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Abstract: Carbon nanomaterials are in high demand owing to their exceptional physical and chem-
ical properties. This study employed a mixture of CHs, Hz, and Nz to create carbon nanostructures
on a single-crystal diamond using microwave plasma chemical vapor deposition (MPCVD) under
high-power conditions. By controlling the substrate surface and nitrogen flow rate, carbon nan-
owires, carbon nanotubes, and carbon pompons could be selectively deposited. The results obtained
from OES, SEM, TEM, and Raman spectroscopy revealed that the nitrogen flow rate and substrate
surface conditions were crucial for the growth of carbon nanostructures. The changes in the plasma
shape enhanced the etching effect, promoting the growth of carbon pompons. The CN and C2
groups play vital catalytic roles in the formation of carbon nanotubes and nanowires, guiding the
precipitation and composite growth of carbon atoms at the interface between the Mo metal catalysts
and diamond. This study demonstrated that heterostructures of diamond-carbon nanomaterials
could be produced under high-power conditions, offering a new approach to integrating diamond
and carbon nanomaterials.
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1. Introduction

Since the discovery of carbon nanomaterials, their unique physical and chemical
properties, such as high strength, excellent conductivity, thermal conductivity, chemical
stability, and high surface area, have been researched extensively. Carbon nanomaterials
are generally composed of only one shape, such as graphene sheets [1], carbon nanotubes
(CNTs) [2], carbon nanofibers [3], carbon nanospheres [4], carbon nanorods [5], fullerene
[6], carbon onions [7], and other shapes [8]. Carbon nanomaterials have been found to
have increasing applications in ion batteries [9], adsorbents [10], energy storage, catalysis,
biomedicine [11], environmental governance, and water treatment. Lin et al. [12] reported
that SiOC (Fe) ceramics could generate a large number of carbon nanowires (CNWs) dur-
ing long and multiple insulation processes and slow heating processes. These CNWs not
only form a conductive network, improve the conductivity, and increase the macroscopic
current caused by charge carriers, but also effectively improve the dielectric loss of the
material, promoting the conversion of electromagnetic energy into thermal energy. Dia-
mond, an allotrope of carbon, is popular as a gemstone because of its hardness and color.
In addition to natural diamonds, laboratory-grown artificial diamonds show chemical sta-
bility, high thermal conductivity (24 W/cm-K) [13], high carrier mobility (9.5 MV/cm) [14],
and a low dielectric constant. Therefore, diamonds have been extensively studied for ap-
plications in electronic devices [15], thermal management, diffractive optical elements
[16], and biomedicine [17]. In most applications, carbon nanomaterials are grown on sub-
strates, such as silicon carbide, graphite, platinum, and nickel [18-20]. Existing evidence
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suggests that the heterostructure of graphene and diamond is beneficial for many appli-
cations. Gu et al. [21] demonstrated that graphene could be grown from diamonds based
on first-principle calculations, which provided a theoretical foundation for a simple
method to prepare a diamond-graphene heterostructure and avoid the complex proce-
dures of graphene transfer. Unpolished (111) single-crystal diamond synthesized under
high pressure and high temperature (HTPT) was used as the substrate. A mixture of CHa,
H:, and boron-doped sources was introduced to hot-filament chemical vapor deposition
(HEFCVD) to grow boron-doped diamond films; graphene was shown to form spontane-
ously after doping. The diamond-graphene heterostructure possessed a mobility of 1.0767
x 10* cm?/V's at room temperature, higher than most reported graphene materials. The
formed graphene replicated the symmetry of diamond (111), showing complete symmetry
in theoretical simulations with no defects and no floating regions. This homogeneous
structure combines the intrinsic properties of graphene and diamond while controlling
the number of graphene layers. This opens up the possibility of using graphene—-diamond
heterostructures to fabricate high-performance devices in the future.

