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Abstract.

The growth and the dynamics of a tungsten nanoparticle cloud were
investigated in a direct-current low pressure argon glow discharge. Real-time
analyses of the dust particle size and number concentration were performed in-
situ by light extinction spectrometry, while spatial dynamics of the cloud was
investigated with the laser light-sheet scattering method. Additional off-line
electron microscopy and Raman spectroscopy measurements were also performed
for comparison purpose. This experimental work reveals the existence of an
agglomeration phase followed by the appearance of a new dust particle generation.
While growing, the dust cloud is pushed towards the anode and the discharge edge.
Afterwards, a new dust particle generation can grow in the space freed by the first
generation of nanoparticles. The continuous growth, below the light extinction
spectrometry scanning positions, explains the apparent dissimilarities observed
between the in-line optical and the off-line electron microscopy analyses.
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1. Introduction

Dusty or complex plasmas are partially ionised gases
which contain solid dust particles that acquire an
electric charge due to their interactions with the
surrounding ions and electrons. They can be
either injected or grown directly inside the plasma.
For example, nanoparticles (NPs) are produced as
candidate analogue of dust in diffuse interstellar
medium, in radio-frequency (RF) discharges using
hydrocarbon gases [1]. In the context of dense plasmas,
NPs were surprisingly found in dust samples collected
in carbon-based wall tokamaks [2, 3]. The possibility
of formation in the coldest regions, near the tokamak
wall was therefore investigated [4, 5, 6].
Generally, NP formation [7, 8, 9, 10, 11], charging
and transport [12, 13, 14, 15] were extensively studied
experimentally in silane-based RF discharges for
semi-conductor applications such as the improvement
of photovoltaic devices [16]. It was shown that
their growth started by the formation of molecular
precursors which were coming from trapped negative
ions resulting from the dissociation of reactive gases
in the plasma [17, 18, 19]. After nucleation, NP
growth was attributed to successive agglomerations of
the smallest NPs. This mechanism was found to inhibit
further nucleations resulting in NPs with narrow size
dispersions [20, 21]. Finally, the agglomeration stopped
due to electrostatic repulsion and the growth continued
at constant NP number concentration by surface
deposition of molecular species.
It was recently demonstrated that in direct-current
(DC) sputtering discharges, in which the nucleation
was initiated by sputtered metallic atoms, the growth
mechanisms were more complex [22]: i) small particles
were always observed, indicating a constant nucleation
and ii) the growth by agglomeration did not seem
to saturate. Moreover, a strong dispersion in the
appearance time of the second NP generation was
reported [23]. These experiments were performed
using a tungsten cathode as source of metal atoms.
The incident DC discharge power being rather low,
the cathode surface oxide was sputtered away after
few tens of seconds. During this time interval, the
evolution of the discharge and plasma parameters was
the result of a competition between the influence of the
cathode surface state and the influence of the charging
of growing NPs. The influence of the latter became
dominant on the plasma and discharge parameters (loss

of plasma electrons) only when the oxide layer was
removed [22]. Scattering of a vertical laser sheet going
through the plasma just above the anode revealed that
the NP cloud was compressed and pushed towards
the anode during the discharge. Scanning electron
microscopy (SEM) images of substrates exposed to
the plasma for given durations showed that NPs were
continuously falling down on the anode during the
discharge [24]. These observations were explained by
the fact that the electrostatic force at the negative
glow-anode sheath boundary could not balance the ion
drag, gravity, and thermophoresis forces for NPs of
more than a few tens of nanometres in diameter. From
electron microscopy images, it was shown that up to
∼ 500 s, only mono-modal or bi-modal populations of
NPs were collected [22].
However, in-situ characterization of the growing NP
cloud at different heights between the cathode and
the anode remained necessary to unveil completely the
growth and transport processes of metallic NPs in a
DC discharge. For this purpose, we decided to combine
imaging of the NP cloud by the scattering of a laser-
light sheet with light extinction spectrometry (LES)
which permitted the direct measurement of the particle
size distribution (PSD) and number concentration,
N , of the NP cloud at different positions in the
discharge. This diagnostic is based on the extinction
of a collimated white light beam whose spectral range
extended from ultra-violet to infra-red ranges. It has
the capability to detect NPs smaller than 20 nm and is
effectively used to measure PSDs and N in colloidal
suspensions [25]. This optical diagnostic presents
various advantages with respect to the Mie-scattering
ellipsometry diagnostic, often used in dusty plasmas
[15, 21, 26, 27]. In particular, in the latter case,
it is experimentally more challenging as it requires
accurate measurements of the ellipsometric angles and
the iterative data procedure used to find the particle
parameters (PSD, local density, refractive index) is not
trivial and requires strong assumptions. Otherwise,
a reduction of the number of parameters can be
considered. For instance, the choice of a model
providing the time evolution of the particle radius can
help in this way [15, 21].

