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An excellent candidate for largely reducing
interfacial thermal resistance: a nano-confined
mass graded interface

Yanguang Zhou,? Xiaoliang Zhang® and Ming Hu**®°

Pursuing extremely low interfacial thermal resistance has long been the task of many researchers in the
area of nano-scale heat transfer, in particular pertaining to improve heat dissipation performance in elec-
tronic cooling. While it is well known and documented that confining a macroscopic third layer between
two dissimilar materials usually increases the overall interfacial thermal resistance, no research has realized
the fundamental decrease in resistance so far. By performing nonequilibrium molecular dynamics simu-
lations, we report that the overall interfacial thermal resistance can be reduced by 6 fold by confining
mass graded materials with thickness of the order of nanometers. As comparison we also studied the
thermal transport across the perfectly abrupt interface and the widely used alloyed (rough) interface,
which shows an opposing and significantly large increase in the overall thermal resistance. With the help
of frequency dependent interfacial thermal conductance and wave packet dynamics simulation, different
mechanisms governing the heat transfer across these three types of interfaces are identified. It is found
that for the rough interface there are two different regimes of interfacial heat transfer, which originates
from the competition between phonon scattering and the thickness of the interface. The mechanism of
dramatically improved interfacial heat transfer across the nano-confined mass graded interface resides in
the minor phonon reflection when the phonons first reach the mass graded area and the rare occurrence
of phonon scattering in the subsequent interior region. The phonons are found to be gradually truncated
by the geometric interfaces and can travel through the mass graded layer with a high transmission coeffi-
cient, benefited from the small mass mismatch between two neighboring layers in the interfacial region.
Our findings provide deep insight into the phonon transport across nano-confined mass graded layers
and also offer significant guidance for designing advanced thermal interface materials.

An interface plays a critical role in determining the overall
physical properties of materials, for instance, the thermal and
mechanical characters of devices can be modulated when
the grain boundaries," heterojunctions® or aggregates® are
involved. Therefore, deep understanding of the physical
mechanisms at interfaces is crucial to improve the functions
and performance of structures and devices in a diverse spec-
trum of technologies, such as heat dissipation of electronics.
In the context of phonon dominant thermal transport, inter-
faces present an additional site for phonon scattering and impe-
diment to the propagation of thermal energy." The
accompanying Kapitza resistance® then results in a number of
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challenges in realizing an as low as possible overall thermal
resistance for thermal management of nanoelectronic devices.
To address this challenge, engineering the geometry of inter-
faces such as adding a third layer®” with nanoscale thickness
and incorporating roughness at the interfaces® ' are the two
most popular methods. For example, experimental results have
shown that thermal boundary resistance increases as the rough-
ness of interfaces increases, which is generated through
chemical etching, or as the thickness of the third layer aggran-
dizes.>'® At the same time, from the theoretical aspect, the
interfacial thermal resistance of such structures has been inves-
tigated using the modified classical acoustic mismatch model
(AMM),">"* diffuse mismatch model (DMM)'* and atomistic
Green’s function (AGF)."> However, all these three approaches
have their limitations (the AMM is only valid for long wave-
length phonons, the DMM assumes a fully diffusively scattering
interface and the AGF models the phonons in the ballistic trans-
port regime) and then lead to the inaccuracy of the predicted
thermal resistance. Most recently, using classical molecular

This journal is © The Royal Society of Chemistry 2016


www.rsc.org/nanoscale
http://dx.doi.org/10.1039/C5NR06855J
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR008004

Published on 24 December 2015. Downloaded by Rheinisch Westfalische Technische Hochschule Aachen on 06/10/2016 15:00:08.

Nanoscale

dynamics (MD) simulations, such sandwiched interfacial struc-
tures were studied and the thermal resistance was found to be
related to the thickness and the detailed atomic configuration
of the interlayer.">'®?® However, almost all the results men-
tioned above show that the overall interfacial thermal resistance
tends to increase, when a third layer is involved. Only with an
extremely thin interlayer, which is significantly difficult to fabri-
cate, the thermal resistance of such structures can be reduced
by about 20% to 50% at the most.'>'®'®2° In addition, how the
phonons interact in the interfacial region for the sandwiched
structures is still unclear. Therefore, designing a structure which
can significantly reduce the overall interfacial thermal resistance
and understanding the detailed mechanism of phonon trans-
port in the interfacial region are among the few remaining chal-
lenges in the interfacial heat transfer community.

