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a b s t r a c t 

Substrate-supported two-dimensional (2D) material heterostructures have been widely applied in elec- 

tronic and photonic devices. However, the substrate reduces the original high thermal conductivity of 

2D materials and limits the heat dissipation due to the interface thermal resistance. Here, the effects 

of the substrate surface topography on the thermal transport properties of the MoS 2 -Si heterostructure 

are investigated via molecular dynamics simulations. The decreased in-plane thermal conductivity of the 

monolayer MoS 2 and surprisingly enhanced interface thermal transport of the MoS 2 -Si heterostructure 

are found by introducing the shallow nanogroove on the substrate surface. The results are ascribed to 

the morphology change of the supported MoS 2 , which bends to fit the substrate surface topography due 

to the van der Waals force at the small groove depth. In addition, the force weakens and the supported 

MoS 2 restores to flat with the increase of groove depth, resulting in higher in-plane thermal conduc- 

tivity and thermal resistance compared to those without grooves, which is due to the disappearance of 

the substrate effect in the nanogroove area. This work elucidates the fundamental understanding of heat 

transfer in heterostructures. It provides new insights to enhance the heat dissipation in electronic devices 

by introducing nanoscale roughness. 

© 2022 Elsevier Ltd. All rights reserved. 

1

s

[  

t

b

t

w

i

[

m

m

s

i

t

a

o

U

t

2

t

c

2

e

s

c

r

t

t

s

a

t

q

s

o

h

0

. Introduction 

Nanotechnology and materials science advancements have re- 

ulted in novel two-dimensional (2D) materials, like graphene 

1] , MoS 2 [2] , and h -BN [3] . Thermal transport in those 2D ma-

erials was a fascinating field where discoveries are constantly 

eing made over the past two decades [4–6] . Abnormal high 

hermal conductivity was found in two-dimensional materials, 

hich makes them the promising materials to confront the ever- 

ncreasing challenges in the electronic device thermal management 

 7 , 8 ]. However, in the realistic development and application of 2D 

aterials, the substrate is typically an integral part since most 2D 

aterials are grown on them or placed on metal and insulator sub- 

trates in many cases [9] , which inevitably modifies and tunes the 

ntrinsic thermal properties of 2D materials [10] . At the same time, 

he high thermal resistance in the 2D materials-substrate interface 

lso limited the heat dissipation. Hence, a thorough understanding 

f the substrate effects and finding a way to enhance the thermal 
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ransport in 2D materials-substrate is urgent to the application of 

D materials and thermal management. 

The significant development in experimental measurement and 

heoretical calculations have been achieved [11] along with the dis- 

overy and understanding that the thermal properties of supported 

D materials are quite different from the suspended ones [12] . Seol 

t al. [13] found that the thermal conductivity of silicon dioxide 

upported graphene reduces to 600 W/m K, although the thermal 

onductivity of graphene is approximately 30 0 0–50 0 0 W/m K. This 

eduction is ascribed to the leaking phonon to the substrate and 

he strong interface phonon scattering. Chen et al. [14] compared 

he in-plane thermal conductivity of suspended graphene and SiO 2 

ubstrate supported graphene via molecular dynamics simulations 

nd found a reduction of about 40% in the supported one. They fur- 

her found that flexural acoustic (ZA) phonon shifts to the high fre- 

uency after supported by the substrate using spectral energy den- 

ity analysis. The scattering of ZA phonon leads to the reduction 

f in-plane thermal conductivity, which widely appears in other 

D material-substate systems, for example, MoS 2 -SiO 2 [15] and 

ilicene-amorphous SiO 2 systems [16] . Furthermore, interface ther- 

al resistance caused by the interface’s presence in those systems 

lso attracts much attention [17] . A comprehensive study of the 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.123673
http://www.ScienceDirect.com
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Table 1 

The LJ parameters, including energy parameters ( ε) and dis- 

tance parameters ( σ ) between MoS 2 and Si. 

