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Abstract

The growth of nanoparticles in a magnetised chemically active discharge (Ar/C,H,) is investigated.
The influence of the strength of the magnetic field on dust particle growth dynamics is explored. The
structure of the grown nanoparticles is studied ex situ. It is revealed that the strength of the magnetic
field (up to 2.5 T) has a major impact on discharge parameters (such as the self-bias of the powered
electrode) as well as on the growth and morphology of the nanoparticles. At high magnetic field, the
dust cloud is confined in the sheath above the grounded electrode while without magnetic field the
dust cloud occupies most of the interelectrode space. Moreover, at high magnetic field, large porous
spherical agglomerates were grown. The modification of the self-bias is explained by the influence of
the magnetic 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
plasma distributions are strongly affected by the magnetic field explaining the experimentally observed
dust cloud localisation. The large porous spherical agglomerates are most probably due to an
enhanced agglomeration caused by the modified confinement owing to the magnetic field.

1. Introduction

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

In nature, dusty plasmas can occur naturally in the mesosphere, interplanetary and interstellar clouds,
planetary rings [4, 5], and cometary tails. In these systems the dust particles are formed from the agglomeration
of complex molecules 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), a material of primary
interest for the manufacture 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 growth mechanisms in plasmas is consequently a crucial issue and is of
interest to many subfields of plasma physics.
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In capacitively-coupled radio-frequency (cc-rf) discharges, dust growth mechanisms have been actively
studied. Dust growth occurs following a well-defined pattern: formation of molecular precursors from
sputtering products or by gas dissociation, formation and accumulation of nanocrystallites, aggregation and
finally growth by molecular 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 to monitor
the evolution of the discharge and plasma parameters carefully to have a full understanding of the growth
process.

In the presence of a magnetic field, the transport of electrons and ions is altered and thus the properties of the
plasma are affected. In a dusty plasma under low to moderate magnetic fields (or for large enough dust particles)
the influence of the magnetic field is indirect and weak, due to the very small charge-to-mass ratio [17].
However, even at these low magnetic 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.

In moderately magnetised conventional discharges, dust particle growth is observed [18-20]. In such
discharges, the magnetic field is used to trap electrons and thus enhance the plasma density through an increase
in the number of ionising collisions. For example, in magnetron sputtering discharges, it is possible to grow and
trap a dense cloud of metallic nanoparticles above the cathode [19]. In magnetron discharges, dust rotation
arising from theion E x 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 high magnetic field
regions [20]. This means that the electrons trapped in this region (Lorenz force must be considered for electrons
dynamics and transport) create plasma potential wells able to confine the negatively charged dust particles. Dust
particle growth can be monitored by measuring the self-bias voltage of a probe immersed in the ECR plasma.

In this paper, we report on measurements of the plasma and characterisation of nanometre-sized particles
that were formed in magnetised plasmas. Experiments were performed using the Magnetized Dusty Plasma
Experiment (MDPX) device using a modified rf plasma source. Plasmas were generated in pure argon (Ar) orin a
mixture of argon and acetylene (C,H,) gas. The magnetic field was varied from 0 T to 2.5 T. This paper reports
on changes in discharge parameters such as the self-bias of the powered electrode due to the magnetic field in
pristine argon discharge as well as the effect of dust particle growth in magnetised argon-acetylene discharges. It
also reports on the characterisation of the grown particles using electron microscopy and Raman 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 numerical model of the system and particle-in-cell simulations in order to qualitatively explain our
results. Finally, section 6 will provide concluding remarks.

2. Experimental setup

The Magnetized Dusty Plasma Experiment (MDPX) device at Auburn University is a multi-user, high magnetic
field experimental platform. It consists of two main components: the superconducting magnets and a plasma
chamber which can be changed according to the type of experiments. The superconducting magnets of the
MDPX device are described extensively in previous papers [17, 22, 23]. For the studies reported in this article, the
MDPX device 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 uniform magnetic field (with AB/

B < 1%) at the center of the experimental volume where the cc-rf discharge was placed.

