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Measurements of thermal transport through contacts between individual multiwall carbon nanotubes
show that, contrary to common expectation, the normalized contact thermal conductance per unit area
depends linearly on the tube diameter. The result is corroborated with and extended to multilayer graphene
nanoribbons through molecular dynamics simulations. Semiquantitative analyses show that these
intriguing observations are consistent with an explanation based on an unexpectedly large phonon mean
free path in the c-axis direction of graphite, phonon reflection at free surfaces, and phonon focusing in

highly anisotropic graphitic materials.
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Carbon nanotubes (CNTs) and graphene have attracted
enormous attention because of their superior properties and
promising applications in energy, microelectronics, and
biotechnology [1,2]. In terms of energy transport, while a
good understanding has been achieved on the transport
phenomena within CNTs [3-5] and graphene membranes
[6,7], currently, there is no well-accepted explanation of
phonon transport at CNT-CNT or graphene-graphene
junctions, which hinders progress in important technology
fields.

The interest in phonon transport through CNT contacts
was raised in using CNTs to tune the thermal properties
of nanocomposites [1,8] and for thermal management of
electronic devices [9]. It has been shown that the measured
thermal conductivity of CNT-polymer composites is one
order of magnitude lower than that predicted based on the
classical particle mixing theory, which has been attributed
to the contact thermal resistance between CNTs and
between the CNT and polymer matrix [8]. However, an
anomalously low contact thermal conductance has to be
assumed to explain the very limited thermal conductivity
enhancement observed. In fact, experiments suggested a
very low contact thermal conductance between single-wall
CNTs (~3 pW/K) [9,10], more than one order of magni-
tude lower than the corresponding numerical prediction
(~50 pW/K) [10]. To date, for both modeling [10-16] and
experimental results [9,10], if the contact thermal conduct-
ance is normalized with the contact area, the derived value
i1s much lower than that between two neighboring atomic
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layers in graphite and no explanation can be found. More
recently, graphene has been used to enhance the thermal
property of polymer composites with the hope that the
larger contact areas between graphene membranes can
solve the contact issue [17]; however, the measured
enhancement is still much lower than expectation. These
observations point to a lack of fundamental understanding
of phonon transport at the contacts between graphitic
nanomaterials.

Here, we report on systematic measurements of thermal
conductance at the point contact between two multiwall
CNTs (MWCNTSs). The measurements were performed
with a microdevice that has been used to measure thermo-
physical properties of various nanotubes [4,5], nanoribbons
[18,19], and nanowires [20,21]. Using a micromanipulator,
an individual MWCNT was broken into two segments and
transferred to the device, forming a cross contact between
the two suspended membranes [Fig. 1(a)]. After measuring
the total thermal resistance of this cross-contact sample,
one segment was removed and the other was realigned to
bridge the two membranes [Fig. 1(b)]. The length of the
single MWCNT segment between the two membranes Ly
was adjusted to be close to that of the total heat transfer
route of the cross-contact sample between the two mem-
branes L. From these two measurements, the contact
thermal resistance, R, (or conductance, Gc = 1/R()
between the two MWCNTs can be extracted [22].

Five MWCNT samples of different diameters have been
measured (see Table I and Figs. S1-S4 in [22]). Figure 2(a)
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FIG. 1.

(a) A scanning electron microscopy (SEM) micrograph
of one measured sample composed of two MWCNT segments
forming a cross contact between the heat source and sink. Scale
bar: 7.5 ym. (b) One of the two segments is realigned on
the microdevice to evaluate the thermal resistance of the
MWCNT segments in the cross contact sample. Scale bar:
7.5 ym. The diameter of this tube is 63 nm.

shows the measured thermal resistance for the 63 nm
diameter tube, which indicates that the resistance of the
point contact is approximately equal to that of the
MWCNTs for T > 175 K. This large R is well beyond
the measurement uncertainty, which is less than 10% above
150 K for most samples [22]. It is worth noting that the ratio
of R to the total thermal resistance only varies marginally
for all the samples. Figure 2(b) plots the contact thermal
conductance, G, as a function of temperature, which
clearly indicates that G increases with the tube diameter.
This is very reasonable because the contact area between
two CNTs increases for larger tubes.

