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ABSTRACT: Interfacial thermal conductance between a single- [ T T T T m_]
walled carbon nanotube (SWCNT) and substrate is rarely
characterized and understood due to substantial challenges in
probing the energy transport across such nm-wide contact. Here,
we report the interfacial thermal conductance between a <6 nm
thick SWCNT bundle and Si substrate. The energy transport state-
resolved Raman is employed for the measurement, where the
Raman spectrum change under continuous wave (CW) and 20 ns
pulsed laser heating is measured for the thermal response of the
SWCNT under steady and transient heat conduction sustained by N
the interfacial thermal conductance. Since no knowledge is needed 50 100 150 200 0 03 06 09 12
for laser absorption and temperature rise of the sample, the Raman Shift (cm™) Distance (um)
measurement achieves extreme capability and confidence. For three

locations of the SWCNT bundle, the interfacial thermal resistance is measured to be (2.98 + 0.22) X 103, (3.01 + 0.23) X 10 and
(1.67 + 0.27) X 10* K m W', corresponding to thermal conductance in a range (3.3—6.0) X 107* W m™" K™". Our analysis suggests
a loose contact between the SWCNT bundle and the Si substrate, mainly attributed to the obvious nonuniformity of the sample,
which was resolved by atomic force microscopy and Raman spectroscopy. For an assumed contact width of ~1 nm, the interfacial
thermal resistance would be of the order of 107 W m™2 K™/, in line with those reported for mechanically exfoliated graphene and
two-dimensional (2D) materials.

Position (um)
Diameter (nm)

1. INTRODUCTION hybridization, yet due to the periodic boundary condition
along the circumference, a band gap could be achieved, making
them either semiconducting or metallic. CNTs are also highly
valued for their exceptional thermal conductivity, which has

Significant efficiency advancements have been made in
nanoscale devices over the last 30 years. Take transistors, for
example; despite this progress, the room for improvement is

about 3 orders of magnitude of their current efficiency, up to been confirmed experimentally for multiwalled carbon nano-
the so-called fundamental physical limit, which is estimated to tubes (MWCNT) and individual single-walled carbon nano-
be around 3kzT =~ 107%° J at room temperature.' As tubes (SWCNT)."?

miniaturization advances, energy dissipation in nanoelectronics A variety of techniques have been used to characterize the
becomes a limiting factor that affects storage density and interfacial thermal resistance (ITR), from computational
computational efficiency.” Consequently, the study of thermal methods'*~"” to experimental techniques like the microbridge
transport phenomena at the nanoscale has attracted the method,'® contact transient electrothermal (CTET)," time-
attention of numerous researchers.” The extraordinary thermal domain thermal reflectance (TDTR),*° and so on. However,
properties of low-dimensional materials'~® present a promising reported values often show discrepancies and lack consistency
avenue for potential solutions,” and the last two decades have due to the difficulty of measuring interfacial thermal
seen tremendous progress in material science, leading to a conductance at contact lengths of a few nanometers or even

deeper understanding of low-dimensional materials like carbon
nanotubes (CNTs) and graphene.® These materials have
demonstrated exceptional properties through experimental and
theoretical evidence, positioning them as the future of several
industries, including semiconductors.”'® CNTs have been the
subject of much interest since their discovery in 1991"" due to
their unique properties. Their extraordinary structural proper-
ties are explained by strong carbon—carbon covalent bonding.
Their electronic structure is similar to graphene, with the sp?

less and the different uncertainty levels introduced by each
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technique. Pop et al. investigated the electrical and thermal
properties of metallic single-wall carbon nanotubes
(SWCNTs) on insulating substrates. They deduced a thermal
conductance between SWCNT and the substrate as 0.17 +
0.03 W m™! K™'. They also revealed that electrons contribute
less than 15% of the total thermal conductivity of metallic
nanotubes at room temperature.21

Maune et al.>* reported the ITR between SWCNT and
sapphire substrate of around 3 K m W', dominated by
interfacial resistance. Their results suggest that a relatively
short contact length of around 10—30 nm is sufficient to
transfer heat efficiently into nanotubes. Yang et al.”’ measured
the contact thermal resistance between multiwalled carbon
nanotubes (MWCNT). They found that the contact thermal
conductance can increase by nearly 2 orders of magnitude as
the contact area increases from a cross-contact to an aligned
contact. Their results yielded a thermal contact resistance in
the order of 107 K m* W™ at room temperature, 1 order of
magnitude lower than that from a molecular dynamics
simulation in the literature. In a more recent study, the
thermal resistance through cross-contacts between individual
MWCNT was investigated by Yang et al., and it was found that
the normalized contact thermal conductance per unit area
depends linearly on the tube diameter, contrary to common
expectations. They reported a cross-contact interfacial thermal
conductance that ranges from 3 X 10 to 1.3 X 10° Wm > K.
These results were supported and extended through molecular
dynamics simulations with multilayer graphene nanoribbons.
The findings suggest an unexpectedly long phonon mean free
path in the c-axis direction of graphite. Phonon reflection at
free surfaces could explain the observed behavior.”> One
possible source for the variation in the reported values is the
different contact areas estimated by researchers. Thus, a
thermal contact resistance per unit length is more favorable.”*

For characterizing materials at the nanoscale, the Raman-
based techniques offer the advantage of minimal sample
preparation and small spatial resolution with comparable
uncertainties as in other methods.”> Despite these advantages,
Raman-based measurements can still have several sources of
errors, yet they can be minimized. As comprehensively
discussed in their review, Xu et al.*® revealed that the stress
induced by thermal expansion mismatch during calibration
could cause errors when using Raman spectroscopy to measure
the temperature change across the interface. Therefore, the
temperature coefficients of the Raman properties determined
during calibration may introduce unknown errors. Moreover,
the measurement of laser absorption can be affected by the
spacing between the sample and the substrate, which can vary
depending on the thickness of the sample and the preparation
method, leading to sample-specific absorption coefficients. To
address those uncertainties, the energy transport state-resolved
Raman (ET-Raman) technique was first introduced by Wang’s
group”” and is used in this work. This technique involves
creating two energy transport states, a steady state achieved by
using a continuous wave (CW) laser and a transient state by
using a pulsed laser. The ITR can be determined by comparing
the Raman shift variations measured in time and space
domains from different energy transport states. Therefore, this
method can potentially eliminate errors arising from the
Raman property temperature coefficient calibration.”® The
technique has been further extended by Zobeiri et al.,*” who
proposed using two energy transport states: a CW laser for
steady-state energy transport and an amplitude-modulated
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laser at frequency (f) for transient energy transport state. An
essential advantage of this method (termed the frequency
domain ET-Raman, or FET-Raman) is the ease of obtaining a
good signal. However, the ET-Raman provides more sensitive
probing measurement since the laser pulses almost have no
interference with each other.

