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KEYWORDS Abstract
Interfaces; Nanoparticles are expected to significantly enhance future thermal energy generation systems,
Nanoparticles; thermal energy storage materials, thermal interface materials and electronic devices. How-
Thgrmal boundary ever, very few of these technologies are able to take full advantage of the unique thermal
resistance; properties of nanoparticles, primarily due to the unusual transport phenomena that occur at
f,\l;t;ﬁ;?te’ their interfaces. To this end, a wealth of recent research has focused on the characterization
Phonor,1 and control of heat flow at different types of nanoparticle interfaces. The goal of this review is
to provide critical insight into the mechanisms that govern thermal transport at three different
types of nanoparticle interfaces, including: nanoparticle-substrate, nanoparticle-matrix and
nanoparticle-nanoparticle interfaces. As part of this effort, we quantify the magnitude of heat
flow at each type of interface using a collection of data that is available in the literature. This
data is used to determine which physical mechanisms govern thermal transport at each
different type of interface. Recent progress in the development of state-of-the-art thermal
characterization techniques is also examined within the context of each type of nanoparticle
interface. Finally, methods to control heat flow at different nanoparticle interfaces are discussed
and future research needs are projected.
© 2014 Elsevier Ltd. All rights reserved.
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Introduction within the nanoparticle itself [16]. Nanoparticles have also

The physics that occur at sub-micron length scales can be
manipulated in order to produce remarkable improvements
in the thermal, electrical, optical and mechanical properties
of materials, allowing for the development of state-of-the-art
thermoelectric devices, solar cells, battery electrodes, capa-
citors, advanced coatings and composite structures [1-6].
The extraordinarily wide range of thermal properties that
have been achieved by nanostructuring materials is primar-
ily due to the reduction in their characteristic dimensions to
the point where quantum size effects and energy carrier
scattering can be precisely controlled [7-9]. As a result,
nanoparticles are beginning to transform future energy
technologies [10].

The intrinsic thermal properties of individual nanoparticles
have been manipulated and tuned to magnitudes that diverge
significantly from the thermal properties of bulk materials
[11,12]. For instance, carbon allotropes are typically found to
exhibit high thermal conductivities in bulk due to the strong
covalent bonds that exist between individual carbon atoms,
which allow phonons to traverse through them at very high
frequencies. The usual example of a bulk carbon allotrope
with a very high thermal conductivity is diamond, whose tetra-
hedral lattice structure and sp® atomic bonds allow for high
rates of phonon transport, even in the presence of internal
phonon-phonon, phonon-electron and/or phonon-defect scat-
tering. At the nanoscale, the chemical and physical mechan-
isms that govern heat flow in carbon allotropes are further
enhanced. In these structures, sp? atomic bonds are formed
between neighboring carbon atoms, which allow for even
higher rates of phonon transport when compared to their bulk
counterparts. Further, when the characteristic dimension of the
nanoparticle is less than the mean free path of an energy
carrier, its transport is considered to be ballistic (i.e. no internal
energy carrier scattering exists). This phenomenon has lead to
the development of carbon-based nanoparticles having thermal
conductivities that are measured to be higher than monocrys-
talline synthetic diamond [13]. Excellent reviews of the physical
mechanisms that control heat flow within carbon nanoparticles
are given in Refs. [14 and 15].

Alternatively, some nanoparticles are designed to possess
extremely low thermal properties. These are exceptionally
promising for use in thermoelectric devices and highly insulat-
ing composite materials. Researchers have computationally
manipulated the grain boundaries and atomic defects within
nanoparticles in order to increase internal boundary and
Umklapp phonon scattering, thereby reducing heat flow rates

been impregnated within bulk materials in order to disrupt
harmonic phonon frequencies, which are shown to decrease
thermal transport significantly [17]. An excellent review of
heat transfer physics in low-dimensional systems with reduced
thermal transport properties can be found in ref. [18].

While nanoparticles offer remarkably high or low intrinsic
thermal properties, their integration into devices remains
challenging from a thermal perspective. In typical devices,
nanoparticles are often placed into contact with a sub-
strate, another nanoparticle or are embedded within a host
material (matrix). In this review, the mechanisms that
govern heat flow at these junctions are discussed, and
state-of-the-art methods to measure and control the pho-
non and/or electron scattering at nanoparticle interfaces
are presented.

Fundamental heat flow physics at interfaces

Heat flow at interfaces remains an important topic in a wide
variety of engineering disciplines, despite the abundance of
research that has been conducted in this field to date.
A thermal resistance (or the degree to which the flow of
heat is impeded) is generally used to characterize heat flow
at an interface (i.e. interfacial thermal resistance). The inter-
facial thermal resistance can be classified in two ways: (1) by
thermal contact resistance and (2) by thermal boundary
resistance (otherwise known as Kapitza resistance). Ther-
mal contact resistance originates from mismatches in the
surface conditions of two solid bodies and is an important
parameter to quantify in electronics packaging, nuclear
reactors, internal combustion engines and hypersonic flight
vehicles [19,20]. An excellent review of thermal contact
resistance at the nano scale can be found in Ref. [21]. In this
review, we replace the term ‘contact resistance’ with
‘constriction resistance’ in order to better elucidate the
role of the nano-sized length scales that are associated with
nanoparticles.

Thermal boundary resistance is distinctly different from
thermal contact resistance in that it still occurs over atom-
ically ‘smooth’ interfaces. This form of interface resistance is
dependent on the types of materials that are in contact
with one another; here, one material's pertinent energy
carriers (phonons/electrons) are ‘deflected’ at its geo-
metric boundaries due to the differences in the electronic
and acoustic properties of the contacting material, much
the same way that rock formations ‘scatter’ (or break up)
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Figure 1 Contact morphology and heat flow between different nanoparticle interfaces: (a) nanoparticle-nanoparticle,
(b) nanoparticle-matrix material and (c) a nanoparticle in contact with a substrate. Red coloring indicates an increased, non-
dimensional temperature gradient at the interface. Figures are for illustration of the heat flow at nanoparticle interfaces only and
are not to scale. (a) Contacting nanoparticles (two SWCNTs). (b) Nanoparticle embedded in a surrounding material (C60 fullerene
surrounded by a highly ordered solid). (c) Nanoparticle in contact with a substrate (SWCNT on semi-infinite substrate of arbitrary
material).
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hydraulic waves at coastal regions. Eq. (1) is often used to
calculate the thermal boundary resistance at an atomically
smooth interface [22].

Q=GAT )

In Eq. (1), G is the thermal boundary conductance at the
interface (or the inverse of thermal boundary resistance)
and AT is the temperature gradient across the interface.
This type of interfacial thermal resistance can be orders of
magnitude more significant for nanoparticle-based devices
than contact resistance and is much more difficult to
precisely model and control. Scientists have developed
two different analytical models to analyze the physical
behavior that regulates the thermal boundary resistance
at different interfaces and across multiple length scales:
(1) the diffuse mismatch model (DMM), which assumes that
the energy carriers scatter across an imperfect interface
and (2) the acoustic mismatch model (AMM), which assumes
that the energy carriers scatter across perfect interfaces
and that phonon transfer is exclusively inelastic. These
models (and subsequent advances in these models) have
been critical for predicting interfacial thermal resistance
and have allowed scientists to develop general strategies to
regulate scattering between materials [23,24]. However,
while these general models have occasionally predicted
thermal impedance across three-dimensional bulk materials
with relatively good accuracy, they are not suitable for low-
dimensional nanoparticles.

Scientists are now beginning to examine interfacial heat
flow between nanoparticles in more fundamental ways. When
nanoparticles come into contact with another material,
thermal energy carrier propagation is generally known to be
inhibited by three primary factors: (1) the contact area
between the nanoparticle and the alternate material (thermal
constriction resistance), (2) the mismatch in the vibrational
harmonics of energy carriers (i.e. phonon spectra) and/or the
flow of electronic energy carriers between the materials
(thermal boundary resistance) and (3) how well the nanopar-
ticle and alternate material are bonded together (thermal
constriction resistance). The contacting region(s) over which
these phenomena are important are shown in Figure 1(a)-
(c) for: contacting nanoparticles (Figure 1(a)), a nanoparticle
in contact with a surrounding material (Figure 1(b)) and a
nanoparticle in contact with a substrate (Figure 1(c)). In this
review, we discuss the relative importance of each of these
three physical mechanisms for each of the configurations
shown in Figure 1(a)-(c). To this end, we review: (1) the
magnitude of the interfacial thermal resistance that has been
experimentally measured (or computationally determined) at
each type of interface, (2) the state-of-the-art experimental
techniques that are currently being used for determining heat
flow at each type of interface and (3) novel methods to
augment heat flow at different types of nanoparticle inter-
faces. Several remaining issues that pertain to heat flow at
nanoparticle interfaces are discussed and future research
needs in this area are projected.

Heat flow at nanoparticle-substrate interfaces

Many of the common components in future devices and
materials are expected to feature some arrangement of

nanoparticles that are in contact with a substrate. For
instance, it is expected that nanoparticles will be arranged
into pathways in order to achieve high rates of electrical
transport using the quantum confinement of electrons for
the development of next-generation integrated circuitry
[25,26]. This is made possible by the long mean free path of
electrons in most metals; however, heat energy carriers
(i.e. phonons) within nanoparticles do not have such long
mean free paths. As a result, thermal transport is severely
impeded at the region(s) where scattering is most likely to
occur (at defect sites for nanoparticles with characteristic
dimensions >100nm and at physical interfaces for both
ballistic- and diffusive-dominated transport regimes). This issue
can lead to catastrophic device failure for both semiconducting
and metallic nanoparticles and substrates. Thus, it is essential
for scientists and engineers to better understand the heat flow
physics at nanoparticle interfaces in order to precisely control
thermal transport within larger systems and devices.

Heat flow physics at nanoparticle-substrate
interfaces

Several analytical models have been developed that describe
the physics of heat flow at the junction between a nanoparticle
and a substrate. Bahadur et al. [27] were among the first to
construct a physical model to analyze heat flow at this type of
junction. In their study, the authors chose to model heat flow at
the interface between both spherical and cylindrical nanopar-
ticles resting on top of a semi-infinite substrate, as shown in
Figure 2.

