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Abstract
The growth of nanoparticles in amagnetised chemically active discharge (Ar/C2H2) is investigated.
The influence of the strength of themagneticfield on dust particle growth dynamics is explored. The
structure of the grownnanoparticles is studied ex situ. It is revealed that the strength of themagnetic
field (up to 2.5 T)has amajor impact on discharge parameters (such as the self-bias of the powered
electrode) as well as on the growth andmorphology of the nanoparticles. At highmagnetic field, the
dust cloud is confined in the sheath above the grounded electrodewhile withoutmagneticfield the
dust cloud occupiesmost of the interelectrode space.Moreover, at highmagneticfield, large porous
spherical agglomerates were grown. Themodification of the self-bias is explained by the influence of
themagnetic field on the diffusion of charged species resulting in a confinement of the plasma under
the powered electrode. Complementary particle-in-cell simulations confirm that the electric field and
plasmadistributions are strongly affected by themagneticfield explaining the experimentally observed
dust cloud localisation. The large porous spherical agglomerates aremost probably due to an
enhanced agglomeration caused by themodified confinement owing to themagnetic field.

1. Introduction

Dusty or complex plasmas are weakly ionised gases containing nanometre ormicron size dust particles. In
laboratory plasmas, due to their interactionswith the background electrons and ions, these dust particles are
electrically charged. This charge is usually negative due to the highermobility of the electrons. Complex plasmas
can thus be viewed as three charged component plasmas [1–3].

In nature, dusty plasmas can occur naturally in themesosphere, interplanetary and interstellar clouds,
planetary rings [4, 5], and cometary tails. In these systems the dust particles are formed from the agglomeration
of complexmolecules and ices that occur in the space environment [6]. Dust particle formation is also observed
in the laboratory (see for example [7–9]) and industrial [10] chemically active discharges. Dust particle
formation in an industrial reactor is an important issue: the occurrence of solid dust particles (nano- or
micrometric) is unwanted (and even harmful) in some processes such as etching as it significantly changes the
electrical properties of the discharge. As a result, the presence of growing dust particles can substantially alter the
plasma etching processes and lead to substrate pollution.However, the dust particles can also be of value for
technologies based on nanomaterials and nanocomposites, such as polymorphous silicon (amorphous silicon
with embedded crystalline silicon nanoparticles created in silane-based discharges), amaterial of primary
interest for themanufacture of solar cells [11]. Low-pressure radiofrequency plasmas have been thus extensively
used in ‘dusty-regime’ as a tool to produce high quality nanocrystals and nanopowders of a broad range of
materials [12]. The understanding of dust growthmechanisms in plasmas is consequently a crucial issue and is of
interest tomany subfields of plasma physics.
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In capacitively-coupled radio-frequency (cc-rf) discharges, dust growthmechanisms have been actively
studied. Dust growth occurs following awell-defined pattern: formation ofmolecular precursors from
sputtering products or by gas dissociation, formation and accumulation of nanocrystallites, aggregation and
finally growth bymolecular sticking [8, 11, 13, 14]. Particle growth depends on the discharge parameters [12]
and the dust growth has a significant impact on the surrounding plasma [15, 16]. It is thus imperative tomonitor
the evolution of the discharge and plasma parameters carefully to have a full understanding of the growth
process.

In the presence of amagnetic field, the transport of electrons and ions is altered and thus the properties of the
plasma are affected. In a dusty plasma under low tomoderatemagnetic fields (or for large enough dust particles)
the influence of themagnetic field is indirect andweak, due to the very small charge-to-mass ratio [17].
However, even at these lowmagnetic fields (B<1 T) dust grain surface electron and ion fluxes will experience
modifications. As a result, the dust particle charges and the forces acting on them are changed and the drag forces
resulting from these ion and electron flows are of great importance for the dynamics of dust particles.

Inmoderatelymagnetised conventional discharges, dust particle growth is observed [18–20]. In such
discharges, themagnetic field is used to trap electrons and thus enhance the plasma density through an increase
in the number of ionising collisions. For example, inmagnetron sputtering discharges, it is possible to grow and
trap a dense cloud ofmetallic nanoparticles above the cathode [19]. Inmagnetron discharges, dust rotation
arising from the ionE×B drift is sometimes observed and can be used to enhance particle coating [21]. In
electron cyclotron resonance (ECR) discharges, the growth of nanoparticles occurs in the highmagnetic field
regions [20]. Thismeans that the electrons trapped in this region (Lorenz forcemust be considered for electrons
dynamics and transport) create plasma potential wells able to confine the negatively charged dust particles. Dust
particle growth can bemonitored bymeasuring the self-bias voltage of a probe immersed in the ECRplasma.

In this paper, we report onmeasurements of the plasma and characterisation of nanometre-sized particles
that were formed inmagnetised plasmas. Experiments were performed using theMagnetizedDusty Plasma
Experiment (MDPX) device using amodified rf plasma source. Plasmaswere generated in pure argon (Ar) or in a
mixture of argon and acetylene (C2H2) gas. Themagnetic fieldwas varied from0T to 2.5T. This paper reports
on changes in discharge parameters such as the self-bias of the powered electrode due to themagnetic field in
pristine argon discharge aswell as the effect of dust particle growth inmagnetised argon-acetylene discharges. It
also reports on the characterisation of the grownparticles using electronmicroscopy andRaman spectroscopy.
The paper is presented as follows: section 2 describes the experimental set-up, section 3 describes the
characterisation of the plasma discharge, section 4 describes the characterisation of the particles, section 5
presents a numericalmodel of the system and particle-in-cell simulations in order to qualitatively explain our
results. Finally, section 6will provide concluding remarks.

