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Abstract Thermal conductivities of graphene-like silicon
and carbon hybrid nanostructures with silicon atom percen-
tages varying from 0 % (graphene) to 100 % (silicene) are
investigated using the reserve non-equilibrium molecular
dynamic (RNEMD) method and Tersoff bond order poten-
tials. The thermal conductivity of graphene is dramatically
reduced with increasing silicon concentration, and the re-
duction appears to be related more to the topological struc-
tures formed than the amount of doped silicon atoms
present. The reduction is collectively contributed to by
reduced phonon group velocities (v), phonon free paths
(1.), and the specific heat capacity (c) of the material. For
systems with high symmetry, thermal conductivity is mainly
influenced by v and c. For systems with low symmetry,
thermal conductivity is dominated by /.; such materials
are also more direction-dependent on thermal flux than
highly symmetric materials.

Keywords Graphene - Molecular dynamics - Phonon -
Silicon carbon hybrid monolayer - Thermal conductivity
Introduction

Graphene [1-10] may be modified to achieve different
properties by the introduction of hybrid atoms or functional
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groups [11-13]. For instance, doping nitrogen on graphene
results in increased electrocatalytic activity [14]. Experimental
studies also show that band-gap openings in graphene may be
induced by adsorption of atomic hydrogen [15]. Theoretical
studies show that the thermal conductivity of hydrogenated
graphene decreases with increasing hydrogen coverage [16,
17]. The synthesis of multi-walled Si-C nanotubes (SiCNTs)
has recently been reported [18]. Although a graphene-like Si-
C material has yet to be reported, DFT [19] and GTBMD [20]
studies suggest that it may exist and it could be nonmagnetic
with a wide band-gap semiconductor [21]. If all carbon atoms
are replaced by silicon, a graphene-like all-silicon material
(silicene) may be formed [22]. Very recently, silicon nano-
ribbons with a honeycomb graphene-like structure were syn-
thesized by self-alignment on a Ag(110) surface [23].
Theoretical studies indicate that this kind of material has
noticeable electronic poperties and may have potentially in-
teresting electronic applications [24, 25].

Among the intriguing properties of graphene observed, its
thermal conductivity has received significant attention from
many researchers. Experimental and theoretical studies reveal
that graphene has a superior thermal conductivity in the range
of 2000 W/mK to 5000 W/mK [4, 5, 10], which provides
various possibilities in the thermal management of nanoscale
materials. Therefore, determination of changes in thermal
conductivity as various amounts of silicon are doped on
graphene is an interesting endeavor. The information obtained
from such a study would be valuable for designing hybrid
materials for thermal management.

In this work, we calculated the thermal conductivities of
single-layer graphene (SLQG), silicene (SLS), and silicon-
carbon hybrid sheets with various percentages of silicon atoms
(SLSiC). Calculations were based on the reverse non-
equilibrium molecular dynamics (RNEMD) method [26] and
Tersoff bond-order potentials [27]. We also compared

@ Springer


http://dx.doi.org/10.1007/s00894-012-1482-4

4812

J Mol Model (2012) 18:4811-4818

different compositions and thermal flux directions in the pro-
posed materials. Finally, we carried out phonon dispersion
calculations and interpreted the calculated data using thermal
conductivity kinetic models to better understand the physical
origins of the data obtained. This article summarizes our
studies.

Computational details

Figure 1 illustrates the single layer models calculated in this
work. A total of 12 structures were calculated, with different

Fig. 1 Models calculated in
this work. The displayed
models are NOT optimized for
clear viewing. Black: carbon;
yellow: silicon

Armchair

10. Si-1/4-11
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mole fractions of silicon atoms: 0 (SLG), 1/96, 1/12, 1/6, 1/4,
1/3,1/2,and 1 (SLS). The models in this paper were named by
the silicon ratio and type of topological structure presented.
For example, Si-1/2-1 denotes a structure with 1/2 silicon
atoms and type I topology. Two directions, armchair (AC)
and zigzag (ZZ), were also defined for the models, as illus-
trated in Fig. 1. We selected these structures for the following
reasons: (1) Structures 1 to 8 were selected to determine the
variation in thermal conductivity as the silicon atom percent-
age increased. Silicon atoms were evenly distributed in these
structures along the AC direction. (2) Structures 1 and 7 to 9

