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a b s t r a c t 

The effects of silicon (Si) doping on the in-plane and cross-plane thermal transport of suspended and sili- 

con dioxide (SiO 2 ) 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 2 -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. 
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. Introduction 

Graphene, as the first example of a two-dimensional (2D) 

tomic crystal [1] , has been a highly focused subject for scientific 

nvestigation because its 2D hexagonal carbon lattice structure pro- 

ides unique electronic [2] , mechanical [3] , optical [4] , and ther- 

al [ 5 , 6 ] properties. These exceptional properties make graphene 

 promising material in various applications (e.g., graphene-based 

ransistors, monolithically integrated circuits, optical modulators, 

nd electromagnetic wave shields [ 7 , 8 ]). Specifically, the high ther- 

al conductivity of graphene (4,80 0-5,30 0 W/m-K [9] ) is desirable 

or thermal management applications requiring rapid heat trans- 

ers. On the other hand, high thermal conductivity is unfavorable 

or some applications, such as thermoelectric (TE) systems, which 

how promise for energy harvesting and recovery applications [10] . 

he TE performance is characterized by the figure-of-merit ( ZT ), 

hich is inversely proportional to the thermal conductivity ( k ) of 

he TE material; ZT increases with the electrical conductivity ( σ ) 

nd the Seebeck coefficient ( S ) [11] ( ZT = σ S 2 T / k ). Thus, to en-

ance the potential of graphene on thermoelectric applications, ef- 

ective thermal transport control, while maintaining or enhancing 
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he electrical and TE conversion properties ( σ and S ), is a critical 

ask. 

For the thermal transport control of graphene, several ap- 

roaches have been introduced, including edge passivation [12] , 

eometrical defects [13] , isotope engineering [14] , strain [15] , and 

rain boundary [ 16 , 17 ]. In addition to these approaches, doping is 

nother effective method to modify the thermal transport proper- 

ies of graphene [18] and other semiconductor materials [19] , be- 

ause additional phonon scattering by impurities or dopants even- 

ually leads to the thermal transport reduction. Since atomic mass 

nd interaction mismatches affect impurity scattering, the doping- 

nduced thermal transport reduction is dependent on the dopant’s 

pecies. Several materials, such as nitrogen (N) [20] , boron (B) [21] , 

old (Au), platinum (Pt), and nickel (Ni) [22] , have been examined 

s possible elements to modify the properties of graphene. How- 

ver, doping can also change or degrade other properties for TE or 

lectronic performance ( σ and S ); thus, to minimize the influence 

n electrical properties, the doping of silicon (Si), which has an 

lectronic structure similar to C, was suggested [18] . 

Si-doped graphene was successfully synthesized with controlled 

i concentrations [23] and actively studied for mechanical and 

lectrical properties [24] . Its thermal transport has been explored 

ue to their application potentials for TE [ 18 , 25 ]; however, the de-

ailed mechanism and effectiveness of the heat transfer suppres- 
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ion by Si doping are still unclear. Also, since other elements are 

ften added to graphene structures by doping or functionalization, 

his research will be beneficial for the evaluation or control of ther- 

al transport in various graphene applications, such as graphene 

lectrodes [26] . Furthermore, supported graphene has not been ad- 

ressed, even though graphene is usually supported by a dielectric 

ubstrate in the electronic devices [27] , since it is not able to sus-

ain the structure itself. Thermal transport of supported graphene 

as more complexities than that of the suspended graphene due 

o additional interfacial interactions [28] between the graphene 

nd the substrate. Thus, in addition to in-plane thermal conduc- 

ivity, the out-of-plane thermal transport, characterized by inter- 

acial thermal resistance or conductance [29] , also needs to be 

xamined. Here, we selected crystalline silicon dioxide (SiO 2 ) as 

 substrate material due to its wide range of applications, such 

s photovoltaics, semiconductor electronic devices, catalysis, film 

ubstrates, ceramics, and humidity sensors [ 30 , 31 ]. Moreover, the 

se of SiO 2 crystal facilitates the analysis of the Si-doping effects, 

s structural disorder is excluded, different from amorphous SiO 2 . 

In this study, the in-plane and out-of-plane thermal transport 

f Si-doped graphene was investigated by using molecular dynam- 

cs (MD) simulations [ 32 , 33 ]. In the following sections, the sub-

ect structures, simulation procedure, and methodologies of ther- 

al transport analysis are described in more detail. Then, we 

resent the in-plane thermal conductivity of the suspended Si- 

oped graphene and its sensitivity to mass and interaction mis- 

atch, followed by the discussion of the in-plane and out-of-plane 

hermal transport in SiO 2 -supported Si-doped graphene systems. 

hrough this research, we evaluate the effects of mass and in- 

eraction mismatches on the in-plane and out-of-plane thermal 

ransport in Si-doped graphene and discuss the physical mecha- 

isms of thermal transport changes through the phonon kinetics 

nd phonon spectrum. 

. Methodology 

In this research, MD simulations of suspended and SiO 2 - 

upported Si-doped single-layer graphene were performed us- 

ng Large-scale Atomic/Molecular Massively Parallel Simulator 

LAMMPS) [34] . The interaction forces between C atoms within 

i-doped graphene were calculated using the Tersoff-2010 poten- 

ial model [35] . Tersoff-2010 reproduces various graphene phonon 

roperties accurately and requires a reasonable level of computing 

ost [36] . Tersoff-type potential models were also used for Si-C sys- 

ems within Si-doped graphene [37] , and for Si-O systems within 

 SiO 2 substrate [38] . The interlayer interactions between an atom 

ithin Si-doped graphene (Si or C) and one in the SiO 2 substrate 

Si or O) were calculated using the 12-6 Lennard-Jones (LJ) poten- 

ial function with the parameters from the Universal-Force Field 

UFF) [39] . The Verlet algorithm [40] was employed to integrate 

ewton’s equations of motion within the simulation domain with 

 single time step of 0.5 fs. Several common verification techniques 

or MD data (e.g., validation of potential and kinetic energy conver- 

ence, and structural stability) were performed for all the simula- 

ions to ensure that the presented results were physically sound 

nd scientifically meaningful. The nonequilibrium (NE) tempera- 

ure setup was primarily used for the thermal transport analysis. 

owever, MD simulations of the suspended graphene with an equi- 

ibrium (E) temperature setup were also conducted to confirm the 

hermal transport control by Si doping, excluding the effects of 

he simulation cell size (the two setups are denoted as NEMD and 

MD, respectively). 