In this paper, we uncover an excellent candidate, namely a
mass graded interface (MGI) to dramatically decrease the inter-
facial thermal resistance (ITR), which has already been shown
to effectively tune the interfacial electronic properties.>* We
found that the mass graded structure can easily reduce the
overall ITR by 6 fold with respect to the perfectly abrupt inter-
face (we call it “PI” hereafter). At the same time, the commonly
used rough (alloyed) interface (RI) structure is also studied and
the ITR of such interfaces is increased by 5 times. By decom-
posing the heat flux,>?” the underlying mechanism is
explained clearly. The result of the frequency dependent trans-
mission coefficient shows that the ability of effective phonons
to pass through the interface is: mass graded interface > per-
fectly abrupt interface > rough interface. At the same time, the
mechanisms of how the high frequency phonons evolve in the
interfacial region are found to be distinct for these three types
of interfaces. In addition, with the help of a phonon wave
packet method,*® the underlying mechanism for the frequency
dependent transmission coefficient changing with different
interfacial structures is interpreted in detail.
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View Article Online

Paper

Our large-scale nonequilibrium molecular dynamics (NEMD)
simulations, performed with LAMMPS package®® and the stan-
dard 12-6 Lennard-Jones (L]) potential, considered Ar-heavy Ar
crystalline lattice systems with the lattice constant of 0.529 nm.
The ratio between heavy Ar and regular Ar is 10. Three different
types of interfaces are studied: the perfectly abrupt interface,
rough alloyed interfaces with different thicknesses (1.1-63.5 nm)
and the volume concentration of heavy Ar (0.13-0.90), and mass
graded interfaces with thicknesses ranging from 4.23 to 423 nm.
In our simulations, we construct the mass graded layer by gradu-
ally increasing the mass in the interface region from the regular
argon to the heavy argon. Then, there are two parameters we can
control in the mass graded layer: the number of added mass
and the thickness of each layer. In our simulations, the number
of mass ranges from 8 to 100 and the thickness of each layer
ranges from 0.529 nm to 4.232 nm. Detailed structures of the
interfaces are shown in Fig. 1(a). The cross-sectional area of all
models in our simulations is 4.232 x 4.232 nm”. Periodic bound-
ary conditions are applied in lateral directions, while non-peri-
odic boundary conditions are implemented in the heat flux
direction, which is perpendicular to the interfaces. To generate
steady heat current flowing through the systems, the atoms
located at the distance Ly, from the left and right ends of the
system are coupled to hot and cold Nose-Hoover thermostats at
temperatures T+ AT/2 and T — AT/2, respectively. Two left and
right-most layers of atoms are maintained at fixed positions to
prevent large deformations and translational movements of the
systems. The mean temperature of the entire system is fixed at
T'=10 K and the temperature difference between the two thermo-
stats is AT = 5 K. It has already been proved in a previous study
that the non-linear effect caused by the temperature difference
of 5 K in the Ar system with the system temperature of 10 K can
be ignored.”® We perform 8.4 x 10° NEMD steps with a time step
of 5 fs, corresponding to the total running time of 42 ns. In all
of our simulations, the first 20 ns is used to obtain the steady
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Fig. 1 (a) Side view of three interface structures studied in this work. From left to right: perfectly abrupt interface, rough interface, mass graded
interface. (b) Steady state temperature profile for the three kinds of interface structures shown in (a) calculated by nonequilibrium molecular

