
JID:PLA AID:24407 /SCO Doctopic: Condensed matter [m5G; v1.210; Prn:27/03/2017; 12:32] P.1 (1-6)

Physics Letters A ••• (••••) •••–•••

Contents lists available at ScienceDirect

Physics Letters A

www.elsevier.com/locate/pla

1 67

2 68

3 69

4 70

5 71

6 72

7 73

8 74

9 75

10 76

11 77

12 78

13 79

14 80

15 81

16 82

17 83

18 84

19 85

20 86

21 87

22 88

23 89

24 90

25 91

26 92

27 93

28 94

29 95

30 96

31 97

32 98

33 99

34 100

35 101

36 102

37 103

38 104

39 105

40 106

41 107

42 108

43 109

44 110

45 111

46 112

47 113

48 114

49 115

50 116

51 117

52 118

53 119

54 120

55 121

56 122

57 123

58 124

59 125

60 126

61 127

62 128

63 129

64 130

65 131

66 132

Mean free path dependent phonon contributions to interfacial thermal 
conductance

Yi Tao 1, Chenhan Liu 1, Weiyu Chen, Shuang Cai, Chen Chen, Zhiyong Wei, Kedong Bi, 
Juekuan Yang, Yunfei Chen ∗

State Key Laboratory of Bioelectronics, School of Mechanical Engineering, Southeast University, Nanjing 211189, China

a r t i c l e i n f o a b s t r a c t

Article history:
Received 24 October 2016
Received in revised form 12 March 2017
Accepted 15 March 2017
Available online xxxx
Communicated by R. Wu

Interfacial thermal conductance as an accumulation function of the phonon mean free path is rigorously 
derived from the thermal conductivity accumulation function. Based on our theoretical model, the 
interfacial thermal conductance accumulation function between Si/Ge is calculated. The results show that 
the range of mean free paths (MFPs) for phonons contributing to the interfacial thermal conductance 
is far narrower than that for phonons contributing to the thermal conductivity. The interfacial thermal 
conductance is mainly contributed by phonons with shorter MFPs, and the size effects can be observed 
only for an interface constructed by nanostructures with film thicknesses smaller than the MFPs of those 
phonons mainly contributing to the interfacial thermal conductance. This is why most experimental 
measurements cannot detect size effects on interfacial thermal conductance. A molecular dynamics 
simulation is employed to verify our proposed model.

© 2017 Published by Elsevier B.V.

1. Introduction

Heat transfer across the interface between two different mate-
rials has been studied for many years. In 1941, Kapitza first ob-
served that when heat flows through two different materials [1], 
there is a temperature jump at the interface. The interfacial ther-
mal conductance is used to measure the ability of heat to transfer 
across an interface, which is called Kapitza conductance. In 1989, 
Swartz et al. [2] reported a theoretical model to describe the in-
terfacial thermal conductance, and this model is widely used to 
calculate the interfacial thermal conductance between two differ-
ent bulk materials [3,4]. As described in Swartz’s work [2], the 
interfacial thermal conductance across an interface depends only 
on the intrinsic properties of the two contacting materials, such 
as the density of phonon states and phonon group velocity, and 
has no dependence on the material size. If the sample size is large 
enough, interfacial thermal conductance can be considered an in-
trinsic property that depends only on the contacting conditions 
and materials, which is also the case for the material’s thermal 
conductivity; this is consistent with the theoretical prediction. We 
know that thermal conductivity depends on sample size at the 
nanoscale, which is defined as the size effect. Therefore, if the 
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sizes of two contacting samples are reduced to the nanoscale, is 
it possible to observe the size effects on interfacial thermal con-
ductance? In a pump-probe experiment, it was reported that the 
thermal conductivity was dependent on the size of the heated re-
gion at low temperature, while the interfacial thermal conductance 
was independent of the heated region; thus, no size effect was ob-
served on the interfacial thermal conductance [5]. Similarly, it was 
found that the interfacial thermal conductance across an epitax-
ial Bi film on a Si substrate is independent of film thickness [6,
7], indicating that the size effects on the interfacial thermal con-
ductance are not apparent. It seems that the classical theoretical 
model for interfacial thermal conductance is effective when the 
size of the samples is reduced to the nanoscale. However, recent 
reports [8–10] noted that obvious size effects have been observed 
on the interfacial thermal conductance of interfaces formed be-
tween nanoscale structures, and the theoretical model becomes 
invalid and even fails to explain the size effects. For instance, 
molecular dynamics (MD) simulations demonstrated that the in-
terfacial thermal conductance varies with the system length, while 
the theoretical model only predicts a constant value that is inde-
pendent of the system length [8]. The same method was used to 
demonstrate that the interfacial thermal conductance is indepen-
dent of the cross-section area under periodic boundary conditions 
but is linearly proportional to the inverse of the system length 
[10]. Moreover, in a recent experiment, layer number dependent 
interfacial thermal conductance was observed between two mul-
tiwall carbon nanotubes [9], which manifested strong size effects. 
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Therefore, whether the classical theoretical model is valid for the 
interfacial thermal conductance between nanostructures remains 
unclear.

