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Here, the two-way tuning of in-plane thermal transport is obtained in the bi-layer nanofilms with an

interfacial effect by using the Boltzmann transport equation (BTE) and the phonon Monte Carlo

(MC) technique. A thermal conductivity model was derived from the BTE and verified by the MC

simulations. Both the model and the MC simulations indicate that the tuning of the thermal

transport can be bidirectional (reduced or enhanced), depending on the interface conditions (i.e.,

roughness and adhesion energy) and the phonon property dissimilarity at the interface. For the

identical-material interface, the emergence of thermal conductivity variation requires two condi-

tions: (a) the interface is not completely specular and (b) the transmission specularity parameter

differs from the reflection specularity parameter at the interface. When the transmission specularity

parameter is larger than the reflection specularity parameter at the interface, the thermal conductiv-

ity improvement effect emerges, whereas the thermal conductivity reduction effect occurs. For the

disparate-material interface, the phonon property perturbation near the interface causes the thermal

conductivity variation, even when neither the above two conditions are satisfied. The mean free

path ratio (c) between the disparate materials was defined to characterize the phonon property dis-

similarity. c > 1 can lead to the thermal conductivity improvement effect, while c < 1 corre-

sponds to the thermal conductivity reduction effect. Our work provides a more in-depth

understanding of the interfacial effect on the nanoscale thermal transport, with an applicable pre-

dictive model, which can be helpful for predicting and manipulating phonon transport in nanofilms.

Published by AIP Publishing. https://doi.org/10.1063/1.5013657

I. INTRODUCTION

With the rapid development of fabrication technologies,

the density of interfaces keeps increasing within electronic

micro/nano-devices.1,2 The interface has significant impacts

on thermal transport in electronic devices,3–7 and impor-

tantly it can be used to effectively tune the thermal properties

of nanomaterials.8–17 In the direction normal to the interface

(the cross-plane direction), it can introduce a thermal resis-

tance and degrade the thermal transport ability.18–21 Two

limiting models18 have been long-termly used to calculate

the interface resistance, i.e., the acoustic mismatch model

(AMM), which assumes no scattering, and the diffuse mis-

match model (DMM), which assumes that the phonons strik-

ing at the interface will diffusively scatter. Then, Prasher19

modified the AMM to involve the influence of the van der

Waals (vdW) contacts. Recently, the time-domain thermore-

flectance (TDTR) experiments by Wilson and Cahill20 show

that the interfacial resistance becomes dependent on the pho-

non mean free path (MFP) in the ballistic-diffusive regime,

due to the interface-ballistic coupling effect. Moreover, Hua

and Cao21 studied the boundary temperature jumps, and pro-

posed a model that concerns both the interfacial resistance

and the ballistic effect.

In fact, the interface also significantly affects the in-

plane thermal transport process. This point has been

investigated particularly for single-layer and multiple-layer

two-dimensional materials.22–26 For example, the in-plane

thermal conductivity of the supported graphene is lower

than that of the suspended one, which has been attributed to

the interlayer phonon scattering.23,24 However, the experi-

ments of Yang et al.27 demonstrated that a vdW interface

between two nanoribbons made of identical materials could

improve the thermal conductivity parallel to the interface

(i.e., the in-plane thermal conductivity). A semi-

quantitative model was proposed to explain the experimen-

tal data. This model merely highlights the influence of

interface adhesion energy that determines the phonon trans-

missivity through the interface. Then, Guo et al.28 calcu-

lated the thermal conductivity of a one-dimensional (1D)

chain on the substrate (the other 1D chain), and also found

that in certain regions the coupling to substrates can

improve the thermal conductivity. Similarly, Sun et al.29

performed molecular dynamics (MD) simulations in a sys-

tem of two 1D chains with vdW interactions between them,

and concluded that whether the thermal conductivity is

enhanced depending on the intensity of vdW interactions.

In the case of moderate vdW interactions, the thermal con-

ductivity could be reduced, while in the case of strong vdW

interactions the thermal conductivity could be enhanced.