dynamics simulations with average system temperature T = 10 K.
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temperature gradient and heat flux, and then the following
20 ns is used to calculate the average temperature gradient and
heat flux, which are used to compute the interfacial thermal
resistance. We have verified that the system temperature, the
total energy of the system and the heat flux reach a steady state
after running 20 ns. A typical averaged temperature profile
obtained from the NEMD simulation is shown in Fig. 1b. The
temperature drop AT at the interface is estimated from the
difference between the linear temperature profiles extrapolated
to the interface as illustrated in Fig. 1(b), where ATp;, ATg; and
ATvigr represent the temperature drop at the perfectly abrupt
interface, rough interface, and mass graded interface, respect-
ively. Then, the ITR can be obtained by Ri, = AAT/q and G =
1/Rin, where A and ¢ are the cross-sectional area and heat current,
and G is the overall interfacial thermal conductance. It is well
known that ITR depends on the length of the two materials in
contact, which originates from the truncation of long MFP
phonons at a finite length. In order to guarantee that all poss-
ible phonons can appear in our models, the length of Ar and
heavy Ar parts should be long enough to accommodate phonons
with the largest MFP. Here, using the time domain normal
mode analysis (TDNMA)*>*" with 8 x 8 x 8 unit cell systems, we
obtain the largest MFPs of Ar and heavy Ar to be 65 nm and
24 nm, respectively. Therefore, in all our models we choose the
length of the Ar lead as 100 nm and the heavy Ar lead as 50 nm.
In this way, the ITR can be regarded as independent of the
length of two leads. Meanwhile, we also calculate the ITR of
the abrupt interface system with different lengths and cross-
sectional areas. The results (not shown for brevity) demonstrate
that the size effects in our models can be ignored.

The ITR results obtained for the three interfaces are sum-
marized in Fig. 2. We first notice that almost all rough inter-
faces have a larger ITR with respect to the perfectly abrupt
interface case. It is quite understandable and well documented
that making the interface rough is a quite efficient way to
increase the ITR.®'%'® Here, our results show that the value of
ITR can be enhanced by as large as about 5 times when the
alloyed material is used as an additive layer. Such a huge
improvement of ITR implies that the method of making the
interface rough has immense potential in the field of thermal
insulation, but not beneficial for heat dissipation in electronic
cooling. Such interfacial structures have already been syn-
thesized in experiments.® Using atomistic Green’s function
method, Li et al.** and Gu et al.** also found that adding a dis-
ordered layer in the interface region can enhance the ITR dra-
matically. Moreover, both Li’s work®® and our paper (Fig. 3)
revealed that the high frequency phonons scatter quite
strongly. It is also worth noting that, when the thickness of the
rough additive layer decreases to a few atomic layers, the ITR
can even surpass that for the perfectly abrupt interface.
However, based on our current result and others’ work, such a
way to reduce the ITR is not efficient, since the largest
reduction percentage achieved so far is only in the range of
20%-50%,">° i.e. by up to 2 folds. In addition, manufacturing
a structure with only a few atomic layers is not an easy task,
meaning this method is impractical in realistic applications.
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Fig. 2 The overall interfacial thermal resistance across the entire inter-
face region calculated by Fourier's law. The black (red) symbols rep-
resent the results of the mass graded (rough) interface with various
thicknesses (volume fraction). The arrow indicates the direction of
increasing thickness. The green line is the interfacial thermal resistance
of the perfectly abrupt interface. The blue line is a fitting line. (Inset) The
ITR of the mass graded interface goes beyond that for the perfectly
abrupt interface, when the mass graded interface is thick enough (at
least 300 nm). For the rough interface, the different symbols represent
different thicknesses of the interface layer. For the mass graded inter-
face, the different symbols mean a different number of atom mass
added in the mass graded layer.

Surprisingly, for mass graded additive layers the ITR can be
suppressed by as large as about 6 fold as compared with that
for the perfectly abrupt interface. Such finding shows that the
mass graded structures have great promise in thermal manage-
ment of electronic cooling. It is also interesting to find that
the ITR linearly increases with thickness. Actually, the ITR of
such a structure is even larger than that of the perfectly abrupt
interface when the thickness is large enough (the inset of
Fig. 2). It is not surprising to find this phenomenon because,
as the thickness increases the thermal resistance induced by
the mass graded layer itself increases as well and eventually
dominates the ITR across the entire interface region. What is
more, the ITR of the mass graded interface approaches the ITR
of the abrupt interface, when the additive layer is thin enough,
e.g. the ITR of the mass graded interface with the smallest
possible thickness of 0.529 nm (1 unit cell of Ar lattice)
reaches 62% of that for the abrupt interface (Fig. 2).

