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Abstract: In this paper, we present a novel method for growing carbon nanotubes (CNTs) via
microwave plasma chemical vapor deposition (MPCVD) on diamond and silicon substrates. Scanning
electron microscopy (SEM) and Raman spectroscopy analyses revealed dense, multi-walled carbon
nanotubes growing on the diamond substrate. Optical Emission Spectroscopy (OES) showed that
in the process of growing carbon nanotubes with the MPCVD method, the CH, introduced into
the system is excited by microwaves and dissociated to form active radicals such as C2 and CH,
which are considered the C source of the synthesized carbon nanotube. Observation with high-
resolution transmission electron microscopy (HRTEM) showed that most Ni catalyst nanoparticles
that catalyze the growth of carbon nanotubes are located close to the diamond surface. In contrast, on
the Si substrate, Ni catalyst nanoparticles were randomly distributed. A unique transition layer was
observed between the diamond and carbon nanotubes, with the Ni particles being immersed into this
transition layer and acting as anchors to fix the carbon nanotubes, resulting in a robust connection
between the diamond and the CNT coating.

Keywords: carbon nanotubes; diamond substrate; microwave plasma chemical vapor deposition;
catalyst nanoparticles; transition layer

1. Introduction

Numerous carbon-based materials have formed a huge and comprehensive system
based on their diverse structures and unique properties. Therefore, carbon-based materials
have been extensively studied and applied to many fields over the decades. Among them,
carbon nanotubes (CNTs), one of the carbon allotropes, have become an attractive and
interesting area since lijima proposed and characterized them in 1991 [1]. Since then,
their preparation methods, structural properties, and applications have been extensively
studied [2,3]. In recent years, CNTs have shown significant potential in many application
areas, such as electron field emission (EFE) materials [4], outgassing optical detection [5,6],
and micro electromechanical systems (MEMS) [7]. These advances are attributed to the
intrinsic properties of CNTs as well as their morphology, density, thickness, disorder, and
tube size.

Many preparation methods for CNTs have been developed over the decades, such
as arc discharge, flame synthesis, and chemical vapor deposition [8-10]. Chemical vapor
deposition (CVD) has become the chosen method for large-scale production and synthesis
of CNTs due to its simplicity, efficiency, and lower cost [11]. Thermal Chemical Vapor
Deposition (TCVD) is a classic method for preparing carbon nanotubes [12]. However, the
preparation of CNTs by TCVD usually requires an operational temperature higher than
800 °C, which excludes numerous substrates. For example, the growth temperature of CNT
on various glass substrates for field-emission display must be lower than 500 °C [13]. Mi-
crowave plasma chemical vapor deposition (MPCVD) is one of the most popular methods
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for the growth of many carbon materials, such as diamond film [14]. If MPCVD is used,
the decomposition temperature of the carbon source can be significantly reduced, thereby
reducing the substrate temperature and successfully growing CNTs at a low temperature.

It is now known that CNTs can grow on a variety of substrates [15], such as silicon and
other Si-based compounds [16-18], quartz [19], alumina [20], zeolites [21], magnesium ox-
ide [22,23], and NaCl [24]. However, most of these substrate materials have limited thermal
conductivity and are significantly different in structure compared to the CNT. Furthermore,
there are low adhesion forces between the CNTs and the CNT-coated substrates [25].

Diamond is another famous carbon allotrope and has been applied in many scientific
and technological fields due to its remarkable properties, such as its high thermal conduc-
tivity, electrical resistivity, chemical inertness, and radiation resistance [26]. Diamond can
also act as a CNT substrate in order to utilize it as an all-carbon-based composite material.
Compared with other substrate materials for CNT growth, such as Si, quartz, and various
metal-based materials, diamond is the most stable. Diamond and CNTs are both allotropes
of carbon and are similar in many aspects. Since both diamond and CNTs have extremely
high thermal conductivity, both diamond and CNTs can be combined, and the conversion
efficiency between heat and light can be further improved, making it a promising material
in the field of high-intensity endothermic or high-radiation black coatings or the field
of chip cooling with excellent thermal interfaces and high conductivity substrates [27].
Moreover, the strong adhesion forces between the CNTs and the diamond substrate are
formed as a result of the allotrope structure and intimate chemical properties, forming
an effective chemical bond between the CNTs and the diamond. Therefore, the growth
mechanism of CNTs on the surface of the diamond and the bonding mechanisms at the
CNT-diamond interface are worthy of investigation.

