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carbon nanotubes (CNTs) have very high

thermal conductivity' > and other out-
standing properties. In recent years, micro/
nanoscale devices based on CNTs have
been widely studied.®~® A prominent exam-
ple of these devices is the substrate-sup-
ported CNTs, where the CNT sidewall—
plane contacts with electrodes or sub-
strates. For example, Mann et al.® reported
light emission from 10 suspended quasi-
metallic single-walled CNTs, which is a result
of thermal light emission owing to Joule
heating in a one-dimensional system. For
another example, Liu et al.’ have demon-
strated the first piezoelectric potential
gated hybrid field-effect transistor based
on single-walled nanotubes, where a sin-
gle-walled nanotube was fabricated on a
flexible substrate. These kinds of micro/
nanoscale devices have very small size,
and thus their thermal transport properties
could seriously influence their behavior.
Although individual CNTs and substrates
could have outstanding intrinsic thermal
properties, the CNT—substrate thermal
boundary resistances (TBRs) are important
energy barriers. So the TBRs between CNTs
and substrates play a significant role in
determining the thermal transport and
other properties of these CNT-based de-
vices. Individual CNTs or CNT bundles may
be involved in the CNT-based devices. In
addition to the CNT—substrate TBRs, TBRs
between individual CNTs'® could influence
these devices' thermal properties and even
limit further development of the CNT-based
devices. For these reasons, it is necessary to
determine the TBRs between CNTs and
counterpart materials.

In our previous paper,'’ we carried out a
noncontacted measurement to compare
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We directly measured the temperature dependence of thermal boundary resistances (TBRs) between
multiwalled carbon nanotubes (MWCNTSs) and different materials at elevated temperatures. Using
the steady-state heat flow and the noncontacted measurement method, we could conveniently
obtain the TBR—temperature relations. Our results indicate that the TBR—temperature relations
vary distinctively with different contact materials when heating temperatures change from about
300 to 450 K; that is, the C(NT—metal TBRs increase with increasing temperatures, whereas the
(NT—insulator TBRs decrease. As a comparison, the TBRs between superaligned MWCNTs were
measured and we found that the C(NT—CNT TBRs remain basically unchanged as temperatures
increase. We also found that the magnitude of TBRs between MWCNTSs and different materials could
differ from each other significantly. These results suggest that the choice of the right electrode may
have an obvious influence on the thermal properties and other properties of the (NT-based devices.
From another perspective, in view of some existing theoretical models about TBRs, our results
support the validity of the molecular dynamics (MD) simulations in the calculation of C(NT—solid
TBRs at elevated temperatures.
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the relative TBRs of multiwalled carbon
nanotubes (MWCNTs) in contact with met-
als and polymers at a specific temperature,
where the MWCNTs have sidewall—plane
contact conditions with counterpart materi-
als. In this paper, we used the noncontacted
method to investigate the temperature de-
pendence of sidewall—plane contacted
TBRs between MWCNTs and five typical
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Figure 1. Measurement of the relative TBRs between
MWCNTs and five typical materials. (a) Schematic graphics
of the measurement. The NIR Laser | heated the CNT films
and heat flow (J) transferred from CNT films to underlying
materials. The NIR Laser Il was employed to measure the
temperatures of points L, M, A, and B. (b) Scanning electron
microscope (SEM) images of the cross-contact condition
between superaligned CNT films and superaligned bucky-
papers. (c) SEM images of the contact condition between
superaligned CNT films and aluminum sheets.

materials, that is, two metals, two insulators, and
MWCNTs. Heating temperatures changed from about
300 to 450 K. Our results indicate that TBRs between
MW(CNTSs and different typical materials have obviously
different temperature dependence. We further sug-
gest that the different temperature dependence origi-
nates from different thermal coupling mechanisms. In
view of some existing theoretical models about TBRs,
our results demonstrate that the molecular dynamics
(MD) simulations' "> could well predict the CNT—
insulator TBRs and that the electron—phonon coupling
TBRs (Re.p) may dominant CNT—metal TBRs at elevated
temperatures.'® Additionally, we found that the mag-
nitude of TBRs between MWCNTSs and different materi-
als could differ from each other significantly. Reducing
the TBRs at the interface is an available approach to
improve the energy dissipation and transport in micro/
nanoscale devices. Thus investigating the TBRs be-
tween MWCNTs and different materials is helpful for
improving the thermal performance of CNT-based
devices.