In this analysis, the surfaces of both the nanoparticle and
substrate are considered to be perfectly smooth. Additionally,
the distance between the nanoparticle and substrate is
estimated to be the sum of the van der Waals radii of the
nanoparticle and substrate atoms. Thus, the van der Waals
potentials are said to dominate the contact force; as such, the
weight of the nanoparticle can be neglected in the calculation
of interfacial constriction resistance. The van der Waals forces
between all atoms are a function of the separation distance to
the sixth power, and are calculated according to Eq. (2).

/4

Unanoatom substrateatom = — 5_6 (2)
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Figure 2 Model used for analytical analysis of heat flow at
nanoparticle-substrate interface; nanoparticle (spherical or
cylindrical) of diameter D rests on a semi-infinite substrate.
Figure adapted from refs. [27] and [28].
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In EQ. (2), Unanoatom substrateatom i the van der Waals potential
between a nanoparticle atom and a substrate atom, g
represents the Lifshitz van der Waals constant and s is the
distance between the nanoparticle and substrate atoms. The
total van der Waals interaction force of all atoms acting upon
one another in this arrangement is then computed according
to Eq. (3).

__A v(D yly 3)
v+0*

In Eq. (3), A is the Hamaker constant (NSan/}nz, where Ns and
Nnp are the number of substrate atoms and nanoparticle
atoms, respectively, that interact with one another according
to the geometry of Figure 2), D is the diameter of the
nanoparticle (nm) and [ is the characteristic dimension of the
nanoparticle (nm). The line contact width (denoted by ‘2b’ in
Figure 2) can then be calculated by evaluating the elastic
strain of the nanoparticle, which is based on the van der
Waals contact force (Eq. (3)) [27]. The thermal constriction
resistance at the interface is calculated based on a simple
resistance analysis; that is, the individual nanoparticle
thermal resistance, substrate thermal resistance and gap
thermal resistance are calculated and summed in series. The
gap thermal resistance is defined as the thermal resistance
from the substrate through the surrounding medium (i.e. air,
water, etc.) and subsequently into the nanoparticle. Each
thermal resistance is defined in Eqs. (4)-(7).

vdw

1 2D 1
Rop = ok " (F) ~ 2Uoknp “)
1 D
Rs= ke n (E) (5)
1
Reap = 2lpks {cot(sin -1 %) - (% + 1)} (6)
(Rnp+Rs)Rgap

@)

Rconstrlctlon (Rnp +R$)+Rgap
In Egs. (4)-(7), lp is the length of the nanoparticle that is in
contact with the substrate, k,, is the nanoparticle thermal
conductivity, ks is the substrate thermal conductivity and ky is
the thermal conductivity of the material in the gap between
the nanoparticle and the substrate. It is clear that the
model's accuracy relies heavily on determining the precise
thermal conductivity of each relevant material. Additionally,
while the development of this model accounts for both the
adhesion energy and the size of the constriction that is
formed between a nanoparticle and a semi-infinite substrate,
it does not take into account any additional microscale
physics that may affect thermal transport at the interface.
Prasher [28] reexamined the nature of this problem and
modified the work of Bahadur et al. [27] to include the
effects of additional microscale thermophysics at the inter-
face between a non-metallic nanoparticle that is in contact
with a non-metallic substrate. The author apportioned this
work into three distinct physical models that are based on
additional microscale thermophysics: (1) the diffusive limit
when the phonon spectra between the nanoparticle and the
substrate are equivalent (i.e. the characteristic dimension
of the constriction is much larger than the phonon mean
free path and the nanoparticle and substrate are composed

of the same material), (2) the ballistic limit when the
phonon spectra between the nanoparticle and the substrate
are equivalent (i.e. the characteristic dimension of the
constriction is smaller than the phonon mean free path and
the nanoparticle and substrate are composed of the same
material) and (3) the ballistic limit when phonon spectra
between the nanoparticle and the substrate are not equiva-
lent (i.e. the characteristic dimension of the constriction is
smaller than the phonon mean free path and the nanopar-
ticle and substrate are composed of different materials).
Eq. (8) defines the thermal constriction resistance between
a non-metallic nanoparticle and a non-metallic substrate
made of the same material when phonon transport occurs in
the diffusive regime.

1
Rconstriction diffusive = % (8)

Eq. (8) is known as the Maxwell constriction resistance and is
only dependent on the contact geometry between the nano-
particle and the substrate. Compared to the work done by
Bahadur et al. [27], this represents an even simpler physical
model and is accurate only for a handful of configurations due
a lack of sufficient physics (such as the bonding energy
between the substrate and the nanoparticle).

On the other hand, ballistic transport through the constric-
tion allows for the unimpeded passage of phonons within or
through a structure. For this case, Prasher [28] considers the
flow of phonons through a constriction to be analogous to the
flow of gas molecules through an orifice; in both circum-
stances, the mean free path of the pertinent energy carrier is
significantly larger than the interface geometry. This simplified
model reduces the complexity of phonon transport in that only
acoustic phonons need to be considered, as the group velocity
of optical phonons is very small relative to that of acoustic
phonons. Considering transverse conduction only through the
constriction (‘2b’ in Figure 2), the authors construct an energy
balance that describes the heat flux at the nanoparticle-
substrate interface in Eq. (9).

/ / o / Y__he " D(w)dwdod 9)
9= 471'3 exp(hw/kyT) 0w ¢

The heat flux shown in Eq. (9) (q) is based on the group
velocity of the acoustic phonons, v, (m/s), the phonon fre-
quency, o, the phonon density of states, D(w), the polar angle
6 and the azimuthal angle ¢ of the atomic arrangement of
molecules within the material. Upon applying a temperature
gradient across the junction along with using the traditional
definition of contact resistance at an interface (Reontact=(AT)/
gA), Eq. (9) can be solved to produce a thermal constriction
resistance at the nanoparticle-substrate interface when heat
flow is considered to be in the ballistic regime. The result of
this derivation is given in Eq. (10).

41
Rconstriction ballistic = m (10)
e

As is shown in Eq. (10), heat flow in the ballistic regime is a
direct function of the phonon mean free path, [ (nm), the
harmonic mean thermal conductivity at the constriction
(ke=2k1ky/ (k1 +kz), W/mK) and the area of the constriction,
A (nm?) when the nanoparticle and substrate are of the same
material. In a comparison to the model developed by Bahadur
et al. [27], Prasher [28] evaluates the same 1pm long Si
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nanowire on a Si substrate and finds that the model developed
by Bahadur et al. [27] significantly underestimates the contact
resistance at the interface. This is because the constriction
size formed by the Si nanowire and Si substrate is ~2 nm,
whereas the mean free path of phonons in crystalline Si is
~250 nm. Thus, most of the thermal constriction resistance
occurs in the ballistic regime rather than the diffusive regime.

A more accurate determination of the thermal constriction
resistance can be obtained by summing the thermal resis-
tances in both the diffusive and ballistic regimes. For a
nanoparticle resting on a substrate of the same material,
the thermal constriction resistance at the junction can be
reduced to a form that is a function of the Knudsen number
({/a) such that when Kn—0, the thermal constriction resis-
tance is dependent only on the diffusive phonon physics,
whereas when Kn— oo, the thermal constriction resistance
is only a function of ballistic phonon physics. This type of
analysis helps to elucidate the pertinent physics associated
with heat flow at the interface between a nanoparticle and
substrate made of the same material. However, very rarely are
these two materials the same when integrated into devices.
Thus, it is imperative that additional physics be accounted for
in an alternate model when dealing with dissimilar materials.

When the nanoparticle and substrate are composed of
different materials, phonons will reflect at the boundary
due to the differences in the vibrational harmonics between
lattice structures. This reflection is expressed in terms of a
transmission coefficient, a, and can be used to construct an
energy balance in order to solve for heat flow across the
interface. The heat flow can then be related to Reontact (as
was done for Eq. (10)) and the thermal boundary resistance
can be extracted. Using these relations, the thermal
boundary resistance (R;) is calculated according to Eq. (11).

4
Ry a152C1 Vg an
In Eq. (11), the thermal boundary resistance is a function of
the transmission of phonons from material 1 to material 2
(a1-2), the heat capacity of material 1 and the phonon group
velocity of material 1. However, calculating R, analytically is
challenging due to the number of unknown parameters in
Eq. (11), which often require experiment or great computa-
tional expense in order to determine their values where no
analytical formulations are present. Thus, the development of
a more accurate physical model describing the thermal
boundary resistance at a nano-sized junction between two
dissimilar materials will be critical for the successful
integration of nanoparticles into future devices. Never-
theless, one can use an experimentally determined value
of thermal boundary resistance in order to resolve the total
thermal boundary resistance at a nano-sized interface
between two dissimilar materials. As an example, the total
interfacial thermal resistance across a circular constriction
when phonon transfer occurs within the ballistic regime is
given in Eq. (12).

1 { 1 2Rbk]

Roe= 212 |1 226

In this section, heat flow through a nano-sized interface is
shown to depend on three primary factors: (1) the area of
the interface, (2) the strength of the bond between the
nanoparticle and the substrate and (3) the phonon spectra

(12)

mismatch when two dissimilar materials come into contact
with one another. It is also clear that the size of the
interface dictates the phonon transport regime, which has
a significant effect on heat flow across a nanoparticle-
substrate junction. Additionally, when phonon transport is
diffusive, the adhesion energy between the nanoparticle
and the substrate is considered to be the dominant mechan-
ism affecting heat flow at the interface. Finally, when the
nanoparticle and substrate are not fabricated from the
same material, the magnitude of phonon reflection at the
junction is the most significant contributor to heat flow at
the nanoparticle-substrate interface. These results suggest
that the selection of materials and their geometries should
have a significant impact on heat transfer in device archi-
tectures. However, while these analytical models (and other
analytical/computational models [29]) describe the physics
associated with semiconducting materials fairly well, there
is still a need to develop more robust physical models that
describe the interaction between phonons and electrons
at metallic/metallic and metallic/semiconducting nano-
particle-substrate interfaces. Additionally, there have been
relatively few theoretical studies that address modifications
to the adhesion energy at nanoparticle-substrate interfaces.
Until reliable methods for determining the interfacial thermal
resistance across multiple, low-dimensional material combina-
tions are developed, scientists will be forced to rely on either
experiment or numerical simulation in order to extract the
interfacial thermal resistance between a nanoparticle and a
substrate.

