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Abstract

We have investigated the formation of various carbon nanostructures us-
ing extreme plasma fluxes up to four orders of magnitude larger than in
conventional plasma-enhanced chemical vapor deposition processing. Car-
bon nanowalls, multi-wall nanotubes, spherical nanoparticles and nanotips
are among the structures detected with electron microscopy methods. Pre-
cursor injection or surface pretreatment were not required for the synthesis
of the nanostructures. Preliminary experiments with varied plasma compo-
sition, sample bias and surface temperature have demonstrated the potential
for optimizing the growth of the nanostructures in the current experimental
set-up.
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1. Introduction

The prospect of manipulating and controlling matter on the
nanoscale is extremely appealing and offers an enormous oppor-
tunity for new technical applications, since artificially produced
nanostructures can have useful properties that macroscopic objects
don’t possess. In recent years, carbon-based nanostructures have
drawn a lot of the attention, since the discovery of “buckyballs”
in laser-ablated graphite in 1985 and multiwall carbon nanotubes
in soot produced by an arc discharge in 1990. A great variety
of carbon-based nanostructures has been synthesized since then.
Carbon nanofibers[1], nanosheets|[2, 3], nanocones[4], nanohorns|5],
nanodiamond films[6], nanowalls[7, 8] and graphene[9] are just few
examples illustrating this variety.

Use of low-temperature plasma systems have become a common way for
synthesis of materials with nanoscale features [10]. There are several com-
prehensive reviews describing plasma-aided nanofabrication, which discuss
advances in the field [11, 12]. It is well known that balance between
the rates of material supply and consumption is a critical factor
that determines what object is formed on the surface. This makes
the precursor species flux and the surface temperature extremely
important for grwoth. The use of plasma is advantageous since
plasma effects can be used to control the species delivery and heat
transfer to the developing nanostrucutres [11]. In other words sur-
face heating can be decreased and the flux increased, both — quite
dramatically. This would drive the processes on the surface very far
out of equilibrium and will lead to non-equilibrium structures. The
higher is the non-equilibrium, the more options arise to produce
unusual, self-organizing structures[11]. Theoretical possibility of
nanostructure deposition under far-from-equilibrium high flux con-
ditions has been demonstrated numerically, for example for single
layer graphene on nickel [13].

Nanostructures are also formed, not always on purpose, in more agressive
plasma environments, such as, for example, fusion reactors[14, 15, 16, 17, 18,
19, 20, 21, 22] and plasma generators simulating conditions in fusion reactors
(23, 24, 25]. While ion energies in fusion-relevant experiments are comparable
to those used in various plasma-assisted deposition techniques, the ion and
energy fluxes are up to four orders of magnitude larger (Figure 1)[26]. Of
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Figure 1: Typical operation windows for various ion-induced processing techniques.

course it remains to be seen whether controlled nanofabrication is in prin-
ciple possible under such extreme conditions. A curiosity driven question
though, is whether a material grown under such extreme conditions would
have superior properties, compared to “conventional” materials. Natural
diamond is an excellent example demonstrating how harsh conditions dur-
ing synthesis can promote self-organization. Formed from ordinary carbon
atoms in a high pressure, high temperature environment, diamond posesses
excellent mechanical and thermal properties. Would then a material synthe-
sized under extreme heat and particle load be resilient to heat and particle
bombardment?

Conventionally, low-temperature plasmas with ion densities not
exceeding 10 m~3 are used for nanofabrication. Yet, the advan-
tage of increasing carbon influx to the substrate was demonstrated,
for example, in experiments with magnetically enhanced arc dis-
charges. It was shown that increase of plasma density and temper-
ature through application of magnetic fields[27, 28] results in in-
creased length of single-walled carbon nanotubes[29] and provides
conditions for one-step synthesis of large-scale and high-quality
graphene flakes[28, 30].

We have performed a series of exploratory experiments at even higher
plasma flux densities in order to look for answers to the questions of nanosyn-
thesis under far-from-equilibrium high flux conditions. Experiments were



done in the linear plasma generator Pilot-PSI, capable of producing plasmas
with very high density of up to 10! m=3, with a corresponding ion flux of
(<10%* m~2s7!), and a steady state heat flux of <10 MWm™2. Such heat
loads are at the technological limit of what known materials can withstand—
they are typical for the exhaust sections of fusion reactors[31] and exceed the
loads experienced by a spacecraft during re-entry by at least a factor of
ten[32]. Clearly, no additional heating of the sample is required in
such set-up. So far, there have been no dedicated investigations of such
plasmas as tools for synthesis of carbon nanomaterials, although the pos-
sibility for nanostructuring of tungsten and molybdenum surfaces has been
already demonstrated [22, 33, 34].

