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Nanoscale thermal transport has attracted considerable attention because of both fundamental scientific interest and important engineering applications. For semiconductors and
insulators, energy transport is dominated by phonons, whose behavior at surfaces and interfaces plays a significant role in energy transport processes. In this article, we present opinions
on phonon dynamics at surfaces and interfaces and the implications on nanoscale thermal
transport. The effects of roughness, bonding strength, coherence, and nanoscale constrictions are discussed. The existence of two specularity parameters at an interface (separate
values for transmitted and reflected phonons) and the implications of phonon reflection at
free surfaces to the thermal conductance of nearby interfaces are two concepts that have not
been previously discussed in the literature. We provide some outlook and potential topics for
future studies.
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INTRODUCTION
The thermal transport properties of nanostructured materials are important in many
potential applications, including thermal management of micro/nanoelectronic devices,
photovoltaic and thermoelectric energy conversion, and design of nanocomposites with
desirable properties [1, 2]. For semiconductors and insulators, lattice vibrations (i.e.,
phonons) are responsible for thermal transport. Given that individual nanostructures and
nanostructured materials have extremely large surface/interface area–to-volume ratios, the
behavior of phonons at boundaries (i.e., surfaces and interfaces) plays a critical role in their
thermal transport properties. These effects are being intensively studied because a better
understanding of phonon dynamics at surfaces and interfaces could lead to faster nanoelectronic devices [3], more efficient energy converters [4], and composite materials with
tunable thermal conductivities [5].
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Compared to electron transport, phonon transport has additional complexities,
notably a broadband nature and a strong temperature dependence [6]. These features, combined with phonon scattering at surfaces and interfaces in nanostructured materials, lead
to intriguing phenomena, which have been summarized in some excellent recent reviews
[1, 2] on nanoscale thermal transport. However, these reviews are usually of a significantly
broader scope and tend to be more comprehensive surveys of published literatures instead
of in-depth discussions of fundamental understanding. Here, instead of a thorough review
of the enormous literature on surface and interface effects in nanoscale thermal transport,
we will present opinions that we have formed on phonon behavior at surfaces and interfaces
and discuss how these new understandings can be used to explain interesting observations in
published reports. The article starts with a brief description of phonon dynamics at surfaces
and interfaces and is followed by a detailed account of how roughness, bonding strength,
coupling between different boundaries, and point constriction affect thermal transport by
phonons.
OVERVIEW OF THE EFFECTS OF SURFACES AND INTERFACES
If we treat phonons as particles, their transport can be described using the kinetic
theory. The parameter used to measure a material’s capability of conducting heat, thermal
conductivity, can be derived as [7]
k=

1
Cvℓ,
3

(1)

where k is the thermal conductivity, v is the speed of sound, and l is the phonon mean
free path; that is, the average distance a phonon travels before it gets scattered. When a
phonon strikes a boundary, it can transmit through it without being affected or be either
specularly reflected or diffusely scattered (either forward or backward) with a random
change of its propagation direction. For surfaces, only reflection or backward scattering can
occur, whereas for interfaces, transmission (through either refraction or random scattering)
is also possible. Scattering in the bulk can occur either through three phonon processes
(normal and Umklapp) or by defects (e.g., isotopes, impurities, vacancies). In the case that
the intrinsic phonon mean free path of a material (i.e., the phonon mean free path in the
bulk) is comparable to or larger than the characteristic dimensions of a nanostructure or
a nanostructured material, phonon–boundary interactions will affect the phonon mean free
path, leading to effective thermal conductivities that can be significantly lower than the bulk
value.
The probabilities of phonon reflection, transmission, and scattering at surfaces and
interfaces strongly depend on the characteristics of the boundaries (e.g., roughness, bonding strength, defects) as well as the acoustic impedance of the materials in contact. The
multitude of combinations of these parameters renders it difficult to precisely determine the
contributions of each factor. An understanding of general mechanisms, however, can still
help to achieve an understanding of phonon–boundary interactions and how these interactions affect thermal transport. A seminal review on thermal boundary resistance by Swartz
and Pohl presents a comprehensive view of how different factors contribute to interfacial
thermal resistance [8]. Moreover, all recent reviews of nanoscale thermal transport have significant components on surfaces and interfaces [1–6]. Instead of a comprehensive review,
we therefore choose to present some of our recent understanding, based on experimental
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measurements and atomistic modelling predictions, on phonon behavior at surfaces and
interfaces and how it affects thermal transport in nanostructured materials.
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ROUGHNESS AND SPECULARITY
Roughness plays a critical role in phonon dynamics at surfaces and interfaces because
it is a key factor in the phonon specularity parameter. As mentioned above, a phonon can
transmit or be reflected at thermal boundaries either specularly or diffusely, which has
important implications on phonon transport. For example, reflection, no matter whether
it is specular or diffuse, always contributes resistance to thermal transport in the normal direction (or cross-plane direction) of the boundary. For thermal transport parallel to
the boundary (i.e., the in-plane direction), however, specular reflection does not provide
resistance, whereas diffuse reflection does.
The specularity parameter, which was originally derived by Ziman to represent the
percentage of phonons being specularly reflected, can be written as [9]
!