The plasma source consisted of parallel aluminium electrodes installed at the center of a 6-way cross vacuum
chamber with 100 mm ISO ports (see figure 1). A 13.56 MHz rf generator connected to the powered electrode
through a matching network was used to produce the plasma. The rf power was set between 5 < P < 30 W.
The top electrode with a diameter of 50.8 mm was powered and surrounded by a grounded guard ring. The
powered electrode developed a self-bias, V,,;,s when the plasma was on, which was monitored using a National
Instrument data acquisition card. The grounded bottom electrode had a diameter of 76.2 mm anda~1 mm
deep, 25 mm wide 75 mm long notch was cut in its center in order to install the microscopy glass slides used to
collect the grown particles.

Before each plasma the vacuum chamber was evacuated to a base pressure of ~1 mTorr. Then a flow of
argon 5 < Qa, < 10sccmand aflow of acetylene 0 < Qc,n, < 2 sccm were 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 plasma was switched on. The pressure was monitored using a MKS
Baratron capacitance manometer. The grown particle cloud was then illuminated using a 532 nm, 100 mW
green laser diode that was expanded into a thin, vertical laser light sheet (~3 cm height, ~200 psm width) using a
cylindrical lens. The scattered light was recorded from the side port of the vacuum chamber at an angle of 90°
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Figure 1. Schematic of the electrode assembly.

using a USB3-based, 2048 by 2048 pixel, Ximea model xiQ camera that could be operated up to 90 frames per
second (fps). For the experiments described in this article, frame rates of 30 fps were usually used.

3. Discharge characterisation

3.1. Pristine argon plasma

The behaviour of the discharge as a function of the magnetic field strength was studied in pristine argon
(experiments with no particle growth). The operating pressure was p = 300 mTorr (Qa, = 7 sccm) and the
forward rf power P,y = 20 W. A clean glass slide was installed in the notch of the bottom grounded electrode.
The magnetic field was set at an initial high value of 2.5 T and was then slowly ramped down to 0.0 T. The
plasma glow was recorded at 1 fps and the self-bias voltage of the powered electrode was measured. In figure 2,
snapshots of the plasma glow for different magnetic field strengths are presented. As can be seen, the plasma light
emission appears to increase with the magnetic field . Moreover, the glow is generally more localised under the
powered electrode at high magnetic field, indicating a strong confinement of the charged species. Note that with
magnetic fields B > 0.25 T, filamentation of the plasma occurred. Filaments were mostly localised at the edge of
the powered electrode. The number of observed filaments was higher for the highest values of magnetic field.
Note that the filaments were not fixed and could jump from one position to another. It is unclear what role these
filaments could play in the subsequent growth experiments in which they were also observed.

In figure 3, the evolution of the self-bias voltage as a function of magnetic field strength is presented. As
expected, at low magnetic 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 the magnetic field, the self-bias of the powered
electrode increased (or decreased in absolute value) and reached 0 V atB~1 T. At magnetic field B 2 1T, the
self-bias started to decrease again. Note that the magnetic field did not noticeably affect the settings of the
matching network and therefore the impedance of the whole 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 physical mechanism of the self-bias
evolution as a function of the magnetic field strength are discussed in section 5.1.

3.2. Ar/C,H, discharge

When adding acetylene to the discharge, carbon nanoparticles could be grown. During our experiments, the
pressure was set to p = 300 = 2 mTorr before plasma ignition using an Ar/C,H, gas mixture (Q,, = 7 sccm
and Qc,n, = 1 sccm). The forward rf power was P,y = 20 W. The discharge was pulsed manually with plasma
duration t,, = 60 s followed by pauses of t,& ~ 60 s. In figure 4(a) the evolution of the pressure normalised to
the maximum pressure during the plasma pulse is presented. As can be seen, after the discharge was turned on,
the pressure slightly increased to a maximum p,,,., 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 pulse was 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 flow was kept constant, it was partially dissociated. This behaviour was observed for all
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Figure 2. Snaphots of the plasma glow at different magnetic fields for pure argon plasmas. The argon flow was Q, = 7 sccm, the
pressure was p = 300 mTorr and the rf power was P, = 20 W.
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Figure 3. Self-bias as a function of magnetic field strength. Discharge parameters are the same as in figure 2.