Thermal metrology and interfacial thermal
resistance at nanoparticle-substrate interfaces

The interfacial thermal resistance between a nanoparticle
and a substrate has been measured in two ways: (1) using

I um

Figure 3 3-o measurement apparatus for determining nano-
particle thermal conductivity and interfacial thermal resistance
between a nanoparticle and a substrate. Figure adapted from
ref. [30].
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the 3-o method and (2) using non-contact, optical methods.

The 3-» method uses a set of microheaters/thermometers
that act as both a heat source and heat sink in order to
measure the thermal properties of a nanoparticle that is
suspended across them. A current is applied to the circuit
containing the metallic leads and the suspended material,
and the voltage difference across the leads is measured using
a Wheatstone bridge and lock-in amplifier. The nanoparticle's
characteristic length, thermal conductivity and the nanopar-
ticle-substrate contact area can then be used to calculate the
thermal resistance at the nanoparticle-substrate junction. An
example of a 3-o device is shown in Figure 3 [30].

NIR Laser |

Material

One disadvantage of this method is that it can only be used
to measure the interfacial thermal resistance between a
cylindrical nanoparticle and a substrate due to its geometrical
constraints. Additionally, materials limitations restrict the use
of this experiment to only a few nanoparticle-substrate
combinations; in this case, the materials used to construct
the leads must have well-defined temperature coefficients of
resistance (such as platinum) in order to precisely measure the
thermal transport rates across them. Despite its limitations,
however, the 3-o technique does allow for remarkable insight
into the physics that control heat flow at different types of
nanoparticle-substrate junctions.

CNT Films

Figure 4 Non-contact technique for measuring interfacial thermal resistance between nanoparticles and a substrate. Figure

adapted from ref. [31].

Table 1 Interfacial thermal contact resistance between different nanoparticle/substrate combinations.

No. Nanoparticle type Substrate T (K) Contact width Thermal boundary Reference
material (2b) (nm) resistance (experiment) m?K/W
1 Carbon nanofiber (d=125nm) Pt 150 10.00° 2.30x107° [34]
2 Carbon nanofiber (d=125nm) Pt 300 10.00° 1.21 x 1073 [34]
3 MWCNT (d=25nm) Cu 300 1.10 2.39 x107° [32]
4 MWCNT (d=25nm) Al 300 1.03 3.02x10°¢ [32]
5  MWCNT (d=25 nm) Ni 300 1.08 2.28 x10~° [32]
6  MWCNT (d=25nm) Au 300 1.31 3.95x107¢ [32]
7  MWCNT (d=25 nm) Ag 300 2.04 3.84x10°¢ [32]
8  MWCNT (d=25nm) Ti 300 0.96 2.76 x 10~° [32]
9  MWCNT (d=25nm) PMMAP 300 5.04 9.32 x 1077 [32]
10  MWCNT (d=25 nm) EP® 300 -€ 1.53x10°° [32]
11 MWCNT (d=25 nm) S.E.P 300 -© 1.72x10°¢ [32]
12 MWCNT (d=25 nm) PE® 300 5.09 1.79 x 107° [32]
13 MWCNT (d=25nm) PET® 300 5.15 1.79x10°¢ [32]
14 MWCNT (d=25 nm) pvCP 300 5.23 1.49 x 107° [32]
15 InAs nanowire (d=70 nm) Pt 350 1.70% 3.51x 107 [35]
16 MWCNT (d=14 nm) Pt 300 1.00% 5.12 x 1077 [36]

2Extracted directly from reference.

5PMMA=Poly(methyl methacrylate), EP=Epoxy resin, S.E.=Silicone elastomer, PE=Polyethylene, PET=Poly(ethylene terephtha-

late), PVC=Poly(vinyl chloride).

CInsufficient data available for analytical calculations.


Administrator
矩形


144

R.J. Warzoha, A.S. Fleischer

An alternative way to measure the thermal resistance at
nanoparticle-substrate junctions is to drive a heat flux
through a series of aligned nanoparticles that are in contact
with a substrate. To accomplish this, Li et al. [31,32] direct a
laser at the midpoint of a nanoparticle array, the ends of
which are in contact with different types of substrates. Once
the system reaches a quasi-equilibrium state, a thermal
resistance analogy is applied at the junction between
MWCNTs and various substrates in order to extract a value
for interfacial thermal resistance using Eqs. (13) and (14).

Qnanoparticle = ATnanoparticle'/ Rnanoparticle (1 3)

R ATb Acontact 14

junction = T A ( )
A nanoparticle cross — section

In Egs. (13) and (14), Q;,anopa,ticle represents the steady-state
heat flux across the nanoparticle array that is supplied by the
laser, ATpanoparticie is the temperature drop from point L to
point M in Figure 4 (as measured by an infrared thermo-
meter), Rnanoparticte 1S the intrinsic thermal resistance along
the length of the nanoparticles (L to M in Figure 4), AT, is the
temperature difference between points A and B in Figure 4,
Acontact 1S the real contact area between the nanoparticles
and the substrate, A; oss-section 1S the cross-sectional area of
the nanoparticle sheet and Rjynction s the interfacial thermal
resistance at the nanoparticle-substrate junction. Like the
3-w technique, this technique is only suitable for relatively
long, cylindrical nanoparticles. Additionally, the uncertainty
of this method is substantially higher than the 3-w technique
due to the unknown number of nanoparticles that may come
into contact with one another. However, it is significantly
more economical to use than the 3-w technique because it
does not require any advanced nano scale manufacturing.
Furthermore, when using this method to measure the inter-
facial thermal resistance between different substrates and
the same type of nanoparticle, the results can reveal the
significant physics at the nanoparticle-substrate interface.

In Table 1, experimentally obtained values of interfacial
thermal resistance between different combinations of
nanoparticles and substrates are given. In this table, the
nanoparticles are held at the surface by van der Waals forces
only. Thus, comparing these experimental values allows us to
determine the effect of contact area and phonon spectra
mismatch on thermal transport across a nanoparticle-sub-
strate interface.

Tests 1 and 2 in Table 1 reveal the effect of temperature
on the thermal boundary resistance between a carbon nano-
fiber and a platinum substrate. It is clear from this study that
the thermal boundary resistance between a low-dimensional
nanoparticle and a semi-infinite substrate is a strong function
of temperature. This was confirmed by Zhang et al. [31], who
found that both the trend describing thermal boundary
resistance in this arrangement and the degree to which the
thermal boundary resistance is a function of temperature
vary greatly between different sets of nanoparticle/substrate
combinations. A composite of this data is given in Figure 5,
where the thermal boundary resistance is normalized against
the intrinsic thermal resistance across the CNTs as well as the
contact area between the CNT and the substrate. It is
interesting to note that the carbon nanofiber-Pt substrate
thermal boundary resistance is significantly higher than any
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Figure 5 Temperature-dependent thermal boundary resistance
at MWCNT-substrate junctions. Figure adapted from ref. [31].

of the other test samples in Table 1. This is potentially due to
the higher dimensionality of the nanoparticle, which can lead
to poor thermal transport at interfaces and, consequently,
low rates of thermal enhancement within bulk materials and
devices [33].

Tests 3-14 in Table 1 identify the effect of substrate
material properties on the thermal boundary resistance at
nanoparticle-substrate junctions. For the purely metallic
substrates (tests 3-8), the contact geometry appears to have
less to do with impeding heat flow than the substrate's
thermophysical properties. According to Eq. (11), this effect
is likely due to the discrepancy between the phonon group
velocities of the MWCNT and each corresponding substrate
material. For instance, the phonon group velocity in copper
(4.6 km/s) is less than the phonon group velocity in aluminum
(6.4 km/s), resulting in a higher interface resistance at the
MWCNT-copper junction. When the Diffuse Mismatch Model is
used to calculate aq_, with these group velocities, phonon
transmission at the MWCNT-aluminum interface is nearly
double that of the MWCNT-copper interface. Thus, the
thermal boundary resistance at the MWCNT-aluminum inter-
face is nearly half that of the MWCNT-copper interface
according to Eq. (11). When one takes into account the
discrepancy in the size of the constrictions between the two
samples as well as the error associated with the Diffuse
Mismatch Model, the results in Table 1 suggest that the
greatest contributor to heat flow impedance at nanoparticle-
metallic substrate interfaces is the mismatch in phonon
spectra between the two materials. This is further elucidated
when one examines the differences in the values of thermal
interface resistance between metallic and polymer-based
substrates, the conclusion of which is supported by studies
that examine the nature of heat flow at polymer wrapped
nanoparticle interfaces [37,38]. This remains true for the
additional nanoparticle-substrate material combinations listed
in Table 1.

Augmenting thermal transport at nanoparticle-
substrate interfaces

The data in Table 1 suggest that thermal transport at
nanoparticle-substrate junctions varies widely depending
on both the nanoparticle and substrate materials that are in
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contact with one another as well as the contact area at the
interface. As a result, scientists are investigating ways to
either mitigate or enhance the thermal impedance at this
type of interface in order to increase the performance of
different nanoparticle-substrate combinations for device
applications. A survey of one interfacial heat flow enhance-
ment technique is provided in Table 2.

Several groups have deposited an interstitial material
(platinum) at the interface between a nanoparticle and a
substrate in order to alter both the contact area and
‘phonon coherence’ at the junction. To date, this is the
only technique whose heat flow performance enhancement
has been measured at a nanoparticle-substrate interface.
However, several other techniques are available for increasing
the adhesion energy, contact area and phonon coherence at
this particular interface, including: chemical functionaliza-
tion [39], atomic layer deposition [40] and polymer wrapping
[41,42]. Furthermore, the adhesion energy can be quantified
using a nanoindenter with lateral force displacement, making
it feasible to obtain accurate calculations of thermal boundary
resistance as a function of the bonding strength between
nanoparticle-substrate interfaces [43]. It is critical that these
types of surface modifications be characterized and used for
altering thermal transport at nanoparticle-substrate interfaces
in the future.

