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iamond nanoparticles captured on
the floating and grounded membranes in the hot
filament chemical vapor deposition process†

Hwan-Young Kim,a Da-Seul Kima and Nong-Moon Hwang *ab

Negatively charged diamond nanoparticles are known to be generated in the gas phase of the hot filament

chemical vapor deposition (HFCVD) process. However, the structures of these nanoparticles remain

unknown. Also, the effect of charging on the stability of nanodiamond structures has not been studied

experimentally. Here, by installing a capturing apparatus in an HFCVD reactor, we succeeded in

capturing nanoparticles on the floating and grounded SiO, carbon, and graphene membranes of

a copper transmission electron microscope grid during HFCVD. We examined the effect of charge on

the crystal structure of nanodiamonds captured for 10 s under various conditions and identified four

carbon allotropes, which are i-carbon, hexagonal diamond, n-diamond, and cubic diamond, by analyzing

150 d-spacings of �100 nanoparticles for each membrane. Nanoparticles captured on the floating

membrane consisted mainly of cubic diamond and n-diamond, whereas those captured on the

grounded membrane consisted mainly of i-carbon. Diamond particles deposited for 8 h on the floating

silicon (Si) substrate exhibited an octahedron shape with well-developed facets, and a high-intensity

1332 cm�1 Raman peak, whereas diamond particles deposited on the grounded Si substrate showed

a spherical shape partially covered with crystalline facets with a broad G-band Raman peak. These results

indicate that charging stabilizes the diamond structure.
1. Introduction

Since 1963, nanodiamonds have been synthesized by hydro-
thermal synthesis,1–3 microwave plasma chemical vapor depo-
sition (CVD),4 ion bombardment,5 ball milling of high-pressure/
high-temperature diamond,6 and detonation of carbon explo-
sives.7 Nanodiamonds have been widely studied in the elds of
medicine,8 biology,9 optoelectronics,10 and quantum
computers.11 It took nearly 40 years to characterize and isolate
dispersed nanoparticles of 4–5 nm.12,13 Hydrocarbon, CnHm,
with hydrogen atoms terminating all dangling bonds of surface
carbon atoms, is known to stabilize a surface structure of
nanodiamonds.14 The presence of atomic hydrogen is a crucial
factor in the low-pressure synthesis of diamond.15–17 However,
recent studies showed that diamond can be synthesized without
atomic hydrogen.18–20 High-purity diamond microparticles have
been produced using electric pulse discharge in a low-pressure
gineering, Seoul National University, 1

Korea. E-mail: welcome777@snu.ac.kr;

s, 599 Gwanak-ro, Gwanak-gu, Seoul,

(ESI) available: (1) Unit cell of various
f observed d-spacing values. See DOI:

the Royal Society of Chemistry
process.19 Yoshimoto et al.20 reported the nucleation and growth
of diamond on a single-crystal sapphire substrate by laser
ablation in a hydrogen-free, pure oxygen environment. In the
synthesis of diamond without atomic hydrogen, the common
processing parameter is the plasma, wherein charged species
such as electrons and ions are generated. Lai and Barnard21

used density functional theory-based tight binding calculations
to investigate the effect of charge on the surface stability of
nanodiamonds. They reported that negative charges stabilized
the surface of sp3-bonded carbon atoms and induced dehy-
drogenation from the surface of nanodiamond. Additionally,
the negative charging saturates the dangling bonds of carbon
atoms, resulting in the disappearance of reconstructed graphi-
tized layers at the surface, whereas positive charging partially
breaks the connection between the core and shell, forming
a new layer of graphene-like carbons.22 However, it is difficult to
conrm the effect of charge on the phase stability of nano-
diamonds experimentally, which is why there have been no
experimental studies on this to date.