The atomic configurations of the suspended and supported 

raphene are shown in Fig. 1 a and b. A single layer of graphene

s simulated, and x and y are defined as the in-plane directions. Si 

oping was implemented by randomly replacing C atoms with Si 
2 
toms in the graphene sheet while the dopant concentration varied 

rom 0.0% to 2.0% with an increment of 0.2%. Although the exam- 

ned concentrations are rather high when compared with conven- 

ional doping, Si or N dopants in graphene can readily reach the 

igh doping levels in experiments [41–43] . In addition, this wide 

oncentration range was selected to clearly observe the effects of 

oping concentration on the phonon kinetics and thermal trans- 

ort. 

The additional phonon scattering, which affects the phonon 

ransport in Si-doped graphene, was attributed to the heavier 

tomic mass of Si and weaker C-Si interactions, in comparison 

o lighter C atoms and strong C-C interactions. To distinguish 

he effects of the mass and interaction mismatches, the follow- 

ng three setups for Si doping were employed: i) using the actual 

i atomic mass ( m Si = 28.086 g/mole) while the C-C interaction 

odel [37] was used for C-Si interatomic interactions (mass mis- 

atch only); ii) using the C-Si interaction model [37] while using 

he same atomic mass as C for the doped Si atoms (interaction 

ismatch only); and iii) including both the mass and interaction 

ismatches (mass + interaction effect). 

In NEMD, the temperature distribution and thermal transport 

ere induced by non-equilibrium temperature settings [ 44 , 45 ]. All 

f the NEMD simulations in this research employed a graphene 

ength ( x -direction) of l = 50 nm and width ( y -direction) of w = 20

m. For in-plane thermal transport, hot and cold thermostats were 

pplied to the two opposite ends of graphene in the x -direction. 

he boundary conditions are periodic in the y -direction and free 

oundary in the z- direction. To examine thermal transport at T , 

he temperatures of the hot and cold thermostats ( T H and T C ) were

et as T + 25 K and T – 25 K. Initial equilibration was performed 

or 0.5 ns in the NVT ensemble (constant number of particles, vol- 

me, and temperature) by re-scaling velocities to a prescribed tem- 

erature. After the equilibration was completed, five layers of car- 

on atoms ( ≈ 0.45 nm) were fixed at both ends of the structure 

o prevent heat leakage to the periodic mirror of the sample at the 

nds. Hot and cold Langevin thermostats were then applied near 

hese fixed regions for 14 layers of carbon atoms ( ≈ 1.4 nm) to 

enerate a heat flux within the simulation sample [ 12 , 45 ]. Atomic

ata for the thermal transport analysis were collected from 2.0 ns 

f additional simulations after the equilibration. 

In NEMD, the heat flux, q (W/m 
2 ), between the hot and cold 

hermostats was determined by calculating the amounts of energy 

ransfer in/out through the thermostats per unit time and unit 

ross-section area. The heat flux can also be calculated using the 

nsemble average of heat flux vector q f , i.e., q = 〈 q f 〉 , given as: 

 f = 

1 

V 

[ ∑ 

i 

1 

2 
m i ( u i · u i ) u i + 

∑ 

i 

ϕ i u i,x + 

1 

2 

∑ 

i 

∑ 

j 

r i j ( u i · F i j ) 
] 

, (1) 

here V is the volume; m i , u i , and ϕi are the mass, velocity vector,

nd potential energy of atom i , respectively; and r ij and F ij are the

osition and interaction force vectors between i and j particles. The 

pacing of the graphene sheet was selected as the thickness of the 

ingle-layer graphene ( t = 0.335 nm) for the cross-sectional area 

 A c = wt ). For the temperature gradient ∇T ( = d T /d x in 1D), the

emperature distribution was estimated from the average of the lo- 

al kinetic energies. Using Fourier’s law, i.e., q = –k ∇T , the in-plane

hermal conductivity k (W/m-K) was calculated. 

The in-plane thermal conductivity of suspended Si-doped 

raphene was also calculated using an equilibrium temperature 

etup. In the EMD simulations, the length and width of the 

raphene sheet were 15.0 nm and 5.0 nm, respectively. The ini- 

ial equilibration was performed under the NPT ensemble (con- 

tant number of particles, pressure, and temperature) with veloc- 

ty rescaling for 2 ns. Then, switching to NVE (constant number of 

articles, 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 2 supported Si-doped graphene. 
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Fig. 2. The reduction of in-plane thermal transport of Si-doped graphene compared 

with pristine graphene ( k Si-doped / k pristine ) with respect to the Si content ( x Si ). 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.). 
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esulting data were recorded during the last 5 ns. Once the data 

ecording was finished, the thermal conductivity was calculated by 

he Green-Kubo method, which takes a time integral of the heat 

ux auto-correlation function (HACF), as follows: 

 = 

1 

V k B T 2 

∞ ∫ 
0 

〈
q f ( 0 ) q f ( t ) 

〉
dt , (2) 

here k B is the Boltzmann constant, and angular brackets ( 〈 〉 ) are
sed for the ensemble average. 

For the in-plane thermal transport of the supported graphene 

ith a SiO 2 substrate ( Fig. 1 b), the graphene and the SiO 2 sub-

trate had the same length and width dimensions as the sus- 

ended graphene of the NEMD simulations, and the height of the 

iO 2 substrate ( h ) was 3.28 nm. Hot and cold thermostats were ap-

lied to both the graphene and substrate, which ensured the same 

emperature distribution and minimized the heat transfer between 

he two materials. As in the suspended cases, the in-plane thermal 

onductivity of the supported graphene was examined using the 

 -distribution and the average heat flux on graphene [29] . 