Now we analyze the underlying mechanism of thermal trans-
port across different interfacial additive layers by analyzing the
phonon process in NEMD simulations. The expression for the
heat current g;; between atoms i and j can be given by***’

@ =5 (Fvi+ ). 0

where Fj; is the force between two atoms and v is the velocity of
atoms, () denotes the steady-state nonequilibrium ensemble
average. Meanwhile, it has been proved that the spectral
decomposition of heat current is related to the correlation
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Fig. 3 Frequency dependent interfacial thermal conductance (FDITC) for (a) the perfectly abrupt interface, (b) rough interface, and (c) mass graded inter-
face. The first and last panels in (a) to (c) represent the FDITC in the middle of the left and right leads, respectively. The second to fifth panel is the FDITC
at the positions indicated by the black lines in the corresponding structure models. The temperature at the interface is used to obtain the FDITC result.

time between force and velocity.”>**** Therefore, g; can be

further given in the expression below after mathematical oper-
ations (details can be found in ref. 26 and 27)

1 (T® [+ iwe 1 Ao
w=3] | awemad @)

where Cj; is the auxiliary correlation term with the expression of
Cyj (z) = (Fyj (v)-(v; (0) + v;(0))). In addition, it is usual to assume
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that Fi Z u{’K;‘/’ in the low temperature system, where Klj"ﬂ
p

is the second order interatomic force constants. Then, eqn (2)
can be rewritten as (details can be found in ref. 25, 35)
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Finally, we can write the frequency dependent thermal con-
ductance across an individual interface as

2

Glo)= ———
(@) = = w@AAT

> (5 ) K (). (@)

iELJER a.pE{xy 2}

where timy is the simulation time, “L” and “R” means the left
and right region separated by the interface. In order to
compare our results consistently, all the temperature drops
used in eqn (4) are the interfacial temperature drops.

Using eqn (4), we can obtain the frequency dependent
thermal conductance as illustrated in Fig. 3. We notice that
the first panel of all three systems is not exactly the same, even
if they have the same crystal structure. In our three models,
the temperature gradient in the regular Ar part is different
(Fig. 1) despite the same crystal structure. However, we can
easily find that the shape of these three pictures is similar
except for the different noise in it. Such noise is inevitable
when one uses eqn (4) to obtain the frequency dependent heat
flux. It seems that the only method to reduce the noise is to
enlarge the temperature gradient in the system, which will cer-
tainly increase the non-linear effect in the system as well.
Therefore, there is somehow a compromise between the small
noise in the frequency dependent heat flux and the large non-
linear effect from the thermostats. On the one hand, we know
that for any kind of interfaces only phonons with frequency below
the cutoff frequency of the second material, i.e. @I 2" =
0.68 THz, can carry heat across the interface, because
higher frequency modes cannot propagate in the heavy Ar,
which is determined by its lowered phonon dispersion curves
(inset of Fig. 5). On the other hand, for low temperature
systems, it is widely regarded that the transmission coefficient
can be written as I'(0w) = G(w)/k,,>**® which means we can
simply regard the G as I'. Then, it is easy to observe that the
transmission coefficient of phonons that can pass through the
rough interface has a lower value than that for the perfectly
abrupt interface (comparing Fig. 3(a) and (b)). While for the
mass graded interface, the transmission coefficient of
phonons is substantially higher than that for the perfectly
abrupt interface (comparing Fig. 3(a) and (c)). However, when
the size of the rough interface decreases to several atomic
layers, the transmission coefficient of phonons has a larger
value than that for the perfectly abrupt interface (results not
shown for brevity). Consequently, it results in the incremental
drop in the ITR (about 20%-40% in our work, see Fig. 2).

