N

N
N

HAL

open science

Nucleation of nanodiamonds in H-atom rich
microplasma
Abdoulaye Constant Siby, Arvind K Bhakta, Joel Jeevan, Xiaonan Sun,

Philippe Decorse, Souad Ammar, Khaled Hassouni, Swaminathan Prasanna

» To cite this version:

Abdoulaye Constant Siby, Arvind K Bhakta, Joel Jeevan, Xiaonan Sun, Philippe Decorse, et al..
Nucleation of nanodiamonds in H-atom rich microplasma. Diamond and Related Materials, In press,

10.1016/j.diamond.2024.111933 .  hal-04764588v2

HAL Id: hal-04764588
https://hal.science/hal-04764588v2

Submitted on 2 Jan 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04764588v2
https://hal.archives-ouvertes.fr

Graphical Abstract

Nucleation of nanodiamonds in H-atom rich microplasma

Abdoulaye Siby, Arvind Bhakta, Joel Jeevan, Xiaonan Sun, Philippe Decorse, Souad Ammar, Khaled Hassouni, Swami-
nathan Prasanna

<
=
]
<
g
o
i
g

Nanodiamo



Highlights

Nucleation of nanodiamonds in H-atom rich microplasma

Abdoulaye Siby, Arvind Bhakta, Joel Jeevan, Xiaonan Sun, Philippe Decorse, Souad Ammar, Khaled Hassouni, Swami-
nathan Prasanna

e Gas phase nucleation of diamond nanoparticles at
low temperature low pressure conditions

e H-atom rich and moderate temperatures are key to
sp> molecular growth and nucleation

e High-densities of hydrocarbons tilt the balance to-
wards growth of soot and transpolyacetylene.
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Abstract

In this study, the formation and properties of carbon nanostructures obtained from a low-pressure-low temperature
microplasma operated with Ho /CHy gas precursors were investigated. The study reveals gas phase nucleation of nan-
odiamonds among other phases of carbon such as graphite and amorphous carbon. Raman spectroscopy revealed that
the signature of the nanostructures produced was insensitive to the nature of the substrate. The main conclusion of the
paper is that nucleating of nanodiamonds is sustained by high densities of H-atoms at moderate gas temperatures and
optimum concentrations of hydrocarbon radicals and molecules. High densities of hydrocarbons push the equilibrium
towards sp? and amorphous nanostructures even under high H-atom densities.
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1. Introduction

Nucleation of diamond phase of carbon is one of the
most fascinating questions that has intrigued scientists for
ages, owing to its lower theromodynamic stability with re-
spect to the sp? hybridized graphite structure of carbon.
The sp? hybridized diamond phase is only stable at high
pressures and high temperatures, and can exist at room
temperature due to super-cooling from these extreme con-
ditions. Natural diamond from Earth’s crust or the in-
terstellar grains of diamond reteived from meteorites are
formed because of extreme conditions conducive to nucle-
ation of diamonds. On a laboratory scale, many processes
such as detonation[1], laser ablation [2, 3], ultrasound cav-
itation [4], HPHT process [5, 3, 6] and cold compression
synthesis [7] have demonstrated producing diamond from
nanometric to mircometric sizes. These methods depend
on generating extreme temperature and pressure condi-
tions, where the diamond form is more stable than the
graphite form, followed by rapid cooling to significantly
lower temperatures to prevent the diamond phase from
transitioning into the more stable graphite phase.

Heterogeneous nucleation or growth of diamond over
diamond seeds through chemical vapor deposition (CVD)
at moderate pressure and low temperature conditions is
well established in the laboratory. CVD diamonds have
been commercialized for applications ranging from jewelry
and machine tools to advanced applications in biotech-
nology, electronics, and quantum computing. In a mod-
erate pressure plasma (~ 100 mbar) CVD process, the
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growth of diamond occurs through heterogeneous growth
that is driven by surface stabilization offered by the sub-
strate [8, 9, 10]. The process proceeds through (i) the
attachment of carbon radicals such as methyl (CHg)[11]
or C1[12] to nucleation sites on diamond seeds and (ii) the
subsequent conversion of unstable sp! and sp? bonds in
the presence of etchant such as atomic-H, resulting in a
stable sp? phase. The role of atomic-H is essentially to
prevent the dangling bonds on the diamond surface from
forming carbon double bonds, thus avoiding graphitization
of the diamond surface and, therefore, stabilizing the dia-
mond phase. Moreover, the attachment of carbon radicals
such as methyl ensures maintaining sp® hybridized states.
Further, the hydrogen atoms of the attached radical are in-
volved in adsorption/recombination equilibrium with gas
phase H-atom, which dynamically generates new active
sites where the gas-phase radicals can be attached. This is
the reason seeding the surface with nanodiamond particles
becomes critical for the growth of CVD nanocrystalline or
polycrystalline diamonds [9].