11. Si-1/4-111

12. Si-1/3-11
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were selected to determine the effects of direction on the
calculated thermal conductivities. In structure 9, Si-1/2-II,
for example, four directions were defined and calculated. (3)
Structures 9 to 12 were used to compare the effects of different
topologies as structures with same carbon-silicon ratios but
different topologies included in group (1). In particular, struc-
tures 9, 10, and 12 contain Si—Si bonds, which have been
reported to be less stable than alternating Si—C bonds by
theoretical studies [19, 20].

Simulations were performed using 3-D periodic conditions,
in which a single layer was placed on the x-y plane. A large
separation (>2.0 nm) in the z-direction was used to avoid
interactions between real and imaginary layers of the simula-
tion cell. The y-dimension varied between 1.5 nm and 2.6 nm
depending on the fraction of silicon in the model; the number
of atoms along the y-dimension was kept fixed. The x-
dimension was chosen as the direction of heat flux in RNEMD
simulations. Extrapolations were performed using simulations
on super-cells made by duplicating the x-axis such that it
spanned 30 nm to 90 nm to reduce simulation size effects.

In the RNEMD simulations, each of the simulation boxes
was divided into 20 blocks along the x-dimension. The 1st
block was treated as the cold region and the 11th block was
treated as the hot region. The temperature gradient was
generated by repeatedly swapping velocities of atoms be-
tween the cold and hot regions during otherwise regular
molecular dynamics simulations. As the system reached
equilibrium, the temperature gradient (07 /Jx) and heat flux
(J) calculated from the exchanged kinetic energies per unit
time and cross-area were collected. The thermal conductiv-
ity was calculated as:

ci

12At<aT/ax> ‘ m
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K=— ==
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In the equation, m; is the mass of the atoms, v;,; and v,; are
velocities in the hot and cold regions, respectively, 4 is the
cross-area, and ¢ is the total simulation time. Thicknesses of
0.34 nm for SLG and 0.42 nm for all other models contain-
ing silicon were used to calculate the cross area. The factor
of 2 accounted for energy flows from hot to cold regions in
two directions due to periodic setups along the x-direction.

The simulations were performed with the LAMMPS
package [28] and Tersoff bond-order potentials [27] at
room temperature. A time step of 0.25 fs was used for
the molecular dynamics simulations. The initial struc-
tures were equilibrated by NPT simulation for 100 ps,
followed by NVT simulation for another 100 ps. The
data collection period was typically 1.0 ns, and the
interval of collection was 25 fs; data collected were
used to calculate the temperature gradient. The frequen-
cy of velocity swaps between hot and cold regions was

adjusted to keep the temperature of the simulation box
between 250 and 350 K. Phonon dispersion curves were
calculated using the software package GULP [29].

Results and discussion

Figure 2 shows the temperature profile and extrapolation
chart obtained for SLG. Extrapolation data obtained for
other models are similar and given in the supplementary
material (S1). The temperature profile shown in Fig. 2a does
not show perfect linearity in the vicinities of hot or cold
boundaries. Similar results were obtained for other models
in this work. The lack of perfect linearity is due to the
scattering of phonons in temperature-controlled blocks and
often observed in NEMD simulations of systems with high
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Fig. 2 (a) Final temperature profile of 87.3 nm long graphene at room
temperature. (b) The linear response between the reciprocal of thermal
conductivity and the reciprocal of the simulation box length of SLG
along different directions at room temperature. Square: armchair; cir-
cle: zigzag
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thermal conductivity [30]. Linear regions can be identified
in the heat spread blocks (blocks 3 to 9), which are used to
calculate temperature gradients.

