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Abstract

Carbon nanotubes (CNTs) are long considered as a promising material for thermal applications.
However, problems such as low volume CNT fraction abhorrent to practical applications have been
raising the demand for novel architecture of this material. Here we demonstrate two fabrication
methods, in which a self-assembly method for fabricating covalent-bonded CNT network (3D CNT)
and another method for covalent-bonded C to CNTs (C@CNT) network, and presented both as a
potential method to enhance thermal conductivity of CNT arrays. We utilized pulsed photothermal
reflectance technique and using new four-layer heat conduction model based on the transmission-line
theory to measure thermal conductivity of the samples. The 3D CNT with thermal conductivity of
21 WmK ™' and C@CNT with thermal conductivity of 26 W mK ™ turn out to be an excellent
candidate for thermal interface material as the thermal conductivity increased by 40% and 70%
respectively as compared to conventional CNT arrays. The improvement is attributed to the efficient
thermal routines constructed between CNTs and secondary CNTs in 3D CNT and between C layer
and CNTs in C@CNT. The other factor to improve thermal conductivity of the samples is decreasing
air volume fraction in CNT arrays. Our fabrication methods provide a simple method but effective
way to fabricate 3D CNT and C@CNT and extend the possibility of CNTs towards TIM application.

1. Introduction

Since its discovery of the tubular structure of carbon, carbon nanotube (CNT), has been the focus of research
over the years [1]. Individual CNTs have demonstrated excellent electrical, thermal, and mechanical properties,
[2-7] and they have been studied for potential applications such as field effect transistors, chemical sensors and
scanning probe microscopy components [8—10]. Meanwhile, researchers started to investigate bulk forms of
CNTs such as array, bundles, sponges, composite and carpets [11-15]. These bulk forms provide the potential to
overcome the difficulties in manipulating a single tube as well as possibility towards applications in a wider
range.

One of these applications is to use CNTs as a thermal interface material (TIM). For the past several decades,
the performance of integrated circuits (ICs) has improved dramatically because of innovation in process
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technologies and continuous increase in density of devices. However, significantly increased device density is
also pushing up the requirement to manage high density of heat generated. Actually, successful thermal
management has become one of the key factors for long-term reliability of ICs. For even higher device density in
the future, it is necessary to further reduce the thermal resistance between the ICs and heat sinks. Currently,
TIMs between the IC die and the heat sink has become the bottleneck [16—19]. On one hand, relatively high
thermal resistance hinders the heat transport from IC die to the heat sink and becomes an obstacle in the heat
dissipating routines. As such, alternative high-performance materials for current TIMs have become a popular
research topic.

Among the candidates under investigation, CNT is expected to be a promising solution [12, 18]. More
importantly, the extraordinary high thermal conductivity demonstrated by individual CNT provides credit for
reduced thermal resistance. However, current CNT based TIM still requires much improvement in the
performance. For vertically aligned CNT array, the problem is the limited contact area at the interface, and some
short CNTs in the array are not in contact to the other layer. Another problem is low density (low volume
fraction of CNTs) of the CNTs in the CNT array. One solution to overcome this problem is to fabricate CNT
carpet; however, the thermal performance of the CNT carpet with high density packed of CNT is still far from
ideal. This is due to a common problem that CNT's in those bulk forms usually undergo a huge reduction in the
extraordinary properties demonstrated by individual tubes [20]. One of the most important reasons is that in
those structures, CNTs are stacking together in physical contact with Van der Waals force between them.
Electron or phonon propagate between the tubes tends to happen through tunneling effect. Hence, dramatic
degeneration of the properties will occur, as inter-tube scattering becomes the dominating factor and
overwhelms the properties of single tubes.

In order to overcome these problems, bonded 3D CNT networks is proposed very recently, [21, 22] in which
carbon bonds are constructed between CNTs to minimize the inter-tube scattering. The other method is to
fabricate the CNT composite without destroying the vertically aligned structure of the CNTs by physical vapor
deposition technique. Through depositing metals or carbon around and on top of the CNTs, the air volume
fraction in CNT array decreases and by fabricating the metal or carbon layer on top of the CNT arrays, all the
CNTs with different length are connected to this layer and contact boundary resistance between the CNT and
the deposition layer decreases as well.