magnetic fields. It should be nevertheless noted that increasing the magnetic field resulted in a faster and greater
decrease of the pressure (the pressure decay rate is faster in the presence of a magnetic field and the minimum
reached pressure is the smallest for the largest value of the magnetic 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 electrode Vy;, was also recorded during the different discharge pulses.
The results are presented in figure 4(b) for different magnetic field strengths. The general behaviour observed in
pure argon plasma was again observed, i.e. the stronger the magnetic 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
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Figure 4. Evolution of (a) normalised chamber pressure and (b) self-bias voltage as a function of time for different magnetic field
strengths in Ar/C,H, discharges. The argon flow was Q. = 7 sccm, the acetylene flow was Qc,n, = 1 scem, the pressure before
ignition was p = 300 mTorr and the rf power was P,, = 20 W.

growing nanoparticles strongly affect the impedance of the plasma (see for examples [26]) and that working 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 zero magnetic field, Vy;,s exhibited strong oscillations
in the first 20 s after plasma ignition. The strongest oscillations were observed at B = 0.032 T (see figure 4(b)).
Note that from one plasma to the other the shape of the V},;,5 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 investigated magnetic field (B = 2.496T), the self-bias of the powered
electrode was, contrary to the pristine argon discharge, positive. In an electropositive plasma (such as a pristine
argon plasma), the main reason for the appearance of self-bias on the powered electrode connected to the rf
generator through a blocking capacitor (as in many rf matching network) is the irreversible escape of electrons
into the electrodes, making the gap positively charged [24]. Since the discharge is asymmetric (the grounded area
are much bigger than the area of the powered electrode), different amounts of charge are gained by the

5



10P Publishing

Plasma Res. Express1(2019) 015012 L Couédel et al

electrodes. It causes a difference in the dc electrode potentials, the self-bias. In Ar/C,H, discharges in which
particles are growing, there are numerous kind of charged species (positive and negative ions such as Ar ", C,H7,
C,H™, C4Hj7, etc) due to the complicated chemistry [31-34]. Moreover, the growing dust particles are getting
negatively charged which reduces the electron density [35]. Consequently, the observed positive self bias is most
probably caused by a very different balance of the charges collected at the electrodes due to the complicated
chemistry of the Ar/C,H, plasma and the presence of the growing particles.

In figure 5, snapshots of the laser light sheet scattered by the growing particle cloud at different magnetic
fields are presented. At no magnetic field (figure 5(a)) the well-known cyclic growth behaviour was observed:
~15 safter plasma ignition, the dust cloud started to be visible on the camera and occupied almost the entire
interelectrode space. Att ~ 20 s,a ‘void’ (i.e. a region without visible dust particles) started to open in the
discharge (see figure 5(a) at t = 20 s in the middle 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
was more bowl-shaped. This is most 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 new particles
are growing while the first cloud was 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 how many plasma pulses had already occurred in the chamber. Density waves were visible near the
lower electrode. Such density waves were observed in similar experiments [48, 49] and are known to favour the
agglomeration of the nanoparticles [48, 50].

Atlow magnetic field (B = 0.032 T, figure 5(b)) the nanoparticle growth was faster which was 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) att = 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.

Athigher magnetic field (B 2 0.1 T), no growth cycles were observed. In figure 5(c), snapshots of the
recorded laser light scatteringat B = 1.024 T are presented but qualitatively similar observations were made at
other values of magnetic field. In all high magnetic field cases, a cloud of nanoparticles above the grounded
bottom electrode rapidly appeared (see figure 5(c)). This is in agreement with 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
but was 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 extended more or less above the glass slide. Laser
light scattering also confirmed a quick agglomeration. Large individual particles levitating above the grounded
electrode were indeed visible on camera only a few tens of seconds after plasma ignition (see figure 5(b) at
t = 40 sand t = 60 s). The particles formed much closer to the electrode compared to the cases at no and low
magnetic fields.

4. Dust characterisation

For the different magnetic fields, dust particles were collected for fifteen consecutive 60 s plasma pulses
separated by an off period of 60 s during which the gas was renewed. After each series of fifteen plasmas, the
electrodes were carefully cleaned and a new glass slide was installed in the grooved bottom electrode. An argon
oxygen plasma was then run in the chamber for ~15 min at 20 W in order to burn away all residual carbon
coating. Finally the chamber was pumped down to its base pressure for a minimum of 30 min before the next
series of plasmas was performed.