Heat flow at nanoparticle-matrix interfaces

Nanoparticles are lightweight, have high surface area-to-
volume ratios and exhibit a wide range of thermal properties,
making them excellent candidates for use in next-generation
composite materials [44], thermal interface materials [45]
and thermal energy storage materials [46-50]. Several groups
have found that the effective thermal conductivities of
nanocomposites with very low volume fractions (up to 1
volume percent) are unusually high or low [51-53]. These
results suggest that the physics that occur within these
materials are much different at the nanoscale than the physics
that occur in composite materials containing macro-sized

Table 2
enhancement techniques.

particles. In this section, we review the physics that control
heat flow at the interface between a nanoparticle and a
surrounding solid or fluid. Further, different thermal metrology
techniques are reviewed; these techniques are allowing
scientists to determine additional physics at nanoparticle-
matrix interfaces and are critical for the development of next-
generation nanocomposite materials and devices. Finally, the
thermal boundary resistance between different types of
nanoparticle-matrix interfaces, as well as techniques that
are used to modify heat flow at this type of interface, are
evaluated by using a selective collection of studies that are
available in the literature.

Heat flow physics at nanoparticle-matrix interfaces

The interfacial thermal resistance between a nanoparticle
and a surrounding matrix material is typically determined
by finding a bulk nanocomposite's effective thermal con-
ductivity at different nanoparticle volume concentrations
and subsequently applying a physical model to this data set.
The physical models that relate the effective thermal
conductivity to the nanoscale physics that control heat flow
in nanocomposites typically include: (1) the intrinsic thermal
properties of each material, (2) the geometry of the nano-
particle(s) and (3) the interfacial thermal resistance at the
nanoparticle-matrix junction. Of course, the analytical models
detailed in the section describing the thermal resistance
between a nanoparticle and a substrate could be extracted
to fit this condition; however, there is ambiguity in defining
thermal transport within fluids at this length scale without
resorting to the use of complex statistical thermodynamics.
Instead, more general models are used to describe the physics
at nanoparticle-matrix interfaces when the matrix is com-
posed of a solid or a fluid [54-56]. Each of these models is
detailed in Table 3 and many more have been reviewed
extensively in the literature [57,58]. One additional model,
developed by Nan et al. [59], has become the leading
analytical tool used by scientists and engineers to date for
extracting the nanoparticle-matrix thermal boundary

Interfacial thermal contact resistance between different nanoparticle/substrate combinations and associated

No. Nanoparticle  Substrate T Contact Thermal Thermal resistance  Relative Reference

type material (K) width (2b) augmentation (experiment) m?K/W enhancement®
(nm) technique

1 Carbon Pt 150 50.00° Platinum 1.90 x 1073 1.21 [34]
nanofiber deposition
(d=125 nm)

2 Carbon Pt 300 50.00° Platinum 1.06 x 1073 1.14 [34]
nanofiber deposition
(d=125 nm)

15 InAs nanowire Pt 350 8.78° Platinum 1.81x10~7 1.94 [35]
(d=70 nm) deposition

17 MWCNT Pt 300 -€ Platinum 3.07 x 107 1.67 [36]
(d=14 nm) deposition

#Thermal resistance without enhancement-Thermal resistance with enhancement

PExtracted directly from reference.
“Insufficient information for calculation.
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Table 3 Physical models used to determine nanoparticle-matrix interfacial thermal resistance. Rearranged from
Refs. [54-56].

Model name Model® Nanoparticle type(s) Reference

Hasselman-Johnson 2K +Kp — 2¢(Km — Kp) — Ke(@Km +Kp + ¢(Kim — Kp)) /K Spherical [54]
Ke@KmKp + KmKpo D)/ Km — 2KmKp P+ ZKmKp /P

Prasher et al. 2Km +Kp —29(Km — Kp) —Ke(2Km +Kp +p(Km — Kp))/Km(1 + (PrRe/4)) Spherical [55]
Ke(2KmKp +KmKp@/p)/Km(1+ (PrRe/4)) —2KmKp /p +2KmKpp /P

Nanda et al. d<KuP</'/3Km((2Ke/Km)—1)—P) Cylindrical [56]

p

®Km=matrix material thermal conductivity, K,=nanoparticle thermal conductivity, ¢=volume fraction of nanoparticles, p=nano-
particle aspect ratio, Pr=Prandtl number, Re=Reynolds number, d=nanoparticle diameter.

resistance due to its inclusion of many different factors,
including complex geometries and nanoparticle orientation.
As such, we briefly describe the significant physics associated
with each of the models in Table 3 and provide an extended
interpretation of the relevant physics included in the model
developed by Nan et al. [59]. It should be noted that this
discussion is different than that which describes the physics
that dictate effective thermal conductivity of larger macro-
scale nanocomposites; a discussion on the effective thermal
conductivity of bulk nanocomposites necessitates the inclusion
of several other types of physics, including Brownian motion
[60], clustering [61,62], interparticle potential [63] and
thermophoresis [64]. Instead, we focus on the interfacial
physics associated with heat flow at nanoparticle-matrix
junctions. As such, the Nan model will be used to extract
the thermal boundary resistance between different nanopar-
ticle-matrix combinations from the literature in the following
sections.

Each of the equations in Table 3 can be used to compute
the interfacial thermal resistance between an individual
nanoparticle and a surrounding solid or fluid. In the first
model, developed by Hasselman and Johnson, the thermal
boundary resistance is primarily dependent on the aspect
ratio of the nanoparticle, p, and the ratio of the intrinsic
thermal conductivity between the nanoparticle and the
surrounding fluid. In this equation (as well as with all
others) the volume fraction (¢) can be used in order to
extract R, in tandem with simple experimentation. We
describe this procedure in the next section. Conversely,
the model developed by Prasher et al. [55] finds that the
thermal boundary resistance between a nanoparticle and a
surrounding matrix material is a function of Brownian fluid
movement in close proximity to the nanoparticle, in addi-
tion to the physical mechanisms described by the Hassel-
man-Johnson model [54]. This model is only applicable
for nanoparticle-fluid interfaces, while Brownian motion
remains controversial in terms of its magnitude effect on
thermal transport in bulk materials as well as at nano-sized
interfaces. Finally, the model developed by Nanda et al.
[56] reveals that the interfacial thermal resistance at a
nanoparticle-matrix interface is primarily a function of the
nanoparticle's geometry.

Recently, a benchmark study was conducted in order to
assess the validity of different thermal characterization tech-
niques and physical models for determining the effective
thermal conductivity and nanoparticle-matrix thermal boundary
resistance for different nanoparticle/matrix combinations [65].

The authors of this study found that the model developed by
Nan et al. [59] most accurately captured the interfacial
thermophysics between different nanoparticles and fluids. This
model has also been used extensively in studies that examine
the nature of heat flow between nanoparticles and solid
matrix materials. As such, it is critical to include a detailed
discussion of the pertinent physics that are described by
this model.

The model developed by Nan et al. [59] is based on the
assumption that an interstitial layer with thermal conduc-
tivity K;, whose thickness is represented by &, resides
between a surrounding matrix material and the nanoparti-
cle. This interstitial layer is realistically meant to represent
different phenomena that impede heat flow between the
matrix and the nanoparticle, including: (1) phonon spectra
mismatch, (2) contact area, (3) adhesion at the interface
and (4) the thickness and thermal transport of/through a
disoriented layer of matrix material atoms that surround the
nanoparticle. The authors begin their investigation of these
physics by constructing a unit cell that contains a single
nanoparticle, a surrounding matrix material and an inter-
stitial layer. Given an elliptical nanoparticle of i=n axes,
Eq. (15) can be used to determine the axial equivalent
thermal conductivity of the nanoparticle-interstitial layer-
matrix composite.

ks+Lij(kp — ks)(1 —v) +v(kp — Ks)
ks + Lii(kp — ks)(1 =)

In Eq. (15), v and L; are parameters that are a direct
function of the nanoparticle's geometry [59]. Given that ks
and & are not known apriori, Eq. (15) cannot be used to
directly obtain the thermal boundary resistance between
the nanoparticle and the matrix. However, by passing
through the limit §—0 and k;—0, Eq. (15) can be rewritten
as Eq. (16).

kii = kp /(14 (yLiikp / km)) (16)

In Eq. (16), y is a function of interfacial thermal resistance,
denoted by «a, and the nanoparticle geometry [59]. The
interfacial thermal resistance is defined in Eq. (17).

ax = Repkm (17)

kii = ks (15)

In Eq. (17), Rgp is the thermal boundary resistance between
the nanoparticle and the matrix and k, is the thermal
conductivity of the surrounding matrix material. Thus, one
can extract the thermal boundary resistance based entirely
on the thermal properties and geometry of the nanoparticle
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and surrounding matrix material. Currently, this represents
the most sophisticated model for describing the thermal
boundary resistance between the nanoparticle and the
surrounding matrix material. It is clear, though, that the
phonon transport in the ballistic regime should be consid-
ered in order to further elucidate the role of nanoscale
thermal transport at nanoparticle-matrix interfaces. Min-
nich and Chen [66] offer an initial formulation for the
thermal boundary resistance at a nanoparticle-matrix inter-
face in the ballistic regime; however, a comparison to
experimental data is still needed for verification of the
model, while additional insight into electron-phonon cou-
pling at metallic interfaces should also be investigated.
Nevertheless, we use the model developed by Nan et al.
[59] in order to extract the thermal boundary resistance at
nanoparticle-matrix interfaces in the studies that are used
in the next section. We then compare this to state-of-the-
art methods that are used to determine the interfacial
thermal resistance at different types of nanoparticle-matrix
interfaces.

Thermal metrology and interfacial thermal
resistance at nanoparticle-matrix interfaces

The interfacial thermal resistance between an individual
nanoparticle and a surrounding matrix material is conven-
tionally determined by measuring the effective thermal
conductivity of a dilute nanocomposite and applying the
physical model developed by Nan et al. [59]. The effective
thermal conductivity of different nanocomposite materials
can be measured using a variety of different techniques,
including: (1) the guarded hot-plate technique (for either
solid or liquid nanocomposites) [67], (2) the transient hot-
wire technique (for liquid nanocomposites, also known as
nanofluids) [68], (3) the transient plane source technique
(for either solid or liquid nanocomposites) [69,70], (4) the
3-o method (for liquid nanocomposites) [71], and (5) the
laser flash thermal diffusivity technique (for either solid or
liquid nanocomposites) [72]. These techniques vary in
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accuracy and required measurement time, but all have
been used extensively in the literature.