We now turn to the mechanism of how the phonons with
frequency larger than the cutoff frequency of heavy Ar evolve in
the interface region. For the perfectly abrupt interface (Fig. 3(a)),
phonons with frequency below the cutoff frequency have the
possibility to pass through the interface. All the phonons with
frequency beyond cutoff frequency are reflected by the inter-
face. When the interface becomes rough, high frequency
phonons (@ > @™ 28°" are presented in the interface region
(see the 2™ to 5™ pictures in Fig. 3(b)), due to the possibility
of the population of full frequency range phonons for the
alloyed interface. We also observe that the heat energy carried
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by these high frequency phonons decreases gradually from left
to right and almost annihilates at the right interface between
the alloyed layer and the heavy Ar (the 5™ picture in Fig. 3(b)).
Thus, we can conclude that for sandwiched rough layers, the
main mechanism for the disappearance of the high frequency
phonons in the right lead is phonon scattering in the course
of traveling. However, it is worth pointing out that when the
thickness of the rough interface decreases to a few atomic
layers, the dominant mechanism is the phonon reflection at
the interface, since there is no enough space for such phonons
to scatter. Therefore, for the rough interface there are two
different regimes of interfacial heat transfer, which originates
from the competition between phonon scattering and the
thickness of the rough interface. When a mass graded material
is added into the interface region (Fig. 3(c)), phonons with a
frequency higher than 0.68 THz are truncated gradually, due
to the gradual increase in the transmission coefficient with the
increasing number of layers (each layer and its adjacent layer
with slight mass difference can be regarded as an interface), as
we will see later. Thereby, we see from Fig. 3(c) that the peak of
the frequency dependent thermal conductance around 0.38
THz becomes sharper as phonons travel across the mass
graded region, meaning that the majority of thermal energy is
transmitted by these medium frequency phonons. This can be
understood in terms of their relatively high transmission
coefficient (as we will see later in Fig. 5) and decent phonon
group velocities as compared with low frequency phonons.

In order to gain more insight into the mechanism of
phonon transport across these three typical interfaces, we
perform the wave packet dynamics simulation®”*® to compute
the frequency dependent transmission coefficient. This
method has been successfully used to analyze phonon trans-
port across various interfaces.>” The phonon wave packets are
generated from linear combinations of vibrational eigenstates
of bulk Ar, which are obtained from harmonic lattice dynamics
calculations using PHONOPY software.’® To generate a wave
packet centered in a wave vector space at k, and in a geometri-
cal space at z,, we displace the atoms according to®”

Uiy = Ameiua(ko)expliko(z1 — zo)lexp [—n*(21 — 20)°],  (5)

where z; is the position of the I unit cell, u;, is the 4™ com-
ponent of displacement for the atom i in the ™ unit cell, A, is
the amplitude of the wave, &,,,(k,) is the eigenvector for the 2™
phonon branch at k,. The value of 7 is selected to keep the
wave packet extent to be about 100 unit cells. The initial
atomic velocities are set according to the formula given in ref.
28.

Here, we choose one typical longitudinal acoustic phonon
in the medium frequency region (w/2n = 0.23 THz) among all
effective phonons as an example. For the perfectly abrupt
interface, most of the incoming energy carried by the wave
packet can transfer across the interface and the remaining part
is reflected by the interface directly (Fig. 4(a)). In contrast, for
the structure with a rough interface, the majority of incident
energy is quite difficult to go through the interface region, due

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (Top) Phonon energy evolvement as a function of time by wave
packet simulation and (Bottom) snapshots of displacements for a longi-
tudinal acoustic wave packet with a frequency of 0.23 THz at some
typical timesteps indicated by the Roman numerals for (a) the perfectly
abrupt interface, (b) rough interface, and (c) mass graded interface.
Color coding: black, argon; red, heavy argon; blue, interface. The brown
vertical lines in the bottom panel indicate the position of interfaces.
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to the strong scattering between atoms with different masses
in this region (Fig. 4(b)). Only a small portion of phonon’s
energy can transport across the interface, resulting in a much
lower transmission coefficient than that of the perfectly abrupt
interface. In the case of the mass graded interface, the major
energy reflection (but note that the transmission coefficient is
rather high) occurs at the first interface position (Fig. 4(c)), i.e.
when the phonon traveling in the regular Ar lead suddenly
encounters the mass graded structure. After that, very little
phonon energy is reflected as the phonon continues to travel
across the mass graded region, although each of the two adja-
cent mass graded layers can be regarded as an interface. This
is mainly because the acoustic impedance at each mass graded
interface decreases with the increasing layer number. The
details are explained below.