4.1. Electron microscopy
In figures 6 and 7, scanning electron microscopy (SEM) images and transmission electron microscocopy (TEM)
images of dust particles grown at different magnetic fields are presented. As can be seen in figures 6(a) and 7(a),
the nanoparticles grown at B = 0 T were 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 agreement with
the observation of a couple of growth cycles during a 60 s plasma pulses. In the zoom of figure 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 the magnetic field greatly affected the shape and size of the nanoparticles. Atlow magnetic field
(see figure 6(b)), the size distribution seemed much broader than without magnetic 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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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 in figure 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 in which a new
generation of dust particles can grow. In (c), the horizontal blue arrow point to a dust density wave and the oblique purple arrows
show dips in the dust cloud induced by plasma filamentation. On all images except the magnified ones, a sharpen filter has been
applied to improve visibility of the different features.

increase of the magnetic field resulted in the sample being a mixture of very small (~10 nm) nanoparticles with
larger spherical ‘fluffy’ porous particles (with diameters up to a few hundreds of nanometres). These particles are
clearly visible in figures 6(c)—(d). TEM images (figures 7(b)—(d)) clearly show that these porous particles are
agglomerates of the smaller particles. Both SEM and TEM images indicate that higher magnetic 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 in figure 5(c) towards the end of the plasma pulse. The
smaller particles correspond to the dim cloud levitating slightly above the larger dust particles.
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Figure 6. SEM images of dust particles grown for different magnetic fields. (a) 0 T, (b) 0.768 T, (c) 1.024 T and, (d) 2.496 T. The other
discharge conditions are the same as in figure 4.

4.2. Raman microscopy

Carbon-based materials are routinely analysed using micro-Raman spectroscopy [53—61]. This technique

consists in measuring the wavelengths 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 given material. Interpreting the spectral region between 1000 and 1800
cm™! 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-Yvon HR LabRAM apparatus (x 100
lens, 514.5 nm, numerical aperture 0.9, laser power at the surface <1 mW - pmfz). The resolution of our
system is ~0.2 cm ™. Each final spectrum was an average of 9 spectra taken a few micrometers apart to avoid
local inhomogeneity. The scanning time was ~60 s averaged two times. Spectra have been acquired at the centre
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Figure 7. TEM images of dust particles grown for different magnetic fields. The other discharge conditions are the same as in figure 4.

of the substrate, where large amounts of dust particles were collected as well as on the edge of the substrate where
athinner coating was observed (especially at large magnetic fields).

In figure 8, Raman spectra of particles grownatB = 0 T, B = 0.256 T, B = 1.024 T,and B = 2.496 T are
plotted. Figure 8(a) shows the raw spectra, displaying a huge photoluminescence background and weak
vibrational bands. Figure 8(b) shows the vibrational bands after the photoluminescence background has been
removed. Two broad peaks are visible in the spectra. The main one is located at 15701600 cm ' (G band). In
the low energy wing of the G band, the D-band at ~1350 cm ™' can be distinguished. These bands are assigned to
the stretching modes of sp hybridised carbon atoms and are a signature of aromaticity [53, 55, 58]. Peaks that
might correspond to C—O and C=0 bonds are also located at 1200 cm ™" and in the range 1800-1900 ¢cm
(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 on which the dust
particles have been collected also display weak bands located close to 1200 and 1800—2000 cm ™.

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 several fitting models involving two main bands (the G
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Figure 8. Raman spectra for dust particles grownat B = 0 T, B = 0.256 T, B = 1.024 T, and B = 2.496 T. The particles were located
at the center of the substrate. (a) Raw spectra. (b) Spectra with linear background (baseline) removed a normalised to the height of the
G-band. (c) o 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 the G-band and ratio of the slope of the baseline
the spectrum over the intensity of the G-band for dust particles grown at
different magnetic fields.

oG FWHMg m/Ig
B
(em™) (em™) (pm)
(M
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

and D bands) 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 of models, 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 to well characterised materials. Figure 8(c) shows the position of the G-band o as a function of its full
width at half maximum FWHM; for all the samples. Reference samples are spread around a curve which
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changes its slope around FWHMG = 80-100cm ' which delimits the transition between crystalline and
amorphous carbon. From that comparison, we can conclude that our samples are clearly amorphous.

