
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

6:
50

:2
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Thermal conduc
aSchool of Energy and Power Engineering, X

710049, China. E-mail: yuhou@mail.xjtu.ed
bXi'an Jiaotong University SuZhou Academy,
cHP Labs, Palo Alto, CA, USA

Cite this: RSC Adv., 2017, 7, 26194

Received 20th March 2017
Accepted 1st May 2017

DOI: 10.1039/c7ra03275g

rsc.li/rsc-advances

26194 | RSC Adv., 2017, 7, 26194–2620
tivity of multilayer dielectric films
from molecular dynamics simulations

Liang Chen,ab Niru Kumari,c Shuangtao Chena and Yu Hou *a

Reducing heat dissipation across nanometer-thick dielectrics is critically important for the self-heating

behavior of nanoelectronic devices such as phase change memory. In this paper, we perform molecular

dynamics simulations to study the thermal conductivity of multilayer dielectric films consisting of SiO2

and Al2O3. We show that the thermal conductivity of SiO2/Al2O3 multilayer structures can be significantly

reduced as compared to that of the bulk dielectrics. The thermal conductivity calculations of crystalline

and amorphous multilayer structures with different period thicknesses are presented as well as the size

effects. The results show the thermal transport across the crystalline SiO2/Al2O3 multilayer structures is

dominated by diffuse interface scattering between thin films, while the internal phonon–phonon

scattering dominates the thermal conductivity of amorphous multilayer structures. Thickness

dependence are observed for the crystalline multilayer dielectric structures but not in the amorphous

structures, which can be attributed to the phonon localization by the lattice termination/deformation at

interfaces between crystalline films.
1. Introduction

Phase change memory (PCM), a type of high-speed non-volatile
memory, relies on the different resistivity behavior of its amor-
phous and crystalline phases to switch between memory states.1

The amorphous/crystalline phase transition is caused by the
melting and quenching processes which are induced by self-
heating under an electric current pulse with a very short time
period (�the order of nanoseconds). PCM can be downscaled as
small as few nanometers to make high-density PCM arrays
integrated with digit circuit which have great potential for
applications in storage-class memory and mass storage tech-
nologies.2,3 The main challenges for PCM to reduce the access
latency and lower the requirement of programing current density
as well as the energy consumption.4,5 Extensive efforts have been
devoted to the development of phase change materials.6

However, the thermal design of PCM has not gain much atten-
tion. Reducing the heat loss is also a key pathway for advancing
PCM technology because a good thermal connement can
facilitate the fast phase transition and reduce the programing
power.7 Therefore, it is critically important to understand the
thermal transport in PCM and explore novel materials/structures
for good thermal insulation at nanometer scale.

There are mainly two paths of heat leakage surrounding the
high temperature phase change material, e.g. the electrode and
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the dielectrics. Several studies have been conducted to reduce
the heat loss through electrodes.7 Using electrode materials
with low thermal conductivity, an effective reduction of reset
current has been achieved which also improves the reliability
and cycling endurance.8–11 Recently, multilayer dielectric lms
were proposed as the surrounding dielectric of PCM cells, and
the steady-state Joule-heating measurements showed a prom-
ising reduction in their thermal conductivity compared to
SiO2.12 In PCM devices, reducing the thickness of dielectrics is
preferred in order to make high-density arrays with high storage
capacity. However, an effective thermal insulation of the PCM
cell requires sufficiently thick dielectrics with high thermal
resistance. The proper thermal design of the PCM requires
a comprehensive understanding of the thermal transport across
the dielectric structures as well as the dependence of thermal
conductivity on structural parameters.

The thermal conductivity of alternating material layers,
namely superlattices, has been extensively studied for semi-
conductor materials,13–16 e.g. Si/Ge, GaAs/AlAs, Bi2Te3/Sb2Te3,
and simple Lennard-Jones solids.17,18 In those studies, the bulk
materials have relatively high thermal conductivity as well as
long phonon mean free path (MFP). The layer thickness is
comparable to the phonon MFP, and the thermal transport in
cross-plane direction can be ballistic within the layers. As
a result, the phonon scattering at interfaces dominates the
thermal transport while the phonon–phonon scattering within
the layers becomes insignicant.19 Since the thermal boundary
resistance (TBR) from a large number of interfaces plays
a predominant role in the thermal transport of superlattice,
the reduction its thermal conductivity can be achieved by
This journal is © The Royal Society of Chemistry 2017
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increasing the interface density or equivalently reducing the
layer thickness. In multilayer structures consisting of alternating
dielectric materials (e.g. SiO2 and Al2O3), the contribution of
interface scattering and internal scattering and the thermal
conductivity dependence on layer thickness need further study,
especially when considering the phonon MFP in low-thermal-
conductivity dielectric materials is relatively small.20

