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ABSTRACT: Electronic devices continue to shrink in size while increasing

in performance, making excess heat dissipation challenging. Traditional ¢
thermal interface materials (TIMs) such as thermal grease and pads face ¢ ®
limitations in thermal conductivity and stability, particularly as devices scale 10 o
down. Carbon nanotubes (CNTs) have emerged as promising candidates = ® Qrthotropic  i-dimen-
for TIMs because of their exceptional thermal conductivity and mechanical & o & & cross-plane X *

properties. However, the thermal conductivity of CNT films decreases when
integrated into devices due to defects and bundling effects. This study
employs a novel cross-sectional approach combining high-vacuum scanning
thermal microscopy (SThM) with beam-exit cross-sectional polishing
(BEXP) to investigate the nanoscale morphology and thermal properties of
vertically aligned CNT bundles at low and room temperatures. Using
appropriate thermal transport models, we extracted effective thermal
conductivities of the vertically aligned nanotubes and obtained 4 W m™" K™' at 200 K and 37 W m™' K™! at 300 K. Additionally,
non-negligible lateral thermal conductance between CNT bundles suggests more complex heat transfer mechanisms in these
structures. These findings provide unique insights into nanoscale thermal transport in CNT bundles, which is crucial for optimizing
novel thermal management strategies.
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B INTRODUCTION

While the size of electronic components is decreasing and their
performance is increasing, the dissipation of excess heat is

thermal conductivity of the thermal interface materia
High-density vertically aligned CNTs have demonstrated a
superior pathway for thermal management applications.’

becoming a major issue for their development. This requires
connecting the heat spreader of a device to the active
electronic components, which can be challenging due to the
device architecture, multiple hot spots, and ill-defined surfaces.
Thermal interface materials (TIMs), including thermal grease,
conductive adhesives, and thermal pads, are used to enhance
thermal conductance between two materials." However, these
materials, due to their low thermal conductivity and stability,
are much less efficient when scaling down devices.”” For the
last decades, carbon nanotubes (CNTs) have attracted great
research effort for their application as TIMs thanks to their
high thermal conductivi‘?r, advanced mechanical properties,
and operating stability.”~

The thermal conductivity of a single isolated CNT reaches
very high values, in the order of a few 1000 W m™ K~.~’
However, it dramatically decreases when several CNTs are
integrated into films for potential TIM applications. Defects
arising from the CNTs themselves, impurities, or coupling
between the CNTs and the matrix are responsible for
increasing phonon scattering and thus decreasing the effective
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Nevertheless, in such configuration, CNTs tend to aggregate
and form bundles which affect their thermal characteristics.”~
For example, increasing the bundle size significantly decreases
the thermal conductivity compared to a single CNT."""*

Using CNTs in TIMs preparation involves several
manufacturing steps that drastically change the morphology
and properties of its constituents. A precise knowledge of their
nanoscale morphology and thermal properties is crucial to
improving their functionality. Usual cross-sectional tools such
as focused ion beam and transmission electron microscopy
(TEM) investigations, which are suitable for such studies,
require long and costly preparations that affect the properties
of CNT and allow only a few ym area to be explored.
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To overcome these challenges, we exploited the unique
ability of cross-sectional scanning thermal microscopy. This
method combines a universal polishing approach, beam-exit
cross-sectional polishing (BEXP)"® with scanning thermal
microscopy.'* ™' Here, BEXP creates a shallow angle beveled
layer of vertically grown CNTs on the substrate with increasing
length directly suitable for atomic force microscopy (AFM)-
based techniques as well as scanning electron microscopy
(SEM) and Raman spectroscopy studies. Compared to other
cross-sectioning tools that create tiny polished regions, BEXP
has the advantage of unveiling the sample internal morphology
from the substrate to top over a large millimeter-sized area.
This allowed us to gain morphological, mechanical, and
thermal properties of the cross-sectioned CNTs. We observed
bundles with a 24 nm mean diameter covering 28 + 2% of the
substrate. Moreover, we studied the thermal transport of
CNTs with varying lengths at room and cryogenic temper-
atures by high-vacuum scanning thermal microscopy (SThM).
Interestingly, we found that diffusive thermal transport
mechanism is dominating in the vertically aligned CNTSs
bundles, even in short length bundles, with an effective thermal
conductivity of 4 W m™" K™! at 200 K that was increased to 37
W m™" K™ at 300 K. Our results are confirmed by Raman
spectroscopy showing that the sample is highly disordered
across the whole CNTs layer.