Hwang et al.23 suggested that charge plays an important role in
the gas-phase nucleation of diamond, providing the site for ion-
induced nucleation and as a result generating charged diamond
nanoparticles in hot lament chemical vapor deposition
(HFCVD). They suggested further that negatively charged dia-
mond nanoparticles are the building blocks of diamond lms.
The generation of negatively charged carbon nanoparticles in the
RSC Adv., 2021, 11, 5651–5657 | 5651
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HFCVD process was conrmed experimentally using aWien lter
and an energy analyser.24,25

According to these reports, non-aggregated diamond nano-
particles can be synthesized using the HFCVD process. This
method hasmany advantages. First, the size of nanoparticles can
be controlled by adjusting the processing parameter. Second,
isolated high quality single crystalline diamond nanoparticles
can be synthesized. Third, doping of elements such as silicon and
nitrogen is relatively easy, which is important for photo-
luminescence applications. In relation to this possibility for the
synthesis of diamond nanoparticles using HFCVD, Park et al.26

recently showed that negatively charged diamond nanoparticles
of 4–6 nm were generated during HFCVD, by capturing them on
themembrane of a transmission electronmicroscope (TEM) grid.

If charged diamond nanoparticles are generated in the gas
phase of the HFCVD process, their capturing behavior would
depend on whether the capturing membrane is electrically
oating or grounded. Additionally, the deposition behavior of
diamond would also depend on whether the substrate is
oating or grounded. The purpose of this study was to compare
nanoparticles captured for 10 s on oating and grounded
membranes, and to compare diamond deposited for 8 h on
oating and grounded substrates in the HFCVD process.
2. Experimental procedure

Diamond nanoparticles were captured using the capturing system
in an HFCVD reactor, which is schematically shown in Fig. 1. The
lament consisted of three 0.5 mmø tungsten wires, which were
twisted into a nine-turn coil of 8 mmø. The lament temperature
and reactor pressure were 2000 �C and 20 torr, respectively. The
gas mixture of 1% CH4–99% H2 or 3% CH4–97% H2 was supplied
at 100 standard cubic centimeters perminute (sccm), using amass
ow controller. For reproducibility of the experiment, the tungsten
lament was carburized for 24 h at 1% CH4–99% H2 or 3% CH4–

97% H2 before nanoparticles were captured.
Fig. 1 Schematics of the experimental apparatus for capturing carbon
nanoparticles. The left figure is the HWCVD reactor with a capturing
apparatus. The right figure illustrates how the SiO and carbon
membranes are made electrically floating and grounded. Nano-
particles were captured on floating and grounded SiO and carbon
membranes under the same HFCVD condition. ‘S’ and ‘C’ in the right
figure indicate SiO and carbon membranes, respectively.

5652 | RSC Adv., 2021, 11, 5651–5657
Nanoparticles were captured on the carbon membrane (lacey
carbon lm; Ted Pella, Inc, Redding, CA, USA), SiO membrane
(Ted Pella, Inc.), and graphene membrane (6–8 layers of gra-
phene lm; Ted Pella, Inc.) of a copper (Cu) TEM grid. The
carbon and SiO membranes were subjected to scanning TEM
(STEM) imaging by a Tecnai F20 TEM instrument (FEI, Hills-
boro, OR, USA). The graphene membrane was used to obtain
high-resolution TEM (HR-TEM) images using a JEM-2100F
system (JEOL Ltd., Tokyo, Japan). The TEM grids were placed
in a quartz holder or stainless steel holder connected to the
capturing apparatus. The capturing apparatus could be posi-
tioned in the capture zone as needed and retracted back
towards the chamber wall. The grid was exposed for a capturing
time of 10 s. Due to thermal damage to the membranes at
temperatures above �650 �C, the capture zone was located
30 mm below the hot lament. The temperature in the capture
zone was �600 �C when using the 3% CH4–97% H2 gas mixture.
Additionally, graphene membranes at a capture temperature of
�600 �C with the 1% CH4–99% H2 gas mixture were stable and
used to examine charging effects. Before pushing the capturing
apparatus into the capture zone, the tungsten lament was
additionally carburized for 30 min under the same conditions
as those for diamond deposition.