Computer simulations of growth of carbon nanostructures are essential
in understanding the underlying physical processes. Recent advances in
numercial simulations of growth of carbon nanotubes, as the pro-
totypical example of nanostructured carbon material, have been
recently reviewed by Neyts[35] and Elliott[36], who have listed
the most advanced methods to date as well as experimental ba-
sis the simulations rely on. Molecular dynamics (MD) simulations have
become a proven tool fo modelling of carbon nanotube grwoth, also by
plasma-assisted methods [37, 38, 39, 40, 41]. MD simulations of cumula-
tive surface bombardment are very time consuming, which induces a lower
limit on the incoming particle flux [42]. Consequently, most of the MD
simulations of carbon nanotube growth by plasma-assisted methods employ
a carbon addition rate which is more than four orders of magnitude too
high[43] compared to a conventional experiment. For quite some time
special approaches were needed to include the relaxation effects
into the calculations[44, 45, 46, 47|, at a price of loosing time
information[43]. Recently, Mees[48] proposed a promising force-
bias Monte Carlo method with time scale, which enhances the time
step compared to classical MD simulations. Still, the problem of
extending the limits of the simulated time window to reach dif-
ferent equilibrium states persists[48, 49, 50]. On the other hand,
high density plasmas used in this research provide an environment
where each surface site is visited every 10 us or less, which is al-
ready in the range of typical relaxation times for processes like
diffusion of vacancies and interstitials, phase transformation and
chemical reactions[26]. Thus, in terms of time scales, such ex-
periments have a potential to become a step towards simulations
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domain.

2. Experiment

Detailed description of the Pilot-PSI plasma generator can be found else-
where [51, 52, 53, 54]. In brief, a cascaded arc source[54, 55| is used to
produce the plasma, which exhausts into the vacuum vessel. A strong axial
magnetic field confines the plasma, generating an intense magnetized cylin-
drical plasma beam. Plasma duration in Pilot-PSI is limited by the heating
of the magnetic coils. Throughout this work the field of 0.4 T was used, which
allowed plasma exposures of up to 160 s at a time. It takes approximately 1
s for the value of the magnetic field to reach its target value in the beginning
of a pulse. The time of ramp down of the B-field at the end of the pulse is
approximately 0.5 s. Plasma electron density and electron temperature near
the plasma-facing surface were measured by Thomson scattering [56].

A water-cooled sample holder is located at a distance of 54 ¢cm from the
exhaust of the plasma source and is installed perpendicularly to the magnetic
field. We have used fine-grain graphite samples and polished tungsten sam-
ples in these experiments. The samples were discs with the diameter of 30
mm. Prior to exposure all samples were mechanically polished and ultrasoni-
cally cleaned using acetone and then alcohol. We used flexible grafoil® sheet
as an interface between graphite and the copper heat sink to improve the
thermal contact between the two [57]. A clamping ring was shielding a small
part of the sample periphery from plasma impact, so the effective exposed
diameter of the samples was in fact 26 mm. The samples were negatively
biased or electrically floating.

We used argon, hydrogen-argon mixtures and nitrogen as process gases
supplied to the inlet of the plasma source. Gas throughput in these exper-
iments ranged from 1.4 to 3.0 slm (standard liter per minute; 1 slm = 4.4
x 10%° particles/s). Additionally, in experiments with metal substrates we
have used methane injection as a source of carbon. Methane was injected
through a ring surrounding the plasma column and located several centime-
ters downstream from the source exit. Injection took place only during the
magnetic field pulses with the injection rate of 0.25 slm. The schematic of
the experiment is shown in Figure 2.

A fast infrared (IR) camera (SC7500-MB, FLIR) was employed to mon-
itor the surface temperature of the samples during exposures. The wave-
band of the camera spans from 1.5 ym to 5.1 um. 2D surface temperature
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Figure 2: Schematic view of the deposition experiment in the Pilot-PSI linear plasma
generator. Methane is injected into an argon plasma beam through a ring situated near
the nozzle of the plasma source.

profiles were measured with a spatial resolution of 0.3 mm. Scanning elec-
tron microscopy (SEM) and high-resolution transmission electron microscopy
(HRTEM), were used to image the formed nanostructures. X-ray photoelec-
tron spectroscopy (XPS, PHI Quantera SXM™ ULVAC-PHI, Inc.) was used
to analyze the chemical properties of the modified surfaces. Selected sam-
ples were analyzed with visible Raman spectroscopy and X-ray diffraction

(XRD).

3. Results

3.1. Growth of nanostructures on tungsten with precursor gas injection

In order to synthesize carbon structures on tungsten, we have exposed a
tungsten sample to argon plasma with methane injection. Mixtures of ar-
gon and methane are used for conventional plasma-enhanced chemical vapor
deposition (PECVD) processing[12, 58], while the main feature of this exper-
iment is the high ion flux density from the plasma. The “high flux PECVD”
exposure was done in two pulses for a total duraction of 100 seconds. The
sample was electrically floating. The plasma near the sample had an elec-
tron temperature of 1.1 eV and an electron density of 1.0 x10?° m—3. This
corresponds to a flux density of approximately 2x10% m=2s~! in the middle
of the beam and a fluence of around 1x10%® m~2, assuming that argon is the
dominant ion in the plasma.



