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ABSTRACT

The effects of silicon (Si) doping on the in-plane and cross-plane thermal transport of suspended and sili-
con dioxide (SiO,) supported graphene were investigated via molecular dynamics simulations. Due to the
large mismatch in atomic mass and interaction with neighboring carbon atoms, Si can act as an effective
phonon scatterer, thus suppressing the thermal transport. In this study, we evaluated the contributions
of mass and interaction mismatches of Si dopants to the reduction in the in-plane thermal conductiv-
ity and the cross-plane thermal resistance through systematic control of the dopant’s properties. 2% Si
doping reduces the in-plane transport of suspended graphene by ~94% due to the increased scattering,
while the SiO,-supported graphene is less affected. The phonon scattering by Si linearly increases with
the Si content, and the interaction mismatch has a greater influence on the phonon kinetics during in-
plane transport than the mass mismatch. In contrast, the cross-plane transport is enhanced by Si doping,
decreasing the interfacial thermal resistance by ~30%, because of the stronger interfacial interactions by
weaker in-plane bonding and the smaller atomic mass mismatch with the substrate material. The en-
hanced understanding of doping effects on thermal transport from this research is expected to provide

insights for effective thermal transport control in various graphene structures.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene, as the first example of a two-dimensional (2D)
atomic crystal [1], has been a highly focused subject for scientific
investigation because its 2D hexagonal carbon lattice structure pro-
vides unique electronic [2], mechanical [3], optical [4], and ther-
mal [5,6] properties. These exceptional properties make graphene
a promising material in various applications (e.g., graphene-based
transistors, monolithically integrated circuits, optical modulators,
and electromagnetic wave shields [7,8]). Specifically, the high ther-
mal conductivity of graphene (4,800-5,300 W/m-K [9]) is desirable
for thermal management applications requiring rapid heat trans-
fers. On the other hand, high thermal conductivity is unfavorable
for some applications, such as thermoelectric (TE) systems, which
show promise for energy harvesting and recovery applications [10].
The TE performance is characterized by the figure-of-merit (ZT),
which is inversely proportional to the thermal conductivity (k) of
the TE material; ZT increases with the electrical conductivity (o)
and the Seebeck coefficient (S) [11] (ZT = oS2T/k). Thus, to en-
hance the potential of graphene on thermoelectric applications, ef-
fective thermal transport control, while maintaining or enhancing
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the electrical and TE conversion properties (o and S), is a critical
task.

For the thermal transport control of graphene, several ap-
proaches have been introduced, including edge passivation [12],
geometrical defects [13], isotope engineering [14], strain [15], and
grain boundary [16,17]. In addition to these approaches, doping is
another effective method to modify the thermal transport proper-
ties of graphene [18] and other semiconductor materials [19], be-
cause additional phonon scattering by impurities or dopants even-
tually leads to the thermal transport reduction. Since atomic mass
and interaction mismatches affect impurity scattering, the doping-
induced thermal transport reduction is dependent on the dopant’s
species. Several materials, such as nitrogen (N) [20], boron (B) [21],
gold (Au), platinum (Pt), and nickel (Ni) [22], have been examined
as possible elements to modify the properties of graphene. How-
ever, doping can also change or degrade other properties for TE or
electronic performance (o and S); thus, to minimize the influence
on electrical properties, the doping of silicon (Si), which has an
electronic structure similar to C, was suggested [18].

Si-doped graphene was successfully synthesized with controlled
Si concentrations [23] and actively studied for mechanical and
electrical properties [24]. Its thermal transport has been explored
due to their application potentials for TE [18,25]; however, the de-
tailed mechanism and effectiveness of the heat transfer suppres-
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sion by Si doping are still unclear. Also, since other elements are
often added to graphene structures by doping or functionalization,
this research will be beneficial for the evaluation or control of ther-
mal transport in various graphene applications, such as graphene
electrodes [26]. Furthermore, supported graphene has not been ad-
dressed, even though graphene is usually supported by a dielectric
substrate in the electronic devices [27], since it is not able to sus-
tain the structure itself. Thermal transport of supported graphene
has more complexities than that of the suspended graphene due
to additional interfacial interactions [28] between the graphene
and the substrate. Thus, in addition to in-plane thermal conduc-
tivity, the out-of-plane thermal transport, characterized by inter-
facial thermal resistance or conductance [29], also needs to be
examined. Here, we selected crystalline silicon dioxide (SiO,) as
a substrate material due to its wide range of applications, such
as photovoltaics, semiconductor electronic devices, catalysis, film
substrates, ceramics, and humidity sensors [30,31]. Moreover, the
use of SiO, crystal facilitates the analysis of the Si-doping effects,
as structural disorder is excluded, different from amorphous SiO,.

