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Abstract

A parallel-plate, low-pressure plasma for fundamental nanodusty plasma re-
search is used to grow hydrogenated amorphous carbon nanoparticles using
an argon-acetylene gas mixture. The particles stay confined in the volume of
the argon plasma after turning off the C,H, gas flow and the effects of pro-
longed treatment with noble gas (Ar) and reactive gas mixtures (Ar/H,, Ar/D,,
or Ar/O,) are investigated using in situ infrared absorption spectroscopy.
Additionally, ex situ scanning electron microscopy imaging of extracted na-
noparticles is used to analyze their size and surface morphology. In 45 min of
argon treatment, a size increase of about 50% is seen together with a decrease
in sp? CH, bonds and an increase in C=0 bonds, indicating incorporation of
oxygen from gas impurities into the particle material. All reactive gas mixtures
lead to the expected etching of the nanoparticle material without any ex-
change reactions between gas-
phase deuterium and surface- 200s 1100s

bonded hydrogen atoms.

Ar
These results are important for

in situ studies of nanoparticle
clouds such as dust density Ar+D2 O
wave diagnostics, but they also
provide fundamental informa- Q

Ar+H2
tion about plasma interaction

with a-C:H material. 400 nm
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1 | INTRODUCTION (a)

The plasma-surface boundary is a multifaceted region with
many relevant interactions happening between different
species. There are charging effects due to ion and electron
fluxes from the plasma as well as secondary electrons being
emitted from the surface. High-energy electrons and UV
radiation in the plasma can trigger surface reactions and
allow chemical reactions that are usually only seen in high-
temperature chemistry. Under these conditions, it is possible
to use reactive gasses for the production of hydrocarbon
materials used in many applications. While initially seen as a
negative side effect,!"”! nanoparticle formation in these re-
active plasmas has found many applications in both in-
dustrial topics'”! as well as fundamental research.* !

One such fundamental research area is the field of na-
nodusty plasmas, where high particle densities lead to the
creation of an electron-depleted two species plasma of ions
and dust particles.”*! These systems have been the main
focus of works investigating dust formation processes!'”'! as
well as the resulting phenomena like dust density waves'”'?)
and cyclic, layered growth.'*'! The setups used in these
works are typically not built for ultrahigh vacuum and have
small, technically unavoidable leaks of ambient air. In ex-
periments requiring long-term confinement of particles,
these have led to oxidation effects changing the particle
properties, such as size, surface morphology, and probably
also composition or surface passivation over time.!> %!

In this study, a multipass white cell for in situ Fourier
transform infrared absorption spectroscopy (FTIR) was
integrated into a plasma setup, previously used for fun-
damental nanodusty plasma research, and is used to
characterize the effects of gas impurities on the nano-
particles confined in a low-pressure discharge. After their
generation in the Ar/C,H, plasma, the particles are left
confined either in the argon-only plasma (plus gas im-
purities) or in an argon plasma with a small addition of a
reactive gas (oxygen, hydrogen, or deuterium) for com-
parison. We call this part of the experiment a “treatment”
in this article. Additionally, particles are extracted several
times during the very same treatment process in which
the corresponding FTIR measurements take place, using
an electrostatic particle extractor (EPEX)!'’! to analyze ex
situ their size and surface morphology changes with
scanning electron microscopy (SEM).

2 | EXPERIMENTAL SETUP AND
DIAGNOSTICS

The plasma system used in this study has previously been
used for various dusty plasma experiments studying in
situ particle growth.””! It consists of a capacitively

. LN-cooled  FTIR
Ar protection

e\l

KBr
windows

Particle extractor

FIGURE 1 (a) Top-view of the plasma setup. Electrodes and
their Faraday shields are shown as circles in the center. The IR
beam is coupled in through KBr windows with a multipass setup
for a longer optical path before being measured by the liquid
nitrogen cooled detector. On the second axis, an electrostatic
particle extractor is placed for sample extraction. (b) Side-view into
the plasma chamber containing a nanodusty plasma. The IR beam
was replaced by a green laser to visualize the beam path using
scattered light from the particles

coupled parallel plate discharge operated at 13.56 MHz.
In this study, a comparatively low RF power of 5W is
used to slow down particle growth. The stainless-steel
electrodes with a diameter of 60 mm and a vertical gap of
30 mm are surrounded by a grounded Faraday shield.
They are driven in a push-pull mode using a balun. There
are four lateral access ports: two to facilitate a multipass
infrared (IR) setup, one to introduce an EPEX, and one
for a window for optical access.