We note here that ET-Raman has some limitations and
cannot be used to characterize all types of materials (ie.,
metallic, semiconducting, and dielectric). For a sound Raman
spectrum, light should be absorbed, either by some electronic
transition as in semiconductors with bandgaps below the
photon energy or by photon-phonon interactions, which are
more complicated due to spin conservation. For metallic
samples, the valence electrons respond to photons and move
freely within the valence band. This puts a limit on the phonon
activity induced by the laser absorption. Hence, metallic
samples cannot be characterized using ET-Raman or any other
conventional Raman-based techniques. In summary, if a
material has a sound Raman spectrum and laser absorptivity
to induce heating, then ET-Raman can be implemented for
thermal characterization.

Here, we report the ITR per unit length for single-walled
carbon nanotubes (SWCNT) on a silicon (Si) substrate. To
the best of our knowledge, this is the first study to attempt this
method for these materials. We believe that this would
eliminate the possible errors arising from estimating the
interface’s contact area and therefore provide intrinsic insights
about the interface between CNT's and Si substrate. Our novel
approach, the ET-Raman technique has been described in
detail and aims to minimize the uncertainties associated with
laser absorption measurements and Raman temperature
calibration. In this work, we differentiate the thermal energy
transport mechanism for our sample under laser heating by
switching between a continuous wave laser beam (CW) and an
amplitude-modulated nanosecond pulsed beam, thereby
enabling a unique temperature rise to be induced in the
SWCNT. The resulting Raman signals are then analyzed with
laser powers adjusted to generate experimentally measurable
Raman signal red shifts. The ET-Raman approach requires
only relative Raman signal red shift information, thereby
eliminating the need for a sample-dependent Raman temper-
ature coefficient and light interference effects at the interfacial
gap. A physical model is developed to extract the ITR. More
details will be provided in upcoming sections.

2. MATERIALS AND METHODS

2.1. Material Synthesis. The CNTs are synthesized using
atmospheric pressure chemical vapor deposition (APCVD)
with sulfur, ferrocene, and xylene as initiator materials. To
compile the CNT films, a nickel foil is placed downstream of a
quartz tube. The CVD furnace is first heated to 1160 °C under
a stream of 20 sccm of 99.999% pure Ar gas. A solution of
sulfur (0.001 g mL™") and ferrocene (0.045 ¢ mL™") dissolved
in xylene is then injected into the upstream side of the quartz
tube at a flow rate of S mL min™' at 1160 °C furnace
temperature. At the same time, the carrier gas is changed to a
mixture of Ar and H, (V,,/Vy, = 0.85:0.15) and the flow rate

is increased to 1500 sccm. In order to control the thickness of
the CNT films, the reaction time is changed from S to 60 min.
The grown CNT films float downstream and are collected on
nickel foil. The CNT film could be easily removed from the
nickel foil and placed on a silicon (Si) substrate.

https://doi.org/10.1021/acs.jpcc.3c07572
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Figure 1. (a) AFM scan image. (b, c) Height of the sample corresponding to the red dashed lines in the AFM scan image, with the green shaded
area representing the laser spot in ITR measurement. (d) Full Raman spectrum of the sample.
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Figure 2. (a) RBM scan, (b) D band scan, and (c) G band scan. The black dashed lines correspond to the locations shown in Figure la. The
multiple peak fitting using Gaussian function for the RBM spectrum of the first location using $32 nm laser for (d) locations #1 and #2, (e) location
#3, and (f) the RBM excitations of the third location using 785 nm laser.
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2.2. Experimental Setup. HORIBA Scientific’s confocal
Raman microscope is coupled to the spectrometer iHR 550
and to the laser source Excelsior 532 nm CW laser, which is
used to achieve steady-state heating. The transient state,
however, is achieved by using a Tetronix AGF31000 function
generator to modulate the signal. The focused laser spot size is
measured by the knife-edge method, which yielded a radius of
0.38 pm. The sample is mounted on a 3-axis NanoMax 300
motorized nano stage under the 100X objective lens. To
control the irradiated laser power on the sample, a motorized
neutral density (ND) filter is implemented. For a more precise
and faster experiment, all of the components are controlled
through a LabVIEW program.

2.3. Material Characterization. The profile of the studied
area of the sample is characterized using atomic force
microscopy (AFM). The AFM scan image of the SWCNT
sample in Figure 1a, obtained using the contact mode, provides
essential insights into the sample’s characteristics. Three
different locations are studied, as marked in Figure la. First,
it confirms the presence of only one SWCNT bundle within
the laser spot domain, as it is confirmed by Figure 1b,c. This
ensures that the Raman spectrum obtained during the
experiment belongs to one sample, eliminating uncertainties
that could arise from multiple samples being subjected to
different effective laser intensities due to the Gaussian shape of
the laser spot. Second, the scan reveals that the diameter of the
bundle is not constant, with AFM measurements indicating a
reduction in the height from 4.4 to 3.16 nm. The Raman
scanning for the radial breathing mode (RBM), D, and G
peaks confirms this nonuniformity and will be discussed in
further detail.

The radial breathing mode (RBM) peaks provide valuable
information on the diameter(s) of the SWCNTs within the
bundle.””*" It is a vibrational mode that is symmetric in nature
and arises from the oscillations of carbon atoms in the radial
direction perpendicular to the tube axis. It has been established
in previous research that the frequency of RBM is inversely
proportional to the diameter of the tube, as given by the
relation wggy = (A/d) + B, where A and B are constants that
have been determined experimentally for different config-
urations. For instance, freestanding CNTs were found to have
constants of A = 204 cm™! nm and B = 27 cm™'** while
bundled nal;otubes have constants of A = 239 cm™' nm and B
0 cm™