In this work, we investigate the thermal transport across
multilayer dielectric lms consisting of SiO2 and Al2O3 in
different layer thickness and total number of layers. Both crys-
talline and amorphous structures are considered. Non-
equilibrium molecular dynamics (NEMD) simulations are per-
formed to determine the thermal conductivity of SiO2/Al2O3

stacks with 4 nm SiO2 + 2 nm Al2O3 and 2 nm SiO2 + 1 nm Al2O3,
respectively. The total thickness of the stacks ranges from 12 to
68 nm. The thermal conductivity of bulk SiO2 and Al2O3 are also
presented as well as the thermal boundary conductance
between SiO2 and Al2O3. The thermal conductivity from direct
MD prediction is compared with the analytical estimation by
combing the thermal resistance of layers and interfaces. The
comparison shows different trends for the crystalline and
amorphous multilayer structures. TBR contribution and thick-
ness dependence are observed for the crystalline multilayer
dielectric structures rather than the amorphous multilayer
dielectric structures. The lattice dynamics calculations and
localization mode analysis further reveal the phonon localiza-
tion is responsible for the decrease of thermal conductivity of
crystalline multilayer structures with reduced layer thickness.
The present study will provide insights to understand the
mechanism of thermal transport of multilayer structures of
few-nanometer-thick dielectric lms and to engineer the
surrounding dielectrics for enhanced thermal insulation of
PCM devices.
Fig. 1 Schematic of lattice structures in NEMD simulations.
2. Models and computational
methods

In this paper, BKS potential model21 with Matsui's parameteri-
zation22 is employed as the interatomic potential for all the
calculations. The parameterization by Matsui shows good reli-
ability and transferability for CaO–MgO–Al2O3–SiO2 system, and
it has been veried against the lattice structures and bulk
moduli. The BKS potential used in present work has the
following form.

Vij ¼ qiqj
�
rij þ A

�
Bi þ Bj

�
exp

�
Di þDj � rij

Bi þ Bj

�
� CiCj

rij6

where Vij is the total interatomic potential between atoms i and
j. rij is the interatomic distance between atoms i and j. q is the
charge peculiar of the kind of ion i. The charge of O ions in SiO2/
Al2O3 system is �0.945. The charges of Si and Al ions are 1.89
and 1.4175, respectively, which can make the system neutral
according to the composition ratio. A, B and C are the energy
parameters. The three terms at the right hand side represent the
Coulomb interaction, the Pauli repulsion energy, and the
attractive van der Waals interaction, respectively.
This journal is © The Royal Society of Chemistry 2017
The optimized lattice constants for crystalline SiO2 (a-quartz)
and Al2O3 (corundum) are 4.91 Å and 4.76 Å in a–b plane,
respectively. An initial lattice constant of 4.91 Å is used for SiO2/
Al2O3 structures to prepare the multilayer structure with a peri-
odic boundary condition in the plane direction perpendicular to
the heat transfer. The a–b plane is used as the cross section to
form the interface with dimensions of 2.47 nm � 2.49 nm.
Slabs of crystalline lattices of each material are rst generated
with the conventional unit cells, e.g. SiO2 slabs of thickness of
4.1 nm and 1.9 nm, and Al2O3 slabs of thickness of 2.6 nm and
1.3 nm. The crystalline multilayer structures are formed by
joining the crystalline slabs together, denoted by 4 nm-SiO2/2
nm-Al2O3 and 2 nm-SiO2/1 nm-Al2O3 as shown in Fig. 1.

