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We report on the thermal boundary resistances across crystalline and amorphous confined thin
films and the thermal conductivities of amorphous/crystalline superlattices for Si/Ge systems
as determined via non-equilibrium molecular dynamics simulations. Thermal resistances across
disordered Si or Ge thin films increase with increasing length of the interfacial thin films and in
general demonstrate higher thermal boundary resistances in comparison to ordered films. However,
for films ⱗ3 nm, the resistances are highly dependent on the spectral overlap of the density of states
between the film and leads. Furthermore, the resistances at a single amorphous/crystalline interface
in these structures are much lower than those at interfaces between the corresponding crystalline
materials, suggesting that diffusive scattering at an interface could result in higher energy transmissions in these systems. We use these findings, together with the fact that high mass ratios between
amorphous and crystalline materials can lead to higher thermal resistances across thin films, to
design amorphous/crystalline superlattices with very low thermal conductivities. In this regard, we
study the thermal conductivities of amorphous/crystalline superlattices and show that the thermal
conductivities decrease monotonically with increasing interface densities above 0.1 nm1. These
thermal conductivities are lower than that of the homogeneous amorphous counterparts, which
alludes to the fact that interfaces non-negligibly contribute to thermal resistance in these superlattices. Our results suggest that the thermal conductivity of superlattices can be reduced below the
amorphous limit of its material constituent even when one of the materials remains crystalline.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953683]