There have been previous reports on the preparation of CNTs on diamond substrates.
Daisuke Takagi [28] catalyzed the growth of CNTs using nanoscale diamond particles,
Vavanasi [29] demonstrated that high-quality multi-wall CNTs can be grown on diamond
substrate without using an intermediate oxide buffer layer, Varshney [30] developed a
simple method to make diamond-CNT composite films by using candle wax as a precursor,
without any metal catalyst, and Jiang [31] fabricated diamond/Ni/graphite/CNT com-
posite films and evaluated their field electron emission properties, which showed a low
turn-on field of 6.9 V/um and good current stability. These works lay the foundation for the
fabrication and application of CNT/diamond composite materials. However, the growth
characteristics of CNTs on diamond substrates as well as the bonding mechanisms between
the two still lack in-depth research and characterization.

Herein, we synthesized CNTs on a self-standing diamond film (and Si) via the mi-
crowave plasma chemical vapor deposition (MPCVD) method and fabricated a “CNT-
diamond” full-carbon structure. This study demonstrated the possibility of the growth of a
high-density CNT coating on diamond with excellent adhesion forces. It can be inferred
that the strong bonding between the CNTs and the diamond substrate is attributed to the
formation of a transition carbon layer at their interface during the reaction.

2. Experimental
2.1. Preparation of Substrates

In this study, diamond and Si smooth wafers were chosen as the carbon nanotube
growth substrates. First, a 3-inch(7.65 cm) self-standing CVD diamond plate was prepared
using the Direct Current Arc Plasma Jet CVD method (Figure 1a). Next, it was flattened
with an automatic polishing and grinding machine (UNIPOL-802A) in order to make
the average surface roughness (Ra) of the polished diamond substrate less than 10 nm
(Figure 1b,c), which is similar to that of the Si substrate. Finally, the CVD diamond plate
was cut into 10 x 8 x 0.5 (mm) sections and used as the substrate for CNT growth. The
same-size Si substrates were also used for comparative experiments.
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Figure 1. (a) Schematic diagram of diamond thin film synthesis; (b) polished diamond image; and
(c) the AFM image of its surface.

A high-vacuum multi-target magnetron sputtering (GCP-500M2) coating system was
used to coat the substrate with a Ni layer approximately 10 nm thick. Ni sputtering was
carried out at 200 °C for 120 s with a sputtering power of 70 W and chamber pressure held
constant at 0.5 Pa. More details regarding Ni deposition are shown in Table 1.

Table 1. Ni catalytic layer deposition parameters.

Target Sample Sputtering Sputtering Cavity Bias
Material Temperature/°C Power/W Time/min Pressure/Pa Voltage/V
Ni 200 70 2 0.5 100

2.2. Synthesis of Carbon Nanotubes

CNTs were prepared via a microwave plasma chemical vapor deposition (MPCVD)
method on diamond and Si substrates. In the experiment, the diamond substrate with the
Ni coating was in a pure Hy atmosphere in order to carry out the catalyst thermal annealing
process, converting the Ni catalytic layer into Ni nanoparticles.

As shown in Figure 2a,b the annealed Ni particles on the diamond substrate are uni-
formly distributed with no apparent agglomeration or dispersion, indicating that there
is no significant mutual dissolution between Ni and C at this temperature. The average
particle density reached approximately 7000 (per pm?). As shown in Figure 2c,d, after
annealing, Ni nanoparticles were also formed on the silicon substrate; however, the overall
particle density was smaller than that of the diamond surface, with an average particle
density of about 5000 (per um?). During the thermal annealing process, the surface tem-
perature of the sample was 550 °C, and the annealing time was 5 min. Details about the
annealing procedure are shown in Table 2. CHy, mixed with Hj, was used as a carbon
source and passed through the MPCVD system at a ratio of 1:9. The CNTs were grown
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using microwave energy to excite the carbon source gas, generating carbon-active radicals.
During the carbon nanotube growth stage, the sample surface temperature was 600 °C, the
corresponding microwave system output power was 1100 W, and the chamber pressure
was 3.0 kPa. More details are shown in Table 3.