In the present paper, we report a complete study
on the growth and transport of tungsten NPs in DC
sputtering discharges, in similar conditions to our
previous experiments [22, 23, 24]. Sections 2 and 3
are devoted to the description of the experimental
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set-up and different diagnostics (electron microscopy,
Raman spectroscopy, laser-light scattering and LES).
A special attention is given to the LES diagnostics
whose resolution was numerically evaluated. Section 4
presents our experimental findings and finally, section 5
is an overall discussion with conclusions.

2. Plasma-discharge: experimental set-up

Tungsten NPs were grown in a DC argon glow
discharge initiated between a ∼10 cm diameter
tungsten cathode and a stainless-steal grounded anode
(see Fig.1). The inter-electrode distance was also
10 cm. Two glass half-cylinders were used to confine
the plasma. A 1 cm gap was kept between them
for optical diagnostics. A static argon pressure of
0.6 mbar (no gas flow) was set during the experiments.
The electrode assembly was contained in a cylindrical
vacuum chamber of 30 cm diameter and 40 cm length.
An oil diffusion pump achieved a base pressure of
≤ 10−6 mbar. A manually operated gate valve was
used to isolate the chamber from the oil diffusion pump
during experiments.
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Figure 1. (Colour online) Schematic of the experimental set-up.
The vertical position of the center of the laser-light sheet can be
adjust between 1 cm and 9 cm above the anode. The field of view
of the camera is adjusted to the laser-light sheet position. Note
that the LES diagnostics and the laser-light scattering imaging
were not implemented simultaneously.

A regulated power supply (Sefelec HT15A, 1 kV,
300 mA) was used to bias the cathode. The
discharge current density was kept at a constant value
(0.53 mA·cm−2 corresponding to a current of 40 mA).
The current variations were less than 0.05 %. The
discharge parameters were such that the plasma mainly
consisted of a negative glow. Under the chosen
operating conditions, the cathode was sputtered and
tungsten NPs were grown. More details about the
experimental set-up and the evolution of discharge
parameters during NP growth are given in Ref.[22].

3. Diagnostics

3.1. Electron microscopy

The anode disc had a 1.6 cm diameter hole at the centre
through which the tungsten NPs produced during the
discharge were collected on stainless steel substrates.
The substrate holder could be manipulated from one of
the axial ports of the chamber, such that each substrate
could be positioned under the hole in the anode. Two
methods of collection were used:

• (i) The substrate holder was moved under the
anode so that successive substrates were exposed
to the plasma during a given time interval.

• (ii) The substrate saw the extinction of the
discharge. Note that in this case, the substrate
could, or not be exposed to the plasma during the
whole discharge duration.

NPs were then analysed ex-situ using a scanning
electron microscope. NPs have also been transferred
from the stainless steal substrates to transmission
electron microscopy (TEM) grid in order to perform
high-angle annular dark-field imaging (HAADF) with
a scanning transmission electron microscope (STEM).
This technique, highly sensitive to atomic number
variations in analysed samples, was used to check the
tungsten content of the NPs.

3.2. Raman spectroscopy

Raman spectroscopy analyses were performed on
collected NPs in order to determine if they were
oxidised. The Raman spectrometer was a commercial
Horiba-Jobin-Yvon HR LabRAM apparatus ( ×50
lens, λR =514.5 nm, laser power at the surface
≈1 mW·µm−2). 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 corresponds to a vibrational energy
which can be used as a fingerprint of a given material.
Tungsten oxides are known to display optical Raman
active bending and stretching modes in the ranges 100-
300 cm−1 and 700-800 cm−1, respectively [28] whereas
pure tungsten does not display any optical Raman
active mode.