The IR-spectrometric monitoring is done using a
commercial FTIR spectrometer (Bruker Vertex 80v),
which is coupled through KBr windows into a white cell
(neoplas control GmbH) for up to 20 passes, increasing
the optical path through the dust cloud to z=20-60
mm = 1.2m. Figure 1 shows the scheme of the setup
and the photograph of the green light used in place of
the IR light to visualize the light path through the light
scattering on the particles in the dust cloud. In the
studied diameter regime, nanoparticles are distributed
homogeneously through the plasma volume due to their
negligible weight except for the small particle-free void
in the plasma center (see the scattered light in Figure 1b
or the images of the scattered laser light in our previous
publications!*“!). The beam entering the White cell has
a diameter of about 2 mm and over multiple reflections
passes through a 1 cm high and 4 cm wide region in the
upper half of the electrode gap. For higher temporal
resolution, the rapid scan option of the FTIR spectro-
meter is used in conjunction with an optical long-pass
filter for k > 3900 cm~! avoiding aliasing effects. This
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allows measuring IR absorption spectra at a resolution
of 2 cm™! at 10 Hz. During the particle growth, 64 scans
are averaged to one data point, whereas during the
particle confinement 512 scans are used for greater
noise reduction.

Deposition on the aluminium-coated mirrors is pre-
vented by placing the argon inlets between mirrors and
the plasma chamber to act as a gas curtain. The reactive
gasses acetylene (C,H,), oxygen, hydrogen, and deuter-
ium are introduced via a separate inlet on the top of the
chamber. The entire beam path from the FTIR to the
plasma chamber is enclosed and flushed with nitrogen to
minimize absorption lines from CO, and water vapor in
the ambient air. An argon flow rate of 6.4sccm with
1.6 sccm of CyH, (20% admixture) at a gas pressure of
22 Pa is used for particle growth. After turning off the
acetylene admixture, the pressure drops to 18 Pa. The
treatment gas is added at a flow rate of 0.5sccm for H,
and D, and 0.8 sccm for O,.

Particles are extracted from the cloud onto 1X1cm
silicon wafers during the treatment process using an
EPEX."! The collection is performed through the ap-
plication of a short voltage pulse of 170 V for only 200 ms
without disturbing the system significantly. EPEX is
constructed with eight wafer holders on a rotating car-
ousel enabling the consecutive extraction of eight sam-
ples without breaking the vacuum.

These samples were imaged using a Zeiss Supra 55V
scanning electron microscope (SEM) to measure the
particle's size and surface structure. To maximize in-
formation of the surface structure the penetration depth
of the impinging electrons needs to be as low as possible.
Therefore, the acceleration voltage was lowered down to
500V in combination with low working distances and
utilizing the GEMINI in-lens-detector for the highest
resolution measurements. By utilizing low voltage SEM,
charging effects occurring due to the insulating nature of
the particles as well as beam damage are minimized
likewise.”’ **! Thus, high-resolution imaging of the
surface structure of the particles is possible without fur-
ther coating of the samples.

The measurement procedure begins with flushing the
chamber with the argon/acetylene gas mixture. At t=0s
the plasma is switched on and the growth process takes
place for 90 s until the acetylene supply is turned off. The
transition from Ar/C,H, plasma at 22 Pa to argon plasma
at 18 Pa is smooth without the loss of particle confine-
ment or any other change of particle properties. After
letting the system settle for 2 min, the first sample is
extracted and the prolonged particle treatment through
the plasma, either in argon gas only or with the reactive
gas (Hy, D,, or O,), starts. Three further particle samples
are extracted every 15min. There were no samples
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FIGURE 2 Normalized transmission spectra of confined a-C:H
nanoparticles without additional treatment. In black, the
corresponding background fits are shown, which were fitted to the
area marked with gray boxes

extracted for the Ar/O, treatment with very fast particle
etching.