Figure 2. (a) SEM image of Ni nanoparticles formed on the diamond surface after annealing; (b) EDS
elemental analysis image of Ni particles on diamond; (¢) SEM image of Ni nanoparticles formed on a
Si surface after annealing; and (d) EDS elemental analysis image of Ni particles on a Si surface.

Table 2. Catalytic layer annealing parameters.

Anneallngo Annealing Time/min  Microwave Power/W  Cavity Pressure/kPa
Temperature/°C
550 5 1000 27

Table 3. Carbon nanotube growth parameters.

Growth Growth Microwave Cavity
Temperature/°C Time/min Power/W Pressure/kPa

600 30 1100 3.0 1:9

CH4:H2

2.3. Characterization

The macroscopic optical characteristics of the pristine diamond substrates and CNTs
were characterized via optical microscopy (OLYMPUS BX51, OLYMPUS, Japan) and the
microscopic morphologies of the diamond substrates and CNTs were characterized by
field emission environmental scanning electron microscopy (Zeiss GeminiSEM 300, Zeiss,
UK). The interface samples of the CNTs and the substrates were prepared via focused
ion beam (FIB) technology (Helios Nanolab 600i, FEI, USA). High-resolution images of
single CNTs, CNT layers, and diamond substrates were obtained by transmission electron
microscopy (JEM-2100F, JEOL, Japan; Titan ETEM Themis, FEI, USA). A high-spectral-
resolution analytical-grade Raman imaging system (inVia-Qontor, Virsa, USA) was used to
characterize the structure of the CNTs. The Raman laser model we used in the test has a
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wavelength of 532 nm, the laser output power is 100 mW, the optical efficiency is 40%, the
integration time is 30 s, and the magnification is 400 times. Detection of reactive radicals
within the microwave plasma during nanotube growth was achieved via Optical Emission
Spectroscopy (Ultim MAX, Oxford, UK). The adhesion force between the CNTs and the
substrates was evaluated using ultrasonication and nanoscratch techniques (Hysitron TI
950, Hysitron, USA). For nanoscratch, a normal load of 500 uN was used for all the scratch
tests, and the length of each scratch was kept constant at 100 um.

3. Results and Discussion

During the growth process of the CNTs, the carbon source was decomposed on the
surface of the catalyst, and the formed carbon atoms were dissolved into the catalyst,
diffused, precipitated, and restructured in the catalyst particles, which is crucial to the
structure and properties of the CNTs [32]. In this study, the carbon source constituting
the CNTs primarily comes from the C-active radicals generated by the dissociation of
CHy. The growth temperature of the CNTs was 600 °C, while the pyrolysis temperature of
methane was higher than 1000 °C [33]. Therefore, methane pyrolysis is negligible under
the temperature conditions of this experiment. However, under microwave plasma, CHy
molecules can be cleaved to form active C radicals at relatively low temperatures.