I. INTRODUCTION

The resistance to thermal transport across an interface
between two solids (thermal boundary resistance; TBR) can
severely restrict the dissipation of heat in systems reliant on
interfaces and junctions.1 This resistance can limit thermal
transport in nanosystems and microelectronic devices, and in
many cases ultimately leads to device failure.2–4 The knowledge of phonon driven TBR is particularly crucial where several layers of semiconductor thin films are stacked together
to form the active region in devices such as quantum cascade
lasers and light-emitting diodes5 as well as superlattices
(SLs) for thermoelectric applications.6,7
While the magnitude of the TBR is dependent upon
interface roughness, disorder, dislocations, and bonding,8
even interfaces on epitaxially grown crystalline films have
been demonstrated to have significant thermal resistance.9–12
Moreover, in practical applications that utilize sputtering or
evaporation techniques resulting in non-epitaxial film deposition, disorder and film oxidation at the interfacial layer
between two solids (e.g., metal-oxide-semiconductor (MOS)
structures containing silicon include a non-stoichiometric oxide layer present at the Si/SiO2 interface13) can introduce
additional resistance to thermal transport. Therefore, the disruption of crystallinity in thin films can influence the material’s vibrational characteristics, which in turn influences the
a)
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TBR across the thin films. It should be noted that throughout
this work, we refer to the TBR across thin interfacial films as
a lumped resistance that takes into account Kapitza resistances at both film/lead boundaries and the resistance due to the
interfacial film layer.
Computationally, the study of thin films acting as interfacial layers between two solids has demonstrated the importance of film thickness and vibrational bridging (between the
leads) on TBR. English et al.14 showed that tuning the vibrational properties of an interfacial layer between two dissimilar
materials can decrease the TBR. Landry and McGaughey15
showed that when the length scales of the interfacial thin film
are on the order of the intrinsic phonon mean free paths, ballistic phonon transport can reduce the resistance across these
crystalline interfacial layers such that the often employed thermal circuit model fails to capture this phenomenon. Taken
together, the role of the interfacial layer’s length, intermixing
between the leads, and mass-mismatch with the leads can
greatly influence the total TBR across confined thin films;
manipulating these properties can provide useful tunability in
the overall thermal transport across devices with ordered or
disordered interfacial layers.
The aforementioned computational studies have mainly
focused on confined crystalline films with atomically smooth
interfaces. These “perfect” interfaces are generally not present in real world applications (e.g., MOS structures, which
inherently include an amorphous native oxide interfacial
layer). Therefore, the main goal of this study is to understand
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the role of amorphous interfacial layers and the effect of
mass and thickness of these layers on the TBR.
Generally speaking, pristine interfaces are considered
ideal for interfacial heat flow, and diffusive scattering caused
by disruption of crystallinity in the vicinity of interfaces is
usually thought to impede thermal transport. In this regard,
we also seek to understand the contribution of the individual
lead/film resistances on the total TBR across amorphous
interfacial layers. Finally, we also seek to design amorphous/
crystalline superlattices (SLs) with high interface densities
where the resistances across the amorphous/crystalline interfaces non-negligibly contribute to lowering the thermal
conductivities of these structures (even beyond that of the
amorphous counterpart). For these purposes, in this work, we
systematically investigate the combined role of disorder,
mass-mismatch, and layer length on thermal transport across
thin confined films and amorphous/crystalline SLs using molecular dynamics (MD) simulations.
For lattice-mismatched crystalline films confined
between two crystalline leads, we find that ballistic transport across Ge/Si/Ge structures and diffusive transport
across Si/Ge/Si structures affect the TBR across the respective interfacial regions, similar to the findings of Landry
and McGaughey16 for lattice-matched Si/Ge structures. In
contrast, the TBR across amorphous confined films is
shown to monotonically increase with film thickness,
regardless of the leads or the material comprising the amorphous film. Furthermore, for amorphous films with thicknesses ⱗ3 nm, we demonstrate that the spectral overlap in
the vibrational density of states between the leads and the
thin films can significantly affect the scattering of the phonon flux impinging upon the interfacial layer from the crystalline leads. Interestingly, we also find that the resistance
across a single amorphous/crystalline interface is lower
than that across the crystalline/crystalline counterpart.
These findings suggest that careful manipulation of the
vibrational properties of the disordered confined thin film
could lead to reduced TBR in comparison to the case where
the interface is comprised of two crystalline materials.
The results from our original goal mentioned in the
previous paragraph led us to design amorphous/crystalline
SLs that demonstrate very low thermal conductivities in the
second part of our study. More specifically, we utilize the
fact that crystalline/crystalline interfaces can demonstrate
higher TBRs compared to amorphous/crystalline interfaces
in designing SL structures with very low overall thermal
conductivities. In this regard, the main motivation in
designing these SLs is driven by the push towards achieving ultralow thermal conductivities (beyond the amorphous
limit to thermal conductivity of a material17) for applications such as thermal barrier coatings and thermoelectric
power generation.3 Several groups have overcome the
amorphous thermal conductivity limit by nanostructuring
and utilizing multilayered systems with high density of
interfaces.18–22 Consequently, it has been shown that variation in length scale in multilayered systems such as semiconductor superlattices (SLs) can shift phonon behavior
from a coherent, wave-like nature in which phonons traverse the structure without scattering at internal interfaces
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to an incoherent, particle-like nature in which scattering of
vibrational energy at interfaces can severely limit thermal
transport in SLs.23–26 As a result, computational studies
have predicted that crystalline superlattices can possess
lower thermal conductivities compared to that of their constituent components.27–29 This is particularly significant in
Si-based SLs, where a significant amount of heat is carried
by phonons with long mean-free-paths.30–33
Along with the motivation of designing SLs with very
low thermal conductivities, our objective for the second part
of this study is also driven by the lack of attention given
towards understanding thermal transport across SLs comprising of alternating amorphous/crystalline layers (that result
due to large lattice mismatch between constituent materials)34 due to the generalization that in amorphous systems,
amorphicity is expected to dominate thermal transport while
interfaces do not pose as significant resistors.35,36 While
the understanding of thermal transport across amorphous/
crystalline heterojunctions has been limited, there has been
realization of such heterojunctions as potential materials for
solar cell and various photo-electronic device applications.37–39 Therefore, in the second part of our study, we
investigate the effect of layer thickness and mass-mismatch
on thermal conductivity in Si/Ge-based amorphous/crystalline superlattices. For these superlattices, we show that the
introduction of interfacial densities 0.1 nm1 can severely
hinder thermal transport to result in thermal conductivities
even below that of the amorphous constituent comprising the
SL. Moreover, we do not observe size effects in the thermal
conductivities of these amorphous/crystalline superlattices,
which is in contrast to the size dependent thermal conductivities of crystalline/crystalline superlattices.40 This implies
that at interface densities 0.1 nm1, vibrational transport in
these structures is dictated by incoherent boundary scattering
effects. We also show that by making use of the fact that the
resistance across a crystalline/crystalline interface can be
greater than at an amorphous/amorphous interface, the thermal conductivities of these superlattices can be lowered by
as much as 10% by creating superlattice periods that consist
of two adjacent crystalline layers followed by two adjacent
amorphous layers. Finally, when comparing our results of
mass-mismatched crystalline/amorphous SLs to that of
amorphous/amorphous SLs, we find that at very high mass
ratios between the adjacent layers in the SLs, the thermal
conductivities are similar for the two different structures
(regardless of crystallinity in the amorphous/crystalline SL),
indicating the strong role of interfacial resistances in SLs
with large mismatch in the vibrational density of states
between the layers.
II. METHODOLOGY