Most of the captured nanoparticles were single crystals,
which were chosen for phase identication. The lattice param-
eters and lattice angles were determined from the fast Fourier
transform (FFT) image of each nanoparticle. The crystal struc-
tures of the captured nanoparticles were determined by refer-
ence to the information provided by the Joint Committee on
Powder Diffraction Standards (JCPDS) on the reported carbon
allotropes. To identify the crystal structure of the captured
nanoparticles, we analyzed 150 d-spacing values of �100
nanoparticles on each membrane. Four carbon allotropes of i-
carbon, hexagonal diamond, n-diamond, and cubic diamond
were identied from the HFCVD process.

The deposition behavior of diamond was compared between
electrically oating and grounded p-type h100i silicon (Si)
substrates (size: 10 � 10 � 3 mm3). For grounding, the Si
substrate was placed on the stainless-steel substrate holder
connected to external ground. For oating, the Si substrate was
placed on a 10 � 10 � 1 mm3 sapphire plate, which was again
placed on the stainless-steel substrate holder. The diamond was
deposited for 8 h onto the Si substrate at a substrate tempera-
ture of 950 �C, with the substrate placed 5 mm below the la-
ment. The microstructure of the deposited diamond was
observed by eld-emission scanning electron microscopy (FE-
SEM; SU70; Hitachi Ltd., Tokyo, Japan). The deposited dia-
mond was analyzed using a Raman spectrometer (LabRam HR
Evolution; Horiba Ltd., Kyoto, Japan) with a diode-pumped
solid-state laser beam (exciting radiation wavelength:
532.3 nm; spot size: 1 mm).

3. Results and discussion

The nanoparticles in the gas phase are negatively charged. One
possible route to negative charging27 is the negative surface
ionization of carbon molecules of high electron affinity such as
© 2021 The Author(s). Published by the Royal Society of Chemistry
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C2, which has an electron affinity of 3.54 eV.28 The negatively
charged carbon molecules would act as a site for ion-induced
nucleation and grow as charged nuclei. Another possible
route to negative charging is neutral nucleation, followed by the
attachment of electrons emitted from the hot lament. Several
different types of membranes for the TEM grid are required to
investigate the electrical properties of nanoparticles. The
negatively charged nanoparticles would have a Coulomb-
repulsion interaction with the negatively charged surface of
the substrate.26 Fig. 2a and b show STEM images of nano-
particles on SiO; Fig. 2c and d show STEM images of nano-
particles on the carbon membranes. In the setup shown in
Fig. 2a and c, the membranes were placed on the quartz holder
to create electrically oating conditions. In the setup shown in
Fig. 2b and d, however, the membranes were placed on the
stainless steel holder to create electrically grounded conditions.

The average number densities of nanoparticles per mm2 were
65, 283, 390, and 2713 under the capture conditions shown in
Fig. 2a–d, respectively, and the average size of nanoparticles was
approximately 3.1, 3.3, 3.2, and 3.2 nm. The SiO membrane is
an electrical insulator. The average number density of nano-
particles on the SiO membrane using the grounded stainless
holder (Fig. 2b) was four-fold larger than that on the oating
quartz holder (Fig. 2a). The average number density of nano-
particles on the carbon membrane of the grounded holder
(Fig. 2d) was seven-fold larger than that on the oating holder
(Fig. 2c). In contrast, the average number densities of nano-
particles on the carbon membrane were 6-fold and 9.6-fold
larger than those on the SiO membrane using the quartz and
stainless steel holders, respectively. These results indicate that
the negatively charged nanoparticles have difficulty in landing
on the insulating surface, which is attributed to Coulomb
Fig. 2 STEM images of nanoparticles captured for 10 s (a) on the SiO
membrane on the quartz holder, (b) on the SiO membrane on the
stainless-steel holder, (c) on the carbon membrane on the quartz
holder, and (d) on the carbon membrane on the stainless steel-holder
at the capture temperature of 600 �C and the filament temperature of
2000 �C at the gas mixture of 3% CH4–97% H2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
repulsion between the negatively charged nanoparticles and
negatively charged surface.