During the exposure the entire plasma exposed area turned completely
black, as tungsten was entirely covered by deposits. The XPS spectrum in
Figure 3a shows that carbon is the main element on the surface, followed by
oxygen. Oxygen was most likely adsorbed during the post-plasma exposure of
the sample to air. Note, that no tungsten is detected with XPS. The C 1s core
level spectrum is plotted in Figure 3b. The fitting curves indicate a multi-
component structure. The most intensive component corresponds to carbon
in a zero oxidation state in the sp? (284.6eV) and sp? (285.1eV) hybridization
states. The ratio between the sp? and sp? states is approximately 2-to-
1. Such ratio is close to what is found for a—C:H films of various
hardness [59, 60]. A minor peak at 289.2eV appears due to -COOH groups
usually observed for carbon materials. It should be noted that no indications
of carbide formation were found in the XPS spectrum, likely due to the
thickness of the deposits.

The Raman spectrum of the produced nanostructured deposits is shown
in Figure 4. The spectrum has a strong peak at 1590 cm™! (G band) and
another peak at 1347 cm™! (D band). According to Hiramatsu and Hori
[61] the G band indicates the formation of graphitized structure, while the
D band corresponds to the disorder-induced phonon mode. The G band
peak is accompanied by a shoulder peak at 1620 cm~!. This peak is of-
ten designated as D’ peak and associated with finite-size graphite
crystals and graphene edges [61]. The strong D peak and the the
shoulder peak are typical for Raman spectra of carbon nanowalls,
which is due to the small graphite domains and existence of edges
of graphene sheets. The relative peak intensity Ip/Ig in the spectrum is
approximately 2, while the width of the G band is about 50 cm ™.

Electron microscopy provided insight into the morphology of the car-
bon deposits. Overview SEM image shows that the substrate is covered by
carbon particles as shown in Figure 5a. An SEM image with higher magni-
fication (Figure 5b) indicates that each particle has nanostructured surface
with detectable carbon nanowall-like features. The TEM images of deposits,
scratched from the surface (Figures 5c,d) show graphite structures composed
of crumpled graphene layers. These graphene layers have typical lengths of
several tens of nanometers and thicknesses of around 5 nm.

Electron microscopy images point to the fact that the surfaces of mi-
croparticles consist of crumpled carbon nanowalls (CNW). Indeed, the de-
posited structures consist of graphite sheets and have edges composed of
stacked graphene, consistent with the definition of CNW by Hiramatsu and
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Figure 3: Results of the XPS analysis of deposit formed on a tungsten substrate using
argon plasma with methane injection. The overview spectrum (a) shows that the film
consists of carbon. Oxygen was most likely adsorbed during post-plasma exposure to
air. Multi-component structure of the C 1s line (b) indicates the presence of sp? and sp?
hybridization states.
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Figure 4: Raman spectrum of nanostructured deposits produced using argon plasma with
methane injection. The G band indicates the formation of graphitized structure, while the
D band together with a smaller D band is due to the presence of graphite disorder.

Figure 5: FElectron microscopy images of carbon structures synthesized on a tungsten
substrate using argon plasma with methane injection. SEM images (a,b) show carbon
microparticles covering the substrate. The microparticles have structured surfaces with
carbon nanowall-like features. These nanowalls which are composed of stacked graphene
layers are seen on the TEM images (c,d).



Figure 6: SEM image showing entangled cylindrical nanostructures formed in the region
of the peak particle and heat flux.

Hori [61]. Nanowalls synthesized in Pilot-PSI are however more crumpled
than the textbook examples of CNW/[61]. This is consistent with a high level
of disorder and explains the features of the Raman spectrum characteristic of
disordered graphite, namely the I/l ratio of approximately 2, and rather
narrow G and D bands with respect to what is usually found for amorphous
carbon. The Ip /I ratio in our spectrum is relatively low and the G band is
wide in comparison with the typical spectra for CNW[62].

Another part of the definition of carbon nanowalls postulates that they
should stand almost vertically on the substrate [61]. In our case, however,
the original substrate is buried beneath the layer of carbon microparticles.
Experiments on CNW growth using glow discharges[63] demonstrated that
the formation of such spherical particles is in fact one of the grwoth stages.
The spherical particles were observed at longer durations and higher ion
fluxes compared to those needed for the “classical” CNW film synthesis. It
is plausible that the particle formation is a result of coagulation and agglom-
eration induced by further development of previously grown graphene sheets
[63]. Such an explation fits well with the magnitudes of ion fluxes in our
experiments.

The microscopic structure of the spherical particles depends on their lo-
cation with respect to the center of the sample. Close to the center of the
sample the surfaces of the particles consist of entangled cylindrical nanostruc-
tures (Figure 6). The differences in morphology between the center and the
edge of the sample could have been caused by surface temperature gradient.
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Figure 7: Steady state surface temperature during deposition of carbon micro- and nanos-
tructures. Since the surface emissivity coefficient for the deposits is unknown, the expected
minimal and maximal temperatures at any given point are estimated using tabulated val-
ues of emissivity coefficients for various carbonaceous materials.