Various techniques have been employed for synthesizing carbon materials, such as
laser sputtering, combustion, and chemical vapor deposition (CVD). The versatility and
efficacy of these methods can create a variety of carbon-based materials with distinct prop-
erties and applications. Ismail et al. [22] embarked on a novel synthesis endeavor aimed
at producing multi-walled carbon nanotubes (CNTs) alongside carbon nanoparticles. This
process involved subjecting graphite targets to laser ablation within a water medium, all
the while employing lasers emitting at varying wavelengths. What sets this method apart
is its distinctive characteristic of not requiring any catalysts to initiate or facilitate the syn-
thesis process. Interestingly, by leveraging lasers operating at different wavelengths, spe-
cifically 523 nm and 1064 nm, discernible differences were observed in the resultant CNTs.
Notably, CNTs synthesized using the 523 nm laser exhibited higher absorbance compared
to those generated with the 1064 nm laser. This discrepancy in absorbance levels hints at
potential disparities in the structural and optical properties of the CNTs, suggesting that
the choice of laser wavelength plays a crucial role in determining the final characteristics
of the synthesized carbon nanostructures. Oulanti et al. [23] successfully produced CNTs
through combustion processes. By depositing ferrocene as a catalyst on carbon fibers, the
growth of CNTs was initiated within 0.4 s and could proceed under atmospheric pressure
and low temperatures. As the catalyst density decreased, the diameter of the CNTs grad-
ually increased, highlighting the significance of catalyst density in regulating nanotube
growth. Similarly, Panickar et al. [24] reported the synthesis of carbon spheres (CS) using
CVD techniques. By controlling the temperature at 1223 K, a relatively uniform deposition
process was achieved. Moreover, an increase in the hydrogen concentration enhanced the
graphitization. One of the key advantages of this approach was its high yield, with the
ability to produce 1-2 g of CS in 30 min. Fernandes et al. [25] employed a microwave
plasma chemical vapor deposition (MPCVD) technique coupled with the continuous ad-
ministration of an iron catalyst. Through this method, they successfully synthesized car-
bon hybrid materials containing both nanocrystalline diamond and carbon nanotubes
(CNTs). The integration of MPCVD, along with the sustained delivery of the iron catalyst,
facilitated the successful fabrication of these hybrid materials. CVD [26] is a process of
depositing materials onto a substrate by passing desired gases as precursors to react chem-
ically with the surface of the substrate. This produces a stable surface coating with a uni-
form thickness. Therefore, this is the primary method for growing carbon nanomaterials.
However, this method has some drawbacks. For example, the impurity in the carbon
sources and gases or the contamination caused by the incomplete reaction of gases during
heating can degrade the performance of the carbon nanomaterials. In HFCVD, the reac-
tions between the hot metal wires and oxygen or highly corrosive gases can cause con-
tamination. In contrast, in MPCVD, plasma is produced by microwave energy in the reac-
tion chamber, where gas molecules interact with plasma and achieve increased internal
energy, and the electrons in the gas molecules are excited to energy levels sufficient for
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ionization. This method allows the gas to be highly ionized under certain conditions, elim-
inating contamination and allowing the formation of highly pure materials. Therefore,
MPCVD is almost exclusively used to grow diamonds [27]. This technique typically in-
volves a controlled process wherein a moderate quantity of hydrogen is passed alongside
the carbon source, constituting approximately 3-10% of the overall flow. This setup en-
sures that the hydrogen plasma effectively etches the graphite structure while maintaining
stability in deposition, owing to the inert characteristics inherent in diamond formation.
Contrarily, when it comes to the growth of carbon nanomaterials, a divergent approach is
adopted. Here, the emphasis shifts towards circumventing the intense etching effect in-
duced by the hydrogen plasma. Consequently, the proportion of the carbon source in the
hydrogen flow is notably higher compared to that in the diamond growth process. This
adjustment in the flow ratio is pivotal for fostering the growth of carbon nanomaterials
without them succumbing to excessive etching, thereby facilitating the desired structural
and morphological characteristics in the synthesized nanostructures.