As shown in Figure 3a, the presence of carbon-containing reactive radicals such as C;
and CH are generated by the decomposition of CH4 and can be detected by OES spectro-
scopic diagnosis of the plasma during the reaction. These carbon radicals diffuse to the
surface of the diamond substrate, collide with the Ni catalyst particles, and dissolve. When
carbon saturation is achieved, the C atoms are precipitated from the catalyst surface and
rearranged to form CNT structures [34]. Figure 3¢ presents a model diagram of the reaction
process for producing CNTs using the MPCVD method. In the experiment, the sample with
a Ni catalyst coating was placed upside down to reduce the strong bombardment of plasma
and minimize its impact on the substrate and Ni catalyst, as well as CNT destruction.
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Figure 3. (a,b) Optical emission spectra during CNT growth; (c) growth model of CNTs prepared by
MPCVD and OES spectrum during the reaction process.
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Figure 4a,b are the optical images of the diamond substrate before and after CNT
growth. It can be seen that the CNTs are optically pure black. In the structure of the
nanotubes, the chemical bonds between carbon atoms are mainly sp? hybrid bonds. Due
to their optical transition characteristics of the m-bonds [35], the CNTs have strong optical
absorption properties and appear pure black. Raman spectroscopy is a common means of
detecting the structure of CNTs [36]. The Raman spectra of the pristine diamond substrate
and the CNTs prepared on the diamond substrate are shown in Figure 4c,d. For the CNTs,
the most prominent feature in its Raman spectra is the presence of an E;; mode near
1580 cm !, which is the G-band. Additionally, there is a D-band near 1350 cm ™!, which
represents a variety of possible defects. For multi-walled CNTs, the existence of a second-
order Raman spectrum between 2500 and 2900 cm~ 1, is the G’ band, also known as the 2D
peak. Herein, the D-band signal represents the disordered sp®-hybridized carbon atoms
and lattice voids existing in the hexagonal framework of the CNTs, while the G-band signal
represents the graphitized arrangement of the sp?>-hybridized carbon atoms in the CNT
structure. Furthermore, the lower the intensity ratio of the D peak to the G peak (Ip/Ig),
the greater the structural integrity of the CNTs. Figure 4e,f are SEM images of the diamond
substrate and the CNTs. It can be observed that dense CNTs have grown on the diamond
substrate after the MPCVD reaction, and those CNTs are intertwined with each other, which
may be due to attraction via van der Waals forces.

(C) 1332 ) G (d)
b Growing . °
E CNTs z
= =
1000 1200 1400 1600 1500 206~ CONRERRSN  \UEERRSEEE . R0 100 1600 18w 2000

Raman shift ey v Rar

Figure 4. Carbon nanotube samples prepared on diamond substrates: (a) optical microscope image
of the original diamond substrate; (b) optical microscope image of carbon nanotubes grown on the
diamond substrate; (c) Raman spectrum of the diamond substrate; (d) Raman spectrum of carbon
nanotubes; (e) SEM image of the pristine diamond substrate; and (f) SEM image of carbon nanotubes.

Common substrate materials for CNT growth include Si, quartz, and MgO. In terms
of material composition and molecular atomic structure, these substrate materials are
fundamentally distinct from CNT materials. In this study, the diamond substrate and CNTs
are both carbon substances that are allotropes, differing in the arrangement of atoms, and,
thus, have great homogeneity. The bonding method between carbon atoms in diamond is a
sp>-type hybrid bond, while in the tubular hollow structure of CNTs, the bonding method
between carbon atoms is a sp?-type hybrid bond. In 2007, Suguru Noda [37] showed



Coatings 2022, 12,1838

7 of 15

that for the preparation of CNTs, different substrate materials may have different effects
on the agglomeration and diffusion of catalyst particles and their final position, which
ultimately affects CNT production. Other studies have mentioned that the interactions
between CNTs and their substrates will affect the degree of separation between the CNTs
and the substrates, which is also called the strength of the adhesion force to the substrate
material [38].