Similar experiments were carried out with the gas mixture of
1% CH4–99% H2; however, the SiO membrane was much more
damaged at the capture temperature of 600 �C with 1% CH4–

99% H2 than with 3% CH4–97% H2. Moreover, the carbon
membrane was completely etched away with the 1% CH4–99%
H2 gas mixture. Thus, nanoparticle capture at 1% CH4–99% H2

failed at 600 �C. As such, the capture temperature was reduced
to 300 �C for nanoparticle capture using the carbon membrane.
The average size of the nanoparticles was �10 nm, which
indicated coalescence of the primary nanoparticles. HR-TEM
observations revealed that those nanoparticles had an onion-
like structure, implying that nanoparticles undergo a struc-
tural change in the gas phase or on the amorphous carbon
membrane.

Therefore, we used a graphene membrane at 600 �C to
capture nanoparticles generated with 1% CH4–99% H2. Fig. 3a
and b show TEM images of nanoparticles captured on the gra-
phene membrane of the Cu TEM grid; the capture time was 10 s
at the lament temperature was 2000 �C using 1% CH4–99%H2.
In Fig. 3a, the graphene membrane on the Cu grid was placed
on the quartz holder in the oating condition. In Fig. 3b, the
graphene membrane was placed on the stainless steel holder in
the grounded condition. The average sizes of nanoparticles
captured in the oating and grounded conditions were,
respectively, 3.99 and 3.87 nm. The average number density of
the nanoparticles captured in the grounded condition was 7.9�
103 per mm2, almost ve times larger than that in the oating
condition (1.6 � 103 per mm2). These results conrmed again
that the build-up of negative charges on the oating membrane
creates a repulsive Coulomb interaction with the negatively
charged nanoparticles.

To compare the crystal structure of the nanoparticles
captured in oating and grounded conditions, we examined the
structures using both HR-TEM and unit cell structure of various
carbon allotropes in Fig. S1.† Four carbon allotropes were
identied: i-carbon, hexagonal diamond, n-diamond, and cubic
diamond. Comparison of the experimentally observed d-
spacing values with those reported for cubic diamond, n-
diamond, hexagonal diamond, and i-carbon was summarized
Fig. 3 TEM images of nanoparticles captured on the graphene
membrane of the TEM Cu grid (a) on the quartz holder and (b) on the
stainless-steel holder at the capture temperature of 600 �C and the
gas mixture of 1% CH4–99% H2.

RSC Adv., 2021, 11, 5651–5657 | 5653
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in Table S1.† The nanoparticles in Fig. 4a were captured on the
graphenemembrane, which was placed on the quartz holder for
10 s at 600 �C with a lament temperature of 2000 �C and gas
mixture of 1% CH4–99% H2. The FFT image in Fig. 4a shows
single-crystalline cubic diamond along the h110i zone axis. HR-
TEM and FFT images show the two (111) planes of cubic dia-
mond (Fd�3m) and the d-spacing of 2.06 �A corresponding to the
(111) plane. In addition, the lattice angle of 70� in Fig. 4a,
between the two (111) planes, matches that of cubic diamond
(JCPDS no. 6-0675). The conditions used to capture the nano-
particles shown in Fig. 4b were the same as those used to
capture the nanoparticles in Fig. 4a. The FFT image in Fig. 4b
shows single-crystalline n-diamond along the h110i zone axis.
HR-TEM and FFT images show the (111) and (200) lattice planes
of n-diamond; the d-spacing value of 1.79�A corresponds to the
forbidden diamond reection (200) plane. The lattice angles of
70� and 54� in Fig. 4b are the angles, respectively, between the
two (111) planes and between the (111) and (200) planes, rep-
resenting n-diamond. A lattice angle of 54� between the (111)
and (200) planes was observed for the n-diamond structure. It
should be noted that cubic and hexagonal diamonds do not
have a lattice angle of 54� between the (111) and (200) planes
(JCPDS no. 43-1104).