ε (eV) σ ( ̊A) 

Si-Mo 0.00562 3.27 

Si-S 0.01242 3.71 

Fig. 1. Illustration of NEMD simulations: (a) NEMD setup for MoS 2 -Si heterostruc- 

ture and the typical temperature profile of MoS 2 . (b) Exchanged energy of heat 

source and heat sink over time. 
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nterface thermal resistance with various substrates (e.g., GaN, di- 

mond, silicon carbide, silicon, and sapphire) indicated that inter- 

ace thermal resistance is changed with substrate type [18] , which 

aries at the range of 10 ∼60 m 

2 K/GW, and diamond provides the 

inimum thermal resistance. Farahani et al. [19] found that the 

hermal resistances of MoS 2 on crystalline and amorphous silica 

ubstrates are close, and there is a slight difference for the systems 

ith different MoS 2 layer numbers. 

Such understandings led to another interesting tropic-thermal 

ransport enhancement in 2D materials-substrate heterostructure. 

y tuning the interface van der Waals (vdw) force binding energy, 

hang et al. [20] optimized the overall heat transfer of MoS 2 - α- 

iO 2 heterostructure. They found that the thermal conductivity de- 

reases with the increase of the binding energy, while the interface 

hermal transport is enhanced. In addition, layer number plays an- 

ther key role in lightening the effects of substrate [21] . With the 

ncrease of layer number, the thermal conductivity of 2D materials 

rops smaller than that of a single layer. Roughness, although as 

 controversial factor, is the simple and obvious way among many 

ossibilities that could enhance the heat transfer. A considerable 

umber of experiments and theoretical calculations [ 22 , 23 ] have 

een made to investigate the effects of roughness on heat transfer. 

u et al. [24] measured the thermal resistance between aluminum 

itride (AlN) thin films and SiC. An order-of-magnitude larger ther- 

al boundary resistance was measured with the increased surface 

oughness supports that roughness further hinders the interface 

hermal transport. However, some others simulations [ 25 , 26 ] sup- 

ose that nm-roughness will enhance the interface thermal trans- 

ort. The opposing finding inspired us to systematically study the 

oughness effect on in-plane thermal conductivity and interface 

hermal transport of the substrate-supported 2D material systems. 

Here, the thermal transport through MoS 2 -Si heterostructure is 

omprehensively investigated, and importantly, the influences of 

anoscale roughness are analyzed. The framework of this paper 

s as follows. Section two introduces the methods for calculating 

he thermal conductivity and interface thermal resistance. Section 

hree presents the results of the effects of nanoscale roughness on 

he thermal conductivity and interface thermal resistance, showing 

n exception of the interface thermal transport enhancement when 

he roughness is small and the increased thermal conductivity at 

he large roughness. 

. Models and simulation approach 

All simulations are performed using the large scale 

tomic/molecular massively parallel simulator [27] (LAMMPS). 

he free and periodic boundary conditions are applied to the out- 

f-plane ( z ) direction and in-plane ( x and y ) direction, respectively.

tilling-Weber potentials developed from Kandemir et al. [28] and 

tillinger and Weber [29] are used to model the interactions in 

oS 2 and Si, which are expressed as: 

 = 

∑ 

i 

∑ 

j>i 

φ2 (r i j ) + 

∑ 

i 

∑ 

j � = i 

∑ 

k> j 

φ3 (r i j , r ik , θi jk ) (1) 

here φ2 and φ3 are two-body and three-body interactions, re- 

pectively. Lennard-Jones (LJ) potentials are employed to describe 

he interlayer force between the monolayer MoS 2 and Si substrate, 

hich can be written as: 

 (r) = 4 χε 

[(
σ

r 

)12 

−
(
σ

r 

)6 
]

(2) 

here ε is the potential well depth and σ is distance parame- 

ers, which are summarized in Table 1 [19] . The timestep and cut- 

ff distance are set as 0.5 fs and 12.5 Å, separately. To build the 

nitial configuration of MoS 2 -Si heterostructure, 30 × 10 unit cells 

or MoS and 30 × 6 unit cells for Si are chosen to minimize the 
2 

2 
attice mismatch. Hence, the final in-plane simulation areas are 

6.65 × 3.17 nm 

2 and the lattice mismatch between supported 

oS 2 and substrate Si was less than 3%. Meanwhile, a vacuum 

ayer of 2 nm thickness was added along the out-of-plane direc- 

ion and the thicknesses of the MoS 2 monolayer and Si substrate 

re 6.15 Å [30] and 4.26 nm, respectively, with their distance of ap- 

roximately 3 Å [15] . Finally, a constant width and changed depth 

anogroove is dug at the middle of substrate. The whole system 

s relaxed under the canonical ensemble to obtain a more stable 

onfiguration. 