In this study, the in-plane and out-of-plane thermal transport
of Si-doped graphene was investigated by using molecular dynam-
ics (MD) simulations [32,33]. In the following sections, the sub-
ject structures, simulation procedure, and methodologies of ther-
mal transport analysis are described in more detail. Then, we
present the in-plane thermal conductivity of the suspended Si-
doped graphene and its sensitivity to mass and interaction mis-
match, followed by the discussion of the in-plane and out-of-plane
thermal transport in SiO,-supported Si-doped graphene systems.
Through this research, we evaluate the effects of mass and in-
teraction mismatches on the in-plane and out-of-plane thermal
transport in Si-doped graphene and discuss the physical mecha-
nisms of thermal transport changes through the phonon kinetics
and phonon spectrum.

2. Methodology

In this research, MD simulations of suspended and SiO,-
supported Si-doped single-layer graphene were performed us-
ing Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [34]. The interaction forces between C atoms within
Si-doped graphene were calculated using the Tersoff-2010 poten-
tial model [35]. Tersoff-2010 reproduces various graphene phonon
properties accurately and requires a reasonable level of computing
cost [36]. Tersoff-type potential models were also used for Si-C sys-
tems within Si-doped graphene [37], and for Si-O systems within
a SiO, substrate [38]. The interlayer interactions between an atom
within Si-doped graphene (Si or C) and one in the SiO, substrate
(Si or O) were calculated using the 12-6 Lennard-Jones (L]) poten-
tial function with the parameters from the Universal-Force Field
(UFF) [39]. The Verlet algorithm [40] was employed to integrate
Newton’s equations of motion within the simulation domain with
a single time step of 0.5 fs. Several common verification techniques
for MD data (e.g., validation of potential and kinetic energy conver-
gence, and structural stability) were performed for all the simula-
tions to ensure that the presented results were physically sound
and scientifically meaningful. The nonequilibrium (NE) tempera-
ture setup was primarily used for the thermal transport analysis.
However, MD simulations of the suspended graphene with an equi-
librium (E) temperature setup were also conducted to confirm the
thermal transport control by Si doping, excluding the effects of
the simulation cell size (the two setups are denoted as NEMD and
EMD, respectively).

The atomic configurations of the suspended and supported
graphene are shown in Fig. 1a and b. A single layer of graphene
is simulated, and x and y are defined as the in-plane directions. Si
doping was implemented by randomly replacing C atoms with Si
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atoms in the graphene sheet while the dopant concentration varied
from 0.0% to 2.0% with an increment of 0.2%. Although the exam-
ined concentrations are rather high when compared with conven-
tional doping, Si or N dopants in graphene can readily reach the
high doping levels in experiments [41-43]. In addition, this wide
concentration range was selected to clearly observe the effects of
doping concentration on the phonon kinetics and thermal trans-
port.

The additional phonon scattering, which affects the phonon
transport in Si-doped graphene, was attributed to the heavier
atomic mass of Si and weaker C-Si interactions, in comparison
to lighter C atoms and strong C-C interactions. To distinguish
the effects of the mass and interaction mismatches, the follow-
ing three setups for Si doping were employed: i) using the actual
Si atomic mass (mg; = 28.086 g/mole) while the C-C interaction
model [37] was used for C-Si interatomic interactions (mass mis-
match only); ii) using the C-Si interaction model [37] while using
the same atomic mass as C for the doped Si atoms (interaction
mismatch only); and iii) including both the mass and interaction
mismatches (mass + interaction effect).

