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1 Introduction

Sumio Iijima’s discovery of CNTs opened up research in innovative materials
[1]. CNTs are a boon to several capital goods sectors like microelectronics,
nanotechnology, biomedical, etc., as they are known to have excellent physical
properties.

CNTs are deposited using various chemical vapour deposition techniques. Plasma-
enhanced chemical vapour deposition (PECVD) is one technique to synthesize CNTs
at a lower substrate temperature than a conventional chemical vapour deposition
(CVD). Based on the source of plasma used, PECVD is categorized into radiofre-
quency (RF), direct current (DC) and microwave (MW) PECVD [2-4]. CNTs with
low amorphous carbon content have been deposited using the RF-PECVD technique
with parallel plates. This modification effectively reduces the undesirable damage
induced by plasma [5]. The growth of CNTs is promoted by factors like pretreat-
ment of the catalyst, vacuum pressure and substrate temperature. In the absence of
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a plasma, CNTs require to be synthesised at very high temperatures greater than
1000 °C. The presence of plasma facilitates the synthesis of CNTs [3].

CNTs have favourable thermal conduction properties [6]. Microelectronics
comprise thin film coatings of AIN over CNTs to enhance thermal conductivity
that may help in thermal dissipation [7]. Ion fluids comprising lowered percentages
of MWCNTs in an electrochemical cell has improved the power of a thermochemical
cell up to 30% [8]. Authors have demonstrated a nine times manifold decrease in
thermal resistance when MWCNTs had their surface modified using pyrenylproply-
phosphonic acid [9]. Authors have shown a resultant three times higher Carnot effi-
ciency by using MWCNTSs. This required the improvement of the cell’s Carnot effi-
ciency [10]. Covalent bond-based organic molecules improved adhesion of CNTs
with the interfaces and has decreased thermal resistivity by six orders [11]. Some
research groups have used photo acoustic technique for calculating total thermal
resistance of the system for various CNT matrices [12].

Diamond-like carbon (DLC) is amorphous carbon [13] in its form of metastability
and has a high number of sp? bonds. DLC can have up to 70% of sp> content [14].
The toughness of DLC is improved by incorporating CNTs over DLC which can be
used in practical application for imparting hardness [15].

Depositing DLC over CNTs enhances the field emission properties by improving
current density and field threshold forming a potential material in the fabrication of
field emission devices [16, 17]. DLC deposited over CNTs was reported as the best
candidates for field emission applications since they possess combined properties of
both CNTs and DLC contributing to its long lifetime, stability and performance [18].

A lot of current global research is focused on usage of CNTs as a thermal inter-
face material (TIM). CNTs offer a poor reliability at 200 wm height with thin film
Cu deposited on the former imparting a mismatch in coefficient of thermal expan-
sion [19]. CNTs are also known degrade faster although they have excellent thermal
conductivities [20]. CNTs mixed with epoxy offer about 12.2 W/mK of thermal
conductivity [21]. High performance vertically aligned CNTs (VACNT) offer poten-
tial as a TIM and many companies are trying to incorporate it as heat sinks [22].
Cu foil on plasma modified VACNT offered promise as thermal interface material
[23]. TiN, SiO;, Ni and Ti have also been deposited on nearly VACNTSs and thermal
conductivities up to 20 W/mK have been achieved experimentally [24, 25].

It is known that DLC has good thermal conductivity. The current research
focuses on the development of DLC/CNT composite by depositing a thin film
of DLC over PECVD-based synthesized CNTs for a different flow rate of acety-
lene. These nanocomposites are evaluated using characterization tools like scanning
electron (SEM), transmission electron microscope (TEM), raman spectroscopy, and
nanoindentation.

This research aims at development of CNT based DLC nano sandwich which not
only enhances the adhesion of CNTs, but also offers a stable thermal interface mate-
rial. As they are carbon—carbon nanocomposite, thermal mismatch is also avoided
as mentioned in prior literature. This method is easily scalable on a wafer and hence
can be used directly while fabricating devices in semiconductor fabs. This approach
is being taken up as it seems to be one of the practical and industrially viable options
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of developing efficient thermal interface materials for electronics and semiconductor
applications. DLC of about 500 nm was deposited with flow rates of 300 and 100
sccm to encapsulate CNTs. The method for encapsulation of CNTs has been given
in [25].