2. Experimental setup

TheMagnetizedDusty Plasma Experiment (MDPX) device at AuburnUniversity is amulti-user, highmagnetic
field experimental platform. It consists of twomain components: the superconductingmagnets and a plasma
chamberwhich can be changed according to the type of experiments. The superconductingmagnets of the
MDPXdevice are described extensively in previous papers [17, 22, 23]. For the studies reported in this article, the
MDPXdevice was operated in the vertical configuration (magnetic field aligned parallel to gravity). The four
superconducting coils were energised at the same current to produce a uniformmagnetic field (withΔB/
B<1%) at the center of the experimental volumewhere the cc-rf dischargewas placed.

The plasma source consisted of parallel aluminium electrodes installed at the center of a 6-way cross vacuum
chamberwith 100 mmISOports (see figure 1). A 13.56 MHz rf generator connected to the powered electrode
through amatching networkwas used to produce the plasma. The rf powerwas set between 5<Prf<30W.
The top electrodewith a diameter of 50.8 mmwas powered and surrounded by a grounded guard ring. The
powered electrode developed a self-bias,Vbias when the plasmawas on, whichwasmonitored using aNational
Instrument data acquisition card. The grounded bottom electrode had a diameter of 76.2 mmand a∼1mm
deep, 25mmwide 75mmlong notchwas cut in its center in order to install themicroscopy glass slides used to
collect the grown particles.

Before each plasma the vacuumchamberwas evacuated to a base pressure of∼1mTorr. Then aflowof
argon 5<QAr<10 sccm and aflowof acetylene 0 Q 2C H2 2

< < sccmwere injected into the chamber and the
opening of the pumping port was adjusted to stabilise the pressure p inside the chamber to a value
200 mTorr<p<600 mTorr before the plasmawas switched on. The pressure wasmonitored using aMKS
Baratron capacitancemanometer. The grown particle cloudwas then illuminated using a 532nm, 100mW
green laser diode thatwas expanded into a thin, vertical laser light sheet (∼3 cmheight,∼200 μmwidth) using a
cylindrical lens. The scattered light was recorded from the side port of the vacuumchamber at an angle of 90°

2

PlasmaRes. Express 1 (2019) 015012 LCouëdel et al



using aUSB3-based, 2048 by 2048 pixel, Ximeamodel xiQ camera that could be operated up to 90 frames per
second (fps). For the experiments described in this article, frame rates of 30 fpswere usually used.

3.Discharge characterisation

3.1. Pristine argonplasma
The behaviour of the discharge as a function of themagnetic field strengthwas studied in pristine argon
(experiments with no particle growth). The operating pressure was p=300mTorr (QAr=7 sccm) and the
forward rf power Prf=20W.A clean glass slide was installed in the notch of the bottom grounded electrode.
Themagnetic fieldwas set at an initial high value of 2.5T andwas then slowly ramped down to 0.0T. The
plasma glowwas recorded at 1fps and the self-bias voltage of the powered electrodewasmeasured. Infigure 2,
snapshots of the plasma glow for differentmagnetic field strengths are presented. As can be seen, the plasma light
emission appears to increase with themagnetic field .Moreover, the glow is generallymore localised under the
powered electrode at highmagnetic field, indicating a strong confinement of the charged species. Note that with
magnetic fieldsB>0.25 T, filamentation of the plasma occurred. Filaments weremostly localised at the edge of
the powered electrode. The number of observed filaments was higher for the highest values ofmagnetic field.
Note that thefilaments were notfixed and could jump fromone position to another. It is unclear what role these
filaments could play in the subsequent growth experiments inwhich theywere also observed.

Infigure 3, the evolution of the self-bias voltage as a function ofmagnetic field strength is presented. As
expected, at lowmagnetic field the self-bias is negative because the surface of the powered electrode is smaller
than the surface of the grounded areas [24, 25].When increasing themagnetic field, the self-bias of the powered
electrode increased (or decreased in absolute value) and reached 0Vat B∼1T. Atmagnetic fieldB1 T, the
self-bias started to decrease again. Note that themagnetic field did not noticeably affect the settings of the
matching network and therefore the impedance of thewhole circuit (plasma+ external circuit)was almost
constant. Consequently, the variations of rf peak to peak voltage at the powered electrode remained limited and
could not explain the amplitude of the changes of the self-bias voltage. The physicalmechanismof the self-bias
evolution as a function of themagnetic field strength are discussed in section 5.1.

3.2. Ar/C2H2 discharge
When adding acetylene to the discharge, carbon nanoparticles could be grown.During our experiments, the
pressure was set to p=300±2mTorr before plasma ignition using anAr/C2H2 gasmixture (QAr=7 sccm
andQ 1C H2 2

= sccm). The forward rf powerwasPrf=20W.The dischargewas pulsedmanually with plasma
duration ton=60 s followed by pauses of toff;60 s. Infigure 4(a) the evolution of the pressure normalised to
themaximumpressure during the plasma pulse is presented. As can be seen, after the discharge was turned on,
the pressure slightly increased to amaximum pmax due to heating of the gas.However, after 1 s, the total gas
pressure started to decrease. The value at the end of the plasma pulsewas 3%–4% lower than the pressure at
ignition (well below the experimental pressure fluctuations due to our gas flow regulation system). This indicates
that, while the acetylene flowwas kept constant, it was partially dissociated. This behaviourwas observed for all

Figure 1. Schematic of the electrode assembly.
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magnetic fields. It should be nevertheless noted that increasing themagnetic field resulted in a faster and greater
decrease of the pressure (the pressure decay rate is faster in the presence of amagnetic field and theminimum
reached pressure is the smallest for the largest value of themagnetic field). In all cases at the end of each rf pulse,
the pressure returned to its original value in∼30s.