In Fig. 5 we compare the frequency dependent transmission
coefficient for the three types of interfaces with two typical
interface thicknesses. Due to the fact that the long MFP
phonons (with respect to the thickness of interface) can pass
the thin layer with small interference, the transmission coeffi-
cient of these phonons is relatively higher than that for high
frequency phonons (see the low frequency region in Fig. 5). As
can be seen from Fig. 5, for the rough interface, with the
increasing interface thickness, the frequency dependent trans-
mission coefficient has a downward and leftward shift, indicat-
ing that the number of phonons with a lower transmission
coefficient than that of the perfectly abrupt interface increases,
which leads to an increased ITR (Fig. 2 and 3(b)). When the
thickness of the rough interface region is reduced to several
atomic layers (8 unit cells, left panel of Fig. 5), the trans-
mission coefficient of almost all phonons below the cutoff fre-
quency increases as compared with that for the thicker rough
interface, especially for the medium frequency range
(0.15-0.58 THz), leading to the ITR even lower than that of the
perfectly abrupt interface (Fig. 2). For the mass graded inter-
face we find that almost all the effective phonons have sub-
stantially high transmission coefficient (between 0.85 and 1)
as compared to both the perfectly abrupt interface and rough
interface. The transmission coefficient sharply drops down to
zero as the phonon frequency approaches the cutoff frequency
(0.51 and 0.68 THz for longitudinal acoustic and transverse
acoustic phonon, respectively). As a result, the ITR of the mass
graded interface decreases largely (by 6 fold at the most as
shown in Fig. 2 and 3(c)).

Before closing, we use the AMM model to predict the trans-
mission coefficient of the perfectly abrupt interface and the
mass graded interface. For the perfectly abrupt interface, the
AMM formula says"*

47,7,

Ay =75,
(Z4 +Zz)2

(6)

where Z; = p;c; is the acoustic impedance of the regular Ar and
heavy Ar leads, which is equal to the product of mass density
and sound velocity. In the case of the same interatomic inter-
action strength, the acoustic impedance is proportional to the
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(Inset) Phonon dispersion curves of regular Ar (black lines) and heavy Ar (red lines).

square root of atomic mass. Then we predict the AMM trans-
mission coefficient of the perfectly abrupt interface to be 0.73
for w—0, which is consistent with the wave packet results
shown in Fig. 5. For the mass graded interface, we first calcu-
lated the transmission coefficient of each interface composed
of two adjacent mass graded structures using the AMM model.
We found that these transmission coefficient values are
very close to 1, due to extremely low mass mismatch in the
mass graded interface structure. Then we calculated the
overall transmission coefficient according to the following
equations®®

)

A1-3 = A1-2023 Z (1 - 051H2)m(1 - asz)m7 (7)

m=1

)

A1 -N+1 = A1 =NAN—-N+1 Z (1 - alHN)m(l - aNHNJrl)m- (8)

m=1

In this way, the final overall transmission coefficient across
the entire mass graded interface is calculated to be 0.948,
which is again consistent with the wave packet results shown
in Fig. 5 and this value is much higher than that of the per-
fectly abrupt interface (0.73). Also, we calculated the trans-
mission coefficient of the directly transmitted wave, i.e. only
counting the phonon energy that transmits across each mass
graded interface with a gradually increasing transmission
coefficient, and neglecting the energy that goes back-and-forth
across the multi-layers, by

N
A1N+1 = Hanﬂn+1- (9)

n=1

The obtained directly transmitted transmission coefficient
is 0.947, which is very close to the above overall transmission

2000 | Nanoscale, 2016, 8, 1994-2002

coefficient of the mass graded interface, indicating that the
enhanced transmission coefficient of the mass graded inter-
face compared to that of the perfectly abrupt interface is
purely due to the reduced mass mismatch and the phonon
process in the mass graded interface region is dominated by
the simple direct transmission of phonons without observable
reflection and go-back-and-forth inside the mass graded inter-
face region. Actually, this can be clearly seen from the wave
packet results as shown in Fig. 4(c). Note that the AMM model
reproduces the transmission coefficient of the low frequency
phonons but does not agree very well with the high frequency
phonons (Fig. 5), due to the fact that the AMM model is based
on the acoustic impedance and only valid for the long-wave-
length limit. The results of both the decomposed interfacial
thermal conductance and transmission coefficient computed
using the wave packet method show that the main reason for
the reduction of ITR for the mass graded interface is the
enhancement of the transmission coefficient of phonons,
which comes from the small mass mismatch between two
neighboring layers in the mass graded interface region (Fig. 3
and 5).