In this paper, first, we demonstrate a self-assembly method to fabricate bonded CNT networks and the
second we present the method to deposit carbon on the CNTs and investigate thermal properties of the samples.
In detail, in the first method, two growth approaches are combined together to fabricate secondary CNTs on
vertical CNTs, forming the 3D network of the CNTs and in the second method, high energy carbon ions are
deposited around and on top of the CNT's by using the Arc deposition technique. Then, thermal conductivity of
the samples are measured by Pulse Photothermal Reflectance (PPR) technique and in order to extract thermal
conductivity of the sample by PPR, we developed new four-layer heat conduction model based on the
transmission-line theory of heat conduction. With increased contact area at the interface and lower air volume
fraction as well as the efficient thermal pathway constructed through carbon bond, the thermal resistance of
TIM is reduced significantly.

2. Experiment and samples preparation

2.1. Vertical CNT growth

A nickel film with thickness of 15 nm was deposited on Si wafer through electron beam evaporation as the
catalyst (Auto 306, HHV system). Vertical CNTs were fabricated using Aixtron Black Magic plasma enhanced
chemical vapor deposition (PECVD) system. The chamber pressure was kept at 10 mPa, with 100 sccm C,H,
and 690 sccm NHj as the process gases. Growth was carried out at 800 °C for 10 min. The plasma energy was set
to 85 watts to accelerate the dissociation of gaseous carbon feedstock, C,H,, while a radio frequency (RF) electric
field was applied to align the CNTs into a vertical array. Figure 4(a) shows the cross section scanning electron
microscopy (SEM) image of the vertical CNT and the tube length is around 7 pm.

2.2.Secondary CNT growth

For the growth of secondary CNTs, nickel nitrate (Ni(NO;),) was dissolved in acetone at a concentration of
0.01 M, as the catalyst precursor. The catalyst precursor was cast onto the vertical CNT array at a dose of 10 pl
per 1 cm”. The growth was carried out inside a homemade tube furnace. The furnace pressure was kept at
atmospheric pressure during growth. Temperature was ramped up to 700 °C first, under 70 sccm H, and 200
sccm Ar atmosphere. When temperature reached 700 °C, ethanol vapor was introduced into the furnace
through a bubbler as the carbon source. Growth process took 15 min at 700 °C, after which the ethanol vapor is
cut offand samples were then cooled down to room temperature. Figures 4 (a) and (b) show the first growing
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Figure 2. [llustration of the growth procedure. (a) Vertical CNT obtained from PECVD. (b) Formation of 3D CNT network. (c)
Deposition of a-C layer on the 3D CNT network.

vertically aligned CNT film by PECVD on Si substrate as explained in sections 2.1 and 3D CNT sample,
respectively.

2.3. Carbon deposition on CNTs and 3D CNT

In order to deposit Carbon on the 3D CNT and CNTs, samples were placed in a filtered cathodic vacuum are
(FCVA) deposition system. A schematic of the FCVA deposition system is shown in figure 1 and the detail of
deposition can be found in the supplementary file. This system is a well-known method to deposit high energy
metal and carbon ions on substrates [23]. To accelerate carbon ions and to confine the coating around and on
top of the 3D CNT and CNT arrays, a negative pulse bias was used.

As shown in figure 2 and figure 6(b), C ions were deposited on tip of CNTs and secondary CNTs and forms a
layer of amorphous carbon (a-C) on top of the 3D CNT network. In this case, carbon ions mainly were absorbed
on top of the 3D CNT network because of existing of high density of the secondary CNT's on top and applying
the negative pulse bias on them.

As shown in figure 3, in the case of deposition of C on the CNT arrays, a-C layer and sphere was formed on
the CNTs because of the high-energy positive carbon ions were accelerated to the side wall and tips of the tubes.
As deposition continues, the nano-spheres on the tips of the CNTs increased in size rapidly because of the higher
charge density on the tips as shown in figure 6(a). The top layers were formed on top of the samples that adhered
very well by covalent bond to the tips and side wall of the tubes.

2.4. Structure characterization

SEM images were taken in a LEO 1550 Gemini field-emission scanning electron microscope (FESEM).
Transmission electron microscopy (TEM), high resolution TEM (HRTEM), scanning TEM (STEM) and energy-
dispersive x-ray spectroscopy (EDX) line scan were carried out using Tecnai X-TWIN TEM equipped with
EDAX Si (Li) detector. A WITec Raman system with a laser wavelength A = 532 nm was used to obtain the
Raman spectrum.
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d Primary CNTs

Figure 3. Illustration of the growth procedure. (a) Vertical CNT grown by PECVD. (b) a-C deposition by FCVA system. (c) Formation
ofa-Clayer on and around the CNTs.

