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Phonon-mediated heat transport in two-dimensional superlattices with
coherent and incoherent interfaces is simulated by using the concurrent ato-
mistic-continuum method. The energy transmission across superlattices with
incoherent interfaces is found to be an order of magnitude lower than that
with coherent interfaces. The simulation results provide a direct visualization
of the transient processes of phonon propagation and scatterings, which
facilitates an improved mechanistic understanding of phonon transport across
multiple interfaces. This work finds that heat conduction in superlattices with
coherent interfaces is dominated by coherent phonons, while the existence of
defects that comprise the incoherent interfaces destroys the wave interference
and changes the phonon transport nature from coherent to diffusive. In
addition, phonon scattering by interface defects becomes stronger with
decreasing phonon wavelength, and the phonon coherence is destroyed for
phonons with 5 nm wavelength.

INTRODUCTION

The behavior of thermal transport across inter-
faces, often characterized as interfacial thermal
conductance, plays an important role in determin-
ing the overall thermal conductivity of a material
system, especially when its size is comparable to the
phonon mean free path.1 The thermal conductance
of material interfaces has been extensively studied
by experiments2–7 and is found to span over three
orders of magnitude.1 On interfaces between two
disparate materials with mismatched lattice con-
stants, the formation of interface defects such as
misfit dislocations is energetically favorable when
the layer thickness exceeds a critical value that
ranges from a few nanometers to several tens of
nanometers. Interface defects are studied by exper-
iments and shown to cause a significant reduction in
the thermal conductivity of superlattices. Experi-
mental work by Lee et al.8 shows that thermal
conductivity of Si/Ge superlattices drastically drops
at period thickness around 130 Å,8 which cannot be
explained by theoretical models that assume the
interfaces to be perfect. Instead, they suggest that
defects on interfaces are responsible for such a
thermal conductivity reduction. Zhu et al.9 studied

phonon transport in graphene/b-BN superlattices
using non-equilibrium molecular dynamics. This
study shows that the thermal conductivity can be
4.25 times lower when the superlattice contains
interface defects. In contrast, with multiple inter-
faces, the effect of interface defects on phonon
transport across a single interface is found to be
much less significant. As measured by Costescu
et al.,6 for the thermal conductance of TiN/MgO
(001) with a coherent interface, TiN/MgO (111) with
a low density of defects and TiN/Al2O3 with a high
density of defects, no significant difference was
found. As shown by Hanisch-Blicharski et al.,10

thermal conductance of the Bi/Si interface with and
without interface defects differs< 7%; the role of
interface defects appears trivial. The work by
Hopkins et al.11 suggests a minor effect of interface
defect density on thermal conductance across GaSb/
GaAs interfaces. It is shown that only with a second
order of magnitude change in the defect density
does the thermal conductance change by a factor of
two.1 Existing works show that the roles of interface
defects are qualitatively distinct for phonon trans-
port across single and multiple interfaces, and the
difference cannot be explained by a superposition of
individual interfaces, which implies a change of the
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phonon transport nature. In the simulation work by
Zhu et al.9 on g/b-BN superlattices with coherent
interfaces, a minimum thermal conductivity exists
at a critical period thickness. Similar results have
also been found in other existing works on thermal
transport in superlattices,12–14 implying a crossover
between coherent and incoherent phonon scatter-
ings. For g/b-BN superlattices containing interface
defects, the minimum value disappears and the
thermal conductivity increases with the period
thickness monotonically.9 In most of existing works,
thermal transport across interfaces is studied at
steady state; the phonon transport nature is under-
stood merely through the interpretation of mea-
sured thermal conductivity or thermal conductance.
To gain a detailed mechanistic understanding of
phonon transport across coherent and incoherent
interfaces, a study of the transient processes of
phonon propagation and scatterings is necessary.

Applications of experimental techniques such as
time domain thermo-reflectance (TDTR) utilizing
ultrafast laser pulses enable precise measurements
of interfacial thermal conductance and provide
insights into the phonon transport nature.15 It is
however difficult for experiments to directly capture
the transient processes of phonon propagation or
scattering. Computational approaches to the study
of phonon transport include atomic green function
(AGF),16 the Boltzmann transport equation (BTE),17

lattice dynamics (LD)18 and molecular dynamics
(MD). Different from methods such as AGF, BTE
and LD, which require prior understandings of
phonon properties, i.e., coherent or incoherent, in
MD simulations, phonon propagation and scattering
phenomena naturally emerge as consequences of
Newton’s law of mechanics and interatomic poten-
tials. A limitation of MD is that the maximum
phonon wavelength and mean free path are cut off
by the simulation cell, which is typically on the
nanoscale; this size limit cannot be overcome by
applying periodic boundary conditions.19 In MD
simulations, there is a lack of information on
phonons with long wavelength or long mean free
path, whose contributions can be nontrivial.20,21 To
include these phonons, and to have a superlattice
model with at least ten interfaces to allow the
phonon wave interference,22 a micron-scale com-
puter model is required.