B MATERIALS AND METHODS

A forest of vertically aligned carbon nanotubes was grown on a silicon
substrate. The nanotubes were synthesized using chemical vapor
deposition as reported elsewhere.'” The process requires a seed layer
(SL) composed of iron catalyst on top of an aluminum oxide barrier.

After growth, the sample is polished by beam-exit cross-sectional
polishing—BEXPB’]8 (Figure 1la). This nano-cross-sectioning tool
creates an easily accessible wedge spanning through the whole three-

|
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Figure 1. (a) Schematics of beam-exit cross-sectional polishing—
BEXPs technique. (b) Ultrasonic force microscopy (UFM) map of
the silicon-nanotubes interface. Note that stiffer areas are represented
by brighter colors. (c, d) SEM images of the nanotube bundles with
increasing height (c) and a zoom-in image at the same area (d).
Bundles can be observed to form directly on the growth substrate. (e)
Top-view SEM image showing 28 + 2% coverage of CNTs.

dimensional (3D) structure of the sample uncovering subsurface
features of the studied materials. BEXP uses three intersecting Ar-ion
beams aligned to a single plane that impinge onto the side of the
sample at a small negative angle (ca. —5°) from below the sample
surface. The polishing terminates at close to zero (glancing) angle,
which provides a polishing rate that is practically independent for
diverse species.'® Even though the BEXP method has been already
applied to numerous materials,">'*™>° we demonstrate here that it
can also be applied to highly anisotropic materials and even non-fully
covered surfaces.

For structural characterization, SEM imaging and Raman spectros-
copy were employed. Nanomechanical characterization is performed
with ultrasonic force microscopy (UFM), an AFM-based technique
highly sensitive to surface and subsurface structures of different
materials.”' 7>

Finally, to thermally characterize the CNTs forest, we use cross-
sectional scanning thermal microscopy in high vacuum (~107¢ mbar),
both at room (300 K) and cryogenic temperatures (200 K).'®%¢
SThM is a scanning probe technique in which a micromachined AFM
cantilever with a temperature sensor close to the tip is used to map
the thermal transport in the sample. The tip highly resistive
component acts as both a heating element and a temperature sensor.
Thus, by monitoring the electrical resistance while raster scanning the
sample, a thermal resistance map can be extracted.”®*’

B RESULTS AND DISCUSSION

In Figure 1c,d, SEM images of an array of vertically aligned
CNTs with increasing height after cross-sectioning the sample
are shown. Part of the sample was shaved off with an AFM tip
to observe the CNTs from their side. Individual tubes can
hardly be seen due to the SEM resolution. Interestingly, the
vertical alignment is not affected by the BEXP process.
However, as observed in Figure 1d, the CNTs form bundles
consisting of several aggregated CNTs. The bundling effect
begins directly at the seed layer and the average bundle
diameter is 24 nm corresponding to approximately 3
nanotubes bundled together. From SEM imaging (Figure
le), we estimate the CNT coverage area to be 28 + 2%. We
consider that the BEXP process does not create more
bundling. This is visible in the SEM image in Figure lc,d
including the top area not affected by the beam due to side and
negative angle of BEXP cross-sectioning that affects only the
angled cut. As already mentioned, bundles are formed because
of nanoparticles covering the seed layer. In continuous films,
BEXP is also known to create a thin (<2 nm) amorphous layer
on the polished surface."”'® In CNTs bundles, it is likely that
the top part of the bundles also has some amorphous carbon
aggregates. However, the amorphization of the bundles is
considered thickness-independent, thus creating an additional
interface resistance included in R,,.

In Figure 1b, a UFM map is shown, providing a
nanomechanical understanding of the sample. A stronger
signal corresponds to a stiffer material, and as it can be
expected, the silicon substrate is stiffer than the nanotube
bundles. Indeed, as the CNTs bending stiffness is low due to
their flexibility, they deform easily under the UFM indentation.
We note also that this low stiffness along the tube axis also
impacts the SThM measurements of long bundles. Indeed,
long bundles of over a few hundred nanometers become very
floppy and hard to image with any contact mode measurement
technique (see the Supporting Information, SI). This limits our
analysis to tubes shorter than 250 nm.