Higher temperatures in the center of the sample could have caused rolling-up
of the carbon layers. Such behaviour was observed with hydrogenated amor-
phous carbon layers in PECVD experiments, where the temperature increase
produced a partial hydrogen desorption and, consequently, re-organization of
the carbon bonds [64].

Temperature measurements for this sample were not trivial and require
some explanation. Results of infrared (IR) thermography measurements dur-
ing the methane injection experiment are plotted in Figure 7. The figure
shows a radial distribution of temperature after 60 seconds of exposure, when
tungsten is already covered by carbon. Intrepretation of the IR data relies
on the value of spectral emissivity of the surface, which is a function of wave-
length and depends on the surface morphology. In our case, it is difficult to
assign a concrete value of emissivity to the surface, since the properties of the
deposits have not yet been studied in details and may have changed during
the exposure. We have used typical tabulated values for the surface emissiv-
ity coefficient for carbonaceous materials, which range from 0.70 for graphite
to 0.95 for carbon soot, to rougly estimate the upper and the lower limits of
the temperature in any given point. The actual temperature value is between
the two extremes (shadowed area in Figure 7). One additional comment is
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that during previous experiments with graphite the surface emissivity in the
center of the sample has been determined using a multiwavelength pyrom-
eter. It turned out that the value of around 0.95 was needed to match the
IR data with the pyrometer measurements. The cental regions of exposed
graphite samples and the film deposited here look quite similar, both being
covered by deposited carbon microparticles, as will be mentioned further. It
is then likely that at least in the center of the sample the emissivity was
close to 0.95. In any case, the temperature gradient across the sample is
created by the Gaussian shape and the width of the plasma beam. Indeed,
the plasma beam is narrower than the diameter of the samples.

Considering the above, we assume that the temperature in the center of
the sample was close to 1100 °C, while the periphery was somewhat colder -
between 970 °C and 1050 °C. Here it is necessary to recall that because
of the high heat flux (of the order of 10 MWm™2), the sample heat-
ing happens entirely due to plasma exposure and that no external
heating is required.

Finally, the substrate with deposits was analyzed with XRD (Figure 8).
Comparison of XRD spectra for a pristine and exposed samples allows us to
conclude that tungsten carbide has in fact formed during the plasma treat-
ment. It is not surprising, since formation of an interface carbide layer is
the usual initial stage of carbon film growth on metal substrates [65, 66].
Carbide layer formation was then followed by formation of nanostructured
carbon deposits. As the thickness of deposited material increased, the incom-
ing ions no longer interacted with the original tungsten substrate. In other
words, the carbide layer was buried under the layers of deposited carbon and
protected from the plasma.

A question whether the tungsten substrate played a catalytic
role during the growth of the described deposits remains open.
At this moment there is no evidence neither in favor, nor against
this statement. However, we do know that similar nanostructured
carbon particles can be deposited on various substrates—such as
graphite (Section 3.2 of this paper) and molybdenum|[67]. So, even
if tungsten was playing a catalytic role in these experiments, it
is clearly not required to perform the deposition of the carbon
particles.

12
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Figure 8: XRD spectra for a pristine tungsten sample and a sample with deposited carbon
structures. Extra peaks on the latter spectrum correspond to tungsten carbide formed
during initial stages of deposition.

3.2. Growth of nanostructures on graphite without precursor gas injection

3.2.1. Nanostructured carbon microparticles

The previous section describes carbon nanostructures formed on tungsten
during exposure to high flux plasma. In that experiment carbon as building
material for the nanostructures has been supplied via an upstream injec-
tion of methane. Methane molecules were dissociated and ionized by the
intense argon plasma beam while carbon, hydrocarbon and hydrogen ions
were created in the process. However, external methane (or, in fact, any
other precursor gas) injection is not required to synthesize carbon nanostruc-
tures in Pilot-PSI. The substrate itself can be a source of precursors for the
synthesis of carbon nanostructures.

Chemical sputtering of graphite samples by intense hydrogen plasma
beams leads to quick formation of carbon microparticles in the region of
the highest plasma flux as we have demonstrated earlier[25]. The deposits
are formed because the plasma is so dense that it is not transparent for
hydrocarbon molecules that are chemically sputtered from graphite. Very
strong recycling of carbon leads to re-organization of the plasma-exposed
surface and appearance of the microparticles. To avoid ambiguity it is
necessary to specify that by chemical sputtering we understand “a
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process whereby ion bombardment causes or allows a chemical re-
action to occur, which produces a particle that is weakly bound to
the surface and hence can be easily desorbed into the gas phase”
[68, 69]. Chemical sputtering yield depends on both the kinetic
energy and the chemical reactivity of the impinging species [69].