The nanoparticles shown in Fig. 4c were captured on a gra-
phene membrane placed on the stainless-steel holder; the other
conditions were the same as those used to obtain the results
shown in Fig. 4a. The FFT image in Fig. 4c shows single-
crystalline hexagonal diamond along the h100i zone axis with
d-spacings of 2.19, 2.07, and 1.51�A, which were assigned to the
(100), (002), and (102) lattice planes of hexagonal diamond,
respectively. The d-spacing values of 2.19 �A and 1.51 �A are
specic to hexagonal diamond. The lattice angles of 90� and 46�

in Fig. 4b were attributed to the angles between the (100) and
(002) planes and between the (100) and (102) planes, respec-
tively, of hexagonal diamond (JCPDS no. 19-0268).

The conditions used to capture the nanoparticle shown in
Fig. 4d were the same as those shown in Fig. 4c. The FFT image
in Fig. 4d shows single-crystalline cubic-phase diamond along
the h100i zone axis. The nanoparticle contained three lattice
planes with d-spacings of 2.42, 2.10, and 1.50�A, corresponding
to (111), (200), and (220), respectively, of the cubic phase with
Fig. 4 HRTEM and FFT images of (a) cubic diamond (JCPDS6-0675),
(b) n-diamond (JCPDS43-1104) captured on the floating graphene
membrane and (c) hexagonal diamond (JCPDS19-0268) and (d) i-
carbon (29) captured on the grounded graphene membrane.

5654 | RSC Adv., 2021, 11, 5651–5657
a lattice parameter of 4.2 �A. The lattice angles of 70�, 54�, and
35� in Fig. 4d were also assigned, respectively, to the angles
between the two (111) planes, between the (111) and (200)
planes, and between the (111) and (220) planes of i-carbon. The
i-carbon nanoparticles showed variation in the d-spacing value
in the range of 2.36–2.54�A; the lattice parameter of i-carbon had
a range of 4.1–4.4 �A.29,30

We also investigated how the nanoparticles captured with
the graphene membrane on the quartz holder differ from those
captured on the same membrane on the stainless steel holder.
For this, we analyzed the phase of the captured nanoparticles.
Fig. 5 shows the frequencies of the d-spacing values of nano-
particles captured at 600 �C on the graphene membranes in the
oating and grounded conditions, using the gas mixture of 1%
CH4–99% H2 at a lament temperature of 2000 �C. The
frequencies shown in Fig. 5 were determined from 150 d-
spacing values from �100 nanoparticles for each membrane.
The frequency of the d-spacing value in Fig. 5 should be closely
related to the X-ray diffraction (XRD) intensity of the polycrystal;
thus, this value can be used to roughly estimate the phase
fraction of the nanoparticles.29–33

The d-spacing values were analyzed according to the values
reported by the JCPDS for the carbon allotrope. We assumed
that the observed d-spacing would correspond to those of the
JCPDS, if the d-spacing values were within �3%. For the
nanoparticles captured on the grounded holder, the frequen-
cies of the d-spacing values of 2.42 and 2.06 �A were 58 and 43,
respectively. For the nanoparticles captured on the oating
holder, however, the frequencies of 2.42 and 2.06�A were 37 and
73, respectively.

The d-spacing of 2.42 �A belongs to i-carbon, whereas the d-
spacing of 2.06 �A belongs to cubic diamond or n-diamond.
Therefore, the higher frequency of 2.06 �A than 2.42 �A in the
oating condition in Fig. 5 indicates that cubic diamond or n-
diamond is a major phase, whereas i-carbon is a minor phase.
Similarly, the lower frequency of 2.06�A than that of 2.42�A in the
grounded condition indicates that i-carbon is a major phase,
whereas cubic diamond or n-diamond is a minor phase.
Fig. 5 Frequency of d-spacing values of nanoparticles captured at 1%
CH4–99% H2. The data were obtained by analyzing 150 d-spacing
values out of �100 nanodiamonds for each membrane.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Size distribution of nanoparticles captured on the graphene
membrane (a) on the quartz holder and (b) on the stainless-steel
holder.
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Peng et al.31 conrmed that n-diamond contained sp3

bonded carbon content of approximately 95%, whereas the i-
carbon appeared as predominately sp2 bonded. Negative charge
built up on the graphene membrane would be expected to be
much greater in the oating condition than in the grounded
condition. According to Fig. 5, such a build-up of negative
charge seems to promote the stability of cubic diamond or n-
diamond over that of i-carbon. The build-up of negative
charges or electrons on the grounded membrane would be
much less than that on the oating membrane. Such a low
charging state on the grounded membrane may be sufficient to
change the nanoparticles from cubic diamond or n-diamond to
i-carbon.

