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Dusty plasmas are complex systems where new phenomena arise from the pres-
ence of solid dust particles inside a plasma. Dust particles acquire a negative
charge by attaching free electrons and are thus trapped in the plasma. This
charge loss can be drastic for the plasma equilibrium and instabilities can ap-
pear due to the strong interdependence between the dust particle cloud and
the plasma. In this paper, various types of self-excited instabilities consisting in
regular or chaotic oscillations, are presented. They are obtained in low pressure
radio-frequency discharges where dust particles are grown by using a reactive
gas or by sputtering a surface exposed to the plasma. The complex evolution
scheme of these instabilities is brought to the fore thanks to various diagnostics.
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1. Introduction

Dusty plasmas!? are partly ionized gases (mixture of neutral atoms and/or
molecules, positive and/or negative ions, free electrons) containing solid
dust particles with sizes ranging from few nanometers to centimeters. These
media are observed in astrophysics (comet tails, planetary atmospheres)
and also in industry where dust particles are usually fatal for the processes
in microelectronics but useful to build small objects in nanotechnologies or
to design nanostructured materials with interesting properties. Thermonu-
clear fusion is also concerned by dust production due to wall erosion.

To study these media, dust particles are either artificially injected in the
plasma or formed using reactive gases or a target sputtered by the plasma
ion bombardment. These methods lead to the formation of a dense cloud
of submicron dust particles filling the whole plasma volume.
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Reactive gases are often used due to their ability to easily form dust
particles by following a succession of different growth phases. One of the
most studied and well-known reactive gas is silane (SiH,).> 7 The interest
for silane based plasmas is related to their implication in microelectronics
and nanotechnology. Indeed, in the late 1980s, dust particle formation in
the gas phase has been evidenced in reactors used for silicon-based device
fabrication.®® Cleanliness is often a major requirement for microelectron-
ics processes and a lot of studies began for understanding dust particle
formation and growth in order to avoid their deposition. More recently,
silicon nanocrystal formation® became of high interest for their incorpora-
tion in thin films in order to improve film properties. For example, the use
of silicon nanocrystals in solar cell technology enhances the optoelectronic
properties of the deposited films.'® In nanotechnology, single electron de-
vices (SED) like transistors or memories can also be built, thanks to these
crystalline nanoparticles.!' Dust particle formation in hydrocarbon-based
gases like methane (CH4)'?!3 or acetylene (CoHz)'? 71 has also a high in-
dustrial implication for deposition of diamond-like carbon (DLC) films!6 or
nanocrystalline diamond'” with unique properties like extreme hardness.
Hydrocarbon gases are also of great interest for the astrophysical commu-
nity dealing with planet atmospheres like Titan, where dust particles are
created due to the presence of methane.'®

Dust particle production can also be achieved by material sputter-
ing.'® 2! This phenomenon occurs in industrial reactors or in fusion de-
vices?? like Tore Supra?? as well where graphite walls can be severely eroded
by ion bombardment. Produced dust particles can strongly limit perfor-
mances of the fusion plasma and raise radio-toxicity issues due to tritium
retention. This aspect is of great importance for the future ITER reactor.

Once dust particles reach a few nanometers in size, they are trapped
in the plasma due to the negative charge they acquire by attaching free
electrons.?4 27 This charge loss can be drastic for the plasma equilibrium
and instabilities can appear due to the strong interdependence between the
dust particle cloud and the plasma. Various types of low-frequency instabil-
ities (from few Hz to few kHz) are observed (with various frequencies and
20,2830 o1 once the dust
cloud is completely formed.?!:32 In this last case, instabilities are related to

shapes) either during dust particle growth process

the presence of a dust-free region in the plasma center. This region, named
”void”, exhibits successive contractions and expansions phases. This insta-
bility is usually named ”heartbeat” instability due to this characteristic
behavior.
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2. Instabilities during dust particle growth

In this section, instabilities occurring during the dust particle growth pro-
cess are analyzed. These dust particles are produced in two different exper-
imental setups and by using material sputtering or silane diluted in Ar.

