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Abstract. The rapid formation of large molecules and the subsequent
production of solid-state dust particles in a low-pressure discharge is unlikely,
because of the low rates of the polymerization reactions and short lifetimes
of the species. Here, we suggest that C dust particles can form in atypically
low (1073 mbar)-pressure hydrocarbon plasmas if the dust charging time is
much shorter than the gas residence time in the device; we present supporting
experimental evidence for this. Such a condition can be obtained by the
production of high-density plasmas. The results show that dust formation from
the gaseous phase can occur in a much wider parameter range than is commonly
assumed.
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1. Introduction

Experiments devoted to the study of dust formation are typically performed in low-temperature
radio-frequency (rf) discharges with low densities (~ 10’ cm™?) and in the pressure range
10~2—1 mbar [1-7]. For various applications and questions of principle, there is interest in
understanding different plasma parameter regimes where dust can be formed. In the light of
this, magnetized plasmas determine the conditions of access to wider pressure and plasma
density ranges for dust growth. Namely, the presence of a magnetic field allows efficient
plasma production, thanks to improved confinement or the use of resonant power absorption
in combination with low neutral gas pressures.

Here, we report on the formation of C particles in the bulk of Ar—-CH, plasmas in an
unusually low (~ 1072 mbar) pressure and high (~ 10" cm~3) density environment that is
achieved by using a cusp magnetic trap.

Our main idea is that, for the formation of dust particles in a methane plasma, a key
condition is that the dust charging time should be much shorter than the residence time of
the reacting species in the containment volume. The neutral gas residence time in the volume
V scales as 1, = VP,/I'y, where T, is the gas flow rate entering the volume and P, is the
gas pressure at room temperature. The charging rate of the dust particles (of radius a) is
Veh A wpi(a/Ap) [8] and is therefore proportional to the plasma density, through the ion plasma
frequency w,; and the Debye length Ap.

The majority of experiments in which dust is produced are performed with a typical value
of pressure of ~ 10! mbar, a plasma density of ~ 10°cm™ corresponding to 7, of several
seconds [3] and t, = 1/v, of a few ms. There is very little documentation available on dust
formation in experiments performed at a much lower pressure.

In this paper, we show that the necessary condition, 7.,/7, < 1, for the formation of
nanodust grains can be obtained also in very low-pressure conditions if a high plasma density
environment is produced, for instance using magnetic confinement. In the next section, we
describe the experimental setup and diagnostic measurements used to investigate the conditions
and major pathways of the nucleation of C dust particles. Our obtained results are consistent
with a recent study on a novel diagnostic method of sub-micron dust based on the effect of dust
on plasma fluctuation spectra [9, 10].
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2. Experimental set-up

The experiments have been carried out in a magnetic cusp device, described elsewhere
[11, 12], which allows the formation and confinement of high-density plasmas within its
volume, evaluated as [13] Vo ~ 7 R?pr[log(2R/pp) + 1], where R is the line cusp radius and
pL 1s the ion Larmor radius. The cusp magnetic field provides a magnetohydro-dynamic (MHD)
stable confinement configuration by means of two identical solenoids fed by currents of the
same intensity but opposite directions. The plasma is generated by rf breakdown at a point
along the cusp where the local electron cyclotron frequency matches the frequency (2.45 GHz)
of the rf source having a power of 350 W.

The neutral gas, a mixture of argon and methane, is fed through a mass flow controller that
maintains a gas pressure (P,) of 2 x 107> mbar under a flow rate (I',) of about 0.45 cm® min~"
(at 0°C and 1bar). With R =19cm and B =0.22T (at the line cusp), we have 7, ~ 130 ms.
The typical plasma parameters obtained are plasma density n; ~ 10! cm™ and an electron
temperature 7, of a few eV, while the ion temperature 7; equals the gas temperature
[9, 10]. These parameter values guarantee the condition 7.,/7, < 1 for particle sizes up to
hundreds of nm.