The traditional methods of producing nanodiamonds
required for CVD growth usually come from (i) detonation[1]
and (ii) milling of natural or High Pressure High Tem-
perature (HPHT) diamond[3]. Furthermore, the remark-
able properties of nanodiamonds have extended their ap-
plications across a broad spectrum of fields in biomedical,
electronics, and quantum technologies[13, 3, 14]. How-
ever, these applications that demand consistent and long
photoluminescence time require DNPs with a low surface
sp? coverage, a homogeneous distribution of the dopant
and a narrow size distribution around ~10 nm. Unfor-
tunately, these requirements remain the main bottlenecks
of the extended application of DNPs as traditional meth-
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ods for their production, such as (i) detonation[l] and
(ii) milling of natural or High Pressure High Tempera-
ture (HPHT) diamond[3] suffer from large distributions of
particle sizes, poor crystalline quality, high impurities and
non-homogeneous distribution of dopants[13, 3, 1]. This
makes it necessary to introduce additional complex and
time-consuming purification steps. It has been recognized
that bottom-up production strategy can be well suited to
meet these specific demands as the DNPs, pure and doped,
are nucleated from a careful selected mixture of hydrocar-
bon and dopant precursors[13].

It was generally thought that gas phase nucleation of
diamond at softer metastable conditions is not feasible.
Although the formation of interstellar diamonds is often
linked to extreme occurrences like supernova explosions,
ample evidence exists supporting the nucleation of hy-
drocarbons in interstellar gas under low-pressure condi-
tions [15, 16, 17]. However, there have been several stud-
ies that demonstrate diamond of nanometric sizes could
also be nucleated in gas phase at low-pressure and low
temperature conditions in the laboratory plasmas. Sev-
eral recent investigations have demonstrated the homoge-
neous nucleation of DNPs in the plasma gas phase using
a diverse range of hydrocarbon precursor gases, including
methane[18, 19, 20], ethanol, [21, 22], halogenated hydro-
carbons, [23, 24], and others. The major difference be-
tween the growth of CVD diamond and the homogeneous
nucleation of nanodiamonds is that CVD diamond synthe-
sis mainly focuses on the crystal growth on pre-existing
micro-seeds, the gas phase nucleation of sp? nanostruc-
tures would proceed through formation of the intermediate
sp> molecules that grow and nucleate as nanodiamonds.
Unfortunately, there is lack of identification of these in-
termediate molecules and therefore, understanding of the
molecular growth and nucleation processes. Consequently,
despite the experimental evidence supporting the homo-
geneous nucleation of nanodiamonds, this phenomenon is
frequently met with doubt.

In this work, we extend the study of Jia et al. [19]
to probe the mechanism and conditions leading to the nu-
cleation of nanodiamonds. Substantial amounts of DNP
were shown to be produced at 100 mbar and a power of
90 W for a gas mixture of 4% CH,/Hs. These DNPs were
embedded in a composite containing graphitic and amor-
phous carbon. It was demonstrated that the local plasma
conditions, namely the electron density, gas temperature,
and H-atom density, must play a pivotal role on nucleation,
growth, and crystallinity of nanodiamonds. On the other
hand, it was identified that hydrocarbon radicals Co and
CHj could have a significant role in the molecular growth
of sp? molecules that lead to the nucleation of DNPs. Fur-
ther exploration of the impact of H-atom and hydrocarbon
on the nucleation density, growth rate, and quality of nan-
odiamonds produced has been undertaken in the present
work. The research methodology involves a combination
of plasma diagnostics and material characterization to ob-
tain improved insights on the mechanism leading to the

nucleation of nanodiamonds and to ascertain the optimum
conditions to have the maximum yield of nanodiamonds.
The morphology of the carbon nanostructures produced
as a function of pressure and methane concentration are
correlated with the plasma diagnostics. The experimental
setup used for the collection of carbon nanostructures is
discussed in Section 2. In Section 3, the characterization
of carbon nanostructures is correlated with the deposition
conditions and finally we present the systematic study to
decipher the competition between surface and gas phase
processes in Section 4 and try to identify the conditions
conducive to nucleate nanodiamonds.

