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can be compatible with large area pro-
cesses depending on the synthesis and 
patterning process.

Recently, great effort has been devoted 
to create and to engineer a novel class of 
multiscale macroscopic composite mate-
rials, which include or are based on carbon 
nanotubes (CNTs) such as arrays, sheets, 
buckypapers, and yarns.[8�11] Although, 
these assemblies aim at exploiting the 
exceptional intrinsic properties, namely 
high electrical and thermal conduc-
tivity,[12,13] high strength and �exibility,[14] 
of an individual CNT at the macroscopic 
scale, they often show a remarkable drop 
(up to several orders of magnitude) of the 
abovementioned properties. This is related 
to the dif�culty in achieving uniform 
distribution of catalysts, defect-free tubes, 
and an effective interfacial bonding 
between CNTs and the substrate.[9,10]

For example, the thermal conductivity 
of an individual multiwalled carbon nanotube (MWCNT) is 
several orders of magnitude higher than the effective one of 
a vertically aligned CNT (VA-CNT) foam-like nanostructure,  
136 W m�1 K�1 and 1.04 W m�1 K�1, respectively.[15] This 
decrease is mainly the result of the intertube scattering and the 
high thermal contact resistance at the CNT-substrate interface.

Interesting properties in nanoscale assemblies have been 
found by combining the high aspect ratio with thin conformal 
coatings. For example, photoanodes obtained by coating zinc 
oxide (ZnO) nanoforest with a thin layer of titanium dioxide 
(TiO2) for dye-sensitized solar cells,[16] or gold-coated vertical Si 
nanowires for biomolecule detection have been reported.[17]

In this perspective, VA-CNT arrays with their foam-like 
morphology represent an attractive 3D scaffold to create a 
novel class of high aspect ratio heterogeneous materials with 
tailored behavior. The tailoring of the CNT-based nanostruc-
ture performance strongly depends on the achieved porosity, 
the coating material and its in�ltration within the nanotube 
network. Recently, Poelma et al. have shown how the mechan-
ical response of high aspect ratio foam-like VA-CNTs can be 
tuned from foam-like toward brittle ceramic by simply varying 
the thickness of an amorphous silicon carbide coating.[18,19] 
No study has yet been published regarding the thermal 
conductivity enhancement consequent to the in�ltration of a 
conformal coating within a porous VA-CNT array.

The high aspect ratio and the porous nature of spatially oriented forest-
like carbon nanotube (CNT) structures represent a unique opportunity to 
engineer a novel class of nanoscale assemblies. By combining CNTs and 
conformal coatings, a 3D lightweight scaffold with tailored behavior can 
be achieved. The effect of nanoscale coatings, aluminum oxide (Al2O3) 
and nonstoichiometric amorphous silicon carbide (a-SiC), on the thermal 
transport ef�ciency of high aspect ratio vertically aligned CNTs, is reported 
herein. The thermal performance of the CNT-based nanostructure strongly 
depends on the achieved porosity, the coating material and its in�ltration 
within the nanotube network. An unprecedented enhancement in terms of 
effective thermal conductivity in a-SiC coated CNTs has been obtained: 181% 
compared to the as-grown CNTs and Al2O3 coated CNTs. Furthermore, the 
integration of coated high aspect ratio CNTs in an epoxy molding compound 
demonstrates that, next to the required thermal conductivity, the mechanical 
compliance for thermal interface applications can also be achieved through 
coating in�ltration into foam-like CNT forests.

Cooling Solutions

1D nanostructures such as nanotubes, nanowires, and vertical 
core-shell heterostructures are attractive building block mate-
rials to improve performance in various applications, including 
electronic and optoelectronic devices,[1�3] electrophysiological 
signal detection,[4,5] energy storage, and conversion.[6,7] The for-
mation of high-density and spatially oriented forest-like nano-
structures is central in many of the mentioned applications due 
to a signi�cantly increased surface-to-volume ratio in compar-
ison to conventional bulk materials. Additionally, the bottom-up 
approach, often used to achieve those nanostructure clusters, 
allows to control their localized growth, their aspect ratio, and 
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In this work, we explore the effect of nanoscale coatings 
on the thermal transport ef�ciency of high aspect ratio VA-
CNTs expressed in terms of effective thermal conductivity, keff. 
The materials chosen to �ll the VA-CNT-based scaffolds are 
aluminum oxide (Al2O3) and nonstoichiometric amorphous 
silicon carbide (a-SiC). They are both ceramic-like mate-
rials with superior hardness, and large thermal conductivity,  
�360 W m�1 K�1 and �25 W m�1 K�1 for bulk SiC and bulk 
Al2O3, respectively.[20,21] We begin by locally synthesizing var-
ious VA-CNT micropin con�gurations on top of microelectro-
mechanical systems (MEMS) microhotplates (MHP), used both 
as heat source and thermal sensor. For further details on the 
fabrication process of the MHP and CNT synthesis, we refer 
to our previous publication.[15] After the growth step, the VA-
CNTs are coated by using atomic layer deposition (ALD) for the 
Al2O3 and by low-pressure chemical vapor deposition (LPCVD) 
for the a-SiC, to achieve a targeted coating thickness of 15 nm. 
The chosen deposition techniques allow to obtain nanoscale 
accuracy over the deposition thickness and a good confor-
mality. The formation of the heterogeneous composites, the 
Al2O3 coated (Al2O3/CNTs) and the a-SiC coated (a-SiC/CNTs) 
CNT nanofoam scaffolds, is sketched in Figure 1a�c. It is well 
known that CVD-grown CNTs have a high density of surface 
defects in comparison to CNTs fabricated by arch-discharge 
or laser ablation methods. This represents an advantage as  
the surface defects provide bonding sites for the coating 
nucleation.[22,23] As shown by the Raman spectra of the  