The structure of the microparticles have been further investigated with
SEM and TEM (Figures 9 and 10, respectively). It is obvious that the par-
ticles are similar to those deposited on tungsten with methane injection or
particles consisting of carbon nanowalls grown in a much more quiescent en-
vironment of PECVD discharges [63, 70, 71]. In this case we again find the
features characteristic for carbon nanowalls in the material forming the mi-
croparticles. For instance graphene layers marking the edges of the nanowalls
are shown in TEM images in Figure 9. The number of atomic carbon
layers in pictured graphenes varies in the range from 5 to 10.

Experiments with varied deposition conditions are required to gain un-
derstanding of the carbon structures growth. We have started investigating
the effect of deposition conditions on the surface morphology by varying ar-
gon concentration in the plasma and the sample bias. Plasmas with 33% and
57% of argon (in terms of gas flow) were produced by varying the relative
flows of gases supplied to the inlet of the plasma source. Two samples were
exposed for a duration of 210 seconds, with the plasma parameters being T,
= 0.7 eV and n, = 2.0 x10*® m3. A reference sample was exposed to pure
hydrogen plasma with similar parameters. The samples have been negatively
biased at —30 V to accelerate the ions from the plasma. The peak surface
temperature for all samples was 1100 °C 4+ 100 °C.

SEM images of the synthesized carbon structures for both samples and
the reference case with no argon in the plasma are shown in Figure 10. All
SEM images depict structures formed in the center of the samples. The
sample exposed to the mixture with 57% of argon has longer nanowalls, sep-
arated by larger distances. The estimated length of CNW in this case
reaches several hundred nanometers. Following the classification of
CNW suggested by Hiramatsu and Hori[61] we consider these structures to
be wavy nanowalls. For the case with 33% of argon the nanowalls are shorter
and less ordered, just like in the reference scenario with pure hydrogen. In
principle, dilution of hydrocarbon-containing plasmas with argon is an estab-
lished method for preventing excessive amorphous carbon deposition during
PECVD synthesis of carbon nanostructures [12, 58]. It is possible that at
lower argon flows carbon deposition was happening too fast, masking the

14



Figure 9: TEM images of the internal structure of carbon microparticles deposited on
graphite without precursor gas injection.
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Figure 10: SEM images showing the impact of argon admixture into the plasma on the
structure of carbon microparticles deposited on graphite without precursor gas injection.
Addition of argon is beneficial for the growth of larger carbon nanowalls. All samples were
biased at -30 V.

nanowalls.

Increase of the absolute value of the bias voltage has a similar effect on
the surface as addition of 57% of argon. Figure 11 shows an SEM image
of a surface exposed to pure hydrogen, but with the bias voltage of —50 V,
instead of —30 V used for the samples described above. Energetic hydrogen
ions would sputter amorphous carbon faster compared to graphite [72, 73, 74],
effectively aiding synthesis of more organized structures. On a microscopic
level the morphology remains the same in all cases—centers of all samples
are covered by carbon particles.

Apart from carbon nanowalls, spherical nanoparticles and carbon nan-
otips are found in materials redeposited on the same surfaces. The examples
are shown in Figure 12. Again, there are examples of very similar nanos-
tructures formed using PECVD processing techniques|[75, 76]. Hassouni [77]
described how spherical carbon particles can grow in argon discharges with
methane injection (and hydrogen for discharge stabilization). The growth
is volumetric and the basic units for the growth are polycyclic aromatic hy-
drocarbon molecules. Spherical carbon nanoparticles that we find in Pilot-
PSI[25] also point towards volumeteric growth, although the exact reactions
responsible for it have not yet been identified. It is intriguing that the surface
temperature in our experiments, and probably also the neutral gas temper-
ature in the immediate vicinity of the surfaces, is close to the optimal gas
temperature for nucleation in the model describtion of dusty microwave dis-
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Figure 11: SEM image of carbon nanowalls formed on graphite exposed to pure hydrogen
plasma. The sample was biased at —50 V.

charges [77].

3.2.2. Multi-wall carbon nanotubes and carbon nanotips

Another example of the synthesis of carbon nanostructures by high den-
sity plasma is the formation of carbon nanotubes during exposure of graphite
to nitrogen plasma. The nanotubes were also synthesized on graphite sub-
strates without injection of precursor gas. Nitrogen was used as a working
gas in the cascaded arc source. The plasma temperature and density were T,
= 0.9 eV and n, = 1.5 x10% m~2 in this experiment. The sample was biased
at —30 V and exposed for 300 s up to a fluence of around 1x10%% N*m2.
The temperature in the middle of the sample was around 900 °C according
to the IR camera measurement.

The nanotubes were first noticed during SEM surveys of the exposed
sample. The overview image of the modified graphite surface is shown in
Figure 13a. The surface coverage by the nanotubes is not homogeneous,
instead, they are clustered in selected places. Images with higher magnifica-
tion as well as HRTEM analysis revealed that the structures are multi-wall
carbon nanotubes (Figure 13b,c). The nanotubes lengths are typically less
than 500 nm and their diameters are between 5 nm and 10 nm. Judging by
their lengths, the growth rate of the nanotubes was of the order of 1 nm/s.
The nanotubes in this exploratory experiment are bended which is usually
related to defect creation in the catbon lattice [78, 79).