2. Experimental set-up

The details of the MW torch used to produce DNPs
have been provided in [19]. Experiments were carried out
at a constant power of 90 W, where it was shown maxi-
mum yield of nanodiamond at 100 mbar [19]. In this study,
the pressure range was extended between 75 and 125 mbar
to explore the influence of pressure and methane concen-
tration on the morphology of carbon nanostructures. The
carbon nanostructures formed with the microplasma op-
erated with Hy/CHy gas precursors were collected down-
stream on a substrate. Two different systems were used
to collect the carbon nanostructures and their schematic
have been provided in Figure 1. The two collection sys-
tems allow for changing the local conditions at the sub-
strate surface such as polarization, temperature, distance
and therefore permits investigation of plasma surface in-
teraction or collection of dusts formed in the plasma.

The first system allows for polarizing or heating the
substrate. The reactor is basically a 6 way cross whose 5
flanges are CF 100 while the last flange is a KF40 flange
that was used to attach the microplasma torch. The sub-
strate holder was placed directly below the torch. The
substrate holder was composed of a sandwich of molyb-
denum disc, graphite heater, and an alumina cup. The
temperature of the substrate was measured using a ther-
mocouple just beneath the molybdenum disc. The ceramic
cup was placed on a stainless steel tube. This design of
the substrate holder provided flexibility with respect to
modifying the discharge conditions by heating to temper-
atures up to 500 °C' as well as positive/negative polar-
ization. Furthermore, the distance between the substrate
holder and the torch can be changed. The particles were
collected on a substrate such as silicon or fiberglass placed
on the substrate holder downstream of the plasma torch.
This deposition system is schematically illustrated in Fig-
ure la. This experimental setup shows the elements of
the vacuum system (gauge, pump), the torch, and a 200
W Sairem microwave generator at 2.45 GHz (GMP20).
Unless otherwise specified, most of the deposition experi-
ments have been performed using this reactor.

The second system allows for cooling the substrate
and allows for studying substrate conditions that were not
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Figure 1: Experimental set-up for carbon particle deposition using the MW microplasma torch

Technique Characterization

Analysis of molecular structure, identification

Raman  of chemical bonds and crystalline phases (sp?,
sp”)
Surface chemical composition and chemical
XPS .
bonding analyses.
AFM/  Surface morphology/ particles size distribu-
SEM tion.
TEM Analysis of crystalline structure of nanoparti-

cles

Table 1: Characterization of carbon nanostructures

achievable with the first system. The reactor was basi-
cally a 6-way KF40 cross, whose one arm was dedicated
to the microplasma torch. The particles are collected on a
substrate placed on a water-cooled substrate holder placed
directly below the torch (Figure 1b). In this configuration,
the distance between the substrate and the plasma torch
is fixed at 1 cm. The upper part of the substrate holder
is a conical nozzle that forces the gas discharge onto the
substrate placed on the cold-heat exchanger made of cop-
per. Cold water from a chiller is circulated in the heat
exchanger through liquid feed-through.

3. Characterization of carbon nanostructures

All the experiments were performed on pristine sub-
strates without any pre-treatment or seeding. We rely

on different complementary techniques to characterize the
carbon nanostructures as presented in Table 1.

The carbon nanostructures collected on the substrate
could be visually observed for most conditions. Energy
dispersive X-ray spectroscopy (EDX) revealed that the ob-
served nanostructures are mainly composed of carbon (C),
with minor traces of oxygen (O) and silicon (Si). These
impurities are likely due to contamination of the substrate
during characterization. The characterization of the ma-
terial through SEM, TEM, and AFM indicated the depo-
sition of agglomerated nanostructures. Figure 2 shows the
characteristics of the carbon nanostructures examined us-
ing AFM, synthesized at a power of 90 W at 100 mbar
and 4% methane. The particle size distribution of DNPs
obtained using AFM is consistent with a log-normal dis-
tribution with a mean diameter of 13.63 nm.