3.3. Laser-light-sheet scattering method

The NP cloud dynamics was studied using the laser-
light-sheet scattering method [29, 30]. A vertical
laser sheet of 2 cm height (40 mW, wavelength λL =
532 nm, linear polarisation at 45◦ with respect to the
horizontal plane (i.e. scattering plane)) was passing
through the electrode assembly in the gap between
the half-cylinders (see Fig.1). The light scattered by
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the dust particles was recorded at 90◦ by a 12 bits
megapixel resolution digital CCD camera (BASLER
ACE acA1300-60gm). A low frame rate of 1 frame
per second and a long exposure time of 0.5 s were
necessary to compensate for the low intensity of the
scattered light. An interference filter centred on the
laser wavelength was placed in front of the camera lens
to reject most of the plasma emission. The position of
the center of the laser sheet was adjusted between 1 cm
and 9 cm above the anode during the experiments.

3.4. Light extinction spectrometry (LES)

3.4.1. LES principle
N and the normalized PSD, n, were recovered in-line

using the LES technique, which consists in analysing
the spectral transmittance T (λ) of a broadband and
collimated light beam passing through the plasma
containing the studied NP cloud. If I0 and It are the
spectral intensities of the incident and the exiting beam
respectively, T (λ) can be defined as follows:

T (λ) =
It(λ)− Iplasma(λ)− Ib(λ)

I0(λ)− Ib(λ)
(1)

where λ stands for the considered wavelength, Iplasma

for the intensity of the plasma emission in the
direction of propagation of the incident beam and
Ib for the noise of the detection system (i.e dark
noise and residual background optical noise). If the
detection of multiple scattered photons is negligible,
the measured transmission is simply an exponentially
decreasing function whose argument is the product of
the probing length L (i.e the cloud width), and the
cloud turbidity τ . The latter is the product of N and
the mean extinction cross section Cext of the particles
illuminated by the probing beam. Cext is an integral
quantity that depends on the extinction cross section of
each particle (shape, size, refractive index, etc.) and its
statistical weight in the particulate medium. It is more
convenient to write the LES transmission equation in
its linearised and discretised form [25]:

ln(T (λi)) = −NL

MD
∑

j=1

Cijnj (2)

where Cij is the statistical averaged extinction cross-
section for the particle size class j (with j =
1, 2, . . .MD, whereMD is the maximum number of con-
sidered size classes) and for the wavelength λi (with
i = 1, 2, . . . Ki, where Ki is the maximum number of
considered wavelengths); nj is the probability density
associated with the particle-size class centred on the
diameter Dj .

The particle shape model used in the present
study to describe tungsten NPs is a sphere (see
section 4.1 for validation). Consequently, all the

elements of Cij can be calculated using the Lorenz-Mie
theory [30]. Particle inhomogeneities, such as porosity
or tungsten oxide spherical inclusions, can also be
taken into account using the Maxwell-Garnett effective
media approximation. More details and comparisons
with other light scattering theories can be found in
Refs.[30, 25]. To illustrate the effects of particle
inhomogeneities, the evolution of Cext is plotted in
Fig.2 for pure (tungsten mass fraction, fW = 100%),
porous (fW = 74%, the remaining being empty) and
oxidized (fW = 74% and fWO3 = 26%) tungsten NPs.
The differences among the cases are mostly observed
in the UV-range, where the size parameter (πD/λ) of
these Rayleigh-like particles is maximum, as well as the
imaginary part of their refractive index [31].
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Figure 2. Spectral evolution of the extinction coefficient Cext

of spherical particles of (a) D = 29nm, (b) D = 65nm and of
various compositions: pure tungsten, tungsten with spherical
vacuum inclusions (fW = 74%), tungsten with tungsten oxide
spherical inclusions (fW = 74%, fWO3 = 26%).