An illustration of the technique used to extract the thermal
resistance at the nanoparticle-matrix interface with effective
medium approximation is provided in Figure 6, which contains
distributions of the effective thermal conductivity as a func-
tion of nanoparticle volume fraction and a corresponding
linear curve fit that is used to extract the thermal boundary
resistance. In this figure, ¢, represents the volume fraction of
nanoparticles, ¢. is the critical volume fraction at which the
nanoparticles begin to percolate, k. is the effective thermal
conductivity of the nanocomposite and k, is the matrix
material thermal conductivity. In a study conducted by Zhang
et al. [73], SWCNTs were embedded within an epoxy in the
dilute limit. If we apply a linear curve fit to the data, we can
extract the thermal boundary resistance by comparing the
equation obtained by the curve fit to the equation that models
the thermal conductivity of randomly oriented cylindrical
inclusions in ref. [66] and solve for R,. A similar procedure
was used to derive the thermal boundary resistance at the
AL,03-H,0 interface in the work by Xie et al. [74]. At first
glance, the data presented within this figure reveal that the
thermal boundary resistance at a nanoparticle-matrix inter-
face can vary substantially between different sets of nano-
particle-matrix combinations. To date, no single study has
compared the results of multiple studies in order to observe
the variances in thermal boundary resistance as a function of
nanoparticle type, nanoparticle geometry and matrix material
type. In this review, we provide a limited interpretation of
some of the physical mechanisms that alter the thermal
boundary resistance based on the aforementioned para-
meters. However, many additional studies are needed in order
to quantitatively assess the influence of these parameters, and
others, on interfacial heat flow at nanoparticle-matrix junc-
tions with confidence.

An alternative method for determining the thermal
boundary resistance at a nanoparticle-matrix interface is
being used by a handful of research groups. This state-
of-the-art technique uses transient absorption to measure
the thermal boundary resistance at nanoparticle-matrix

k/k, =2.7883(D /D)
+0.9564 O

O

k/k,, = 0.4711(® /D,)
+1.0004

0 0.05 0.1

OSWCNT/EG [73]

0.15
/D,
AAI203/H20 [74]

0.2 0.25 0.3 0.35

Figure 6 Technique for calculating thermal boundary resistance at nanoparticle-matrix interfaces using modified effective medium
theory. Data extracted from refs. [73] and [74]. The transient hot-wire apparatus is used to measure the effective thermal
conductivity of both types of nanoparticle suspensions in refs. [73] and [74].
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interfaces. Transient absorption measurements are made using
a modified modulated laser apparatus [75-77]. For this techni-
que, the temperature decay of the nanoparticles after modula-
tion is measured using a series of sub-picosecond pulses
within relevant absorption spectra (graphene, for instance,
exhibits absorption peaks within a wavelength range of
740 nm > 4> 840 nm). The resulting temperature decay time
can then be used to calculate the interface conductance (G)
using Eq. (18):

r=C/AG (18)

In Eq. (1), 7 is the temperature decay time (ps), C is the heat
capacity of the nanoparticle (J/K), A is the area of the nano-
particle (m?) and G is the interface conductance (W/m?K).
Examples of the transient absorption distribution resulting
from a single measurement are shown in Figures 7 and 8.
Because the spatial resolution is on the order of nm, the
interface conductance can be determined across different
atomic layer configurations. For instance, if a surfactant is
used to stabilize the nanoparticle so as to avoid nanoparticle
settling, the interface conductance can be calculated for the
nanoparticle-surfactant and surfactant-matrix interfaces by
simply manipulating the absorption spectra. For example, this
technique has been used to determine that the thermal
contact conductance between a semiconducting CNT and a
surfactant is significantly higher (11.5 MW/m?2K) than between
a metallic CNT and a surfactant (9 MW/m?K) [76]. In the
future, this will also allow for further insight into the effect of
heat flow across surface functional groups for tuning thermal
transport at nanoparticle-matrix interfaces.

The interfacial thermal resistance at a sampling of
seventeen total nanoparticle-matrix material junctions is
shown in Table 4. The studies that were used to produce the
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Figure 7 Example of absorption decay used to extract the
thermal boundary resistance between a single nanoparticle and
a surrounding matrix material using optical techniques. Extracted
from Ref. [22].

120 b . ® Motallic CNTs with 8DS
A ® Semiconducting CNTs with SDS
=100 Thermal modeling
- !
g =80
o 3
e. 60 ’
g «of N
Yo
(9
20 F Tty
- VSt ao st W ¢
ot (c) R S RIS
10 100 1000
Time (ps)

Figure 8 Example of absorption decay used to extract the
thermal boundary resistance between a single nanoparticle and
a surrounding matrix material using optical techniques. Extracted
from Ref. [76].

data in Table 4 were chosen for this review based on two
criteria: (1) the nanoparticles are within the dilute limit
(i.e. they do not percolate) and (2) all dimensions and
thermophysical properties of the nanostructures are sup-
plied by the studies' authors. We could not find additional
studies beyond those listed in Table 4 that met both of these
criteria. In order to satisfy our first criterion, Eq. (19) was
used to determine the volume fraction at which the
nanoparticles begin to percolate (otherwise known as the
critical volume fraction, ¢.) [78].

_062
p

In Eq. (19), p represents the aspect ratio of the nano-
particle. For this work, only studies that include three or
more data points at volume fractions below ¢. are used
to extract the thermal boundary resistances in Table 4. The
data in Table 4 appear to suggest that the thermal boundary
resistance varies greatly as a function of nanoparticle geo-
metry, type and materials combinations, which contra-
dicts the results presented in a recent benchmark study that
claimed the thermal boundary resistance at this interface is
more or less independent of these parameters [65]. This
discrepancy is potentially due to the wider range of sample
types examined in this review. Additionally, significant error
may result in [65] due an insufficient number of measure-
ments for each type of nanoparticle (i.e. measurements
must be taken for at least three volume loading levels
in order to create a highly accurate linear best fit curve for
the extraction of thermal boundary resistance; in many
instances, measurements are reported at only two volume
loading levels). Results for one of the most common nano-
fluids (Al,03-H,0) suggest that the thermal boundary resis-
tance at this type of interface can vary by over two orders
of magnitude, which is well above the error associated with
the individual measurement techniques and/or the curve
fitting procedure used to solve for R,,. In this case, it is clear
that the size of the nanoparticle has a marked effect on
thermal boundary resistance, though it should be noted that
none of these studies describe the surface conditions of the
individual particles. It is therefore suggested that additional
benchmarking studies be done in order to eliminate poten-
tial discrepancies in surface characteristics and to verify
that the nanoparticle-matrix contact area can in fact have a

b (19)
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Table 4

Interfacial thermal resistance at different nanoparticle interfaces for selected nanoparticle composite materials.

Matrix material Nanoparticle type

Nanoparticle shape Nanoparticle
diameter (nm)

Nanoparticle
aspect ratio

Thermal boundary  Ref.
resistance (m?% K/W)

H,0 AL, 05 Spherical
H,0 ALO3 Spherical
H,0 ALO3 Spherical
H,0 ALLO; Spherical
H,0 ALO3 Spherical
EG SWCNT Cylindrical
EG SWCNT Cylindrical
EG ALLO; Spherical
EG ALO3 Spherical
EG Nanodiamond Spherical
Epoxy SWCNT Cylindrical
Epoxy Silica Spherical
Epoxy FLG® Plate
Paraffin HGNF© Cylindrical
Cu MWCNT Cylindrical

36.0 1 1.8x 1078 [79]
20.0 1 1.0x 1078 [73]
47.0 1 1.9x107° [80]
45.0 1 1.3x 1078 [81]
60.4 1 2.0x 101 [74]

1.0 100 6.5x10~° [82]

1.2 300 2.4x107° [83]
50.0 1 3.0x107° [84]
45.0 1 3.2x10°8 [81]

4.0 1 4.5x10°1° [85]

1.1 152 2.4%x107° [86]
32.5 1 5.2x10~° [87]
25.0° 1200 6.8x 107 [88]
100.0 1000 6.8x10~* [33]
12.5 400 8.3x10°8 [89]

2FLG=Few Layer Graphene.
PThickness.
“HGNF =Herringbone Graphite Nanofiber.

two-order of magnitude effect on thermal transport at this
type of interface.

A closer examination of Table 4 also reveals that the
types of materials that are in contact with one another have
a strong effect on the interfacial thermal resistance
between them. For instance, when examining the SWCNT-
matrix interfaces, one observes that the matrix material has
a significant impact on thermal transport at the junction.
Here, the SWCNT-H,0 thermal boundary resistance [22] is
approximately 8.3 x 10-8m2K/W, whereas the thermal
boundary resistance at both the SWCNT-ethylene glycol
and SWCNT-epoxy interfaces is over an order of magnitude
lower. These discrepancies highlight the strong effect of
phonon spectra mismatch at the interface due to either a
stronger molecular attachment between the matrix mate-
rial atoms and the nanoparticle atoms, or a more ordered
molecular arrangement at the nanoparticle-matrix bound-
ary. Interestingly, the thermal boundary resistance is
remarkably high for nanoparticles whose surfaces are not
cylindrical or spherical. The thermal boundary resistance
escalates considerably as the nanoparticle dimensionality
increases based on the results for graphene nano platelets
(2D) and graphite nanofibers (3D). Considering the relatively
small sample size of the studies used to produce the data in
Table 4, it is clear that additional experimental work is
needed to reveal greater insight into the nature of heat flow
across a nanoparticle-matrix material interface as a func-
tion of materials combinations, atomic arrangements and
nanoparticle surface conditions.

Several studies have attempted to gain insight into these
phenomena via atomistic simulations [90-96]. Xue et al. [95]
used molecular dynamics simulations to determine the effect
of liquid layering on thermal transport at a nanoparticle-liquid
interface. The authors alter the strength of the bonding
energy between liquid atoms in order to adjust the ordering

of the liquid at the interface. When a temperature gradient is
imposed across the solid-liquid interface, the authors notice
no difference in thermal transport as a function of the degree
to which the liquid atoms are “ordered”, or arranged, at the
interface. Thus, the authors theorize that the arrangement of
atoms has little to do with thermal transport at the interface.
In an additional study, the authors examine the role of
intermolecular interactions between solid and liquid atoms
on thermal transport at a nanoparticle-matrix interface [96].
Interestingly, the authors find that the bonding strength (or
adhesion energy) between the solid and liquid atoms has a
profound effect on thermal transport at the interface. Their
results suggest that the thermal boundary resistance across
the interface can be varied by nearly an order of magnitude
over a relatively small range of adhesion energy between the
solid and matrix-material atoms, which agrees relatively well
with the analytical predictions made by Prasher [97]. While
this result is promising, significantly more experimental
measurements are required for its validation. It is suggested
that future experimental studies examine the atomic arrange-
ment and bonding strength at the interface using transmission
electron microscopy (TEM) and micro-Raman/x-ray diffraction
(XRD) studies, respectively, in tandem with state-of-the-art
thermal characterization techniques (such as the optical
absorption technique).