In NEMD, the temperature distribution and thermal transport
were induced by non-equilibrium temperature settings [44,45]. All
of the NEMD simulations in this research employed a graphene
length (x-direction) of [ = 50 nm and width (y-direction) of w = 20
nm. For in-plane thermal transport, hot and cold thermostats were
applied to the two opposite ends of graphene in the x-direction.
The boundary conditions are periodic in the y-direction and free
boundary in the z- direction. To examine thermal transport at T,
the temperatures of the hot and cold thermostats (Ty and T¢) were
set as T + 25 K and T - 25 K. Initial equilibration was performed
for 0.5 ns in the NVT ensemble (constant number of particles, vol-
ume, and temperature) by re-scaling velocities to a prescribed tem-
perature. After the equilibration was completed, five layers of car-
bon atoms (= 0.45 nm) were fixed at both ends of the structure
to prevent heat leakage to the periodic mirror of the sample at the
ends. Hot and cold Langevin thermostats were then applied near
these fixed regions for 14 layers of carbon atoms (~ 1.4 nm) to
generate a heat flux within the simulation sample [12,45]. Atomic
data for the thermal transport analysis were collected from 2.0 ns
of additional simulations after the equilibration.

In NEMD, the heat flux, ¢ (W/m?), between the hot and cold
thermostats was determined by calculating the amounts of energy
transfer infout through the thermostats per unit time and unit
cross-section area. The heat flux can also be calculated using the
ensemble average of heat flux vector gy, i.e., ¢ = (qg), given as:

1 1 1
a=y Zimi(ui'ui)ui+z¢iui4x+Ezzru(ui-ﬁj) . (1)
i i 1 J

where V is the volume; m;, u;, and ¢; are the mass, velocity vector,
and potential energy of atom i, respectively; and ry; and F;; are the
position and interaction force vectors between i and j particles. The
spacing of the graphene sheet was selected as the thickness of the
single-layer graphene (¢ = 0.335 nm) for the cross-sectional area
(Ac = wt). For the temperature gradient VT (= dT/dx in 1D), the
temperature distribution was estimated from the average of the lo-
cal kinetic energies. Using Fourier’s law, i.e., ¢ = -k VT, the in-plane
thermal conductivity k (W/m-K) was calculated.

The in-plane thermal conductivity of suspended Si-doped
graphene was also calculated using an equilibrium temperature
setup. In the EMD simulations, the length and width of the
graphene sheet were 15.0 nm and 5.0 nm, respectively. The ini-
tial equilibration was performed under the NPT ensemble (con-
stant number of particles, pressure, and temperature) with veloc-
ity rescaling for 2 ns. Then, switching to NVE (constant number of
particles, volume, and energy), it was continued for 13 ns, and the
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Fig. 1. Configurations of simulation cells for (a) suspended and (b) SiO, supported Si-doped graphene.

resulting data were recorded during the last 5 ns. Once the data
recording was finished, the thermal conductivity was calculated by
the Green-Kubo method, which takes a time integral of the heat
flux auto-correlation function (HACF), as follows:

o0
k= ez [ lar@ao )
0
where kg is the Boltzmann constant, and angular brackets ({ )) are
used for the ensemble average.

For the in-plane thermal transport of the supported graphene
with a SiO, substrate (Fig. 1b), the graphene and the SiO, sub-
strate had the same length and width dimensions as the sus-
pended graphene of the NEMD simulations, and the height of the
SiO, substrate (h) was 3.28 nm. Hot and cold thermostats were ap-
plied to both the graphene and substrate, which ensured the same
temperature distribution and minimized the heat transfer between
the two materials. As in the suspended cases, the in-plane thermal
conductivity of the supported graphene was examined using the
T-distribution and the average heat flux on graphene [29].

In addition to in-plane thermal conductivity, the cross-plane
thermal transport across the graphene/SiO, interface was also
investigated by employing the temperature relaxation method
[46,47]. The graphene/SiO, system was first equilibrated at 300 K;
then, hot and cold thermostats at 350 K and 250 K were placed
on the graphene and SiO, substrate, respectively. After reaching a
steady state, the thermostats were removed to initiate the ther-
mal relaxation of the simulated structure. During the relaxation
period, the temperatures and energy changes of graphene and SiO,
substrate were recorded. The interfacial thermal resistance, R (m?2-
K/W), was then obtained by [46]:

_ fotA(Tgraphene - TSiOZ)dt (3)
h Er - Eo '

where E; is the total energy of the supported graphene; Eg is the
initial energy of graphene at the beginning of the relaxation pe-
riod; A is the area of graphene/SiO, interface; and Tgyappene and
Tsiop are the temperatures of graphene and SiO,, respectively.