Over the last decade, dramatic achievements have been made 
in exploring the thermal conductivity accumulation function [5,
11–18]. Undoubtedly, these achievements have expanded our un-
derstanding of nanoscale thermal properties, especially when the 
sample size of a material is comparable to the phonon mean free 
paths (MFPs). Similar to the thermal conductivity accumulation 
function, the concept of the interfacial thermal conductance accu-
mulation function that describes MFP-dependent contributions of 
phonons to the interface thermal conductance was also proposed 
[12], and it was revealed that the range of MFPs contributing to 
interfacial thermal conductance is far narrower than the range of 
those contributing to thermal conductivity. However, due to the as-
sumption of a Debye dispersion and density of states as well as the 
high temperature occupancy limit, this model is coarse in that it 
can only give a rough trend of the interfacial thermal conductance 
accumulation function across two materials with different Debye 
temperatures. Keblinski et al. used a new theoretical model and 
MD simulations to investigate the size effects on the interfacial 
thermal conductance [19,20]. They found that, in the composite 
structure of a thin film contacting a substrate, the phonons trans-
mitting from the substrate to the film can be reflected back to 
the substrate by the film surface when the thickness of the film 
is small enough, leading to the reduction of the effective phonon 
transmission coefficient. The results show that the size effects on 
the interfacial thermal conductance are the combined effects of 
boundary scattering and intrinsic phonon–phonon scattering. In a 
previous publication, it was suggested that the effect of film thick-
ness on the thermal conductance can be predicted by considering 
the frequency dependence of the phonon MFPs [21]. However, the 
study did not give the explicit relationship between the thermal 
conductance and the phonon MFPs.

Referring to earlier studies on MFP range and size effects on 
interfacial thermal conductance, a new theoretical model is put 
forward to describe the accumulation function that describes the 
MFP-dependent phonon contributions to interfacial thermal con-
ductance. Compared to the previous publication [12], this model is 
more rigorous, with fewer assumptions, which gives more accurate 
predictions of the interfacial thermal conductance accumulation 
function. In addition, the relationship between the interfacial ther-
mal conductance and thermal conductivity can be derived from 
our model. Based on the derived model, the interfacial thermal 
conductance accumulation function for the Si/Ge interface is cal-
culated using the density functional theory [22] (DFT) and the 
Boltzmann transport equation [23] (BTE) methods. With the help 
of the model, it is possible to determine the size effects on the in-
terfacial thermal conductance across a nanostructure contacting a 
substrate. A MD simulation [24] is performed to verify the theo-
retical model. This study is expected to provide a new insight into 
the size effects on interfacial thermal conductance.

2. Theoretical model

To derive the interfacial thermal conductance accumulation 
function, we begin with the theoretical model of interfacial ther-
mal conductance given by Swartz et al. [2], which can be derived 
from the principle of detailed balance [4,25]:

Q̇ gross
1→2(T )

A
= 1

2

∑
j

π
2∫

0

∞∫
0

N1, j(ω, T )�ωv1, jγ1→2(θ, j,ω)

× cos(θ) sin(θ)dθdω (1)

where the subscripts 1 and 2 correspond to the materials on side 1 
and side 2, respectively, Q̇ gross

1→2(T ) is the gross heat current from 
side 1 to side 2, A is the cross-sectional area, j is the phonon 
mode, ω is the phonon frequency in side 1, v1, j is the phonon 
group velocity, γ1→2(θ, j, ω) is the phonon transmission proba-
bility, and T is the temperature. N1, j(ω, T ) is the product of the 
density of phonon states D1, j(ω) times the Bose occupation factor 
gBE , which can be expanded as follows:

N1, j(ω, T ) = D1, j(ω)gBE (2)

The interfacial thermal conductance equals the derivative of the 
gross heat current per area. Using Eq. (2), the interfacial thermal 
conductance across two isotropic bulk materials can be written as:

Gbulk = ∂ Q̇ gross
1→2(T )

A∂T

= 1

2

∑
j

π
2∫

0

∞∫
0

D1, j(ω)
∂ gBE

∂T
�ωv1, jγ1→2(θ, j,ω)

× cos(θ) sin(θ)dθdω (3)

Here, the volumetric specific heat capacity per unit frequency can 
be written as:

C1, j(ω) = D1, j(ω)
∂ gBE

∂T
�ω (4)

Using Eq. (4), Eq. (3) can be simplified as follows:

Gbulk = 1

2

∑
j

π
2∫

0

∞∫
0

C1, j(ω)v1, jγ1→2(θ, j,ω) cos(θ) sin(θ)dθdω

(5)

To derive the interfacial thermal conductance accumulation func-
tion of bulk materials, we change the integration variable from ω
to Λbulk , where Λbulk represents the bulk MFP, and then transform 
the form of Eq. (5):

Gbulk = 3

2

∑
j

π
2∫

0

∞∫
0

−1

3
C1, j(Λbulk)v1, jΛbulk

dω

dΛbulk

1

Λbulk

× γ1→2(θ, j,Λbulk) cos(θ) sin(θ)dθdΛbulk (6)

The negative sign is derived from swapping the limits of integra-
tion, because Λbulk monotonously decreases with the increasing 
phonon frequency ω. According to the work of C. Dames et al. [11], 
the thermal conductivity per MFP can be written as:

k1(Λbulk) = −1

3

∑
j

C1, j(Λbulk)v1, jΛbulk
dω

dΛbulk
(7)

Here, the sign of summation is removed and the thermal conduc-
tivity per MFP with different phonon modes is defined as follows:

k1, j(Λbulk) = −1

3
C1, j(Λbulk)v1, jΛbulk

dω

dΛbulk
(8)

Using Eq. (8), Eq. (5) can be simplified and transformed as follows:

Gbulk =
∑

j

∞∫
0

k1, j(Λbulk)dΛbulk

×
π
2∫

0

3

2

1

Λbulk
γ1→2(θ, j,Λbulk) cos(θ) sin(θ)dθ (9)



Download English Version:

https://daneshyari.com/en/article/5496454

Download Persian Version:

https://daneshyari.com/article/5496454

Daneshyari.com

https://daneshyari.com/en/article/5496454
https://daneshyari.com/article/5496454
https://daneshyari.com