The MWCNTSs used in our experiment were a kind of
extremely lightweight (density is about 1.5 ug/cm?)
superaligned CNT films.!”” The diameters of these
MWCNTSs are about 10—20 nm, and the outside wall
of these MWCNTs may be metallic or semiconductive,
which depends on the exact diameter of the MWCNT.
Five typical counterpart materials included two metals
(@luminum, copper), two insulators (Al,Os, SiO,), and
the highly oriented buckypapers made of superaligned
MWCNT arrays.'® The thicknesses of the metal sheets,
insulator slices, and buckypapers were 50 um, 1.1 mm,
and 20 um, respectively. Two pieces of identical
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Figure 2. CNT/Al and CNT/Cu thermal boundary resistances
as a function of temperatures. Each of them increases as the
temperature increases from about 300 K and then reaches a
plateau.

counterpart materials were adhered to a pair of alumi-
num substrates by the high-purity silver paste. The CNT
films and buckypapers were both superaligned, so there
were two contact conditions, that is, the cross-contact
(Figure 1b) and the parallel-contact. In this way, we got six
pairs of “thermal electrodes”,'" and the distance between
two electrodes was 2.0 cm (Figure 1a). Then the super-
aligned continuous CNT films'® were spread on the
thermal electrodes and cut into 4 mm width ribbons by
a high-power laser. The MWCNTs in the superaligned
films lay flat on substrates and have a sidewall—plane
contact condition with counterpart materials (Figure 1c).
The contact length between MWCNTs and counterpart
materials was much longer than individual MWCNTSs. At
last, an ethanol drop was dripped on joints to get
sufficient contact conditions.

RESULTS AND DISCUSSION

The TBR is defined as Ry = AT/J, where AT is the
temperature drop and J is the heat flow at the
interface.?° It is very difficult to directly measure the
temperature drop, so in this experiment, we chose two
points (A on the CNTs films, B on the underlying
materials) near the contacted interface and another
two suspended points (L, M) on the CNT films to
substitute the AT and J,'" as is shown in Figure 1a.
The points A and B were chosen as close to the inter-
face as possible but on the films and underlying
materials, respectively. Points L and M were 5 mm
separated on suspended CNT films, and we need to
ensure that they are fixed in every measurement.
A near-infrared laser (Figure 1a, NIR Laser ) was used
to heat the CNT sheets, and its central wavelength is
980 nm. We used an Optris LS infrared thermometer
(Figure 1a, NIR Laser lI) to collect the temperature data.
This is a noncontacted thermometer, and its spatial
and temperature resolution are 1T mm and 0.1 K,
respectively. The precise position of the thermometer
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Figure 3. CNT/SiO, and CNT/AI,Os thermal boundary resis-
tances as a function of temperature. Both of them decrease
as the temperature increases from about 300 K and then
tend to relatively stable constants.

was controlled by a high-precision translation-and-lift
stage. The microstructures of samples were probed by
scanning electron microscopy (SEM; Sirion 200, resolu-
tion ~1.0 nm).

Heating temperatures of the suspended CNT films
varied from approximately 300 to 450 K. The tempera-
ture drop (ATxg) between A and B and the temperature
difference (AT, ) between L and M could be conve-
niently measured by the Optris LS infrared thermo-
meter. The relative TBRs were determined by the ratio
of ATpg to ATy, that is, Ry ~ ATag/ATiu'" (for more
deducing processes and error analysis details, readers
can refer to ref 11 and Supporting Information). In this
way, we obtained a series of TBRs as temperatures
increase. Figures 2—4 show the temperature depen-
dence of the six typical relative TBRs. The TBRs pre-
sented here are all relative values because of difficulties
in determining the exact contact areas between
MWCNTs and counterpart materials; this treatment is
sufficient for comparison purposes discussed in this
paper. Nevertheless, the exact TBR values and error
analysis are given in the Supporting Information.