Apart from the nanotubes there are chains of nanoparticles on the sur-
face. A high resolution SEM image of such nanoparticle chains is shown in
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Figure 12: Spherical nanoparticles (a) and carbon nanotips (b) are among nanostructures
found in the deposits formed on graphite without precursor gas injection.
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Figure 13: SEM image of the graphite surface modified by high flux nitrogen plasma
beam. Multiple clusters of carbon nanotubes and chains of nanoparticles protrude from
the roughened surface(a). SEM and HRTEM images of multi-wall carbon nanotubes
synthesized on graphite using nitrogen plasma without precursor gas injection (b,c).
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Figure 14a. The typical size of the nanoparticles in a chain is around 100
nm. The length-to-thickness ratio of a chain of nanoparticles can be rather
high. For example, the longest chain on the images we have obtained was
about 5 microns, while it is less than 20 nm thick in narrower places. TEM
observations suggest that the particles are metallic and the XPS spectrum
(Figure 15) implies that the particles are either molybdenum or lanthanum.
The atomic concentrations of molybdenum and lanthanum on the surface
were found to be 4.2% and 0.3%, respectively. Molybdenum originates from
the sputtering of the clamping ring surrounding the sample, while lanthanum
is a dopant used in the tungsten cathodes of the plasma source. The presence
of these metals on the surface is probably caused by the mass and reactivity
of nitrogen ions, since we do not observe them in hydrogen or argon plasmas.
The presence of oxygen and its bonding with carbon and nitrogen makes it
difficult to determine whether C-N bonds have formed during the plasma
exposure.

In some places the carbon nanotubes are attached to the chains of the
nanoparticles (Figure 14b,c). It is known that molybdenum [80] and lan-
thanum [81] are catalysts for nanotube growth and as such could have played
a crucial role in this experiment. Figure 14b,c suggests that the nanotubes
were growing on top of the metal nanoparticles. At the same time, analysis
of the TEM images shows that there are no metallic particles on the tips
of the nanotubes. It is worth noting that we have not observed the nan-
otubes on electrically floating samples or on samples exposed to significantly
lower fluxes of nitrogen[82], when in both cases neither molybdenum, nor
lanthanum were present in the system.

Increase of the exposure time to 1020 s resulted in increased concentra-
tion of metallic nanoparticles on the surface. Moreover, after 1020 seconds
carbon nanostructures do not cluster, but instead cover the entire surface
(Figure 16a). The synthesized structures are carbon nanotips (CNTP)[76] in
this case. The original graphite surface is very rough, with many microscopic
hills and pits. These features remain on the surface after exposure and their
sidewalls are also covered by the nanotips, implying that the angle at which a
given surface is positioned with respect to the plasma does not play a big role
for their synthesis. It is interesting to note the orientation of the nanotips—
they are all perpendicular to the surface. A close-up image of the nanotips
shows that they are rather thick, probably covered by amorphous carbon on
their sides (see Figure 16b). Once again, it is explainable, since no measures
were taken to remove the amorphous phase and optimize the growth. Yet,
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Figure 14: (a)SEM image of a nanochain composed of metallic nanoparticles. Such
nanochains are formed during exposure of graphite to high flux nitrogen plasma in pre-
sense of small amounts of molybdenum and lanthanum. SEM (b) and TEM (c) images of
carbon nanotubes attached to metallic nanoparticles.
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Figure 15: An overview XPS spectrum of the graphite sample exposed to high flux nitrogen
plasma.

as Figure 16¢ indicates, the ends of the nanotips can be graphitic. In this
experiment, the metal nanoparticles are not only organized in chains, many
of them are capping the carbon nanotips (Figure 16b) or are attached to
their sides (Figure 16¢).

We have varied the surface temperature during the exposure to see if it
plays a role for the CN'TP synthesis. The effect shown in Figure 17 is quite
clear: CNTP synthesized at a temperature of 1200 °C are very thick and
have a tendency to adhere to their neighbours, while nanotips grown at a
relatively low surface temperature of 660 °C are significantly thinner and the
thickness is uniform along the length. Such differences could be explained in
terms of temperature dependence of the chemical sputtering yield of carbon
by nitrogen. As a reminder, we note that by chemical sputtering we
understand a process of removal of weakly bound chemical com-
pounds that were formed during bombardment by energetic ions
from the surface. We have shown that the chemical sputtering yield of
carbon by nitrogen peaks at around 670 °C and decreases at higher temper-
atures in Pilot-PSI[82]. So, at the temperature of 660 °C the unnecessary
carbon deposits would be more readily sputtered away, enabling formation
of thin long carbon nanostructures on the surface.
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Figure 16: SEM image of carbon nanotips covering the entire graphite surface after 17
minutes of exposure to high flux nitrogen plasma without precursor gas injection (a).
Close-up image of the carbon nanotips show that metallic nanoparticles can cap them (b).
HRTEM image of a carbon nanotip decorated with metal nanoparticles (c).
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Figure 17: The effect of surface temperature on the growth of carbon nanotips. Nanotips
grown at high temeperature are very thick and seem to accrete with their neighbours (a),
while lower temperatures promote growth of significantly thinner nanotips (b).
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4. Discussion and outlook

We have presented a number of findings about carbon nanostructures
formed in a high density plasma environment. These experiments had an ex-
ploratory purpose and we tried to demonstrate the variety of nanostructures
that can be formed under extreme plasma bombardment. Below we dis-
cuss the possible ways of optimizing the deposition conditions by controlling
carbon migration in such experiments.