2* Various other configurations have also been
reported in the literature.*** In addition to the sensitivity of
the RBM frequency to the diameter and chirality of SWCNTSs,
the line width of the RBM offers valuable insights. The RBM
broadening along the tube axis is closely linked to the diameter
distribution and chirality of SWCNTs within the sample.*
However, this phenomenon is only true when the laser energy
is fixed,”” which is the case in our scanning process. To sum it
up, when the laser energy is fixed, a wider RBM peak denotes a
broader range of CNT diameters in the sample. The RBM scan
in Figure 2a confirms the diameter variation observed in the
AFM measurements, showing a noticeable variation in the line
width. As discussed and illustrated in Figure 1b,c, the AFM
measurements revealed a height of 3.16 nm at locations #1 and
#2 and 4.4 nm at location #3. By utilizing the AFM
measurements and the frequency-diameter relationship
above, we can determine the diameters of individual SWCNT's
within each bundle, enabling the evaluation of the number of
carbon nanotubes within the bundle. A comprehensive analysis
is provided in Section 3.
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More information can be extracted from the Raman
spectrum. The D peak shows a highly dispersive feature,
meaning its frequency is sensitive to laser energy. Although the
scan in Figure 2b is conducted at a fixed laser energy, the D
peak shows a slight frequency shift along the tube axis. This
behavior is consistent with previous reports by Pimenta et al.,”®
who showed that the frequency of the D peak is related to the
tube diameter: smaller diameter tubes exhibit lower
frequencies. Moreover, they indicated that the intensity
variation of the D peak could result from multiple factors
such as lattice defects, finite tube size, and varying resonance
conditions among tubes. As a result, no definitive conclusion
can be drawn. Nonetheless, the nonuniformity of the scanned
sample is evident and aligns with previous observations. The
full-width at half-maximum (fwhm) of the D peak is indicative
of the defect distribution within the sample,39 although it is
insufficient to identify the specific defect type. Therefore,
further investigation is necessary. Overall, the scan confirms
the nonuniformity of our sample.

The quality of the sample under investigation is a critical
factor in the interpretation of the Raman spectra. As depicted
in Figure 1d, the D peak intensity is notably low, which has
been widely documented as an indicator of high sample
quality.”® Further evidence supporting this claim is observed in
the Raman band (D + D”) situated around 2435 cm™, which
is identified as another double-resonance process akin to the
2D band at 2670 cm™' and was first analyzed by the
Dresselhaus group.*' A thorough review by Dresselhaus et
al.** emphasized that this peak is exclusively present in high-
quality samples and proper experimental setups. Our findings
confirm this assertion where the peak intensity remains
unaltered under varying laser power conditions, consistent
with results previously reported by Shimada et al.*' Unlike the
D band, the G band is insensitive to the change in the tube
diameter or chirality.*” This is confirmed in Figure 2c, which
shows a constant wavenumber along the tube. The line width,
on the other hand, carries information on the electronic
structure of the SWCNTSs. The Lorentzian shape for the G
band, as observed in the Raman spectrum, indicates semi-
conducting individual SWCNTs. This observation is in
immense agreement with the tight binding calculations for
the energy gaps of semiconducting SWCNTs. A more in-depth
discussion will be presented in Section 3. As mentioned before,
the G peak exhibited the largest signal-to-noise ratio and was
used to deduce the Raman shift power coeflicient.

The phenomenon of size shrinking in carbon nanotubes is
multifaceted and can be attributed to various factors. One
possible explanation is that the overall bundle size has
decreased due to alterations in the intertube interactions
caused by van der Waals forces. The mechanism behind this is
the following: as the intertube distance decreases, the van der
Waals forces between different tubes increase as it is
proportional to ~r~7."> This increase leads to stronger
attraction between the tubes, resulting in further contraction
of the bundle diameter. As shown in previous studies, the van
der Waals interactions are also known to play a significant role
in the self-assembly of SWCNT bundles.** Another proposi-
tion is that the individual SWCNTs have undergone a
reduction in diameter due to the change in the distribution
of defects, including differences in chirality, defects, or
impurities within the nanotube during the growth phase. The
concentration of defects has been extensively studied by
Yuzvinsky et al,,*> who have demonstrated that precise control

https://doi.org/10.1021/acs.jpcc.3c07572
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Figure 3. (a) Steady-state energy transport schematic using a CW laser with a 532 nm wavelength. The diffusion length extends throughout the
substrate. (b) Schematic of the transient energy transport state using an amplitude-modulated CW laser with $32 nm wavelength. The heating time
(t.) is set to 20 ns, whereas the cooling time (t,) is set to 1 us. The thermal diffusion length is finite and much shorter than the steady-state scenario.
By comparing the steady-state energy transport response to the transient one, the ITR can be effectively measured.

over SWCNT diameter could be achieved by regulating
defects. It is, however, essential to note that these two
scenarios are not mutually exclusive, meaning that the
observed situation may be a superposition of both effects.
Such variations in diameter can significantly affect the
electronic and mechanical properties of nanotubes.

2.4. Theoretical Development of ET-Raman Techni-
que and the Heat Conduction Model. The ET-Raman
technique in this research involves using a CW laser and a
nanosecond pulsed laser (obtained by amplitude modulating
the CW laser) to expose the sample and analyze its thermal
response. By acquiring the excited Raman signals during laser
heating, we can obtain the temperature profile of the material,
which needs not be its actual temperature rise. In this work, we
establish two distinct energy transport states to investigate the
interfacial energy transport between the SWCNT and the Si
substrate. The ET-Raman process involves using a CW laser
with a wavelength of 532 nm (corresponding to photon energy
E =2.33 eV) as a heat source for the SWCNT to probe it. A
100X objective lens is employed to focus the laser beam onto
the sample. The laser spot size (r, ~ 0.38 um), as shown in
Figure 1b,c, is much larger than the SWCNT bundle diameter.
The in-plane thermal diffusion along the SWCNT outside the
laser heating area is still taken into consideration in our
theoretical model to achieve high precision. More details are in
Section 3.

During CW irradiation, the sample is heated to a steady-
state rate. Here we increase the laser power (P) while
recording the Raman signal to examine the temperature profile
under different heating states. The Raman shift (@) is red-
shifted as we increase the laser power. Hence, the Raman shift
power coefficient (RSC) is then obtained by taking the change
in @ with respect to the laser power P (ycyw = dw/0P). The
RSC is applied to the first-order G peak Raman active modes
of the SWCNT, which appear as a single prominent peak at
around 1582 cm™ in the Raman spectrum. The G peak is
chosen due to its highest signal-to-noise ratio among the entire
spectrum. The laser power range is kept relatively low, while a
linear relation is achieved between @ and P. It is worth noting
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that the RSC for a single energy state (i.e., the steady state or
the transient state) is still a function of the laser absorption
coefficient (@ ), Raman temperature coefficient (dw/0T), and
interfacial thermal resistance (R’). In ET-Raman, the ratio of y
is used as © = /Yy for determining the ITR. Here, y, is for
the transient state under pulsed laser heating and Raman
scattering. As a result, the ET-Raman technique eliminates the
effects of laser absorption and the Raman temperature
coeflicient, as explained in the following section. Therefore,
the ITR is the only remaining unknown variable of interest.