To further understand the results, we seek to normalize
G with the contact area (A) between the two CNTs, which
is evaluated using the Maugis model [22,23], as given in
Table I. We expect that the normalized contact thermal
conductance per unit area, G4, should be approximately
the same for different diameter tubes. However, the results
[Fig. 3(a)] clearly show that G4 still increases with the

Temperature (K)

FIG. 2 (color online). (a) The measured thermal resistance for
the 63 nm diameter tube. R, ¢, and R, g are measured thermal
resistance for the cross-contact sample [Fig. 1(a)] and the single
CNT segment [Fig. 1(b)], respectively. R is the derived contact
thermal resistance. To keep the figure clear, only the data points
above 100 K are given. (b) The measured total contact thermal
conductance. The labels in (b) denote the diameters of the two
segments forming a crossed contact.

tube diameter (D), a trend totally unexpected. Interestingly,
if we further normalize G, with D, within the measure-
ment uncertainty, the five curves of G4/D overlap with
each other, as shown in Fig. 3(b).

TABLE I. Geometry parameters of the five samples measured.
Leyc and L¢yg are the length of the MWCNT on the
membrane for the cross-contact sample and the single CNT
segment, respectively. « is the tube contact angle.

D 4 a L¢ Ly Leyc  Lems

(om) (nm) () A(om?) (gm) (um) (gm)  (um)

68 26 64 575 11.7 114 >5/>5 >5/42
63 24.8 107  48.7 9.3 100 >5/>5 >5/>5
56 22 99 393 7.9 8.6 >5/>5 23/>5
44 14.8 115 31.0 7.4 79 >5/>5 23/>5
42 143 122 310 9.1 73 >5/>5 14/>5
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FIG. 3 (color online). (a) The contact thermal conductance per
unit area. (b) The contact thermal conductance per unit area
normalized with the tube diameter, which approximately collap-
ses into one line. Analyses show that G is proportional to D>#
and the contact area is proportional to D'“. The labels in the
figure denote the diameters of the two segments forming a
crossed contact.

In order to verify the intriguing relation between G4
and the tube diameter, we use molecular dynamics (MD) to
study a nanoscale junction between two stacks of multi-
layer graphene nanoribbons each containing from one to
eight atomic graphite layers [22]. The interactions between
the top stack and the bottom stack were limited to a small
interaction window as depicted in Fig. 4. The width of the
ribbons is 2.54 nm, while the length was varied to assess the
effect of the finite ribbon length on the contact conduct-
ance. Periodic boundary conditions were used for in-plane
directions so that the MD system corresponds to two thin
films with a slit contact [24]. For this analysis, the under-
lying mechanism of phonon transport at the nanoscale
junction is the same as that between MWCNTSs, which will
help to disclose the physics of phonon transport between
two graphitic nanomaterials. One advantage of modeling
graphene nanoribbons is that the contact area between the
two ribbons is well-defined and does not change as the
ribbon thickness increases.

increases with the number of layers in each tube or ribbon.

These results disclose a different view from the classical
picture of point contact thermal resistance. The point
contact thermal resistance is classically treated as a combi-
nation of diffusive resistance and ballistic resistance (or
Sharvin resistance), and the relative importance of these
two mechanisms depends on the ratio of the characteristic
size of the point contact and the phonon mean free path
(mfp) [25]. For diffusive resistance, G-, decreases with the
contact area, which is exactly opposite to our observation.
The Sharvin resistance for unit area does not change with
the contact size, which is also different from our observa-
tions. The results cannot be explained using the well-
established models for thermal boundary resistance, such as
the acoustic or diffuse mismatch model, either [26]. In both
models, interfacial thermal conductance per unit area is
determined by the materials in contact and the morphology
of the interface, but not related to the size of the samples in
contact, as shown in our results.

It is worth noting that these classical models are
established by considering phonon transport through a
contact or interface between two bulk isotropic materials.
Our results, however, are the first experimental measure-
ment of thermal resistance of a nanoscale contact between
two free standing anisotropic nanostructures. We attribute
the unexpected diameter dependence of G, to phonon
reflection at free surfaces and an unexpectedly large
intrinsic phonon mfp in the ¢ axis of graphite (/.), and
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argue that the highly anisotropic nature of graphitic
materials also plays an important role.