The TBRs across confined thin films and the thermal
conductivities of amorphous/crystalline SLs are calculated
via non-equilibrium MD (NEMD) simulations using the
LAMMPS package.41 A schematic of the computational domain for confined thin films between crystalline leads is
shown in the top panel of Fig. 1. These systems are either
composed of (i) crystalline Si leads with an amorphous or
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FIG. 1. (Top panel) Schematic of the simulation cell for thin films confined
between crystalline leads. Thermal flux is applied across in the simulation
cell in the z-direction. (Bottom panel) Temperature profile of Si/Ge/Si systems with disordered and crystalline Ge films.

crystalline layer of Ge in-between the leads or (ii) crystalline
Ge leads with an amorphous or crystalline layer of Si inbetween the leads. The Si-Si, Ge-Ge, and Si-Ge interatomic
potentials are described by the Tersoff potential,42,43 which
accounts for the strain associated with the lattice mismatch
at a Si/Ge interface.43 All simulations for these systems are
performed at an average temperature of 500 K, where elastic
scattering has been shown to dominate the TBR.16 We apply
fixed boundary conditions on the z-direction by fixing 4
monolayers of atoms that border the hot and cold reservoirs
as shown in the top panel of Fig. 1. Periodic boundary conditions are applied in the x- and y-directions. The leads are
each 400 monolayers, and the cross section area Ac of the
simulation domain is set to five unit cells by five unit cells.
Based on previous MD simulations on similar Si/Ge systems,
we do not expect size effects to affect our MD-predicted
TBRs.15,16 A time step 0.5 fs is applied throughout the simulations, and the structures are initially equilibrated with the
NPT integration (which is the isothermal-isobaric ensemble
with the number of particles, pressure and temperature of the
system held constant)44 at zero-pressure and 500 K for a total
of 2.5  106 time steps.
To determine the TBR across the confined amorphous
and crystalline films, we implemented the NEMD method
where a thermal flux, q, is applied across a computational domain to establish a steady-state temperature gradient, @T/@z.
During the implementation of a heat flux, we remove the
thermostat and perform NVE integration (which is the
microcanonical ensemble with the number of particles, volume, and energy of the system held constant) while adding
and removing a fixed amount of energy per time step from
warm and cool baths, respectively. In doing so, we apply a
thermal flux, q ¼ 3.0 GW m2, across the computational
domains; note, increasing q by 50% produced statistically
invariant TBRs for the Si/Ge-based structures. After the initial application of the heat flux, we let the system reach a
steady-state for 3 ns. The steady-state temperature profile is
determined by averaging the temperature of the computational domain (by dividing it into equally spaced bins) for an
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additional 3 ns. From the temperature profiles, the TBRs
across the interfacial films are determined by the relation,
q ¼ R1
K DT, as shown in the bottom panel of Fig. 1. To
determine the temperature drop at the film boundaries, we
apply a linear regression analysis to the temperature profiles
of the leads and calculate the exact temperature at the boundaries between the leads and the film from the linear fit to the
MD-data (Fig. 1). The linear fits to the temperature profiles
reduce the uncertainty associated with determining the exact
temperature at the boundaries; this approach has been used
previously to determine interfacial resistances across solidsolid,14–16,45,46 solid-liquid,47,48 and solid-gas49–51 systems.
The NEMD approach implemented in this study does
not directly shed light on the modal contributions to interface conductance, which would substantially improve the
understanding of the NEMD results presented in this work.
In this regard, we note that recently there has been considerable improvement over the analytical models (such as the
acoustic mismatch model and diffuse mismatch model1)
that consider modal contributions to TBR by the more rigorous approaches that implement atomistic simulations to
spectrally decompose the dynamics of individual phonon
eigen modes and how they interact both elastically and
inelastically.52–57 Although implementation of such methods to understand the modal contributions to TBR across
confined thin films is beyond the scope of this work, it is
worth mentioning that these in-depth analyses could potentially enhance the significance of the results presented in
this work.
For our amorphous/crystalline SLs, the domains are
setup by first creating a homogeneous amorphous slab. The
crystalline layers of the SL are prepared by deleting atoms in
the amorphous domain according to the position of the atoms
and then substituting the deleted atoms with atoms arranged
along a diamond cubic lattice with an average value of the
lattice constants of Si and Ge. A similar method has also
been implemented in Refs. 34 and 58 to produce Si-based
amorphous/crystalline structures. Finally, energy minimization is performed to set up the computational cells for the
amorphous/crystalline SLs. We separated the species of
atoms between the amorphous and crystalline layers depending on the position of the atoms in the computational cell,
and the final structures are relaxed under the Nose-Hoover
thermostat and barostat for a total of 2  106 time steps.59
The radial distribution function and atomic coordination
numbers were calculated for each amorphous and crystalline
layer in the SL structures to ensure no voids are formed during and after energy minimization. It is well known that for
amorphous solids, the thermal conductivity is highly dependent on the density of the solid.17,60,61 Therefore, we determine the densities of each a-Si and c-Ge layers (based on the
local volume and the number of atoms present in the respective layers in the relaxed SL structures). We confirm that the
calculated densities match with their bulk counterparts for
all of our SL structures with different interface densities.
To check for finite size effects, two domain lengths with
d  21 nm and 43 nm were created for the SLs. The cross
section area for the SLs is set to five by five unit cells with
periodic boundary conditions in the x- and y-directions. The
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top panel of Fig. 2 shows an example of the computational
domain created for the cystalline/amorphous superlattices,
and the bottom panel shows the temperature gradient
induced by the steady-state heat flux applied across the computational domain (with a similar procedure as explained
above for the systems with confined thin films between two
leads). From the temperature gradient, the thermal conductivity is calculated by invoking the Fourier law as shown in
Fig. 2. The local temperature profiles (as shown in the inset
of Fig. 2) for the amorphous and crystalline layers are similar
due to the high interface densities in these structures; however, we note that the radial distribution functions calculated
for the crystalline layers show proof of crystallinity in those
layers.
III. RESULTS AND DISCUSSIONS
A. Thermal boundary resistance across the interfacial
thin film