In this work, we use the concurrent atomistic-
continuum (CAC) method to study the role of
interface defects on phonon transport across multi-
ple interfaces in superlattices. Based on theoretical
foundations by Chen,23–26 CAC is pioneered by
Xiong27 and further developed by Deng,28 Yang29

and Xu;30,31 the methodology has been demon-
strated effective in simulating material systems
from the nano- to mesoscales.31–47 Similar to MD,
CAC does not require assumptions or empirical laws
regarding phonon properties; it is therefore predic-
tive in simulating phonon transport at the micron
scale.

The objectives of this work are two-fold: first, to
simulate phonon transport in superlattices with
coherent and incoherent interfaces, seeking a direct
visualization of the process of phonon propagation
and scatterings; second, to quantify the effect of
interface defects on phonon transport across super-
lattices by calculating energy transmission. The rest
of the article is organized as follows. After an
introduction of CAC methodology, computer models
of superlattices with coherent and incoherent inter-
faces, as well as the simulation setup, are pre-
sented; simulation results of phonon transport in
superlattices are then presented and discussed; the
article concludes with a brief summary.

CAC METHODOLOGY

CAC is a coarse-grained atomistic model that is
able to reduce degrees of freedom (DOFs) of the
atomistic system. Fundamental to CAC is an exten-
sion of Irving and Kirkwood’s statistical mechanical
theory of transport processes48,49 to the two-level
material description, which is consistent with solid-
state physics.50 It leads to a concurrent atomistic-
continuum representation of the balance laws of
mass, linear momentum and energy,51 which are
exact consequences of Newton’s second law, i.e.,

dqa

dt
þ qaðrx � vþrya � DvaÞ ¼ 0

qa
d

dt
ðvþ DvaÞ ¼ rx � ta þrya � sa þ faext

d

dt
ðqaeaÞ ¼ rx � qa þrya � ja þ ta : rxðvþ DvaÞ

þ sa : ryaðvþ DvaÞ

where x is the physical space coordinate of the
continuously distributed lattice; ya is the relative
position of atom a to the mass center of the lattice
located at x; qa, qa(v + Dva) and qa ea are the local
densities of mass, linear momentum and total
energy, respectively; (v + Dva) is the atomic-level
velocity and v is the velocity field; faext is the
external force field; ta and qa are the momentum
flux and heat flux due to the homogeneous defor-
mation of lattice cells; sa and ja are the momentum
flux and heat flux resulting from the reorganiza-
tions of atoms within the lattice cells.

Governing equations of CAC are numerically
solved using a finite element method. CAC resolves
full atomistic resolution in the vicinity of interfaces
while coarse graining to thousands of atoms per
elements in regions away from interfaces. There-
fore, CAC is able to significantly reduce the DOFs of
the computer model while maintaining the accuracy
of interfacial structures. Also, with the interatomic
potential being the only constitutive law, CAC does
not require any other priori assumptions regarding
phonon transport. In existing works, CAC has been
demonstrated reliable in modeling and simulating
dislocations,29,40,52–61 reproducing phonon
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dispersion relations62 and simulating transient
phonon transport and interaction with defects
including dislocations.54,63

COMPUTER MODEL AND SIMULATION
SETUP

In this work, we choose an ideal material system
composed of two types of FCC solids, labeled
material A and B, with 20% difference in atomic
mass and 4% mismatch in the lattice constant.
Coarse-grained models of two-dimensional super-
lattices are constructed with a uniform mesh of
1.04 nm. Each model has a single crystal buffer zone
with a width of 0.31 lm and two symmetric super-
lattice regions containing 30 periods of alternating
layers of material A and B. The superlattice period
thickness is 10.4 nm, and the total dimension of the
computer model is 1.04 lm 9 1.04 lm. The Lenard-
Jones potential64 is employed to model atomic
interactions of the two materials. Initially, lattice
parameters of material A and B in model II are set
as their equilibrium lattice constants. For model I
with coherent interfaces, the lattice parameters of
material A and B along a direction parallel to the
interfaces are set as the equilibrium lattice constant
for material A, while along the direction normal to
the interfaces are set as their own equilibrium
lattice constants. Potential parameters are listed in
Table 1. Presented in Fig. 1 are computer models
after equilibration. For model I with coherent

interfaces, we find large strain in the material
layers as an accommodation of the lattice mismatch.
In model II, arrays of defects (‘‘misfit dislocations’’)
are formed along interfaces after relaxation. The
strain is observed to be concentrated around defects,
with the regions away from interfaces almost free of
strain.