Moreover, this 1D model was also studied by Su et al.30

through MD simulations, and the authors concluded that the

thermal transport improvement effect should be attributed

to the nonlinear interface interaction. In fact, the simulation
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models of Guo et al.,28 Sun et al.,29 and Su et al.30 could be

a little bit oversimplified, and thus, some other important

factors, such as interface roughness, had not been well

addressed. By contrast, through running MD simulations,

Chen et al.31 found that interface roughness is also a critical

factor in this case: an atomically smooth interface will lead

to the same in-plane thermal conductivity of a bi-layer film

as that of a single layer, while the thermal conductivity

improvement effect could occur as roughness is introduced

at the interface.

Additionally, an interface usually exists between two

disparate materials in practice, that is to say, the effects of

phonon property dissimilarity also have an impact on the

thermal transport, which were not concerned in the phenom-

enological model by Yang et al.27 or Chen et al.31 By using

MD simulations, Zhang et al.32 found that the thermal con-

ductivity of silicene on the substrate could be either

enhanced or suppressed by changing the property of the sub-

strate. Indeed, it could still be an open question whether the

thermal transport improvement by the interface can be

achieved even in the case with phonon property dissimilarity

at the interface. Moreover, due to the absence of a unified

and rigorous analysis model, even for the thermal transport

in the supported graphene that has been extensively studied,

some issues are still in debate. For example, MD simulation

results by Ong et al.23 show that the thermal conductivity of

a supported graphene could be enhanced with the increasing

strength of coupling between graphene and substrate; how-

ever, Qiu and Ruan24 obtained a contrary conclusion that

stronger interfacial bonding results in more thermal conduc-

tivity reduction.

The interface-based tuning of the thermal transport

should depend on three major factors: (a) interface adhesion

energy, (b) interface roughness, and (c) phonon property dis-

similarity. In the present work, we focus on the interfacial

effect on the in-plane thermal transport in the nanofilms. An

analytical thermal conductivity model that concerns the three

factors above was derived based on the phonon Boltzmann

transport equation (BTE). For verification, a phonon Monte

Carlo (MC) technique was used to simulate the phonon

transport process. The two-way tuning of the in-plane ther-

mal transport was identified, that is to say, an interface can

reduce or enhance the in-plane thermal conductivity, depend-

ing on the interface conditions and the phonon property dis-

similarity at the interface.

II. MODEL DERIVATION

A. In-plane thermal conductivity of suspended
nanofilms

Figure 1(a) shows a suspended nanofilm with the reflection

specularity parameters equal to Pr1 and Pr2, respectively. In this

case, the lateral boundaries are adiabatic, and thus, all the pho-

nons striking on them will be reflected back. The reflection

specularity parameters, Pr1 and Pr2, should depend on the

boundary roughness,33,34 that is, Pr1ð2Þ ¼ exp ð�16p2D2=k2Þ,
in which D is the root-mean-square value of the roughness fluc-

tuations and k is the phonon wavelength. We assume that the

length in the heat flow direction is much longer than the phonon

MFP, while the lateral width (Ly) is comparable to the phonon

MFP. The corresponding phonon BTE is given by33

vgxysx
@Dfx
@y
þ Dfx ¼ �vgxxsx

@f0x

@T

dT

dx
(1)

with the boundary conditions

Dfxð0; vgxy > 0Þ ¼ Pr1Dfxð0; vgxy < 0Þ;
DfxðLy; vgxy < 0Þ ¼ Pr2DfxðLy; vgxy > 0Þ;

(2)

where x is the angular frequency, vgxy is the group velocity, fx
is the phonon distribution function, f0x is the equilibrium distri-

bution function, and sx is the relaxation time, and Dfx ¼ fx
�f0x. Combination of Eqs. (1) and (2) gives the heat flux

qxðyÞ ¼
dT

dx

ðxm

0

vgxl0x

4
x�h
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�
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dl

2
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þ
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0
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y
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3

3
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with

Gþ ¼
1� Pr2 1� ð1� Pr1Þ exp � Ly

l0xl

� �� �

1� Pr1Pr2 exp �2
Ly

l0xl

� �

FIG. 1. (a) Schematic of a typical suspended nanofilm; (b) schematic of a typical bi-layer nanofilm with a vdW interface.
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and