In order to prepare the samples of amorphous multilayer
structures, the amorphous slab of eachmaterial is rst obtained
starting from its crystalline lattice. A slab of crystalline lattice is
generated, and a series of MD simulations are performed in
order to obtain the amorphous structure. The volume of the
slab is rst enlarged by 20%, and melted at a high temperature
of 6000 K for 100 000 steps so that a disordered state is reached.
The volume is then scaled down to its original value, and the
system is equilibrated at 6000 K for another 100 000 steps. In
the third step, the temperature of system is quickly cooled down
to 400 K, the average temperature for NEMD simulations.23

Finally, the system is equilibrated at 400 K in canonical
ensemble (NVT) for 100 000 steps followed by an equilibration
of 100 000 steps in microcanonical ensemble (NVE). The initial
structure of the amorphous few-layer structure is formed by
assembling the amorphous slabs of each material in the z
direction. Before applying the temperature difference for the
NEMD simulation, the initial amorphous few-layer structure is
optimized and equilibrated rst in isothermal–isobaric
ensemble (NPT), then NVT and nally NVE.
A. Non-equilibrium molecular dynamics simulations

MD simulations are performed using the Large-Scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS).24,25 The
schematic of the SiO2/Al2O3 multilayer structures is shown in
Fig. 1. In the NEMD simulations, periodic boundary conditions
are applied in the x and y directions while the two ends in the z
direction are set free. A time step of 1 fs is used in all MD
simulations. In order to reduce the stress, the initial structure is
optimized and equilibrated in the NPT. Then NVT and NVE
simulations are carried out to obtain the initial structure at
specied temperature. The NEMD simulations are performed
under NVE with specied temperature difference.

As shown in Fig. 1, a heating bath and a cooling bath are
applied at le end and right end of the system, respectively. The
RSC Adv., 2017, 7, 26194–26201 | 26195
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Fig. 2 Thermal conductivity of (a) crystalline SiO2 and (b) crystalline
Al2O3 films as a function of thickness.

Fig. 3 Temperature profiles at interfaces between crystalline SiO2 and
Al2O3 of different bonding: (a) Al2O3/SiO2 interface with poor contact;
(b) SiO2/Al2O3 interface with good contact. The solid lines indicate the
linear fitting while the dashed lines are the extrapolations. The upper
right insets show the zoom-in of the Si bonded with O in Al2O3 at the
interfaces.
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heating/cooling bath is 3 nm long with �2000 atoms. The
constant temperatures at 410 K and 390 K are maintained by
rescaling the velocities of atoms in the heating and cooling
baths, respectively.26 In order to reach the steady state, we rst
perform NEMD simulations for 10 ns before sampling. Then we
sample the temperature along the z direction for another 20 ns.
According to Fourier's law, the thermal conductivity is calcu-
lated as k ¼ _q/(AdT/dx), where _q, A and dT/dx are the heat
transfer rate, the cross-section area and the temperature
gradient in heat ux direction, respectively. The linear tting of
the cumulative energy change and the temperature proles are
performed to determine the heat transfer rate and temperature
gradient, respectively.

B. Phonon dispersion and participation ratio

In dielectric materials, phonons are the energy carriers respon-
sible for the heat conduction. In order to gain more insights of
themechanism of the thermal transport inmultilayer dielectrics,
we calculate the phonon dispersions, group velocities, and
participation ratio. Based on the BKS potential and lattice
structures above mentioned, the vibrational eigen-modes are
obtained from the lattice dynamics using the general utility
lattice program (GULP).27 The phonon group velocities are
calculated from the phonon dispersion relations using central
difference scheme, v(s,q) ¼ vus/vq, where s and q are the indices
of phonon polarization and wave vector, respectively.

The phonon participation ratio is used to quantitatively
characterize the localization of each mode, which can be
calculated from the following formulism.28

Pðs; qÞ ¼

�P
i

~es;q
2

�2

N
P
i

~es;q
4

where~es,q is the eigenvector of mode (s,q), and i runs over all the
N atoms in the system. According to this denition, the
participation ratio is on the order of 1 for the spatially extended
modes while it can be as small as 1/N for the completely local-
ized mode.