To summarize, using a model structure of regular Ar and
heavy Ar in contact, we have presented the superiority of
largely decreasing the interfacial thermal resistance by sand-
wiching a mass graded layer. While the widely adopted alloyed
interface usually increases the overall interfacial thermal resist-
ance by several times as compared with the perfectly abrupt
interface, except for atomically thin layers, the mass graded
structure substantially reduces the overall resistance by 6 fold.
Using the atomic heat flux spectrum theory, the governing
mechanisms are well explained. There are two different
regimes of interfacial heat transfer across the rough interface,
which originates from the competition between phonon

This journal is © The Royal Society of Chemistry 2016
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scattering and the interface thickness. When the thickness is
large enough, there is enough space for high frequency
phonons to scatter and then the interfacial thermal resistance
will increase, while when the thickness is reduced to only a
few atomic layers, there is no enough space for phonon scatter-
ing and thus the interfacial thermal resistance decreases to
some extent. Moreover, the detailed phonon process for high
frequency phonons across three types of interfaces (o >
@R 8°M) are studied using the wave packet method and the
acoustic mismatch model. For the perfectly abrupt interface,
all the phonons with a frequency above the cutoff frequency of
heavy Ar are reflected and for the alloyed interface, the high
frequency phonons gradually disappear through phonon scat-
tering in the alloyed region. In contrast, for the mass graded
interface the minor phonon reflection occurs when the
phonons first reach the mass graded area. After that, the
phonons can easily transmit across the subsequent multi-
layers with gradually increasing transmission coefficient and
hardly reflect. Consequently the major thermal energy trans-
port turns out to be carried by medium frequency phonons.
Wave packet simulation also show that, for the rough interface
the short and medium mean free path (corresponding to
medium and high frequency) phonons have a lower trans-
mission coefficient with respect to those in the perfectly
abrupt interface due to the strong phonon scattering, while
the long mean free path (corresponding to low frequency)
phonons have the opposite trend, since they can transport
across the thin layer with small interference. For the mass
graded interface, almost all the phonons with a frequency
below the cutoff frequency of heavy Ar have significantly
higher transmission coefficients, primarily due to the small
mass mismatch between the adjacent layers in the interface
region, and therefore, the interfacial thermal resistance is dra-
matically reduced. Although the present results are based on
simple lattice models, our findings shed light on the field of
interfacial heat transfer in terms of improving the heat dissipa-
tion efficiency in electronic cooling. We truly believe that our
model structures can be realized in nanoscale systems experi-
mentally.>****! To support our view, we use a realistic model
(Ge-heavy Ge), which can be fabricated in experiments using a
similar method presented in ref. 42. The popular Tersoff
potential®® is used for the Ge-Ge interactions. The cross-
section and length of all Ge-heavy Ge models are 3.4 x
3.4 nm? and 56.7 nm, respectively. The same NEMD method is
applied to the Ge-heavy Ge systems. The temperature of the
entire system is fixed at 7= 300 K and the temperature differ-
ence between the two thermostats (heat source and heat sink)
is AT = 50 K during the NEMD run. The total simulation time
of NEMD is 42 ns with a time step of 4 fs. For the mass graded
interfaces, the overall thermal conductance is found to be as
large as about 2 times with respect to the abrupt interface
model (Fig. 6). It is worth noting that the anharmonicity in
our system can be ignored when the temperature is low
enough, which is also proved by Saiskilahti et al.’®** Further-
more, both other researchers® and we (Fig. 6) prove that, even
at room temperature in which the phonon anharmonicity is

This journal is © The Royal Society of Chemistry 2016
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important, the interfacial thermal resistance can still be
reduced or enhanced largely with structure optimization of the
interface. Therefore, our main conclusions in the manuscript
still hold at least around the room temperature, where the
anharmonicity is relatively strong.
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