It was also possible to detect diamond phase in car-
bon nanostructures collected directly on a carbon TEM
grid placed in the cold finger for about 5 minutes. TEM
images and electron diffraction of this deposit are shown
in Figure 2c. The TEM image shows aggregates of car-
bonaceous nanostructures with particle size on the order
of a few nanometers, as indicated by the 20 nm scale. The
associated electron diffraction image shows a character-
istic diffraction pattern with concentric rings, indicating
the presence of nanocrystals within the amorphous ma-
trix. The diffraction rings suggest the presence of a crys-
talline diamond with orientations (111) and (220). This
information corroborates the hypothesis that the DNPs
are nucleated in the gas phase.
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Figure 2: (a) AFM image and its corresponding (b) particle size dis-
tribution after 60 min of deposition on a silicon substrate. (c¢) TEM
image and (d) its corresponding selected area electron diffraction of
carbon nanoparticles deposit for 5 min of deposition in the cold fin-
ger. Experimental conditions: CHy4 = 4 sccm, Ha = 96 sccm, reactor
pressure = 100 mbar, absorbed power = 90 W )

3.1. Quality of nanodiamonds

The quality of deposited nanodiamonds can be described
by the sp3/sp? hybridization ratio. A high proportion of
sp> bonds is characterized by a high ratio, characteristic of
diamond. However, a low ratio indicates the presence of a
high proportion of sp? bonds. The abundance of sp? and
sp> can be accessed using electron energy loss spectroscopy
(EELS) spectra, Raman and XPS.

Electron energy loss spectroscopy (EELS) spectra of
carbon nanostructures are presented in Figure 3a. Two
important peaks are observed in the spectrum: the 7*
peak at about 285 eV, corresponding to sp?-hybridized
carbon, and the o* peak at about 290 eV, corresponding to
sp>-hybridized carbon. This shows that the manufactured
nanostructures contain a mixture of sp? and sp® hybridized
carbon, reinforcing the hybrid nature observed in the TEM
analysis.

The presence of small nanodiamond particles can lead
to broadening and overlapping of peaks in the Raman spec-
tra. This means that the data is not easy to interpret, and
special attention was given to fitting the raw Raman data
with the different peaks. A typical Raman spectrum ob-
tained for the carbon nanostructures are shown in Figure
3b along with the deconvolution of major Raman bands
as listed in Table 2. The evaluation of the sp*/sp? ratio
can be determined by comparing the intensities of the dia-
mond peak (I4,) and those of the non-diamond bands i.e.

Lnon—dia = Ig + Ip + I;1 + I from the Raman spectra.
Simultaneously, the degree of amorphization is assessed by
the ratio of intensities of the D band (Ip), transpolyacety-
lene (I31) to the G band (Ig).

As the diamond is having a bandgap of 5.5 ¢V and is
transparent to visible light and the absorption coefficient of
sp? carbon is more than sp?, The sp? carbon is much more
sensitive than sp? carbon in visible wavelength[35]. There-
fore, it is necessary to apply a signal correction factor that
takes into account of the dominant response of non-diaomd
peaks. This correction factor is 60 for a laser excitation
473 nm used[36], which was determined by weighting the
response of the graphite G band centered at 1580 cm™?!.
Therefore, taking into account this signal correction, the
percentage of sp? can be determined as

60144 (1)
60[dia + Z Inonfdia

Lastly, XPS being a surface based method and that
the nanostructures are no more than a few nanometers
should enable quantification of the sp3/sp? ratio. Figure
3c illustrates the fitting of the Cls peak with component
peaks for sp® and sp? located at 285.4 and 284.5 eV re-
spectively. Since the sensitivity factor in XPS is not af-
fected by the chemical state of the atoms [37], the relative
fraction of each carbon component (sp? and sp?) was cal-
culated based on the integrated areas under the respective
peaks. Figure 3d shows the variation of the sp3/sp? ra-
tio as a function of CHy concentration (% CHy) at 100
mbar and 90W power deduced from Raman spectroscopy
and XPS measurements. Both techniques show a similar
overall trend and therefore, Raman technique was used ex-
tensively to evaluate the abundance of diamond phase in
the carbon nanostructures.

%sp> = 100

3.2. Abundance of sp® phase with plasma conditions

The quality of the diamond has been accessed through
the content of sp® (I44), amorphous-disordered (Ip) and
transpolyacetylene Iiq,s With respect to G-band of the
carbon nanostructures as a function of pressure (75 to 125
mbar) and methane concentration (0 to 12%) as shown in
Figure 4. The highest sp?/sp? ratio, is observed at 4%
methane concentration and a pressure of 100 mbar. In
contrast, this optimum point is also marked by the lowest
Ip/Ig ratio as well as Ijrqns/Ig. This corresponds to a
more crystalline diamond with the least amorphous car-
bon. The results are indicative of several parallel chan-
nels of molecular growth and nucleation of carbon nanos-
tructures. The optimum condition should be a reflection
of a perfect balance between the availability of the car-
bon atoms needed to form substantial quantities of sp?
hybridized carbon and H-atom that saturate the sp and
sp? bonds that may have been formed, leading to max-
imum nucleation of nanodiamonds among other carbon
nanostructures. As discussed in our previous paper [38],
substantial amount of H-atoms were found even in cold re-
gions downstream (about 1 cm away) from the plasma and
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Figure 3: Experimental conditions: CHy = 4%, Pressure = 100 mbar, power = 90W, distance plasma-substrate = lcm.

is likely to saturate the molecular structures and therefore,
stabilize sp> structures and even nanodiamonds.