The nonequilibrium molecular dynamics (NEMD) and pump- 

robe transient thermoreflectance methods are used to investigate 

he in-plane and interface thermal transport of the heterostructure. 

n NEMD simulations, the keystone is to establish a stable temper- 

ture gradient, then the thermal conductivity is calculated based 

n Fourier’s law. 

 = −d Q/d t 

d T /d x 
(3) 

here k is the thermal conductivity; dQ / dt represents the energy 

xchange rate; dT / dx is the temperature gradient. In NEMD simu- 

ations, the heterostructure is firstly relaxed under the canonical 

nsemble (NVT) at 300 K for 400 ps with the temperature con- 

rolled by Nosé–Hoover thermostat. Then, another 50 ps micro- 

anonical ensemble (NVE) is applied to check the energy conser- 

ation and temperature equilibrium. Four heat baths controlled by 

angevin thermostat are used for supported MoS 2 and substrate Si, 

s shown in Fig. 1 . The heat baths at each end are set as 330 K and

70 K, respectively. After that, the simulations were run for 1.5 ns 

ith 1 ns used to reach the new equilibrium state and another 

.5 ns to collect the temperature distribution and energy change. 

ig. 1 (a) shows the final averaged temperature profile, and the en- 

rgy change varies with time is plotted in Fig. 1 (b). The tempera- 
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Fig. 2. (a) The history of the MoS 2 and Si temperature change. (b) Energy recording 

and energy fitting of the supported MoS 2 for interface thermal resistance calcula- 

tions. 
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Fig. 3. Thermal conductivity of MoS 2 variations with groove depth ( d ). A typical 

atomic configuration of the MoS 2 -Si heterostructure with nanogroove. 
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ure profile includes two parts, i.e., the nonlinearity near the heat 

ath and the line region away from the heat bath. We obtain the 

emperature gradient directly from the division of the temperature 

ifference between the two heat baths and the length of the sup- 

orted MoS 2 , as Li et al suggested [31] . In addition, the heat flux

an be calculated from the gradient of the energy profile. The en- 

rgy changes of hot slab and cold slab are symmetry which certi- 

es the constant of the temperature gradient. Finally, the thermal 

onductivity is easily acquired based on the above Fourier’s law. 

The pump-probe transient thermoreflectance method is an opti- 

al technique widely used to measure the thermal resistance across 

he material interface [ 23 , 32 , 33 ]. The method is used here by MD

imulation to calculate the thermal resistance between the sup- 

orted MoS 2 and Si substrate. The simulation process is similar to 

he experimental measurements. An extremely short heat impulse 

s imposed on the suspended MoS 2 ( Fig. 2 (a)), and the atomic ve-

ocities of suspended MoS 2 are rescaled, resulting in a sharp tem- 

erature increase. The MoS 2 temperature gradually decreases due 

o the heat transfer to the substrate after the excitation. The tem- 

erature and energy changes with time are recorded in this pro- 

ess, and the thermal resistance can be calculated based on the 

ollowing equation: 

∂E t 

∂t 
= 

T MoS 2 − T Si 

R/A 

(4) 

here E t is the MoS 2 energy at time t; T MoS 2 ad T Si are the tem-

eratures of the supported MoS 2 and Si substrate, respectively; R 

s the thermal resistance; A represents the cross area. However, 

he calculated thermal resistance based on the Eq. (4 ) makes a 

arge uncertainty subject to the energy decay noise. Hence, an inte- 

ral form ( Eq. (5 )) is applied to reduce this uncertainty and obtain

ore accurate results. 

 t = E 0 + (R/A ) 

∫ t 

0 

(T MoS 2 − T Si ) dt (5) 

In this method, the heterostructure is first relaxed under the 

anonical ensemble and microcanonical ensemble sequentially at 

00 K. Then, a 1.49 × 10 −4 W thermal impulse is applied to the 

uspended MoS 2 for 50 fs. After the excitation, the temperature of 

he suspended MoS 2 increases to 404 K. Meanwhile, the temper- 

ture of the adjacent Si surface maintains at the initial tempera- 

ure. Subsequently, temperature and energy changes over time are 

ecorded for 250 ps, and each data point is averaged over 100 time 
3 
teps to reduce data noise. The final results are illustrated in Fig. 2 .

he temperature and energy of the suspended MoS 2 dramatically 

ecrease before 50 ps due to the strong heat transfer caused by the 

arge temperature differences. At the same time, a slight tempera- 

ure augment in the substrate is observed. The fitted line based on 

q. (5 ) (the red line in Fig. 2 b) is well matched with the energy

ecay line, which validates this approach for interface thermal re- 

istance extractions. 