−16π 3 η2
p = exp
λ2

"

,

(2)

where η is the root mean square (rms) roughness and λ is the wavelength of the energy
carrier. Unless the boundary is atomically flat, Eq. (2) yields a very small specularity parameter because the thermal phonon wavelength is usually small (approximately nanometer at
room temperature) and comparable to the roughness. Because it is often difficult to accurately determine the roughness of surfaces and interfaces, the specularity parameter has
been widely used as a fitting parameter. Moreover, in the analysis of interface effects on
the effective phonon mean free path, the specularity parameters have also been extended
to transmitted phonons to account for the percentage of phonons being only refracted
to all transmitted phonons, including those randomly scattered. However, a single value
of the specularity parameter for all phonons, either transmitted or reflected, is typically
assumed. In fact, because of the ambiguity in the specification of the specularity parameters and the fact that it is often treated simply as a fitting parameter in different studies,
specularity was identified as an unsolved issue in Chen’s book on nanoscale energy transport [7]. We believe that the lack of insight into the effects of surfaces and interfaces on
the specularity parameter may be partly because an important understanding was missing
until recently, which is that there are two different specularity parameters: one for reflected
phonons and one for transmitted phonons. As such, using a single parameter to represent
the specularity of both transmitted phonons and reflected phonons inevitably introduces an
averaging effect, which can disguise the true transport physics.
Following the discussion of Ziman [9] on the effects of roughness on phonon
specularity, we assume that phonon reflection and transmission at a thermal boundary follows Snell’s law at each location. Instead of only considering reflected phonons, however,
we draw both transmitted and reflected phonons at a van der Waals interface between two
identical materials in Figure 1, which clearly indicates the different effects of boundary
roughness on transmitted and reflected phonons. As shown in Figure 1, the boundary roughness renders a different boundary normal direction at different locations. Even though the
reflection is locally specular, the overall reflection from the grain boundary is diffuse; that
is, a p factor close to 0. However, for transmitted phonons, local specular transmission leads
to overall specular transmission; that is, p = 1. This formulation can be safely extended to
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Figure 1 Schematic diagram showing phonon specularity due to interface roughness. By assuming that both sides
of the interface are made of the same material and that locally both phonon reflection and transmission are specular,
it can be seen that the overall reflection specularity is much less than unity, whereas the transmission specularity
is unity. Even if the two sides are made of different materials—that is, refraction occurs—the specularity for
transmission is still much higher than for reflection.