3.4.2. Inversion procedure of LES measurements
Solving Eq.2 requires to solve a discrete ill-posed

problem [31, 25] and thus, to implement in the inver-
sion algorithm a specific regularization scheme. The
classical regularization methods, such as the Philips-
Twomey and Tikhonov methods or the truncated sin-
gular value decomposition, did not work properly when
applied to the present experimental data. It mainly re-
sulted from the weakness of the signal-to-noise ratio of
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experimental transmission spectra because of the rel-
ative low value of N in the discharge. In the present
study, to get more robust inversions, additional physi-
cal inputs were required. In Refs.[22, 24], it was shown
that up to 500 s, PSDs were mono-modal or bi-modal
depending on the collection method. Based on these
SEM analyses, PSDs were thus assumed to be of a
particular type: unimodal or bimodal one. A mode
n(D) was simply described by a log-normal distribu-
tion depending of two parameters: a mean diameter
D and a standard-deviation σ. The mode bound-
aries were deduced by truncating the PSD at 1/1000
of its global maximum [25]. It followed that, for a
bimodal distribution (i.e. two distinct particle popula-
tions n1(D) and n2(D)), five parameters needed to be
estimated: two mean diameters D1 and D2, two stan-
dard deviations σ1 and σ2, and a constant α quantify-
ing the relative weight in number of each distribution:
n(D) = αn1(D) + (1 − α)n2(D), with 0 ≤ α ≤ 1. All
of these parameters could be deduced from a classical
[25] iterative and weighted least squares algorithm that
compares experimental and the theoretical extinction
spectra (i.e. Eq. 2).

3.4.3. Sensitivity of the LES inversion procedure
In this section, numerical results providing physical

insights and estimations of the LES technique
resolution are reported. Five test cases, either
unimodal or bimodal, are considered. Their statistical
parameters and the associated logarithm of the
synthetic transmittance spectra , ln(T), are reported
in Table 1 and Fig.3a respectively. These spectra
have been calculated for pure tungsten particles using
the Lorenz-Mie theory. To focus on the effects of
the particle size on the transmittance spectra, they
were all calculated for a constant particle number
concentration.

For synthetic unimodal populations (see case (a)
and case (b), Table 1), an increase of the particle size
leads to a decrease in transmistance, in particular at
short wavelengths. In the case of a synthetic bimodal
particle clouds, the shape of ln(T) spectra still depends
on the size of the particles but also on the proportion
α of a population with respect to the other one. A
low proportion of small particles (α ≤ 0.1) changes
only slightly transmission rate at short wavelengths,
as show the spectra associated with the cases (b) and
(c) (Table 1). Larger proportion of small particles in
the synthetic cloud (α & 0.9) leads to an increase of
the transmission rate (see spectra associated with the
cases (d) and (e)).

To further test the capability of LES inversion pro-
cedure to distinguish between one or two particle popu-
lations, a white noise with an amplitude corresponding
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Figure 3. a) Evolution of the logarithm of synthetic
transmittance spectra calculated for tugnsten spherical particles.
The associated PSD parameters are reported in Table 1. b)
Evolution of synthetic ln(T) spectra calculated in the case of an
unimodal population (case (b) in Table 1) for pure, porous or
oxidized tungsten NPs.

to 4% (i.e. SNR ≈ 14dB) of the minimum transmis-
sion was added to the transmittance spectra shown in
Fig. 3a. Note that this noise amplitude is representa-
tive of the experimental one. The error between the
recovered (after inversion) and the nominal statistical
parameters of these synthetic PSDs are reported on
Table 2. With an inversion of the first type (i.e re-
searching unimodal PSDs), the statistical parameters
of cases (a) and (b) are perfectly recovered, while those
of bimodal populations (cases (c) ... (e)) are naturally
poorly recovered. Note that for low values of α, using
a unimodal assumption leads to rather satisfactory es-
timation of D2 and σ2, i.e the particle population with
the largest size and highest concentration. This is con-
sistent with the previous observation regarding spectra
of bimodal particle clouds containing only a low con-
centration of small particles. On the contrary, using a
second type inversion (i.e researching bimodal PSDs)
allows a good reconstruction of all of these synthetic
PSDs (see Table 2).

LES measurements and inversions also depend on
the particle composition (through the particle complex
refractive index). As an illustration, Table 3 reports
the errors between the parameters of the recovered and
the nominal PSDs in the case of an unimodal distribu-
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Table 1. Parameters of synthetic PSDs associated with spectra of Fig.3. Dm and σm are the statistical parameters of the unimodal
populations equivalent to the bimodal populations (they are obviously unchanged for unimodal populations).

Dependent model: nominal parameters

Cases D1 σ1 D2 σ2 α Dm σm

[nm] [nm] [nm] [nm] [-] [nm] [nm]
Unimodal cases

case (a) 29 5 0 0 1 29 5
case (b) 65 5 0 0 1 65 5

Bimodal cases
case (c) 29 5 65 5 0.1 61.4 11.8
case (d) 29 5 65 5 0.5 47.1 18.6
case (e) 29 5 65 5 0.9 32.7 11.7

Table 2. Error (”Err”) between the recovered and nominal mean diameters and standard deviations of synthetic spectra of Fig.3a.
A negative error indicates an underestimation of the statistical parameter. In cases (c - e), for unimodal inversion method, the error
between recovered and nominal parameters are calculated using the mean values: Dm, and σm.