Figure 3 shows the MD predicted Kapitza resistances
across the amorphous and crystalline confined films (for the
Si/Ge/Si and Ge/Si/Ge systems) as a function of the film
thickness, Lf. The MD simulations are carried out for films
with thicknesses between 2 and 25 nm. We do not consider
films with thicknesses <2 nm due to the fact that the allowed
vibrational states highly depend on the length of the films
below 2 nm; in these cases, the TBRs increase rapidly with
increasing thickness of the confined films until 2 nm for both
Si and Ge films.15,62 We only study the thickness regime
where the material’s intrinsic vibrational density of states
does not depend on the thickness of the film.
For the Si/c-Ge/Si structures, the TBR increases monotonically with Lf (hollow triangles in Fig. 3). In contrast, the
resistances across the Ge/c-Si/Ge structures are independent
of the film thicknesses studied in this work (hollow squares).
Often, the resistance across interfacial thin films is described
by a thermal circuit model, which inherently represents the
resistance for the diffusive limit where the film thickness is
much greater than the mean-free-path of the phonons in the

FIG. 2. (Top panel) Schematic of a 27  27  212 Å3 simulation cell with
N ¼ 0.57 nm1 for an amorphous/crystalline superlattice. (Bottom panel)
Temperature gradient induced due to the applied flux across the computational domain. (Inset) Local temperature profiles for the amorphous/crystalline layers are similar due to high interface densities.