500 nm

Figure 4. (a) Cross-sectional view of SEM image of the vertical CNT array by PECVD growth. (b) Cross-sectional view of the obtained
CNT network after secondary growth process; inset is the top view.

2.5.PPR characterization

PPR technique was employed to investigate the thermal conductivity of the 3D CNT network and C@CNT nano
composite. PPR was first used to measure the thermal conductivity of SiO, thin film [24], since then it has been
widely used to exam the thermal properties of films [25-29]. To enhance the heat absorption, a 250 nm gold
layer is evaporated on the surface of the samples. The sample (Au/C layer/CNTs/Si substrate) is first excited by
the Nd:YAG laser pulse at the repetition rate of 10 Hz with 3 mm spot size, pulse energy 30.3 mJ and 7 ns pulsed
width. This causes a fast rise in the surface temperature and then followed by a relaxation. A 1 mW continuous
probe beam (HeNe laser, 632 nm wavelength) with a spot size of about 20 pum is focused on the center of pump
beam to monitor the changes in light reflection from the metal surface. Since surface temperature and
reflectivity of Au are inversely linearly related [30], the temperature excursion profile in submicrosecond
temporal resolution can be obtained by capturing the changes in reflected probe beam. Because the relaxation
time is governed by the thermal properties of the underlying layers, by curve fitting the temperature excursion
profile with a four-layer one dimensional heat conduction model, one can extract the thermal conductivity of
the TIM (3D CNT network or C@CNT layer).

3. Results and analysis

Figure 4(a) is the SEM images of CNTs obtained from PECVD growth. They are well aligned vertically into an
array. These CNTs have fairly uniform diameters around 150 nm. The lengths of the CNTs are around 7 pm with
slight differences among them. Image processing of several top view SEM images of the CNT array was used to
measure surface area fraction of the CNTs and then volume fraction of the CNTs was estimated. The average
volume fraction of CNTs is calculated about 10%. After secondary growth process in tube furnace, a network of
CNTs s constructed as shown in figure 4(b). It can be seen in the cross-sectional view of SEM image that space in
the CNT arrayis filled up by high density of finer secondary CNTs, which exhibits diameters in the range of 8 to
20 nanometers. Meanwhile in the top view, the sample surface was completely covered by the secondary CNTs.
The secondary CNT's have length up to several tens of micrometers and a winding morphology.
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Figure 5. (a) TEM and (b) HRTEM images of the CNT network.

In order to investigate the structure inside the CNTs and also the junctions between CNTs, the obtained 3D
CNT network was dispersed in ethanol and examined by TEM. As shown in figure 5, structures of the two
hierarchies of CNTs are clearly displayed. CNT with relatively large diameter around 150 nm is the CNT
obtained from PECVD, consistent with SEM observation. In this PECVD process, CNTs follow a tip-growth
mode. Nickel catalyst particles are lifted up and wrapped in the tip of the CNTs. The bottom part of the nickel
particles is the front end of the graphenic formation. As HRTEM has shown clear evidence of the graphitic layers
of the carbon nanotube walls with Raman characterization as a supporting information (figure S1,
supplementary file is available online at stacks.iop.org/MRX/6,/085616/mmedia).

Therefore, there are some graphene sheets left inside CNTs following profile of the bottom part of the nickel
particle. This is commonly known as the bamboo structured MWCNTs [31, 32]. On the surface of this CNT,
there are a number of CNTs with smaller diameter anchored. These CNTs exhibit a winding morphology and
spread all over the surface of CNT. In the HRTEM image figure 5(b), parallel graphitic layers of the tube walls can
be seen in both the PECVD and secondary CNTs, which is a signature of the multiwall CNTs. Raman
characterization on the samples also shows a typical spectrum of MWCNT [33, 34].

One of the most important concerns in the CNT network is the connection between the CNTs. EDX of the
junctions between the CNTs is shown in figure S2 (supplementary file) and provides some evidence. EDX line
scan along the junctions shows that only carbon signal can be detected, while signal of other elements are not
found. CNTs are bonded together through purely carbon bonds. Hence, the two hierarchies of CNTs are
connected into a network rather than randomly packed together without direct bonding in between. It is noted
that the bonding is relatively strong, as in the TEM sample preparation, the dispersed sample was under
ultrasonic for one hour and the secondary CNTs s still well attached to the surface of primary CNTs.