Unimodal Bimodal

Cases Err
(

D
)

Err (σ) Err
(

D1

)

Err (σ1) Err
(

D2

)

Err (σ2) Err (α)
[nm] [nm] [nm] [nm] [nm] [nm] [-]

case (a) 2.0 0.0 2.0 0.0 − − 0.0
case (b) −1.0 −1.0 −1.0 −1.0 − − 0.0
case (c) 0.6 −4.8 2.0 0.0 −1.0 −1.0 0.0
case (d) 1.9 −5.6 2.0 0.0 −1.0 −1.0 0.0
case (e) −0.7 1.3 2.0 0.0 −1.0 −1.0 0.0

Table 3. Error between the recovered and nominal mean diameters and standard deviations of synthetic spectra of Fig.3b.

Assumed compositions Pure Porous Oxidized

Err
(

D
)

Err (σ) Err
(

D
)

Err (σ) Err
(

D
)

Err (σ)
[nm] [nm] [nm] [nm] [nm] [nm]

Pure, fW = 100% −1.0 −1.0 −2.0 20.0 5.0 0.0
Porous, fW = 74% −9.0 −4.0 −1.0 −1.0 −20.0 0.0
Oxidized, fW = 74% −8.0 −4.0 −1.0 13.1 −1.0 −1.0

tion (case (b), Table 1): the tungsten particles were al-
ternatively pure (tungsten mass fraction, fW = 100%),
porous (fW = 74%) or partly oxidized (fW = 74% and
fWO3

= 26%). As mentioned above, for these calcula-
tions, the Maxwell-Garnett effective medium approxi-
mation was used to account for the effects of pores or
WO3 inclusions. As before, a white noise with a rela-
tive amplitude of 4% is added on the associated ln(T)
spectra. It turns out that, globally, an overestimation
of the particle density leads to an underestimation of
the mean diameter and to a slight underestimation of
the standard deviation. WO3 inclusions do not have a
large effect on the synthetic ln(T) spectra.

In Fig.4, the recovered evolution of the mean
diameter as a function of the relative noise amplitude
of the synthetic transmission rate corresponding to
the PSD of case (b) is plotted. When the relative
amplitude is lower than 4%, the statistical parameters
of case (b) are almost perfectly reconstructed, which

is not the case for higher relative noise amplitude. In
particular, an increase of the noise amplitude leads to
an overestimation of the value of σ1. However, the error
on D1 does not exceed 15% even for noise amplitude
. 12%. The absolute error on N also increases with
the noise amplitude but the recovered values are within
30% of the real one for noise amplitude .12%.

Given all the numerical tests, it can be concluded
that, on the conditions that one has a minimum
knowledge on the NPs (shape, composition) and makes
reasonable assumptions on the PSD shape, LES is an
accurate diagnostic even in noisy environments.

3.4.4. LES Experimental setup
The LES set-up (See Appendix A) was composed

of a highly-stabilized Halogen-Deuterium lamp (Ocean
Optics, DH-2000-DUV), solarisation resistant optical
fibres with a 100 µm core, an on-line intensity
attenuator, achromatic coupling and collimating optics
(50 nm focal length parabolic mirrors), a diaphragm
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Figure 4. (a) Evolution of the recovered first two moments
of the PSDs as a function of the relative noise amplitude. (b)
Evolution of the absolute error on N as a function of the relative
noise amplitude. Synthetic spectra are calculated using the PSD
of case (b) (see Table 1).

and a CCD spectrometer (Oceans Optics, Maya Pro).
This low noise and high dynamic range spectrometer
has an enhanced response in the UV range and a
global half-height resolution of 2-5 nm in the spectral
range 220-1040 nm where LES measurements were
performed. Full optical calculations have demonstrated
that for the considered particle size and concentrations,
and because of the small aperture angle of the LES
detection system (less than 1o), multiple scattering
is negligible. Optical choppers were used to chop
the probing beam of 1 mm in diameter, in order to
record periodically: the optical and electronic signals,
the reference signal and the plasma light emissions.
This allowed us to record one corrected transmission
spectrum (see Eq.2) every 2 s.