Intable 1, o, FWHMg and, the ratio m/Ig, where m is the slope of the baseline, and I is the height of the
G-band, are given for dust particles grown different magnetic fields. This ratio can be used to get a very rough
estimate of the H-content of carbonaceous materials [65]. For instance, it has been used recently to investigate
graphitisation of cabornaceous nanoparticles, and their hydrogen content [66]. A value of m/Ig ~ 100 s close to
aH content of 50% whereas a value of m/Ig ~ 101is close to a H content of 40 percent.Note that since the data
point distribution obtained by Casiraghi et al is quite broad [65], m/I 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/C,H,.

When B = 0 T, the Raman spectra recorded at the center and the edges of the sample coincide. It changes
when the value of the applied magnetic field value increases. On the edges, /I diminishes by a decade from
~100 pmto~10 pm whereas it remains nearly constant in the centre, varying only from ~100 pmto 200 pm.
A qualitative interpretation is that, when the magnetic 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 FWHMg; at the centre decreases from ~160 cm ™' at B = 0 Tto
~120 cm™ 'at B = 2.496 T, while being nearly constant at the edges (~185 cm ™). A possible interpretation is
that the local order in the dust particles is slightly higher for particle growth at high magnetic fields.

The Raman microscopy results support the hypothesis of dust amorphous hydrogenated carbon particles
consisting of large numbers of very small aromatic domains. Note that the G band position o, FWHMg, and
the D/G band intensity ratio could be used to determine the degree of order of the carbonaceous dust materials
[57, 60]. This is however beyond the scope of the present study.

5. Discussion

5.1. Evolution of the pristine argon discharge

To understand the process of particle growth in a magnetised plasma, it is necessary first to understand how a
pristine argon discharge is affected by the magnetic field. For this purpose, a basic diffusion model of the plasma
has been developed. We first assume a quasi-neutral transport (ambipolar diffusion). We also consider that the
plasma is completely surrounded by conducting walls so that the ambipolar field is effectively short circuited at
the end of the discharge plasma. The geometry of the system is reduced to a simple cylinder of radius R and
length L. The powered electrode is at the top of the cylinder and has aradius R, < R. To explain the behaviour of
the discharge at different magnetic fields, a simple diffusion equation is used [25, 67]

2
WD _ p, Ve, 2+ Dy P2LD 4 2, 2), M
ot 0z*
where D, is the parallel diffusion coefficient defined as:
k(T. + Tj) /e
DaH = (71 )7/1 ’ (2)
'u’i + /u’e

with v;,(r, z) the ionisation frequency, fu,;, the electron (ion) mobility coefficients, k the Boltzmann constant, e
the elementary charge and, T;; the electron (ion) temperature. The perpendicular diffusion coefficient in the
framework of the Simon’s ambipolar diffusion joint model is [67]:

_ k/e ( (T + T) ]
(i O\ + e B
k/e i1 B>

-1 -y /T i/
4 . B?
(i ) oy T HeliB

T T
| —— + ——| 3)
1+ u.B 1+ B

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
its maximum value) while it falls rapidly to zero in the region mostly surrounded by grounded surfaces. The
electron temperature varies in contrast more slowly [68]. For this reason, the ionisation frequency is
approximated as:

DaL
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Viz> R g Raa

0, R >R, @

vig(r, 2) = vig(r) = {

Ionisation is due to inelastic collision between electron and atoms. For argon, the ionisation frequency can be

approximated as [67, 70]:
0.68
vy, =p-8.13- IOS(E) exp ae | (5)
e kT,

where pis givenin Torrand ¢, = 15.76 eV is the threshold ionisation energy of argon. The solution of the
diffusion equation can be easily calculated:

no cos (Wf)]o(ocpr), R <R,

n(r, z) =
1o cos (W%)]O(OCPRa)

(6)

Ko(agR)Ip(agr) — Ko(agr)lo(agR))
Ko(agR)Io(agRa) — Ko(agRa)Ip(agR)) ’

R > R,,

where Ji, Ki and I are the Bessel function of the first kind and the modified Bessel functions of the first and
second kind of order k, respectively. The coefficient arp and o, define the characteristic length of diffusion and

are defined as follows:
4 2 p,
ap = = - (1) L @)
Dai L Dal
2D
i a
af = (—) =L, ®)
L) D,