In addition to in-plane thermal conductivity, the cross-plane 

hermal transport across the graphene/SiO 2 interface was also 

nvestigated by employing the temperature relaxation method 

 46 , 47 ]. The graphene/SiO 2 system was first equilibrated at 300 K;

hen, hot and cold thermostats at 350 K and 250 K were placed 

n the graphene and SiO 2 substrate, respectively. After reaching a 

teady state, the thermostats were removed to initiate the ther- 

al relaxation of the simulated structure. During the relaxation 

eriod, the temperatures and energy changes of graphene and SiO 2 

ubstrate were recorded. The interfacial thermal resistance, R (m 
2 - 

/W), was then obtained by [46] : 

 = 

∫ t 
0 A ( T graphene − T Si O 2 ) dt 

E t − E 0 
, (3) 

here E t is the total energy of the supported graphene; E 0 is the 

nitial energy of graphene at the beginning of the relaxation pe- 

iod; A is the area of graphene/SiO 2 interface; and T graphene and 

 SiO2 are the temperatures of graphene and SiO 2 , respectively. 

To understand the detailed mechanisms of the thermal trans- 

ort change by Si doping, we examined the changes in atomic 

tructure and phonon properties. Specifically, the bond length dif- 

erence near Si dopants from the C-C bonding was examined by 

alculating the distribution of interatomic distances [ ρN,i-j ( r )] [48] , 

hich describes the distribution of the number density of atomic 

istance r between atom species i and j , given as: 

N, i − j 
(r) = lim 

dr→ 0 

N i − j ( r ) 

4 π r 2 
(
N tot,i − j /V 

)
dr 

, (4) 

here N i-j ( r ) is the average number of i-j atom pairs found at a

istance between r and r + dr; N tot , i-j is the total number of the

tom pairs in the system; and V is the total volume of the system. 

Among phonon properties, the phonon density of states ( D p ) 

nd lifetime ( τ p ) were examined to characterize their spec- 

rum and kinetics. D p was calculated by the Fourier transform of 
3 
elocity-autocorrelation function [49] . For the D p calculation, ve- 

ocity data of over 100 sampled atoms were collected at every 

ime step (0.5 fs) for 25 ps in equilibrium MD simulations at 300 

. Phonon lifetime calculations employed the lattice dynamics and 

ormal mode decomposition [ 33 , 50 , 51 ], and using the normalized

utocorrelation of total energy ( E , including kinetic and potential 

nergy), the lifetime ( τ p ) of a phonon with wavevector κ and mode 

 was calculated as: 

〈 E ( κv ; t) E ( κv ;0) 〉 
〈 E ( κv ;0) E ( κv ;0) 〉 = exp (−t/ τp ) . (5) 

. Results and discussion 

Effective reduction of the in-plane thermal transport of sus- 

ended graphene by Si-doping was observed in MD simulations. 

pecifically, in NEMD simulations, 79.0% of reduction was achieved 

ith 2% of Si content ( Fig. 2 ). The reduction of thermal transport is

haracterized as the ratio of the thermal conductivity of Si-doped 

raphene ( k Si-doped ) and that of the pristine graphene ( k pristine ), i.e.,

 Si-doped / k pristine . k Si-doped / k pristine decreases as the Si concentration 

ncreases, and the decrease becomes slower as the Si content in- 

reases. Excluding the mass or interaction mismatch effect results 

n a smaller reduction, and the mismatch between Si-C and C-C 

nteraction strengths is more effective for the reduction of thermal 

onduction than the mass mismatch between Si and C. 

Similar behaviors of thermal conductivity reduction are ob- 

erved in the EMD simulations as in Fig. 2 . However, the reduc- 

ion in EMD (94.2% at x Si = 2%) is more significant than that in

EMD, especially when the Si content is small. Since the major- 

ty of atomic masses and interactions are unchanged among the 
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imulated systems, the phonon dispersion remains almost invari- 

nt, and so do the phonon energy and group velocity. Thus, the 

honon transport control by Si doping can be attributed mainly to 

he changes in the phonon kinetics. In the MD simulations here, 

honon could be scattered by other phonons, boundaries, impuri- 

ies (Si), substrate, etc. Then, according to Matthiessen’s rule [52] , 

he overall phonon scattering rate ( ̇ γp ) or the inverse of phonon 

ifetime (1/ τ p ) is expressed as: 

˙ p (= 1 / τp ) = ˙ γp−p + ˙ γp−im 
+ ˙ γp−sub + ˙ γp−others , (6) 

here ˙ γp−p , ˙ γp−im 
, and ˙ γp−sub are the phonon scattering rates by 

nteraction with other phonons, impurities, and the substrate, re- 

pectively, and ˙ γp−others represents the phonon interaction with 

ther effects (e.g. thermostat, system boundary, etc.) in the MD 

imulations of this research. Here, the effects of coupling between 

ifferent scattering mechanisms were excluded, considering each 

i dopant as an isolated impurity scatterer. If included, a larger 

ncrease in the overall scattering rate (i.e. more reduction in heat 

ransfer) may be induced by higher doping concentrations [53] . 

Here, we control ˙ γp−im 
by Si doping, and the phonon-impurity 

cattering strength ( 	, where ˙ γp−im 
∝ 	) is affected by mass and 

nteraction mismatch as given by [54] : 

= 

∑ 

i 

f i 

[(
1 − M i 

M 

)2 

+ ε γ 2 
(
1 − R i 

R 

)2 
]
, (7) 

here f i is the fractional concentration of the foreign atoms, and 

and ε are the Grüneisen and phenomenological parameters, re- 

pectively. M i and R i are the mass and the radius of the i- th sub-

titutional atom. M̄ and R̄ represent average atomic mass and ra- 

ius, which are the same as for pristine graphene (i.e. M̄ = M C and 
¯ = R C-C ). A larger concentration of dopant would enlarge f i , which 

ould increase phonon scattering by impurities, reducing the ther- 

al conductivity. As demonstrated in Eq. (7) , more phonon scatter- 

ng can be induced by a larger mass mismatch [larger ( M̄ − M i ) / M̄ ]

r larger bond strength difference [larger ( ̄R − R i ) / ̄R ]. Using the 

tomic masses of Si and C ( M Si = M i = 28.086 g/mole and M C 

 M̄ = 12.011 g/mole), the mass difference is readily calculated. 