The temperature dependence of the CNT—metal
TBRs is shown in Figure 2. The error bars capture the
uncertainty due to variations in repeated measure-
ment data. Heating temperature range was about
300—450 K, and the temperature drop between the
CNT films and counterpart materials was about 1—5 K.
This temperature range covers both the Debye tem-
peratures (BOp) of aluminum (©p ~ 428 K) and copper
(®p ~ 340 K). For the CNT/Cu interface, TBRs increase
steadily as temperatures increase to approximately
370 K and then changes very mildly as temperatures
further increase. The CNT/Al TBRs have a temperature
dependence similar to that of CNT/Cu TBRs, but its
turning temperature (~415 K) is higher than that of
CNT/Cu. On the other hand, Figure 2 also shows that
the value and the variation range of CNT/Al TBRs are
both remarkably smaller than that of CNT/Cu TBRs. This
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Figure 4. Temperature dependence of the cross-contact
MWCNT TBRs and parallel-contact MWCNT TBRs. Both of
them approximately remain unchanged as temperatures
increase from 300 K. The TBRs between cross-contact CNTs
have a larger value.

result indicates that, in the sense of TBRs, the Al
electrodes may perform better than Cu electrodes to
improve the thermal properties of CNT-based devices.

There have been some reported works that studied
the CNT (single-walled and multiwalled)—metal con-
tact combination.?' ~2* However, in the previous works,
CNTs were mostly coated with metals or vertically
synthesized on metals, where CNTs have top-end
contact conditions with metals. For example, Panzer
et al.?' have separated the interface resistances for
aligned single-walled carbon nanotube (SWCNT) films
coated with Al, Ti, Pd, Pt, and Ni using nanosecond
thermoreflectance thermometry. They further re-
ported the temperature dependence of the interface
resistance when the SWCNT top-end contacted with
metals, which is a different result from this paper.
Different from the previous studies, this work focuses
on the sidewall—plane contact conditions between
MWCNTs and metals. The phonon mode along the
nanotube wall is obviously different from that at the
nanotube end.

So far, we cannot completely clarify this MWCNT—
metal thermal transfer mechanism. In this paper, we
would just try to find some existing similar models of
nonmetal—metal interface to explain our results. It is
known that electrons dominate the heat transfer in
metals, while it is phonons in nonmetals and CNTs. Li
etal."" have shown that CNT—metal TBRs (R,) consist of
the electron—phonon coupling (R..,) and phonon—
phonon coupling (Ry_,) constituents, that is, R = Re_p+
Rp-p- At sufficiently low temperatures, the R, , dom-
inates the Ry, and its temperature dependence is R, , ~
1/T°, whereas the R.,, can be ignored.** However,
when temperatures are comparable to the ®p of metals,
Majumdar et al."® suggested that the Re.p is comparable
to the Ry, and thus cannot be ignored any more. They
also suggested that the R._, increases as T2 and R,, , re-
main constant with increasing temperatures near the ©p.
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In this case, the R, becomes more important and
even dominant. Our measurements were carried out
near the ©p of aluminum and copper, so the above-
discussed theoretical models could provide support for
our experimental results. Additionally, when tempera-
tures are higher than the ®p of aluminum and copper,
the Ry remains unchanged, as is shown in Figure 2. We
suggest that this result may be due to the R.., that also
becomes independent of temperatures as temperatures
further increase. More experimental and theoretical work
is still needed in the future to clarify this suggestion.

The temperature dependence of the CNT—insulator
TBRs is shown in Figure 3. For the CNT/SiO, and CNT/
Al,O3 TBRs, they both decrease as temperatures in-
crease from 300 K and then tend to a relatively stable
constant. The turning temperature of CNT/SiO, is
about 348 K, while that of CNT/AI,O5 is 367 K. These
two types of TBRs have a similar temperature depen-
dence which indicates that they have the same thermal
coupling mechanisms. It is known that energy is
primarily carried by phonons in insulators and
CNTs.""?® So CNT—insulator TBRs mainly originate
from the phonon—phonon coupling mechanism.