FIG. 3. Thermal boundary resistances across the confined thin films predicted via NEMD simulations performed at 500 K temperature. The TBRs
across Ge/c-Si/Ge are represented as hollow square symbols, solid square
symbols represent Ge/a-Si/Ge, hollow green triangles represent Si/c-Ge/Si,
and solid green triangles represent Si/a-Ge/Si. For the amorphous thin films,
the TBRs for interfacial layers with twice the mass of the layers are also
shown.

film. The total resistance calculated by this model is the sum
of the two resistances associated with the film boundaries
and the resistance due to the finite thickness of the film.
However, the validity of this model is limited to situations
where non-diffusive transport is negligible. When comparing
the MD-predicted resistances across the Ge/c-Si/Ge films for
all thicknesses and for films <20 nm for the Si/c-Ge/Si structures, the thermal circuit model grossly overpredicts MD
simulated resistances.15 This is due to the fact that the heat
carrying phonons have mean-free-paths greater than or on
the order of the thickness of the thin films, and therefore, the
diffusive transport description fails to replicate the MD predictions due to considerable size effects. This deviation from
the diffusive limit is more apparent in the Ge/c-Si/Ge structures where we do not observe a change in the TBR with
increasing film thicknesses from 2 nm to 20 nm due to the
fact that the phonon transport across the thin films is mostly
ballistic.15 This is also evident from the increase in the thermal conductivities (6-folds) predicted from the temperature
profiles of the thin films compared to the bulk value of Si. In
contrast, for the Si/c-Ge/Si structures, the thermal resistance
for thicker films increases monotonically as shown in Fig. 3,
suggesting that phonon-phonon coupling becomes prominent
for these films. These results are consistent with the NEMD
predictions by Landry and McGaughey15 on lattice matched
Stillinger Weber (SW)-based Si/Ge structures where they
compare their MD-predictions to that of lattice dynamics calculations and conclude that phonon transport is mostly ballistic for the Ge/c-Si/Ge and more diffusive for the Si/c-Ge/
Si structures.
In comparison to the crystalline films, the TBR for the
structures with the amorphous thin films is significantly
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greater for thicker films as shown in Fig. 3. The linear
increase in resistance is suggestive of diffusive transport
across the amorphous interfacial regions. Moreover, the
thickness trend in resistances predicted from the thermal
circuit model, which only considers the resistance due to
the amorphous layer (Lf/k), agrees well with the MD predictions due to diffusive nature of heat propagation in the amorphous interfacial regions. Owing to the very low thermal
conductivities of the amorphous layers, it is very difficult to
accurately determine the resistance across a single amorphous/crystalline interface from the MD predicted temperature profiles for these structures. Typically, for crystalline
systems, the distinction between an interfacial resistance and
film thermal conductivity is well defined under the NEMD
framework due to the distinct temperature discontinuity at
interfaces. This distinction across the crystalline/amorphous
interfaces in our simulations is not clear, as the temperature
discontinuities at these interfaces are minute. However, the
accurate prediction of interfacial resistance at these boundaries could be achieved via equilibrium MD simulations
where the resistance is calculated based on tracking the equilibrium fluctuations and not dependent on the temperature discontinuity.63,64 Previously, this method has been used to
predict thermal interface conductance in crystalline/crystalline
Si/Ge superlattices63 and the resistance across a Lennard-Jones
based solid-gas interface.65 In fact, in Ref. 64, it is shown that
conductances calculated based on the equilibrium MD
approach are consistent with transmission describing diffusive
scattering, while the NEMD framework consistently describes
specular phonon scattering processes as determined for interfaces consisting of atomically perfect Lennard-Jones solids.
Even though we cannot quantitatively prescribe an
accurate finite interface resistance, the NEMD-predicted
temperature profiles across our crystalline and amorphous
films suggest that the resistance across a single crystalline/
crystalline interface is greater than that at a single cystalline/amorphous interface. This result is consistent with
recent findings of interfacial resistance being higher across
a graphene/crystalline-SiC interface compared to a graphene/amorphous-SiC interface, which was mainly attributed to a better overlap of density of states between the
graphene and amorphous-SiC compared to crystallineSiC.66 The lower resistance associated with amorphous systems is also similar to the findings reported in our previous
work on amorphous SLs where we show that the Kapitza
resistance across a single a-Si/a-Ge interface is 6 times
lower than between the corresponding crystalline materials.67 Furthermore, Beechem and Hopkins68 have shown
that interfacial resistances predicted under the diffuse mismatch model approach demonstrate lower resistances for an
amorphous/crystalline interface as compared to the predictions for the crystalline counterparts. They attribute the
lower resistance at amorphous/crystalline interface to the
lack of abruptness of the system’s change from one material
to another, which ultimately augments heat flow across the
disordered interface. These results allude to the fact that
nanoscale imperfections around an interface could result in
higher energy transmission across the interface.
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For the Si/a-Ge/Si structures, the values of TBR do not
agree with those of the Si/c-Ge/Si for all film thicknesses
considered. This can be mainly attributed to the lower thermal conductivities of the amorphous Ge compared to its
crystalline counterpart. Increasing the mass of the “Ge” layer
by a factor of two also increases the TBR across the thin
films (red triangles in Fig. 3). In contrast, for the Ge/Si/Ge
structures with amorphous and crystalline films, the TBRs
for the thinner films (with Lf < 5 nm) are comparable in values with each other, regardless of the order and mass of the
interfacial region. Although the bandwidths in the density of
states for amorphous and crystalline Si are very similar to
each other (Fig. 4(b)),67 the heat carrying vibrations in the
two phases are considerably different due to the fact that the
mean-free-path of vibrations in the crystal is much longer
than those in amorphous Si. This suggests that for thinner Si
films (with Lf < 5 nm) confined between Ge leads, the order
and thus the “mean-free-path” of the vibrations in the film do
not significantly influence the TBR as much as the relative
frequencies of the film and the leads (i.e., the spectral phonon “mismatch”). Therefore, to evaluate the spectral bandwidth effect on the TBR across Ge/a-Si/Ge structures, we
perform additional NEMD simulations by varying the mass
of the a-Si, which effectively alters the available frequency
modes in the thin films.
The TBRs across Ge/a-Si/Ge with mfilm ¼ 14 g mol1 to
112 g mol1 are plotted as a function of mass ratio between
the film and the leads in Fig. 4(a). Within uncertainties, the
MD predicted TBRs for 28.09 g mol1 < mfilm < 84.27 g mol1
are similar. However, for relatively higher or lower masses
of the thin film, the TBRs increase considerably. As evident
from the MD predicted temperature profiles, part of the reason