Ultrasonication is a commonly used method for the measurement of adhesion between
the CNTs and the substrate materials [39—41]. This method is used to reflect the strength of
the adhesion between CNTs and the substrate materials by observing the detachment of
CNTs under strong vibration. In this current study, we used the same method and process
parameters to prepare CNTs on diamond and Si substrates. These samples were subjected
to ultrasonic vibration in order to evaluate the bonding strength of CNTs to their respective
substrates. The vibration duration was 24 h. After shaking, the detachment degree of the
CNTs on the two substrates was compared. As shown in Figure 5a,b, after 24 h of ultrasonic
vibration, the CNTs on the diamond substrate were only slightly detached, and most of the
black CNTs remained attached to the diamond substrate. However, as shown in Figure 5¢,d,
nearly all the black CNTs on the surface of the Si substrate were detached, and most of the
substrate was exposed. This comparison demonstrates that the adhesion force between the
CNTs and the diamond substrate is much stronger. SEM images of the CNTs on diamond
and Si substrates after ultrasonic vibration are shown in Figure 5e,f. It can be seen that the
detachment of CNTs on the diamond substrate is much smaller than on the Si substrate.
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Figure 5. Carbon nanotubes prepared on diamond and Si substrates: Comparison of CNTs on a
diamond substrate (a) before and (b) after ultrasonic vibration; comparison of CNTs on Si substrates
(c) before and (d) after ultrasonic vibration; (e) SEM image of CNTs on diamond after ultrasonication;
and (f) SEM image of CNTs on silicon after ultrasonication.

A nanoscratch test is a method that can accurately quantify the adhesion force between
the materials and the substrates. This method has also been applied to test the adhesion
force between CNTs and their substrate material [42]. As shown in Figure 6, when the
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indenter tip swipes across the CNT sample surface with a constant normal load (500 uN),
CNTs are pulled from the substrate, at which point the indenter tip is subjected to an
additional opposing force, which can be reflected by an increase in the detected lateral force.
As shown in Figure 6a,b, there is a tendency for the lateral force detected by the indenter
to increase. From the comparison shown in Figure 6c, it can be seen that the bonding
force between the CNT and diamond is much greater than that with the Si substrate. This
is in good agreement with the results of the ultrasonic vibration test described above.
Considering that the difference between the Si substrate and the diamond substrate may
affect the nanoscratch test results, we performed scratch tests on the original Si and diamond
substrates, respectively. As also shown in Figure 6a,b, the lateral force did not change
significantly when the indenter swiped across the diamond and Si substrates. Therefore,
when diamond is used as the substrate, strong bonding with CNTs can be achieved.

2500
——— CNT-Diamond (a) 600
—~ Diamond
Z 2000 =
S =
) -
£ 1500 g 400
= <
£ 1000 E
= £ 200
- -
500
0 1 1 1 1 0 N N N f
0 20 40 60 80 100 0 20 40 60 80 100
Lateral Displacement (pm) Lateral Displacement (um)
1500f (c)

1000f

500t

Increase in Lateral Force (uN)

>

CNT-Diamond CNT-Si

Figure 6. Nanoscratch through the CNTs on Si and diamond substrates. Lateral force response during
the nanoscratch tests on (a) CNT-diamond and (b) CNT-Si samples. (¢) Comparison of lateral force
increments for CNT-diamond and CNT-Si samples.

Based on the different adhesion forces of CNTs with Si and diamond, we first charac-
terized and analyzed the morphology and structure of the CNTs fabricated on these two
substrates. Figure 7a,b are SEM images of the morphologies of CNTs prepared on diamond
and Si substrates. Both groups of CNT samples appear as interwoven networks. We also
analyzed the difference in the Raman characteristic peaks of CNTs prepared on Si and
diamond, as shown in Figure 7c. The Ip /I value in the Raman spectrum of the prepared
CNTs is slightly smaller than that of the CNTs grown on Si, indicating that the CNTs
prepared on the diamond substrate have relatively few defects. Therefore, a well-structured
CNT structure is grown on the diamond substrate, which may be one of the reasons why
the bonding force between the CNTs and diamond is greater than that with a Si substrate.
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Figure 7d,e are HRTEM images of CNTs prepared on diamond and Si substrates. It can
be seen that both are multi-walled CNTs, and their structure is nearly the same. There are
approximately 10 walls within the CNTs, and the diameter of the tube is approximately
15 nm.
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Figure 7. Comparison of carbon nanotubes grown on diamond and silicon: (a) SEM image of CNTs
on diamond; (b) SEM image of CNTs on silicon; (¢) Raman pattern of carbon nanotubes on silicon and
diamond; (d) HRTEM image of carbon nanotubes grown on a diamond substrate; and (e) HRTEM
image of carbon nanotubes grown on a silicon substrate.