The IR transmission spectra are measured relative
to the reference spectrum obtained in an evacuated
chamber without a gas flow before each measurement
cycle. They show two separate sources of absorption.
First, a broad background transmission reduction due
to light scattering is observed on the nanoparticles
with increasing intensity towards higher wave-
numbers. Second, vibrational excitation with narrower
absorption bands is present in several positions in the
spectra. The broad background is fitted to a Mie scat-
tering modelt”’! at manually selected regions without
absorption bands using particle diameter d as a free
parameter and subsequently subtracted from the
spectra (see Figure 2). The decomposition of the re-
sulting absorption spectrum is done using Gaussian
functions for each absorption peak representing a vi-
brational excitation mode of a specific chemical bond.
Additionally, a linear background is used in the region
around 1500 cm™~ to fit the data. The used parameters
together with references to the original works are
shown in Table 1. The resulting spectra with an ex-
emplary decomposition for argon plasma-treated par-
ticles are shown in Figure 3. The integrated intensities
of the absorbing features are converted into bond
concentrations using the known optical path length
and calibration factors given by Wexler.!*"!

3 | RESULTS
3.1 | Long-term nanoparticle
confinement in argon plasma

The plasma setup described above is typically used in
dusty plasma experiments involving confined particles.
Previous works with both microparticles!> %! and
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nanoparticles!®! report a loss of particle mass occurring

either from small oxygen leaks leading to etching processes
or impinging ions leading to melting-like processes on the
particle surface.[””! Against these expectations, the SEM
measurements shown in Figure 4 present a clear increase
in particle size for the argon-treated case. After 45 min of
plasma exposure, the particle radius increases by 50% and
different, larger scale surface features compared to the
typical cauliflower-like structure of untreated particles
appear on their surface.

TABLE 1 Used parameters for Gaussian line fits
Excitation mode 7 /cm™! o/cm™! References
sp?CH, olef. asym. 3085 20 [24]
sp?CH arom. 3035 23 [24]
sp?CH olef. sym. 3000 16 [24]
sp?CHj, olef. sym. 2975 18 [24]
sp3CH; asym. 2955 20 [24]
sp3CH, sp3CH, asym. 2920 16 [24]
sp3CH; sym. 2885 28 [24]
sp>CH, sym. 2855 40 [24]
H-bonded O-H 3320 100 [25]
Cc=0 1710 25 [26]
Cyclic C=0 1670 13 [26]

Note: Wavenumbers were taken from the given reference. Peak widths are
fitted to the measured curves. Symmetric (sym.), asymmetric (asym.),
olefinic (olef.), and aromatic (arom.) vibrations are labeled.

The infrared spectra show that sp? and sp* CH bonds
evolve differently over time after the initial stage of
particle nucleation and growth in the C,H, plasma (see
Figure 5a). While sp3-hybridized bonds slightly increase
over time, a decrease in sp? bonds is seen together with
an increase in C=0 and O-H bonds. This indicates that
oxygen is primarily attaching at the sp? C sites instead of
performing an etching process, explaining the particle
size increase with an oxygen enrichment of the mate-
rial. We cannot, however, distinguish between the
growth of an oxide layer on top of the particle, oxygen
diffusion into the particle bulk, and oxidation reactions
in the whole particle volume. The large diameter in-
crease together with the changing surface features
suggests bulk addition is taking place as well. The small
increase of the sp® CH; absorption may stem from an
increase in surface area, leading to more methyl groups
at the end of the polymeric chains.

The increase of the particle volume can be used to es-
timate the absolute flux of O atoms to the surface necessary
to achieve the particle growth in 45min of the plasma
exposure. Assuming the constant material density of
1gcm ™ (typical value for polymer-like a-C:H films'*'!) for
both a-C:H and oxidized a-C:H material and calculating the
volume change of the particle (change of a from 400 to
600 nm) the number of O atoms reacting at each particle
during the process can be estimated to be around 1 x 10° O
atoms/particle/s. This estimation is in good agreement with
the measured concentrations of sp?> CO and H-bonded O-H
groups (see Figure 5a), which give us a similar flux of
1.3 X 10°0 atoms/particle/s deposited in these bonds.