interfaces formed by two different materials because as long as the acoustic impedance mismatch between the two materials is not very large, the deflection of transmitted phonons
from the original direction (as a result of refraction) will not be significant [8].
The view of two specularity parameters is supported by a recent study of thermal
transport through boron nanoribbons [10]. Yang et al. [10] measured the in-plane thermal
conductivities of single and double boron nanoribbons (two ribbons stuck together through
van der Waals interactions) and found that the thermal conductivity of double ribbons could
be significantly higher than the value for single ribbons. They explained this observation by
assuming that a significant portion of phonons striking the van der Waals interface transmit
specularly, which extends the effective phonon mean free path in the double ribbon. What
is not explicitly pointed out in Yang et al.’s paper is that their explanation relies on the fact
that the reflected and transmitted phonons have very different specularity parameters. This
distinction is required because if the reflected phonons have the same specularity parameter
as transmitted phonons, then the effective phonon mean free path in single ribbons and that
in double ribbons should be the same, and no thermal conductivity enhancement could be
observed for double ribbons. Therefore, the experimental observation of enhanced in-plane
thermal conductivity provides solid evidence for two different specularity parameters, one
for reflected and one for transmitted phonons.
The view of two specularity parameters could help to clarify some puzzles in
nanoscale thermal transport involving phonon interactions with surfaces and interfaces.
For example, molecular dynamics simulations of in-plane thermal conductivities of
nanowires and thin films with atomically smooth surfaces have suggested relatively
large specularity parameters (p ∼ 0.5) [11]. However, experimental measurements of
free-standing nanowires and thin films indicate fully diffuse scattering at the free surfaces
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(p ∼ 0) [12–15]. The experimental result can be well explained by the fact that even
tiny roughness, unlike the atomically flat boundaries in the modeling setup, will render
a specularity parameter for reflected phonons to be essentially zero. The case is different
for superlattices and multilayers, where the specularity parameter at the interfaces between
layers describes the behavior of both transmitted and reflected phonons. For free-standing
films, phonons are reflected at the top and bottom surfaces with a specularity parameter
close to zero. At interfaces, however, depending on the ratio of reflected and transmitted
phonons, the average specularity parameter could be significantly larger than zero. In fact,
this is the reason why a relatively large specularity parameter is needed for modeling the
in-plane thermal conductivity of superlattices, because a large portion of phonons transmit
through the interface specularly [16]. In addition to superlattices and multilayers, assuming
different behaviors of transmitted and reflected phonons in polycrystalline silicon helps to
explain the variation in the measured thermal conductivity with different grain sizes [17].
As an outlook, we believe that Monte Carlo simulations with the assumption of two
different specularity parameters at interfaces for reflected and transmitted phonons could
help to clarify thermal transport through nanostructured materials with surfaces and interfaces. Note that even though this introduces two fitting parameters, it is physically more
realistic and, as such, should reflect the real situation better. However, introducing more
fitting parameters is usually not desirable in modeling, and caution has to be taken during the process to ensure that adopting two specularity parameters is justified. One way to
avoid adding more fitting parameters is to simply assume that transmitted phonons have a
specularity parameter of unity, which should be a good approximation for a high-quality
interface where phonons are mainly reflected and transmitted instead of being randomly
scattered by interface imperfections.

BONDING STRENGTH
Transmitted and reflected phonons make very different contributions to thermal resistance for both in-plane and cross-plane thermal transport. It is therefore important to
determine the probability of transmission (i.e., the transmission coefficient) and reflection
(i.e., the reflection coefficient) when a phonon strikes a boundary. Whereas for free surfaces, all striking phonons will be reflected (other than those experiencing three phonon
scattering, which will be re-emitted with different frequencies), the probabilities for both
transmission and reflection are significant for phonons striking an interface. Among the
factors determining whether a phonon is reflected or transmitted, bonding strength is important. It is well known that phonons can scatter at weak van der Waals interfaces and, in fact,
mathematical expressions exist for the phonon transmission coefficient at van der Waals
interfaces [18]. These expressions have been successfully used to explain the enhanced
thermal conductivity of double boron nanoribbons [10] and the interaction between supported graphene and silicon dioxide substrates [19]. As expected, these equations indicate
that the phonon transmission coefficient increases with increasing bonding strength. It is
not difficult to imagine that if two pieces of identical materials are joined together and the
interfacial bonding strength is the same as that between two atomic planes in that material,
then the phonon transmission coefficient will be unity if other scattering mechanisms at
the pseudo-interface are neglected. Strong bonding strength could also facilitate phonon
transmission across the interface between two different materials. However, very strong
bonding strength between materials with lattice mismatch tends to introduce local strains
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and defects, which could serve as efficient scattering centers to induce additional scattering
events at the interface and hence decrease the phonon transmission coefficient.
Both experimental and numerical studies have been carried out to elucidate the effects
of bonding strength on interfacial thermal trasport. For example, through lattice dynamics calculations, Young and Maris [20] showed that for interfaces between two lattices of
different masses and spring constants, when the interfacial spring constant is lower than
the spring constants of both lattices, the interfacial thermal conductance increases as the
interfacial spring constant increases. In the regime where the interfacial spring constant is
between the spring constants of the two lattices, the interfacial thermal conductance essentially stays the same and only reduces marginally as the interfacial spring constant further
increases beyond the value for both lattices. Note that here the two lattices have the same
lattice constants, so no lateral strain is introduced no matter what the interfacial spring constant is. Most molecular dynamics simulations [21, 22] suggest that the interfacial thermal
conductance increases with an increase in the bonding strength between the two materials
when the bonding strength is low. The conductance could saturate as the interfacial bonding strength reaches the strong bonding regime and only vary marginally with the bonding
strength.
Experimental measurements of interfacial thermal conductance that systematically
varied the bonding strength at the interface are limited. Hsieh et al. [23] evaluated the
thermal conductance of several interfaces formed via van der Waals interactions. They
found that the thermal conductance initially increases with pressure because higher pressure
enhances the interactions at the interfaces. They also showed that as the pressure reaches
8 GPa, the interfacial thermal conductance only increases marginally and approaches the
characteristic of strongly bonded, clean interfaces. Losego et al. [24] and O’Brien et al. [25]
demonstrated that using an organic monolayer that can form strong bonds with a dielectric
and a metal will significantly increase the thermal conductance at the contact and, more
important, the stronger the bonding strength, the higher the thermal conductance.
Though the experimental data indicate a positive correlation between bonding
strength and interfacial thermal conductance, these data were mostly obtained between
materials with very different acoustic properties, such as metal and dielectrics, which have
a low thermal boundary conductance without an interlayer. For two materials with similar phonon transport properties, the interfacial thermal conductance could be quite high
even with a weak van der Waals interface. For example, the thermal conductance between
graphene and SiO2 (which are not similar but are both phonon-dominated materials) is
determined experimentally to be ∼100 MW/m2 -K [26], higher than the highest value
achieved at Au self-assembled monolayer–quartz interface with strong covalent bonding
[23]. In this case, introducing interlayers to form strong bonding might not necessarily
enhance the interfacial thermal conductance because the interlayer could effectively scatter
phonons. As an outlook, similar experimental studies between two dielectric materials or
two metals could provide more insights into the effects of bonding strength.