G� ¼ exp � Ly

l0xl

� � 1� Pr1 1� ð1� Pr2Þ exp � Ly

l0xl

� �� �

1� Pr1Pr2 exp �2
Ly

l0xl

� �

in which xm is the cutoff angular frequency, fBE is Bose-

Einstein distribution, �h is the Dirac constant, D(x) is the den-

sity of states, l0x ¼ vgxsx is the intrinsic phonon MFP, and

l ¼ cos ðhÞ, where h is the polar angle. Using the Fourier’s

law, we can derive the in-plane thermal conductivity of this

suspended nanofilm

keff ¼ �
1

dT=dxð ÞLy

ðLy

0

qxðyÞdy

¼ 1

3Ly

ðxm

0

vgxl0xx�h
@fBE
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1� 3

4
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Gþ exp � y

l0xl

� ��2
64

þ G� exp
y

l0xl

� ��
1� l2
� �

dl

3
75dy:

(4)

This model is a minor extension of the widely used

Fuchs-Sondheimer formula.35–38 Malhotra et al.39 also

derived this model. In the present work, it is used to give

some benchmarked results to verify our MC simulations and

to compare with the results involving the interfacial effect.

B. In-plane thermal conductivity of nanofilms with the
interface

In this section, we turn to the case with the interfacial

effect. Figure 1(b) shows a bi-layer nanofilm with an inter-

face. A vdW interface is between these two layers. The pho-

nons in layer “a” can scatter on the interface, or pass through

the interface and enter layer “b”. The phonons in layer “b”

also undergo the identical process.

The phonon BTEs for the layers labelled by “a” and “b”

are given by

vgxy asx a

@Dfx a

@y
þ Dfx a ¼ �vgxx asx a

@fx0 a

@T

dT

dx
(5)

and

vgxy bsx b

@Dfx b

@y
þ Dfx b ¼ �vgxx bsx b

@fx0 b

@T

dT

dx
(6)

with the interface and boundary conditions

Dfx aðLya; vgxy a < 0Þ ¼ Pr1 aDfx aðLya; vgxy a > 0Þ;
Dfxað0; vgxy a > 0Þ ¼ Pr aaraaDfx að0; vgxy a < 0Þ þ Pt batbaDfx bð0; vgxy b > 0Þ;
Dfxbð0; vgxy b < 0Þ ¼ Pr bbrbbDfx bð0; vgxy b > 0Þ þ Pt abtabDfx að0; vgxy a < 0Þ;
Dfx bð�Lyb; vgxy b > 0Þ ¼ Pr2 bDfx bðLya; vgxy b < 0Þ:

(7)

In Eq. (7), in order to describe the phonon transmission and reflection probabilities at the interface, two transmissivities

(tab, tba) as well as the two corresponding reflectivities (raa, rbb) were introduced, and tab ¼ 1� raa, tba ¼ 1� rbb. According to

the phonon transmissivity model by Prasher,19 the influence of the vdW interaction strength (or the interface adhesion energy)

can be involved in the phonon transmissivity. Moreover, four reflection specularity parameters (Pr1_a, Pr_aa, Pr_bb, and Pr2_b)

are used to describe the phonon reflection mode (specularly or diffusively) at the boundaries and the interface. According to

Ref. 40, at the interface, the specularity parameter of the transmitted phonons can differ from that of the reflected phonons,

and this view can be supported by the experiments by Yang et al.27 Thus, two transmission specularity parameters (Pt_ab,

Pt_ba) are introduced to characterize the phonon transmission mode through the interface.

Then, combining Eqs. (5)–(7), we can have
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dx
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0
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and

�Lyb � y < 0 : qxbðyÞ ¼
dT

dx

ðxmb

0

vgblx0bx�h

4
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(9)
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with

Gþa ¼

ð1� Pr1 aÞPr aaraa exp � Lya
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� �
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where c ¼ l0xb=l0xa is the MFP ratio. Therefore, the in-plane thermal conductivity models for the layers “a” and “b” are

given by
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and

keff b ¼ �
1
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Owing to the interface, the model here becomes much

more complicated when compared to that of the suspended

nanofilms. Actually, Hua and Cao21 derived an in-plane ther-

mal conductivity model for the nanofilms on the substrate.