For the growth of secondary CNTs and formation of the network, the reaction may take place in the
following way. During the step of ramping up towards 700 °C, the remaining solvent of the catalyst precursor,
acetone, is evaporated. The remaining Ni(NO3), crystallite are left on the surface of primary CNTs. Ni(NO3),
can be decomposed and reduced to be nickel particles under Ar/H, atmosphere at high temperature.

Here acetone is used because of its relatively low polarity. Due to the high hydrophobicity of CNTs, metal
crystallite size is affected significantly by the solvent polarity. Low-polarity acetone will help dispersion of the
nickel particles as compared to water or methanol [35]. When ethanol vapor is introduced into the chamber,
formation of secondary CNTs is initialized. With the catalyzation effect of nickel particles, ethanol is
decomposed to be the carbon feedstock. When the carbon atoms saturate the catalyst particles, they precipitate
into a stable tubular structure, which are the secondary CNTs. The secondary CNTs are highly likely to follow a
tip growth mode, as evidenced by TEM observations in figure 5, S2 and S3 in supplementary file. The junctions
between PECVD and secondary CNTs is purely made of carbon elements and completely free of metal in the
EDX line scan, as shown in figure. S2 in supplementary file. Meanwhile, catalyst particles can be found in the tips
of some secondary CNTs. As such, it is reasonable to hypothesis that the surface of the CNTs s front-end of
secondary CNT formation, after which the nickel catalysts are lift up and located at the tips of the secondary
CNTs, eventually.
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Figure 6. (a) Cross-sectional SEM image of the carbon deposited on PECVD CNT film, inset is the top view (b) Cross- sectional SEM
image of the carbon deposited on 3D CNT network, inset is the top view.

Figure 7. (a) TEM image of the C nanoparticle deposited on the Primary CNT for 10 s deposition time. (b) TEM image of C
nanoparticle with higher resoluation. (c) TEM image of the C nanoparticle and SAED pattern.

Figure 6(a) shows the cross-sectional and top view SEM image of the C deposited CNT sample. As it can be
seen from the images, the C layer is thicker around the tubes tips and thinner on bottom of the tubes. Most of the
Cions were attracted around the tips of CNTs by the electrostatic force because of applying negative bias.
Average diameter of the tubes increases from 150 nm to about 300 nm and the air volume fraction decreases
from about 90% for CNT array to about 60% for C@CNT accordingly. In the top view, the sample surface was
completely covered by the C layer and the diameter of the cones is about 1 ym.

In order to investigate the morphology and microstructure of the contact between the a-C layer and CNTs, a
new sample with short carbon deposition time (10 s) was fabricated and TEM analysis was conducted as shown
infigure 7. 10 s carbon deposition time was chosen for better visualization of TEM image of carbon nanoparticle
and CNT. In the first deposition stage C nanoparticles with diameter around 40 nm were deposited on the side
wall of CNTs as shown in figure 7(a) and by continuing the deposition, a-Clayer covers the side wall of the
CNTs. Figures 7(b) and (c) show the high-resolution images of C nanoparticle deposited on the side wall of
CNT. The epitaxy growth of C nanoparticle with respect to the CN'T matrix can be seen in the selected area
electron diffraction (SAED) pattern in figure 7(c).

3.1. Thermal characterization

The normalized surface temperature profiles for the samples Au/a-C/3DCNT/Siand Au/a-C/C@CNT/Siand
their fitted curves are shown in figure 8. To compare experimental data in this study with the primary CNT, we
also show the normalized surface temperature of the sample Au foil/CNT/Si in figure 8 as the direct Au
deposition on the primary CNT cannot cover the surface of the sample; the Au foil was used to capture
photothermal signal. In order to obtain the thermal conductivity of the 3D CNT network and C@CNT layer, the
temperature profiles were fitted by a four-layer heat conduction model. In this study, we developed a four-layer
heat conduction model based on the transmission-line theory of heat conduction for extracting thermal
conductivity of 3D CNT network and C@CNT layers[36]. In this model, the Laplace transformed surface
temperature excursions can be expressed by the following equation
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Z; sinh
7|2 sinh 1, /s Lo
cosh 7, /s ey~/s0y
oy sinh n; /s
e3~/50, cosh /s

T(s) = Q(s) )]

Zy +

where
o = sinh(n,/5)(es2 cosh 15/5 + e3; sinh 1;4/5) + cosh(n,/5)(cosh 7;+/s + eq3 sinh 7;/5)
0y = cosh(n,~/5)(eqz cosh m5+/s + e3; sin h n;+/s) + sinh(1,/5)(cos h 13+/5 + eq3 sinh 1;/5)