3. Results and discussion
A. Thermal resistance analysis of multilayer structures

The thermal conductivities of both the crystalline and amor-
phous SiO2 and Al2O3 are calculated using NEMD simulations.23

The thickness dependence of thermal conductivity of crystalline
SiO2 and Al2O3 is shown in Fig. 2. It can be observed that both the
thermal conductivities of crystalline SiO2 and Al2O3 increases as
the thickness increases which indicates the mean free path
longer than the simulation domain is limited. A linear relation
between 1/k and 1/L can be observed as shown in Fig. 2(b), and it
is consistent with the Matthiessen's rule as described by Schel-
ling et al.29 The relation is linearly extrapolated to L / N,
yielding thermal conductivities of 7.0 W (m�1 K�1) and 7.9 W
(m�1 K�1) for bulk crystalline SiO2 and Al2O3, respectively. Based
on NEMD simulations, the thermal conductivities of amorphous
SiO2 and Al2O3 are 1.7 W (m�1 K�1) and 2.2 W (m�1 K�1),
26196 | RSC Adv., 2017, 7, 26194–26201
respectively. The predictions are comparable with the experi-
mental results in literatures, e.g. 1.0–1.5 W (m�1 K�1) for SiO2

(ref. 30–32) and 1.8–2.8W (m�1 K�1),33 and the deviations may be
due to the difference in density and the error from the empirical
potential model. The thickness dependence is not observed for
the amorphous SiO2 or Al2O3 due to the small phononmean free
path in the amorphous structures.

The TBR between crystalline SiO2 and Al2O3 is calculated
from NEMD simulations at two interfaces of different bonding
as illustrated by the insets of Fig. 3. The Al2O3/SiO2 interface
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Temperature profiles across (a) 2 nm-SiO2/1 nm-Al2O3 crys-
talline multilayer structures and (b) 4 nm-SiO2/2 nm-Al2O3 crystalline
multilayer structures. The dashed line is the linear fitting.
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shown in Fig. 3(a) has Al and Si atoms aligned at the same x–z
plane, and fewer O atoms are available to form Si–O and Al–O
bonds at the interface. The SiO2/Al2O3 interface shown in
Fig. 3(b) has Al and Si atoms staggered, and more O atoms can
be found at the interface to form a good contact with increased
Si–O and Al–O bonds. A zoom-in of the bonding at interface are
shown in Fig. 3 which can clearly shows the difference of Si–O at
interfaces of the two structures. In both structures, there are
totally 30 Al atoms at interface all of which form bonds with O
atoms in SiO2. In the Al2O3/SiO2 interface with poor contact,
around 16 Si atoms can form bonds with O in Al2O3. In SiO2/
Al2O3 interface with good contact, all the 30 Si atoms can form
bonds with Al2O3. As a result, the bond densities across the
interfaces are 7.8 per nm2 and 10.2 per nm2. According to the
temperature proles along the direction of heat conduction
shown in Fig. 3, the linear temperature proles in SiO2 and
Al2O3 are extrapolated to the interface. Interfacial temperature
differences of 3.5 K and 2.6 K are obtained for the two inter-
faces. The corresponding TBRs (R1 and R2) at 400 K are 0.67 m2

K GW�1 and 0.41 m2 K GW�1, respectively. It can also
been observed that the temperature gradient within SiO2 and
Al2O3 becomes larger near the interface, contributing to the
interfacial temperature difference. This is because the phonon
scattering is increased by the tangling of lattices near the
interface.

If the phonon transport through each lm is fully ballistic,
the lm resistances become negligible and the TBRs dominate
the thermal conductivity of multilayer structures. The effective
thermal conductivity keff can be determined according to the
thermal resistance analysis, (tSiO2

+ tAl2O3
)/keff ¼ R1 + R2, where t

and R denotes the thickness and the thermal boundary resis-
tance, respectively. The effective thermal conductivities are
6.2 W (m�1 K�1) and 3.0 W (m�1 K�1) for 4 nm-SiO2/2 nm-Al2O3

and 2 nm-SiO2/1 nm-Al2O3 multilayer structures, respectively.
Including the thermal resistance of alternating lms, the
effective thermal conductivity of SiO2/Al2O3 multilayer struc-
tures can be estimated from the resistance analysis, e.g. (tSiO2