However, that model is relatively simple and involves some

simplifications on the boundary conditions of the substrate.

It cannot concern the disparity between the reflection and the

transmission specularity parameters which plays an impor-

tant role in the two-way tuning of in-plane thermal transport

in nanofilms. The present model is an important improve-

ment of the Fuchs-Sondheimer formula. The interface

parameters within the model depend on the interface condi-

tions. In general, the values of specularity parameters can

increase with the decreasing interface roughness.33

According to the literature by Li and McGaughey,40 the

reflection specularity parameter is usually smaller than the

transmission specularity parameter at the interface. The pho-

non transmissivity is determined by both the vdW interaction

strength and the phonon property mismatch at the interface.

Referring to the modified acoustic mismatch model by

Prasher,19 the increasing vdW interaction strength can

enhance the phonon transmissivity, while the mismatch of

phonon properties will impede phonon transmission through

the interface. Therefore, in practice, the in-plane thermal

transport can be effectively tuned by changing the interface

conditions. For example, in the experiments by Yang et al.,41

the authors demonstrated that the interface conditions

(including the thickness of a-SiO2 and the bond types at the

interface) can be modified to tune the in-plane thermal trans-

port within the bi-layer nanofilms.

III. PHONON MONTE CARLO TECHNIQUE

We also used a phonon MC technique42–46 to simulate

the phonon transport in the nanofilms. It simulates the pho-

non transport process by random number samplings.43 In

principle, the phonon MC simulation includes six steps as

follows:

(1) Initialization: Input the phonon properties (such as

MFPs, group velocities, etc.).

(2) Phonon bundle emission: Draw the initial properties

(including the initial position and traveling direction) of

a phonon bundle by random number samplings, accord-

ing to the nature of the emitting boundary.

(3) Phonon bundle moving: Calculate the traveling length

until the first scattering event and renew the position of

the phonons bundle.

(4) Interaction with boundary (interface): When a phonon

bundle collides with a boundary (or an interface), renew

the phonon bundle position, and then a random number

sampling is conducted to determine whether the phonon

bundle can be transmitted; if the phonon bundle is trans-

mitted, a random number sampling is conducted to deter-

mine the transmission mode (diffusively or specularly),

whereas the phonon bundle is reflected, and a random

number sampling is then conducted to determine the

reflection mode (diffusively or specularly);

(5) Phonon bundle reemission: If a phonon bundle does not

collide with any boundary or interface, the phonon

bundle should reemit at the place where the internal scat-

tering event occurs; then, we proceed to (3).

(6) Phonon bundle tracing termination: If the phonon bun-

dle arrives at the absorbing boundaries,44 the tracing pro-

cess of this phonon bundle is finished; we then proceed

to (2) and begin the tracing of the next phonon bundle.

The phonon MC technique has been successfully

employed to characterize the thermal transport in various

nanostructures, including nanofilms,42 nanowires,43,44 and

nanoporous structures,45,46 etc. In fact, this simulation tech-

nique is equivalent to numerically solving the phonon

Boltzmann transport equation (BTE) which has been widely

used to handle the phonon transport problems. Therefore, we

chose the MC simulation results as the benchmark to verify

our analytical model derived from the phonon BTE. For the

suspended nanofilms, the simulation details are similar to

those we presented in Ref. 44. Particularly for the bi-layer

nanofilms with the interface, the key point is to deal with the

phonon-interface interactions. In fact, the algorithm of the

random number samplings that handle the phonon-interface

interactions, including reflection and transmission at the

interface, is the same as that in the previous papers.44,45

Importantly, in the present work, the MC simulations must

be able to consider the disparity between the reflection and

the transmission specularity parameters at the interface.

Therefore, in our simulations, when a phonon bundle arrives

at the interface, the specularity parameter in the random

number sampling for determining the reflection mode can be

different from that for determining the transmission mode.