IMPLICATIONS OF PHONON REFLECTION AT FREE SURFACES
Phonon reflection plays an important role in thermal transport. Phonon scattering
at free surfaces due to diffuse reflection has been regarded as the reason for significantly
reduced effective thermal conductivities along the axial direction of many nanostructures
[12–16]. Phonon reflection at free surfaces could also have implications beyond these
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well-recognized effects. For example, if a free surface is nearby an interface, phonon
reflection at the free surface could alter the thermal conductance of the interface.
Experiments by Yang et al. [27] recently showed that the normalized contact thermal
conductance per unit area between two multiwalled carbon nanotubes, which is commonly
expected to be size independent, is proportional to the tube diameter, which is in turn
proportional to the number of tube layers. They attributed this intriguing observation to
three underlying mechanisms: (1) the well-beyond 100-nm phonon mean free path along
the cross-plane direction of graphite, (2) phonon reflection at free surfaces that reduces
the effective phonon transmission coefficient of the contact, and (3) phonon focusing in
highly anisotropic graphitic materials. Later, through molecular dynamics simulations and
more detailed theoretical analyses, Liang et al. further demonstrated the effects of phonon
reflection at free surfaces on the interfacial thermal conductance between a thin-film and a
substrate as well as at an interface between two free surfaces [28, 29].
These studies essentially indicate a not well-recognized physical picture when
phonons emitted from one object transmit through an interface/contact without being scattered and enter a nanostructure. For these transmitted phonons, if their intrinsic mean free
path is larger than the characteristic size of the nanostructure, it is possible that they are not
thermalized in the nanostructure (e.g., through three-phonon processes) but are reflected
back into the emitting side. In this case, these reflected phonons do not contribute to
energy transport from the emitting side to the nanostructure and the effective thermal
conductance of the interface/contact is reduced compared to the thermal conductance of
the interface/contact between the same two materials but of bulk size.
In fact, the free surface-induced size effect on the thermal conductance of an interface between two free surfaces has been observed in molecular dynamics simulations by
Landry and McGaughey [30], even though they only treated this phenomenon as a size
effect to be eliminated without further discussion of the underlying mechanisms. In Landry
and McGaughey’s [30] simulation of interfacial thermal resistance between silicon and
germanium thin films, they observed that the interfacial thermal resistance decreases with
increasing film thickness, as shown in Figure 2. This result can be well explained by the fact
that as the films gets thicker, less phonons are reflected back into the emitting side, leading to an enhancement of the interfacial thermal conductance. It is worth noting that we
are discussing an interesting regime of phonon transport. Though it is widely accepted that
phonon scattering poses resistance to energy transport, in cases where free surfaces reflect
phonons back to their emitting side, enhancing phonon scattering within the receiving side
will promote thermal transport across the interface.
In addition to the effects on thermal conductance of nearby interfaces, we believe
that phonon reflection at free surfaces plays an important role in one scheme of nonequilibrium molecular dynamics (NEMD) simulations for thermal conductivity prediction. One
common scheme of NEMD adopts a simulation domain as shown in Figure 3a, in which
a sample region is sandwiched by a heat source and a heat sink. The heat source/sink
either has free surfaces or is bounded by a fixed layer. We note that the effects of free
surfaces and fixed layers on incoming phonons are the same; that is, they reflect all incident phonons other than those experiencing three-phonon scattering at the outmost layer
of the heat source/sink. The important effects of phonon reflection at the boundary of heat
source/sink, which are critical for the validity of this NEMD scheme, are as follows.
First, the phonon reflection at these boundaries helps to establish local thermal equilibrium within the sample domain. In NEMD simulations, because of the limited domain
size, it is common that the intrinsic phonon mean free path is larger than the sample domain
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Figure 2 Molecular dynamics simulation results of the interfacial thermal resistance between Si and Ge films as a
function of the thickness of the films. The data is from Landry and McGaughey [30]. It is clear that the interfacial
thermal resistance increases as the film thickness reduces, which we attribute to enhanced phonon reflection from
the free boundaries as the film thicknesses gets smaller.