The carbon deposition rate (and, consequently, the growth rate of car-
bon microparticles) depends on the concentration of hydrocarbons in the
plasma. It is relatively easy to vary the hydrocarbons concentration when
precursor gas is injected externally. The problem becomes more complicated
when carbon is supplied by the substrate itself via sputtering, as is the case
in a number of experiments described here. We have determined that re-
cycling of carbon can be very strong (up to 90%) under high flux plasma
bombardment|25]. This actually implies that controlling the growth of the
nanostructures in such environment is not possible without controlling the
carbon migration, including sputtering, transport and re-deposition. It is
well known that the chemical sputtering yield by hydrogen depends strongly
on the surface temperature[69]. One could think of varying the heat flux,
sample and cooling geometry in order to control the amount of carbon being
sputtered from the sample. Carbon migration through the plasma and re-
deposition under described plasma loading conditions are being extensively
studied with the 3D Monte Carlo impurity transport and plasma-surface in-
teractions code ERO [83, 84]. Ultimately, one could think of using such code
as a predictive model for deposition experiments.

One additional note is that particles with similar nanofeatures appeared
on a tungsten substrate in methane injection experiments and on graphite
samples in experiments without injection. Moreover, similar deposits have
also been observed on molybdenum substrates [67], meaning that the sub-
strate does not play a critical role in their synthesis.

The case of nanotube growth during exposures of graphite to nitrogen
might not be that different from the deposition of nanostructured microparti-
cles in hydrogen and hydrogen-argon atmosphere. Nitrogen chemically sput-
ters carbon atoms in the form of volatile molecules[85, 86, 87, 88, 89, 90, 91,
92, 93] that can then be trapped by the dense plasma beam. Similarly to
the case of microparticle formation, the plasma-exposed graphite surface is
a source of carbon for nanostructure formation. It is still unclear how large

25



is the redeposition coefficient in nitrogen, with surface profilometry suggest-
ing that it is less pronounced compared to the case of hydrogen[82]. This is
probably why it was relatively easy to detect the nanotubes, since not that
much carbon was redeposited around them.

It is necessary to study the effect of metallic particles on the growth of
nanotubes. The first step would be to determine which nanostructures, if any,
would be formed by the nitrogen plasma beam in a metal-free environment.
It is possible to eliminate molybdenum by using a graphite clamping ring.
Sputtering of lanthanum from the cathodes of the plasma source can be
prevented if nitrogen is injected into the beam close to the nozzle of the
plasma source, instead of into the cathode chamber. The second step would
be to expose graphite samples doped with molydbenum, lanthanum and other
potential catalysts in order to separate the effects of various metals on the
nanostrucuture formation.

To summarize, there is a number of ways to optimize the deposition con-
ditions in a linear generator of high flux density plasmas. Such experiments
could provide input to the existing growth models of the nanostructures, and
would lead to the development of the deposition techniques using far-from-
equilibrium high flux conditions.

5. Conclusions

We have demonstrated that a variety of carbon nanostructures can be
synthesized using high density low temperature plasmas with flux densi-
tites exceeding 10%* m~2s7!. Carbon nanowalls, nanoparticles, multi-wall
nanotubes and nanotips are among the structures that were detected with
electron microscopy. The synthesis experiments are summarized in Table 1.

Injection of methane into hydrogen plasma leads to carbon deposition on
a tungsten substrate. The deposit is in the form of carbon microparticles
with recognizable carbon nanowall-like features on their surface. Apart from
nanowalls, spherical nanoparticles and nanotips are found by transmission
electron microscopy. Carbon particles with similar nanofeatures are found
on graphite surfaces exposed to hydrogen and hydrogen-argon plasmas with
similar parameters.

Neither precursor gas injection, nor special substrate pre-treatment were
required to synthesize the nanostructures on graphite. The substrates them-
selves serve as sources of hydrocarbon molecules which are chemically sput-
tered by hydrogen ions coming from the plasma. Strong recirculation of
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carbon is responsible for the fact that many sputtered particles return to the
surface and form the deposits. Multiwall carbon nanotubes and nanotips are
formed on graphite surfaces exposed to high fluxes of nitrogen, also without
precursor injection and surface pretreatment. The nanotubes and nanotips
were formed in the presence of trace amounts of molydbenum and lanthanum
that could have played a role of catalysts. The metals are present on the sur-
face in the form of nanoparticles, which can form micrometer-long chains.
Some nanoparticles are attached to the nanotips.