IV. RESULTS AND DISCUSSION

A. Interface between the identical materials

We begin by analyzing the thermal transport in the

nanofilms with the interface between the identical materials.

The two layers “a” and “b” are identical and both made of

crystalline silicon. Debye approximation is adopted, and

referring to Chen’s work,47 we have k0 ¼ 142 W=mK,

CV ¼ 0:93� 106J=m3K, q ¼ 2330kg=m3, vg ¼ 1804m=s,

and MFP ¼ 260:4nm. Since the layers “a” and “b” are iden-

tical, we have Pr1 a ¼ Pr2 b, Pr aa ¼ Pr bb, Pt aa ¼ Pt bb,

tab ¼ tba, raa ¼ rbb, and keff a ¼ keff b. Kn is the Knudsen

number, with Kn ¼ MFP=Ly for the suspended nanofilms

and Kn ¼ MFP=Lya for the bi-layer nanofilms. It is noted

that the Debye approximation and the bulk-dispersion-based

average phonon properties are adopted in the numerical

experiments for simplicity. Since the parameter settings in

the model are identical to those in the MC simulations, their

agreements can prove the model’s validity. In fact, with the

thickness decreasing, the phonon dispersions will change,

which can also influence the thermal conductivity.34 Our

model derivation in Sec. II will not be affected by the choice

of the phonon MFPs and group velocities. Referring to Eq.

(10), when the phonon properties that concern the phonon

dispersion changes are adopted in the model, it can be used

to calculate the thermal conductivity involving the influence

of phonon dispersion changes.
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Figure 2(a) illustrates the in-plane thermal conductiv-

ity of the nanofilms with the completely specular interface

between the identical materials. Also, the in-plane thermal

conductivity of the suspended nanofilms was calculated for

comparison. The completely specular interface corre-

sponds to the atomically smooth interface; thus, the trans-

mission and the reflection specularity parameters at the

interface are both equal to 1 in this case. As shown in Fig.

2(a), the good agreements between the MC simulations and

our model are achieved (their deviations can be less than

10%), verifying the validity of our present models.