4. Results

4.1. Electron microscopy

SEM results have been described in details in previous
articles [22, 24]. Here is a quick outline of the main
results obtained:

• NPs were pushed towards the anode located at
the bottom of the discharge set-up and could get
detrapped and fall on the anode.

• The later the substrate was exposed to the plasma,
the bigger were the collected NPs. The biggest
NPs could have diameter up to 150 nm for
discharge duration of 500 s.

• Small particles (mean diameter ∼30 nm) were
always observed on the substrate when the
discharge was switched off (method (ii), see
section 3.1). These results indicated constant
nucleation and growth of NPs in the upper part of
the discharge (cathode side).

Electron microscopy studies of particles collected
after a 300 s plasma indicate that NPs are roughly
spherical, and look mainly like a compact aggregate
of tungsten crystallites (d ≃ 2 − 4 nm) (see Fig.5),
justifying partially our hypothesizes on the particle
shape model for LES data inversion (see Fig.7 in
Ref. [25]).

1 nm

a)

b)

c)

200 nm

20 nm

Figure 5. Images of a NP collected after a 300 s plasma. a)
SEM. b) HR-TEM. c)HAADF-STEM. The fringe patterns in
b) are the crystallites. The white dots in c) are the tungsten
crystallites.

4.2. Raman spectroscopy

Measurements were performed directly on the cath-
ode and on stainless steel samples covered with NPs.
Weak tungsten oxide signatures were observed by Ra-
man spectroscopy. In order to check if NPs were weakly
oxidised or not, they have been heated under an oxygen
containing atmosphere. The growth of tungsten oxide
bending and stretching modes was observed only for
temperature higher than 700◦C. Final Raman scatter-
ing intensities were multiplied by a factor of ∼25 show-
ing that the weak bands, observed at room temperature
were due to surface oxide, probably formed during the
venting of the chamber, after the experiments. It is
worth reminding that we have shown in Sec.3.4.3 that
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a small amount of oxide in the NPs has a negligible
impact on LES transmittance spectra. Therefore, for
the rest of this study, it was assumed that the NPs in
the plasma were composed of tungsten crystallites and,
consequently, complex refractive index of pure tung-
sten [32] was used to inverse LES measurements.

4.3. laser-light-sheet scattering measurements

(a) (b)

Figure 6. Typical snapshot of the scattered laser-light 45 s
after plasma ignition : a) raw image, b) same as a) with an edge
detection filter applied to the image. The horizontal black arrow
shows the position of the lower edge of the laser sheet which was
positioned 2 cm below the cathode. The oblique white arrow
shows the top edge of the NP cloud. The dashed vertical line
indicates the position of the discharge axis.

In an earlier study [24], laser-light-sheet scattering
measurements just above the anode revealed that
the dust particle cloud was compressed and pushed
towards the anode during the discharge. For a better
understanding of the dynamics of the growing process,
further experiments with different positions of the
laser-light sheet above the anode have been performed.
In each experiment, no NPs could be detected by our
laser-light scattering system during the first 30 s after
plasma ignition.

In Fig.6a, a snapshot of the scattered laser-light
45 s after plasma ignition is shown. The centre of
the laser-light-sheet was positioned at 2 cm of the
cathode surface (i.e. 8 cm from the anode). For
a better visualisation of the boundary of the dust
cloud, an edge detection was applied to the raw image
(Fig.6b). The top edge of the cloud had a very convex
shape and an apparently dust-free hole centred on
the discharge axis was visible (no NP detected by
laser-light scattering). In Fig.6a, one can see that
there was a strong plasma emission in this region. It
corresponded to the expanding luminous “blue glow”
appearing at the centre of the tungsten cathode a
few seconds after plasma ignition [22]. During the
hemispherical expansion of this glow, the NP cloud was
pushed toward the bottom and the side of the discharge
gap explaining its convex shape.