. Results and discussion 

.1. Effect of nanogroove on in-plane thermal transfer 

Substrates roughness is considered by inducing a nanogroove 

ith constant width and depths ranging from 0 ∼ 1.2 nm. 

lthough there are millions of roughness patterns [34] , only 

he rectangular-shaped nanogrooves are engraved to simplify the 

odel establishment. The calculated in-plane thermal conductiv- 

ties of the monolayer MoS 2 are illustrated in Fig. 3 . The ther- 

al conductivity of the supported MoS 2 on Si substrate without 

anogroove is 8.18 W/m K. In addition, the thermal conductivity of 

uspended monolayer MoS 2 with the same size as the substrate 

upported MoS 2 is calculated to be approximately 9.47 W/m �K, 

hich is consistent with the previous studies of suspended MoS 2 
 30 , 35 , 36 ]. It is worth mentioning that the thermal conductivity

f suspended monolayer MoS 2 is slightly higher than that of sub- 

trate supported MoS 2 , and this phenomenon has widely appeared 

n other 2D materials [ 14 , 37 , 38 ]. Theoretical research ascribes this

eduction to the phonon scattering with the substrate [14] . With 

he increase of d from 0 to 0.6 nm, the in-plane thermal conduc- 

ivity decreases from 8.18 W/m K to the minimum (6.88 W/m K), 

howing a 16% reduction. Then the thermal conductivity rises with 

 when d transcends 0.6 nm. Finally, the thermal conductivity is 

igher than that without nanogroove when d reaches 1.2 nm. 

To understand the nanogroove depth dependent in-plane ther- 

al conductivity in the supported MoS 2 , the atomic configurations 

re analyzed to show its change with the nanogroove depth. The 

upported MoS 2 is bent to fit the substrate structure with a rela- 

ively shallow nanogroove, as shown in Fig. 4 . However, the mono- 

ayer MoS 2 keeps flat when the nanogroove is deep enough. To 

haracterize this bend degree, the ensemble-averaged bend is cal- 

ulated as the following equation: 

 = 

〈 

√ 

N ∑ 

i 

(z i − z ) 
2 
/N 

〉 

(6) 
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Fig. 4. Ensemble-averaged bend variations with d . The final atomic configuration of 

balanced system when d equals to 0, 0.6 and 1.2 nm. 
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Fig. 5. (a) In-plane and (b) out-of-plane phonon density of state of the supported 

MoS 2 . (c) Participation ratio of the supported MoS 2 for d equals to 0 and 0.6 nm. 
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here z i is the z coordinate of atom i , and z means the averaged

 coordinate of all atoms. Fig. 4 shows the bend degrees of the 

onolayer MoS 2 at different nanogroove depths. The ensemble- 

veraged bend increases with d until it reaches 0.6 nm, then de- 

reases to the value close to that without nanogrooves. Bending 

urvature strongly influences the in-plane thermal conductivity, 

hich was also reported by Liu and Xu [39] . Similar to our re-

ults, the thermal conductivity monotonously decreases with the 

ise of bending curvature. The reasons are ascribed in several re- 

pects. To commence, the presence of bending results in the flat- 

ening of ZA mode and strong phonon localization. In addition, es- 

ecially in small sizes, the bending will lead to phonon hybridiza- 

ion, which strengthens the phonon energy dissipation. All of those 

ffects contribute to the weakness of in-plane thermal transport. 