The heterogeneous structure of graphene and diamond has received a lot of attention
because graphene has high mechanical strength. Despite the difficulty in depositing gra-
phene on mechanical parts, graphene can be grown on diamond-coated tools, and the
formation of super-strong covalent bonds can eliminate the exfoliation. Lin et al. [28]
proved that this heterogeneous structure reduces the cutting force of the tool by 40% and
the wear of the tool surface by 20%. Other heterostructures of carbon materials and dia-
monds have also attracted attention because they combine the excellent properties of car-
bon materials and diamonds [29,30]. Similarly, all-carbon heterostructures have been used
to fabricate emitters as coherent single-electron sources in vacuum nanoelectronics and
electron quantum optics [31]. Lee et al. [32] employed both the electrostatic self-assembly
(ESA) method and a conventional photolithography process to meticulously fashion elec-
trode patterns onto boron-doped diamond (BDD). The catalysts utilized for the selective
growth of carbon nanotubes (CNTs) on the BDD surface consisted of stainless-steel nano-
ions containing Fe and Ni, which were administered in conjunction with the hot-filament
chemical vapor deposition (HFCVD) technique. Subsequent electrochemical examinations
unveiled a remarkable augmentation in the effective electrode area, surpassing that of
BDD alone by approximately 16 times. The choice of glucose as the analyte provided a
platform to scrutinize the biosensing capabilities of this heterostructure. Impressively, the
hybrid configuration displayed a heightened sensitivity of 7.3 tA mM" cm™ (with a cor-
relation coefficient of R = 0.9943) and exhibited a notably expanded linear detection range
when compared to BDD alone. It is pertinent to note that the discussion surrounding car-
bon nanomaterials extends beyond the realms of graphene and CNTs. While polycrystal-
line diamonds predominantly serve as substrates, an intriguing question persists: can car-
bon nanomaterials be cultivated on single-crystal diamonds, potentially yielding novel
heterostructures with distinct properties and functionalities?

Tumilty et al. [33] demonstrated the feasibility of depositing CNTs on single-crystal
diamond. In their experiment, a 1b diamond (100 HTHP) substrate was used, and a 20 nm
thick Ni thin film was deposited on the substrate, which was monitored using thermocou-
ples during growth. The introduction of a mixture of methane, hydrogen, and nitrogen
enabled the successful growth of CNTs on single-crystal diamonds using the glow dis-
charge technology. The discharge current and voltage were 75 mA and 390 V, respectively.
The optimal growth temperatures and gas ratios were determined. Bokhonov et al. [34]
demonstrated the possibility of growing aligned CNTs on the surface of diamond via CVD
by heating nickelocene to 423 K and bringing it into the reaction zone through a flow of
argon gas. However, MPCVD has not been used to grow carbon nanomaterials on single-
crystal diamonds. In this study, we demonstrated that three types of carbon nanomateri-
als, i.e., carbon pompons (CPs), carbon nanowire (CNWs), and CNTs, were successfully
obtained on single-crystal diamonds via MPCVD by appropriately adjusting the deposi-
tion parameters and substrate surface. The growth mechanisms of the three heterostruc-
tures were elucidated.
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2. Materials and Methods

Continuous advancements in MPCVD equipment have led to the introduction of di-
verse chamber structures, including butterfly and cylindrical resonant chambers. In this
study, a butterfly-shaped resonant cavity was employed. This specific chamber design en-
ables the handling of power exceeding 10 kW and supports high-density plasma. Addi-
tionally, the reaction process pressure can reach up to 300 Torr. The selection of this par-
ticular chamber configuration highlights the significance of tailored equipment in opti-
mizing plasma-enhanced processes for material synthesis. The microwave generator op-
erated at a frequency of 2450 MHz and was capable of delivering an output power ranging
from 1 kW to 13 kW. A reflection detector was integrated into a high-power load to quan-
tify the magnitude of the reflection power. The substrate temperature was monitored us-
ing infrared temperature measurements in the range of 523-1673 K. Real-time tempera-
ture control was employed to maintain the temperature stability and mitigate the impact
of temperature fluctuations. A series of experiments were conducted to identify the opti-
mal parameters. For clarity, all of the experimental parameters and results are presented
in Table 1. Experiments 1-4 were conducted on a 3 x 3 mm type IIb CVD (100) single-
crystal diamond substrate. Prior to the experiment, a multistep wet chemical method was
employed to clean the substrate. Briefly, the substrate was first heated at 473 K in a mixture
of H2SOs and HNOs (1:1) for 20 min and subjected to ultrasonic treatment in deionized
water for 15 min, in anhydrous ethanol for 15 min, in acetone for 15 min, and in anhydrous
ethanol for 15 min, before drying with an argon gas gun. Experiments 1 and 2 were con-
ducted using the same diamond substrate, as illustrated in Figure 1a. The substrate com-
prised a complete diamond with a rectangular pit on its surface, with dimensions of ap-
proximately 1 mm x 1 mm x 1 um. Different surface conditions and temperatures of the
diamond resulted in the deposition of two distinct carbon nanomaterials on the same di-
amond. CNTs typically grow on a catalyst spanning several tens of nanometers on a sub-
strate surface. For experiments 3 and 4, a 150 nm Mo film was directly deposited on the
diamond by magnetron sputtering, as shown in Figure 1b. Mo reacted with a carbon
source during growth to form MoC [35], which acted as an effective catalyst and played a
pivotal role in the controlled growth of carbon nanomaterials.