The amount of carbon nanostructures collected clearly
increased with methane concentration. While large de-
posits of carbon nanostructures were deposited for 10% of
CH,4 after just 5 minutes of collection to permit easy char-
acterization using Raman, the plasma containing 1% CHy
produced hardly any carbon nanostructures even after 1
hour of collection and around the inner region. This in-
crease is simply due to the increased availability of carbon
in terms of radicals such as CHg, C, and reactive molecules
such as CoHs. Unfortunately, an increase in the amount
of methane seems to promote the formation of undesir-
able nanostructures, reducing the quality of synthesized
nanodiamonds. This can be confirmed by the Ip /I ratio,
which increases substantially with increase in CHy concen-
tration. Irrespective of the pressure regime, three distinct

regions can be identified with respect to methane concen-
tration:

- Low methane region (2% - 4%) The sp?/sp? ra-
tio increases slightly, peaking at around 4% of CHy
and a similar trend is observed, with a slightly sharper
peak at 4% CHy. At low CHy concentrations, the en-
vironment favors the formation of sp® bonds. This
may be due to the optimum balance of carbon to
H-atoms to sustain tetrahedral bonds in a diamond
structure. [8].

- Medium methane region (4% - 8%) The sp®/sp?
ratio begins to decrease. A moderate increase in CHy
leads to competition between sp? and sp? bond for-
mation. Available carbon begins to form graphitic
and other amorphous structures in addition to dia-
mond bonds.

- High methane region (8% - 12%) The sp?/sp?



vem— T Peak  Characteristics

G-Band: Represents the Eg, phonon of sp? carbon domains, signifying the presence of

1585 Ie planar graphitic carbon.
D-Band: Indicative of disordered sp® carbon structures, commonly associated with defects
1350 Ip and disorder in the graphite lattice such as polycyclic aromatic compounds that can be
regarded as precursors to graphene like carbon[25].
1332 In; Diamond: this peak is typically sharp in high-quality bulk diamonds. The presence of
** " small nanodiamond particles leads to asymmetrical broadening of the peak [26, 27, 28, 29].
1130 I Transpolyacetylene (u3 mode): Associated with the transpolyacetylene chains (C-H in
plane bending) ps vibrational mode [30, 31, 32].
1480 Iy Transpolyacetylene (11 mode): associated with the transpolyacetylene chains (C=C

stretch) wi vibrational mode [30, 33, 34]

Table 2: Prominent spectral features observed in the Raman spectra of carbon nanostructures collected.

ratio decreases substantially. At high CH, concen-
trations, the formation of graphite and amorphous
materials becomes predominant, with sp? bonds dom-
inating, thereby reducing the sp3/sp? ratio [39].

The above analysis clearly indicates that plasma chem-
istry that boosts amorphous carbon growth is detrimental
to the growth of diamond nanoparticles. Of course, the
plasma chemistry originating from hydrocarbon plasmas
is much more complex.

4. Nucleation mechanism of nanodiamonds

The major question here is how the nanodiamonds nu-
cleation could occur from the primary hydrocarbon species/
radicals on a pristine substrate devoid of any active carbon
site. Carbon phase diagram indicates that diamond can be
only stable at high pressures and high temperature con-
ditions. Moreover, nanodiamonds are only stable for sizes
less than 10 nm at low pressure conditions. The formation
of nanodiamonds at low pressure can only be explained by
the metastable conditions that accompany the conditions.

Substantial amount of studies has focussed on nucle-

ation and growth of diamond on a non-diamond substrate[40].

Nucleation of diamond on a substrate is extremely chal-
lenging due to the high surface energy associated with
diamond, and it would be difficult to nucleate diamonds
without surface pre-treatment on most materials [40]. The
key factor that supports growth of diamond phase is the
good concentration of H-atoms and CHj radicals where
the methyl radical would attach to the existing active car-
bon sites on the substrate and H-atom stabilizing the sp3
phase by etching the sp? phase. The collection of carbon
nanostructures on the silicon substrate is very sensitive to
substrate temperature. The substrate temperature in the
above experiments were no more than 50 °C. Also, the
gas temperature measured at about 5 mm downstream of
the plasma was close to room temperature [38]. Nucleation
and growth of diamond phase on a substrate is much easier
at substrate temperatures > 600 K [11] and the conditions
in our experiments are not ideal for nucleation and growth
of nanodiamonds on the surface.