+
tAl2O3

)/keff ¼ (t/k)SiO2
+ (t/k)Al2O3

+ R1 + R2. The effective thermal
conductivities are 3.4 W (m�1 K�1) and 2.1 W (m�1 K�1) for 4
nm-SiO2/2 nm-Al2O3 and 2 nm-SiO2/1 nm-Al2O3 multilayer
structures, respectively. Since the bulk thermal conductivity is
used for lms of different thickness, the lm-thickness depen-
dence of the effective thermal conductivities of multilayer
structures is caused by the interface density. The comparison of
different resistance terms indicates the TBR contributes about
54% and 71% for the two multilayer structures. Considering the
decrease of thermal conductivity of thin lms, the lm thermal
resistance will increase, leading to further reduction of the
effective thermal conductivity of the crystalline multilayer
structures. However, the NEMD simulations on the amorphous
structures show negligible temperature difference at interface
between amorphous SiO2 and Al2O3, which indicates negligible
TBR. The amorphous structure enhance the contact, and more
bonding can be formed via the O atoms between SiO2 and Al2O3.
The other reason for the negligible TBR is that the phonon
mean free path inside the lms are very small and are not
affected by the interface.
This journal is © The Royal Society of Chemistry 2017
B. Direct NEMD simulations of multilayer structures

Fig. 4 shows the temperature prole across the crystalline SiO2/
Al2O3 multilayer structures with total thickness of 26.5 nm. The
lower insets under the temperature proles indicate the alter-
nating SiO2 and Al2O3 layers and the location of their interfaces.
In both 2 nm-SiO2/1 nm-Al2O3 and 4 nm-SiO2/2 nm-Al2O3

multilayer structures, it can be observed that a noticeable
temperature drop repeatedly occurs at the SiO2/Al2O3 interfaces
that are marked in the lower inset. As shown in Fig. 4(a), the last
temperature drop near the cooling bath end is indicated by the
circle with an arrow pointing to the zoom-in of the interface
atomic structures. According to the discussion in Section 3A,
this interface structure has fewer bond connections, leading to
a relatively large TBR as well as temperature drop, which is
similar with the one as shown in Fig. 3.

The temperature proles in Fig. 4(a) also indicate that
temperature variations are quite small within the 2 nm SiO2

lms and 1 nm Al2O3 lms. So the thermal transport in the 2
nm-SiO2/1 nm-Al2O3 multilayer structures is dominated by the
interface phonon scattering while the phonon transport across
the lms is nearly ballistic. As the lm thickness is increased, as
in Fig. 4(b), the temperature variations (�2.5 K) within the lms
has exceeded the temperature differences (�3.5 K) at the
interfaces. As a result, both the interfacial phonon scattering
and the internal phonon–phonon scattering are important in
determining the thermal conductivity of crystalline SiO2/Al2O3

multilayer structures with thicker layers. For all the amorphous
SiO2/Al2O3 multilayer structures in the present work, the
temperature drop at SiO2 and Al2O3 interface is not observed,
and the temperature prole is linear and smoother except for
the region near the heat baths. This observation is in agreement
with the above results of the NEMD simulations SiO2/Al2O3

interface. Therefore, the thermal conductivity of amorphous
RSC Adv., 2017, 7, 26194–26201 | 26197
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SiO2/Al2O3 multilayer structures should only depend on the
internal phonon–phonon scattering.

The thermal conductivity of the multilayer structures is
calculated using the temperature gradient from the linear
tting of the temperature proles as shown in Fig. 4. The NEMD
simulations are performed on both 2 nm-SiO2/1 nm-Al2O3 and 4
nm-SiO2/2 nm-Al2O3 multilayer structures with total thick-
nesses ranging from 13.6 nm to 68.2 nm. The predictions of the
effective thermal conductivity are shown in Fig. 5. The thermal
conductivity of 4 nm-SiO2/2 nm-Al2O3 multilayer structures
shows size dependence when the total thickness is below
40 nm. The size dependence indicates the contribution of
phonon–phonon scattering is non-negligible. In multilayer
structures consisting of thick slabs, phonons can have relatively
large mean free path and transmit across interfaces. Those
phonons are nally scattered at boundaries due to the small
domain size, and the increase of the domain size can allow the
presence of phonons with longer mean free path as well as
increasing the thermal conductivity. However, in multilayer
structures consisting of thin slabs, the interface scattering is so
intense that the thermal conductivity is determined mainly by
the TBR at interfaces and does not show any dependence on the
domain size.