as-grown CNTs (Figure S1, Supporting Information), the inten-
sity ratio between the D- and G-band peaks (ID/IG) is equal to 
0.95, revealing the low crystallinity degree of the CNT sample. 
Therefore, due to their intrinsic defectivity, no functionali-
zation treatments are performed on the CNT scaffold prior 
to the coating procedures. Upon exposure to the precursor 
gases, the corresponding precursor molecules diffuse into the 
VA-CNT porous structure. The coating nucleation starts from 
the interaction between precursor gases and localized CNT 
surface defect sites, and/or precursors and CNT�CNT junc-
tions. The product of the reaction is a nanometer-size granule 
formation at the surface. A thin layer is then formed by  
the overlap of adjacent grains while the number of cycles or 
the deposition time increases, depending on the adopted dep-
osition technique (ALD or LPCVD).

Scanning electron microscope (SEM) images of VA-CNT 
sidewalls reported in Figure 1d�f, highlight the morphological 
variation of the cluster surface before and after the coating 
depositions. The as-grown VA-CNT array consists of wavy inter-
laced multiwalled carbon nanotubes, oriented perpendicular to 
the substrate. The bridging between nearby nanotubes creates 
a regular foam-like structure with an average spacing of 60 nm.

The nanotube average diameter, dCNT, is 10  nm and the 
tube density within the micropin is around 112 tubes �m�2, 
resulting in a porosity of 99.1% (Figure 1d). For ideally aligned 
CNTs a 30  nm coating can not only �ll but also coalesce the 
entire array.
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Figure 1.  Coated Al2O3/CNTs and a-SiC/CNTs hybrid structures. The VA-CNTs are lithographically patterned to achieve micropin feature. a�c) Schematic 
illustration of 3D CNTs highlighting the gas precursors used during the coating procedure. d) SEM close-up of the as-grown VA-CNT array. The average 
nanotube diameter is 10 nm. e) SEM image of the obtained hybrid Al2O3/CNTs at the micropin sidewall. The resulting diameter of an individual 
nanotube is equal to 35 nm. f) SEM close-up of the a-SiC/CNT composite sidewall. The average diameter of an individual a-SiC coated CNT is 30 nm.
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Both micropin hybrid composites studied show remark-
ably uniform deposition around the nanotubes. The initial 
vertical orientation and the high surface area of the CNT array 
are retained, while in correspondence to the CNT�CNT junc-
tions some localized aggregations are formed. The average 
CNT coated diameter is 31 and 35 nm for the Al2O3/CNTs and 
for the a-SiC/CNTs, respectively (Figure 1e,f). Therefore, the 
average coating thicknesses deposited on the MWCNT surface 
are �17  nm for the a-SiC and �13  nm for the Al2O3, in good 
agreement with the ones measured by ellipsometry on a bare 
silicon wafer.

In order to investigate the morphology and the coating in�l-
tration depth within the VA-CNT arrays, we performed high-
resolution SEM pictures at different microstructure locations, 
from top to bottom of the micropin (z-axis) as well as along 
the radius (r-axis). The coating uniformity and the penetration 

depth of both the a-SiC/CNTs and the Al2O3/CNTs are reported 
in Figure 2.

The a-SiC coated micropin (Figure 2c) shows an excellent 
coating penetration along the radial direction. In particular, for 
every 1 �m, the coating reduces of roughly 0.1 nm when going 
from the sidewall to the core. The thickness variation along the 
z-axis is just 6  nm over the full micropin height (Figure 2d). 
The remarkable coating in�ltration of LPCVD a-SiC was also 
observed in other works focused on others materials.[24�27]

From the analysis of the Al2O3 coated micropin, the coating 
at the sidewall looks uniform. However, after cleavage, the 
SEM analysis of the micropin cross-section reveals a poor and 
uneven in�ltration of the precursors through the CNT array 
(Figure 2b), demonstrating a diffusion-limited mechanism for 
the coating. The achieved heterogeneous material is made of a 
soft core of uncoated CNTs reinforced by a ceramic shell, which 
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Figure 2.  a) Penetration depth of the LPCVD a-SiC coating in the CNT micropin. On the 3D micropin illustration the location of the points analyzed by 
SEM is reported. b) The penetration depth of the ALD Al2O3 coating in the CNT micropin. On the 3D micropin illustration the location of the points 
analyzed by SEM is reported. c,d) The graphs report the thickness variation along the z- and r-directions of the a-SiC/CNT micropin. e) The graph 
reports the thickness variation along z- and r-directions of the Al2O3/CNT micropin.


