e estimated the mismatch in the interaction term in Eq. (7) by 

omparing the force constant matrix of a single C atom in pris- 

ine graphene and that of a doped Si atom (surrounded by C 

toms), both of which were calculated from the Hessian matrix 

 H , i.e., the second-order derivatives) of the potential energy. The 

lement of the Hessian matrix for the interaction between coor- 

inate a of atom i and b of j is given as H ij,ab = ∂ 2 E / ∂ r i,a ∂ r j,b ,
here r i,a and r j,b are the atomic positions of i and j in a and b

oordinates, respectively. Comparison of the L2-norms of the Hes- 

ian matrices from C-C and Si-C interactions shows that the in- 

eraction between the Si-C is considerably lower than the inter- 

ction between C-C (|| H Si-C ||/|| H C-C || ≈ 0.04). This large interac- 

ion mismatch results in the bond length difference ( R C-C = 1.47 
˚  and R C-Si = 1.77 Å), as the distributions of Si-C and C-C in-

eratomic distance [ r N ,Si-C ( r ) and r N ,C-C ( r )] in Fig. 3 a demonstrates.

sing the mass and bond length mismatch induced by Si doping 

 | ( M̄ − M i ) / M̄ |≈ 1.33 and | ( ̄R R − R i ) / ̄R | ≈ 0.22), we approximated 

he scattering rate of phonon-Si interaction with a proportionality 

onstant C as: 

˙ p−Si = C x Si 
(
1 . 33 2 + ε γ 2 0 . 22 2 

)
. (8) 

Then, the scatterings from the mass mismatch effect only and 

rom a potential mismatch only ( ̇ γp−Si | mass and ˙ γp−Si | potential , re- 
pectively) can be expressed as 1.33 2 Cx Si and 0.22 

2 Cx Si εγ
2 , respec- 

ively. 

Thermal conductivity is inversely proportional to the phonon 

cattering rate ( ̇ γp ) according to the kinetic theory, and addi- 

ional scattering ˙ γp−Si is added to the pristine graphene scattering 

 ̇ γp, pristine ) with Si doping ( ̇ γp, Si −doped = ˙ γp, pristine + ˙ γp−Si ). Thus, the 
4 
eduction of in-plane thermal transport of Si-doped graphene can 

e expressed as: 

k Si −doped 

k pristine 
= 

˙ γp, pristine 

˙ γp, pristine + ˙ γp−Si 

= 

1 

1 + ˙ γp−Si / ̇ γp, pristine 

. (9) 

Using k Si-doped / k pristine from MD and Eq. (9) , ˙ γp−Si / ̇ γp, pristine with 

espect to x Si is estimated ( Fig. 3 b), and in all the simulated cases,

he linear increase of scattering with x Si is observed. Fitting the 

˙ p−Si / ̇ γp, pristine from NEMD to Eq. (8) , C NE ( = C/ ̇ γp, pristine , NEMD ) and 

γ 2 were calculated as 52.12 and 50.13, respectively. The scattering 

ates using the fitted parameters agree well with those from MD 

or all three cases of Si doping consideration, which supports the 

alidity of Eq. (8) and the fitting parameters. On the other hand, 

˙ p−Si / ̇ γp, pristine from EMD leads to a larger C E ( = C/ ̇ γp, pristine , EMD = 

68.2) using the same εγ 2 , and this is attributed to a lower 

honon scattering rate in EMD than NEMD, as it can exclude ad- 

itional scattering from a nonequilibrium thermostat setup. The 

arger C E and ˙ γp−Si / ̇ γp, pristine explain the larger reduction in k , es- 

ecially at low x Si . 

The above analysis using Eq. (9) is based on the single- 

elaxation time approximation that does not address the spectral 

ependence of phonon scattering. As Fig. 3 c shows, the relaxation 

ime τ p from the lattice dynamics calculations with the normal- 

ode decomposition [50] decreases with increasing phonon en- 

rgy ( E p ), i.e., more phonon scattering at high E p . However, the 

hanges in the calculated τ p by Si doping agree with the k cal- 

ulations; that is, the Si-C potential mismatch leads to shorter τ p 

han the mass mismatch, resulting in lower k , and the inclusion of 

oth mass and potential mismatches is the most effective factor in 

nhancing phonon scattering, reducing τ p and k . 

In Si-doped graphene supported by SiO 2 , the interaction be- 

ween the SiO 2 substrate and Si-doped graphene imposes addi- 

ional scattering by the substrate ( ̇ γp−sub ). In particular, the sub- 

trate interaction affects the scattering of out-of-plane phonons, 

hich are the primary thermal energy carriers in suspended 

raphene; thus, in-plane thermal transport is largely reduced by 

dding a substrate [55] . Due to this additional ˙ γp−sub , the rela- 

ive contribution of ˙ γp−Si (or ˙ γp−im 
) to overall phonon scattering 

 ̇ γp ) [Eq. (6)] in the supported Si-doped graphene becomes smaller 

han in the suspended cases. Therefore, although thermal conduc- 

ivity ( k ) reduction and their mass and potential mismatch effects 

n k reduction are observed similarly to the suspended Si-doped 

raphene, suppressing the in-plane thermal transport by Si dop- 

ng is less effective, as shown in Fig. 4 a. As in the suspended

ases, using the k reduction ( k Si-doped / k pristine ) in Fig. 4 a and Eq. (9) ,

e calculated the scattering strength of phonon-Si dopant inter- 

ction in supported Si-doped graphene ( ̇ γp−Si / ̇ γp, pristine ) compared 

ith overall phonon scattering in the supported pristine graphene 

 Fig. 4 b). For all three Si doping considerations (mass, potential, 

nd mass + potential), ˙ γp−Si / ̇ γp, pristine increases linearly with x Si 
nd has a good fit to a Si scattering model based on Eq. (8) , us-

ng C Supported ( = C/ ̇ γp, pristine , Supported ) of 32.47 and the same εγ 2 

n the suspended cases. Here, the smaller C Supported by a larger 

˙ p, pristine , Supported supports the smaller reduction in k by Si doping. 