The calculated thermal conductivity coefficients depend
on the simulation box lengths. Finite lengths used in the
simulations can be removed by extrapolation. The lattice
thermal conductivity can be described by the following
kinetic formula [31]:

K= gcvl, (2)

where c is the specific heat capacity, v is the average phonon
group velocity, and / is the phonon mean free-path. The
mean free-path can be divided to two parts based on the
Matthiessen rule [32]:

1 1 2

7=E+E7 (3)

where L, is the finite length along the thermal flux direction
in the simulation box and /,, is the phonon mean free path in
an infinitely long (real) system. The factor 2 accounts for the
fact that phonon scattering occurs in the heat sink and
source regions, as well as at both boundaries of the simula-
tion box. Combining Egs. 2 and 3, we obtain an extrapola-
tion formula as follows:

L)k @

k ov\lo Ly Ly’

The reciprocal of the calculated thermal conductivities is
a linear equation of the reciprocal of the x-dimension
lengths, with the intercept being the thermal conductivity
at infinite conditions:

1 3
A=—= 5
Koo  CVlg )
l,, can be calculated from constants A and B [33]:
B
I = 7R (6)

The extrapolation for SLG is displayed in Fig. 2b. For
SLG, calculations are carried out along two directions: AC
and ZZ. Each of'the data sets can be reasonably fit by a straight
line. The extrapolated conductivity values are 848 W/m-K for
AC and 986 W/m-K for ZZ, significantly lower than reported
experimental data (~3080-5300 W/mK) [4, 5] but close to
previously published simulation results (~1200 W/mK for AC
and ~1600 W/mK for ZZ) obtained using different potentials
[9]. The potential is undoubtedly one of the major factors that
influences the predictions. The calculated phonon density of
state, as given in the supplementary material (S2), shows that
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calculated frequencies using Tersoff potentials are significant-
ly higher than the experimental data [34]. The discrepancy
uncovered may be attributed to the ineffectiveness of the
underlying potential; further investigation of this subject is
necessary to achieve more concrete conclusions.

Figure 3 summarizes the calculated thermal conductivi-
ties as the mole fraction of silicon atoms in both the AC and
ZZ directions. Similar results are obtained for the two direc-
tions, although ZZ values are slightly higher than AC ones
in most cases. A very small fraction (1/96) of silicon causes
a dramatic decrease in thermal conductivity from (850 to
1000) W/mK to (130 to 140) W/mK. As the fraction of
silicon increases, the values decrease rapidly to as low as
ca. 10 W/mK for silicon fractions of 1/12, 1/6, 1/4, and 1/3.
However, thermal conductivities are modest in 1/2 silicon
and all silicon (SLS) models, approximating 110 W/mK and
55 W/mkK, respectively.

Analysis of the SLG, Si-1/2-1, and SLS models, which
have relatively large thermal conductivities, reveals the
physical origin of the coefficients of thermal conductivity.
These models have similar topological structures and each
model contains only one of the three chemical bonds: C-C,
C-Si, or Si-Si. Table 1 lists a comparison of calculated
results for SLG, Si-1/2-1, and SLS along the ZZ and AC
directions. The calculated cv and /., based on extrapolation
of Egs. 3 to 6 are also listed in the table. It is clear that the
decrease in thermal conductivity from SLG to SLS is mainly
due to the decrease in cv, while [, is only reduced
fractionally.

A comparison of the data obtained for different directions
(AC and ZZ) in Table 1 shows that the thermal conductivity
increases from 848 W/mK to 986 W/mK for SLG and
101 W/mK to 118 W/mK for Si-1/2-1 and remains almost
identical for SLS. The calculated [, shows that the ZZ
direction has a larger /,, than the AC direction. This finding
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Fig. 3 Variation in thermal conductivity with the percentage of doped
silicon in the armchair and zigzag directions
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Table 1 Calculated thermal conductivities x (W/mK) from the com-
bined contributions of ¢v (10° W/m?K) and phonon mean free path L,
(nm) for the highly symmetrical materials SLG, Si-1/2-I, and SLS. The
experimental thermal conductivities of SLG are retrieved from Ghosh
et al. [4, 5]

AC 77 experiment
K cv I K cv I K
SLG 848.1 579 439 9859 541 54.6 3080-5300

Si-1/2-1  101.1 7.5 402 117.6 6.1 57.1
SLS 556 52 320 549 51 31.8

is consistent with a recent study by Jiang et al. [35] on
graphene thermal conductivity.