Moreover, both the MC simulations and the model indicate

that a completely specular interface can lead to the same

in-plane thermal conductivity of a bi-layer film as that of

a single layer one, despite the film thickness and the

phonon transmissivity. This conclusion was also obtained

in the MD simulations by Chen et al.,31 and now it is

re-confirmed via our model and simulations. In the

in-plane nanofilms, the completely specular interface will

not change the lateral component of the direction vector of

the phonons striking on it; therefore, it will have no influ-

ence on the in-plane thermal transport. As evidence, the

variation of the transmissivity does not cause the variation

of the in-plane thermal conductivity in this case. In fact, as

shown in Fig. 2(b), even a partially specular interface can-

not lead to the thermal conductivity improvement effect,

once the reflection specularity parameter is equal to the

transmission specularity parameter at the interface. When

phonons arrive at the interface, since the reflection and

transmission specularity parameters are identical, the

transmitted phonons will hold the same possibility to

become diffusive as with the reflected phonons, that is to

say, the interface is just equivalent to a purely reflective

boundary in this case. Then, the characteristic thickness of

the bi-layer nanofilms should be identical to that of the

one-layer nanofilms. Therefore, both the model and the

simulations show that the in-plane thermal conductivity of

the bi-layer nanofilms is the same as that of the suspended

one-layer nanofilms. The variation of phonon transmissiv-

ity through the interface cannot cause the in-plane thermal

conductivity variation, either, in this case. In the paper by

Li and McGaughey,40 this point was also emphasized to

explain the in-plane thermal conductivity improvement

phenomenon in the experiments by Yang et al.27

To observe the thermal conductivity variation caused by

the interfacial effect, the transmission specularity parameter

should be set different from the reflection specularity param-

eter at the interface. In Fig. 3, the reflection specularity

parameter at the interface is 0.2, while the transmission spec-

ularity parameter is 1. The phonons will ballistically pass

through the interface. Both the MC simulations and the

model indicate that the thermal conductivity improvement

effect occurs: the in-plane thermal conductivity of the bi-

layer nanofilms with the interfacial effect becomes higher

than that of the suspended nanofilms, and the thermal con-

ductivity improvement effect is enhanced with the increasing

transmissivity. The interface can provide coupling between

two layers. In an extreme case with phonon transmissivity

equal to unity, phonons will ballistically transmit through it

without undergoing any scattering. Then, the bi-layer film is

nothing but a single film of double thickness. Owing to the

increasing thickness, the strength of boundary scattering

degrades and thus, the thermal conductivity increases.

Although the phonon transmissivity through the interface

FIG. 2. (a) In-plane thermal conductivity of nanofilms with the completely specular interface between the identical materials, in comparison to that without the

interfacial effect; (b) in-plane thermal conductivity of nanofilms with the partially specular interface between the identical materials, and the transmission spec-

ularity parameter is set equal to the reflection specularity parameter at the interface.

FIG. 3. In-plane thermal conductivity of nanofilms with the partially specu-

lar interface between the identical materials, in comparison to that without

the interfacial effect. The transmission specularity parameter is different

from the reflection specularity parameter at the interface, and the transmis-

sion coefficients are 0.2, 0.5, and 1, respectively.
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may not reach unity, the coupling between two layers can

enhance the thermal conductivity on some level.

In Fig. 4(a), the transmission specularity parameter and

the transmissivity are given, while the reflection specularity

parameters at the interface are set as 0.2, 0.5, and 0.8, respec-

tively. When the phonons can ballistically pass through the

interface, the thermal conductivity improvement effect is

enhanced with the increasing reflection specularity parame-

ter at the interface. In Fig. 4(b), the reflection specularity

parameters are 0.5, the transmissivity is 0.5, and the trans-

mission specularity parameters at the interface are set as 0,

0.2, 0.8, and 1, respectively. As the transmission specularity

parameter is larger than the reflection specularity parameter,

the thermal conductivity improvement effect occurs.

However, when the transmission specularity parameter is

less than the reflection specularity parameter, the in-plane

thermal conductivity of the bi-layer nanofilms becomes

lower than that of the suspended nanofilms, that is, the ther-

mal conductivity reduction effect. Additionally, in all the fig-

ures above, the interfacial effect is enhanced with the

increasing Knudsen number (i.e., the decreasing film thick-

ness); our model can well predict the MC simulation results,

verifying the validity of the model.

B. Interface between the disparate materials

In this section, we turn to analyze the thermal transport

in the nanofilms with the interface between the disparate

materials, which can widely exist in experiments and appli-

cations. In practice, the phonon property dissimilarity can

mainly be reflected by the MFP ratio between the materials.

For example, as for the graphene on the silica substrate,26

the MFP ratio between graphene and silica can reach about

100. According to Eqs. (8)–(11), the MFP ratio, c, has been

involved in our present model. Here, in order to well clarify

the influence of the MFP ratio, we assume that layer “b” is

made of a virtual material that holds the identical phonon

properties to those with the crystalline silicon (the material

of layer “a”) except for its intrinsic MFP. Therefore, we can

set the intrinsic MFP of layer “a” fixed, and vary that of layer

“b” to focus on the influence of MFP ratio on the in-plane

thermal transport within layer “a”. We note that our model is

actually capable of handling the in-plane thermal transport

with an interface between two practical materials, but this

can make the analysis process become too trivial to clarify

the influence of the MFP ratio.

In Fig. 5, the interface is set completely specular, and

the MFP ratios are 0.5, 1, and 1.5, respectively. For the nano-

films with the completely specular interface between the dis-

parate materials (i.e., c 6¼ 1), the in-plane thermal

conductivity can differ from that of the suspended nanofilms.