The CNT—insulator TBRs have been widely studied,
and a number of results have been reported,' %1262
but the theoretical system is just beginning to take
shape and much work remains to be done in this area.
So far, there have been three reported theoretical
models to calculate the phonon—phonon coupling
TBRs: the acoustic mismatch models (AMM),?%2° the
diffuse mismatch models (DMM),%* and the molecular
dynamics (MD) simulations.'*” "> The AMM and DMM
are based on continuum models, which only consider
the elastic phonon scattering at the interface and
ignore the inelastic ones. This treatment is sufficient
at low temperatures, but the inelastic phonon scatter-
ing will become intensive as temperatures increase.
Therefore, either AMM or DMM can well predict the
solid—solid TBRs only at very low temperatures (<30 K).2*
By contrast, the MD simulations are derived from
the interaction of atoms and inelastic phonon scatter-
ing at the interface. Given this, it may be a more
effective model to calculate the solid—solid TBRs at
elevated temperatures. Using the MD simulations, Ong
et al.'* obtained the temperature dependence of the
CNT/SiO, TBRs as R ~ T~/ (between 200 and 600 K),
and they also found that the high-frequency (40—57
THz) CNT phonons have very small contribution to the
interfacial heat transfer,' which means that when
interfacial temperatures exceed a typical temperature,
TBRs will not significantly change with temperature.
These results derived from the MD simulations are
different from that derived from the AMM or DMM
but have a good correspondence with the results of
this paper.

The CNT/AI,O5 TBRs have similar temperature de-
pendence with that of CNT/SiO,, as is shown in Figure 3.
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Figure 5. Magnitude of relative TBRs between CNTs and six
typical substrates at 400 K.

This result may be also attributed to the phonon—
phonon coupling mechanism. The temperature de-
pendence of the two typical CNT—insulator TBRs re-
ported here suggest that, at the mechanism of
phonon—phonon coupling interfacial thermal trans-
port, the inelastic scattering plays an important role
and cannot be ignored at elevated temperatures.
Because the AMM and DMM ignore the role of inelastic
scattering, the MD simulations will work more effec-
tively than AMM and DMM above room temperature.
Finally, it is worth noting that CNT/Al,O; TBRs are
significantly higher than CNT/SiO, at the same tem-
peratures, as is shown in Figure 3. Nowadays, we
cannot exactly explain this result, and more experi-
mental and theoretical work is needed in the future.

There were two contact conditions between the
superaligned CNT films and superaligned buckypapers:
the cross-contact (CNTsLCNTs) and parallel-contact
(CNTs//CNTs). Thus, we obtained two series of TBRs
between MWCNTSs, and their temperature dependences
are shown in Figure 4. These curves indicate that TBRs
between MWCNTs remain basically unchanged as tem-
peratures increase from 300 K. This is an obviously
different temperature dependence from that of
CNT—metal and CNT—insulator TBRs, and it has a good
agreement with findings of Yang et al,'® which derived
the TBRs between two individual MWCNTs with tem-
perature changes from about 50 to 400 K. Another
interesting result is that the magnitude of the CNTs_LCNTs
TBRs is about two times higher than that of CNTs//CNTs
TBRs above room temperature. The smaller TBRs be-
tween the parallel-contact MWCNTs may be due to the
bigger contact areas and more phonon coupling modes
because of a similar phonon mode along the tube wall.
These reported results demonstrate that the superpar-
allel structure in CNT-based devices could highly enhance
their thermal properties.

Finally, the magnitudes of the six discussed TBRs at a
specific temperature (400 K) are shown in Figure 5. The
sizes of the symbols capture the uncertainty due to
variations in repeated measurement data. This figure
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clearly demonstrates that the CNT—metal con-
tact has the largest TBRs at 400 K, which could be
attributed to the small phonon mode overlapping
and the strong phonon scattering at the interface."’
Figure 5 also shows that the CNT—CNT contacts give
higher TBRs than the CNT—insulator contacts at this
specific temperature; this is a novel phenomenon
and a different result derived from the AMM. Accord-
ing to the AMM, the same kind of materials may have
the lowest TBRs due to the largest phonon mode
overlapping. Thus, this result may suggest that the
TBRs also arise from other mechanisms besides
the phonon mismatch model.