2.1. Dust particles formed by sputtering

Dust particle growth instabilities?? (DPGI) typically appear a few tens of
seconds after plasma ignition. At this stage, dust particles have grown to a
typical size of few tens of nanometers. DPGI appearance is well observed
on different diagnostics like electrical and optical measurements. These in-
stabilities follow a well-defined succession of phases as observed in electrical
measurements shown in figure 1(a). In this figure, the beginning of DPGI
is detected around 40 s and successive phases are numbered from 1 to 7.
These different phases are better evidenced by performing a Fourier analy-
sis of the electrical signals. A typical spectrogram is given in figure 1(b). In
order to emphasize small ordered domains, the spectrogram intensity has
been normalized inside each 100 s range (from 0 to 100 s intensity has been
normalized to its maximum value inside this time domain and so on). We
can identify seven different regimes:

Three ordered phases P1, P2, P3 (from ~ 40 s to ~ 80 s).
Chaotic phase P4 (from ~ 80 s to ~ 405 s).

High frequency phase P5 (from ~ 405 s to ~ 435 s).

Chaotic phase becoming more and more regular P6 (from ~ 435 s
to ~ 600 s).

e Regular oscillation phase P7 (from ~ 600 s to ~ 680 s)

Instabilities begin with regular oscillations (P1, P2, P3) followed by a
long chaotic regime (P4). This chaotic phase suddenly ends with a high fre-
quency phase (P5) and starts again (P6) becoming more and more ordered.
Finally, the system reaches a regular phase (P7) that can be sustained for
a long time (in the example given here the plasma has been switched off
at 680 s). The P1 and P2 phases are short and are not detected in all ex-
periments while the P3 phase lasts longer and is regularly observed. The
three phases are well separated and evolve as a function of time. In figure
2(a), the P1 phase is characterized by wide separated peaks with a mean
frequency of about 40 Hz. The transition from P1 to P2 corresponds to the
growth of two small peaks between these higher amplitude patterns. The
small peaks continue to grow (P2 phase) and the higher amplitude ones
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Fig. 1. Dust Particle Growth Instabilities: the different phases observed on (a) electrical
measurements, (b) FFT of (a).

decrease. Finally, all peaks reach the same amplitude characterizing the P3
phase. The frequency of the P3 phase is then approximately three times
the P2 frequency (around 94 Hz).

The chaotic regime P4 (after 80 s) is characterized by less ordered pat-
terns and a strong increase in DPGI amplitude. Then, the amplitude slowly
decreases during the whole phase. P4 is also characterized by structured os-
cillations appearing in a transient manner as shown in figure 2(b). These
structured regions are identified by some bright spots on electrical and op-
tical spectrograms. On time series they appear as bursts of order. During
the chaotic regime, structured oscillations in electrical signals always ap-
pear following a three peak structure (for example between 94 s and 94.04
s in figure 2(b)) that could be related to the three peaks observed in the P2
phase. Indeed, it could be a reemergence of this phase during the chaotic
regime. In some experiments, the chaotic regime is suddenly interrupted
by a strong frequency change (at 405 s in figure 1). Indeed, DPGI turn
into low-amplitude and high-frequency (around 500 Hz) oscillations. Af-
ter the high-frequency phase, a second chaotic regime is usually observed.
It corresponds to a phase similar to P4 but with more and more ordered
regions. The final step of DPGI often corresponds to a regular oscillation
phase characterized by a spectrogram with a typical frequency around 18
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Hz. This regular oscillation is similar to what is obtained during the heart-
beat instability, which corresponds to regular contractions and expansions

of the void size.
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Fig. 2. (a) Transitions between the first three organized phases, (b) burst of order
during the chaotic regime.