2 Experimental Details

2.1 Synthesis of CNTs

Silicon substrates of 10 mm? are cleaned in mild soap solution to separate impurities
and then rinsed again in triple distilled water to eliminate alkali remnants of the soap
solution. The wafers are rinsed in isopropyl alcohol which is subjected to a 10 min
ultrasonication. The substrates undergo re-rinsing using distilled water to eliminate
the alcohol traces. They are later dried in inert argon atmosphere. nickel (Ni) is
sputtered using a DC magnetron on the Si substrate and acts as a catalyst for the
growth of CNTs. The thickness of Ni is maintained at 5 nm using a calibrated quartz
film thickness monitor. The thin layer of nickel anneals in the presence of hydrogen
plasma with a flow rate of 200 sccm. The synthesis of CNTs succeeds in the nucleation
process of Ni using a radiofrequency plasma-enhanced chemical vapour Deposition
(RF-PECVD) (Roth & Rau, Model: HBS-500) system. The radiofrequency is set
to 13.56 MHz on the system which is a typical IEEE standard. The ratio of carbon
precursor to dilution gas is maintained at 1:8 during the deposition. Vertically aligned
CNTs are synthesized for an C,H, /H, flow rate of 25/200 sccm for a deposition
time of 30 min at 600°C (Fig. 1).

Fig. 1 Schematic of the
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2.2 Deposition of DLC Thin Films

Diamond-like carbon is synthesized on CNT samples using the PECVD technique at
1.17 x 1073 mbar for the C,H, flow rates of 100 sccm and 300 sccm. A temperature of
350°C is maintained for the deposition of a 500 nm thin film of DLC over the CNT
sample. The growth rate of DLCs has already been established and measurement
techniques have been calibrated as stated in our previous experimentations [26—30].

Method of measurement of DLC. As mentioned above, in our previous experi-
ments [26—30], the procedure was established by using time based deposition for each
parameter calibrated for thickness with a spectroscopic ellipsometer (J A Woolam)
using a specially developed B-Spline model which has undergone inter laboratory
comparison with various other techniques at University of Chemnitz, Germany. Also,
the thickness has been calibrated using the in-house surface profiler (Ametek Taly-
surf) for step height measurement which has a resolution of 1 nm and is accredited by
NABL. A non-contact optical profiler (Veeco NT9100) with a resolution of 0.1 nm
has also been used to measure the step height for deposition based on time. These
experiments have undergone hundreds of repeatability experiments to measure the
deposition. The rate of deposition required to deposit DLC is noted, and 500 nm is
deposited in the system. A similar comparative based methodology is also used in
our previous work [24, 25].

2.3 Characterization

The synthesized 2D-nanocomposites are characterized using SEM, TEM, Raman
and nano indentation. A Neon-40 Crossbeam (Carl Zeiss), FESEM was used to
observe the surface morphology of the deposited 2D material. The crystal nature
of the DLC/CNT composite is investigated using the Titan G2 60-300 transmission
electron microscope (TEM). Raman spectroscopy (SEKI Technotron Corp, STR-
300) was used to study the molecular fingerprint and determine the sp> and sp?
content. Ansys software is used to model the thermal simulations.

3 Results and Discussion

3.1 Electron Microscopy

Figure 2 comprises of an SEM image of CNTs having a diameter ranging from 30 to
50 nm. Here 3.a. and 3.b. depict DLC synthesized on CNTs at a temperature of 350 °C
for different C,H, flow rates of 100 and 300 sccm. The high-resolution SEM image
magnified up to 100Kx reveals the nature of 500 nm thick DLC layer deposited over
CNTs thereby forming clusters of DLC layer on top of CNTs. A similar morphology
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is observed in DLC deposited over CNTs at a C,H, flow rate of 300 sccm. Hence,
for different flow rates, the morphology observed is similar and shows no much
variation. However, for the same contrast used for both the imaging, we can notice
that there is a dense core region at the centre for the 300 sccm deposition of DLC
and that is reflected in the z-contrast of SEM imaging (Fig. 3).