Interfacial thermal transport between Si-doped graphene and 

iO 2 substrate was examined by analyzing the interfacial tempera- 

ure difference ( �T graphene/SiO2 ) and energy of graphene ( E graphene ) 

uring thermal relaxation. As shown in Fig 5 a, graphene and 

iO 2 substrate almost reach a thermal equilibrium within 150 ps, 

nd the linear relation between E graphene and the time integral 

f �T graphene/SiO2 is observed during the relaxation period. Using 

he linear relation with Eq. (3) , the interfacial thermal resistance 

 graphene/SiO2 was calculated for various doping cases. As presented 

n Fig. 5 b, while Si doping reduces in-plane thermal transport in 

raphene, interfacial thermal transport between the graphene and 

iO 2 substrate is enhanced by Si doping, i.e., R graphene/SiO2 decreases 
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Fig. 3. (a) Distributions of Si-C (red) and C-C interatomic distance (blue and green) [ ρN ,Si-C ( r ) and ρN ,C-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 ( τ p ) of pristine graphene (green diamonds) and 2% Si-doped graphene with 

respect to phonon energy ( E p ) and frequency ( ω p ). 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.). 

Fig. 4. (a) The reduction of in-plane thermal transport of SiO 2 supported Si-doped graphene compared with pristine graphene ( k Si-doped / k pristine ) with respect to the Si content 

( x Si ). (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.). 
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ith increasing x Si . It is also observed that the inclusion of a po-

ential mismatch in Si doping leads to a larger enhancement in 

ross-plane thermal transport than the cases including the Si-C 

ass mismatch only. 

The weakened intralayer bonding by Si doping allows for a 

arger displacement of doped Si atoms in the z direction, which 

eads to a smaller distance between substrate and Si dopants, as 

hown in Fig. 5 c. The smaller interlayer distance does not appear 

hen including the mass mismatch only, demonstrating that the 
5 
istance difference originates from the weak Si-C bonding. The in- 

erlayer interaction between Si-doped graphene and SiO 2 substrate 

s stronger with a shorter atomic distance [29] , therefore yielding 

 larger thermal transport or lower interlayer thermal resistance. 

his interfacial transport enhancement by Si doping can be re- 

arded as the phonon focusing effect [56] , which explains the neg- 

tive correlation between in-plane and cross-plane thermal trans- 

ort. Although the Si doping with mass mismatch only does not 

ntensify the interlayer interaction strength, the heavier mass of 



Y.-K. Weng, A. Yousefzadi Nobakht, S. Shin et al. International Journal of Heat and Mass Transfer 169 (2021) 120979 

Fig. 5. (a) Evolution of interfacial T difference ( �T graphene/SiO2 ) and graphene energy ( E graphene ) during thermal relaxation and linear relation between E graphene and the time 

integral of �T graphene/SiO2 (inset). (b) Interfacial thermal resistances ( R graphene/SiO2 ) between Si-doped graphene ( x Si = 0, 1%, and 2%) and SiO 2 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 [ ρN ,Si-O ( r ) and ρN ,C-O ( r )], showing that Si doping with the potential mismatch reduces the interlayer atomic distance. (d) Phonon density of state ( D p ) 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 p of the SiO 2 substrate near the interface ( < 5 Ǻ 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.). 
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i dopants, which is more similar to SiO 2, lowers their vibration 

requency, resulting in more resonant vibration than C atoms, as 

he phonon density of state ( D p ) displays in Fig. 5 d. Thus, D p of Si

opants has a larger overlap with that of the SiO 2 substate than 

hat of pristine graphene, which contributes to the interfacial ther- 

al transport [49] . A large overlap in D p is also observed in the

ase of Si doping with the potential mismatch, due to the stronger 

nterlayer interactions. Combining the effects of heavier atomic 

ass and stronger interaction, Si doping effectively enhances the 

nterlayer thermal transport. 

. Conclusions 

The effects of Si doping on thermal transport in graphene 

ere examined using molecular dynamics simulations under vari- 

us conditions, and the physical mechanisms of the resulting ther- 

al transport changes were identified based on the analysis of 

tomic structural and vibrational properties and phonon kinetics. 

he added Si atoms have a larger atomic mass and weaker in- 

eratomic interaction than their neighboring C atoms. Due to the 

eak in-plane atomic bonds, the Si-C bond length is longer than C- 

, and Si dopants have a shorter interlayer distance with the SiO 2 

ubstrate. The mass mismatch and the structural change by inter- 

ction (potential) mismatch enhance the phonon scattering during 

n-plane transport. According to our MD simulations, the additional 

cattering is proportional to x Si , and the interaction mismatch con- 

ributes more to the scattering enhancement than the mass mis- 

atch. The increase in the phonon scattering reduces the in-plane 

hermal transport, and the reduction is more significant when the 

i-phonon scattering dominates over the other scattering mecha- 

isms; thus, the thermal conductivity of the suspended graphene 

ecreases more drastically by the Si doping (reduced by ~94% with 
6 
 Si = 2%) than the supported graphene case. In contrast, Si dop- 

ng increases the interfacial transport between graphene and sub- 

trate (by ~30% with x Si = 2%) because the atomic vibration of 

i is more resonant with the SiO 2 substrate due to their atomic 

ass similarity, and the shorter interlayer distance by the weak 

n-plane bonding strengthens the interlayer interactions. As in the 

n-plane transport, the effect of interaction mismatch on the inter- 

acial transport is larger than that of Si atomic mass mismatch. 