FIG. 4. (a) Kapitza resistance of Ge/a-Si/Ge structures with Lf ¼ 3 nm as a
function of mass-mismatch between the leads and the film. (b) Vibrational
density of states of crystalline Si and Ge (shaded region), and Si structures
with different mass ratios compared to the mass of the Ge lead.
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for the increase in TBRs for the heavier masses is due to the
reduction in thermal conductivities with increasing mass
(mfilm), while part of it is also due to the mismatch in the overlap of density of states between the film and the leads (calculated from the method described in Ref. 69) as shown in Fig.
4(b). The cutoff frequencies for the vibrational spectra shown
in Fig. 4(b) decrease with increasing mass due to the relation,
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x / 1= mfilm . The vibrational spectra for 28.09 g mol1
< mfilm < 84.27 g mol1 fall within the cutoff frequency of
the crystalline Ge leads. Therefore, we do not observe a significant difference in the TBR across films within this mass
range. However, for the film with relatively lighter mass
(mfilm ¼ 14 g mol1), even though the thermal conductivity
increases due to reduced mass, the drastic mismatch in the
overlap of density of states with that of the Ge leads (as shown
in Fig. 4(b)) significantly increases the TBR across the Ge/
light-a-Si/Ge structure. This suggests that the Kapitza resistance across an individual amorphous/crystalline interface can
be increased by significantly enhancing the mismatch between
the density of the states of the two materials by effectively
creating a high mass ratio between the materials. This could
be particularly beneficial in designing SLs with small period
thicknesses (and high interface densities) where low thermal
conductivities are desired.
B. Thermal conductivity of amorphous/crystalline
superlattices