For the matter of fact, one could observe nanodiamond
phase in carbon nanostructures collected directly on a car-
bon TEM grid within 5 minutes of deposition (c.f. Figure
2c). Of course, it can be argued that carbon grid may have
served as nucleation sites for diamond growth. Therefore,
deposition were performed on different pristine untreated
silicon and fiberglass substrates. The corresponding Ra-
man spectra (Figure 5b) show that the signature of the car-
bon nanostructures produced was insensitive to the nature
of the substrate. Furthermore, the distance between the
silicon substrate and plasma discharge was varied within
a range of 1 to 2 cm (Figure 5a). Although the density
of NPs deposited on the surface decreased with distance,
the Raman spectra signatures remained consistent across
distances, suggesting that the proximity of the substrate
to the plasma did not significantly alter the characteristics
of the carbon nanostructures formed.

However, it is quite possible that larger molecules of
hydrocarbons may have been formed in the gas phase and
deposited on the substrate, which act as sites for subse-
quent growth of carbon nanostructures. Having said that,
the concentration of radicals such as CHs and to certain
extent H-atom density at the substrate surface is expected
to decrease substantially with distance as seen from H-
atom density measurements reported in Siby et al. [38].
In addition, the conversion of methane to acetylene is very
efficient. Acetylene based chemistry being sp? driven, the
lack of H-atom densities at large distances to effectively
etch the sp? phase formed on the carbon nanostructure
should increase the yield of sp? phase carbon. On the con-
trary, there was no change in the quality of carbon nanos-
tructures collected with distance and therefore, it could be
concluded that surface based processes are not dominant.

In order to study the effect of substrate temperature,
carbon nanostructures were collected on a substrate over a
distance of 1 cm and 1 hour at different substrate temper-
atures: 15, 30, 50, 70 and 100°C and their Raman spectra
are shown in Figure 5c. At 15 and 30°C, the Raman spec-
trum shows significant peaks for the diamond and graphite
phases, indicating substantial nanoparticle collection. As
the substrate temperature rises, there is a reduction in
overall peak intensity due to lower density of deposited
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Figure 4: Distribution of (a) I4io/IG, (b) Ip/Ig, (¢) Itrans/Ig and (d) %sp? as a function of pressure and methane concentration. Experimental
conditions: Pressure = 100 mbar, injected power = 90 W, substrate = silicon, distance plasma-substrate = lcm and deposition time = 1h.

NPs. However, the quality of the deposit does not indi-
cate an appreciable change. At 70°C, there is hardly any
deposit and the Raman intensities were greatly reduced
with consistent presence of Diamond peak. No particles
were collected on the silicon substrate at temperatures
greater than 100°C. The effect of substrate temperature
can be twofold. Firstly, it would have profound effect of the
gas cooling on the downstream of the plasma and there-
fore could alter the gas chemistry that in turn impact the
chemistry at the surface of the substrate. Secondly, if the
NPs are indeed nucleated in the gas phase, the temper-
ature gradient close to the substrate can influence their
collection as a result of thermophoretic forces. At higher
temperatures, the thermophoretic force drives nanoparti-
cles away from the hot substrate, reducing the likelihood
of their deposition. This effect becomes more pronounced
with increasing temperature, contributing to the decrease

in nanoparticle collection observed at 50°C and 70°C, and
the absence of carbon nanostrucutres at 100°C. Further-
more, the decrease in NP density with distance is con-
sistent with the hydrodynamics of stagnation flow, where
the radial diffusion of nanoparticles increases with distance
and hence reduces the collection of nanoparticles.