As c ¼ 0:5, the thermal conductivity reduction effect occurs,

whereas c ¼ 1:5 can lead to an improvement of the thermal

conductivity. For the in-plane thermal transport in the nano-

films, although the completely specular reflection at the

interface will not cause the thermal conductivity variation,

the phonon transmission through the interface can signifi-

cantly impact the heat flux distribution, due to the phonon

property perturbation near the interface between the dispa-

rate materials.21 In addition, when the transmission specular-

ity parameter equal to the reflection specularity parameter at

the interface, the phonon property dissimilarity also causes

the thermal conductivity variation. In Fig. 6(a), all the

FIG. 4. In-plane thermal conductivity of nanofilms with the partially specular interface between the identical materials, and the transmission specularity param-

eters are different from the reflection specularity parameters at the interface. (a) The reflection specularity parameters at the interface are 0.2, 0.5, and 0.8,

respectively; (b) the transmission specularity parameters at the interface are 0, 0.2, 0.8, and 1, respectively.

FIG. 5. In-plane thermal conductivity of nanofilms with the completely

specular interface between the disparate materials, in comparison to that

without the interface. Both the transmission and the reflection specularity

parameters at the interface are equal to 1, and the MFP ratios are 0.5, 1, and

1.5, respectively.
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specular parameters are 0.2, and the phonon transmissivity

is 0.5. Although the thermal conductivity variation is not

significant, it is also found that as c ¼ 1:5, the thermal con-

ductivity improvement effect occurs, whereas c ¼ 0:5 can

lead to the thermal conductivity reduction effect. In Fig.

6(b), all the specular parameters are increased to 0.8, and

the thermal conductivity variation becomes much more

significant in this case, indicating that a more specular

interface can enhance the influence of phonon property

dissimilarity.

In order to further clarify the thermal conductivity var-

iation rule concerning the interfacial effect, the in-plane

thermal conductivities of the nanofilms with the partially

specular interface were calculated as the functions of the

reflection specularity parameter, the transmission specular-

ity parameter, and the phonon transmissivity, respectively.

In Fig. 7(a), the Knudsen number is set as 1, the phonon

transmissivity is 0.5, and the MFP ratios are 0.5, 1.0, and

1.5, respectively; it was found that the in-plane thermal

conductivity increases with the increasing reflection specu-

larity parameter at the interface, despite the MFP ratios. As

shown in Fig. 7(b), when the other parameters are given,

the in-plane thermal conductivity also increases with the

increasing transmission specularity parameter at the inter-

face, despite the MFP ratios. Therefore, we can confirm

that a specular interface can always facilitate the in-plane

thermal transport even in the case concerning the phonon

property dissimilarity.

In particular, several researchers highlighted the influ-

ence of the phonon transmissivity that can involve the influ-

ence of the interface adhesion energy.19 For example, both

Yang et al.27 and Sun et al.29 concluded that the emergence

of the thermal conductivity improvement by the interfacial

effect mainly requires a strong interface adhesion energy,

that is, a high phonon transmissivity through the interface.

As shown in Fig. 8, we also calculated the in-plane thermal

conductivity of the nanofilms with the interface as a function

of the phonon transmissivity. In Fig. 8(a), the Knudsen num-

ber is 1, the transmission specularity parameter is 1, and the

reflection specularity parameters are 0.5, and the MFP ratios

are 0.5, 1.0, and 1.5, respectively. When the MFP ratio is 1

or 1.5, the thermal conductivity improvement phenomena

occurs, and it is enhanced with the increasing phonon trans-

missivity. This could be the cases Yang et al.27 and Sun

et al.29 discussed. By contrast, in the case of the MFP ratio

less than 1.0 (such as the multi-layer graphene film on a

FIG. 6. In-plane thermal conductivity of nanofilms with the partially specular interface between the disparate materials, in comparison to that without the inter-

facial effect. The transmission specularity parameter is set equal to the reflection specularity parameter at the interface, and the MFP ratios are 0.5, 1, and 1.5,

respectively: (a) the specularity parameters are 0.2; (b) the specularity parameters are 0.8.