Physical understanding of the Si doping effects on graphene 

hermal transport from this research provides insights on the 

ontrol and evaluation of thermal transport properties in various 

raphene heterostructures, including other elements. Effective con- 

rol and accurate evaluation of thermal transport will benefit not 

nly the development of thermoelectric devices, but also in other 

raphene applications, such as graphene electrodes. In a future 

tudy, more diverse functional groups and doping elements can be 

mployed for an enhanced thermal system design and analysis of 

iverse graphene devices, and the modal analysis of phonon kinet- 

cs in doped graphene will be beneficial for a more in-depth phys- 

cal understanding. 

eclaration of Competing Interest 

The authors declare that they have no known competing finan- 

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

RediT authorship contribution statement 

Yu-Kai Weng: Methodology, Software, Validation, Formal anal- 

sis, Investigation, Data curation, Writing - original draft, Visual- 

zation. Ali Yousefzadi Nobakht: Methodology, Investigation, Data 



Y.-K. Weng, A. Yousefzadi Nobakht, S. Shin et al. International Journal of Heat and Mass Transfer 169 (2021) 120979 

c

M

i

r

r

A

U

w

D

S

Y

M

R

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

[  

 

[  

[

[  

 

[  

[  

[

[  

 

[  

[  

[

[

[  

 

[

[  

[  

[

 

[  

 

[  

[

[

[

 

[  

[  

[

 

[

[

[

[

[  
uration, Writing - original draft. Seungha Shin: Conceptualization, 

ethodology, Writing - original draft, Writing - review & edit- 

ng, Supervision. Kenneth D. Kihm: Conceptualization, Writing - 

eview & editing. Douglas S. Aaron: Conceptualization, Writing - 

eview & editing. 

cknowledgment 

The authors gratefully acknowledge the financial support by the 

.S. National Science Foundation (Grant No. CBET-1933800 ). This 

ork utilized the resources of Extreme Science and Engineering 

iscovery Environment (XSEDE), which is supported by National 

cience Foundation Grant number ACI-1053575 . Y.-K Weng and A. 

ousefzadi Nobakht appreciate fruitful discussions with Jiaqi Wang, 

d Abdullah Al Hasan, and Junhyun Sung. 

eferences 

[1] K.S. Novoselov , Nobel lecture: graphene: materials in the flatland, Rev. Mod. 
Phys. 83 (3) (2011) 837–849 . 

[2] K. Nomura , A.H. MacDonald , Quantum transport of massless Dirac fermions, 
Phys. Rev. Lett. 98 (7) (2007) 076602 . 

[3] I.W. Frank , D.M. Tanenbaum , A.M. van der Zande , P.L. McEuen , Mechanical

properties of suspended graphene sheets, J. Vac. Sci. Technol. B 25 (6) (2007) 
2558–2561 . 

[4] L.A. Falkovsky , Optical properties of graphene, J. Phys. Conf. Ser. 129 (2008) 
012004 . 

[5] K.M.F. Shahil , A .A . Balandin , Thermal properties of graphene and multilayer 
graphene: applications in thermal interface materials, Solid State Commun. 

152 (15) (2012) 1331–1340 . 
[6] D.C. Marable , S. Shin , A. Yousefzadi Nobakht , Investigation into the microscopic

mechanisms influencing convective heat transfer of water flow in graphene 

nanochannels, Int. J. Heat Mass Transf. 109 (2017) 28–39 . 
[7] X. Du , I. Skachko , A. Barker , E.Y. Andrei , Suspended graphene: a bridge to the

Dirac point, Nat. Nanotechnol. 3 (2008) 4 91–4 95 . 
[8] P. Avouris , F. Xia , Graphene applications in electronics and photonics, MRS Bull. 

37 (12) (2012) 1225–1234 . 
[9] A .A . Balandin , S. Ghosh , W. Bao , I. Calizo , D. Teweldebrhan , F. Miao , C.N. Lau ,

Superior thermal conductivity of single-layer graphene, Nano Lett. 8 (3) (2008) 

902–907 . 
[10] D. Dragoman , M. Dragoman , Giant thermoelectric effect in graphene, Appl. 

Phys. Lett. 91 (20) (2007) 203116 . 
[11] R. Verma , S. Bhattacharya , S. Mahapatra , Thermoelectric performance of a sin-

gle-layer graphene sheet for energy harvesting, IEEE Trans. Electron Devices 60 
(6) (2013) 2064–2070 . 

[12] J. Hu , S. Schiffli , A. Vallabhaneni , X. Ruan , Y.P. Chen , Tuning the thermal con-

ductivity of graphene nanoribbons by edge passivation and isotope engineer- 
ing: A molecular dynamics study, Appl. Phys. Lett. 97 (13) (2010) 133107 . 

[13] A. Yousefzadi Nobakht , S. Shin , K.D. Kihm , D.C. Marable , W. Lee , Heat flow di-
version in supported graphene nanomesh, Carbon 123 (2017) 45–53 . 

[14] S. Chen , Q. Wu , C. Mishra , J. Kang , H. Zhang , K. Cho , W. Cai , A .A . Balandin ,
R.S. Ruoff, Thermal conductivity of isotopically modified graphene, Nat. Mater. 

11 (3) (2012) 203–207 . 

[15] N. Wei , L. Xu , H.-Q. Wang , J.-C. Zheng , Strain engineering of thermal conductiv-
ity in graphene sheets and nanoribbons: a demonstration of magic flexibility, 

Nanotechnology 22 (10) (2011) 105705 . 
[16] A.Y. Serov , Z.-Y. Ong , E. Pop , Effect of grain boundaries on thermal transport in

graphene, Appl. Phys. Lett. 102 (3) (2013) 033104 . 
[17] W. Lee , K.D. Kihm , H.G. Kim , S. Shin , C. Lee , J.S. Park , S. Cheon , O.M. Kwon ,

G. Lim , W. Lee , In-plane thermal conductivity of polycrystalline chemical va- 

por deposition graphene with controlled grain sizes, Nano Lett. 17 (4) (2017) 
2361–2366 . 

[18] W. Lee , K.D. Kihm , H.G. Kim , W. Lee , S. Cheon , S. Yeom , G. Lim , K.R. Pyun ,
S.H. Ko , S. Shin , Two orders of magnitude suppression of graphene’s thermal

conductivity by heavy dopants (Si), Carbon 138 (2018) 98–107 . 
[19] M.I. Baraton , Functionalization of semiconductor nanoparticles, in: Functional- 

ized Nanoscale Materials, Devices and Systems, Springer, 2008, pp. 77–86 . 

20] T. Zhang , J. Li , Y. Cao , L. Zhu , G. Chen , Tailoring thermal transport properties of
graphene by nitrogen doping, J. Nanopart. Res. 19 (2) (2017) 48 . 