Figure 4a shows the high-resolution TEM image of DLC coated over CNTs where
CNTs are identified by the presence of walls. The SAED pattern in Fig. 4b reveals
the presence of both DLC and CNTs which are amorphous. The spots indicate that
there is a good amount of crystalline DLC similar to cubic zirconia [29, 31].

Similar results can be observed for DLC deposited over CNTs at a C,H, flow
rate of 300 sccm. Figure 5a elucidates the high-resolution TEM image where CNTs
are marked by the presence of multiple walls. Figure 5b shows the SAED pattern
indicating the presence of both DLC and CNTs which are amorphous. The spots

Fig. 3 a DLC coated over CNTs at 100 sccm at 350 °C b DLC coated over CNTs at 300 sccm at
350 °C
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Fig. 4 a High-resolution TEM image of DLC coated over CNTs at 100 sccm b SAED of DLC
coated over CNTs

represent crystalline DLC that exhibits structure similar to cubic zirconia [29, 31].
Region 1 in Fig. 5a shows the crystalline nickel from which CNTs have grown
indicating the tip growth mechanism of CNT [32, 33].

[

Fig. 5 a High-resolution TEM image of DLC coated over CNTs at 300 sccm b SAED of DLC
coated over CNTs
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3.2 Raman Spectroscopy

Carbon films exhibit similar features in their Raman spectra, hence both DLC and
CNTs possess common features in the spectrum. DLC is a mixture of amorphous
carbon that consists of both sp® and sp? hybridizations [34]. Figure 6 represents
the Raman spectra of DLC/CNT composite for DLC deposition at 350°C for C,H,
flow rate at 100 sccm and 300 sccm. DLC/CNT for C,H2 flow rate at 100 sccm
exhibiting peaks at positions 1318 cm™! and 1559 cm™! corresponding to D peak and
G peak, respectively. DLC has an average G peak position ranging from 1581 cm™!
to 1600 cm~! which is due to phonon confinement in graphitic domains. In this case,
adecrease in G peak shift at 1559 cm~! is observed owing to weaker sp> bonds which
weaken vibrational modes [35]. Also, the G peak caters to the MWCNTs graphite
frequency corresponding to the tangential vibration of carbon atoms [36]. A rise in D
peak at position 1318 cm™' corresponds to sp? hybridization due to the amorphous
nature of DLC deposited over CNTs [16]. In the case of DLC deposited at 300 sccm
and for a temperature of 350 °C, the Raman spectra show the same characteristics
features as that of DLC deposited at 100 sccm. However, it may be noted that for
C,H, flowrates of 100 sccm and 300 sccm, the synthesized DLC has a G peak at
1559 cm~! and 1566 cm™! which is close to the a-t:C type of DLC [37]. Although G
peak arising at 1515 cm™! corresponds to a-C: H type of DLC [37], it can be safely
assumed that the crystalline graphitic content is higher in the current DLC subjected
to study and closer to a-t:C DLC. It may also be noted that most of the vibrational
signatures arising from the 2D material will be from DLC as it is 500 nm thick.

. 30000
Fig. 6 Raman spectra of DLC coated CNTs at 300scom and 350°C
DLC coated over CNTs for DLC coated CNTs at 100sccm and 350°C
C,H, flow rate at 100 sccm
and 300 sccm 1315
20000 1 1566
S
5
=
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3.3 Simulation of Heat Transfer

Computer simulations are cost effective methods to study and analyse the thermal
properties of the nano sandwich in contention. Simulations are cost-effective to esti-
mate rough thermal conductivities [38]. CNTs are proposed to be advanced material
for thermal interfacing in the electronic industry [39]. Experimentally, thermore-
flectance methods have been used to measure the thermal conductivity for MWCNTs
and have been found to be about 13—-17 W/m K [38].

Thermal flux and thermal distribution are analysed and predicted using Ansys
software. The following are assumed (1) material is in steady state, (2) heat dissipates
from the silicon side to DLC, (3) CNTs are vertically aligned, and (4) Homogeneity
in material.

Model of the Si/CNT/DLC 2D nanomaterial was created using solidworks.
Although the actual details of the composite are comprised of a Si substrate of
10 mm x 10 mm having a thickness of about 820 pwm, CNTs having a length of
about 800 nm.