The thermal conductivities of amorphous/crystalline Si/
Ge SLs were predicted for two different domain lengths,
d ¼ 21 nm and 43 nm. In NEMD simulations, domain lengths
have been shown to significantly influence the thermal conductivities of the structures due to the fact that the fixed
domains (in the direction of the applied flux) serve as phonon
scattering sites by effectively shortening the mean-free-paths
of the energy carriers. This is exemplified by the thermal
conductivities plotted as a function of interface density in
Fig. 5 for SW-based crystalline/crystalline Si/Ge SLs that
are taken from Ref. 40 (solid triangle and diamond symbols).
As is clear, the two domain lengths produce completely different thermal conductivities for the c-Si/c-Ge SLs, suggesting that size effects can greatly influence the thermal
conductivities (by as much as four-fold) in these superlattice
structures. In contrast to these cystalline/crystalline SLs, we
do not observe any statistically significant change in the predicted thermal conductivities of our amorphous/crystalline
SLs as evident from the overlap of the predicted thermal
conductivities for the two domain lengths as shown in Fig. 5
(hollow and solid squares).
The MD-predicted thermal conductivities for our amorphous/crystalline SLs decrease linearly with increasing N,
implying that interfaces contribute non-negligibly to thermal
resistance in these structures. The trend observed in Fig. 5
also suggests that vibrations are mostly particle-like in nature
and incoherent scattering at the internal boundaries of the
SLs leads to a monotonic reduction in thermal conductivity
with increasing N. In contrast, for the crystalline/crystalline
SLs, the thermal conductivity increases with increasing N,
which can be attributed to the wave nature of phonon
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FIG. 5. Thermal conductivities of Si/Ge SLs as a function of interface
density N. Solid square symbols are MD predictions on a-Si/c-Ge SLs with
domain lengths of 21 nm, while hollow square symbols are predictions for
a-Si/c-Ge SLs with domain length of 43 nm. For comparison, MD predictions taken from Ref. 40 on crystalline Si/Ge superlattices with two domain
lengths are also plotted.

transport in structures where the phonons do not scatter at
the internal boundaries of the SLs or to ballistic transport
across relatively thicker periods;23–25 note this coherence
effect in the calculated thermal conductivity of SW Si/Ge
crystalline SLs with “perfect” interfaces has been previously
observed via MD simulations.70
Another aspect of the results shown in Fig. 5 worth noting is the fact that the thermal conductivities of our amorphous/crystalline SLs are below the thermal conductivity of
amorphous Si as predicted by additional MD simulations
(dotted line in Fig. 5). Therefore, by creating interfaces, we
can effectively lower the thermal conductivity even below
that of the amorphous material, which is often thought to be
the minimum limit to thermal conductivity in materials. We
have previously shown this for Lennard-Jones and Stillinger
Weber-based amorphous/amorphous SLs; however, we note
that the thermal conductivities of our amorphous/crystalline
structures are slightly higher than those of the a-Si/a-Ge
SLs.67 In Ref. 67, we have shown that the Kapitza resistance
across a single a-Si/a-Ge interface can be six times lower as
compared to that in their crystalline counterparts. This
implies that creating SL structures with two amorphous
layers and two crystalline layers forming a period in the SL
would lead to lower thermal conductivities due to the higher
Kapitza resistances across c-Si/c-Ge interfaces relative to aSi/a-Ge interfaces. To validate this hypothesis, we run additional NEMD simulations on SLs structures with a-Si/a-Ge/
c-Si/c-Ge and find that the thermal conductivities of these
structures are systematically 10% lower than the a-Si/c-Ge
structures with the same layer thicknesses (red squares in
Fig. 5). Thus, strategic placement of layers and control over
the thicknesses of the individual layers in these SLs can produce structures with thermal conductivities that are below
the minimum limit of their amorphous counterparts.
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The thermal conductivities of our amorphous/crystalline
SLs can be further lowered by increasing the mass-mismatch
of the layers in the SL. Figure 6(a) shows the thermal conductivities of a-Si/c-Ge with d ¼ 21 nm, N ¼ 0.57 nm1, and
with the mass of the Ge layer ranging from 56 g mol1 to
145 g mol1 (solid circles). As is evident in the plot, the thermal conductivities of these SLs decrease with increasing
mass-mismatch. The reduction in thermal conductivity is
due to the combined effect of increase in the Kapitza resistance and decrease in the thermal conductivity of the layers
from the increase in mass, as mentioned above for our confined thin films. For comparison, we have also included our
MD predicted thermal conductivities of mass-mismatched
amorphous SLs from Ref. 67. The thermal conductivities for
the two different SLs converge as the mismatch between the
masses in the layers increases. This demonstrates the ability
of vibrational mismatch and resulting Kapitza resistance at
SL interfaces to dominate the thermal transport mechanisms,
regardless of the degree of crystallinity of the materials.
The thermal conductivity of the a-Si/c-Ge with
N ¼ 0.57 nm1 is plotted as a function of temperature in Fig.
6(b) (solid circles). Along with c-Ge/a-Si systems, c-Si/a-Ge
SLs have a slightly lower thermal conductivities (as shown
in Fig. 6(b)), which is mainly due to the lower thermal conductivity of a-Ge compared to a-Si. The thermal conductivities do not show a temperature dependency, contrary to
purely crystalline SLs70,71 but consistent with results for