The supported MoS 2 right over the nanogroove regions is bent 

o close contact with the substrate due to their interlayer force 

hen d reaches 0.6 nm, which induces strong strain within the 

onolayer MoS 2 . The induced strain leads to the decreased ther- 

al conductivity of the supported MoS 2 , which has been certi- 

ed in previous works [40–42] . In addition, the final steady con- 

guration of the supported MoS 2 is the combined action of two 

orces, i.e., tensile stress and interlayer interaction. The interlayer 

dw force weakens and leads to stress reduction when d continues 

ncrease, resulting in the supported MoS 2 flattened when d is suf- 

ciently large, as the interlayer interactions are weakened enough. 

hus, the in-plane thermal transport is reinforced. Meanwhile, the 

isappearance of the substrate effect in the nanogroove area also 

acilitates the in-plane thermal transport, which makes the ther- 

al conductivity even larger than that without nanogrooves. 

The phonon density of states (PDOS) is calculated to reveal the 

honon transport mechanisms of the monolayer MoS 2 , as shown in 

ig. 5 (a, b). PDOS can be calculated based on the Fourier transform 

f the velocity autocorrelation function, which is expressed as: 

 (ω) = 

1 √ 

2 π

∫ + ∞ 

−∞ 

〈 v (0) · v (t) 〉 
〈 v ( 0) · v (0) 〉 e 

iωt dt (7) 

here v is the atomic velocity, and the angle brackets represent 

he ensemble average. A large F ( ω) means more phonons are oc- 

upied at the given frequency. The in-plane and out-of-plane PDOS 

f the supported MoS 2 when d equals 0 and 0.6 nm are depicted 

n Fig. 5 (a, b). The PDOS is consistent with the previous calcula- 

ion with the same peak position and max frequency [43] . Mean- 

hile it shows that the in-plane modes (vibrations along the x 

nd y directions) undergo a softening with a lower peak after the 
4 
anogrooves are induced, whereas the out-of-plane flexural mode 

 z -direction) is slightly blue-shifted. This phenomenon is also ob- 

erved in works focused on manipulating the thermal conductivity 

f monolayer MoS 2 by changing strain [ 40 , 43 ] , which suggests the 

orrectness of the above explanation. In addition, the participation 

atio (PR) can provide information about each phonon mode and 

escribe the spatial localization. PR is defined for each eigenmode 

as: 

 

−1 
λ

= N 

∑ 

i 

(∑ 

α

ε ∗iα,λε iα,λ

)2 

(8) 

here ε i α, λ is the αth eigenvector component of eigenmodel λ for 

he i th atom. If all atoms participate in a specific phonon mode, 

his mode can diffuse to the entire space, and the corresponding 

R value equals 1. However, if only small numbers of atoms are at- 

ributed to the mode, the mode is localized. The smaller value of 

R represents the more intense phonon localization. Fig. 5 (c) com- 

ares the PR of the supported MoS 2 when d equals 0 and 0.6 nm. 

elow 2.5 THz and between the high frequency of 10–15 THz, PR 

ecreases with the increase of d , representing that more phonons 

re localized, leading to a decrease in thermal conductivity. 

.2. Effect of nanogroove on interface thermal resistance 

The interface thermal resistance between the monolayer MoS 2 
nd substrate Si is investigated, as shown in Fig. 6 . Surpris- 

ngly, the thermal resistance firstly decreases from 6.38 × 10 −8 to 

.46 × 10 −8 K m 

2 /W with the d increasing from 0 to 0.6 nm, nearly

 29% drop, and subsequently increases to 8 × 10 −8 K m 

2 /W, fol- 

owed by a sudden and sharp decrease to 6.59 × 10 −8 K m 

2 /W, 

hich is higher than that without nanogrooves. This phenomenon 

as been observed in graphene nanoribbon-Cu heterostructure 

26] and graphene nanoribbon-Si heterostructure [25] . However, 

ore substantial thermal resistance reduction was found due to a 

arger width and a shallower depth used in our study compared to 

hose systems. Our results demonstrate that a rough surface does 

ot always impede the heat transport at the interface but may en- 

ance it. 

To explore the mechanisms behind the interface thermal trans- 

ort enhancement, forces are firstly considered. Based on the 
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Fig. 6. Interface thermal resistance change with groove depth. 