As shown in Fig. 5, the thick 4 nm-SiO2/2 nm-Al2O3 multi-
layer structure has thermal conductivity approaching 3.0 W
(m�1 K�1) which is about 50% higher than that (�2.1 W (m�1

K�1)) of the 2 nm-SiO2/1 nm-Al2O3multilayer structure. Both the
predictions of the two multilayer structures by the direct NEMD
simulations agree with the results of above thermal resistance
analysis (Section 3A) which incorporates both the lm resis-
tances and TBRs. For the 4 nm-SiO2/2 nm-Al2O3 multilayer
structure, the direct NEMD prediction is slightly lower than the
prediction (3.4 W (m�1 K�1)) of the above thermal resistance
analysis (Section 3A). This can be because the use of the bulk
thermal conductivity which is expected to be higher than that of
the thin lms. However, the TBR resistances can account for
71% of the total resistance for the 2 nm-SiO2/1 nm-Al2O3

multilayer structure. So the variations of thermal resistance of
thin lms have little effect on its effective thermal conductivity,
Fig. 5 Thermal conductivity of SiO2/Al2O3 multilayer structures as
a function of thickness.

26198 | RSC Adv., 2017, 7, 26194–26201
and the predictions by the direct NEMD simulations match well
with the results (2.1 W (m�1 K�1)) of thermal resistance analysis
for 2 nm-SiO2/1 nm-Al2O3 multilayer structures.

Fig. 5 also shows the variations of the effective thermal
conductivity of amorphous SiO2/Al2O3 multilayer structures
with difference lm thickness and total thickness. It can be
observed that neither the lm thickness nor the total thickness
has any effect on the thermal conductivity of amorphous SiO2/
Al2O3 multilayer structures. The mean value of the predictions
shown in Fig. 5 is 1.7 W (m�1 K�1) which is same with the
thermal conductivity of amorphous SiO2 but smaller than the
amorphous Al2O3. Since the TBR between amorphous SiO2 and
Al2O3 is negligible, the thermal conductivity of the amorphous
Al2O3 lms is lowered in amorphous SiO2/Al2O3 multilayer
structures. It should be noted that this observation is only valid
for the nanometer thick lms. As the lm thickness increases to
tens of nanometer, the effects of SiO2 on the thermal conduc-
tivity of amorphous Al2O3 lm will diminish.
C. Vibrational mode analysis

The phonon eigen vectors and frequencies are obtained from
lattice dynamics calculations using GULP. The unit cells are
used for bulk crystalline SiO2 and Al2O3, while one SiO2/Al2O3

slab with cross-sectional area of 2.5 nm � 2.5 nm and different
layer thicknesses is used as the cell of both the crystalline and
the amorphous multilayer structures. Fig. 6 shows the acoustic
branches of phonon dispersion curves and group velocities of
bulk SiO2, bulk Al2O3, 4 nm-SiO2/2 nm-Al2O3 slab, and 2 nm-
SiO2/1 nm-Al2O3 slab. The maximum group velocities of
phonons (longitudinal) in bulk SiO2 and bulk Al2O3, are around
9 km s�1 and 11 km s�1, respectively. Compared with the bulk
materials, the group velocities of the longitudinal phonons in 4
nm-SiO2/2 nm-Al2O3 slab and 2 nm-SiO2/1 nm-Al2O3 slab are
reduced to 7.5 km s�1 and 6.5 km s�1, respectively. The group
velocities of the transverse acoustics phonons remain similar
with those in the bulk materials. In the multilayer structures,
the presence of SiO2/Al2O3 interfaces increases the boundary
scattering of the longitudinal phonons which propagate in the
direction perpendicular to the interface rather than the trans-
verse phonons. Acoustic phonons with high group velocity and
long mean free path are responsible for the thermal transport.
The increased scattering of longitudinal phononmodes leads to
the reduction of the thermal conductivity of multilayer
structures.

The lattice tangling and deformation near the interfaces can
also increase the phonon scattering. Mode localization of
phonons is believed to be responsible for the reduction of
thermal conductivity in materials with lattice defects or
disorder systems.34 The phonon participation ratio quantita-
tively characterizes the mode localization of phonons. In order
to represent the spatial variations of mode location near the
SiO2/Al2O3 interfaces, the structures are split into bins with
a width of 3 Å, and the phonon participation ratio is calculated
for atoms in each bin.