Augmenting thermal transport at nanoparticle-
matrix interfaces

Recently, scientists have attempted to adjust interfacial heat
flow by modifying the nanoparticles' surface conditions.
A sampling of studies that have examined the role of
nanoparticle surface characteristics on thermal transport at
the nanoparticle-matrix interface is given in Table 5. Most
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Table 5
selected nanoparticle composite materials.

Enhancement of thermal boundary resistance using surface modifications at different nanoparticle interfaces for

No. Matrix material Nanoparticle Enhancement method Nanoparticle Relative Ref.
type diameter enhancement?®
(nm)
1 Octane (polymeric) SWCNT Covalent attachment of octane 0.7 3.40 [98]
molecules
2 Epoxy FLGP Nitric acid functionalization 25¢ 1.25 [88]
3 H,0 Silica —OH functionalization (n=8)¢ N/A® 0.92 [99]
4 H,0 Silica Self-assembled monolayers (n=8)¢ N/AS 2.0 [99]
5 Silicone oil MWCNT HNO3/NaOH and 40 1.5 [100]
hexamethyldisiloxane
6 Mineral oil Nanodiamond Oleic acid (non-covalent) 11 50 [101]
7 H,0 MWCNT —COOH functionalization 100 40 [102]
8 Epoxy MWCNT —COOH functionalization 9.5 0.98-1.02° [103]
9 Epoxy SWCNT —COOH functionalization 2 0.014 [103]
10 Octane FLG® Cg-pyrene linker N/A® 1.26 [104]
11 Poly(ethylene vinyl SWCNT Linear hydrocarbon chain N/A® 48 [105]
acetate) attachments
12 Epoxy FLG® Py-PGMA functionalization 2.3¢ 200 [106]

2Thermal resistance without enhancement-Thermal resistance with enhancement.

PFLG=Few-layer grapheme.
“Thickness.
9Molecular chain length.

®Data extracted from molecular dynamics simulations without mention of diameter.
fDifference in thermal resistance is within uncertainty of the measurement technique.

studies listed in Table 5 use functional groups that are
attached covalently to a nanoparticle's surface in order to:
(1) increase the surface area for heat transfer between the
nanoparticle and the surrounding matrix material or (2)
better match the vibrational spectra by linking molecular
structures that are similar to the surrounding matrix material
via covalent bond to the nanoparticle. The covalent bonds
that are formed between the surface molecules and the
nanoparticle are known to either form at defect sites or
replace carbon atoms at the surface. The latter results in an
sp° bond at the interface where there was previously an sp?
bond, which invariably decreases the intrinsic thermal con-
ductivity of the nanoparticle [103]. However, it is possible
that the reduction in thermal conductivity can be overcome
by increasing the adhesion energy at the nanoparticle inter-
face and/or by providing an interstitial material to bridge the
different phonon spectra between the nanoparticle and the
surrounding matrix material.

Studies 6 and 7 in Table 5 help to illuminate the difficulties
in resolving the dominant physical mechanisms that control
thermal transport at nanoparticle interfaces. In study 6,
MWCNTs are functionalized with -COOH groups in order to
better match the phonon spectra at the MWCNT-H,0 inter-
face by providing a covalent bond between the MWCNT's
carbon atoms and the hydrogen/oxygen atoms of the func-
tional group, which closely match the phonon spectra of the
surrounding matrix material. It is clear from this study that
by matching the phonon spectra at the interface, a 40-fold
reduction in thermal interface resistance is possible despite
any reduction in the intrinsic thermal conductivity of the
nanoparticle. This phenomenon is confirmed by the results

presented in studies 1-5. Study 7, however, contrasts these
previous results; here, -COOH functional groups that are
attached to the surface of different CNTs do not help to
alleviate phonon spectra mismatch but instead increase it.
This results in a significant reduction in thermal conductivity
of the overall composite. When comparing studies 6 and 7, it
is clear that the thermal transport at the interface (and thus
the thermal transport within bulk nanoparticle-laden compo-
sites) can be tuned by controlling the interfacial surface
conditions of the nanoparticle itself.

Non-covalent attachments also offer some control over
thermal transport at nanoparticle-matrix material interfaces.
In studies 8, 9 and 10, non-covalent linkers are attached to
nanoparticle interfaces. Despite the weak adhesion energy at
the interface, these studies suggest that the rate of thermal
transport across the junction can be increased substantially by
bridging the phonon spectra between the nanoparticle and
surrounding matrix. Further, these studies show that it is
possible to increase thermal transport across the interface by
a large margin and within a wide range of values.

While it is undoubtedly possible to augment thermal
transport at the nanoparticle-matrix material interface using
surface functional groups, the thermal boundary resistance at
the interface is predicted to span a range of over three orders
of magnitude based on modifications to the adhesion energy at
the interface alone. As a result, a great deal of additional
work is needed to achieve precise tunability of thermal
transport at both nano and macro-scale resolutions. Addition-
ally, the magnitude effect of replacing sp? bonds with sp*
bonds on the intrinsic thermal conductivity of different types
of nanoparticles must be studied in greater detail in order to
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optimize the concentration of functional groups on nanopar-
ticle surfaces in order to achieve high precision tunability of
heat flow at the interface.

Heat flow at nanoparticle-nanoparticle
interfaces

In next generation devices and materials, energy carriers
are expected to traverse through contacting nanoparticles.
The nanoparticles can be positioned such that the energy
carriers are purposefully guided through pre-defined path-
ways, such as in integrated circuitry [107,108], and therefore
constitute an integral part of next-generation technologies.
There are some indications that the state-of-the-art materials
necessary to implement these technologies are already avail-
able; however, it is critical that scientists understand how
energy carriers traverse through different sets of nanoparti-
cles in order for nanotechnologies to be included in future
systems and devices. In this section, we review the pertinent
physics associated with heat flow across the junction(s) of two
or more contacting nanoparticles. We then review the state-
of-the-art measurement techniques that are presently being
used to determine the thermal boundary resistance at nano-
particle-nanoparticle interfaces and offer a summation of the
experimental data that has been taken to date with respect to
thermal boundary resistance. Finally, we examine several
recent methods that have been developed in order to augment
heat flow at this type of interface and project future needs in
this area.

Heat flow physics at nanoparticle-nanoparticle
interfaces

Here we present the physical models that are typically used
to describe and calculate the thermal boundary resistance
between two contacting nanoparticles. In the case of
contacting nanoparticles, atomistic simulations are most
often used to examine and extract the heat flow physics
across interfacial regions [109-111]. Though atomistic simu-
lations offer critical insight into the physics associated with
heat flow at nanoparticle-nanoparticle interfaces, the pair-
wise potentials that are used to model the adhesion energy
between the nanoparticles as well as the assumptions used
for contact separation distance between the nanoparticles
are difficult to validate with reasonable accuracy. This
makes it difficult to resolve the dominant physical mechan-
isms that govern heat flow at this type of interface. Instead,
we turn to analytical formulations that describe the physics
associated with heat flow at nanoparticle-nanoparticle
interfaces, which can easily be compared to experiment in
order to determine the dominant physical mechanisms
governing thermal transport across nanoparticle junctions.

Of course, the models developed by Bahadur et al. [27] and
Prasher [28] can be used to analyze the nanoscale interfacial
thermophysics across two individual, contacting nanoparticles.
However, these models cannot be used to extract the thermal
contact resistance/thermal boundary resistance at nano-
particle interfaces when using conventional experimentation.
An alternative physical model that can be used to describe the
interfacial heat flow at nanoparticle-nanoparticle interfaces is
provided by Foygel et al. [112]. This model is typically used to

extract the interfacial thermal resistance in composites with
randomly distributed, percolating networks of nanoparticles
and therefore extends the range of experimental techniques
that can be used to extract information about heat flow across
a nanoparticle-nanoparticle junction.

The model developed by Foygel at al. [112] is primarily
based on geometric relationships between the nanoparticle
fillers, the morphology of the nanoparticle entanglement
and the thermal conductance between nanoparticles. The
authors first examine the macroscopic relationship between
these parameters and the thermal conductivity of the bulk,
percolating composite, which is represented by Eq. (20).

a(¢h, @) = ao(¢p — )" (20)

In Eq. (20), ¢ thermal conductivity of the bulk nanocompo-
site, a is the aspect ratio of the nanoparticle(s), oo is a
preexponential factor that depends on the thermal con-
ductivity and morphology of the contacting nanoparticles,
¢ is the critical volume fraction of nanoparticles and t(a) is
a conductivity exponent that is dependent on the aspect
ratio of the nanoparticle. Eq. (20) can be iterated to find
both ¢ and t(a) based on the application of a non-linear fit
to the bulk thermal conductivity of the nanoscale composite
as a function of volume fraction for a particular nanoparticle
type. Using o and t(a), the interfacial thermal resistance can
be found according to Eq. (21).

Ro = (goLgp @)~ 1)

Thus, according to Foygel et al. [112], the interfacial
thermal resistance between contacting nanoparticles is
wholly dependent on the cluster density (morphology) of
the nanoparticle network (or the geometry of the junction
that is formed between nanoparticles), the geometry of the
individual nanoparticles and the thermal properties of the
nanoparticles and the host material.

An alternative to the model developed by Foygel et al.
[112] is the model developed by Wemhoff [78]. Despite its
robustness and wide applicability, the model developed by
Foygel et al. [112] does not allow for one to resolve the
independent effects of nanoparticle-nanoparticle interfa-
cial thermal resistance and nanoparticle-matrix interfacial
thermal resistance. Further, the use of arbitrary coefficients
and exponential factors to represent multiple parameters
does not help to elucidate the effect of those parameters on
thermal transport at the interface (i.e. the effects are
confounding without appropriate physical models for o).
This makes it difficult to understand how further modi-
fications to the interface, such as the adjustment of the
adhesion energy between nanoparticles, affects heat flow
across the nanoparticle-nanoparticle junction. Several others
have used numerical and analytical approaches that make it
similarly difficult to resolve the magnitude effect of additional
parameters such as adhesion energy, but still give general
insight into the physical mechanisms that govern heat flow
across nanoparticle structures [113,114].