The collective contribution of cv can be further decoupled
by estimating v and c. To estimate v, we calculate phonon
dispersion curves for these models along the highly symmet-
rical direction (I'-M-K-I), the results of which are plotted in
Fig. 4. The group velocity can be estimated as the slope of the
phonon curve at the I point. Since the thermal conductivity is
dominated by contributions of the acoustic modes [36, 37], we
calculate the slopes of the three acoustic modes (LA, TA, ZA)
only and list the results in Table 2. The v values, which are
obtained by averaging the three branches [30], are also given
in the table. Values of v decrease in the order of SLG > Si-1/2-1
> SLS. However, the extent of reduction in v is not identical to
that of the combined value cv, which means c also partly
contributes to the results obtained.

Accurate calculations of ¢ are beyond the scope of this
work; however, we can obtain a very rough estimate of the
magnitudes of change based on the equal partition theorem
[30]:

3
= —kgN 7
c P BLV ( )

where N is the number density, which are 107 nm™ for SLG,
56 nm™ for Si-1/2-1, and 35 nm™ for SLS. Clearly, both v
and c are reduced as the fraction of silicon atoms increases
in the three models.

Model Si-1/2-11 is ideal for analyzing the direction of heat
fluxes. Four distinct directions can be identified for this
model as shown in Fig. 5. In addition to ZZ (I) and AC
(IV), directions II and III are not found in models SLG, SLS
and Si-1/2-1. The calculated thermal conductivities and their
components in terms of ¢v and [, are listed in Table 3. The
data obtained for direction ZZ is very similar to that
obtained for Si-1/2-1 (ZZ). This can be justified by compar-
ing the structures (Fig. 1); along the ZZ direction, both
materials show the same zigzagging C—Si—C—Si bond struc-
ture. The value along the AC direction is, however, very
different from that of Si-1/2-1. As shown in Fig. 1, the bond
pattern is C—C—Si-Si in SiC-1/2-II but is C—Si—C-Si in SiC-
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Fig. 4 The calculated phonon dispersion curves along high-symmetry
directions I'-M-K-I" for different materials

Table 2 Calculated phonon velocities (km/s) of acoustic modes (LA,
TA, ZA) around the I' point and average phonon velocities for different
materials

VLA V1A Vza v
SLG 50.3 36.8 1.6 41.3
Si-1/2-1 19.5 13.9 0.50 15.8
SLS 6.8 4.2 0.18 5.1
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Fig. 5 The effect of thermal flux directions in Si-1/2-II. The arrow
indicates directions of thermal flux used to calculate thermal
conductivities

1/2-1. This difference in pattern leads to large differences in
calculated thermal conductivity: 47.5 W/mK for SiC-1/2-11
and 101.1 W/mK for SiC-1/2-I1. We note that the differ-
ences may be attributed to both the product of c¢v (1.9 vs.
7.5) and the [, (71.8 vs. 40.2). Directions II and III are
similar but distinguishable in terms of thermal conductivi-
ties, the products of ¢v and /... Models Si-1/2-I and Si-1/2-11
have the same composition but different topological struc-
tures and symmetries. Generally speaking, as the symmetry
is reduced (such as from Si-1/2-1 to Si-1/2-1I, the space
group number of operators is reduced from 12 to 8), the
direction-dependence of thermal conductivity increases.

Table 4 lists results for models with very low thermal
conductivity. In Si-1/96, doping with only 1 % silicon
causes a dramatic decrease in thermal conductivity from
848 W/mK to 143 W/mK. As the percentage of silicon
increases, the thermal conductivities decrease rapidly to ca.
10 W/mK; these values are lower than that of pure silicon
(SLS). As discussed above, once silicon is added to gra-
phene, both v and ¢ are reduced. This is clear in Table 4,
which shows that most of the cv values are less than 10.
Comparing the Si-1/2 and SLS models, remarkable reduc-
tions in /[, are observed.