In order to conduct a practical ET-Raman experiment using
a pulsed laser, it is vital to consider the repetition rate or the
time interval between pulses. If the goal is to observe transient
states of heat conduction, ensuring the material has enough
time to cool to ambient temperature between consecutive
pulses is crucial. This is necessary to distinguish the CW
steady-state heating from the transient heating caused by
nanosecond pulsed lasers. Accurate measurement of the ITR
becomes much more sensitive with this differentiation of
thermal transport. If the repetition rate is too fast and the
interval between pulses is too short, pulsed laser heating
becomes more like CW laser heating. This is because the
accumulated temperature increase throughout multiple pulses
will have a more significant impact on the overall thermal
transport of the system, which can mask the presence of ITR.
Therefore, in order to effectively study transient states of heat
conduction, it is essential to carefully design the experiment
with an appropriate repetition rate that allows for sufficient
time for the material to cool down between pulses.

In this work, 20 ns of heating time is chosen to achieve
transient heating. To ensure the material returns to its initial
temperature, a 1 us off time is selected. It is important to note
that the exact values may require adjustment based on specific
experimental conditions and SWCNT properties. Given this
relatively high repetition rate (~980 kHz), we employ a
photodiode to discern variations in the intensity of the
received signal, which may arise from distortion or other types
of interference encountered during signal transmission. The
results confirm a consistent and uniform pattern of intensity

https://doi.org/10.1021/acs.jpcc.3c07572
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that maintained a square shape, signifying faultless trans-
mission of the laser beam.

Here, we note that our theoretical model based on the finite-
volume method accounts for the number of heating cycles and
the laser off time. By fixing the laser off time at a given value,
we compare the temperature increase of multiple heating
pulses to a single heating pulse. If the temperature rise is
different (ie., the temperature rise is higher for multiple
heating cycles), then the heat is effectively accumulating and
the relaxation time is not sufficient to cool the sample down to
its initial temperature (i.e., room temperature). By iterating
this, the laser off time can be optimized before running the
experiment. We note that even if the material did not restore
its initial temperature completely during the experiment (i.e.,
we underestimated the necessary thermal relaxation time), our
theoretical model takes that into consideration, as pointed out
above through multiple heating cycles. Nevertheless, we make
sure to have sufficient relaxation time to obtain more distinct
energy transport states and, hence, more sensitive probing.

The schematic diagram in Figure 3 shows a comparison
between the steady-state response and the transient one. The
thermal diffusion length (L1) describes the distance over which
heat diffuses through a material within a specific time interval.
For steady-state heating with a CW laser, the thermal diffusion
length is practically infinite, whereas, for the transient state, it
can be evaluated using the formula L = 2\/05_15e , where « is the

thermal diffusivity of the substrate and f, is the laser pulse
width. The value is estimated to be 0.25 ym by using this
formula for the Si substrate. It is notable that the contribution
of substrate thermal resistance to the overall thermal resistance
is expected to be more significant in the steady-state case than
in the transient one. This can be explained by the steady
temperature distribution, where heat can diffuse throughout
the material over a longer distance. Conversely, the
contribution of the ITR to the overall thermal resistance is
expected to be greater in the transient state than in the steady
state. This is confirmed by calculating the thermal resistance in
the substrate using Ly/(ka), where a is the contact width
taken to be 1 nm and k; is the substrate thermal conductivity
which is taken to be 148 W m™' K" Using the previous
equation, the substrate thermal resistance in the transient state
yields a value per unit length of around 1.7 K m W™". On the
other hand, in steady-state heating, the substrate thermal
resistance can be evaluated using the appropriate shape factor.
To estimate the thermal conduction resistance and compare it
to the ITR, we approximate the CNT as an infinitely thin
rectangle of width a4 and length L on a semi-infinite medium.
The unit length (L = 1 m) resistance can be calculated as L./
(0.932:k,-A,)," where A, is the active area and defined as A, =
2aL and L. is the characteristic length defined as L. = (A,/
47)"/2. By substituting the values, we calculated the substrate
thermal resistance in the steady state to be 45.73 K m W' It
is evident that in both scenarios, the substrate thermal
resistance is orders of magnitude less than the ITR determined
experimentally in this work, which is found to be on the order
of 10° K m W™'. We note that this approximation has been
made only to estimate the thermal conduction resistance and
has not been implemented in our theoretical model as will be
discussed shortly. To sum it up, the resistance at the interface
is what governs the heat conduction at the nanoscale and is
more prominent in the transient state. Hence, the temperature
rise in the substrate is nearly negligible which validates our
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assumption in the theoretical model. More details will be
provided in Section 3. It is, however, important to point out
that the two energy transport states (i.e., the steady state and
the transient state) are still both crucial to eliminate the
dependence on the optical and thermal properties of the
sample such as the laser absorption coeflicient and the Raman
temperature coefficient.

In the present study, to achieve precise determination of the
ITR, our theoretical model takes into consideration the heat
transfer along the tube direction, reducing the errors that
would arise from assuming a one-dimensional (1D) heat
conduction model in the thickness direction. The governing
equation for the steady state and the transient state heat
transfer are given as in eqs 1 and 2, respectively

’T _T-T .
k— — —— +4=0
Ox R-A_ (1)
F’T T-T, ny oT
g7 = 2L
x> RA, Peot )