In a previous study, Hwang et al.34 observed that a diamond
lm formed on a Si substrate, and porous skeletal soot particles
formed on an Fe substrate under the same HFCVD processing
conditions; further, they observed that the soot continued to
grow on the grounded Fe substrate, while diamond crystals
grew on the initially formed soot on the oating Fe substrate
aer 2 h of deposition. To explain the results, they suggested
that negatively charged diamond nanoparticles are generated in
the gas phase, and that these particles maintained diamond
stability upon landing on the Si substrate. In contrast, diamond
stability was lost, and diamond transformed to graphite, aer
losing charge on the Fe substrate. Based on ab initio calcula-
tions, Lai and Barnard21 conrmed that a phase transition
occurs between bucky-diamonds and onion-like structures,
depending on the sign of extra charge. They suggested that
negative charging of nanoparticles stabilizes the dangling
bonds of carbon atoms at the surface. Saturated dangling bonds
lead to the disappearance of reconstructed and graphitised
layers at the surface. Park et al.22 also showed, based on ab initio
calculations, that negative charging of a cluster containing 165
carbon atoms stabilizes the diamond structure over the
graphite structure.

It is well known that the crystal structure of nanoparticles is
strongly related to their size. Surface stress affects the stability
of diamond nanoparticles of 1–3.3 nm, including through
delamination (graphitization) of the (111) surface to form
fullerene and onion-like structures.35–38 Given that the different
structure of nanoparticles between oating and grounded
conditions may arise from the size difference, we measured the
size distribution of nanoparticles.

Fig. 6a and b show the size distribution of nanoparticles
captured on oating and grounded membranes, respectively.
We analyzed 100 nanoparticles on each membrane. The 100
nanoparticles on the oating membrane had an average size of
3.99 � 0.16 nm with 95% condence. On the grounded
membrane, the 100 nanoparticles had an average size of 3.87 �
0.15 nm. The size distribution of the nanoparticles may affect
the fraction of the specic carbon allotrope.38 However, Fig. 6
shows that nanoparticles captured under oating and grounded
conditions have similar size distributions. Notably, Fig. 5 shows
that the crystal structure depends strongly on the condition
(oating vs. grounded). These results imply that the difference
in crystal structure of nanoparticles is attributable to charging,
as opposed to nanoparticle size.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The size of the observed nanoparticles was 2–5 nm. The (111)
surface of nanoparticles in this size range should be delami-
nated to form the bucky-diamonds, which contained chemically
inert diamond core and the fullerene-like shell.22 However, the
shell structure at the surface of nanoparticles was not observed
as shown in Fig. 4 and other nanoparticles. Based on the
previous ab initio studies on the relationship between the
negative charge and the structure of diamond, the surface of the
nanoparticles observed in this study seems to be stabilized by
negative charge. However, there is no report on the mechanism
of phase transition from the cubic-diamond to i-carbon when
diamond nanoparticles lose their negative charge.

To compare the deposition behavior between oating and
grounded conditions, a bare Si substrate was used for deposi-
tion at 950 �C for 8 h under the same processing conditions as
those where the nanoparticles were captured. Because a bare Si
substrate was used without pretreatment, isolated diamond
particles formed instead of diamond lms. For oating of the Si
substrate, we inserted a 1 mm thick sapphire plate between the
Si substrate and the stainless steel holder; to ground the Si
substrate, the substrate was placed directly onto the stainless
steel holder. Due to the thermal conductivity and heat capacity
of the sapphire plate, the temperature of the Si substrate on the
plate was slightly higher than that on the stainless-steel holder.
To equalize the temperatures of the Si substrates, the distance
between the lament and substrate was adjusted.