To understand the detailed mechanisms of the thermal trans-
port change by Si doping, we examined the changes in atomic
structure and phonon properties. Specifically, the bond length dif-
ference near Si dopants from the C-C bonding was examined by
calculating the distribution of interatomic distances [py,;;(r)] [48],
which describes the distribution of the number density of atomic
distance r between atom species i and j, given as:
lim — N
dr~0 47712 (Neori_j/V ) dr
where N;(r) is the average number of i-j atom pairs found at a
distance between r and r + dr; Ntot,ij is the total number of the
atom pairs in the system; and V is the total volume of the system.

Among phonon properties, the phonon density of states (Dp)
and lifetime (t p) were examined to characterize their spec-
trum and kinetics. D, was calculated by the Fourier transform of

R

Py (1) = (4)
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Fig. 2. The reduction of in-plane thermal transport of Si-doped graphene compared
with pristine graphene (Ks;.goped/Kpristine) With respect to the Si content (xs;). The re-
duction is more significant in the EMD simulations (dashed lines with the empty
symbols) than the NEMD (solid lines with the filled symbols). Inclusion of mass
(blue triangles) or interaction (red circles) mismatch only leads to a smaller thermal
transport reduction than in the cases with both mismatches by Si dopants (black
squares), and the interaction mismatch is more effective in reducing thermal trans-
port than the mass mismatch. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).

velocity-autocorrelation function [49]. For the D, calculation, ve-
locity data of over 100 sampled atoms were collected at every
time step (0.5 fs) for 25 ps in equilibrium MD simulations at 300
K. Phonon lifetime calculations employed the lattice dynamics and
normal mode decomposition [33,50,51], and using the normalized
autocorrelation of total energy (E, including kinetic and potential
energy), the lifetime (7p) of a phonon with wavevector k¥ and mode
v was calculated as:

(EC¢SDE; 0))
(E(5: 0)E(f; 0))

3. Results and discussion

= exp(—t/Tp). (5)

Effective reduction of the in-plane thermal transport of sus-
pended graphene by Si-doping was observed in MD simulations.
Specifically, in NEMD simulations, 79.0% of reduction was achieved
with 2% of Si content (Fig. 2). The reduction of thermal transport is
characterized as the ratio of the thermal conductivity of Si-doped
graphene (ks;_qoped) and that of the pristine graphene (kpistine )» 1.€.,
Ksi_doped/Kpristine- Ksi-doped/Kpristine d€Creases as the Si concentration
increases, and the decrease becomes slower as the Si content in-
creases. Excluding the mass or interaction mismatch effect results
in a smaller reduction, and the mismatch between Si-C and C-C
interaction strengths is more effective for the reduction of thermal
conduction than the mass mismatch between Si and C.

Similar behaviors of thermal conductivity reduction are ob-
served in the EMD simulations as in Fig. 2. However, the reduc-
tion in EMD (94.2% at x5; = 2%) is more significant than that in
NEMD, especially when the Si content is small. Since the major-
ity of atomic masses and interactions are unchanged among the
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simulated systems, the phonon dispersion remains almost invari-
ant, and so do the phonon energy and group velocity. Thus, the
phonon transport control by Si doping can be attributed mainly to
the changes in the phonon kinetics. In the MD simulations here,
phonon could be scattered by other phonons, boundaries, impuri-
ties (Si), substrate, etc. Then, according to Matthiessen’s rule [52],
the overall phonon scattering rate (y) or the inverse of phonon
lifetime (1/7p) is expressed as:

J./p(: ]/fp) = )./pr + )./pfim + yP—sub + )'/p—otherSs (6)
where yp_p, Vp_im, and y,_g,, are the phonon scattering rates by
interaction with other phonons, impurities, and the substrate, re-
spectively, and y,_gmners represents the phonon interaction with
other effects (e.g. thermostat, system boundary, etc.) in the MD
simulations of this research. Here, the effects of coupling between
different scattering mechanisms were excluded, considering each
Si dopant as an isolated impurity scatterer. If included, a larger
increase in the overall scattering rate (i.e. more reduction in heat
transfer) may be induced by higher doping concentrations [53].