Instead, Wemhoff [78] has developed a physical model that
is based on microscale physics associated with phonon trans-
port within and across sets of randomly oriented, contacting,
cylindrical nanoparticles. To begin, the author determines the
average distance between intersecting nanoparticles based
on the geometry of the inclusions and the phonon group
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velocity attributed to the nanoparticle, as given in Eq. (22).

ﬁth_ T

~ o = aipn (22)
In Eq. (22), v, represents the phonon group velocity
attributed to the nanoparticle, t is the total time a phonon
exists in transit intrinsically within a nanoparticle, ¢ is the
nanoparticle-nanoparticle intersection frequency, 1 is the
average distance between intersecting nanoparticles, L is
the length of the nanoparticle, D is the diameter of the
nanoparticle and n is the number of nanoparticle inclusions
present within the matrix. Using Eq. (22), the equivalent
thermal resistance between inclusions is written in Eq. (23).

—|kpeA. koA
Rnp—np = As [% B %} 3)

In Eq. (23), Rnp-np is the inter-nanoparticle thermal resis-
tance, A is the average overlap area between contacting
nanoparticles, kp. is the bulk thermal conductivity of the
nanoparticle set (or network), k, is the intrinsic thermal
conductivity of the nanoparticle and A/C is the nanoparticle
cross-sectional area. Thus, the interfacial thermal resis-
tance is dependent on the geometry of the nanoparticle,
the intrinsic thermal conductivity of the nanoparticle and
the phonon-dominated scattering events within the nano-
particle network.

In the following section we detail the thermal metrology
associated with resolving heat flow at nanoparticle inter-
faces experimentally. The different physical models des-
cribed in this section will then be used to determine the
interfacial resistance at different types of nanoparticle
interfaces. Both models are used to determine the inter-
facial thermal resistance at nanoparticle-nanoparticle junc-
tions for experiments that measure heat flow through
composites with embedded, percolating nanoparticle struc-
tures, while new state-of-the-art methods utilize the phy-
sics associated with the models developed by Bahadur et al.
[27] and Prasher [28] in order to resolve the magnitude of
heat flow at the junction between nanoparticles. The data
generated in the next section will be used to quantitatively
assert the dominant mechanisms that are responsible for
heat flow across individual nanoparticle junctions.

Thermal metrology and interfacial thermal
resistance at nanoparticle-nanoparticle interfaces

For most of the work considered here, the methods used to
extract the interfacial thermal resistance between contacting
nanoparticles are the same that are used to determine the
interfacial thermal resistance between a nanoparticle-matrix
interface; that is, conventional techniques such as laser-flash,
transient hot-wire and guarded hot plate are used to determine
the thermal conductivity of composite materials with randomly
oriented, contacting nanoparticles and physical models (like the
Foygel et al. [112] and Wemhoff [78] models) are subsequently
used to extract the interfacial thermal resistance at nanopar-
ticle interfaces. Thus, in this section we review only the state-
of-the-art methods that are used to quantify heat flow at the
nanoparticle-nanoparticle interface.

Although significant insight into the heat flow physics
at nanoparticle-nanoparticle interfaces can be gained by

utilizing the standard techniques described previously,
there is some variability in nanoparticle size distribution,
nanoparticle orientation, etc., that result in a reasonable
degree of error in predicting the TBR at this type of
junction. In order to minimize this error, researchers have
turned to the 3-o technique, which has traditionally been
used to measure the thermal conductivity of individual
nanoparticles. In a seminal study, Yang et al. [115] deter-
mine the thermal contact resistance between two individual
multiwalled carbon nanotubes with the 3-w technique. The
authors utilize two SiN, membranes with integrated plati-
num leads to serve as a heat source/sink network and
subsequently suspend two individual MWCNTs across them.
The MWCNTs are placed into contact with one another in
two different orientations (in-plane, where the nanoparti-
cles overlap one another along a line segment of atoms, and
cross-plane, where the nanoparticle are oriented perpendi-
cularly to one another and contact over a small, circular
area) in order to determine the effect of contact orienta-
tion on heat flow between sets of nanoparticles. Scanning
Electron Micrographs of the apparatus used for this test
are shown in Figure 9. The goal of this study is to determine
the optimal orientation for nanoparticles to contact one

190.0kV X10.6K 3.00rm

Figure 9 SEM micrographs of two CNTs in contact with each
other in the following orientations: (a) cross-plane and (b) in-
plane. Figure adapted from ref. [115].



Table 6 Interfacial thermal resistance at different nanoparticle-nanoparticle junctions.

Nanoparticle Matrix type Nanoparticle Nanoparticle Nanoparticle Thermal contact Model fit Thermal contact Model fit Ref.
type shape average aspect ratio resistance (m? K/W) parameters resistance (m?%K/W) parameters
diameter (Foygel) (oolt(@)lA)?  (Wembhoff) (R,,p_mlkn,,)b
(nm)
Aligned MWCNTs Epoxy Cylindrical 8 ~125,000 N/A N/A 1.02 x 10~8 1.00 x 10~ "15.42 [116]
(transverse
direction)
Aligned MWCNTs Epoxy Cylindrical 8 ~125,000 N/A N/A 1.02 x 10~° 1.00 x 10~ 1452 [116]
(axial direction)
SWCNTs PMMA Cylindrical 1.5 666.77 1.41x 1078 2711.51 N/A N/A [117]
0.00001
SWCNTs High density Cylindrical 3 148 1.37 x 1078 3611.61 N/A N/A [118]
polyethylene 0.00003
MWCNTs PDMS Cylindrical 15 5000 2.54x10~° 35011.2 2.24x10~° 5x 10~ "1538 [119]
0.0013
HGNF® Paraffin Cylindrical 100 1000 5.40 x 10> 2011.410.04 N/A N/A [33]
(Solid) (3D)
Graphene Hexadecane Platelet (2D) 5 200 2.40x 10°° 400011.71 N/A N/A [120]
(Liquid) 0.00009
Graphene Hexadecane Platelet (2D) 5 200 2.20x107° 900011.8I N/A N/A [120]
(Solid) 0.00009
Few layer graphene Nylon-6 Platelet 7.5 1500 1.33x 107 25011.8I N/A N/A [121]
0.0003

aUnits of oo are W/mK, t(a) is a fitting parameter depending on the morphology of nanoparticle clusters, A.=avg. contact area (pm?).
bR,,,,.,,,at,,-x:Nanoparticle-matrix thermal boundary resistance, k,,=nanoparticle thermal conductivity.
“HGNF =Herringbone Graphite Nanofiber.
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another in percolating composites in order to achieve the
highest bulk thermal conductivity of the composite. The
authors find that the interfacial thermal resistance between
individual MWCNTS is on the order of 10~° m*K/W and that
aligned contact offers a nearly two order of magnitude
increase in the heat flow rate between nanoparticles than
does cross-contact, likely due to the available area for heat
transfer at the junction. However, while the results of this
work offer a basis for designing composite materials for optimal
thermal performance, the most important feature of this study
is its novelty in experimentally determining the interfacial
thermal resistance between individual, contacting nanoparti-
cles. The significance of this work can not be understated and
should lead to more accurate findings for interfacial thermal
transport between nanoparticles, including greater insight into
the physical mechanisms that control thermal transport at the
nanoparticle-nanoparticle junction.

In order to understand the parameters that affect heat flow
at the nanoparticle-nanoparticle interface, we apply the
physical models detailed in the previous section to the data
supplied in seven total data sets that we found in the literature
[116-121]. The results are presented in Table 6. The criteria
used for selecting the data are as follows: (1) if the standard
technique is used to extract the interfacial thermal resistance,
the data set must contain at least four data points that are
beyond the percolation threshold, (2) if the standard technique
is used to calculate the interfacial thermal resistance, all
geometrical properties, including the nanoparticle diameter
and length/thickness, must be provided by the author(s) and
(3) if the 3-o technique is used, the authors must have
accounted for the TBR at the nanoparticle-substrate interface.
We also note that the data in Table 6 only represent a fraction
of the data that is available in the literature; we choose to
incorporate only enough data to illustrate the dominant
physical mechanisms governing thermal transport at the nano-
particle-nanoparticle interface. Where possible, a secondary
data set is used to confirm the phenomena revealed by the
original data. Finally, both the Foygel et al. model [112] and the
Wemhoff model [78] are used to extract the interfacial thermal
resistance between nanoparticles where appropriate. We note
that for the Foygel et al. model [112], it is necessary to multiply
Ro by the average contact area at the nanoparticle-nanoparticle
junction in order to compare the interfacial thermal resi-
stances between groups. To calculate the average contact
area between nanoparticles, we use the methods developed
by Wembhoff [78].