FIG. 6. (a) Thermal conductivities of SW-based a-Si/c-Ge SLs with
N ¼ 0.57 nm1 plotted as a function of mass-mismatch between the layers.
For comparison we also include thermal conductivities of SW-based a-Si/
a-Ge from Ref. 67. Note, for fair comparison, we show the thermal conductivities of SW-based SLs as a function of mass ratios. However, SLs defined
by the Tersoff potential demonstrate statistically similar thermal conductivities. (b) Thermal conductivity of amorphous/crystalline Si/Ge SLs
described by the Tersoff potential (layers differentiated by mass and bond).

J. Appl. Phys. 119, 235305 (2016)

amorphous SLs.67 In Ref. 34, similar results are obtained for
a-Si/mass-heavy c-Si SLs where they show a very slight
increase in thermal conductivity with temperature. We note
that from the analyses presented in this work, it is not possible to separate the mode dependent harmonic and anharmonic contributions to the lack of temperature dependencies
observed in Fig. 6(b). However, more rigorous analyses
methods as presented in Refs. 56, 72, and 73 can be used to
quantitatively give insight into the mode level details to fully
understand these temperature dependencies.
IV. CONCLUSIONS

We have used molecular dynamics simulations to investigate the thermal boundary resistance across amorphous and
crystalline confined films of Si/Ge/Si and Ge/Si/Ge structures with film thicknesses ranging from 2 nm to 25 nm. We
find that for crystalline thin films, depending on the film and
the leads, the combined ballistic and diffusive behavior of
phonon transport can influence the thermal boundary resistance. Conversely, for amorphous films, the resistance
increases monotonically regardless of the leads or the amorphous material comprising the thin film. From the temperature profiles obtained from the NEMD simulations, the
predicted resistances across single amorphous/crystalline
interfaces are lower than that across the crystalline counterparts. This suggests that diffusive scattering at amorphous/
crystalline interfaces can lead to higher energy transmissions
as compared to crystalline/crystalline interfaces for these
systems. Finally, for structures with film thicknesses ⱗ3 nm,
we find that the thermal boundary resistance across the interfacial layer is highly dependent on the overlap of density of
states between the leads and the confined films.
The fact that high resistances arise due to high massmismatch between the ⱗ3 nm confined films and the leads
and the fact that crystalline/crystalline interfaces demonstrate higher resistances compared to crystalline/amorphous
interfaces are used to design SL structures with very low
thermal conductivities. In this regard, NEMD simulations
are performed to predict the thermal conductivities of amorphous/crystalline Si/Ge SLs with varying interface densities
and mass ratios between the layers. In contrast to crystalline/
crystalline SLs, the thermal conductivities of our amorphous/
crystalline SLs do not demonstrate size effects for interface
densities above 0.1 nm1. This suggests that for these interface densities, the wave-nature of phonon transport observed
for crystalline Si/Ge SLs is absent in our amorphous/crystalline SLs. We also find that the thermal conductivities
decrease monotonically with increasing interface densities,
which further supports the claim that incoherent scattering of
vibrations limits thermal transport across these SLs. We
design the period of the SLs to consist of two crystalline
layers followed by two amorphous layers to show 10%
reduction in the thermal conductivity, which is mainly attributed to the higher resistance at the crystalline/crystalline
interface. Furthermore, we have shown that at high mass
ratios between the layers in the amorphous/crystalline SLs,
the thermal conductivities are comparable to those of amorphous/amorphous SLs.
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