The self-bias voltage of the powered electrodeVbias was also recorded during the different discharge pulses.
The results are presented infigure 4(b) for differentmagnetic field strengths. The general behaviour observed in
pure argon plasmawas again observed, i.e. the stronger themagnetic field, the lower (in absolute value) the self-
bias. However, contrary to pure argon plasma, the self-bias was not constant with time. It is known that the

Figure 2. Snaphots of the plasma glow at differentmagneticfields for pure argon plasmas. The argonflowwas Q 7Ar = sccm, the
pressure was p=300mTorr and the rf powerwas P 20w = W.

Figure 3. Self-bias as a function ofmagnetic field strength. Discharge parameters are the same as infigure 2.
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growing nanoparticles strongly affect the impedance of the plasma (see for examples [26]) and thatworking at
fixed rf power therefore induces variations of the rf peak to peak voltage. These variations are correlated to the
variations the self-bias voltage and directly associated to the growth dynamics of the nanoparticles. Large self-
bias oscillations are linked to successive generation of nanoparticles as was already reported in cc-rf discharge in
which particles are grown [7, 27–30]. However, at low or zeromagnetic field,Vbias exhibited strong oscillations
in the first 20 s after plasma ignition. The strongest oscillations were observed atB=0.032T (see figure 4(b)).
Note that fromone plasma to the other the shape of theVbias signal was roughly the same (slight changes due the
change in discharge conditions, i.e. coating of the electrode, gas purity, temperature of the electrode, etc). It
should also be noted that at the highest investigatedmagnetic field (B=2.496T), the self-bias of the powered
electrodewas, contrary to the pristine argon discharge, positive. In an electropositive plasma (such as a pristine
argon plasma), themain reason for the appearance of self-bias on the powered electrode connected to the rf
generator through a blocking capacitor (as inmany rfmatching network) is the irreversible escape of electrons
into the electrodes,making the gap positively charged [24]. Since the discharge is asymmetric (the grounded area
aremuch bigger than the area of the powered electrode), different amounts of charge are gained by the

Figure 4.Evolution of (a)normalised chamber pressure and (b) self-bias voltage as a function of time for differentmagneticfield
strengths inAr/C2H2 discharges. The argon flowwasQAr=7 sccm, the acetylene flowwas Q 1C H2 2 = sccm, the pressure before
ignitionwas p=300mTorr and the rf power was Pw=20 W.
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electrodes. It causes a difference in the dc electrode potentials, the self-bias. In Ar/C2H2 discharges inwhich
particles are growing, there are numerous kind of charged species (positive and negative ions such as Ar+, C H2 2

+,
C2H

−, C H4 2
+, etc) due to the complicated chemistry [31–34].Moreover, the growing dust particles are getting

negatively chargedwhich reduces the electron density [35].Consequently, the observed positive self bias ismost
probably caused by a very different balance of the charges collected at the electrodes due to the complicated
chemistry of the Ar/C2H2 plasma and the presence of the growing particles.

Infigure 5, snapshots of the laser light sheet scattered by the growing particle cloud at differentmagnetic
fields are presented. At nomagnetic field (figure 5(a)) thewell-known cyclic growth behaviourwas observed:
∼15s after plasma ignition, the dust cloud started to be visible on the camera and occupied almost the entire
interelectrode space. At t∼20 s, a ‘void’ (i.e. a regionwithout visible dust particles) started to open in the
discharge (see figure 5(a) at t= 20 s in themiddle of the gap below the powered electrode edge) [36–47]. Note
that in our experiment, the void did not have its typical eye shape as reported by other groups. The observed void
wasmore bowl-shaped. This ismost likely due to the geometry of our experiment which differs from the ones
used in other studies (size of the electrodes and/or interelectrode spacing). Inside the void opening newparticles
are growingwhile the first cloudwas pushed towards the edges(see figure 5(a)).With our experimental
parameters, the duration of a growth cycle (appearance of a new generation of dust in the ‘void’)was∼40–60 s,
depending on howmany plasma pulses had already occurred in the chamber. Density waves were visible near the
lower electrode. Such density waveswere observed in similar experiments [48, 49] and are known to favour the
agglomeration of the nanoparticles [48, 50].

At lowmagnetic field (B=0.032 T, figure 5(b)) the nanoparticle growthwas faster whichwas demonstrated
by direct imaging of the nanoparticle cloud. This correlates well with the faster decrease of the gas pressure
during the plasma pulses and the stronger oscillations of the self-bias voltage previously described. The duration
of a growth cycle was, in this case,∼15–20 s. An interesting observation is the break of symmetry in the void
opening (see figure 5(b) at t=20s).Moreover, a strong scattering intensity was observed close to the sheath of
the top electrode indicating a very dense particle cloud and/or the presence of large particles.

At highermagnetic field (B0.1 T), no growth cycles were observed. Infigure 5(c), snapshots of the
recorded laser light scattering atB=1.024 T are presented but qualitatively similar observations weremade at
other values ofmagnetic field. In all highmagnetic field cases, a cloud of nanoparticles above the grounded
bottom electrode rapidly appeared (see figure 5(c)). This is in agreementwith the fast decrease of the gas pressure
after plasma ignition due to the dissociation/polymerisation of acetylene resulting in the formation of the dust
particles. It is interesting to note that the dust cloud did not cover the entire area above the grounded electrode
butwas on the contrary confined near the interface between the glass slide used for dust collection and the rest of
the electrode. Depending on the experiment, the dust cloud extendedmore or less above the glass slide. Laser
light scattering also confirmed a quick agglomeration. Large individual particles levitating above the grounded
electrodewere indeed visible on camera only a few tens of seconds after plasma ignition (see figure 5(b) at
t=40s and t=60s). The particles formedmuch closer to the electrode compared to the cases at no and low
magnetic fields.