The heat source with a broadband phonon wave-
length is generated by using a coherent phonon
pulse model63,65 to mimic the material response to
ultra-fast laser pulse excitations. A displacement-
based wave packet with Gaussian spatial distribu-
tion is applied as an initial condition within a
circular heater region with, i.e.,

uðr; t ¼ 0Þ ¼
X

j

Ajej expðikj � rÞ � exp � rj j2

g2
j

" #

where r is the relative position vector from the
material point to the center of the heat source; Aj, ej
and kj are the amplitude, eigenvector and wave
vector of phonon mode with the index of j, respec-
tively; g is the variance of the spatial Gaussian
distribution. The phonon number is determined by
the Bose–Einstein distribution.18 Phonons are nat-
urally permitted to scatter or interfere each other
after the initial time step. The phonon heat pulse is
constructed of phonons with wavelength between
twice the element size 2.08 nm and the total length
of superlattice region 0.31 lm.

SIMULATION RESULTS AND DISCUSSION

In Fig. 2, we present time sequences of kinetic
energy distribution in superlattices, showing the
transient processes of heat pulse propagation and
its interaction with coherent and semi-coherent
interfaces; distinct phenomena are observed. As
shown in Fig. 2b, a partial transmission and reflec-
tion of phonons at the first interface of the coherent
superlattice region are observed at t = 30 ps. The

Table 1. LJ potential parameters of material A and
B

Mass
ratio

Lattice constant
ratio

Dielectric constant
ratio

mA

mB
¼ 1:2 rA

rB
¼ 1:04 eA

eB
¼ 5:0

Fig. 1. Schematic presentations of two-dimensional superlattices with (a) model I: coherent interfaces; (b) model II: semi-coherent interfaces.
Zoom-in figures show the finite element mesh and the resolved atomic structure in the vicinity of the interface. The color contour is the atomic
strain.
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noticeable wave feature indicates that the phonon
scatterings at coherent interfaces are coherent.
Most of the energy ‘‘caustics’’ (directions with
especially high phonon fluxes resulted from crys-
talline anisotropy) are impeded by the first interface
and only a few of them transmitted across. Among
the transmitted phonons, most of them propagate
ballistically across the superlattices without being
scattered by the interfaces as shown in Fig. 2c; this
indicates that phonons have been converted into
eigenmodes of vibration that are compatible with
superlattices after the transmission across the first
interface. At t = 70 ps, we find an appreciable
portion of energy confined within the single-crystal
region, while only a very small fraction of energy is
‘‘trapped’’ in the superlattice region. In contrast, the
phonon transport in superlattices containing

interface defects behaves differently, as shown in
Fig. 2e, f, g and h. Unlike the ballistic transport in
the coherent superlattice region as presented in
Fig. 2b, c and d, the majority of phonons are
strongly scattered by semi-coherent interfaces, as
shown in Fig. 2f and g. At t = 70 ps, there is a
significant amount of kinetic energy left in the
superlattice region.

To quantify the effect of interface defects on
phonon transport, we calculate the kinetic energy
transmissions across the first interface (defined as
region I) and the superlattice region (defined as
region II) as functions of simulation time in both
models. Energy transmission is calculated as

aDðtÞ ¼
E0 � EDðtÞ

E0

Fig. 2. Time sequences of kinetic energy distributions from t = 10 ps to t = 70 ps in models with (a)–(d) coherent interfaces; (e)–(h) semi-
coherent interfaces. The image size is 0.9 lm 9 0.5 lm.
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where E0 is the total energy input into the
system by the heat pulse, ED(t) is the energy
contained within a region D at time t, and aD(t) is
the energy transmission across region D at time t.
Time-dependent energy transmissions for the two
cases are shown in Fig. 3. First, in both coherent
and incoherent superlattices, we find a rapid
increase in energy transmission across region I
from t = 5 ps to t = 15 ps, during the process of
which the heat pulse interacts with the first inter-
face. Afterwards, the increase of energy transmis-
sions slows down, and they converge. Then, a
phonon wave front starts reaching the boundary of
both models at t = 50 ps, and the energy transmis-
sion across region II begins to accumulate. At the
end of the simulation, energy transmissions across
region I and II are calculated as 47.2% and 30.0%
for model I, 48.2% and 3.5% for model II. We find
that the energy transmission across the first inter-
face in model II is slightly higher than in model I,
with the coherent interface providing more resis-
tance to phonon propagation than the semi-coherent
interface. It can be explained by the Bragg reflection
effect, which results from the constructive interfer-
ence between phonons reflected by interfaces. For
model II, the phonon wave interference is destroyed
by the incoherent scattering of phonons by interface
defects, and thus the effect of the Bragg reflection is
weakened. The energy transmission across the first
interface in model I is therefore lower than that in
model II. Another interesting finding is that the
overall energy transmission across superlattices
containing interface defects is one order of magni-
tude lower than that in superlattices with coherent
interfaces. This again indicates the difference in the
phonon transport nature. In model I, 64% of
phonons that transmit across the first interface
can propagate across the superlattice layers without