FIG. 7. (a) In-plane thermal conductivity of nanofilms with the partially specular interface as a function of the reflection specularity parameter at the interface;

(b) in-plane thermal conductivity of nanofilms with the partially specular interface as a function of the transmission specularity parameter at the interface.
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silica substrate26), the behavior of the thermal conductivity

variation becomes much different. In Fig. 8(b), the MFP ratio

is set as 0.5, and the reflection specularity parameters are

0.2, 0.5, and 0.8, respectively. Both the model and the simu-

lations show that when the reflection specularity parameter is

equal to 0.2, the thermal conductivity increases with the

increasing phonon transmissivity; however, when the reflec-

tion specularity parameter is 0.8, the thermal conductivity

can decrease with the increasing phonon transmissivity. In

this case, there are two competing factors that impact the

thermal conductivity. First, the phonons that ballistically

transmit through the interface will not undergo diffusive

scattering at the interface, which can facilitate the thermal

transport. But second, since the MFP ratio is less than 1, the

phonon property perturbation near the interface could

impede the thermal transport. The coupling strength between

the layers is enhanced with the increasing phonon transmis-

sivity. As the reflection specularity parameter is small, the

phonons could hold a big possibility to undergo the diffusive

scattering once they cannot transmit through the interface.

Therefore, the first factor could be dominant when the reflec-

tion specularity parameter is small, and the thermal conduc-

tivity thus increases with the portion of the phonons that

transmit through the interface (i.e., the phonon transmissiv-

ity). On the contrary, the second factor can be dominant in

the case of a large reflection specularity parameter, and thus,

the thermal conductivity decreases with the increasing pho-

non transmissivity. The conclusion here may be used to

explain the controversy between the simulations by Ong

et al.23 and Qiu et al.24 Their disparity may come from the

different interface conditions between the graphene and the

silica substrate.

V. CONCLUSIONS

(1) An analytical thermal conductivity model for the in-

plane bi-layer nanofilms with the interfacial effect was

derived based on the phonon BTE. This model can

simultaneously concern the interfacial effect, the phonon

property dissimilarity, as well as the disparity between

the reflection and the transmission specularity parame-

ters at the interface. Moreover, the phonon MC simula-

tions were used to simulate the phonon transport process

in the nanofilms with the interfaces between the identical

materials and between the disparate materials. In both

the cases, the good agreement between the model and

the MC simulations was achieved, indicative of the

validity of our model.

(2) In the case of the interface between the identical materi-

als, the emergence of the thermal conductivity variation

caused by the interfacial effect requires two conditions:

(a) the interface is not completely specular and (b) the

transmission specularity parameter is different from the

reflection specularity parameter at the interface. In addi-

tion, when the transmission specularity parameter is larger

than the reflection specularity parameter at the interface,

the thermal conductivity improvement effect emerges,

whereas the thermal conductivity reduction effect occurs.

(3) In the case of the interface between the disparate materi-

als, the influence of the phonon property dissimilarity

was analyzed by varying the MFP ratio, c ¼ l0xb=l0xa.

Even when the interface is completely specular or the

transmission specularity parameter is identical to the

reflection specularity parameter at the interface, the pho-

non property perturbation near the interface can also

cause the thermal conductivity variation. Moreover, it

was found that c > 1 leads to the thermal conductivity

improvement effect, while c < 1 corresponds to the ther-

mal conductivity reduction effect.

(4) The two-way tuning of the in-plane thermal transport in

the nanofilms was identified by our model and simula-

tions. An interface can reduce or enhance the in-plane

thermal conductivity of the nanofilms, depending on the

interface conditions and the phonon property dissimilar-

ity at the interface. This can provide a more in-depth

understanding about the interfacial effect on the nano-

scale thermal transport process. More importantly, an

applicable thermal conductivity model was derived and

verified in this case, which can be helpful for predicting

and manipulating the thermal transport in nanostructures.

FIG. 8. In-plane thermal conductivity of nanofilms with the partially specular interface as a function of the phonon transmissivity: (a) the transmission specu-

larity parameters are 1, the reflection specularity parameters are 0.5, and the MFP ratios are 0.5, 1.0, and 1.5, respectively; (b) the transmission specularity

parameters are 1, the MFP ratios are 0.5, and the reflection specularity parameters are 0.2, 0.5, and 0.8, respectively.
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