4.Dust characterisation

For the differentmagnetic fields, dust particles were collected for fifteen consecutive 60s plasma pulses
separated by an off period of 60s duringwhich the gaswas renewed. After each series offifteen plasmas, the
electrodes were carefully cleaned and a new glass slide was installed in the grooved bottom electrode. An argon
oxygen plasmawas then run in the chamber for∼15min at 20Winorder to burn away all residual carbon
coating. Finally the chamberwas pumped down to its base pressure for aminimumof 30min before the next
series of plasmaswas performed.

4.1. Electronmicroscopy
Infigures 6 and 7, scanning electronmicroscopy (SEM) images and transmission electronmicroscocopy (TEM)
images of dust particles grown at differentmagnetic fields are presented. As can be seen in figures 6(a) and 7(a),
the nanoparticles grown atB=0Twere almost spherical and looked quite compact as reported in similar
experiments [51]. The observed particles had diameters ranging from∼20nm to∼250nm in agreementwith
the observation of a couple of growth cycles during a 60s plasma pulses. In the zoomoffigure 7(a), the surface
roughness of the nanoparticles seems to indicate that the nanoparticles are agglomerate of smaller particles as
reported in similar experiments [51, 52].

Increasing themagnetic field greatly affected the shape and size of the nanoparticles. At lowmagnetic field
(see figure 6(b)), the size distribution seemedmuch broader thanwithoutmagnetic field but the particles still
looked quite compact. This observation coincides with the faster growth cycle reported in section 3.2. A further
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increase of themagnetic field resulted in the sample being amixture of very small (∼10 nm)nanoparticles with
larger spherical ‘fluffy’ porous particles (with diameters up to a fewhundreds of nanometres). These particles are
clearly visible infigures 6(c)–(d). TEM images (figures 7(b)–(d)) clearly show that these porous particles are
agglomerates of the smaller particles. Both SEMandTEM images indicate that highermagnetic field resulted in
fluffier agglomerates. The agglomerates are probably the large particles levitating in the sheath above the
grounded electrode observed by laser light scattering infigure 5(c) towards the end of the plasma pulse. The
smaller particles correspond to the dim cloud levitating slightly above the larger dust particles.

Figure 5. (a) Images of the scattered laser light at different instants after discharge ignition for: (a)B=0.0 T, (b)B=0.032 T and, (c)
B=1.024 T. The other discharge conditions are the same as infigure 4. The bright vertical and horizontal stripes visible on all images
are reflections of the laser light on the electrode assembly.On all images, a red horizontal curly bracket indicates the position of the
glass slide used to collect the dust particles. In (a) and (b), the oblique green arrows indicate the edge of the void inwhich a new
generation of dust particles can grow. In (c), the horizontal blue arrowpoint to a dust density wave and the oblique purple arrows
showdips in the dust cloud induced by plasmafilamentation.On all images except themagnified ones, a sharpenfilter has been
applied to improve visibility of the different features.
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4.2. Ramanmicroscopy
Carbon-basedmaterials are routinely analysed usingmicro-Raman spectroscopy [53–61]. This technique
consists inmeasuring thewavelengths of photons produced by inelastic scattering of the incident light with the
analysed sample. The energy difference between incident and scattered photons correspond to vibrational
energies which are fingerprints of a givenmaterial. Interpreting the spectral region between 1000 and 1800
cm−1 provides information on the chemical properties (hybridisation of the carbon atoms) and the structural
order [53, 55, 60].

The Raman spectra were obtained using a commercial Horiba-Jobin-YvonHRLabRAMapparatus (×100
lens, 514.5nm, numerical aperture 0.9, laser power at the surface1 mW·μm−2). The resolution of our
system is∼0.2cm−1. Each final spectrumwas an average of 9 spectra taken a fewmicrometers apart to avoid
local inhomogeneity. The scanning timewas∼60s averaged two times. Spectra have been acquired at the centre

Figure 6. SEM images of dust particles grown for differentmagneticfields. (a) 0T, (b) 0.768T, (c) 1.024T and, (d) 2.496T. The other
discharge conditions are the same as infigure 4.
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of the substrate, where large amounts of dust particles were collected aswell as on the edge of the substrate where
a thinner coatingwas observed (especially at largemagnetic fields).

Infigure 8, Raman spectra of particles grown atB=0T,B=0.256 T,B=1.024 T, andB=2.496 T are
plotted. Figure 8(a) shows the raw spectra, displaying a huge photoluminescence background andweak
vibrational bands. Figure 8(b) shows the vibrational bands after the photoluminescence background has been
removed. Two broad peaks are visible in the spectra. Themain one is located at 1570–1600cm−1 (Gband). In
the low energy wing of theG band, theD-band at∼1350cm−1 can be distinguished. These bands are assigned to
the stretchingmodes of sp2 hybridised carbon atoms and are a signature of aromaticity [53, 55, 58]. Peaks that
might correspond toC−OandC=Obonds are also located at 1200cm−1 and in the range 1800–1900cm−1

(not shown) [62]. However, their attribution is unsure since the samples were stored in air prior to analysis and
the bands can therefore be due to oxygen contamination. In addition, the pristine glass slides onwhich the dust
particles have been collected also displayweak bands located close to 1200 and 1800–2000cm−1.