Rectangular pit position }VIO
(a) ' Flat position (b)
; )
.
Diamond
Diamond

Figure 1. Schematic diagram of single-crystal diamond substrate. (a) Diamond substrates for exper-
iments 1 and 2, with rectangular pits marked by dashed lines in the middle. (b) Diamond substrates
for experiments 3 and 4, with molybdenum flakes in black.

During the experiment, a fiber-optic probe was placed in a window outside the cavity
and connected to an optical emission spectroscopy device (OES). This enabled the real-
time detection of plasma in MPCVD using computer software. The surface morphology
of the material was studied via high-resolution field-emission scanning electron micros-
copy (FE-SEM; JSM-6700F, JEOL, Prague, Czech, Europe). Transmission electron micros-
copy (TEM; FEI Tecnai 20, Brno, Czech, Europe) was used to further investigate the inter-
nal structure. Structural information on defects and deposits was analyzed using confocal
laser Raman microscopy (Renishaw inVia Qontor, Ar ion laser, London, UK, 514.5 nm, 50
mW, spectral resolution <1 cm™).
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Table 1. Details of experiments conducted for the deposition of different carbon structures.

. Operating .
Expt. Gas Mixture Microwave Pressure Substrate Details Substrate D,ePOSItl,O " Outcome
No. Power (kW) Temperature (K) Time (min)
(Torr)
1 300 sccmH> 5 100 Rectang}l.lar pit po- 1258 60 cp
45 scemCHa sition
300 sccmH: .
2. 45 scemCH: 5 100 Flat position 1203 60 CNP
200 sccmH:
3. 45 sccemCHa 4 80 Mo 973 40 CNW
3 sccmN2
200 sccmH:
4. 45 scemCHa 4.5 80 Mo 993 40 CNT
9 sccmN2

3. Results and Discussion
3.1. SEM Observations

Figure 2 presents the SEM images of various carbon nanomaterials deposited on the
diamonds. As shown in Figure 2a, CPs of various sizes grow in the rectangular diamond
pit with an average diameter of 20 um. Some CPs exist separately, while others are con-
nected. Figure 2b shows the image obtained outside the pit, wherein numerous carbon
nanospheres (CNPs) are observed without the presence of CPs. Two distinct materials
were deposited on the same single-crystal diamond substrate because of their different
positions. Based on the temperature measured by an integrated infrared temperature
monitoring system, the temperature difference at different positions was approximately
323 K. It can be preliminarily concluded that the presence of rectangular pits causes the
temperature difference during the sedimentation experiment. The temperature of the sub-
strate is derived from the plasma sphere, and the presence of a rectangular pit leads to
plasma-enhanced etching, resulting in a higher temperature [36-38]. Figure 2¢,d show two
different carbon nanomaterials obtained after experiments 3 and 4, respectively. The im-
age shows that the average diameter of the CNWs is 80 nm, whereas the diameter of the
CNTs is approximately 400 nm. Relative to the diamond substrate, the CNTs and CNWs
grow vertically, and some of them exhibit slightly curved random growth. Hydrogen was
introduced into the plasma during the heating and cooling processes, which lasted for 10
min each. Despite the strong etching effect of hydrogen on the carbon material, the CNT
and CNW products were firmly adsorbed on the diamond substrate and could not be re-
moved during an adhesive tape test. In Figure 2c, it is evident that the material is solid,
whereas the central part of the product in Figure 2d is hollow. In experiments 3 and 4, N2
was introduced to promote the growth of carbon nanomaterials. According to the litera-
ture [39], N2 can form N plasma, which promotes the methane-splitting reaction and the
growth of CNTs. In experiments 3 and 4, different amounts of nitrogen were introduced
at a constant methane concentration, indicating that the nitrogen at 9 sccm could generate
CNTs. No CNT growth was observed on the diamond at a low flow rate of N2. In addition
to the flow rate, there were two other differences between experiments 3 and 4, namely
temperature and power. The temperature of the detached sphere in the MPCVD equip-
ment could only be coupled and adjusted using pressure and power. Consequently, the
differences in the power and temperature may have led to different growth factors.
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Figure 2. (a) SEM images of CPs deposited in diamond rectangular pits in experiment 1, (b) SEM
images of CNPs deposited on diamond surfaces in experiment 2, (c) SEM images of CNWs depos-
ited in experiment 3, and (d) SEM images of CNTs deposited in experiment 4.