2.2. Dust particles formed by reactive gases

In silane based plasmas, the dust particle growth follows specific steps.
When dust particle size reaches about 2 nm, these clusters tend to ag-
glomerate to form bigger size dust particles. When this aggregation occurs,
the amount of plasma electrons lost on dust particle surface is suddenly

930 as observed

changed. This drastic change leads to plasma instabilities
on the electrical measurements in figure 3(a)-(b). The corresponding time
evolution of the instability frequency is given in figure 3(c). We can first
observe an increase of the frequency that could correspond to the onset of
the instability. Once the instability is established, the frequency decreases
until the end of the phase where it becomes difficult to define.

In some very specific conditions a particular case of the instability was
observed. Figure 4 shows the shape of the instability in this case. In the first
part, it behaves in the same way as the ”common” instability, then it finishes
before briefly restarting. The second part seems to be a sort of replica of the
end of the first part, with exactly the same frequencies. This phenomenon is
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Fig. 3. Aggregation instability observed on electrical diagnostics (a) Vg, (b) 3H, (c)
FFT of (b).

highly sensitive to the operating conditions, appearing only for a very tight
range of rf power and silane flow rate. This particular case of the instability
seems to correspond to dust critical formation conditions, as the slightest
modification of one of the parameters leads to the disappearance of the
phenomenon. It underlines the threshold dependence of this instability.
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Fig. 4. Particular case of the aggregation instability: the instability stops and briefly
restarts.

As long as silane is provided in the discharge, the dust particle growth
continues as a cyclic phenomenon. Other kinds of instabilities are thus ob-
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served. As the mean size of dust particles trapped in the discharge is higher,
characteristic frequencies are smaller than for the aggregation instability
(< 100 Hz instead of few kHz). Observed instabilities are related to the
formation of new generations of particles, growing in the discharge center
and pushing out the older generation of bigger size dust particles. These
instabilities are characterized by two phases: a less-ordered and a high-
ordered. The transition between these two regimes is sudden as observed in
figure 5. The less-ordered regime corresponds to low amplitude noisy oscil-
lations while the high-ordered one has higher amplitude and better defined
oscillation frequency.
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Fig. 5. Transition between the two characteristic phases (less and high ordered phases)
of successive generation instabilities.

3. Instabilities of the grown dust cloud

In the sputtering discharge, successive generations of dust particles are not
systematically obtained like in silane discharges. Thus, situations with a
stable cloud of trapped dust particles can be obtained. Nevertheless, a dust-
free region is often observed in the dust cloud center and is caused by the
different forces acting on dust particles. This egg-shape region called ”void”
can exhibit self-excited oscillations®!32 of its size with typical frequencies
about few tens of Hz. Near the instability threshold or just before it stops,
a transition regime characterized by ”failed peaks” on both electrical and
optical signals can be observed. Indeed, the oscillation pattern shows the
occurrence of lower amplitude oscillations intercalated between two main
oscillations. This phenomenon is repeated with more and more failed peaks
and finishes by the instability stop. Figure 6 shows a transition between 1
and 2 failed peaks in the optical signal. The number of failed peaks increases
(> 10) and then the instability stops (figure 7(a)).
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Fig. 6. Last beats of the instability: more and more failed peaks appear before the
instability stops. The transition between one and two failed peaks is shown.
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Fig. 7. Slow evolution of the heartbeat instability toward its end: (a) more and more
failed peaks until the stop around 18 s, (b) 3D and (c) 2D phase spaces.

As observed for other instabilities (figure 4), this behavior underlines
the threshold dependence of this instability and the way it evolves toward
its end. This alternation of failed and main peaks seems to correspond to
mixed-mode oscillations often encountered in chemical systems or neuronal
dynamics. The 3D and 2D phase spaces corresponding to the time series
presented in figure 7(a) are plotted in figure 7(b)-(c). These attractors have
been obtained by using an appropriate time delay calculated using the
mutual information method.
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