Figure 6a illustrates the Raman spectra of carbon nanos-
tructures collected on a silicon substrate over different de-
position durations, ranging from 5 to 60 minutes. The
similarity in the Raman spectral signatures of diamond, D-
Band, G-Band and Transpolyacetylene peaks across these
time intervals indicates that the fundamental characteris-
tics of the carbon nanostructures were established early in
the deposition process and did not significantly evolve with
longer deposition times. Moreover, SEM images indicate
the nucleation of nanoparticles without any formation of
films, even after 1 hour of deposition. Unless carbon can
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Figure 6: Raman spectra for different deposition time (a) and Par-
ticle size distribution for different deposition time (b). Insets of the
respective images are shown.

nucleate on a silicon substrate, the results indicate a prob-
able nucleation of carbon nanostructures in the gas phase.
This can be further confirmed by the evolution of particle
size density and average particle size over deposition time,
as shown in Figure 6b. The particle density increases with
time, with the average particle size hovering around 10
nm for all depositions. The minimal evolution of parti-
cle size on the substrate is indicative that growth of the
deposited carbon nanostructures by surface reactions are
limited and hence do not significantly modify the Raman
signature of the carbon nanostructures. These observa-
tions suggest that nucleation predominantly occurs in the
gas phase rather than being heavily influenced by the sub-
strate conditions, which is much more critical for growth
of CVD diamond crystals and films[39, 41].

Gas phase based process of nucleation of carbon nanos-
tructures relies on creation of primary hydrocarbon radi-
cals that further grow to form larger molecules that even-
tually lead to nucleation of nanoparticles. The chemistry
of hydrocarbons is strongly intertwined with atomic hydro-
gen and gas temperature. Gas temperature and H-atom
density have been measured using ps-TALIF, details of
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which are provided in Siby et al.[38]. Emission from Cs
Swann and CH A-X systems were also recorded and serve
as a measure of relative density of the respective molecules.
Figure 7a shows the variation of gas temperature and H-
atom density as a function of pressure. Note that the gas
temperature was measured for a pure hydrogen plasma,
while the H-atom density is averaged over various methane
concentrations at a specified pressure. The gas tempera-
ture increases with pressure for the same injected power.
The effect of pressure is two folds. Firstly, the plasma
volume would decrease with increase in pressure, which
would result in an increase in electron density. As a result,
the electron impact process increases and the dissociation
of Hy increases, as evident in the increase in the H-atom
density. Further, the gas temperature too would increase

due to increased thermalization due to higher collisional
frequencies at higher pressure. The increase in gas tem-
perature could graphitize the diamond phase, leading to
lower yield of diamond phase.

The coupling between H-atoms and early hydrocarbons
are summarized in Figure 9. Formation of key radicals
CH3, CH are formed due to H-shift reactions on CHj.
High concentrations of H-atom will favor strong reduction
of CHy4 towards radicals such as CHjs or even highly re-
active C radical. Furthermore, the other key radical C,
are also readily formed from C and CH radicals as well
as reduction of CoH by H-atoms. The H-atom density
is almost constant over the methane concentration at a
fixed pressure. The linear increase of radicals Co and CH
at small concentrations of methane are indicative of in-
crease in methane concentration. However, the saturation
of these radicals for CH4> 10% could indicate the net pro-
duction of these radicals remain constant. This could be
the relative density of H-atom not sufficient to shift the
reduction of high concentration of CHy towards these rad-
icals. In other words, key radicals such as CHz and C,
do not increase in proportion in spite of the increase in
CH4. Global chemistry calculations for the conditions of
the torch indicate that most of the hydrocarbons at the
exit of the torch are converted to acetylene.

Correlating with the spectra of Raman, three promi-
nent types of molecular growth pathways of carbon nanos-
tructures can be identified. Soot comprising aromatic com-
pounds represented by G and D bands would be formed

from intermediate poly-aromatic-hydrocarbons (PAHs) through

mechanisms such as HACA [42]. The second molecular
pathway should lead to the formation of linear unsatu-
rated polyenes represented by Transpolyacetylene. These
are often found in growth of nanocrystalline diamond and
occur due to attachment of acetylene molecules and com-
pounded by insufficient etching by H-atoms. The third
molecular pathway representing sp® molecules remains elu-
sive to the scientific community and remains an enigma.
The only known mechanism known to the authors to date
comes from Dolmatov et al. [1] where they discuss the for-
mation of adamantine from Cs, radicals as the first critical
step towards nucleation of nanodiamonds. Moreover, stud-
ies have demonstrated higher diamondoids can be formed
when adamantine is directly introduced in a hydrocarbon
plasma [43, 44] and this could possibly the route in our
plasma as well. Figure 8 presents a Raman spectrum ob-
tained for deposits made over a period of one hour with
plasma. conditions of 96% H, and 4% CH, at 100 mbar
pressure and 90 W injected power, without external heat-
ing or polarization. Under these conditions, two distinct
regions of deposits are observed depending on their prox-
imity to the plasma torch: the outer region and the inner
region (cf. Figure 8). The inner region, which is closer to
the plasma and that can be visibly identified by the dark
zone on the silicon substrate, shows peaks of the D, G, di-
amond and transpolyacetylene peaks. In fact, this region
was the focus of all the Raman analyses reported so far in