As mentioned before, the CNT-based devices may
have very small size and thus their thermal trans-
port properties could seriously influence their
behavior. Therefore, when choosing electrode
materials of the CNT-based devices, we should take
into account both the electric conductivity and the
thermal transport properties. Figure 5 shows that
CNT/SiO, has the smallest TBRs among the five
typical materials at the temperature 400 K, but
SiO, has very poor electric conductivity. On the
other hand, metals like Cu and Al may have good
electric conductivity, but their TBRs when con-
tacted with CNTs are much bigger than other ma-
terials. Thus, to sum up the points which we have
justindicated, the graphite and other carbon-based

METHODS

Preparation of the “Thermal Electrodes” and Properties of Superaligned CNT
Films. Substrates used in this experiment are 6 cm x 14 cm x
1.2 cm aluminum blocks. The five typical materials had smooth
surface and were cut into the same size with the aluminum
substrates. Two pieces of each material were adhered to a pair of
substrates by high-purity silver paste in order to get a perfect heat
transfer condition. Then superaligned CNT films were drowned out
from the superaligned CNT arrays. The superaligned CNT arrays
were synthesized on silicon wafers in a low-pressure chemical vapor
deposition (LP-CVD) system.'® In order to lessen the tube—tube
TBRs, the CNT films were ultrathin and approximately single-layer.

Precise Position Control of the Measurement Points. We chose four
separate points to calculate relative TBRs in this experiment. These
points must be precisely controlled and ensured to have the same
position for every material. A high-precision translation-and-lift
stage was used to ensure the precise position control, where it can
move in three-dimensions and the spatial resolution is 0.01 mm.
Point M was chosen on the suspended CNT films and is very close
to the contact interface, and the distance apart from the edge is
0.5 mm, as is shown in Figure 1a. Another suspended point L was
5 mm apart from point M. Points A and B were chosen on the CNT
films and on the material, respectively. The temperature difference
between A and B (ATpg) substitutes the temperature drop (AT) at
the interface, so these two points were chosen as closely as
possible to the contact interface for the purpose of reducing the
inaccuracy (detailed analysis indicated in ref 11).

Conflict of Interest: The authors declare no competing
financial interest.

Acknowledgment. This work was supported by National
Basic Research Program of China (2012CB932301) and the

ZHANG ET AL.

materials may be the best electrode materials for
the CNT-based devices at this temperature.

CONCLUSION

In summary, we directly measured the relative TBRs
between MWCNTs and five different typical materials
above room temperature. By changing heating tempera-
tures, we obtained the temperature dependence of the
five typical TBRs. Our results indicate that TBRs of different
kinds of contacted materials have different temperature
dependence. Then we suggest that these results origi-
nate from different thermal coupling mechanisms. For
the CNT—metal TBRs, owing to the important role of the
electron—phonon coupling above room temperature,
they monotonously increase as temperatures increase
from about 300 K. For the CNT—insulator TBRs, because
the inelastic phonon scattering at the interface cannot
be ignored at high temperatures, they monotonously
decrease as temperatures increase. We also found that
the TBRs between MWCNTs remain basically un-
changed as temperatures increase, and the parallel-
contact MWCNTSs have lower TBRs than the cross-con-
tact MWCNTs. These results of TBRs between MWCNTSs
and different materials reported here are helpful for
improving the thermal performance of CNT-based de-
vices. From another perspective, our results support the
validity of the MD simulations in the calculations of
CNT—solid TBRs at elevated temperatures.

National Natural Science Foundation of China (51173098,
10721404).

Supporting Information Available: Additional information for
deducing processes of equations; exact values of TBRs; error
analysis details. This material is available free of charge via the
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