3.2. TEM Observations

Figure 3 presents TEM images illustrating the deposition of CP and CNW in experi-
ments 1 and 3. In Figure 3a, we observe small carbon nanoparticles and lines adhering to
the CP surface, attributed to H-plasma etching. This process promotes the growth of vel-
vety structures on the CP surface, facilitating CP deposition. Comparing Figures 2c and
3b, the CNW interior appears as a solid structure with black segmented defects. This com-
parison highlights the distinct features of CP and CNW, shedding light on their structural
properties during the synthesis process.

(a) CP - (b)CNW

200nm

Figure 3. TEM images of (a) CPs deposited in experiment 1 and (b) CNWs deposited in experiment 3.

According to existing reports, a method has surfaced for fabricating ordered and
pristine carbon nanowires (CNWs) through the meticulous design of pore templates on
diamond substrates. These templates serve as initial sites for CNW growth, resulting in
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the formation of a composite structure comprising both diamond and diamond-like ma-
terials. Conversely, our study takes a departure from this conventional approach by em-
bracing a template-free preparation method for CNW synthesis. By eschewing the need
for pre-designed pore templates, our innovative technique simplifies the fabrication pro-
cess while still achieving successful CNW production. This deviation from established
methods not only broadens the spectrum of synthesis methodologies but also sheds light
on alternative avenues for CNW fabrication.

3.3. Raman Observations

Figure 4 illustrates the diverse micro-Raman spectra of different carbon nanomateri-
als to obtain valuable insights into molecular vibrations and crystal quality. Figure 4a
shows the Raman spectrum of the CP deposited on a single-crystal diamond groove,
wherein the diamond and graphene peaks emerge at 1333 cm™ and 1443 cm™, respec-
tively. This is typically attributed to the substantial stress present in nanomaterials, which
results in a shift in the Raman peak [40]. In addition, an evident defect peak is observed,
which is responsible for the CP formation. The minor shoulder peak after the graphite
peak also corresponds to disordered graphite structures [41], which do not manifest under
defect-free conditions.

(a) (b) (c)

N 1337 cm™
CcpP ‘ 1443cm™ — CNW — CNT
i G band(1440-1580cm ™) )
= I = 1330cm™! NPV ~ ~ 1603cm™
5 1297cm™ ‘ s g VN 3 / \
ES R Z |\ 4 z ~
7 | a1142em”! | 1.}33gm | z \_ p E
s | | £ | /l g1/ ~o g
= ‘ U J\\ | VNN = A~ =
|| - \J
IR v
NJ L/
1100 1200 1300 1400 1500 1600 1300 1400 1500 1600 800 i 1000 1200 ' 1400 1600 1800 2000
Raman Shift (cm™) Raman Shift (cm™) Raman Shift (cm™)

Figure 4. Raman spectra of (a) CPs deposited in experiment 1, (b) CNWs deposited in experiment
3, and (c) CNTs deposited in experiment 4.

Figure 4b illustrates the appearance of a diamond peak at 1330 cm™, accompanied by
a broad graphite peak. This phenomenon is typically attributed to the formation of graph-
ite through CVD [25,29]. In the presence of defects, the graphite peak results in a wide
range of vibrational frequencies, and the sp?® peak position may be influenced by the dia-
mond substrate. The spectrum of CNTs in Figure 4c shows the diamond peak at 1337 cm™
and the graphite peak at 1603 cm™. The blue-shifted peaks are related to the presence of
stresses in CNTs, which is consistent with the literature [33].

3.4. OES Observations

To gain insights into the deposition mechanisms of different carbon nanomaterials
on diamond, OES testing was conducted on the plasma during the experiments. As shown
in Figure 5a, a distinct C2 band was observed when methane and hydrogen were used to
generate plasma. In experiments 3 and 4, the introduced N2 led to the formation of CN
groups. The spectrum of CNTs had a stronger CN band, possibly because the higher Nz
content in experiment 4 promoted the formation of C2 and the decomposition of methane
[39].
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Figure 5. OES spectra of (a) plasma in experiment 1 and (b) plasmons in experiments 3 and 4.

3.5. Mechanism Research

For the gas phase, melting, or solution growth, the driving force (f) is closely related
to the temperature. For example, gas-phase crystal growth can be expressed by Equation (1).