this work. However, one could also see deposits far from
the influence of the plasma (about 1 cm away), referred to
as outer region in the Figure 8 and visibly having grey col-
oration. This region had well-dispersed nps which should
have been collected on the substrate due to the hydro-
dynamic drag. Their Raman signature shows several fine
peaks associated with CH wag, CH, twist, and CHy scissor
vibrational modes. These characteristics suggest the pres-
ence of nascent molecular structures that consist of CHs
structures associated with sp® hybridized carbon, as well
as CH terminations associated with linear chains of sp?
like transpolyacetylene. Similar Raman features have also
been reported in highh hydrogenated ultra-small nanodi-
amonds (2-5 nm) formed at high-pressure (12 GPa) using
admantane [45]. However, further studies were restricted
by the sparse quantity of material collected. Neverthe-
less, these molecular structures clearly provide evidence of
molecular growth in gas phase and more chemical analy-
sis of the plasma gas efflux using gas chromatography or
mass spectrometer will reveal the key intermediary species
and molecular growth pathways. This is currently being
probed.
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Figure 9: Reaction pathways of hydrocarbon chemistry starting from
methane

Theoretical studies show that nanodiamonds can be
stable for sizes less than 10 nm in the conditions encoun-
tered [46, 47, 48]. Furthermore, the stability of nanodi-
amonds increase with H-termination [48] which could be
the case of our experiments as well. The Hs molecule and
the H-atom should work in tandem in ensuring the nucle-
ation, growth, and stabilization of nanodiamond clusters.
H-atom would be to take part in H-abstraction reactions
that allows for creation of new active sites for carbon rad-
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icals present in the plasma to attach. The attachment of
radicals such as CHs, C; and C3;H allows for molecular
growth. It can be ascertained that the Hy molecule would
saturate the different unsaturated hydrocarbon interme-
diaries and also ensure H-terminated clusters and NPs.
As the amount of H-atoms do not change with concen-
tration of methane, the increase in methane leads to in-
crease in acetylene that in turn would lead to increase
in unsaturated hydrocarbon molecules and decrease the
degree of sp® molecules. Furthermore, H-atom are them-
selves consumed in the H-abstraction reactions of unsat-
urated molecular growth, as seen in the case of HACA
mechanism involving acetylene to form PAHs. As a result,
these alternate molecular pathways leading to amorphous
structures would compete with sp® based growth mecha-
nism and hence decrease the quantity of sp® hybridized
nanoparticles. This is quite evident when the transpoly-
acetylene and disordered sp? phase grow strongly over the
diamond phase with concentration of methane. In fact
the sp? growth to form soot/transacetylene or even sp
growth phase to form polyynes are common aspects of a H-
deficient local conditions where the present plasma offers
a condition with much higher concentrations of H-atom at
moderate temperatures that allows for the highly latent
sp> molecular growth to co-exist.

5. Conclusion

This paper examined the formation and properties of

carbon nanostructures obtained from a CHy /Hs low-pressure-

low temperature microplasma. The characterization re-
vealed a hybrid composition made up of amorphous soot
and transpolyacetylene and crystalline diamond phases,
with nucleation occurring primarily in the gas phase. The
particle size distribution ranged from 5 to 30 nm. Evidence
suggest that nucleation occurs rapidly in the gas phase,
with little role of the substrates. The abundance of nan-
odiamonds in the carbon nanostructures may be affected
by the parallel molecular growth pathways that co-exist.
This study demonstrated that the optimal conditions for
high-quality nanodiamond synthesis using the MW-plasma
torch with Ho/CH,4 gas precursors are a methane concen-
tration of 4% and a pressure of 100 mbar at 90 W. The
major conclusion of the paper is that nucleation of nan-
odiamonds can occur under high densities of H-atom while
keeping optimum concentrations of hydrocarbon species.
H-atom rich atmosphere is not only important for creation
of key small radicals in the early phase of growth process
but also important for molecular growth and nucleation
of nanodiamonds during the later stages. The quality of
nanodiamonds should also be influenced by the tempera-
ture, as it is likely that nanodiamonds will graphitize at
higher temperatures. An critical factor to nucleate dia-
monds would be to restrict the alternate growth pathways,
either through growth of PAHs or polyacetylene structures
that are promoted by acetylene. Increase in hydrocarbon



species would tilt the balance towards growth of sps and
amorphous carbon nanostructures.
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