Spectroscopic parameters of our samples are reported in table 1. As the bands are broad and overlapped,
obtaining the exact values is in general difficult because severalfittingmodels involving twomain bands (theG

Figure 7.TEM images of dust particles grown for differentmagneticfields. The other discharge conditions are the same as infigure 4.
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andDbands) plus additional subbands (up to three extra bands) can be found in the literature.More details on
the subject can be found in [63]. In order to avoid any choice ofmodels, we directly took the spectroscopic
parameters of spectra of reference samples (graphite, nanocrystalline graphite, nc-Gr. [64], and hydrogenated
amorphous carbon, a-C:H [60]) and applied the same procedure to our samples in order to compare them
directly towell characterisedmaterials. Figure 8(c) shows the position of theG-bandσG as a function of its full
width at halfmaximumFWHMG for all the samples. Reference samples are spread around a curvewhich

Figure 8.Raman spectra for dust particles grown atB=0T,B=0.256 T,B=1.024 T, andB=2.496 T. The particles were located
at the center of the substrate. (a)Raw spectra. (b) Spectrawith linear background (baseline) removed a normalised to the height of the
G-band. (c)σG as a function of FWHMG (edge and centre data points). See details in the text for the comparison of the samples.

Table 1.Position, width of theG-band and ratio of the slope of the baseline
the spectrumover the intensity of theG-band for dust particles grown at
differentmagneticfields.

B
σG FWHMG m/IG

(T)
(cm−1) (cm−1) (μm)

centre edge centre edge centre edge

0.0 1540 1537 160 170 89.5 83.5

0.256 1559 1506 146 184 208 37.7

1.024 1555 1505 150 185 104 15.5

2.496 1573 1508 120 184 192 8.4
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changes its slope around FWHMG=80–100cm−1 which delimits the transition between crystalline and
amorphous carbon. From that comparison, we can conclude that our samples are clearly amorphous.

In table 1,σG , FWHMGand, the ratiom/IG, wherem is the slope of the baseline, and IG is the height of the
G-band, are given for dust particles grown differentmagnetic fields. This ratio can be used to get a very rough
estimate of theH-content of carbonaceousmaterials [65]. For instance, it has been used recently to investigate
graphitisation of cabornaceous nanoparticles, and their hydrogen content [66]. A value ofm/IG∼100 is close to
aH content of 50%whereas a value ofm/IG∼10 is close to aH content of 40 percent.Note that since the data
point distribution obtained byCasiraghi et al is quite broad [65],m/IG gives only an estimate. In our case,m/IG
∼100 for the dust particles indicating a hydrogen content of∼50%which is the expected value for particles
grown in Ar/C2H2.

WhenB=0T, the Raman spectra recorded at the center and the edges of the sample coincide. It changes
when the value of the appliedmagnetic field value increases. On the edges,m/IG diminishes by a decade from
∼100μmto∼10μmwhereas it remains nearly constant in the centre, varying only from∼100μmto 200μm.
Aqualitative interpretation is that, when themagnetic field increases, the hydrogen content does not change too
much at the centre of the samples (i.e. in the dust particles)whereas it slightly decreases on the edges of the
sample (in the coating). The value of FWHMGat the centre decreases from∼160cm−1 atB=0T to
∼120cm−1 at B=2.496 T,while being nearly constant at the edges (∼185 cm−1). A possible interpretation is
that the local order in the dust particles is slightly higher for particle growth at highmagnetic fields.

The Ramanmicroscopy results support the hypothesis of dust amorphous hydrogenated carbon particles
consisting of large numbers of very small aromatic domains. Note that theG band positionσG, FWHMG, and
theD/Gband intensity ratio could be used to determine the degree of order of the carbonaceous dustmaterials
[57, 60]. This is however beyond the scope of the present study.