Fig. 7. Atomic vdw force distribution of (a) d = 0 nm and (b) d = 0.6 nm. (c) Overall 

vdw force in nanogroove region variations with d . 
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the substrate and substrate Si for different d . 
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bove analysis of thermal conductivity, the final stable configura- 

ion is balanced under two forces of in-plane tensile stress and in- 

erlayer vdw force, which also play the determining factors in in- 

erface thermal transport. Fig. 7 (a) and (b) depict the atomic force 

f the substrate on the supported MoS 2 without nanogroove and 

ith a 0.6 nm depth nanogroove, respectively. The force of the 

ubstrate on the nearest MoS 2 layer is analyzed, and the atom 

orce on farther atoms in MoS 2 can be neglected. The red color de- 

otes repulsive force, and the blue color represents attractive force. 

he repulsive and attractive force is evenly distributed in the flat 

onolayer MoS 2 but is uneven in the bent one, especially near the 

anogroove edge, where exits strong attractive force. Fig. 7 (c) il- 

ustrates the evolution of the total vdw force on the MoS 2 directly 

bove the nanogroove region with the nanogroove depth. The at- 

ractive force increases with the depth when the depth smaller 

han 0.6 nm. The whole structure maintains the equilibrium state, 

o the overall force of the supported MoS 2 is balanced and ap- 

roximated as zero. The bent MoS 2 and the substrate show strong 

ttractive force when d is small. Thus, the averaged net repulsive 

orce arises in the supported area since the overall force of mono- 

ayer MoS 2 is zero. The enhanced local stress in the supported area 

nhances the heat transport at the interface [ 44 ,]. 

In addition, the supported MoS 2 is no longer bent to fit the sub- 

trate, and separation occurs when the nanogroove deeps enough. 
5 
eanwhile, the overall vdw force in the nanogroove region eventu- 

lly decreased to zero ( Fig. 7 (c)), which corresponds to the increase 

n interface thermal resistance ( Fig. 6 ). To further explain the sud- 

en increase in thermal resistance at a depth of 0.9 nm, the radial 

istribution function (RDF) g ( r ) between the atomic layer of MoS 2 
losest to the substrate and the Si substrate is calculated and illus- 

rated in Fig. 8 . The black, red, and blue lines represent the RDF 

t d equals 0, 0.6, and 0.9 nm, respectively. It can be found that 

he g ( r ) values of black line and red line are similar, which indi-

ates that the supported MoS 2 bends to fit the substrate surface 

t the nanogroove depth of 0.6 nm. A large gap exists between the 

ed line and the blue line, indicating that the separation occurs and 

ewer atoms are involved in heat transport leading to the increased 

nterface thermal resistance at d equals 0.9 nm. Meanwhile, the 

ending tensile stress is also considered as another impeding fac- 

or to hinder the interface thermal transport, which has been re- 

orted in past works [ 11 , 45 ]. The existence of tensile stress fur-

her increases the interface thermal resistance at d equals 0.9 nm. 

ubsequently, with the increase of d , the tensile stress slowly dis- 

ppears as the flattening of the supported MoS 2 , leading to the 

nhancement of interface thermal transport and reduction of the 

nterface thermal resistance. 

. Conclusion 

In summary, the roughness effects on heat transfer through 

he MoS 2 -Si heterostructure are systematically investigated at the 

tomic scale. The thermal conductivity of the supported MoS 2 and 

he interface thermal resistance of the MoS 2 -Si heterostructure are 

alculated via molecular dynamics simulations. The thermal con- 

uctivity shows a trend of decline first and then increases with the 

anogroove depth. The calculated ensemble-averaged bend from 

tomic configuration shows that the tensile strain plays the dom- 

nant role in reducing the thermal conductivity after introducing 

he shallow nanogrooves. The PDOS and PR of the supported MoS 2 
urther explained the phenomenon. The increase in thermal con- 

uctivity when d is larger than 0.6 nm is attributed to the less 

ffect of the substrate. The thermal conductivity at nanogroove 

epth of 1.2 nm is higher than that without nanogrooves due to 

he disappearance of the substrate effect in the nanogroove area. In 

ddition, the interface thermal transport is surprisingly enhanced 

hen introducing a 0.6 nm depth nanogroove due to the un- 

ven press distribution, which is supported by the calculated in- 

erlayer vdW forces. Subsequently, the interface thermal resistance 

ncreases with the nanogroove depth when the depth is larger than 
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.6 nm, indicating that the interface thermal transport is weak- 

ned. Our study provides insights into the thermal properties of 

he MoS 2 -Si heterostructure and proves that the thermal proper- 

ies can be optimized via nanoengineering. 
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