Figure 3 (a) Schematic diagram of common NEMD simulation domain for predicting the thermal conductivity
of a thin film. (b) With an imposed heat flux through the film, a linear temperature profile is formed in the sample
domain. If the intrinsic phonon mean free path is much larger than the film thickness, the temperature gradient
increases as the film thickness reduces (L1 , L2 , L3 denote the length of different simulation domains). For a given
heat flux, this increase is required to realize a lower thermal conductivity for thinner films.

size, in which case phonon transport in the sample domain is partially ballistic. In fact, if
the phonon mean free path is much larger than the domain length, phonon transport in the
sample domain is mainly ballistic. The most thoroughly discussed case for ballistic transport is with perfectly absorbing/emitting boundary conditions, in which at any position,
the phonons take two different distributions of the heat source and heat sink, as shown in
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Figure 4 Effects of different boundary conditions on phonon transport in a thin film when the intrinsic phonon
mean free path is much larger than the film thickness. (a) Perfectly absorbing/emitting heat source/sink, which
leads to a nonequilibrium phonon distribution at all locations in the film. (b) If the heat source/sink is part of
the film and not perfectly absorbing/emitting, then phonons will travel back and forth through the film before
depositing energy in the heat source/sink. In this case, the phonons arriving at each point are from everywhere in
the film and take a Boltzmann distribution. The energy carried by phonons follows a diffusive zigzag path from
the heat source to the heat sink.