Figure 2a,b presents the topography and thermal resistance
images of the cross-sectioned area obtained simultaneously in
high vacuum at 300 K. The silicon substrate and the seed layer
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Topography (T=300K)

(a)

Figure 2. (a—f) Topography (a, ¢, e) and thermal resistance (b, d, f)
maps of the cross-sectioned area at T = 300 K. Maps (e) and (f) are
zoomed-in maps (c) and (d), respectively. In (a) silicon, seed layer
(SL), and the CNTs are shown.

appear less thermally resistive compared to the CNTs layer.
The lower thermal resistance of Si is somewhat unexpected
because of the lower Si thermal conductivity compared to
CNTs. There are two possible explanations for this
observation. First, the thermal contact between the silicon
probe and the silicon is better than the one between the probe
and the bundles due to the larger mismatch between the
thermal properties of CNTs and Si, and also the smaller area of

contact between CNTs and the thermal probe. Second, the
SThM probe is sensitive to the heat spreading resistance, not
directly to the thermal conductivity. Thus, on the one hand,
the bundles, as an additional layer, act as an extra resistance
between the sensor and the sample heat sink and, on the other
hand, the bundles provide less material for heat spreading than
the silicon substrate due to the non-100% coverage.

The topography and SThM images of the CNTs forest
(Figure 2c—f) confirm the bundle effect. The topography
images show a distribution of bundle sizes in agreement with
the SEM measurements. Furthermore, a dip is obtained
between the bundles highlighting the sharpness of the probe
used. The lower thermal resistance between the bundles is due
to an increased contact area between the tip and the sample. As
individual bundles are resolved both in topography and SThM
maps, we deduce that the tip-sample contact diameter is
smaller than the bundle diameter.

To compare the thermal transport of CNTs at room and low
temperatures, we extract from the topography and SThM
images the thermal resistance profiles along the cross-sectioned
area as a function of the bundle height, ¢, at 200 and 300 K
(see Figure 3c,d). The height is quantified from the
topography since the thickness of the layer varies linearly
with the position (see also the SI). The x-axis origin is located
at the beginning of the vertically aligned CNTs layer for the
sake of convenience. Hence, negative heights correspond to
the material below the nanotubes. For both temperatures, the
measured thermal resistance initially increases sharply for short
nanotubes and then gradually saturates for longer CNTs.
Comparing the two temperatures, we observe a giant increase
in thermal resistance of CNTs, almost 1 order of magnitude at
200 K. As developed later, such an observation can be
explained by a decrease of thermal conductivity at 200 K due
to the suppression of phonon mode in this temperature range.
An increase in the measured thermal resistance of Si substrate
is also observed, which was previously attributed to the ballistic
resistance increase at the tip-sample Si contact.”® The thermal
resistance obtained on the silicon substrate increases with
reducing temperature, changing from 4.75 x 10° kW™ at 300
K to 5 X 10° kW™ at 200 K. While this is counterintuitive as
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Figure 3. (a) Schematics of a thermal circuit with the resistances included between the sensor and the heat sink. Ty, is the tip-heater, and T}, is the
sample temperature. (b) Thermal conductivity values as obtained with the two models for different temperatures. (c, d) Thermal resistance
measured as a function of nanotubes height (¢) at room (c) and low (d) temperatures and fitting of the two models applied. The Ry profiles are
acquired from the SThM image by averaging 100 lines as a function of height.
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the silicon thermal conductivity should decrease between 200
and 300 K, it can be explained by ballistic transport asgects in
the Si—Si constriction system. As reported elsewhere,”® purely
diffusive transport cannot reproduce accurately this system and
ballistic aspect must be taken into account.

The saturation of the thermal resistance for longer CNTs is
related to the SThM tip contact area and sample anisotropy. At
300 K, the thermal resistance saturates for CNTs longer than
75 nm, whereas at 200 K, it is almost at 150 nm, indicating an
increased SThM sensitivity at lower temperatures.”® This
indicates that as the CNTs layer thickness increases, the
substrate heat sink effect is less dominant in the thermal
transport. At high thicknesses, the substrate becomes invisible
to the thermal probe.