To further explore the reasons for the difference in the adhesion of CNTs on diamond
and silicon substrates, we analyzed the structures of the bonding interfaces of CNT-5i
and CNT-diamond, respectively. Figure 8a is a cross-sectional SEM image of the diamond
substrate with CNTs. It can be observed that the height of the CNT sample is approximately
0.9-1 um. Figure 8b—d are TEM images near the CNTs-diamond interface. In Figure 8b, the
left and right sides are CNTs and the diamond, respectively, and the numerous spherical
particles on the CNT side near the interface are Ni particles. As shown in Figure 8c, the
tube wall structure of CNTs can be distinguished in the high-resolution image near the
Ni particles, confirming that during the MPCVD reaction, the Ni particles successfully
catalyzed the growth of the CNTs. Figure 8d is the HRTEM image of the interface between
diamond and CNTs, which shows the layer-by-layer CNT tube wall structure around the
Ni particles. Figure 8d also reveals a transition graphite region with a thickness of about
6 nm between the diamond substrate and the CNTs. The formation of this transition layer is
considered to be the product of the mutual reaction between Ni and the diamond substrate.
The carbon atoms in the diamond diffuse into the nickel particles during the re-action; the
out-diffusion process invariably generates structural defects, resulting in the formation of
the graphite layer [43]. The Ni particles are immersed in this transition layer and act as
anchors to fix the CNTs, resulting in a robust connection between the diamond and the
CNT coating.
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Transition layer

Piamond

Figure 8. The structure of the CNT-diamond interface: (a) SEM image of the CNT-diamond interface;
(b) TEM image of the CNT-diamond cross-section; (c) TEM image of Ni particles and surrounding
CNTs; and (d) TEM image of the CNT-diamond interface.

Figure 9 provides an image of the morphology and structure of the CNTs-Si interface,
and Figure 9a is the SEM image of the CNT-5i interface, showing the thickness of the CNT
layer is approximately 1 pm. Figure 9b shows the TEM image of the CNT-5i interface. It
is observed that the Ni particles are relatively uniformly dispersed throughout the CNT
sample area, which is significantly different from the distribution characteristics of Ni
particles at the CNT-diamond interface (Figure 8b). This indicates that most of the Ni
particles are not effectively anchored onto the surface of the Si substrate compared to the
diamond substrate. As shown in Figure 9c¢, the tube wall structure of the CNTs can also be
observed around the Ni particles, verifying that the CNT structures grow around the Ni
particles. Figure 9d is a HRTEM image of the CNT-Si interface. The CNT sample is almost
directly on the Si interface, and there is little “transition layer” on the Si substrate, which is
in contrast to CNT growth on the diamond substrate (Figure 8d).

We conducted additional research on the robust binding force between CNTs and
diamond, as well as the special structural features at the CNT-diamond interface, using
HRTEM characterization. We performed an EDS line scan analysis along the upward
growth direction of the CNTs (relative to the diamond substrate). As shown in Figure 10a,b,
the direction of EDS detection is shown by the green line segment, starting from the
diamond substrate and measuring along the radial growth direction of the CNTs. It was
found that the content of Ni is largely near the root of the CNT, indicating that the catalyst
Ni particles are located throughout the bottom of the CNT during and after the growth of
the CNT. Figure 10c shows the TEM and EDS scan images of the CNTs-diamond interface.
The elemental analysis at the CNTs-diamond interface shows that both C from CNTs and C
from diamond are tightly combined to form a blended carbon layer.
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Silicon ( : Silicon

Figure 9. Structural characteristics of the carbon nanotube/silicon interface: (a) SEM image of the
CNT-Si interface; (b) TEM image of the CNT-Si cross-section; (¢) TEM image of Ni particles and
surrounding carbon nanotubes; and (d) TEM image of the CNT-Si interface.
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Figure 10. Structure of the diamond-carbon nanotube interface. (a,b): HRTEM image at the CNT-
diamond interface and EDS elemental spectrum along the direction of a single CNT (green line);
(c) The HRTEM image of the interface between CNT and diamond, and the EDS image of this
interface.