Figure 4a. In this case, there is no thermal equilibrium in the sample domain and no equilibrium temperature can be defined. Note that in this case, time-averaging will not help
phonons at any location to achieve the Boltzmann distribution, a characteristic for thermal
equilibrium. However, such behavior is not the case in NEMD simulations, as shown in a
benchmark study by Lukes et al. [31], where statistics showed that the velocity distribution
of atoms follows the Boltzmann distribution, indicating that the time-averaged velocities
reach thermal equilibrium.
We believe that this equilibrium is reached because of phonon reflection at the boundaries. As shown in Figure 4b, due to the fact that the phonon mean free path is larger than the
film thickness, phonons emitted from the heat source will travel ballistically to the heat sink.
However, other than those thermalized in the heat sink, phonons will be reflected back into
the system and, after traveling back and forth, eventually experience a three-phonon scattering event somewhere. The re-emitted phonons will carry the information of where these
scattering events occur. The process is repeated throughout the long time of the simulation
(typically many nanoseconds). Therefore, at each location, the phonons present are not just
from the heat source and heat sink but from the entire simulation domain. As such, the timeaveraged phonon distribution will, at least approximately, take the Boltzmann distribution,
allowing for definition of a temperature representing local thermal equilibrium.
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One might argue that the velocity rescaling or thermostating in the heat source/sink
to add/remove heat should be an effective phonon scattering mechanism and that the
NEMD simulation should in fact resemble the case of perfectly absorbing/emitting boundary conditions. We believe that this interpretation is not the case because if it were, clear
temperature jumps would occur at the boundaries between the heat source/sink and the
sample domain. No such sudden temperature jump exists in NEMD simulations and the
temperature distribution has a continuous profile [31, 32]. In addition, NEMD simulations
of thermal transport between two graphite thin films with a slit contact indicate that no
matter whether the heat source/sink is taken as the whole hot/cold ribbons or only placed
at the edge of the ribbons, the result is the same. This observation will only be the case if
the phonon mean free path is long and not significantly affected by velocity rescaling [27].
Now if velocity rescaling is extremely effective in phonon scattering, then when the whole
ribbons are taken as heat source/sink, phonons will be scattered everywhere and cannot
possess a long mean free path.
In addition to helping to establish local thermal equilibrium, phonon reflection from
free surfaces or fixed boundaries underlies the thermal conductivity calculation of thin films
or nanostructures with a size less than the intrinsic phonon mean free path. It is well known
that the effective thermal conductivity of a thin film along the cross-plane direction can
be significantly reduced compared to the bulk value when the thickness of the thin film
is less than the phonon mean free path. In this regime, the effective thermal conductivity
increases with the film thickness and NEMD simulations correctly reflect this trend [31].
A common scheme in the NEMD simulation is to impose a certain heat flux and after the
system reaches thermal equilibrium, solve for the linear temperature profile in the sample
region, and derive the thermal conductivity based on the imposed heat flux and the resulting
temperature gradient. To obtain the correct dependence of thermal conductivity on the film
thickness—that is, smaller thermal conductivity for thinner films—the temperature gradient
needs to be larger for thinner films, as shown in Figure 3b. This behavior cannot be realized
if the boundaries are perfectly absorbing/emitting and phonons only pass through the thin
film once. Note that when the film thickness is much less than the phonon mean free path,
the thermal resistance of the film is approximately constant and, as such, the temperature
drop across the film is nearly the same under a given heat flux.
Now the question is how the temperature gradient can be larger for thinner films under
the condition that the phonon mean free path is much larger than the film thickness—or,
equivalently, how can the sample region, instead of the thermal boundaries, contribute the
dominant thermal resistance. To answer this, we consider the phonon transport picture as
described in Figure 4b, which indicates that whereas phonon transport is ballistic in the thin
film, the energy carried by phonons goes through a zigzag path from the heat source to the
heat sink, which is the signature of diffusive energy transport. As such, we conclude that
due to phonon reflection at free surfaces or fixed boundaries, energy transport in NEMD
simulations for thin films of thickness less than the bulk phonon mean free path is diffusive
even though phonon transport is dominantly ballistic; that is, there exists an interesting
regime where phonon transport is ballistic yet the energy transport is diffusive. Note that
this is a result of combined effects of phonon reflection and that phonon transport is never
fully ballistic. No matter how small it is, there is always some finite probability for threephonon scattering events to occur in the film, which, combined with phonon reflection from
the free surfaces, leads to a situation where three-phonon scattering processes in the thin
film dominate thermal transport in a ballistic phonon transport regime.
As an outlook, phonon reflection has deep implications. Though the consequences
are more prominent at free surfaces, similar effects should exist for phonons reflected at
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interfaces. In this case, however, phonon transmission and additional phonon scattering
from interface imperfections compete with phonon reflection, resulting in more complex
phenomena. Analyses of phonon transport through multilayer and superlattices with better
understanding of the phonon reflection effects should shed more lights in these situations.

