgraphene.
Thermal conductivity increases with increasing temperaturégh@snumber of scattered
phonons increases. Temperature dependence deviates from 1/patadeularly for small
nanoribbons, due to the boundary restrictions on phonon MFP from grapheneldigbas
correlations to heat transport of polycrystalline materiate gimilar restrictions on phonon

MFP due to the boundaries.
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Figure 3: Thewidth and length dependence of thermal conductivity of LA andiiahches
in GNRs.

Figure 3 gives the width and length dependence of thermal covituofi individual branch
in GNRs at different temperatures from 300K to 800K. In thiec effective layer thickness
is taken to be 0.35 nm. Thermal conductivity of LA and TA branamagases as the length
of GNRs increases, indicating that longitudinal and transversades both positively
contribute to the length dependence of thermal conductivity. On hiee lband, the thermal
conductivity of both branches almost converges with increasing tatape The difference
in length dependence of thermal conductivity between the in-gleareches (LA and TA)
stems from the different phonon dispersion. Longitudinal modes haveatemgenergy
dispersion and, thus, a greater distribution of phonon velocitigheHivelocities provide
them larger phonon MFPs and larger MFPs of longitudinal modedagiyer contribution to
thermal conductivity. Relative influence to the therm@iductivity of individual branches is

also length-dependent, as presented in Fig. 3.
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Figure 4: The width dependence of thermal conductivity of GNRs witlfieidint edge
roughness along with temperature variations.

The width-dependence of thermal conductivity of GNRs is also rdated along
with edge roughness and temperature variations, as shown id. Higthe case of purely
specular reflection at smooth lateral boundaiie), according to eqns (4)-(6), the averaged
relaxation time of phonon-boundary scatterigds only determined by the length of GNRs.
Therefore, the thermal conductivity is governed by both facteslength and width under
diffuse reflection conditions. Both dependences become more evidemt thkeedge
roughness is smaller.

We also observed a similar trend, as discussed by Han andinKiireir recent
experiment [18], that at the charge neutrality point, a leirgtependent transport gap forms.
The size of this gap is inversely proportional to the GNR twilit particular, we found that

in this gap electrons are localized, and charge transport extdbtransition between



O©CO~NOOOTA~AWNPE

thermally activated behavior at higher temperatures andblarrange hopping at lower
temperatures.

To more insight, the effect of edge rougness on graphene nanoribbsntmvehe
contribution of flexural phonons increases as the width decreakesmé&chanism can be
understood as when the width is smaller, the number of phonons thateezpelateral
boundary scattering is larger, indicating that the suppression -pfame phonons is
significantly stronger than that of out-of-plane phonons, which 98 abnfirmed in the
previous study of graphene phonon dispersion [18]. From this we can sefu¢hto the
small phonon group velocity, flexural phonons have a dominant contributitw tinvérmal
conductivity of graphene whose length and width are not larger than @nennj8l1]. In
other words, in GNRs whose width is much less than phonon MFP in graieng 800
nm), the mean free path of in-plane phonons is suppressed by diffuse 4{oumaiary
scattering at lateral boundaries of GNRs with rough edgeshvdrihances the contribution
of flexual phonons to heat conduction in GNRs. Although the simulated GNRsnfmach
smaller width with respect to that of graphene in experimaviisobserved the strong size
dependence in agreement with Refs. [4] and [5].

In conclusion, we have investigated a simple model for caloglatie thermal
conductivity of graphene nanoribbons of different widths, lengths and redggness. It
explains the main features of pure 2D phonon transport in graphene nanomicim,
distinguishes it from that of graphite. The diffuse phonon-boundaryesogtsuppresses the
thermal conductivity of GNRs. The suppression of thermal condiychiy diffusive phonon-
boundary scattering in TA branch is more remarkable than tha ordnch. When the edge
roughness increases from O (purely specular reflection) to 2.(almost purely diffusive
reflection for all phonons), the thermal conductivity of phonon modegases. Lengths and

widths of graphene nanoribbons have significant influence on theramaluctivity. Our
10
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model advocates that appropriate combinations of GNRs’ lengtlh wnd edge roughness
can imbue them with properties which will benefit theéma- and thermoelectric device
applications. The model utilizes parameters which are respoifaitilee heat conduction of

LA and TA phonon branches. The thermal conductivity calculated ewvithmodel gives

results consistent with thab initio theory of heat conduction in graphene and in excellent

agreement with the experiments.
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