T

e Absorption 0s|
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FIGURE 3
adjusted for background. (a) Decomposition into

Infrared transmission spectra

different excitation modes for argon-treated

sample shortly after particle generation. (b,c)
Spectra after 500 and 2000 s of treatment. The
position of the CH, fundamental bending mode
was marked. (d) Spectra from O, treatment over

162 s of treatment. The positions of the CO,

asymmetric stretching mode and the
ro-vibrational CO band are marked
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FIGURE 4 Scanning electron microscopy images of the
extracted particle samples and resulting temporal size evolution in
the case of Ar, Ar/H,, and Ar/D, treatment, respectively. The time
above the particles indicates the length of the treatment. Error bars
were gained from measuring particle radii on overview images of
20-80 particles

This flux can be realized as a collision rate of
neutral gas impurities with the particles, where the
impurity partial pressure is at a level of approximately
4 x 107* Pa (assuming a gas temperature around
300 K). This is below the base pressure of the reactor
(1072 Pa), but the impurities will react at the particle
surface with a probability lower than 100%, explaining
the difference.

Another source of the O flux can be the ion flux to
the particles due to plasma ionized impurities
(0%, O, H,0%, ...). The particle charge is limited due to
strong electron depletion in this discharge due to the
Havnes effect,[‘)] where the orbital motion limited
charge on an isolated particle in the same plasma would
be roughly 80 times larger. Estimating the collision rate
based on the Coulomb interaction and particle diameter
of 500 nm and particle charge of 20 elementary charges,
an ion impurity density in the order of 6 X 10°® cm~3 is
needed to explain the O flux, again smaller than the
plasma density of approximately 10° cm~3, measured by
Tadsen et al.l”! These calculations show that probably
both neutral and ionized impurities contribute to the
particle oxidation process.

AND POLYMERS

The last possibility of particle growth could be the
sputtering of a-C:H:O material from the discharge
electrodes, which is also formed in the interaction of
impurities with the a-C:H film deposited there during
the Ar/C,H, plasma and which can redeposit on the
particles. However, the high gas pressure of 18 Pa and
low absorbed power with low peak-to-peak voltage re-
sults in a collision-dominated sheath with low ion en-
ergy at the electrodes and we expect that similar
processes will take place both at the electrode and
particle surfaces, without any physical sputtering of the
material at the electrode surface. Additionally, the
electrode and reactor wall surfaces covered by the thin
a-C:H film will bond oxygen-containing species from
the gas phase and, therefore, reduce the level of oxygen-
containing impurities to a lower value compared to a
reactor with clean stainless-steel surfaces, providing a
possible explanation, why the otherwise observed
etching in other experiments with large externally in-
jected particles is not present in our case.

3.2 | Nanoparticles in Ar/O, plasma

The experiment was repeated with a 12% oxygen ad-
mixture after the growth process to test the effect of the
large excess of O, on the particle growth/etching and its
properties. Particles are etched quickly under these
conditions, where the IR absorption disappears com-
pletely after about 5min. This etching rate is about 20
times higher than under conditions with H, or D, (see
later) as determined from the change of the fitted Mie
background absorption. Regarding the fast etching rate,
no attempt has been performed to extract the particles
during the Ar/O, plasma etching and only the IR ab-
sorption has been followed. However, no increase in
C=0 or O-H bonds has been observed contrary to the
argon plasma treatment. Rather, strong CO, and weak
H,0 molecular absorption lines appear in the spectra in-
dicating the presence of these etching products in the gas
phase. Therefore, the oxygen enrichment process seen in
the argon treatment case only happens at very low im-
purity (O, H,O) concentrations as estimated above,
while a much faster etching process occurs at high O,
concentrations. Whether a-C:H particles or particles from
other materials such as melamine formaldehyde (MF) or
polymethylmethacrylate (PMMA) will grow due to fixa-
tion of oxygen or be etched on the time-scale of hours
will very probably depend on the level of oxygen-
containing gas impurities in the particular setup and can
explain the observed reduction of the size of micrometer
particles in other argon plasmas.!”>*!
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3.3 | Nanoparticles in Ar/H, and Ar/D, The material etching is also visible in the infrared
plasma spectrum with a general decrease in absorption strength

Admixing 0.5 sccm of hydrogen to the argon gas after the
growth process and comparison to the same experiment
with deuterium provides information about an etching of
the a-C:H nanoparticles under these conditions and
possible hydrogen exchange reactions at the nanoparticle
surface visible as possible appearance of C-D bonds and
disappearance of C-H bonds in the absorption spectra.
SEM imaging shows a particle radius decrease of 20%
after 45 min together with a substantial change in surface
structure, where the typical cauliflower structure is re-
placed by a seemingly smoother surface with many small
features on top of it.