5.Discussion

5.1. Evolution of the pristine argon discharge
Tounderstand the process of particle growth in amagnetised plasma, it is necessary first to understand how a
pristine argon discharge is affected by themagnetic field. For this purpose, a basic diffusionmodel of the plasma
has been developed.Wefirst assume a quasi-neutral transport (ambipolar diffusion).We also consider that the
plasma is completely surrounded by conductingwalls so that the ambipolarfield is effectively short circuited at
the end of the discharge plasma. The geometry of the system is reduced to a simple cylinder of radiusR and
length L. The powered electrode is at the top of the cylinder and has a radius R Ra < . To explain the behaviour of
the discharge at differentmagnetic fields, a simple diffusion equation is used [25, 67]
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where Da is the parallel diffusion coefficient defined as:
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with νiz(r, z) the ionisation frequency, e im ( ) the electron (ion)mobility coefficients, k the Boltzmann constant, e
the elementary charge and,Te i( ) the electron (ion) temperature. The perpendicular diffusion coefficient in the
framework of the Simon’s ambipolar diffusion jointmodel is [67]:
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In cc-rf discharges, the ionisation rate is the highest at the sheath below the powered electrode and decreases
as a function of the distance from the powered surfaces [68, 69]. However, in the plasma bulk in the
interelectrode gap beneath the powered surfaces, the ionisation rate is still reasonably high (2-3 times lower than
itsmaximumvalue)while it falls rapidly to zero in the regionmostly surrounded by grounded surfaces. The
electron temperature varies in contrastmore slowly [68]. For this reason, the ionisation frequency is
approximated as:
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Ionisation is due to inelastic collision between electron and atoms. For argon, the ionisation frequency can be
approximated as [67, 70]:
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where p is given in Torr and òI=15.76 eV is the threshold ionisation energy of argon. The solution of the
diffusion equation can be easily calculated:
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where Jk,Kk and Ik are the Bessel function of the first kind and themodified Bessel functions of thefirst and
second kind of order k, respectively. The coefficientαP andαG define the characteristic length of diffusion and
are defined as follows:
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At a given pressure andmagnetic field, theαP,G coefficients depend only on the electron temperature. The
derivative of the plasma density being continuous, the electron temperature can then be found by solving:
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equation (10)was solved numerically at p=300mTorr for differentmagnetic fields and the resulting
density profiles are plotted infigure 9(a). It is shown that with increasing themagnetic field the plasma is
increasingly confined under the powered electrode. This is in qualitative agreement with the experimental
observation of the glow distribution presented infigure 2. It is also interesting to note that the increase of the
magnetic field results in a slight decrease of the electron temperature (figure 9(b)). This is due to a better
confinement of the electrons in the glowwhich leads to amore efficient ionisation of the gas. This can also
explain the faster decrease of the gas pressure during the particle growth experiment with an appliedmagnetic
field (figure 4(a)) caused by improved dissociation of acetylenewhich resulted frombetter electron confinement.
Moreover, the forward RF powerwas kept constant during the experiment. In ourmodel, by assuming that the
effective rf power coupled to the plasma does not change and is totally used to ionise the gas and is then lost by
recombination on thewalls of the chamber, the relative density of the plasma, n ná ñwhere ná ñ is the plasma
density averaged over the volume of the plasma chamber, compared to the case withoutmagnetic field can be
calculated4. Results are presented infigure 9(a). As can be seen, despite the fact the electron temperature
decreases with increasingmagnetic field, the relative plasma density increases with themagnetic field,
qualitatively explaining the experimental observation of amore intense glow emission at highmagnetic field.
Note that since ourmodel is not taking into account the spatial dependence of the ionisation rate and the
electron temperature nor the surfaces covered by the dielectric glass slide, it is unable to explain the plasma
filamentation observed experimentally.

Following thework of Lieberman and Savas [71], the self-bias voltage of the powered electrode can be
estimated. In asymmetric cc-rf discharges, the powered and grounded electrode having different areas, the
voltage drop in front of the powered (active) electrodeVa is different from the voltage dropVg. The voltage ratio
V Va g( ) can be obtained from the currentfluxes at each electrode. In Lieberman and Savasmodel [71], the
applied rf voltage is dropped across a thin sheath. It is also assumed that the glow region between the electrodes
has a thicknessmuch greater than those of the sheaths so that the discharge ismaintained by ion generation in
the glow and losses at the electrode. An approximate formof the dc voltage dropVa and the rf voltage amplitude

4
The plasma density cannot be properly estimated since it is not possible to know exactly howmuch power is effectively coupled to the

plasma.
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Vã is [71]:

V k T e I V T k T e m m

V V V T V

ln ln 2 ,

, if , 11
a b e 0 a e b e i e

a a fa e a

p= +
» + 

( ) [ ( ˜ )] ( ) [ ( )]
˜ ˜ ( )

where thefloating potentialVfa is defined as:
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In the case of high voltage capacitive sheath,V Vfa a andV Va a»˜ so, by considering capacitive sheath, the rf
current current density can be related to the dc sheath voltage:

x xJ V s 13a a aµ( ) ( ) ( )

Depending on the ion-neutralmean free path compared to the sheath thickness s, collisions can play a role and
influence the plasma density at the sheath edge ns [71]. For a collision-less sheath:

xn V s 14sa a
3 2

a
2µ ( ) ( )

For a collisional-resonant charge transfer- sheath:

xn V s 15sa a
3 2

a
5 2µ ( ) ( )

Figure 9.Results of the calculation: (a) plasma density distribution for differentmagneticfield strengths. The red lines represent the
powered electrode and the blue lines represent the grounded surfaces. (b)Electron temperature as a function of themagnetic filed
strength. (c)Vbias/Vpp as a function ofmagneticfield strength. The argon pressure is p=300mTorr and the peak-to-peak voltage is
Vpp=300 V.
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For a collisional-elastic scattering- sheath:
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The rf currentflowing through the rf electrode is:
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A similar expression can be obtained for the currentflowing through the grounded surface Ig. By equating the
two currents the following scaling formula can be obtained [71]:
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where p and q are exponents corresponding to the sheath scaling law (collision-less: p=1/2, q=3, elastic
collisions: p=1/3, q=4, charge-exchange collisions: p=2/5, q=5/2) [71]. The dc voltage dropsVa andVg
can be linked to the peak-to-peak rf voltageVpp applied to the discharge [71]:
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In the experiment, the self-bias voltage is:

V V V . 20bias a g» - ( )

Using equations (18) and (19), the normalised bias voltage is [71]:
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The density at the sheath boundaries can be obtained by specifying that the ion flow velocity at thewalls is
perpendicular to thewall and has a velocity equal to the Bohmvelocity u k mTB B ie

= . Under these conditions
the ionflux at thewalls due to ambipolar diffusions is given by evaluating at the sheath edge:

n u D n r z D
n r z

z
,

,
. 22s B a a= -  +

¶
¶

^ ^ ⎜ ⎟⎛
⎝

⎞
⎠( ) ( ) ( )

Using equation (6), the plasma-sheath edge density at the cylinder side is:
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and at the cylinder top and bottom:
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In the geometry of our experiment, the integrals of equation (18) are:
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From equations (18), (25) and (26), it is obvious that the self-bias voltage does not depend on themaximum
plasma density n0 and uB.