Here, k denotes the thermal conductivity of the sample, which
is taken to be SO W m™" K™ at room temperature as measured
by our recently published work®” for a suspended CNT of the
same branch, p is the density, c is the specific heat, T is the
substrate temperature, and A is the solid cross-sectional area
of the CNT. The right-hand side of eq 2 represents the
transient response. The first term on the left-hand side
represents the heat conduction along the tube in the x-
direction (axial direction), while the second term represents
the heat transfer in the thickness direction (termed “z-
direction” hereafter) from SWCNT to the Si substrate. We
note that ballistic heat conduction in the axial direction, if it
exists, will need a different treatment as the constructed
physical model does not capture it. However, the thermal
conductivity as measured reveals a phonon mean free path
much smaller than the laser spot size. Ballistic conduction
reported in the literature was associated with thermal
conductivity in the range 2000—3000 W m™" K™ for CNT,
which could yield a phonon mean free path long enough to be
comparable to the laser heating area. Hence, no ballistic heat
conduction in the axial direction is expected in our
measurement. As shown in the equation, the heat transfer in
the z-direction is a function of the ITR only, which is
confirmed by our calculations in the previous section. To
explain the underlying physics behind our assumption, the high
thermal conductivity of carbon nanotubes, coupled with their
very small thickness, leads to a very low Biot number (Bi)
defined as Bi ~ 1/(R’-k,), where k, is the effective thermal
conductivity of the CNT along the circumferential direction.
As detailed later, R’ is in the order of 10> K m W™! and «,
would be in the order of 1 W m™! K™!, Therefore, we have Bi
< 1, indicating the validity of neglecting the spatial variation of
temperature in the cross section of the SWCNT bundle.
Further, we assume a constant temperature for the Si substrate
denoted as T, in the equation. This assumption is based on the
high thermal conductivity of Si (148 W m™ K™') as well as the
large substrate mass, which can be approximated as semi-
infinite medium, compared to the CNT, which yields a
negligible substrate temperature rise.

Since the temperature distribution in the SWCNT bundle’s
cross section is negligible, it is treated by having an effective
uniform heat source of g in the cross section that varies with
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the axial direction location to reflect the laser beam Gaussian
profile. g is defined as

q(x) = g, exp(—x’/x,") 3)
where g, is the maximum heat source at the laser beam’s center
(x = 0) and «, is the laser beam radius.

Under the above formulation, the SWCNT bundle can be
modeled in two equivalent approaches, to some extent. The
first approach is to consider the SWCNTs bundle to have a
cross-sectional area determined by the nominal diameter, as
revealed by the AFM measurements and occupied by
individual SWCNTs. By implementing this approach, we
shall modify the thermophysical properties to consider the
geometry of the individual SWCNTs (cylindrical shells) and
hence account for the air gaps. In the second approach, which
is the one used in our calculations, we calculate the effective
solid cross-sectional area for the bundle as the sum of the solid
cross-sectional area for each individual SWCNT. Using this
approach, we are permitted to approximate the specific heat as
the bulk counterpart, since the effective tube area is considered
as a solid rod with no air gaps. The following section will
illustrate the method used to reveal the structure of the
SWCNT bundle and hence calculate the effective thermo-
physical properties.

3. RESULTS AND DISCUSSION

3.1. Effective Thermophysical Properties Calcula-
tions. Numerical simulation based on the finite-volume
method is conducted to solve the heat conduction equation
and find the temperature rise under the two energy transport
states. In our experiment, since only the RSC ratio of the
transient state to the steady state is needed, the absolute
temperature rise is not needed. Therefore, an arbitrary g, value
is used. In the modeling, the effective cross-sectional area of
the bundle is used, and this parameter is obtained based on the
Raman spectrum. The RBM bands are commonly used to
characterize the SWCNT diameter. However, the RBM
spectrum exhibits a complex series of peaks for our sample
that presents a challenge for direct analysis. To elucidate the
underlying information, a Gaussian multiple peaks function is
employed to fit the data as shown in Figure 2d for the first and
second locations. The structural analysis as revealed by the
AFM and Raman spectrum indicates a uniform sample
between locations #1 and #2, which is considered as a
constant diameter region in our analysis. Our fitting procedure
for both locations revealed five distinct peaks at 109, 127, 143,
166, and 191 cm™" without considering the very tiny peak in
the fitting as it is at the noise level of the signal. The diameter
of individual SWCNTs inside the bundle is then calculated
using the formula d = A/wggy, where A is 223.75 (cm™
nm),”’ yielding five distinct SWCNT diameters of 2.0S, 1.76,
1.56, 1.35, and 1.17 nm, respectively. As for location #3, the
height of the bundle is 4.4 nm, as shown in Figure lc, larger
than the height of the first two locations. Moreover, the RBM
spectrum shown in Figure 2e is different from that for the first
two locations. This difference in the RBM spectrum is reflected
in the multiple peak fitting results, yielding a different
distribution of individual SWCNTs inside the bundle. The
fitting results for the third location are found to have peaks at
108, 130, 147, 163, 173, and 181 cm™". The first four peaks
(108, 130, 147, and 163 cm™") are consistent with those found
in the first two locations. The discrepancies emerge from the
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last two peaks (173 and 181 cm™), which is consistent with
the larger bundle size. Using the same procedure mentioned
above, the distinct diameters at the third location are calculated
to be 2.05, 1.76, 1.56, 1.35, 1.3, and 1.24 nm, respectively. This
has significant implications for accurately determining the mass
of the bundle, which is directly linked to the determined ITR.
Therefore, differentiating the mass of these three locations is a
crucial step toward achieving a more precise measurement.
The multiple peak fitting procedure is done repeatedly to
ensure the uniqueness of the peaks that have emerged and the
repeatability of the results of the fitting. The coefficient of
determination (R?) of the fittings shown in Figure 2d,e is
computed to be 0.999.

Usually, the Raman signal intensity is proportional to the
scattering volume and can be used to assess the volume level
under scattering. But for SWCNTs, the RBM excitations are
known to be laser dependent; that is, the scattering will
become much stronger if the laser energy resonates with the
electronic transitions in the one-dimensional electronic density
of states. Therefore, the relative Raman intensities of different
RBM peaks cannot be used to assess the relative scattering
volumes of the SWCNTs of different diameters. Here we use a
785 nm (1.58 eV) laser to obtain the RBM bands and compare
them with the bands obtained under a 532 nm (2.33 eV) laser
at the third location for its larger size and hence a better signal.
The results, as illustrated in Figure 2f, show one major peak at
around 172 cm™’, with minor peaks around 101, 109, and 134
cm™! which are more like noises rather than excitations. Since
the Raman scattering efficiency is proportional to A7 it is
understandable that most Raman peaks observed in Figure 2e
become very weak under 785 nm excitation. The major peak at
172 cm™ is consistent with the one at 173 cm™ obtained with
the 532 nm laser. As mentioned earlier, the sample shows a
semiconducting electronic structure, as can be inferred from
the Lorentzian shape for the G band. The strong RBM peak
under 785 nm laser excitation is more likely induced by the
resonant excitation.*>***