being scattered. In model II, phonon defect scatter-
ing breaks down the phonon coherency and destroys
phonon wave interference. Phonons are incoher-
ently scattered by each interface and are prevented
from converting into eigenmodes of superlattices.
Consequently, phonon transport becomes diffusive,
resulting in an ultra-low-energy transmission of
3.5%.

In superlattices containing interface defects,
phonons are strongly scattered by the interfaces
with only a small fraction of them propagating
ballistically. Note that the generated phonons have
similar group velocities but different wavelengths.
We then present a mode-wise study to investigate
the wavelength-dependent phonon defect scatter-
ing. Phonon waves with dominant wavelengths of
43 nm, 28 nm and 5 nm are generated by applying
excitation using the following equation,

uðr; tÞ ¼ Ajej expðikj � r� xjtÞ

In Fig. 4, we present the comparative simulation
results of propagation of monochromatic phonon
waves in superlattices with and without interface
defects. Phonons with 43-nm wavelength behave
similarly in the two models—they transmit partially
across the first interface and remain coherent in the
superlattice region, with phonons in model II only
slightly disturbed by interface defects. For phonons
with a shorter wavelength of 28 nm, we observe a
strong phonon defect scattering in model II. When
the phonon wavelength reduces to 5 nm, we observe
a qualitative difference. In model I, we find a strong
anisotropy in the kinetic energy distribution in the
superlattice region due to the wave interference
effect. In addition, as the phonon wavelength k and
superlattice period thickness p satisfy the relation
nk ¼ p, the condition of Bragg reflection applies.
This is demonstrated by simulation results, i.e.,
phonons propagating along the direction normal to
interfaces are found to be completely reflected. In
model II, phonon transport in superlattices is
diffusive, and the Bragg reflection phenomenon
disappears. Simulation results indicate that the
phonon defect scattering becomes stronger with
decreasing phonon wavelength. For phonons with a
short wavelength of � 5 nm, interface defects
destroy the phonon coherency and lead to a change
of the phonon transport nature in superlattices from
coherent to diffusive.

SUMMARY

This work demonstrates the application of the
CAC method to the study of transient phonon heat
transport across coherent and incoherent interfaces.
Simulation results show that the defects at the
incoherent interfaces affect phonon transport by
two mechanisms. First, each individual defect acts
as a scattering source for phonons. The high density
of the interface defects leads to frequent incoherent
phonon scattering events, resulting in an increase of

Fig. 3. Energy transmission across the first interface, denoted as
region I, and superlattices, denoted as region II, in models with
coherent interfaces and semi-coherent interfaces, from t = 0 ps to
t = 200 ps.
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diffusive phonons. Second, the existence of the
defects undermines the periodicity of superlattices,
which results in a destruction of phonon wave
coherence as well as interference. These effects
then bring about a change of the phonon transport
nature in superlattices from coherent to diffusive.
Different from steady-state simulations, which usu-
ally interpret thermal conductivity or conductance
with theoretical models, this work simulates the
transient processes of phonon propagation and
scattering in superlattice systems. Apart from the
quantification of energy transmission, the nature of
phonon transport is revealed through a direct
visualization in this work. The main findings are
summarized as follows:

1. Phonon transport across superlattices with
coherent and semi-coherent interfaces is stud-
ied. In a superlattice with coherent interfaces,
phonon transport is mainly coherent. The
majority of energy transmission is from coherent
phonons that propagate ballistically through the
layers of superlattices.

2. The existence of defects at the semi-coherent
interfaces destroys the wave interference and
hence changes the phonon transport nature
from coherent to diffusive. The energy trans-
mission across superlattices containing inter-
face defects is an order of magnitude lower than
that across superlattices with coherent inter-
faces.

3. The mode-wise study of phonon propagation in
the semi-coherent superlattices shows that the
shorter wavelength phonons are more sensitive
to the interface defects and the scattering
between them is stronger with decreasing
phonon wavelength. When the phonon wave-
length reduces to 5 nm, phonon wave interfer-
ence is completely destroyed, and the phonon
transport becomes diffusive.
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