For the first two nanoparticle types listed in Table 6, we
apply the Wemhoff model [78] to the data provided by
Marconnet et al. [116] in order to extract the thermal contact
resistance between aligned MWCNTs that randomly link
together at sidewall locations. Although the Wemhoff model
[78] was developed for randomly oriented cylindrical nanopar-
ticles, the random linking of the vertically aligned nanoparticles
(as is typically found in many common arrangements [122-124])
allows for the use of this model to determine the magnitude of
heat flow at the interface. The data suggest that the thermal
contact resistance between MWCNTs is on the order
of ~1x 108 m?K/W. The Wemhoff model [78] also predicts
the thermal conductivity of the individual MWCNTs within the
surrounding matrix material with remarkable accuracy. In this
case, the model predicts an axial MWCNT thermal conductivity
of 452 W/m K and a transverse MWCNT thermal conductivity of

5.42 W/m K, which are consistent with experimentally mea-
sured values that are presented in the literature [125]. Similar
results are found for SWCNTs that are randomly dispersed
within polymer matrices [117,118]. However, nearly an order
of magnitude reduction in interfacial thermal resistance is
found when much larger MWCNTs come into contact with one
another [119]; in this case, the average contact area between
the MWCNTs is significantly greater than in each of the
previously mentioned studies. This supports the theory that
the size of the constriction between contacting nanoparticles
can have an enormous effect on the thermal transport between
them. Finally, it seems that the dimensionality of the nano-
particle has an enormous effect on the interfacial thermal
resistance across nanoparticle junctions. In one study (which
was conducted by the authors of this paper), the thermal
contact resistance between sets of three-dimensional nanopar-
ticles (HGNF) is shown to be four to five orders of magnitude
higher than between sets of SWCNTs and MWCNTs [33].
Considering that this analysis normalizes against the nanopar-
ticles intrinsic thermal conductivities (kygnr=25 W/m K [126],
kswent=3000 W/m K [125]), this result is striking. Further proof
of this phenomenon is found in the results presented by Zheng
et al. [120], whose two-dimensional graphene nanoparticles
exhibit a thermal contact resistance that is on the order of
10~ m?K/W. This is two orders of magnitude higher than the
one-dimensional SWCNTs in references 117 and 118, and two
orders of magnitude lower than the three-dimensional HGNF
used in ref. [33]. Although these data do provide some insight
into the physical mechanisms that control heat flow between
nanoparticles (i.e. size effects, nanoparticle dimensionality), a
larger compilation of data is needed for both confirmation and
further insight into the effects of contact area and phonon
spectra matching at nanoparticle-nanoparticle junctions. We
note here that in order to do this in the future, research groups
must report all of the relevant geometries and thermophysical
properties of the individual materials that are in contact with
one another, as well as report on the effective thermal con-
ductivity of 4 or more volume fractions of nanoparticles in
percolating composite materials.

Augmenting thermal transport at nanoparticle-
nanoparticle interfaces

Interfacial thermal transport between contacting nanopar-
ticles has long been of interest to the scientific community.
However, efforts to augment thermal transport between
contacting nanoparticles is widely considered to be an
emerging frontier in the fields of thermophysics and heat
transfer. As a result, only a limited number of research
publications exist in the literature that address heat flow
augmentation at nanoparticle-nanoparticle interfaces.
Further, we could find only one study that can be used to
analyze the physics of heat flow across the junction
between nanoparticles. We have compiled the data from
this study into Table 7 in order to illustrate the effect
of surface modifications to nanoparticles on the thermal
transport between them. The interfacial thermal resistance
between nanoparticles is quantified using both the Fogyel
et al. [112] and Wemhoff [78] models described in
the previous section. The data in Table 7 offer promising
results for future developments of nanoparticle-nanoparticle
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Table 7 Augmentation of thermal transport at nanoparticle-nanoparticle interfaces using nanoparticle surface modifications.

Ref.

,.,IC

Model fit

Nanoparticle Thermal contact Model fit Thermal contact

Nanoparticle Nanoparticle

shape

Nanoparticle Matrix Surface

resistance (m?K/W) parameters

parameters

resistance
(mZK/W)

(Foygel)

aspect ratio

average

modification

type

type

(Rnp-mlknp)b

(Wemhoff)

(o0lt(a) 1A

diameter (nm)

1.6 [127]

N/A

N/A

1.18 x 107 2501210.008

68

50

Platelet

Epoxy Amine

Graphene

functionalization

2Units of oo are W/mK, t(a) is a fitting parameter depending on the morphology of nanoparticle clusters, A.=avg. contact area (pm?).

bR,,p.,m,t,i,(:Nanoparticle-matrix thermal boundary resistance, k,,=nanoparticle thermal conductivity.

C

surface functionalization efﬁdency (TCRnanoparticles with surface enhancement in matrix-TCRnanoparticles in matrix only)-

n=

systems using surface modifications; in this case, the
grafting of amine groups onto the outer layers of graphene
allow for increased adhesion energy between the nanopar-
ticles, which results in a 160% increase in thermal transport
across them [127].

While there is insufficient data to determine the domi-
nant physical mechanisms that control heat flow across
nanoparticle-nanoparticle junctions when nanoparticle sur-
faces are modified, there are alternative studies that
qualitatively suggest that the thermal transport between
nanoparticles has been altered significantly. In one study
conducted by Gulotty et al. [103], the thermal conductivity
of an MWCNT/epoxy composite in the percolating regime
was shown to decrease with increasing -COOH functional
groups. Although these functional groups have been shown to
increase the thermal conductivity of other carbon nanoparticle-
based composites, this study suggests that an oversaturation of
-COOH groups on the MWCNT surface may lead to too large a
degradation in the intrinsic thermal conductivity of the MWCNT
to overcome the benefits of increased adhesion energy and
phonon spectra coherence at the MWCNT-MWCNT interface.
This is because for each functional group attachment, one sp
atomic bond is eliminated in favor of an sp? atomic bond,
thereby reducing the high rate of heat transfer within the
MWCNTs due to the original sp® bonds. Other studies [128,129]
involving boron nitride nanoparticles offer varying perspectives
on the ability to augment thermal transport at nanoparticle-
nanoparticle interfaces by modifying the adhesion energy,
contact area and/or phonon spectra at the surface. Thus, due
to the limited number of results that are used to analyze
interfacial thermal transport between nanoparticles, additional
benchmark studies and research are needed before making
definitive conclusions about the effect of these parameters on
thermal transport across nanoparticle-nanoparticle interfaces.

Concluding remarks and perspectives for the
future

In this review, the heat flow physics, thermal metrology and
interfacial thermal resistance are examined for three different
types of nanoparticle interfaces: (1) nanoparticle-substrate
interfaces, (2) nanoparticle-matrix interfaces and (3) nanopar-
ticle-nanoparticle interfaces. These interfaces are particularly
important for the development of next-generation electronic
devices, renewable energy systems and materials.

In the first part of this review, the heat flow physics at
nanoparticle-substrate interfaces are presented and ana-
lyzed. In early studies, the geometry of the constriction
formed between the substrate and the contacting nanopar-
ticle (i.e. the contact area) is used as the foundation for
analyzing heat flow across nanoparticle-substrate junctions.
However, because the characteristic dimension of the
constriction is on the order of the mean free path of
phonons for most materials, this type of diffusive analysis
is found to be insufficient for the accurate prediction of
heat flow between a nanoparticle and a substrate. Instead,
both ballistic and diffusive heat flow are considered in
tandem with the geometry at the interface, which is found
to model heat flow across the nanoparticle-substrate junc-
tion with a high degree of accuracy when both the substrate
and the nanoparticle are made of the same type of material.
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When the two materials are different, however, it is necessary
to account for phonon reflection at the interface in order to
accurately capture the heat flow physics between them. When
using these models to analyze the data that are available in
the literature, thermal transport is heavily affected by the
vibrational mismatch between the nanoparticle and substrate
materials (more so than the contact area between the
materials). Attempts to modify nanoparticle-substrate inter-
faces using platinum deposition have been made in order to
mitigate phonon scattering between the materials due to this
vibrational mismatch; however, the degree to which increasing
the adhesion energy at the junction affects thermal transport
varies between studies by as much as two orders of magni-
tude. Thus, there is a significant need for additional work to
be done in this area in order to determine the relevant phonon
physics that can be manipulated in order to tailor heat flow
across different types of nanoparticle-substrate junctions.

Nanoparticle-matrix interfaces are expected to exist in a
remarkably large number of materials and devices in the
near future. In this review, we examine the nature of heat
flow at these interfaces and subsequently analyze the data
that are available in the literature in order to determine the
dominant transport mechanisms that affect thermal trans-
port at this type of junction. Typically, the interfacial
thermal resistance at the nanoparticle-matrix interface is
obtained by saturating a matrix with nanoparticles at a
volume loading level that is below the percolation threshold
(i.e. the nanoparticles are evenly dispersed and not in
contact with one another). By evaluating the effective
thermal conductivity of the nanoparticle-matrix bulk com-
posite material for at least three distinct volume fractions
below the percolation threshold, the data can be compared
to any number of existing effective medium formulations
and an interfacial thermal resistance can be extracted.
While this technique is often associated with significant
error, it has allowed scientists to gain significant insight into
the mechanisms that govern heat flow between a nanopar-
ticle and a surrounding matrix. Scientists have also devel-
oped an alternative, optical pump-probe technique that
can determine the interfacial thermal resistance across a
single nanoparticle. Although only a handful of studies have
effectively utilized this technique to date, it does offer the
promise of greater insight into the governing physics across a
nanoparticle-matrix interface. When analyzing the data avail-
able in the literature, we find that the contact area between a
nanoparticle and a matrix material can have up to a two-order
of magnitude effect on interfacial heat flow. Additionally, both
the types of materials that are in contact with one another
and the dimensionality of the nanoparticle itself can have an
enormous effect on thermal transport across the nanoparticle-
matrix junction. Attempts to control the surface conditions of
the nanoparticles in order to increase both the adhesion
energy between the nanoparticles and the surrounding matrix
material as well as the vibrational harmonics between the
materials can lead to as much as a 200-fold increase in the
thermal transmission at this interface as well. It is expected
that these surface modifications will open a diverse area of
research in the future and could potentially help to realize the
full benefits of incorporating nanoparticles with high or low
thermal conductivities into bulk materials.

Finally, in this review we analyze the flow of heat between
two contacting nanoparticles. Similar to the way that we obtain

heat flow at the nanoparticle-matrix interface, physical models
are often applied to data sets (having four or more data points)
that evaluate the effective thermal conductivity of nano-
particle composites having randomly oriented nanoparticles at
volume fractions that are above the percolation threshold.
However, the 3-o technique has recently been used to evaluate
the thermal contact resistance between two individual nano-
particles with great accuracy, which should offer improved
insight into the heat flow physics at nanoparticle-nanoparticle
interfaces in the future. For this review, we apply the physical
models that describe the heat flow physics at nanoparticle-
nanoparticle interfaces in order to determine the thermal
contact resistance between the same types of nanoparticles.
We find that both the contact area and the dimensionality of
the individual nanoparticle can have up to a four order of
magnitude effect on thermal transport at the nanoparticle-
nanoparticle junction. However, because this represents an
emerging field, the data that are available and that qualify for
this review are not substantial enough to make statistically
relevant conclusions about the magnitude effect of different
parameters on heat flow across nanoparticle-nanoparticle
interfaces. As a result, we recommend that additional bench-
marking studies be done in order to establish a path forward for
research in this area.
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