In the literature, two distinct approaches have been
proposed to evaluate the cross-sectional area of carbon
nanotubes: (i) the entire area enclosed by the outermost
carbon nanotube®” and (ii) the estimated area enclosed by the
atoms, calculated as the product of the circumference and
thickness of the CNT,”" where the thickness may fall between
0.142 and 0.34 nm.>” Our analysis adopts the second approach
with the thickness taken as 0.34 nm as it provides more precise
estimation of the mass per unit length. Utilizing the nominal
diameter of the bundle obtained by AFM, the diameters of
individual SWCNTs inside the bundle revealed by the RBM,
and the number of individual tubes, we can determine the mass
(per unit length) can be determined. The effective cross-
sectional area (A_) of the bundle is calculated for each
individual tube as A, = (n/4)-(d> — &%), where A_ is the
effective solid area of a particular tube, d, is its outer diameter
and is revealed by the RBM spectrum, and d; is its inner
diameter (d; = d, — 0.668 nm). The values are then summed
over the number of individual tubes inside the bundle to yield
the effective cross-sectional area. As discussed earlier, the first
and second locations yield five individual SWCNTs of different
diameters, whereas the third location has a larger size and is
found to consist of six individual SWCNTs.

Ideally, the structure of the bundle can be best revealed by
performing a cross-sectional study using transmission electron
microscopy (TEM). However, due to the presence of a large
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number of SWCNT bundles (up to millions within a
millimeter size area) on the substrate, it is extremely
challenging and nearly impossible to distinguish the sample
of interest in a cross-sectional view. Hence, we rely on the
RBM excitations and AFM measurements to resolve the
structure. The AFM measurements provide confident probing
of the sample’s height, but it inevitably overestimates the width
due to the nature of the scanning process. The apparent width
(w) as revealed by AFM measurements is 25.57 and 25.38 nm
for the locations with heights of 3.16 and 4.4 nm, respectively.
The AFM tip used in the measurement is circular and had a
radius of 15 nm. The width measured by AFM is a function of
the AFM tip radius and the intrinsic radius of the sample. The
exact functional form remains unknown, but we can
approximate it using the relation w ~ 4(rﬁp'rsample)l/ 2 as widely
adopted in the literature.”® Consequently, the sample’s width
(twice rsample) is determined as 5.44 and 5.36 nm for locations
#1 and 2 and #3, respectively.

First, we calculate the effective cross-sectional area, as
discussed earlier, at each location considering one individual
SWCNT per RBM peak. This is the lowest possible number of
SWCNTs that make up the bundle and hence the lowest
density (p) of the SWCNT bundle. This will yield an upper
bound of the ITR calculation as pR’ is constant inferred from
eqs 1 and 2. To assess the uncertainty in our calculations, we
then calculate the maximum number of SWCNT' that can fill a
rectangular area defined by the height and width as revealed by
the AFM. Since this is the maximum packing fraction, we
expect to have the lowest possible ITR and hence a lower

bound.
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3.2. Interfacial Thermal Resistance Determination.
The measured Raman spectrum variation with laser power is
shown in Figure 4a,b for steady and transient heating states for
location #3. One can clearly notice the red shift as the laser
power increases. To quantify the change, we perform a linear
fitting, as shown in Figure 4c. The G peak is chosen to probe
the thermal response due to its highest signal-to-noise ratio
among the entire spectra. At each of the three locations, we
obtain Wy and y,. It is worth noting that the RSC for a single
energy state (i.e., the steady state Wy or the transient state
W) is still a function of the laser absorption coefficient (a),
Raman temperature coefficient (0w/dT), and the ITR. In ET-
Raman technique, the novelty lies in taking the ratio ©,,, =
W./Wew which cancels out the impact of the laser absorption
coefficient and the Raman temperature coefficient for
determining the ITR. Therefore, the ITR is the only remaining
unknown variable of interest. A more comprehensive
discussion on this topic can be found in our previous work.”®

The relationship between the Raman shift and the laser
power for the two energy states for location #3 is illustrated in
Figure 4c. A linear dependence is observed, matching our goal,
as mentioned earlier. It is also prevalent that the Raman shift in
the transient energy state is larger due to a higher laser power.
Although the laser power should be of order 1 mW under a
100X objective lens for a CW probing for nanotube bundles
due to their poor intertube thermal conductivity as
recommended by Dresselhaus et al.** The pulse duration in
our transient state (20 ns) justifies using higher laser powers.
The damage induced can be assessed by the induced
temperature increase in the sample. The temperature rise
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induced by the laser heating under CW and amplitude-
modulated with nanosecond pulse width are of the same order
as will be shown shortly. It is worth mentioning that some of
the uncertainties in the final reported ITR arise from the linear
peak fitting process. As clearly illustrated in Figure 4c, not all of
the data points lie on the linear fitting. This would impact the
RSC ratio (@,,,) that determines the ITR.

In our numerical analysis, we take the constant thermo-
physical properties of the SWCNT and the substrate. This
assumption must be validated by calculating the average
temperature increase throughout the experiment to ensure it is
small enough to neglect the variations in any of the
thermophysical properties. This can be done by measuring
the Raman temperature coefficient (0w/dT) of the sample,
from which the temperature rise in the sample during our
measurement can be estimated. Using a heating/cooling stage,
the temperature is controlled and varied from 250 to 350 K,
and we collect the Raman spectrum along the way. As shown
in Figure 4d, the Raman temperature coefficient is determined
to be —(0.033 + 0.003) cm™ K™% The average temperature
rise can then be calculated as follows: AT = Aw/(dw/dT),
where Aw is the change in the Raman shift in the experiment.
For instance, the highest temperature rise for location #1 under
the steady-state condition is estimated to be 13.8 K, whereas it
is estimated to be around 18.9 K for the transient state. It is
worth noting that due to the very short laser pulse (20 ns) in
the transient state, the laser power used for the transient state
is much larger than the steady state in order to have a sensitive
temperature rise. It is evident that the average temperature rise
is within a range that justifies the use of constant
thermophysical properties in our data processing.