Traditionally, it is widely believed that /. for graphite is
only a few nm [27,28]. However, this very short mfp is
obtained by assuming that all phonon modes in graphite
contribute to thermal transport in the c-axis direction, which
is problematic because van der Waals (vdW) interactions
between different atomic layers in graphite cannot sustain
transport of the high frequency phonons existing in each
atomic layer. If we consider this effect, phenomenological
modeling indicates that [, could be well over a hundred
nanometers [22], which has also been confirmed by our
recent MD simulation with graphite thin films [29]. It is
worth noting that very recently, more detailed calculations
based on a full phonon dispersion indicated that /. could
attain a value of 20 nm [30], much longer than just a few
nanometers. Furthermore, if /.. for graphite is only a few nm,
which is less than the wall thickness of the CNT we
measured, the contact thermal resistance between two
CNTs should be simply Sharvin-type resistance and Gy
should be independent of the wall thickness of the CNTs.

If /. is over 100 nm, there are chances for phonons to
travel ballistically through the nanoscale contact and be
reflected back into the emitting side, which effectively
reduces the thermal conductance of the contact. To illustrate
this effect on the dependence of G4 on the thickness of
the tube or ribbon, we performed simplified Monte Carlo
(MC) simulations with a ray-tracing method using a two-
dimensional model, as shown in Fig. 5. Two slabs of 200 nm
length and 10-30 nm thick serve as a heat source and a heat
sink, respectively, and make a junction of 6 nm width,
through which phonons can transmit. /. is assumed to be
100 nm, and 5 x 10° phonons per nm in height were
initialized in the heat source with random position and

/\71 ﬁf( heat source

V1 heat sink 4 30

Normalized thermal conductance

T T T

10 20 30
Thickness

FIG. 5 (color online). The normalized thermal conductance
with respect to the 10 nm thick case. The number labels denote
the allowable angles for phonon transport directions from the
c axis direction. The best linear fit of the experiment data (G, ) at
room temperature given in Fig. 3 is also presented.

random direction. After equilibrium, we count the number of
phonons scattered in the heat sink, which after normalized
with the difference in the phonon number densities of the
heat source and the heat sink, represents the contact
conductance [22]. The simulation results indicate that since
the free surfaces are very close to the slit, a significant
portion of phonons transmitted through the slit could be
reflected back into the heat source, and this portion increases
as the slabs get thinner, which means that the conductance
reduces for thinner slabs, consistent with our experimental
results and MD simulations.

The obtained normalized thermal conductance with
respect to the 10 nm thick case is shown in Fig. 5. For
isotropic phonon transport, the thermal conductance does
increase with the slab thickness; however, the escalation
rate is much lower than our experimental observation. This
discrepancy can be attributed to the well-recognized phonon
focusing effect in highly anisotropic materials [31,32]. In
graphite, the phonon group velocities are focused to be along
both the in-plane and cross-plane directions, as can be seen
from the iso-energy surfaces in a recent publication [32].
Therefore, phonons responsible for cross-plane thermal
transport do not propagate along large angles from the
c axis. Toreflect this fact, we can restrict the angle of phonon
propagation in our MC simulation. As shown in Fig. 5, if we
limit the possible angles for phonon transport from the
c-axis direction, the enhancement of G4 with the slab
thickness becomes more and more pronounced as the
allowable phonon propagation angle from the c-axis direc-
tion reduces.

We point out that for both experimental and MD studies,
the obtained G, is still far below the upper bound that can
be obtained from theoretical reasoning. The upper bound
for the conductance in the limit of very large number of
layers can be simply regarded as the interlayer thermal
conductance between two neighboring atomic layers in bulk
graphite. Assuming the interfaces can be treated as resistors
connected in series, the interlayer conductance can be
estimated as G ypper = k/@, where k is the cross-plane
graphite thermal conductivity and a is the spacing between
planes. With k=6.8 W/mK [33] and «a = 0.34 nm,
Geaupper = 20 GW/ m? K, which is still one order of mag-
nitude higher than the experimental data, reflecting that the
wall thickness of the MWCNTs is still much less than /...

It is worth noting that three mechanisms coupled
together leading to the observed intriguing contact thermal
conductance. Inspired by the observation here, we have
demonstrated a c-axis phonon mfp of ~145nm through
MD simulation of graphite thin films [29]. The effects of
phonon reflection at free surfaces are physically straight-
forward and have been further verified by a separate
theoretical analysis with a thin film on a substrate [34].
Phonon focusing in graphite is well recognized, and even
though most attention has been paid to the effects of
phonon focusing into the in-plane directions, the same
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mechanism will also lead to phonon focusing into the
c-axis direction, as can be easily seen from the iso-energy
surfaces in Ref. [32]. The obtained diameter or thickness
dependent contact thermal conductance should provide
new insights into tuning thermal properties of CNT or
graphene-based nanocomposites.
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