Downloaded by [Alan McGaughey] at 05:00 07 June 2015

COHERENCE
Recently, the wave nature of phonons has attracted considerable attention and the
effects of phonon coherence on thermal transport have become a topic of significant interest [33]. Phonon–boundary interactions could play a significant role in coherent phonon
transport and are responsible for some very interesting phenomena, such as the minimum
cross-plane thermal conductivity of superlattices.
Physically, coherence means that two waves retain their phase information and their
capability to interfere. Therefore, ballistic phonons can be denoted as coherent phonons
because they preserve their phase information. In this case, even though the phonons
are coherent, their contributions to thermal transport can be explained with the more
straightforward ballistic transport picture.
The wave nature of phonons was first experimentally demonstrated via measurements of the transmission coefficient of quasi-monochromatic acoustic phonons through
GaAs/AlGaAs superlattices using superconducting tunnel junctions [34]. It was shown
that the transmission coefficient for certain phonon frequency is significantly reduced due
to the formation of stop bands. More recently, confinement of acoustic phonon modes using
a phonon cavity formed by two GaAs/AlAs superlattices as the reflection layers further
confirmed the possibility of using coherence to manipulate phonon transport [35].
The effect of coherence on thermal transport for a broad spectrum of phonons has
been identified in superlattices through the measurement of a minimum thermal conductivity as the period length of the superlattices increases from a value less than the
intrinsic phonon mean free paths of each constituent material. Venkatasubramanian [36]
first reported that the lattice thermal conductivity of Bi2 Te3 /Sb2 Te3 achieved a minimum
value at a period length of around 60 Å. Later, it was shown that this minimum thermal
conductivity could lead to a record-high thermoelectric figure-of-merit for well-designed
superlattices [37]. Simkin and Mahan [38] used a simple lattice dynamics model to explain
the observation and suggested that the minimum thermal conductivity is due to the formation of minibands in the phonon dispersion. The minimum thermal conductivity was
not observed in studies of Si/Ge superlattices until a report by Chakraborty et al. using
strain symmetrised Si/Ge superlattices [39]. To explain the fact that most experimental
measurements do not show a minimum thermal conductivity, Chen et al. conducted molecular dynamics simulations to explore the effects of various parameters on thermal transport
in superlattices [40]. Their results show that the minimum thermal conductivity can be
observed only when phonons retain their coherence upon reflection from the interfaces in
superlattices, which helps to form the minibands. However, phonon coherence can be easily destroyed by interfacial imperfections such as defects and dislocations. In fact, with a
4% lattice constant mismatch between the alternating layers in the model superlattices, the
minimum thermal conductivity disappeared. More recently, to provide more solid experimental evidence of phonon coherence in superlattices, Ravichandran et al. [41] prepared
SrTiO3 /CaTiO3 and SrTiO3 /BaTiO3 superlattices. Their high-resolution transmission electron microscopy micrographs indicate atomically sharp interfaces that are conducive for the
reflected phonons to retain their coherence. Their measurements demonstrated that when
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the period length is less than the intrinsic phonon mean free path, the thermal conductivity
decreases with increasing period length, which is a result of miniband formation.
In interpreting superlattice thermal conductivity data, a key decision is how to specify the phonon modes. The superlattice period defines its unit cell and the true superlattice
phonon modes. Due to the large superlattice lattice constant, these phonon modes have
a Brillouin zone that is smaller than that of the constituent bulk materials. It is in this
reduced Brillouin zone that the minibands exist. This description of the superlattice, where
there is no interface scattering, is always valid when phonon coherence is preserved in the
superlattices. As the superlattice period is increased, some phonon modes can be thought
of as having wavelengths that are smaller than the period, such that they will see a bulklike environment in a given layer. These phonons can be modeled as bulk-like modes
that scatter at the internal interfaces. As the superlattice period increases, more of the
modes can be treated with this approximation. It is the transition from a description of
true superlattice phonon modes to bulk-like phonon modes that leads to the existence of the
thermal conductivity minimum.
As an outlook, though phonon coherence effects are confirmed through the observation of a minimum cross-plane thermal conductivity of superlattices, it is interesting to
consider what the effects should be to in-plane transport. In addition, one can ask whether
it is possible to use a combination of superlattices with different period lengths to filter phonons from across the spectrum to further reduce the cross-plane thermal transport.
Finally, it is worth noting that though phonon coherence could lead to intriguing phenomena, phonon transport can still be viewed with the particle picture after the effects of phonon
coherence are considered with a modified phonon dispersion.
PHONON TRANSPORT AT NANOSCALE CONTACTS
Phonon transport through nanoscale contacts is important in a broad spectrum of
applications. Examples include tip–surface contacts in scanning thermal microscopy [42],
sample–heat source/sink contacts in thermal bridge methods for individual nanostructure
thermal property characterization [43–46], and point contacts between carbon nanotubes or
other nanowires in their nanocomposites [27, 47, 48] or with substrates in thermal interface
materials [49].
The thermal resistance of a nanoscale contact depends on the materials in contact,
the strength of the van der Waals interactions at the contacts, the actual contact area, the
ratio of the characteristic dimensions of the contact and the objects in contact, and the ratio
of the characteristic dimension of the contact and the intrinsic phonon mean free paths of
the materials in contact. As a result, the thermal resistance of a nanoscale contact is an
extremely complex issue and it is often difficult to resolve the contributions from these different factors. Because an interface between two objects exists at the contact, essentially
all of the factors we discussed in the previous sections about phonon transport through
interfaces play an important role in the contact thermal resistance. In addition, because
nanoscale contacts usually represent a geometrical constriction, the resistance due to size
confinement plays a significant role. In fact, the total thermal resistance is usually dominated by the size confinement of the contact. It is therefore important to have an accurate
estimation of the contact area, which is, unfortunately, usually difficult to evaluate. Various
models have been developed in the solid mechanics community to predict the contact area
between two solid objects [50], which commonly involve the Young’s moduli of the materials in contact and their shapes and surface morphologies. We note that the Young’s moduli
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of a nanostructure can be significantly different from that of the bulk [51] and that models
are usually developed only for objects of regular shapes, rendering accurate estimation of
the contact area a daunting challenge. Moreover, these models have been developed based
on well-defined interaction potentials between the objects in contact, which might not be
the case in reality. In fact, we have observed from our experiments [10] that even though
no difference at the contact can be seen under an electron microscope, the contact from
a wet process, during which surface tension helps to pull a nanostructure (e.g., a boron
nanoribbon) to a suspended membrane, dramatically reduces the contact resistance.
Since the 1950s, the effect of a geometrical constriction on contact thermal resistance
has attracted attention. Depending on the ratio of the characteristic length of the contact area
and the bulk phonon mean free paths of the two materials in contact, two models—that is,
the diffusive constriction resistance and the ballistic contact resistance (also referred to as
the Sharvin resistance)—have been developed. Cooper et al. [52] first reported the detailed
derivation of the diffusive constriction resistance by solving the heat diffusion equation with
proper boundary conditions. The well-known form of diffusive constriction resistance—
that is, that of a point contact between two semi-infinite objects of identical materials—is
written as
Rc,d =