By solving numerically equations (1)–(26), the normalised self-bias voltage could be calculated. The
evolution of the normalised self-bias voltage as a function themagnetic field strength is presented infigure 9(c)
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for the different sheathmodels. As can be seenVbias/Vpp exhibits a strong drop formagneticfield strength
B0.1 T. These results agree relatively well with the experimental observation offigure 3. The observed
discrepancies are due to the simplicity of ourmodel. The experimentally observed decrease ofVbias forB1 T
is however not explained by our basic ambipolar diffusionmodel. Itmight be due to a loss of ionisationwhen
both electrons and ions aremagnetised and/or to the influence of the dielectric glass slide on the bottom
electrode.

5.2.Dust particle confinement and growth
In order to qualitatively explain the growth dynamics of the nanoparticles, it is necessary to understand howdust
particle confinement is affected by the presence of themagnetic field. For this purpose, two-dimensional
particle-in-cell (PIC) simulations of a simplifiedmodel of our discharge (similar to the one described in the
previous section) have been performed using theVSIM software fromTechX corporation [72]. The bottom and
sidewalls were grounded. The powered electrode located at the top of the chamber is connected to a 13.56MHz
rf voltage sourcewith a peak-to-peak amplitudeVpp=400 V enough tomaintain the plasma and a constant
verticalmagnetic fieldwas imposed. In order to simulate the self-bias of the powered electrode, an additional DC
bias was also applied to the powered electrode, the value of whichwas chosen to roughly correspond to the
measured value of the self-bias at a givenmagnetic field for a pristine argon discharge (see figure 3). A small gap
of 1mmbetween the powered electrode and the groundedwall was included (to avoid diverging field and also
match the gap between the grounded guard ring and the electrode in the experiment). A backgroundAr gaswith
a pressure of 95mTorrwasfilled in the chamber5. An initial electron density at 1·109 cm−3 was seeded to start
the simulation. The collisions involvedwere electron-neutral collisions that lead to ionisation and ohmic
heating. The simulationswere run for215 rf periods until the electron and ion densities have stabilised6. Then
the plasma potential and ion density were averaged over 40 rf period. Radial and vertical electric fields were
obtained from the gradient of the average potential. Note that only the cross sections for ionisation and one
excited level of Argonwere used in our simulation.Moreover since the simulations are performed at a constant
peak-to-peak voltage instead of constant injected power (as in the experiment), the simulated plasma density
cannot be directly compared to our experiments. Finally, the area covered by the dielectric glass slide on the
grounded bottom electrodewas not included in the simulation. Consequently, the simulation results are only
qualitative information of the behaviour of the discharge at differentmagnetic fields.

Infigure 10, the PIC results forB=0T,B=0.032 T,B=0.25 T and,B=0.50 T are presented. As
expected, when increasing themagnetic field, the plasma becomesmore confined below the powered electrode
(figures 10(a), (e), (i), (m)). These results are in qualitative agreementwith the results obtained in the previous
section from the simple diffusionmodel, our experimental observation of the plasma light emission (figure 2),
andwithmeasurementsmade in a similar experimental set-up [49]. However the ion density distribution has a
slightlymore complicated shape than the one inferred from the diffusionmodel. The potential and electric fields
distributions are also greatly influenced by the presence of themagnetic field.

As can be seen, when there is no appliedmagnetic field (figures 10(b)–(d)), the potential is nearly constant
and the vertical and radial electric fields are close to zero over a large volume of the discharge chamber. Only in
the vicinity of the groundedwalls and the powered electrode does the electric field reaches values of a few tens of
V cm−1, enough to confine negatively charged particles in the plasma. For this reason, the cloud of negatively
charged nanoparticles extends inmost of the interelectrode space as observed infigure 5(a).

At lowmagnetic field (B=0.032 T, figures 10(e)–(h)), the gradient of the plasma potential is evenweaker
thanwithout appliedmagnetic field. This is due to a decrease of the ambipolar field due to themagnetisation of
the electronswhich are confined in the discharge. This fact can partially explain the faster growth cycles observed
experimentally since the dust particles are only veryweakly confined in the plasma by the tiny radial electric field.

When further increasing themagnetic field (figures 10(i)–(p)), the radial confinement reappears but the
maximumvalue of the confining electric field is shifted below the interface between the guard ring and the
powered electrode. For radius larger than the powered electrode radius (r Ra> ), the radial electric field rapidly
falls to 0 and the plasma density decreases very quickly. This effect is enhanced by the strength of themagnetic
field. For these reasons, at highmagnetic field, nanoparticles are not confined at r Ra> and are found only in
the volume directly below the powered electrode (see figure 5(c)). The increase of the dust radial confinement
when ramping up themagnetic fieldwas also observed in experiments inwhich the dust particles were grown
prior to themagnetic field application [49].