Fig. 7a and b show FE-SEM images of the diamond particles
deposited on the bare Si substrate under oating and grounded
conditions, respectively. The average number density of dia-
monds deposited in the oating condition was 142 per cm2,
whereas in the grounded condition it was 445 per cm2. The
number density in the grounded condition was almost three-
fold larger than that in the oating condition, similar to the
result whereby the number density of nanoparticles captured
under grounded conditions is larger than that under oating
conditions, as shown in Fig. 2 and 3.
RSC Adv., 2021, 11, 5651–5657 | 5655
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Fig. 7 FESEM images of diamonds deposited for 8 h on the bare silicon
substrate (a) on the sapphire plate on the stainless-steel holder and (b)
on the stainless-steel holder. (c) and (d) are magnified images of
a diamond particle of (a) and (b), respectively.
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Fig. 7c and d are higher magnication FE-SEM images of
Fig. 7a and b, respectively. The diamond particle in Fig. 7c
deposited under a oating condition has a cuboctahedron
shape with well-dened facets, whereas that in Fig. 7d depos-
ited under a grounded condition has an overall spherical shape
and is partially covered with crystalline facets. The size of the
diamond particles deposited under a oating condition was
larger than that obtained under a grounded condition. Each
particle was analyzed by a micro Raman spectrometer with
a spot size of 1 mm. Fig. 8a and b show the Raman spectra of the
particles deposited in the oating and grounded conditions,
respectively. The Raman spectra in Fig. 8a show a sharp peak at
1332 cm�1, which indicates diamond. However, the Raman
spectrum in Fig. 8b shows broadening of the G-band.39,40 The
relative intensity (ID/IG) of the particle deposited in the oating
condition was higher than that in the grounded condition.

Comparing the crystal structure of the deposited particles
and the Raman peaks with the crystal structure of captured
nanoparticles, the high frequency associated with the 2.06 �A d-
spacing in Fig. 5 is related to the intensity of the 1332 cm�1

diamond Raman peak, and that corresponding to the 2.42 �A d-
spacing corresponds to Raman broadening of the graphite
Raman peak.41,42 Fig. 7c and d show that the size of particles
deposited in the oating condition is larger than that of parti-
cles deposited in the grounded condition. In this case, the
Fig. 8 Raman spectra of deposited diamond particles deposited (a) on
the floating substrate (Fig. 7a) and (b) on the grounded substrate
(Fig. 7b).

5656 | RSC Adv., 2021, 11, 5651–5657
particles deposited under a grounded condition would be easily
etched by atomic hydrogen due to their graphite-like struc-
ture,43,44 resulting in a smaller size.

As to the growth mechanism of diamond lms or particles by
HFCVD, Hwang27 suggested a theory of charged nanoparticles
(TCN), where diamond lms or particles grow by the building
block of the gas phase nuclei. According to this theory, nano-
particles shown in Fig. 4 are the building block of diamond
particles shown in Fig. 7. More specically, cubic diamond and
n-diamond shown, respectively, in Fig. 4a and b would mainly
contribute to the growth of high-quality faceted diamond
particles shown in Fig. 7c. And i-carbon shown in Fig. 4d would
mainly contribute to the growth of partially-faceted and ball-like
diamond particles shown in Fig. 7d.
4. Conclusions

The number density of nanoparticles captured in the grounded
condition was much larger than that in the oating condition.
Nanoparticles captured in the oating condition consisted
mainly of cubic diamond and n-diamond, whereas those
captured in the grounded condition consisted mainly of i-
carbon. Diamond particles deposited in the oating condition
displayed an octahedral shape with well-developed facets, and
had a high-intensity 1332 cm�1 diamond Raman peak, whereas
those deposited in the grounded condition showed an overall
spherical shape and were partially covered with crystalline fac-
ets with a broad G-band Raman peak. These results indicate
that negative charging stabilizes the diamond structure of
nanoparticles, which contributes to the deposition of crystalline
diamond with well-developed facets.
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