F = RTInp/po @

where p is the gas-phase vapor pressure, pois the equilibrium vapor pressure, R is the
molar gas constant, and T is the temperature. The crystal growth rate is determined by the
driving force; the higher the driving force, the higher the growth rate. Temperature di-
rectly affects the morphology and crystallinity of CP materials. Considering that the tem-
perature difference between the CNP and CP growth sites was 55 K (measured by the
MPCVD infrared temperature measurement system), we made an inference of the growth
mechanism of CP.

A deduced explanation for the growth mechanism of CP [42] is that CP is formed by
stacking many carbon nanoparticles at lower temperatures. As the temperature rises to
1073 K, various factors, including the presence of diamond grooves, begin to influence the
morphology of the plasma sphere. Figure 6 illustrates that this temperature increase ac-
celerates the growth of different small carbon nanoparticles due to surface defects and
plasma etching effects. With prolonged reaction times, particles initially present on the
surface of the original carbon nanospheres gradually transform into carbon nanopillars
with numerous “plush” features. Analysis of Raman spectra suggested that the abun-
dance of defects may alter the growth rate of carbon nanoparticles, resulting in the for-
mation of “plush” structures on the surface.
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Cp

Mild etching Powerful etching Mild etching
90 & o o O O

Diamond

it < Plasma>
MoX CN
CNTSHIIIIII"H Q'

CNW

Diamond

Figure 6. (a) Schematic diagram of CP formation. (b) Schematic diagram of CNW and CNT for-
mation.

Experiments 3 and 4 utilized Mo thin films as the catalyst. Mo remains stable under
high-temperature conditions, thereby promoting the growth of diamond surface prod-
ucts. The growth models for CNWs and CNTs [43] can be categorized into three types: top
growth, bottom growth, or a combination of both. When the interaction between the cat-
alyst and the substrate is weak, the carbon atoms dislodge from the catalyst and continue
to grow. In contrast, the bottom growth model represents a stable combination of the sub-
strate and catalyst, in which carbon atoms diffuse out and grow. Therefore, it can be pos-
tulated that in the early stages of growth, owing to etching, some Mo films form a certain
number of carbon group particles on the diamond surface. During the growth process,
some carbon particles were adsorbed onto the Mo film, as shown in Figure 6b. Figure 2¢,d
show that the CNTs and CNWs have different lengths, and the CNTs exhibit a clear hollow
structure in contrast to the solid CNWs. Their distinct differences can be attributed to the
influences of nitrogen and temperature, which give rise to disparate growth environ-
ments, plasma ball group densities, and product profiles.

4. Conclusions

This study provides a detailed account of the controllable growth of carbon nano-
materials on single-crystal diamonds.

(1) Carbon nanomaterials with different shapes were grown on single-crystal diamonds.
CPs with an average diameter of 20 um were observed inside the rectangular pits,
and CNPs were grown with an average diameter of 10 um outside the pits. The key
factors affecting their growth were the temperature and position. The average diam-
eter of the CNWs was 80 nm, and that of the CNT was 400 nm, with larger diameters
formed owing to intense etching by hydrogen. The formation of CNWs was observed
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at a nitrogen flow rate of 3 sccm, whereas a flow rate of 9 sccm favored the deposition
of CNTs.

(2) According to the TEM image, many small carbon nanoparticles and lines were at-
tached to the CP surface, which were formed via H plasma etching. In addition, black
nodular defects were observed inside the CNWs.

(3) The Raman spectrum of CP showed the presence of defects and stray peaks, which
confirmed that the formation of CP is related to defects. In the spectrum of CNWs, a
broadened graphite peak was observed. The two main peaks in the spectrum of CNT
were blue-shifted due to the presence of stresses.

(4) By OES observation of the plasma in the experiments, the intensity of the Cz group
was lower than that of the Ha group during the deposition of CNWs and CNTs. How-
ever, it was higher than that of the Ha group in the CP deposition, suggesting that the
Czgroup could indicate the morphology of the products.

A schematic illustration of the growth mechanism shows the importance of the dep-
osition region in enhancing the etching effect; particularly, the location of the rectangular
pits plays an important role. It is important to accurately regulate the N2 flow rate to sup-
press the generation of nontarget carbon nanomaterials during the synthesis of CNTs and
CNWs. This study demonstrates the feasibility of preparing heterostructures of carbon
nanomaterials on single-crystal diamonds using MPCVD.
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