5
A lower pressure than in the experiments was chosen to limit the number of collisions and reduce the computational time. The simulated

values of densities, potential andfields are therefore not be directly comparable to the experiments. However the tendencies remain the same
and are enough for a qualitative study.
6
The higher themagneticfield, the longer the equilibration run.
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From figure 10, it can also be seen that the vertical electric field in the sheath above the grounded electrode
(as well as below the powered electrode) seems lower inmagnetised discharges than in non-magnetised
discharges (at constant power instead of constantVpp, the effectmight not be as strong).Moreover, the
maximum ion density which is roughly at the centre of the discharge in the non-magnetised plasma
(figure 10(a)), is shifted toward the side in themagnetised cases (figures 10(e), (i), (m)). Ion drag force is known
to play an important role in the spatial organisation of growing nanoparticle clouds (such as dust ‘voids’ for
instance [46, 73, 74]). The difference in ionisation and theweaker sheath electric fieldsmight be the reason for
the localisation of the dust particle cloud close to the bottom electrode for sufficiently highmagnetic fields (see
figure 5(c)). Note that the presence of the dielectric glass slide is not taken into account in our simulationwhich
certainly influences the electric fields at highmagnetic fields. It was indeed reported in section 3.2 that the dust
cloudwas confined near the glass-metal interface of themulti-part grounded electrode.

In themagnetised discharges, since the growing dust cloud is confined near or in the sheath above the
grounded electrode, it can be subject to dust density waves (DDWs)which are spontaneously excitedwithin the
sheathwhen the dust particle density is high enough.DDWs are known to significantly enhance the
agglomeration rate between particles by transferring significant kinetic energy to the particles thereby allowing
them to overcomeCoulomb repulsion [48, 50].Moreover, the filamentation of the plasmawhen themagnetic
field is high [49, 75]might also be a source of kinetic energy helping agglomeration. Thus the rapid
agglomeration observed in themagnetised discharge could be due to the confinement of the growing cloud near
the grounded electrode. It was also observed experimentally that the dust particle size distributionwasmuch
wider for growth occurring in stronglymagnetised plasma (B>0.25T) compared to dust grown in non or
slightlymagnetised plasma (via laser-light scattering, figure 5(c) and in SEMandTEMpictures, figures 6 and 7).
Since in strongly coupled dusty plasmas, agglomeration is enhanced by a dispersed distribution in the sizes of the
growing nanoparticles (due to charge fluctuation and the occupation of positively charged states of the smaller
nanometre size particles) [76], the agglomeration can be further enhanced.One could argue that the presence of
themagneticfield could also directly enhance the agglomeration due to stronger charge fluctuations induced by
the reduction of the charging fluxes [77–80]. However, themagnetic field significantly affects the charging fluxes
when T m e B2 1e e e

2 2b p= >( ) [78]. AssumingT 1.5eVe ~ , the charge of the particle will be strongly affected
onlywhen rd3.66/B μm. In our experiments, the particles did not reach sizes large enough to have their
charges significantly affected.However, the effect can be indirect throughmodifications of the discharge
parameters [67, 81]. Themagnetisation of the dust particles (i.e. the dust particle gyroradii become small enough
to consider themmagnetised [17])might also play a role in the agglomeration process.

Figure 10. Ion density distribution (a), (e), (i), (m), Potential contour (b), (f), (j), (n), vertical electric field (c), (g), (k), (o), and radial
electric field (d), (h), (l), (p) obtained fromPIC simulation (pure argon, 1 excited argon neutral level) forVpp=400 V. (a), (b), (c), (d)
B=0T,Vbias=−90 V, (e), (f), (g), (h)B=0.0.032 T,Vbias=−90 V, (i), (j), (k), (l)B=0.25 T,Vbias=−50 V and, (m), (n), (o),
(p)B=0.50 T,Vbias=−30 VThe red lines represent the powered electrode and the blue lines represent the grounded surfaces.
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6. Conclusion

In this article, the influence of a constantmagnetic field on discharge parameters and particle growth in a
capacitively coupled rf discharge has been studied. Experiments were performed in pure argon and argon-
acetylene plasmas atmagnetic fields up toB=2.5 T. It was found that highmagnetic field strength has amajor
effect on the plasma glow distribution and the self-bias voltage of the powered electrode. To understand the
plasma discharge characteristics, a basic ambipolar diffusionmodel taking into account the diffusion
perpendicular and parallel to themagnetic fieldwas developed. Themodel confirmed that a reduction of the
perpendicular diffusion at highmagnetic fieldwould have a significant impact on the discharge and qualitatively
good agreement was found between themodel and the experimental observations of the reduction of the self-
bias. Complementary PIC simulations have shown that the electric fields are also affected by themagnetic field.

Themagnetic field also had a significant influence on themorphology of nanoparticle that are grown in the
plasma. The addition of acetylene to the discharge led to the formation of carbon nanoparticles. At lowmagnetic
fields,B<0.1 T, thewell-known cyclic growth behavior was observedwith the opening of a void region in the
plasma bulk inwhich the next generation of nanoparticles could grow. At highermagnetic fields,B>0.1 T, no
growth cycles were reported. However, a cloud of nanoparticles above the grounded bottom electrode appeared
more rapidly than in the lowmagnetic field cases with larger agglomerates formed above the grounded, bottom
electrode in just tens of seconds after plasma ignition. The enhanced agglomeration, whichmay be the reason of
the observation of the big porous spherical agglomerates, could be explained by the presence of dust acoustic
waves and plasmafilamentation that appear in the plasma at the highermagnetic fields. Electronmicroscopy,
both SEMandTEM, revealed that the big nanoparticles were porous spherical agglomerates of very small
nanoparticles. Raman spectroscopy did not reveal anymajor differences of chemical properties and structural
order between particles formed at lower versus highermagnetic fields. In all of the investigated synthesis
conditions, the grown dust particles were composed of amorphous carbon.

In future studies, differentmagnetic field and electrode configurations will be investigated. Complementary
diagnostics such as optical emission spectroscopy and light extinction spectrometry [82]will be added in order
to obtainmore insight on the influence of themagnetic field on dust growth kinetics. A particular interest will be
on the influence of plasma filamentation on particle growth.
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