The experimental device is equipped with a sample insertion system, used to introduce
silicon wafer specimens that are subsequently subjected to an off-line surface analysis,
and a mass spectrometer located along the line cusp, used to monitor the discharge. The
diagnostics used include (i) atomic force microscope (AFM) and scanning electron microscope
(SEM) analyses, which confirm the formation of spherical or polyhedrical nanosize particles;
(i1) mass spectrometry for monitoring hydrocarbon molecules; (iii) Fourier transform infrared
spectroscopy (FT-IR) for the ex situ study of the chemical composition of the particles; and
(iv) optical spectroscopy for monitoring the plasma composition.

3. Results and discussion

3.1. Morphological analysis

Carbon dust particles have been characterized by AFM and SEM analyses of the Si wafers and
are described in detail in [9]. Below we summarize the main findings:

1. Each grain can be viewed as an agglomerate (cluster) of nanospheres with a diameter of a
few tens of nm, as can be seen in figure 1.

2. Dust grains with size around 20nm up to clusters of 700nm have been identified
(see figure 3 of [9]).

3. Increasing the plasma exposition time leads to a greater number of larger, 500-700 nm
width, clusters.

4. Energy dispersion x-ray spectroscopy has revealed the carbon composition of the particles.

3.2. Mass spectrometry

The composition of the residual gas flow in a methane/argon discharge is shown in figure 2.
Apart from the dominant dissociation pattern of the source gas Ar/CHy, a clear production of
mass 2 and masses in the range 2630 is evident. Mass 2 is due to the formation of molecular
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Figure 1. SEM image of a Si wafer exposed to a 25% methane mixture. The
analysis was performed by a Zeiss Supra40 with Field Emission at 5 kV.
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Figure 2. Mass spectrum recorded by a quadrupole mass spectrometer (QMS)
before and during the discharge at a gas pressure of 2 x 10~ mbar.

hydrogen (H,), whereas mass 26 can be associated with the formation of acetylene (C,H,)
in the discharge. Mass 28 can be attributed to both C,Hs and C,H¢ having the main peak
cracking pattern at this value. Moreover, the spectra show that the peaks of carbon-containing
species leaving the discharge are lower than those in the working gas mixture. This means
that a substantial portion of the carbon has been activated by plasma, by either dissociation or
ionization processes, and has been condensed in dust particles, as shown by AFM and SEM
analyses.

Furthermore, to confirm the interpretation of these observations, the experiment was
repeated following the time evolution of the intensity of the mass spectrometer signal
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Figure 3. Time evolution of mass spectrometer signal of mass 16 (red line) and
26 (blue line) at a gas pressure of 2 x 107> mbar. The plasma was switched on
at 1.5s.

corresponding to masses 16 and 26 (i.e. CH4 and C,H,). Figure 3 shows the behavior of the
intensity after turning on the plasma source: the C,H, signal has an overshoot that subsequently
decays to the steady state, as shown in figure 2, whereas the CH, signal simply decays.
The time to reach the steady state is less than a second. This behavior is in agreement with
the observations of [3] and also [4]: the decrease in the signal of C,H, indicates the gas
consumption during particle growth.

3.3. Fourier transform infrared (FT-IR) spectroscopy of the solid phase

The chemical structure of dust particles collected on the silicon wafer during plasma discharge
can be deduced from the FT-IR spectrum shown in figure 4. The main bonding type is sp*
bonding. A stretching vibration of the C—C bond is present at 1100 cm™~!, while the signal at
610cm~! is due to C—C deformation.

The spectral band observed between 3000 and 2800 cm™! is due to aliphatic groups. The
first peak at 2593 cm™! corresponds to the —CHj asymmetric stretching vibration mode. The
peaks at 2918 and 2852 cm™! are assigned to the —CH, asymmetric and symmetric stretching
vibration modes, respectively, and the corresponding bending vibrations are observed at 1450
and 1370 cm™!.

The presence of sp? alkene groups in the internal structure is evidenced by the stretching
absorption at 1649 cm™!; another contribution is observed through the = CH bending mode
at 963 cm~!. The signal at 470 cm™! is characteristic of the aliphatic cycle compound that is
confirmed by the band at 886cm~!. The peak at 736 cm™! is characteristic of the —(CH,)3;—
functional groups. The peak at 1550 cm™! is attributed to the C—O bond.