CNTs are attracting industrial interest for their intrinsically
high thermal conductivity. However, high thermal conductivity
values occur in the pristine sample and isolated tubes. These
high values mean that the phonon mean path can reach a
length as long as 1 gm.”® Ballistic transport has been observed
in stand-alone individual CNT's with lengths comparable to the
phonon mean free path.”” In our case, both bundling effect and
interbundle contact as well as the temperature regime of the
experiment are expected to increase phonon scattering
processes, therefore greatly reducing the phonon mean free
path (1).>°7** However, at lower temperatures, the ! in CNTs
is expected to increase.”” A simple way to account for mixed
ballistic-diffusive transport is to add both components as in R =
Rugtistic + Raifrusive OF equivalent write®**

L
R=Ryp.|l +=
balhstlc( 1 ) ( 1)

Thermal transport is ballistic when [ > L and thermal
conductivity increases linearly with the length, while thermal
resistance remains constant. When | < L diffusive transport
contribution becomes more important and finally for very large
L, such as | < L, it dominates. For diffusive transport, the
thermal conductivity becomes length-independent, while
thermal resistance increases with length. Considering that
Ry, + Ry is constant for different lengths, the evolution of Ry
with L can give information for the transport nature in our
system. The overall increase of Ry with length for CNT's longer
than 15 nm indicates a dominant diffusive transport
contribution. The diffusive nature of the transport for CNTs
is also supported by an additional modeling procedure that we
applied to our data (see the SI).

To quantitatively extract the thermal properties of CNTs, we
consider a diffusive thermal transport mechanism. We express
Ry as a sum of thermal resistances of the conical tip itself Ry,
the tip apex-sample interface (R,), and the spreading
resistance inside the sample R, (see also Figure 3a):

RX(t) = Rtip + Rint + Rspr(t) (2)
where Ry, is expected to be constant for all of the different
parts of the sample, while R, is likely to change drastically
between the tip—Si substrate and the tip—nanotubes contacts
as previously discussed. However, we can assume that while
scanning within the same material, for example, the nanotubes
only, R;, remains constant and therefore the sum Ry, + Ry, can
be considered constant.

We apply two different diffusive transport models describing
Ry, of the cross-sectioned CNTs, namely, one-dimensional
(1D) and orthotropic, respectively. The first model considers

the sample as an array of vertically aligned cylinders and
assumes one-dimensional (1D) transport along these cylinders.
The thermal resistance can be written as a function of the
bundle height Ly,,,q.:

L bundle

KpundieA (3)

where A and ki, 4. are the cross-sectional area and thermal
conductivity of the bundle, respectively. Cross-sectional area is
ill-defined in the case of a single nanotube and thus for
nanotube bundles. For a single tube, it can be defined as A =
7dd, with d being the tube diameter and & being the layer
separation of graphite. However, as in our case we are dealing
with bundles, we consider the bundles as isotropic materials
and as such we find a lower bound of the thermal conductivity.

Ry saturates for longer CNTs (at around 75 and 150 nm for
200 and 300 K, respectively), highlighting the fact that heat
spreading also occurs perpendicularly to the CNT axis.
Therefore, to model our samples as an array of cylinders, we
use only the transition part between 10 and 30 nm (see the
yellow line in Figure 3c,d). It has been shown that the thermal
conductivity of a single nanotube can be considered constant
when it reaches 15 nm length.‘w Considering this region, we
obtained a roughly linear trend with the height of the tubes;
the derivative of the thermal resistance measured should
compare to dRy,q./dL. More importantly, this derivative does
not depend on the tip-sample interface resistance (Rtip +R,,),
contact area, and interface contact resistance at the tube—
substrate interface.

The second model considers anisotropic heat transport in
the CNTs area, with high thermal conductivity along the
bundle axis, k;, and a low thermal conductivity perpendicularly,
k. This allows us to use a model for Ry, of layered material on
a substrate and for a heat source of radius a.''®**™* In
particular, it transforms the directional-dependent thermal
conductivities (k;, k) of the layer to an effective isotropic
thermal conductivity (k.;) which includes the layer—substrate
interface resistance (r;,) with thickness () larger than the
real thickness of the layer.”” The layer—substrate interface
resistance r,,, includes contributions from the seed layer and

Rbundle -

the CNTs interfaces. Finally, Ry, is given by
rexal)
Rot) = St A P
' 7k ga 1-K eW(L‘ftﬁ) !
a

0

e
3 5 @

where ¢ is the Bessel function, kg = /(kky),
e 1=k / K, )
teff = (k”/kj_)t + rintkeff’ and K= 714—]6’.:/]62, Wlth ksub

being the substrate thermal conductivity.