It should be noted that the experimental RSC ratio (i.e., Oy
=y,/ ch) represents the average temperature increase over
the entire measured sample (laser irradiated region). There-
fore, the results obtained in our numerical modeling must
consider this effect.’* For the CW scenario, the Raman-
intensity weighted average temperature over the sample can be
calculated wusing the following equation:

ATCW = fOxOIAT-dx//OxOI'dx where I is the intensity that

takes the form I = I, exp(—x?/x,”). For the transient state, the
temperature rise is weighted over both time and space as
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AT, = fot‘) foxolAT.dxdt/f(:ofoxOIdxdt, where t, is the laser

pulse width (20 ns). The weighted theoretical temperature
increase ratio ® = AT /ATy can be plotted as a function of
the ITR (R’). To determine the actual ITR value, we map out
the experimental temperature rise ratio in one graph and do
data interpolation. Figure Sa shows the ITR for locations 1 and
2, whereas Figure Sb shows the results for location #3. For the
first two locations, the nominal dimensions of the SWCNT
bundle are almost unchanged as revealed by the AFM and the
Raman scanning in Figure 2. The determined value for the ITR
is (2.97 + 0.22) X 10° and (3.01 + 0.23) X 10° K m W for
the first and second locations. For the third location, the
diameter of the bundle was significantly different, and the ITR
is calculated to be (1.67 + 0.27) X 10* K m W' The
enhancement in the thermal conductance at the interface of
the third location can be attributed to its larger contact area
with the substrate as suggested in the literature.”® These ITR
values represent the mean values of the ITR bounded between
the upper and lower limits, as illustrated in Figure Sa,b. The
uncertainty shown is mainly caused by internal structure
analysis of the SWCNT bundle, as explained earlier. A
summary of the experimental results, which are taken to be
the average of the upper and lower bounds, is given in Table 1.

Table 1. Summary of the Results for the Diameter,
Experimental Raman Shift Coefficient Ratio @,,,, and
Measured ITR (R’) and the Associated Uncertainty

height/width R’ uncertainty
location (nm) C (10° K m W) (%)
1 3.16/5.44 0.433 + 0.030 297 £ 022 7.4
2 3.16/5.44 0.431 + 0.022 3.01 £ 0.23 7.7
3 4.4/5.36 0.506 + 0.019 1.67 + 0.27 16.2

3.3. Discussion on the Measured Interfacial Thermal
Resistance. The ITR values reported in previous studies of
SWCNT on SiO,”" and Sapphire®” are an order of magnitude
lower than those deduced in the present work. It is worth
noting that the SWCNT-substrate interfacial resistance
dominates the heat dissipation from the nanotubes rather
than the specific thermal properties of the different substrates
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reported above. The previous studies relied on electrical
breakdown phenomena, which involved exposing the SWCNT
to extremely high temperatures. The interfacial thermal
conductance is proportional to the volumetric heat capacity,
as both are governed by phonons as the main energy carrier.
Both the heat capacity and the interfacial thermal conductance
increase with temperature. Hence, the higher temperatures
achieved in these studies resulted in higher interfacial
conductance (i.e., lower ITR), which could account for the
discrepancies. The relationship between ITR (the inverse of
the interfacial thermal conductance) and volumetric heat
capacity will be discussed in further detail shortly through a
qualitative theoretical model. In contrast, the ITR values
reported in this study are closer to those reported by Shi et
al>® for SWCNT on SiO,. In their work, the joule heating
method was used, and the interfacial thermal conductance was
estimated to be of order 107 W m™! K™}, for SWCNT thermal
conductivity values between 1000 and 3000 W m™" K™, These
overestimated thermal properties assumed in their calculations,
namely, the ultrahigh thermal conductivity, can strongly affect
the ITR determination. Our large interfacial resistance is
largely caused by the loose contact with the substrate, which
might have arisen due to the nonuniformity of the sample as
will be discussed shortly. It has previously been demonstrated
by Tang et al.>” that loose contact and the presence of an air
gap could reduce the conductance across graphene—Si
interfaces by up to S orders of magnitude.

We implement a qualitative theoretical model to predict the
ITR between the SWCNT bundle and a substrate to better
interpret our experimental results. The interfacial resistance
can be divided into two parts—one for the direct contact and
one for the air gap surrounding the bundle—and is calculated
as follows: Ry,,' = R Ry’ /(R + Rygp'), where R is the
resistance due to the direct contact and R;;, ;" is the resistance
due to the air gap surrounding the nanotube. Due to the large
mismatch in the group velocities of phonons in carbon
nanotubes v, = 13.7 km/s>® and Si Ty = 6.2 krn/s,59 we adopt
the diffusive limit for the contact resistance. By employing
Chen’s model,so the interfacial resistance can be calculated as
R/ 4/(a;.,CVya), where a,_, is the transmission
coeflicient of phonons at the interface, a is the contact
width, C is the volumetric heat capacity of carbon nanotubes,
and v, is the average group velocity of phonons in the carbon
nanotubes. The contact width can be estimated by calculating
the deformation of the bundle due to van der Waals forces,
which is reported to be between 1 and 3 nm.’" Given the small
diameter of the bundle, we assume a value of 1 nm for order
analysis.

The resistance of the air surrounding the bundle can be
calculated using the following expression:”>°!

' D/2 [ _
R air,gap = [ZKair./u (D/2 - (D2/4) - xZ + 2’gllair) 1'!

da]™?
where k,;, is the thermal conductivity of air, D is the diameter
of the bundle, 4, is the mean free path of air molecules taken
as 68 nm,”” and g is calculated as g = 2[(2 — B)/B][2/(y +
1)][x,/uC,), where ¥ is the specific heat ratio of air, u is the
air viscosity, C, is the specific heat of air at constant volume,
and f is the accommodation coefficient which measures how
efficient the gas molecules transfer the energy as it bounces to/

from a solid. By taking 3 as 0.9, g is calculated to be 2.
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The air resistance from the above integral is then calculated
to be 4095 K m W1, a value that is on the order of the
measured one in our work. However, in the presence of a
direct firm contact between SWCNT and the Si substrate, the
heat will always choose the path of least resistance. In other
words, this air gap resistance is somewhat irrelevant in the
presence of direct and firm contact between the sample and the
substrate. As for the direct contact resistance (R."), by keeping
the phonon transmission coeflicient as a free parameter, we
estimate the contact ITR per unit length to be of the order of
0.23/a,_,,. Even under a very poor phonon transmission
coefficient, the resistance is still far from the measured one.
Thus, we conclude that the bundle likely has loose contact
with the substrate. The proposition of a loose contact between
the SWCNT bundle and Si substrate might have arisen from
the nonuniformity of the sample, as revealed by the AFM and
Raman measurements. Our data showed that the bundle has
varying diameters along its length, which we anticipate having
caused a nonuniform contact with the substrate. Also, as
previously mentioned, the type of bonding (covalent vs van der
Waal) greatly impacts the interface by 1 order of magnitude.®’
Although the two effects (type of bonding and contact
strength) are related to one another, further investigation is
needed to determine which is dominant.