From these results it is possible to conclude that dust grains contain essentially carbon
atoms bonded in random and ramified mode to other carbon atoms, sometime present also as
rings.

New Journal of Physics 13 (2011) 063006 (http://www.njp.org/)
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Figure 4. FT-IR spectrum of collected dust particles.

3.4. Optical emission spectroscopy (OES)

The plasma phase has been investigated by using optical emission spectroscopy in the
300-1000 nm spectral range. The spectra (figures 5 and 6) show the emission of CH (430 nm
system), H, and H chemical moieties as a result the fragmentation of CH; molecules. The
presence of C, Swan bands is due to from the dehydrogenation of hydrocarbon molecules (i.e.
C,H,, C,H,4 and C,Hg) formed in the plasma phase. The higher intensity of atomic hydrogen
lines as compared with molecular hydrogen is evidence of the high breaking rate of hydrogen

molecules due to the fragmentation of CH4 molecules and the dehydrogenation of hydrocarbon
molecules.

3.5. Expected chemical processes

For the interpretation of the formation of dust particles in low-pressure plasmas, we relied on
a vast body of literature [4], [14-20]. In the very-low-pressure experiments described here, we
identify four main steps of the process:

1. The growth of large-molecule structures from molecular species in the gas phase.

2. Nucleation: this phase is the result of the development of large-molecule structures up to
a given size for which the molecular edifices undergo an avalanche condensation process
with a phase transition that leads to the formation of a solid core. A size of about 5 nm is
expected for the first formed super small particles [14].

3. Coagulation: when the concentration of the first formed super-small particles increases up
to a critical value, a coagulation process takes place, leading to the formation of spherical

aggregates with a size of > 10 nm of dust in a way similar to plasma experiments with SiH,
[7, 18].

4. Finally, multiply charged particles aggregate further by surface radical attachment.
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Figure 5. Optical emission spectra showing Arl, H, and H chemical species in

the range 590-670 nm.
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Figure 6. Optical emission spectra showing Arl, C,, CH and H chemical species
in the range 417-528 nm.

To describe the particle growth kinetics in the present experiment, a framework based
on the general reaction mechanisms of hydrocarbon chemistry can be applied [16, 19]. The
production of acetylenic compounds (C,H,) appears to be a key mechanism for the formation
of dust particles in hydrocarbon plasmas [20, 21]. Electron attachment to acetylenic compounds
and the subsequent ion-neutral reactions might lead to the production of high-mass carbon
anions that are then trapped in the plasma, and finally ends in the formation of dust. For the
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formation of solid particles in a methane plasma, the conversion of methane into acetylene is
required.

We sought to optimize the experimental conditions for obtaining high electron density in
order to improve the efficiency of methane conversion into acetylene (very low pressure, high
power and high dilution in argon [22-25]). The main gas-phase products of methane conversion
in plasma discharge are ethane, ethylene, acetylene, propane and hydrogen. In low-pressure
conditions (i.e. low electron density), ethane is the most abundant product of fragmentation;
thus the production of hydrogen is also relatively low. When the electron density increases, the
products’ distribution is shifted from ethane to ethylene and finally to acetylene, by a subsequent
dehydrogenation reaction, with an increase in atomic hydrogen [26]. Evidence is provided by
optical spectroscopy and mass spectrometry that there is a significant increase in H, compatible
with the conversion of methane into acetylene. In this paper, we provide a description of the
plasma chemical processes.

The initial reaction is hydrogen extraction from methane by collision with energetic
electrons, leading to the formation of CH3, CH, and CH radicals. According to ([15], [27-30]),
these processes can be considered most probable judging from the corresponding reaction rates.