We estimate a tip-sample contact diameter of 8 + 4 nm from
the resistance measured on the silicon substrate (see the SI for
details). We fit the experimental data with Ry + Riny Tinw ki,
and kj being the fitting parameters (see green line in Figure
3c,d). Note that this model considers a uniform layer on a
substrate which is not the case of the CNT layer, as bundles
are not fully covering the surface. Therefore, r;,, and kj need to
be normalized to the CNTs coverage (28 = 2%). However,
this normalization is not necessary for the one-dimensional
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heat transport, in which we considered that the tip contacts a
single bundle and measures a resistance variation from the
bundle length change.

The thermal conductivity values obtained with the two
models are summarized in Figure 3b and explicitly written in
the SI. We find good agreement of ky,nq. and k.g as obtained
by the 1D- and the orthotropic model, respectively. The
slightly higher values along the bundle axis for the orthotropic
model at both temperatures is coherent as perpendicular
transport is also considered in this model. Comparing the
values for the 2 different temperatures, we see that the ones
obtained at 200 K are lower than the ones obtained at room
temperature. The increased thermal conductivity with temper-
ature at this range is in line with previous works. At low
temperatures, thermal conductivity increases with temperature
due to the activation of additional phonon modes up to reach a
maximum value around room temperature. For higher
temperatures, it decreases due to increased scattering.”""*!
Another observation is that the thermal conductivity
anisotropy decreases with temperature. The anisotropy ratio
(ky/ky) goes from 22 at 300 K to 8 at 200 K. Similar reduction
has been observed by Yamaguchi et al.”> We attribute it to
both a strong reduction of the innertube thermal conductivity
and a stiffening of the nanotubes at low temperature.”’

Finally, we compare the thermal conductivity values
obtained in this work with those in the literature for similar
CNTs bundles. Overall, our values are smaller than those
reported for bundles of similar diameter. Feng et al. reported
thermal conductivities of 100 and 110 W m™" K™' at T = 200
and 300 K, respectively, for a bundle of 13 nanotubes and 450
and 1600 W m™ K for a 3 CNT bundles at the same
temperatures.'' Shi et al. on the other hand for 10 nm
diameter bundle reported 130 and 215 W m™ K™ for T = 200
and 300 K, respectively.'” Furthermore, for bundle of diameter
10.3 nm and 14.3 ym length, the thermal conductivity is found
to be 253 W m™' K™.** Theoretical simulations predicted
values ranging from 950 and 5.6 to 0.55 and 0.028 W m™"
K~',* along and across the bundle, respectively. The lower
values we observe, in comparison to the literature, can be
attributed to increased phonon scattering inside the CNT
bundles and between the bundles. This is confirmed by the
Raman spectrum measured in the cross-sectioned area,
showing a high level of disorder in the sample compared to
high-quality crystalline nanotubes (see Supporting Informa-
tion, Section SS). Regarding the anisotropy we measured, we
obtained a ratio of 22 at 300 K and 8 at 200 K. Such high ratios
have been reported for nanotubes and two-dimensional (2D)
materials. For example, graphite has high anisotropy over
100." Similarly, for MoS,, the in-plane thermal conductivity
was found 50 times larger than the cross-plane by Liu et al.*
For ReS,, the anisotropy reaches 130," and for SnSe,, the
anisotropy ratio was found around 8.4.°° For carbon
nanotubes, anisotropy ratio can reach extremely high values
up of several hundred.””>" The anisotropy can even be tuned
depending on the nanotube alignment configuration.>”

B CONCLUSIONS

In conclusion, we performed thermal transport measurements
on a unique sample composed of length increasing CNT
bundles at high vacuum at 200 and 300 K. The sample was
prepared by BEXP and allowed shallow angle polishing. As the
nanotubes kept their structure and alignment after the
polishing, this opens new perspectives of materials study. A
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drastic increase in the thermal resistance with reducing
temperature was measured, which is related to the reducing
CNT thermal conductivity. Two coherent diffusive modeling
procedures were applied and obtained an effective thermal
conductivity of 4 and 37 W m™' K™ at 200 and 300 K,
respectively. The thermal anisotropy was estimated using an
orthotropic model accounting for the thermal conductivity
along and perpendicular to the bundle axis taking into account
the measured CNT coverage of the sample. Significantly, we
found non-negligible lateral thermal conductance between the
nanotube bundles. This study presents a new perspective for
investigating vertical structures. It also provides information
about the temperature dependence of the nanoscale thermal
transport of vertically aligned CNT bundles.
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