Where e; = |/ p;cik;, e = e;i/ej,m; = di /i, Zi = 1/(e;+/s)andi = 1, 2,3, 4. Subscripts 1, 2, 3and 4 stand
for the Au film, a-Clayer, 3D CNT network or C@CNT and Si substrate respectively. s, p, ¢, k, e, o, and d are the
frequency, bulk density, specific heat, thermal conductivity, thermal effusivity, thermal diffusivity, and thickness
of each layer respectively. Q(s) is the Laplace transform of the Nd:YAG laser pulse [37]. In order to fit the time
domain experimental temperature profile to the theoretical temperature profile, Stehfest numerical method was
used to inverse Laplace transform equation (1) into time domain [38]. For the fitting, the least square method
was used, in which a function err is defined as the sum of the square of the difference between the experimental
temperature profile data and the model’s value over the entire measurement time that can be expressed as:

err = Zi: measurement time(Téxperimental data, i — Tmodel, 1') (2)

where Texperimental data, i a1d Tmodel, i are the measured surface temperature and the modeled surface temperature
of the Au layer respectively at time t;. To obtain the best fit, we seek the minimum of err by varying the thermal
conductivity of the third layer in the Tyyoder-

The obtained room temperature thermal conductivity of 3D CNT filmare 21 + 5 W mK . The result is
consistent with earlier reported thermal conductivity of 3D CNT measured by 3-omega method [39]. The
average thermal conductivity of the CNT array measured by PPR was previously reported 15 + 2 W mK ™" [40].
For the 3D CNT network, the thermal conductivity of the sample is increased by about 40%. The thermal
conductivity of the 3D CNT network is contributed from the intrinsic thermal conductivity of the CNT, the
intrinsic thermal conductivity of secondary CNT and the thermal conductivity of the air gap,

Kspent = Yont Kint,oNT + Ve, secont Kint, secont + (1 = Yonr — Yinr, secont) Kair» where s the filling factor of
the tubes. The growth of the secondary CNT decreases the air volume fraction and enhances thermal
conductivity of the 3D CNT network. The other reason for thermal conductivity enhancement is that, the
secondary CNTs work as extra channels to transfer heat at the top surface downward through the CNTs.

For the C@CNT sample, the obtained thermal conductivity is about 26 W mK ' and the improvement on
the thermal conductivity is about 70%. After C deposition the diameter of the tubes increases and the air volume
fraction decreases to about 60% and based on the equation
Keoont = YontKint, oNT + Yoo upe Kint,¢ e + (1 — Yonr — Yewmpe) Kairr the thermal conductivity increases.
The Clayer in this deposition technique adhered very well to the tips and side walls of the CNTs, as the carbon
ions formed strong covalent C—C bond and having very low thermal contact resistance between them [41]. The
Clayer around the CNTs also acts as an extra heat channel to transfer heat to the CNTS and the substrate, thus
boosting the array’s thermal conductivity.
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4. Conclusion

In conclusion, we develop this two-step growth method and successfully fabricate 3D CNT network based on
CNT array. More importantly, the secondary CNTs are found to be rooted on surface of the CNTsin array and
the two hierarchies of CNTs are connected together by carbon bonds. The other developed sample contains
CNTs deposited with Clayer on side wall and on top of the CNTs. In these fabrication methods, the air volume
fraction is effectively decreased. The thermal conductivity of the samples was measured by PPR technique and
four-layer model for the first time was used to extract thermal conductivity. The samples were covered by a-C
layer and the layer adhered very well to the CNTs by strong covalent bond with low thermal contact resistance.
Much more efficient routines are provided to promote heat propagation from a-C layer to Si substrate. As such,
in comparison with thermal conductivity of CNT array TIM, thermal conductivity of the 3D CNT network TIM
increased by 40% to be 21 W mK ™' which is a significant improvement in the thermal performance. Moreover,
thermal conductivity measurement of C@CNT sample shows a higher thermal conductivity about 26 W mK ™',
a70% increment. These methods provide a new approach for the fabrication of 3D CNT network or C@CNT
nanocomposite that obtained higher thermal conductivity than CNT array and demonstrated its superiority as
high-performance TIM. Moreover, these samples may also be extended to applications in other areas such as
chemical filer or mechanical cushion.
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