Here, we control y,_;, by Si doping, and the phonon-impurity
scattering strength (I, where y,_;, o I') is affected by mass and
interaction mismatch as given by [54]:

- W) (%)

r Zﬁ[( M) rer?(1-2) | 7
where f; is the fractional concentration of the foreign atoms, and
y and ¢ are the Griineisen and phenomenological parameters, re-
spectively. M; and R; are the mass and the radius of the i-th sub-
stitutional atom. M and R represent average atomic mass and ra-
dius, which are the same as for pristine graphene (i.e. M = M and
R = Rc.c). A larger concentration of dopant would enlarge f;, which
would increase phonon scattering by impurities, reducing the ther-
mal conductivity. As demonstrated in Eq. (7), more phonon scatter-
ing can be induced by a larger mass mismatch [larger (M — M;)/M]
or larger bond strength difference [larger (R —R;)/R]. Using the
atomic masses of Si and C (Ms; = M; = 28.086 g/mole and Mc
=M= 12.011 g/mole), the mass difference is readily calculated.
We estimated the mismatch in the interaction term in Eq. (7) by
comparing the force constant matrix of a single C atom in pris-
tine graphene and that of a doped Si atom (surrounded by C
atoms), both of which were calculated from the Hessian matrix
(H, i.e., the second-order derivatives) of the potential energy. The
element of the Hessian matrix for the interaction between coor-
dinate a of atom i and b of j is given as Hjg, = 82E/8r,vra3rj'b,
where r;, and r;, are the atomic positions of i and j in a and b
coordinates, respectively. Comparison of the L2-norms of the Hes-
sian matrices from C-C and Si-C interactions shows that the in-
teraction between the Si-C is considerably lower than the inter-
action between C-C (||Hs;_cl|/|[Hc.cl| ~ 0.04). This large interac-
tion mismatch results in the bond length difference (Rc.c = 1.47
A and Reg = 177 A), as the distributions of Si-C and C-C in-
teratomic distance [rygi.c(r) and ryc.c(r)] in Fig. 3a demonstrates.
Using the mass and bond length mismatch induced by Si doping
(I(M — M;)/M|~ 1.33 and |(RR — R;)/R| ~ 0.22), we approximated
the scattering rate of phonon-Si interaction with a proportionality
constant C as:

Vp-si = Cxsi(1.33% + £420.22%). (8)

Then, the scatterings from the mass mismatch effect only and
from a potential mismatch only (¥,_silmass and ¥p_sil porential» T€-
spectively) can be expressed as 1.332Cxg; and 0.222Cxg;e)2, respec-
tively.

Thermal conductivity is inversely proportional to the phonon
scattering rate (yp) according to the kinetic theory, and addi-
tional scattering y,_g;is added to the pristine graphene scattering
(Vp.pristine) With Si doping (V) si_doped = ¥p.pristine + ¥p—si)- Thus, the
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reduction of in-plane thermal transport of Si-doped graphene can
be expressed as:

kSi—doped _

yppristine _ 1 (9)
J./p.pristine + yp—si 1+ yp—si/yp.pristine ’

Using kSi»doped/kpristine from MD and Eg. (9), )./p—Si/)./p,pristineWith
respect to Xg; is estimated (Fig. 3b), and in all the simulated cases,
the linear increase of scattering with xg; is observed. Fitting the
J./p—Si/J./ppristinefrom NEMD to Eq. (8), Cne (:C/)}p,pristine,NEMD) and
£y? were calculated as 52.12 and 50.13, respectively. The scattering
rates using the fitted parameters agree well with those from MD
for all three cases of Si doping consideration, which supports the
validity of Eq. (8) and the fitting parameters. On the other hand,
yp—Si/yp,pristinefrom EMD leads to a larger CE (: C/yp,pristine,EMD:
168.2) using the same ¢y2, and this is attributed to a lower
phonon scattering rate in EMD than NEMD, as it can exclude ad-
ditional scattering from a nonequilibrium thermostat setup. The
larger Cg and yp_si/Vp pristine€Xplain the larger reduction in k, es-
pecially at low xg;.