over time. Here, the absorption of all C-H bonds evolves
equally with a constant ratio of sp? to sp® bonds (see
Figure 5d), in contrast to the linear decrease of this ratio
in the case of argon treatment due to the previously de-
scribed incorporation of oxygen from impurities into the
material. It can be assumed that the Ar/H, plasma
treatment leads to etching as well as reduction of oxygen,
stopping the oxidation of the particles. Atomic hydrogen
and hydrogen ions (H*, H}, HY) are the probable reactive
species at the nanoparticle surface. Typical etch products
resulting from the interaction of hydrogen-containing
plasma with a-C:H films are CH, and C,H4 molecules,""’
where weak absorption due to the Q-branch of the v,
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fundamental bending mode of the CH, molecule at
around 1306 cm~!, the most dominant CH, absorption
feature in this spectral range,[gz] is observed during the
Ar/H, plasma treatment.

To check for hydrogen exchange processes at the
nanoparticle surface, the same procedure was repeated
with deuterium. The exchange of C-H bonds with C-D
bonds should lead to additional absorption peaks around
2100 cm™! from CD,, stretching modes'**! and to the re-
duction of C-H absorption. These changes were not ob-
served at any time during the treatment, indicating that
etching is the predominant process of hydrogen interac-
tion with the nanoparticles in Ar/H, plasma.

3.4 | Particle growth phase

The infrared spectra first show a signal above the noise
level at about t=40s, which corresponds to a particle
diameter of 220 nm. The spectral decomposition shows a
much higher sp? to sp> CH bond ratio at this point with
values of about 1.1, which decrease to about 0.8 in the
next 50 s (see Figure 5e).

Kovacev¢i et al. describe sp?-poor material being
formed during the surface growth phase of carbon par-
ticles synthesized from acetylene,!**! which sets on after a
diameter of about 10 nm. Annealing processes by surface
heating can increase the sp? content of particles and
might explain the observed higher initial ratio in our
experiment as selective heating mechanisms are more
efficient for smaller particles.

4 | CONCLUSION

The changes of chemical composition, size, and surface
morphology of a-C:H particles in prolonged treatment in
argon plasma and argon plasma with an admixture of
oxygen, hydrogen, and deuterium have been studied in
situ and ex situ. In situ IR spectrometry reveals that
oxygen-containing impurities in typical experimental
setups used in nanodusty plasma research affect particles
on longer time scales. However, the usual assumption of
oxygen etching was not seen for our experimental con-
ditions. Rather, at the used conditions, the particles’
oxidation is observed, which led to a particle size in-
crease and a significant change of surface morphology,
where the cauliflower-like surface changed to show
larger-scale structures.

Additionally, the analysis of the FTIR spectra
showed a decrease of sp? CH, bonds together with an
increase in C=0 and O-H bonds, indicating pre-
ferential incorporation of oxygen at the carbon double

AND POLYMERS

bonds. At higher concentrations, oxygen treatment
showed a fast etching process with no incorporation of
oxygen being visible in the infrared spectra. Treating
the particles with hydrogen led to a pure etching pro-
cess as well, without any exchange reactions of hy-
drogen at the particle surface. This was shown in
additional measurements using deuterium as a treat-
ment gas. Here, the particle size decreased over time
with the change of the surface to morphology with a
smaller scale structure.

To conclude, our experiments have shown that the
level of gas impurities in argon gas, the usual gas used
in nanodusty plasma experiments, influences the par-
ticle size as well as their other properties and that the
resulting effect can be even the increase of nanoparticle
diameter. The nanodusty plasma experiments with
longer confinement times should be aware of this effect
and should consider it in the evaluation of experimental
data. Additionally, we have also shown that in situ
multiple-pass White cell IR absorption spectroscopy can
be effectively combined with nanoparticle extraction
and further ex situ analysis, offering an effective tool for
the study of fundamental processes in plasma interac-
tion with a variety of plasma-confined nanoparticles
generated from other precursors such as silane or from a
mixture of several reactive gases.*> ]
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