We summarize the entire reaction process of growing CNTs on diamond substrates in
the schematic diagram provided in Figure 11. Stage I is the thermal annealing (550 °C) that
occurs under an H; atmosphere in the MPCVD system. Driven by the high temperature,
the Ni layer undergoes Oswald ripening, and Ni nanoparticles are formed on the surface of
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the substrate. At the same time, Ni and diamond are prone to react to form nickel-carbon
compounds such as NiC and Ni3C under certain temperature conditions [44—47]. Because
diamond is pure carbon, it is believed that during the annealing stage, a portion of the Ni
reacts with the diamond substrate to form a Ni-C phase, preventing the nickel particles
from diffusing. In the growth process of the CNTs (stage II), the external carbon source is
introduced and continuously dissolves into the Ni particles, and the CNTs are precipitated
after reaching saturation. Since the Ni particles are bound by the C transition layer in the
annealing stage (I), most of the Ni particles stay on the surface of the diamond substrate
during CNT growth. Furthermore, the Ni particles are always intimately connected to the
surface of the diamond during CNT growth. In addition, the grown CNTs and the carbon
layer on the diamond surface have the same elemental composition, so there is also a good
chemical bonding between the two carbon materials, resulting in a good adhesion force
between the later-grown CNT and the diamond.

O Ni particle
Q CNT Walls

Carbon radical

I II

Figure 11. Reaction process model diagram of the annealing stage (I) and carbon nanotube growth
stage (II) on a diamond substrate.

Through comparison of Figures 8b and 9b, it is seen that the distribution of the Ni
particles is quite different in the CNT layers prepared on diamond compared to the Si
substrate. In the CNT layer prepared on the diamond substrate, the positions of the Ni
particles are almost all located at the junction of the CNT-diamond interface, and it is
posited that the growth mode of the CNTs on diamond is primarily the base-growth mech-
anism [48]. The Ni particles are randomly scattered throughout the CNT layer prepared on
the Si substrate, indicating that a significant amount of Ni particles have been separated
from the substrate and that the growth mechanism of CNTs is primarily the tip-growth
mechanism [49]. Moreover, when CNTs are grown on a diamond substrate, there is a strong
interaction between the Ni and the diamond, and most of the Ni particles are “pinned” to
the diamond surface for the duration of the growth process, which may also be the reason
for the stronger adhesion force between CNTs and diamond substrates.

4. Conclusions

In this work, we fabricated CNTs on diamond and Si substrates via microwave plasma
chemical vapor deposition using a Ni catalyst and CHy4 as a carbon source. By studying
the growth mode of CNTs and examining their interface bonding properties with diamond
and Si substrates, we proposed a model to explain the mechanisms involving both the
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catalyst layer’s etching and the CNT’s growth process on diamond. The basic process for
the preparation of nanoscale catalytic particles involves the formation of a catalytic Ni layer
with a 10 nm thickness, annealing at 550 °C for 5 min, CNT growth at 600 °C for 30 min, and
finally, multi-walled CNTs with a high degree of graphitization are obtained on the diamond
substrate. The produced CNTs have a diameter of approximately 15 nm, approximately
10 tube walls, and a strong bonding force between the CNTs and the diamond substrate.
The OES analysis results obtained during the MPCVD method of growing CNTs show that
the carbon-containing radicals detected in the environment are primarily C2 and CH. The
carbon-containing radicals are dissolved upon contact with the Ni catalytic particles, and
after reaching saturation, the CNT structure is precipitated and grows at the Ni surface.
Analysis of the CNT-diamond bonding interface reveals that the growth mode of the CNTs
on the diamond substrate is primarily a base growth mechanism. Additionally, a carbon
transition layer with a thickness of approximately 6 nm between the diamond and the
CNTs was observed, which may result from the reaction between the Ni and the diamond
during the annealing process. Furthermore, this may also be the reason for the strong
binding between the CNTs and the diamond substrate.
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