The above analysis using Eq. (9) is based on the single-
relaxation time approximation that does not address the spectral
dependence of phonon scattering. As Fig. 3¢ shows, the relaxation
time 7, from the lattice dynamics calculations with the normal-
mode decomposition [50]| decreases with increasing phonon en-
ergy (Ep), i.e, more phonon scattering at high E,. However, the
changes in the calculated 7, by Si doping agree with the k cal-
culations; that is, the Si-C potential mismatch leads to shorter 7,
than the mass mismatch, resulting in lower k, and the inclusion of
both mass and potential mismatches is the most effective factor in
enhancing phonon scattering, reducing 7, and k.

In Si-doped graphene supported by SiO,, the interaction be-
tween the SiO, substrate and Si-doped graphene imposes addi-
tional scattering by the substrate (y,_g,;)- In particular, the sub-
strate interaction affects the scattering of out-of-plane phonons,
which are the primary thermal energy carriers in suspended
graphene; thus, in-plane thermal transport is largely reduced by
adding a substrate [55]. Due to this additional y,_ g, the rela-
tive contribution of y,_si(or y,_j;) to overall phonon scattering
(¥p) [Eq. (6)] in the supported Si-doped graphene becomes smaller
than in the suspended cases. Therefore, although thermal conduc-
tivity (k) reduction and their mass and potential mismatch effects
on k reduction are observed similarly to the suspended Si-doped
graphene, suppressing the in-plane thermal transport by Si dop-
ing is less effective, as shown in Fig. 4a. As in the suspended
cases, using the k reduction (ks;_qoped/Kpristine) in Fig. 4a and Eq. (9),
we calculated the scattering strength of phonon-Si dopant inter-
action in supported Si-doped graphene (¥,_si/¥p,pristine) COmMpared
with overall phonon scattering in the supported pristine graphene
(Fig. 4b). For all three Si doping considerations (mass, potential,
and mass + potential), ¥,_si/Vp pristineincreases linearly with xg;
and has a good fit to a Si scattering model based on Eq. (8), us-
ing Csypported (= C/¥p pristine supported) Of 32.47 and the same ey?
in the suspended cases. Here, the smaller Cgypporred by a larger
Vp,pristine, Supported SUPPOrts the smaller reduction in k by Si doping.

Interfacial thermal transport between Si-doped graphene and
Si0, substrate was examined by analyzing the interfacial tempera-
ture difference (ATgraphene/sio2) and energy of graphene (Egraphene)
during thermal relaxation. As shown in Fig 5a, graphene and
SiO, substrate almost reach a thermal equilibrium within 150 ps,
and the linear relation between Egpppene and the time integral
of ATgraphene/sio2 1S observed during the relaxation period. Using
the linear relation with Eq. (3), the interfacial thermal resistance
Rgraphene/sioz Was calculated for various doping cases. As presented
in Fig. 5b, while Si doping reduces in-plane thermal transport in
graphene, interfacial thermal transport between the graphene and
SiO, substrate is enhanced by Si doping, i.e., Rgraphene/sio2 decreases

kpristine
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Fig. 3. (a) Distributions of Si-C (red) and C-C interatomic distance (blue and green) [pnsi.c(r) and pyc.c(r)] in suspended pristine and Si-doped graphene, showing that Si
increases the bond length. (b) Scattering strength of phonon-Si interaction compared with the pristine graphene from NEMD (filled) and EMD simulations (dashed) and
Eq. (9). The lines represent models with fitting parameters using Eq. (8). (c) Phonon lifetime (7)) of pristine graphene (green diamonds) and 2% Si-doped graphene with
respect to phonon energy (E,) and frequency (w,). In both (b) and (c), Si doping includes mass mismatch only (blue triangles), potential mismatch only (red circles), and
both mismatches (black squares). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 4. (a) The reduction of in-plane thermal transport of SiO, supported Si-doped graphene compared with pristine graphene (Ks;_goped/Kpristine) With respect to the Si content
(Xsi). (b) Scattering strength of phonon-Si interaction in supported Si-doped graphene, including mass mismatch only (blue triangles), potential mismatch only (red circles),
and both mismatches (black squares), compared with the supported pristine graphene. The lines represent models with fitting parameters using Eq. (8). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.).

with increasing xs;. It is also observed that the inclusion of a po-
tential mismatch in Si doping leads to a larger enhancement in
cross-plane thermal transport than the cases including the Si-C
mass mismatch only.