Ata given pressure and magnetic field, the ap 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:

on(r, z) _ on(r, z) ©)
8r r=R, 81’ r:R;r
or
0= apli(apR,) + aglo(apR,)
y Ko(agR)(agR,) + Iy(agR)Ki(agR,)) (10)

Ko(agR)Ip(aGR,) — Ko(agR)Ip(aGR))

equation (10) was solved numerically at p = 300 mTorr for different magnetic fields and the resulting
density profiles are plotted in figure 9(a). It is shown that with increasing the magnetic field the plasma is
increasingly confined under the powered electrode. This is in qualitative agreement with the experimental
observation of the glow distribution presented in figure 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 glow which leads to a more efficient ionisation of the gas. This can also
explain the faster decrease of the gas pressure during the particle growth experiment with an applied magnetic
field (figure 4(a)) caused by improved dissociation of acetylene which resulted from better electron confinement.
Moreover, the forward RF power was kept constant during the experiment. In our model, 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 the walls of the chamber, the relative density of the plasma, n/ (n) where (1) is the plasma
density averaged over the volume of the plasma chamber, compared to the case without magnetic field can be
calculated”. Results are presented in figure 9(a). As can be seen, despite the fact the electron temperature
decreases with increasing magnetic field, the relative plasma density increases with the magnetic field,
qualitatively explaining the experimental observation of a more intense glow emission at high magnetic field.
Note that since our model 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 the work 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) electrode V/, is different from the voltage drop V. The voltage ratio
(V, / V) can be obtained from the current fluxes at each electrode. In Lieberman and Savas model [71], the
applied rf voltage is dropped across a thin sheath. It is also assumed that the glow region between the electrodes
has a thickness much greater than those of the sheaths so that the discharge is maintained by ion generation in
the glow and losses at the electrode. An approximate form of the dc voltage drop V, and the rf voltage amplitude

* The plasma density cannot be properly estimated since it is not possible to know exactly how much power is effectively coupled to the
plasma.
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Figure 9. Results of the calculation: (a) plasma density distribution for different magnetic field strengths. The red lines represent the
powered electrode and the blue lines represent the grounded surfaces. (b) Electron temperature as a function of the magnetic filed
strength. (¢) Viias/ Vpp as a function of magnetic field strength. The argon pressureis p = 300 mTorr and the peak-to-peak voltage is
Vo = 300 V.

V,is[71]:
Va= (ko T /e)In[Io(Va / T + (kT /€)In[m; / 2mme)],
Vim Vot Vi i T <V (1)
where the floating potential Vi, is defined as:
Vi = (ky Te. /2e)In[m; T / (47°m. V)] 12)

In the case of high voltage capacitive sheath, V;, < V;and V, & V; so, by considering capacitive sheath, the rf
current current density can be related to the dc sheath voltage:

Ja(x) o< Vi /50 (%) (13)

Depending on the ion-neutral mean free path compared to the sheath thickness s, collisions can play a role and
influence the plasma density at the sheath edge 1, [71]. For a collision-less sheath:

i o V32 /53(x)° (14)
For a collisional-resonant charge transfer- sheath:

Ng o< V2/2 /s, (x)°/? (15)
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For a collisional-elastic scattering- sheath:
a0 o Vi /52(x)° (16)
The rf current flowing through the rf electrode is:

Iaocf J.(x)d*x (17)
Sa

A similar expression can be obtained for the current flowing through the grounded surface I,. By equating the
two currents the following scaling formula can be obtained [71]:

—1) 4
X [j; njé(x)dzx][];a nsﬁ(x)dzx] } (18)

where p and g 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 drops V, and V,
can be linked to the peak-to-peak rf voltage V,,, applied to the discharge [71]:

‘/zi+\/g:‘/fa+\/fg+‘/}>p/2- (19)

8

In the experiment, the self-bias voltage is:

Voias = Vo — Vg (20)

Using equations (18) and (19), the normalised bias voltage is [71]:
Vbias __ 1 Va/Vg — 1