The synthesis of the nanostructures happened spontaneously in a sense
that plasma and surface conditions during growth were not optimized in
any way. This fact explains the sometimes excessive level of disorder in the
deposits. We have nevertheless observed that admixture of argon into the
plasma leads to more structured nanowall patterns on the surface of the
microparticles. Similar effect was observed on the sample exposed to ions
with higher energy. Variation of surface temperature influenced the thickness
of the carbon nanotips formed in nitrogen. These examples demonstrate
the potential of controlling the growth of the nanostructures in the current
experimental set-up. Careful variation of such experimental conditions as
surface temperature, ion energy, and plasma impurity content, as well as
extensive analysis of deposits would be necessary to understand the formation
of each type of the nanostructures and optimize their synthesis.

These experiments provide an interesting insight into the behaviour of
materials under extreme particle and heat fluxes. Synthesis of carbon nanos-
tructures is an intriguing and somewhat surprizing result. It is necessary
to seek understanding and control of the mechanisms that guide the forma-
tion of the nanostructures. Controlled manipulation of materials in extreme
non-equilibrium environments may lead to discoveries of structures with su-
perior properties, not obtainable by conventional techniques.
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Figure captions

Fig. 1. Typical operation windows for various ion-induced processing
techniques.

Fig. 2. Schematic view of the deposition experiment in the Pilot-PSI
linear plasma generator. Methane is injected into an argon plasma beam
through a ring situated near the nozzle of the plasma source.

Fig. 3. Results of the XPS analysis of deposit formed on a tungsten sub-
strate using argon plasma with methane injection. The overview spectrum
(a) shows that the film consists of carbon. Oxygen was most likely adsorbed
during post-plasma exposure to air. Multi-component structure of the C 1s
line (b) indicates the presence of sp® and sp® hybridization states.

Fig. 4. Electron microscopy images of carbon structures synthesized on a
tungsten substrate using argon plasma with methane injection. SEM images
(a,b) show carbon microparticles covering the substrate. The microparticles
have structured surfaces with carbon nanowall-like features. These nanowalls
which are composed of stacked graphene layers are seen on the TEM images
(c,d).

Fig. 5. Raman spectrum of nanostructured deposits produced using
argon plasma with methane injection. The G band indicates the formation
of graphitized structure, while the D band together with a smaller D band
is due to the presence of graphite disorder.

Fig. 6. SEM image showing entangled cylindrical nanostructures formed
in the region of the peak particle and heat flux.

Fig. 7. Steady state surface temperature during deposition of carbon
micro- and nanostructures. Since the surface emissivity coefficient for the
deposits is unknown, the expected minimal and maximal temperatures at
any given point are estimated using tabulated values of emissivity coefficients
for various carbonaceous materials.

Fig. 8. XRD spectra for a pristine tungsten sample and a sample with
deposited carbon structures. Extra peaks on the latter spectrum correspond
to tungsten carbide formed during initial stages of deposition.

Fig. 9. TEM images of the internal structure of carbon microparticles
deposited on graphite without precursor gas injection.

Fig. 10. SEM images showing the impact of argon admixture into the
plasma on the structure of carbon microparticles deposited on graphite with-
out precursor gas injection. Addition of argon is beneficial for the growth of
larger carbon nanowalls. All samples were biased at —30 V.

Fig. 11. SEM image of carbon nanowalls formed on graphite exposed to
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pure hydrogen plasma. The sample was biased at -50 V.

Fig. 12. Spherical nanoparticles (a) and carbon nanotips (b) are among
nanostructures found in the deposits formed on graphite without precursor
gas injection.

Fig. 13. SEM image of the graphite surface modified by high flux ni-
trogen plasma beam. Multiple clusters of carbon nanotubes and chains of
nanoparticles protrude from the roughened surface.

Fig. 14. SEM image of the graphite surface modified by high flux nitrogen
plasma beam. Multiple clusters of carbon nanotubes and chains of nanopar-
ticles protrude from the roughened surface(a). SEM and HRTEM images of
multi-wall carbon nanotubes synthesized on graphite using nitrogen plasma
without precursor gas injection (b,c).

Fig. 15. An overview XPS spectrum of the graphite sample exposed to
high flux nitrogen plasma.

Fig. 16. SEM image of carbon nanotips covering the entire graphite
surface after 17 minutes of exposure to high flux nitrogen plasma without
precursor gas injection (a). Close-up image of the carbon nanotips show that
metallic nanoparticles can cap them (b). HRTEM image of a carbon nanotip
decorated with metal nanoparticles (c).

Fig. 17. The effect of surface temperature on the growth of carbon
nanotips. Nanotips grown at high temeperature are very thick and seem to
accrete with their neighbours (a), while lower temperatures promote growth
of significantly thinner nanotips (b).
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