Fig. 7 shows the partition ratio of phonons as a function of
location for crystalline SiO2/Al2O3 interface, crystalline 4 nm-
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra03275g


Fig. 7 Partition ratio of phonons as a function of location for crystalline SiO2/Al2O3 interface, 4 nm-SiO2/2 nm-Al2O3 crystalline structures, and
2 nm-SiO2/1 nm-Al2O3 crystalline structures.

Fig. 6 Acoustic branches of phonon dispersion curves and group velocities of (a) SiO2, (b) Al2O3, (c) 4 nm-SiO2/2 nm-Al2O3multilayer structures,
and (d) 2 nm-SiO2/1 nm-Al2O3 multilayer structures.

Fig. 8 Partition ratio of phonons as a function of location for 4 nm-
SiO2/2 nm-Al2O3 amorphous structures and 2 nm-SiO2/1 nm-Al2O3
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SiO2/2 nm-Al2O3 slab, and crystalline 2 nm-SiO2/1 nm-Al2O3

slab. For all the three systems, the phonons are partially local-
ized with PR around 0.5 in the frequency range from 2 THz to 25
THz. Above 25 THz, the PR only show some partially localized
modes in SiO2 from 32 THz to 40 THz. It can be observed that
the acoustic phonons with frequency below 2 THz mainly
consists of delocalized modes with PR around 1 in the rst two
systems of SiO2/Al2O3 interface and 4 nm-SiO2/2 nm-Al2O3 slab.
However, in the 2 nm-SiO2/1 nm-Al2O3 slab, the portion of
modes with high PR diminishes indicating those phonon
modes become partially localized. Around the SiO2/Al2O3

interface in the 2 nm-SiO2/1 nm-Al2O3 slab, the PR is nearly zero
which indicates the mode localization near the interfaces. With
the decrease of lm thickness, the lattice deformation can
extend to the entire lm, intensify the phonon scattering and
mode localization, and lead to the decrease of thermal
conductivity of multilayer structures.

Fig. 8 shows the partition ratio of phonons as a function
of location for amorphous 4 nm-SiO2/2 nm-Al2O3 slab, and
amorphous 2 nm-SiO2/1 nm-Al2O3 slab. It can be observed that
amorphous structures.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 26194–26201 | 26199

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra03275g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

6:
50

:2
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
there is little difference of PR distribution between the two
amorphous structures. As compared with the PR distribution of
crystalline structures as shown in Fig. 7, the PR becomes
smaller for the amorphous structures, especially for the region
above 20 THz for both SiO2 and Al2O3. The observations from
Fig. 8 indicate presence of SiO2 lm leads to the localization of
phonons in Al2O3 as well as the reduction of its thermal
conductivity. Therefore, the amorphous SiO2 and Al2O3 struc-
tures exhibit thermal conductivity same with amorphous SiO2

regardless of the slightly higher thermal conductivity of amor-
phous Al2O3.
4. Conclusions

In summary, we have studied the thermal transport in both
the crystalline and amorphous SiO2/Al2O3 multilayer struc-
tures using NEMD simulations and lattice dynamics calcu-
lations. The NEMD predictions of thermal conductivity are
compared with the results of thermal resistance analysis. The
results suggest both the TBR and lm resistance are impor-
tant for calculating the thermal conductivity of crystalline
multilayer dielectric structures. The lm resistance arising
from internal phonon–phonon scattering becomes equally
important as TBR in crystalline SiO2 lms of thickness
around 4 nm. The thermal conductivity of amorphous SiO2

and Al2O3 structures shows no dependence on the lm
thickness or total thickness. Based on the lattice dynamics
calculations and localization mode analysis, we nd the
phonon localization is responsible for the decrease of
thermal conductivity of crystalline multilayer structures,
especially in structures consisting of very thin lms. Our
study is expected to be valuable for the thermal insulation
design of PCM devices and to provide insights for under-
standing the mechanism of thermal transport of multilayer
structures of few-nanometer-thick dielectric lms.
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