The weakened intralayer bonding by Si doping allows for a
larger displacement of doped Si atoms in the z direction, which
leads to a smaller distance between substrate and Si dopants, as
shown in Fig. 5c. The smaller interlayer distance does not appear
when including the mass mismatch only, demonstrating that the

distance difference originates from the weak Si-C bonding. The in-
terlayer interaction between Si-doped graphene and SiO, substrate
is stronger with a shorter atomic distance [29], therefore yielding
a larger thermal transport or lower interlayer thermal resistance.
This interfacial transport enhancement by Si doping can be re-
garded as the phonon focusing effect [56], which explains the neg-
ative correlation between in-plane and cross-plane thermal trans-
port. Although the Si doping with mass mismatch only does not
intensify the interlayer interaction strength, the heavier mass of
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Fig. 5. (a) Evolution of interfacial T difference (ATgphene/sioz) and graphene energy (Egaphene) during thermal relaxation and linear relation between Egpphene and the time
integral of ATgaphenessioz (inset). (b) Interfacial thermal resistances (Rgraphene/sio2) between Si-doped graphene (xs; = 0, 1%, and 2%) and SiO, substrate with error bars (standard
deviation of five simulation results). (c) Distributions of interatomic distance between O atoms in the substrate and Si dopants in the Si-doped graphene or C atoms in the
pristine graphene [pn si.o(r) and py c.o(r)], showing that Si doping with the potential mismatch reduces the interlayer atomic distance. (d) Phonon density of state (D) of C
atoms in pristine graphene (green, dashed) and Si dopants in 2% Si-doped graphene with mass mismatch only (blue), potential mismatch only (red), and both mismatches
(black). The cyan shade represents D, of the SiO, substrate near the interface (< 5 A from the graphene) for comparison. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.).

Si dopants, which is more similar to SiO,, lowers their vibration
frequency, resulting in more resonant vibration than C atoms, as
the phonon density of state (D) displays in Fig. 5d. Thus, Dp of Si
dopants has a larger overlap with that of the SiO, substate than
that of pristine graphene, which contributes to the interfacial ther-
mal transport [49]. A large overlap in D, is also observed in the
case of Si doping with the potential mismatch, due to the stronger
interlayer interactions. Combining the effects of heavier atomic
mass and stronger interaction, Si doping effectively enhances the
interlayer thermal transport.

4. Conclusions

The effects of Si doping on thermal transport in graphene
were examined using molecular dynamics simulations under vari-
ous conditions, and the physical mechanisms of the resulting ther-
mal transport changes were identified based on the analysis of
atomic structural and vibrational properties and phonon kinetics.
The added Si atoms have a larger atomic mass and weaker in-
teratomic interaction than their neighboring C atoms. Due to the
weak in-plane atomic bonds, the Si-C bond length is longer than C-
C, and Si dopants have a shorter interlayer distance with the SiO,
substrate. The mass mismatch and the structural change by inter-
action (potential) mismatch enhance the phonon scattering during
in-plane transport. According to our MD simulations, the additional
scattering is proportional to Xg;, and the interaction mismatch con-
tributes more to the scattering enhancement than the mass mis-
match. The increase in the phonon scattering reduces the in-plane
thermal transport, and the reduction is more significant when the
Si-phonon scattering dominates over the other scattering mecha-
nisms; thus, the thermal conductivity of the suspended graphene
decreases more drastically by the Si doping (reduced by ~94% with

Xs; = 2%) than the supported graphene case. In contrast, Si dop-
ing increases the interfacial transport between graphene and sub-
strate (by ~30% with x5; = 2%) because the atomic vibration of
Si is more resonant with the SiO, substrate due to their atomic
mass similarity, and the shorter interlayer distance by the weak
in-plane bonding strengthens the interlayer interactions. As in the
in-plane transport, the effect of interaction mismatch on the inter-
facial transport is larger than that of Si atomic mass mismatch.

Physical understanding of the Si doping effects on graphene
thermal transport from this research provides insights on the
control and evaluation of thermal transport properties in various
graphene heterostructures, including other elements. Effective con-
trol and accurate evaluation of thermal transport will benefit not
only the development of thermoelectric devices, but also in other
graphene applications, such as graphene electrodes. In a future
study, more diverse functional groups and doping elements can be
employed for an enhanced thermal system design and analysis of
diverse graphene devices, and the modal analysis of phonon kinet-
ics in doped graphene will be beneficial for a more in-depth phys-
ical understanding.
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