By assuming a contact width of 1 nm for order analysis, the
ITR per unit area is on the order of 107° K m*> W~! for our
sample. This “1 nm width” is just an assumption allowing us to
estimate the interface thermal resistance per unit area. This is
to give a good order estimation and compare with literature
data, rather than precise determination. The results are in line
with the ITR of mechanically exfoliated graphene and other
two-dimensional (2D) materials.”* For instance, Chen et al.®®
have studied the interfacial thermal conductance between
graphene and hexagonal-boron nitride by electrical heating and
Raman probing, and the reported result is in the order of 10°
W m™2 K. Taube et al.®° have reported a thermal
conductance between MoS, monolayers and SiO,/Si substrate
using Raman spectroscopy to be in the range of (1.25—1.94) X
10° W m™2 K™', which corresponds to an ITR ~ 107¢ K m?
W', Similar results that lie within the same range of the
interfacial thermal conductance are reported by Judek et al.®’
for the same interface under consideration, measured using an
enhanced opto-thermal technique. The impact of loose contact
between graphene and Si, SiO,,*” and SiC*® on the interfacial
thermal conductance has been studied comprehensively in our
previous work. It has been demonstrated that a loose contact
can reduce the interface thermal conductance to the order of
10° Wm™ K™%,

3.4. Physics of the Interface Energy Transport. The
thermal conductance of carbon nanotubes displays a ballistic
behavior within a specific range, consistent with theoretical
predictions made by Mingo et al,”” and was experimentally
verified.”' Notably, the limit at which the heat transfer
mechanism transitions from ballistic to diffusive is estimated
to be greater than 16 nm at 316 K. These findings suggest that
heat transfer in the cross-plane direction of our sample is
primarily ballistic, owing to its dimensions being smaller than
the phonon mean free path. Several factors can affect the
thermal conductance at the interface. The conventional models
of phonon transport at material interfaces, such as the acoustic
mismatch model (AMM)”° and diffuse mismatch model
(DMM),”" have primarily focused on the frequency mismatch
between the two materials at the bulk scale. However, research
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by Chen’s group has shed new light on the behavior of
phonons at the interface.”” Their findings suggest that phonons
at the interface vibrate at higher frequencies than the maximum
frequency allowed far from the interface. This implies that the
ITR is not solely due to the mismatch in frequency spectra
between the materials but also arises from the fact that the
high-frequency phonons at the interface correspond to new
states that are absent far from the interface. As a result, these
phonons must be scattered to match the energy of available
states beyond the interface and hence participate in energy
transport. This discovery offers a deeper understanding of the
underlying mechanisms that govern phonon transport at
material interfaces.

Another factor that impacts the conductance at the interface
is the surface roughness. While it is commonly believed that
surface roughness increases the ITR by promoting diffuse
scattering and loss of coherence, recent research has revealed
that the influence of surface roughness is not straightforward.
In fact, when there is a moderate-to-high mismatch in the
acoustic impedance at the interface, surface roughness can have
a counterintuitive effect on the thermal resistance. Specifically,
when the acoustic impedance changes sharply from high to low
at the interface, surface roughness can act as a modifier that
smooths this transition, thereby boosting the transmittance of
the thermal energy. As a result, the overall effect of surface
roughness on the ITR can be ambiguous with the potential for
both positive and ne%ative influences. More details can be
found in Tian et al’s’> work. A similar observation is also
reported for graphene—Si interface in Zhang’s work.”’
Interestingly, the phenomenon of transmittance enhancement
by softening the transition from a high-impedance medium to
a low-impedance medium has been previously observed and
well established for both photons’* and electrons.”

Efficient heat transfer across interfaces is also determined by
the type of bonding between the materials involved. In the case
of SWCNT on Si substrate, a covalently bonded interface was
found to have an ITR 20 times lower than that of a van der
Waal bonded interface.”> This result is attributed to the
enhanced density of low-frequency phonons, specifically the
radial breathing mode, in the covalently bonded interface
compared with the van der Waal bonded interface. The density
of states of tangential modes, which correspond to high-
frequency phonons around the G band, showed no significant
difference, indicating that longer-wavelength phonons contrib-
ute more significantly to heat transfer. It was also noted that
van der Waals forces between different nanotubes inside the
bundle enhance the interfacial thermal conductance.”®

4. CONCLUSIONS

In this study, we reported on the interfacial thermal
conductance between 1 nm thick SWCNT bundle (3.16 and
440 nm heights) and a Si substrate, employing a novel
experimental technique developed in our lab: ET-Raman. This
technique is highly sensitive by having extremely distinct
energy transport states for thermal probing and is highly
accurate for eliminating the uncertainties introduced by Raman
temperature coefficient determination and laser absorption
coeflicient measurement. The average temperature rise inside
the sample during our ET-Raman measurement was estimated
to be 13.8—18.9 K. By comparing the RSC of the two energy
transport states to the theoretical values as predicted by solving
the heat conduction equation, the interfacial thermal
conductance was determined to be in a range of (3.3—6.0)
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x 107* W m™! K! for three different locations, which
corresponds to an interfacial thermal resistance (ITR) of the
order 107 K m? W™! for 1 nm contact width, consistent with
the previously reported values for ITR for mechanically
exfoliated graphene and 2D materials on different substrates.
To gain a deeper understanding of our experimental results, we
implemented a theoretical model to qualitatively interpret the
reported values. Our results suggested that the SWCNT
bundle had loose contact with the substrate due to the
nonuniformity of the sample, which was investigated and
analyzed in comprehensive detail via Raman scanning. Current
research efforts in our lab are directed toward characterizing
and investigating the temperature dependency of the ITR for
SWCNT/SiO,, which, to the best of our knowledge, has not
been investigated in the literature. This is expected to provide
great insights to better understand the underlying physics of
energy transport for such an interface and will be published in
the near future. The current reported results provide valuable
insights into the thermal properties of SWCNT/Si interfaces
and their implications for applications in various fields such as
electronics and energy conversion.
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