Surface structures are important factors corresponding to
the thermal conductivities calculated. Figure 6 displays
snapshots of structures obtained from the simulations.
Figure 6a displays the structure obtained for the Si-1/96

Table 3 Calculated thermal conductivities £ (W/mK) from the combined
contributions of ¢v (10° W/m?K) and phonon mean free path ,, (nm) for
different thermal flux directions in Si-1/2-1

K cv 1
1(Z27) 111.5 6.3 52.7
I 66.1 7.7 25.6
11 53.7 4.1 39.1
IV(AC) 47.5 1.9 71.8
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Table 4 Calculated

thermal conductivities ID K cv L

along the AC direction k

(W/mK) from the com- Si-1/96 143.4 19.5 22.0

bined contributions of ¢v Si-1/12 32.1 96 99

9 2

(10" W/mK) and phonon ;1 /¢ 118 92 38

mean free path /,, (nm) )

for different materials Si-1/4-1 19.8 4.5 13.1
Si-1/4-11 8.2 16.8 1.4
Si-1/4-111 5.7 6.5 2.6
Si-1/3-1 9.9 9.3 3.1
Si-1/3-11 10.0 13.4 2.2

model. The silicon atom is surrounded by carbon atoms.
As Si—C bonds are longer than C—C bonds, silicon atoms
become puckered out of the graphene plane by ~0.16 nm.
These atoms contribute to impurities or defects on the sur-
face of the material, causing strong phonon scattering and
decreasing /,, compared with SLG. Similar phenomena were
observed for the Si-1/12 model. Structures of Si-1/6, Si-1/4-
(I, 11, 1IT) and Si-1/3-(1, II) possess alternating C—C, C—Si, or
Si—Si bonds, showing wavelike or rippled surface features.
Figure 6b shows the structure of Si-1/3-1 as an example.
Comparison of the various silicon structures indicates that
the rougher the surface becomes, the shorter 7, is. Figure 6¢
shows a snapshot of the model of Si-1/2-1. A planar struc-
ture is obtained for this model, which agrees with DFT
calculations [16]; a modest value of thermal conductivity
is also obtained. Overall, the smoother a surface is, the
greater its thermal conductivity becomes.

Conclusions

To summarize, thermal conductivities of graphene-like sili-
con and carbon hybrid nanostructures with silicon atom
percentages varying from 0 % (graphene) to 100 % (sili-
cene) were investigated using the reserve non-equilibrium

Fig. 6 Snapshots of structures during molecular dynamics simula-
tions: (a) Si-1/96, (b) Si-1/3-1, and (c) Si-1/2-1
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molecular dynamic (RNEMD) method and Tersoff bond
order potentials. The finite boundary condition effect was
effectively removed by extrapolation. Using data calculated
for SLG, we observed that the calculated thermal conduc-
tivity was significantly lower than the experimental data but
consistent with previously reported calculation data. The
discrepancy uncovered may be attributed to the ineffective-
ness of the underlying potential; further investigation of this
subject is necessary to achieve more concrete conclusions.

The simulation data showed that thermal conductivities
decreased dramatically as silicon was doped on graphene.
However, this decrease was not proportional to the amount
of silicon added: even doping with 1 % silicon caused a
dramatic decrease in thermal conductivity. Topological
structures strongly influenced the thermal conductivity and
direction-dependence of such conductivity. Anisotropic
thermal conductivity is more pronounced for materials with
low symmetry than those with high symmetry.

The calculated data were analyzed based on phonon
dispersion curves and kinetic models in terms of ¢, v, and
I The reduction in thermal conductivity with doped silicon
was caused by the collective effects of three variables. For
highly symmetrical models (i.e., SLG, Si-1/2-1 and SLS),
thermal conductivities were mainly determined by ¢ and v.
For low-symmetry models, /,, was the main cause of the
reduction in thermal conductivity, indicating increased pho-
non scattering.

The results suggest that the thermal conductivity of sili-
con and carbon hybrid graphene-like materials imposes a
large range of thermal conductivities depending on the
amount of silicon doping and direction of heat flux, which
could be useful for future applications in advanced thermal
management.
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