~ . 21
Voo ZVa/Ve+ 1= Vi/Vy — Vg/Vy
The density at the sheath boundaries can be obtained by specifying that the ion flow velocity at the walls is
perpendicular to the wall and has a velocity equal to the Bohm velocity ug = ./kpy,/m;. Under these conditions
the ion flux at the walls due to ambipolar diffusions is given by evaluating at the sheath edge:
ngug = —(DaLVLn(r, z) + Da|M). (22)
0z
Using equation (6), the plasma-sheath edge density at the cylinder side is:
ng (R, z) = mofo(@GRa) D, | ag cos (E)
Uup L
Ko(agR)h(agR) + Ip(agR)Ki(aGR)) 23)
Ko(agR)Io(agRa) — Ko(agRa)Io(aGR))
and at the cylinder top and bottom:
P g apr), R <R,
o(r, £L/2) =3 ™ 24
st /2 ”ODa\"] (apR,) KolagR)Iy(agr) — Ko(agr)lp(agR)) R>R (24)
usl O PR K (agR Io(agRy) — Ko(agR)Io(aGR) -
In the geometry of our experiment, the integrals of equation (18) are:
+L/2
f nh(x)d’x = f nf - 2mRdz
Sg -L/2
R
+2 f nf - 2mrdr
Ré\
Ra
—+ f nd - 2mrdr, (25)
0
and
Rﬂ
f nd(x)d* = f nl . 2mrdr. (26)
0

From equations (18), (25) and (26), it is obvious that the self-bias voltage does not depend on the maximum
plasma density 1 and ug.

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 the magnetic field strength is presented in figure 9(c)
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for the different sheath models. As can be seen Vy;,5/ V},,, exhibits a strong drop for magnetic field strength

B 2 0.1 T. These results agree relatively well with the experimental observation of figure 3. The observed
discrepancies are due to the simplicity of our model. The experimentally observed decrease of V,;,sforB 2 1 T
is however not explained by our basic ambipolar diffusion model. It might be due to aloss of ionisation when
both electrons and ions are magnetised 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 how dust
particle confinement is affected by the presence of the magnetic field. For this purpose, two-dimensional
particle-in-cell (PIC) simulations of a simplified model of our discharge (similar to the one described in the
previous section) have been performed using the VSIM software from TechX corporation [72]. The bottom and
side walls were grounded. The powered electrode located at the top of the chamber is connected toa 13.56 MHz
rfvoltage source with a peak-to-peak amplitude V},, = 400 V enough to maintain the plasma and a constant
vertical magnetic field was 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 which was chosen to roughly correspond to the
measured value of the self-bias at a given magnetic field for a pristine argon discharge (see figure 3). A small gap
of I mm between the powered electrode and the grounded wall was included (to avoid diverging field and also
match the gap between the grounded guard ring and the electrode in the experiment). A background Ar gas with
apressure of 95 mTorr was filled in the chamber’. An initial electron densityat 1 - 10° cm > was seeded to start
the simulation. The collisions involved were electron-neutral collisions that lead to ionisation and ohmic
heating. The simulations were run for 215 rf periods until the electron and ion densities have stabilised”. 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 Argon were 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 electrode was not included in the simulation. Consequently, the simulation results are only
qualitative information of the behaviour of the discharge at different magnetic fields.

In figure 10, the PICresults for B = 0 T, B = 0.032 T, B = 0.25 T'and, B = 0.50 T are presented. As
expected, when increasing the magnetic field, the plasma becomes more confined below the powered electrode
(figures 10(a), (e), (i), (m)). These results are in qualitative agreement with the results obtained in the previous
section from the simple diffusion model, our experimental observation of the plasma light emission (figure 2),
and with measurements made in a similar experimental set-up [49]. However the ion density distribution has a
slightly more complicated shape than the one inferred from the diffusion model. The potential and electric fields
distributions are also greatly influenced by the presence of the magnetic field.

As can be seen, when there is no applied magnetic 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 grounded walls and the powered electrode does the electric field reaches values of a few tens of
V cm™ ', enough to confine negatively charged particles in the plasma. For this reason, the cloud of negatively
charged nanoparticles extends in most of the interelectrode space as observed in figure 5(a).

Atlow magnetic field (B = 0.032 T, figures 10(e)—(h)), the gradient of the plasma potential is even weaker
than without applied magnetic field. This is due to a decrease of the ambipolar field due to the magnetisation of
the electrons which are confined in the discharge. This fact can partially explain the faster growth cycles observed
experimentally since the dust particles are only very weakly confined in the plasma by the tiny radial electric field.