Following are the assumptions taken in solidworks to model: (1) Substrate area:
10 mm? (2) thickness: 825 jum (3) CNT diameter: 100 nm (5) CNT height: 800 nm (6)
DLC thickness: 500 nm. Although the diameter of CNT was 40 nm when measured
using an SEM, the least diameter of the CNT was 100 nm when modelled using
solidworks due to its limitation in modelling very low dimensional features. It can
be noted that the results would be slightly coarser, however does not impede any
inferences. The thermal analysis of the material considered at steady state was simu-
lated using Ansys software. The boundary conditions fixed for the simulation were
the temperature of base substrate Si area was fixed at 80 °C and CNT/DLC thin film
matrix was maintained as 26 °C (sink temperature) which is roughly the average
room temperature in India. Typically, semiconductors are interlocked to shut down
by 80 °C. Hence, this upper cut off temperature is selected. Figure 7. shows the
boundary conditions used for the simulation of the 2D-2D nanocomposite material.

Ry, is the total resistance of the material, i.e. DLC. Ry is the total resistance of
the CNT, and Rg; is the resistance of Silicon wafer.

Thermal resistance is the heat property of a material by which it resists the heat
flow. This can be simplified by an equivalent resistance of individual material

I,
Re, = —— (1)

Ah,

where

y = Numerical designation to each of the material in contention, i.e. Si, CNT and
DLC.

Re = Total resistance of the material, K/W.

| = Length of respective materials, m

) = Thermal conductivities of the materials, W/mK.

A = Area of the materials, m?.
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Room Temperature

ANSYS
(4]

e

(2) (b)
Fig. 7 Modelling of 2D nano composite for thermal simulation a Thermal distribution in the matrix

b thermal flux in the Si/CNT/DLC matrix

Equivalent resistance of CNTs are given by (considered to be in parallel as they
are multi-walled vertically aligned):

LY @
Re2 - =1 Rei
CNT Area:
Acnt = mdt 3)
From the Raman results obtained above, the DLC coating is similar to a:t-C [37].
Hence, the approximate thermal conductivity of the DLC coating considered for
calculating the equivalent resistance is 2.2 W/mK at room temperature [39, 40].

The equivalent resistance of the nanocomposite when in series is given by

Re, = Re; + Re; + Res 4)

where
Re, = Equivalent thermal resistance of the material matrix, K/W.
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t = 0.34 nm, one carbon atom thickness.

d = CNT Dia, m

n = total CNTs.

Equivalent resistance of the Si/CNT/DLC matrix is determined by the aforemen-
tioned mathematical model. This is determined to be 2418.54 K/W. Thermal flux of
the material matrix is determined by Ansys simulation using the calculations above
which has an equivalent resistance of 73.59 W/mK.

Numerical Simulations. one dimensional heat transfer equation (without consid-
ering heat generation) is solved to obtain thermal distribution and total thermal flux
of the nano material matrix of the nano sandwich. From simulations, the obtained
thermal flux for this matrix is about 245 W/mm? (Fig. 7b).

4 Conclusions

DLC layer of 500 nm thickness was successfully coated over CNTs using the PECVD
system at 350 °C for C,H, flow rates of 100 sccm and 300 sccm. There is no substan-
tial change in the thermal flux or dissipation with the change of flowrate, however,
300 sccm comprises larger content of amorphous carbon. SEM image highlights
globular structures only encapsulating the top of the CNTs. TEM images show the
polycrystalline nature of DLC with CNT in the matrix. The TEM results also give a
detailed insight into the phases of the composite through SAED analysis. The Raman
spectroscopy of DLC coated CNTs indicate the presence of DLC over CNTs by iden-
tifying the corresponding peaks. The Raman spectroscopy peaks provide the presence
of DLC and CNTs with Raman Number for D peaks in the range of 1315-1318 cm™!
and G peaks in the range of 1559-1566 cm~! showing the regime of t-aC:H and a-
C:H. From a simulated thermal analysis of the material matrix, it was noted that the
thermal flux is 245 W/mm? and the thermal conductivity is 73.59 W/mK.
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