CH, and CH are produced also by secondary radical dissociation. CH; and CH, radicals
are involved in chemical reactions that lead to the formation of C,Hg species according
to the following molecular processes, displayed with the corresponding coefficient log,, A
of the Arrhenius reaction rate k; = A(T/kg)’ exp(—E,/ksT), at a fixed temperature T
and pressure [2, 28] (the exponent b is dimensionless and kg = 8.618 x 1072 eV K™! is the
Boltzmann constant; E, is the threshold energy; the units of the reaction rate factor A are
consistent with a reaction rate in molcm— s~! [28]),

CH,+CH; — 2CHj3, log,,A=35.2, (1)
CH;+CH; — C,Hq, log,, A =26.1, )

while CH radicals can react with CH; molecules and form C,H, according to the chemical
reaction [28]

CH, +CH; — C,H,+H, log,y A =13.5. 3)

The chemical species C,Hg resulting from reactions (1) and (2) produce C,H4 molecules
through electron impact according to a reaction having high probability because of the low
threshold energy [29],

C,Hg+e — C,H,+Hy+e, E,=141eV. (4)

The ethylene molecules formed as a consequence of reactions (3) and (4) are converted by
electron impact into acetylene [29],

CHs+e - CH+Hy+e, E,=1.81¢eV. 5)

The reaction path outlined above is consistent with the observed presence of acetylene
determined by the mass spectrometer. The dissociative attachment of C,H, leads to the
formation of C,H™ ions according to the reaction [15, 28]

2CH;+2e - 2C,H +H,, E,=1.66¢eV. (6)
A subsequent polymerization leads to the production of macromolecules C,H,, through

ion—molecular reactions of the C,H™ anion with either CH4 or C,H,. Here, subscripts n and m

New Journal of Physics 13 (2011) 063006 (http://www.njp.org/)
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represent the number of monomer units in polymer fragments. Note that for polymerization,
ion—molecular reactions are dominant (faster) over ion—-ion recombination. However, when
the particle size reaches a critical value, the ion—ion recombination becomes important and
eventually stops the chain reaction of polymerization.

After the formation of the first super-small particles, the necessary condition for the
coagulation stage to take place is that the electron attachment time, t., is much shorter than
the gas residence time, 7. < 7,. The electron attachment time scale can be estimated from the
dust charging frequency v, given above (7. & 7.,). With the plasma parameters of the order of
magnitude as discussed in Section 2, we have typically for a ~ 10 nm an estimate of t. ~ 0.1 ms,
which is well below 7, ~ 130 ms.

Values of 7. that are two or three orders of magnitude smaller than 7, are made possible
by the use of magnetic confinement and plasma production using electron cyclotron resonance,
which provide high, ~ 10" cm™—3, density compared to the more typical ~ 10° cm™ in usual
discharges.

The final stage of the process of formation of dust particles by agglomeration requires an
increase in the density of primary aggregates. This description is in agreement with the results
of surface analysis of the wafers. The dust particle size detected by AFM and SEM analyses is
in the range from ~ 25 nm for single grains of apparently polyhedrical grains to micron-sized
agglomerates.

This appears consistent with recent dust formation models [31] that predict that the final
dimension distribution of larger dust particles (cluster-like) during the process of agglomeration
depends on the dimensions of the aggregates that have grown in the previous phase. The
agglomeration phase can occur with enhanced probability, by a process of polarization of the
larger particles by the field of the smaller ones, only when the original aggregates’ effective
radius a is larger than a certain critical value, solving the implicit relation

ngmw

ni 0y 12
a, = [——(1 x P)] V¢ exp(—1/2¢). (7)

According to Olevanov et al [31], op ~ 0.5 x 10~'* cm? is the cross-section for the interaction
of ions with neutral gas atoms. In equation (7), ¢ = a,kT;/ZsZ;e? is the ratio of the dust grain
thermal energy to the electrostatic energy, which is always very small. Then the evaluation a,
is performed considering that both ¢ <« 1 and also P =nqZ4/n; < 1 where nq, n;, Zyq and Z;
are the dust and ion densities and charge numbers. For the present experimental conditions, the
critical radius can be estimated, by using equation (7), to be 10 nm. The information obtained
from the FT-IR spectrum is that the chemical composition of dust is polymer-like carbon, which
is in agreement with the formation process suggested.

4. Conclusion

The process of formation of solid carbon-based particles in the bulk of an atypical low-pressure
magnetized plasma has been experimentally proved and confirmed by repeated experiments,
and it has been interpreted in terms of the favorable conditions provided by a confinement time
much longer than the time of the charging of the precursor particles. The results presented here
complement the observations obtained with a novel in situ diagnostic technique based on the
effect of dust on plasma fluctuations [9, 10].
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