1
,
2ka

(3)

where k is the thermal conductivity of the semi-infinite objects and a is the characteristic
size (radius) of the contact. This expression is only strictly applicable for a very ideal case
and it can lead to significant error as the situation gets more complex. For example, if
the two materials are different, the thermal conductivity needs to be taken as 1/k = 1/2 ×
(1/k1 + 1/k2 ). Moreover, if the contact size is not much smaller than the size of the objects
in contact, which is a likely scenario for nanostructures in contact, the expression needs to
be modified significantly [52].
One important understanding that has emerged from recent nanoscale thermal
transport studies is that the phonon mean free path estimated using Eq. (1) is usually considerably less than the actual value because of the complication from optical phonons as well
as the broadband nature of acoustic phonons. This has been the case for Si [53], graphite in
the cross-plane direction [54, 55], etc. As such, for nanostructures in contact, the characteristic size of the contact is usually much less than the phonon mean free path, which leads
to a significant contribution from the Sharvin resistance, expressed as [56]
Rc,b =

4ℓ
,
3kAc

(4)

where AC is the contact area and ℓ is the phonon mean free path. The detailed derivation of
Eq. (4) can be found in Chen’s book [7]. A simple way of interpreting the Sharvin resistance
is that it is equal to the resistance of a column with the contact area as the bottom and a
height of the phonon mean free path. This interpretation results from that each phonon
pointing to the contact area can be replaced with an equivalent phonon within the column
through specular reflection at the column boundary, as shown in Figure 5. This equivalence
enables analysis using Eq. (4) for some highly anisotropic materials such as graphite or
carbon nanotubes, in which phonon focusing renders highly anistropic phonon transport
different from the picture from which Eq. (4) is derived. (Note that strict mathematical
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Figure 5 (a) Schematic of Sharvin resistance. Within the hemisphere of the phonon mean free path, only phonons
pointing to the small constriction can pass through. (b) Equivalence of Sharvin resistance to the resistance of a
column with the constriction as the bottom and the phonon mean free path as the height. This is because each
phonon pointing to the constriction corresponds to a phonon with the column through specular reflection at the
column boundary. Note that the phonon density is uniform within the hemisphere.

derivation of the equivalence still needs to be done to prove the conceptual speculation
based on Figure 5 for highly anisotropic materials.)
Note that Eqs. (3) and (4) only consider the effects of geometrical constriction, which
plays a dominant role in the total resistance of a small nanoscale contact. However, contributions from other factors could be important, which can be most conveniently analyzed
through examining the normalized contact thermal conductance or resistance per unit area.
The effects of all factors discussed in the previous sections should be reflected in the
normalized conductance or resistance. For example, through analysis of the normalized
conductance between multiwalled carbon nanotubes, a recent study elucidated the important contribution of phonon reflection from the innermost tube layers [27]. In fact, in a study
of contact thermal conductance between a silicon tip and a substrate by Pettes and Shi [57],
a modified formula of Eq. (4) with a transmission coefficient added to the denominator,
could reasonably explain the experimental data if the maximum contact area is assumed.
It is also worth noting that all discussions so far are applicable only to thermal transport by
phonons, without potential complications from radiation or conduction/convection from
air or other fluids at the contact.
Because of the great complexities involved in phonon transport through nanoscale
contacts, limited experimental data are available and not enough attention has been devoted
to fully dissect the potential contributions from all different factors. If contact thermal
resistance is not carefully considered in many thermal measurements of nanostructures,
however, it might lead to erroneous explanations of the experimental results. Therefore, it is
important to explicitly examine the contribution of nanoscale contacts in these experiments.
SUMMARY
We presented our opinions on phonon dynamics at thermal boundaries and
nanoscale contacts and their implications. These opinions are based on both our recent
experimental/numerical studies and relevant publications from others; however, this is not
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intended to be a comprehensive review. Some opinions, such as the two specularity parameters at interfaces and the implications of phonon reflection at free surfaces, have not been
discussed in literature. We also offer some outlook and potential topics for future studies.
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