When further increasing the magnetic field (figures 10(i)—(p)), the radial confinement reappears but the
maximum value 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 > R,), the radial electric field rapidly
falls to 0 and the plasma density decreases very quickly. This effect is enhanced by the strength of the magnetic
field. For these reasons, at high magnetic field, nanoparticles are not confined at r > R, 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 the magnetic field was also observed in experiments in which the dust particles were grown
prior to the magnetic field application [49].

Alower pressure than in the experiments was chosen to limit the number of collisions and reduce the computational time. The simulated
values of densities, potential and fields are therefore not be directly comparable to the experiments. However the tendencies remain the same
and are enough for a qualitative study.

® The higher the magnetic field, the longer the equilibration run.
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Figure 10. Ion density distribution (a), (e), (i), (m), Potential contour (b), (f), (j), (n), vertical electric field (c), (g), (k), (0), and radial
electric field (d), (h), (I), (p) obtained from PIC simulation (pure argon, 1 excited argon neutral level) for V,,, = 400 V. (a), (b), (c), (d)
B =0T, Vpias = =90V, (e), (), (g), (h) B = 0.0.032 T, Viyjos = —90 V, (i), (j), (k), (1) B = 0.25 T, Vpyj,s = —50 V and, (m), (n), (0),
(p) B = 0.50 T, Viyjos = —30 V Thered lines represent the powered electrode and the blue lines represent the grounded surfaces.

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 in magnetised discharges than in non-magnetised
discharges (at constant power instead of constant V},,,, the effect might 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 the magnetised 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 the weaker sheath electric fields might be the reason for
the localisation of the dust particle cloud close to the bottom electrode for sufficiently high magnetic fields (see
figure 5(c)). Note that the presence of the dielectric glass slide is not taken into account in our simulation which
certainly influences the electric fields at high magnetic fields. It was indeed reported in section 3.2 that the dust
cloud was confined near the glass-metal interface of the multi-part grounded electrode.

In the magnetised 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 excited within the
sheath when 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 overcome Coulomb repulsion [48, 50]. Moreover, the filamentation of the plasma when the magnetic
field is high [49, 75] might also be a source of kinetic energy helping agglomeration. Thus the rapid
agglomeration observed in the magnetised 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 distribution was much
wider for growth occurring in strongly magnetised plasma (B > 0.25T) compared to dust grown in non or
slightly magnetised plasma (via laser-light scattering, figure 5(c) and in SEM and TEM pictures, 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
the magnetic field could also directly enhance the agglomeration due to stronger charge fluctuations induced by
the reduction of the charging fluxes [77-80]. However, the magnetic field significantly affects the charging fluxes
when 3, = /(rT.m.)/2e?B?> > 1[78]. Assuming T, ~ 1.5eV, the charge of the particle will be strongly affected
onlywhenry 2 3.66/B pum. In our experiments, the particles did not reach sizes large enough to have their
charges significantly affected. However, the effect can be indirect through modifications of the discharge
parameters [67, 81]. The magnetisation of the dust particles (i.e. the dust particle gyroradii become small enough
to consider them magnetised [17]) might also play a role in the agglomeration process.
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6. Conclusion

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

The magnetic field also had a significant influence on the morphology of nanoparticle that are grown in the
plasma. The addition of acetylene to the discharge led to the formation of carbon nanoparticles. Atlow magnetic
fields, B < 0.1 T, the well-known cyclic growth behavior was observed with the opening of a void region in the
plasma bulk in which the next generation of nanoparticles could grow. At higher magnetic 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 low magnetic field cases with larger agglomerates formed above the grounded, bottom
electrode in just tens of seconds after plasma ignition. The enhanced agglomeration, which may be the reason of
the observation of the big porous spherical agglomerates, could be explained by the presence of dust acoustic
waves and plasma filamentation that appear in the plasma at the higher magnetic fields. Electron microscopy,
both SEM and TEM, revealed that the big nanoparticles were porous spherical agglomerates of very small
nanoparticles. Raman spectroscopy did not reveal any major differences of chemical properties and structural
order between particles formed at lower versus higher magnetic fields. In all of the investigated synthesis
conditions, the grown dust particles were composed of amorphous carbon.

In future studies, different magnetic 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 obtain more insight on the influence of the magnetic field on dust growth kinetics. A particular interest will be
on the influence of plasma filamentation on particle growth.
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