[21] T.B. Martins , R.H.d. Miwa , A.J.R. Da Silva , A. Fazzio , Electronic and transport
properties of boron-doped graphene nanoribbons, Phys. Rev. Lett. 98 (19) 

(2007) 196803 . 
22] Y. Gan , L. Sun , F. Banhart , One-and two-dimensional diffusion of metal atoms

in graphene, Small 4 (5) (2008) 587–591 . 
23] R. Lv , M.C. Dos Santos , C. Antonelli , S. Feng , K. Fujisawa , A. Berkdemir ,

R. Cruz-Silva , A.L. Elías , N. Perea-Lopez , F. López-Urías , Large-area Si-doped

graphene: controllable synthesis and enhanced molecular sensing, Adv. Mater. 
26 (45) (2014) 7593–7599 . 

24] M.S.S. Azadeh , A. Kokabi , M. Hosseini , M. Fardmanesh , Tunable bandgap open-
ing in the proposed structure of silicon-doped graphene, Micro Nano Lett. 6 

(8) (2011) 582–585 . 
7 
25] B.S. Lee , J.S. Lee , Thermal conductivity reduction in graphene with silicon im- 
purity, Appl. Phys. A 121 (3) (2015) 1193–1202 . 

26] S.-J. Kwon , T.-H. Han , T.Y. Ko , N. Li , Y. Kim , D.J. Kim , S.-H. Bae , Y. Yang ,
B.H. Hong , K.S. Kim , S. Ryu , T.-W. Lee , Extremely stable graphene electrodes

doped with macromolecular acid, Nat. Commun. 9 (1) (2018) 2037 . 
27] T. Das , B.K. Sharma , A.K. Katiyar , J.-H. Ahn , Graphene-based flexible and wear-

able electronics, J. Semicond. 39 (1) (2018) 011007 . 
28] J.H. Seol , I. Jo , A.L. Moore , L. Lindsay , Z.H. Aitken , M.T. Pettes , X. Li ,

Z. Yao , R. Huang , D. Broido , Two-dimensional phonon transport in supported 

graphene, Science 328 (5975) (2010) 213–216 . 
29] A. Yousefzadi Nobakht , S. Shin , Anisotropic control of thermal transport in 

graphene/Si heterostructures, J. Appl. Phys. 120 (22) (2016) 225111 . 
30] R.N. Puspitasari , H.A. Budiarti , A.M. Hatta , S. Koentjoro , D.D. Risanti , Enhanced

dye-sensitized solar cells performance through novel core-shell structure of 
gold nanoparticles and nano-silica extracted from Lapindo Mud Vulcano, Proc. 

Eng. 170 (2017) 93–100 . 

[31] M. Sadeghi , M. Dorodian , M. Rezaei , Synthesis and characteristic of precipi-
tated nano-silica, J. Adv. Chem. 6 (1) (2013) 917–922 . 

32] W.J. Evans , L. Hu , P. Keblinski , Thermal conductivity of graphene ribbons from
equilibrium molecular dynamics: effect of ribbon width, edge roughness, and 

hydrogen termination, Appl. Phys. Lett. 96 (20) (2010) 203112 . 
33] M. Vohra , A. Yousefzadi Nobakht , S. Shin , S. Mahadevan , Uncertainty quantifi-

cation in non-equilibrium molecular dynamics simulations of thermal trans- 

port, Int. J. Heat Mass Transf. 127 (2018) 297–307 . 
34] S. Plimpton , Fast parallel algorithms for short-range molecular dynamics, J. 

Comput. Phys. 117 (1) (1995) 1–19 . 
35] L. Lindsay , D.A. Broido , Optimized Tersoff and Brenner empirical potential pa- 

rameters for lattice dynamics and phonon thermal transport in carbon nan- 
otubes and graphene, Phys. Rev. B 81 (20) (2010) 205441 . 

36] M. Marcel , J. Maultzsch , E. Dobardži ́c , S. Reich , I. Milosevic , M. Damnjanovic ,

A. Bosak , C.M. Kirsch , C. Thomsen , Phonon dispersion of graphite by inelastic
X-ray scattering, Phys. Rev. B 76 (3) (2007) 035439 . 

37] J. Tersoff, Modeling solid-state chemistry: interatomic potentials for multicom- 
ponent systems, Phys. Rev. B 39 (8) (1989) 5566–5568 . 

38] S. Munetoh , T. Motooka , K. Moriguchi , A. Shintani , Interatomic potential for
Si–O systems using Tersoff parameterization, Comput. Mater. Sci. 39 (2) (2007) 

334–339 . 

39] A.K. Rappe , C.J. Casewit , K.S. Colwell , W.A. Goddard , W.M. Skiff, UFF, a full pe-
riodic table force field for molecular mechanics and molecular dynamics sim- 

ulations, J. Am. Chem. Soc. 114 (25) (1992) 10024–10035 . 
40] L. Verlet , Computer "experiments" on classical fluids. I. Thermodynamical 

properties of Lennard-Jones molecules, Phys. Rev. 159 (1) (1967) 98–103 . 
[41] Z. Wang , P. Li , Y. Chen , J. Liu , W. Zhang , Z. Guo , M. Dong , Y. Lia , Synthesis, char-

acterization and electrical properties of silicon-doped graphene films, J. Mater. 

Chem. C 3 (2015) 6301–6306 . 
42] R. Lv , M. Cristina dos Santos , C. Antonelli , S. Feng , K. Fujisawa , A. Berkdemir ,

R. Cruz-Silva , A. Elías , N. Perea-Lopez , F. López-Urías , H. Terrones , M. Terrones ,
Large-area si-doped graphene: controllable synthesis and enhanced molecular 

sensing, Adv. Mater. 26 (45) (2014) 7593–7599 . 
43] D. Wei, Y. Liu, Y. Wang, H. Zhang, L. Huang, and G. Yu, “Synthesis of N-doped

graphene by chemical vapor deposition and its electrical properties” Nano 
Lett., 2009. 9(5): pp. 1752-1758 

44] Z. Huang , Z. Tang , Evaluation of momentum conservation influence in non-e- 

quilibrium molecular dynamics methods to compute thermal conductivity, 
Phys. B 373 (2) (2006) 291–296 . 

45] P.K. Schelling , S.R. Phillpot , P. Keblinski , Comparison of atomic-level simula- 
tion methods for computing thermal conductivity, Phys. Rev. B 65 (14) (2002) 

144306 . 
46] C.F. Carlborg , J. Shiomi , S. Maruyama , Thermal boundary resistance between 

single-walled carbon nanotubes and surrounding matrices, Phys. Rev. B 78 (20) 

(2008) 205406 . 
[47] B. Liu , J.A. Baimova , C.D. Reddy , A.W.-K. Law , S.V. Dmitriev , H. Wu , K. Zhou ,

Interfacial thermal conductance of a silicene/graphene bilayer heterostructure 
and the effect of hydrogenation, ACS Appl. Mater. Interfaces 6 (20) (2014) 

18180–18188 . 
48] M.A .A . Hasan , J. Wang , Y.C. Lim , A. Hu , S. Shin , Concentration dependence of

hydrogen diffusion in α-iron from atomistic perspectives, Int. J. Hydrog. Energy 

44 (51) (2019) 27876–27884 . 
49] S. Shin , M. Kaviany , T. Desai , R. Bonner , Roles of atomic restructuring in inter-

facial phonon transport, Phys. Rev. B 82 (8) (2010) 081302 . 
50] A.J.H. McGaughey , J.M. Larkin , Predicting phonon properties from equilibrium 

molecular dynamics simulations, Annu. Rev. Heat Transf. 17 (2014) 49–87 . 
[51] J.M. Larkin , J.E. Turney , A.D. Massicotte , C.H. Amon , A.J.H. McGaughey , Compar-

ison and evaluation of spectral energy methods for predicting phonon proper- 

ties, J. Comput. Theor. Nanosci. 11 (1) (2014) 249–256 . 
52] M. Kaviany , Heat Transfer Physics, 2nd ed., Cambridge University Press, Cam- 

bridge, 2014 . 
53] T. Feng , B. Qiu , X. Ruan , Coupling between phonon-phonon and phonon-impu- 

rity scattering: a critical revisit of the spectral matthiessen’s rule, Phys. Rev. B 
92 (23) (2015) 235206 . 

54] P.G. Klemens , Theory of the a-plane thermal conductivity of graphite, J. Wide 

Bandgap Mater. 7 (4) (20 0 0) 332–339 . 
55] A. Vassighi , M. Sachdev , Thermal and Power Management of Integrated Cir- 

cuits, Springer Publishing Company, Incorporated, 2010 . 
56] Z. Wei , Y. Chen , C. Dames , Negative correlation between in-plane bonding

strength and cross-plane thermal conductivity in a model layered material, 
Appl. Phys. Lett. 102 (1) (2013) 011901 . 

https://doi.org/10.13039/100000001
https://doi.org/10.13039/100000001
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0001
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0001
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0002
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0002
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0002
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0003
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0003
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0003
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0003
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0003
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0004
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0004
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0005
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0005
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0005
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0006
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0006
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0006
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0006
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0007
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0007
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0007
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0007
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0007
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0008
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0008
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0008
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0009
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0009
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0009
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0009
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0009
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0009
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0009
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0009
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0010
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0010
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0010
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0011
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0011
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0011
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0011
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0012
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0012
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0012
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0012
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0012
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0012
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0013
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0013
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0013
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0013
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0013
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0013
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0014
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0014
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0014
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0014
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0014
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0014
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0014
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0014
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0014
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0014
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0015
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0015
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0015
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0015
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0015
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0016
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0016
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0016
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0016
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0017
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0017
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0017
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0017
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0017
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0017
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0017
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0017
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0017
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0017
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0017
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0018
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0018
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0018
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0018
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0018
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0018
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0018
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0018
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0018
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0018
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0018
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0019
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0019
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0020
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0020
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0020
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0020
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0020
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0020
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0021
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0021
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0021
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0021
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0021
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0022
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0022
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0022
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0022
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0023
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0023
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0023
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0023
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0023
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0023
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0023
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0023
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0023
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0023
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0023
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0024
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0024
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0024
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0024
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0024
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0025
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0025
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0025
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0026
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0026
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0026
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0026
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0026
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0026
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0026
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0026
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0026
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0026
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0026
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0026
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0026
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0027
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0027
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0027
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0027
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0027
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0028
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0028
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0028
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0028
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0028
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0028
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0028
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0028
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0028
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0028
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0028
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0029
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0029
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0029
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0030
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0030
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0030
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0030
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0030
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0030
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0031
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0031
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0031
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0031
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0032
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0032
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0032
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0032
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0033
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0033
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0033
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0033
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0033
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0034
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0034
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0035
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0035
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0035
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0036
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0036
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0036
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0036
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0036
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0036
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0036
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0036
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0036
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0036
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0037
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0037
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0038
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0038
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0038
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0038
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0038
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0039
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0039
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0039
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0039
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0039
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0039
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0040
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0040
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0041
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0041
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0041
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0041
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0041
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0041
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0041
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0041
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0041
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0042
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0042
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0042
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0042
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0042
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0042
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0042
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0042
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0042
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0042
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0042
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0042
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0042
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0044
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0044
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0044
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0045
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0045
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0045
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0045
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0046
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0046
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0046
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0046
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0047
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0047
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0047
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0047
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0047
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0047
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0047
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0047
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0048
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0048
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0048
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0048
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0048
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0048
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0049
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0049
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0049
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0049
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0049
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0050
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0050
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0050
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0051
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0051
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0051
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0051
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0051
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0051
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0052
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0052
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0053
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0053
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0053
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0053
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0054
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0054
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0055
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0055
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0055
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0056
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0056
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0056
http://refhub.elsevier.com/S0017-9310(21)00082-X/sbref0056

	Effects of mass and interaction mismatches on in-plane and cross-plane thermal transport of Si-doped graphene
	1 Introduction
	2 Methodology
	3 Results and discussion
	4 Conclusions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgment
	References