In Fig.7a, three snapshots are shown for a laser-
light sheet positioned 3.4 cm above the anode. The

t=170 s t=190 s t=210 s
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Figure 7. (colour online) a) Snapshots of the video of the
scattered laser-light at different times after plasma ignition. The
dashed green lines show the upper and lower edges of the vertical
laser sheet. The centre of the laser sheet was 3.4 cm above
the anode. b) Distance of the upper edge of the NP cloud (1st

generation) to the anode on the discharge axis as a function
of time extracted from laser-light scattering data. The latter
were accumulated over 21 experiments. The red line represents
a fitted mean position of the upper edge of the NP cloud. The
dashed green lines are the errorbars at 3 standard deviations.

scattered light intensity increased with time until
the dust cloud was pushed down and toward the
side of the discharge and, as observed close to the
cathode, an apparently “dust-free” hole was expanding
in the discharge. This behaviour was observed at
all investigated heights between the electrodes and,
as already stated, could be linked to the expanding
luminous “blue glow” observed on the cathode centre
a few second after plasma ignition (see Fig.6) [22].
This effect was clear at t = 210 s after plasma
ignition: in Fig.7a the top edge of the NP cloud is
convex. Note that the intensity gradients observed
in Fig. 7 are the result of a convolution between
the vertical intensity profile of the laser-light sheet,
with the NP size/number concentration gradients in
the region illuminated by the laser-light sheet. Since
the scattering regime for the considered NPs is in
between the Rayleigh regime and the lower bound of
the Mie scattering regime, the NP scattering efficiency
is proportional to D6 for the smallest and tends
to (but does not reach) the limit of D2 for the
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largest NPs. That is any detailed interpretation of
the continuous changes in the intensity gradients (or
“inhomogeneities”) observed in Fig. 7a, has to be done
with caution.

In Fig.7b, the distance of the upper edge of the NP
cloud is plotted as a function of time. Note that even
though every experiment was carried out with the same
discharge parameters, there was a strong dispersion
in the measured time (±50 s for the cloud top edge
positioned at 3 cm above the anode). This is due to the
high sensitivity of NP growth to the initial conditions
(base pressure, cathode surface state, etc.). This effect
was also observed in radio-frequency discharge in which
NPs are grown by sputtering of a polymer layer on the
electrode [33]. The general behaviour of the NP cloud
was however always the same. The maximum height
of the dust cloud edge was ∼7.5 cm above the anode
at t≃30 s after plasma ignition. Soon after the NP
cloud could be detected, it started to be pushed toward
the anode and the edge of the discharge. For ∼100 s,
the movement of the NP cloud was quite slow and the
height variation of the upper edge was ∼1 cm. Then,
in ∼200 s the upper edge position felt from ∼6.5 cm
to less than 1 cm, meaning that a major part of the
plasma seemed free of dust. However, our previous
studies have shown that small NPs (hardly detectable
by laser-light scattering ) were growing in this region
[24].

4.4. Light extinction spectrometry

In Fig.8a, the temporal evolution of the transmittance
at different wavelengths is shown when the probing
beam was positioned 2.8 cm above the anode.
As expected for NPs, the transmittance at short
wavelengths was more affected by the presence of the
growing tungsten NPs than at long wavelengths (i.e.
T ≃ 1). In Fig.8b, evolutions of the transmittance
at λ = 250 nm for five experiments with the same
discharge parameters (two measurements at h = 5.3 cm
and three measurements at h = 2.8 cm) are shown.
While not exactly the same, due to the high sensitivity
of the experiments to the initial conditions, one can
see that the measurements at the same height were
similar. The overall shape was comparable for both
heights but the kinetics was faster in the measurements
made at the highest positions. For instance, the
minimum of transmittance occurred at t≃170 s at
h = 5.3 cm while it occurred at t≃220 s at h =
2.8 cm. These minima in transmittance could be linked
to the opening of the apparently “dust-free” hole at
the investigated height. The times of the minima
matched indeed within errorbars the position of the
upper edge of the dust particle cloud on the discharge
axis (see Fig.7b). Before reaching a transmission
minimum, the NP number concentration and/or NP
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Figure 8. a) Evolution of the transmitance at different
wavelengths as a function of time, 2.8 cm above the anode for a
500 s discharge. b) Transmittance at 250 nm at different heights
above the anode: gray lines, h = 2.8 cm; black lines, h = 5.3 cm.
Each plain, dashed, or dotted line corresponds to a separate
experiment.

size in the LES beam have increased which explained
the transmittance decrease. From this time, the path
length of the LES beam through the cloud visible by
laser-light-sheet scattering started to decrease and the
transmittance started to increase. Note that it was
previously reported [24] that small NPs were present
in this hole. Extinction being very sensitive to the
NP size, the larger having the greatest effect, replacing
large NPs by smaller one is almost similar in effect to
a dust-free zone.

It may appear surprising that LES transmittances
at higher probing positions in the plasma were smaller
than at lower LES positions. However, as the cloud was
pushed toward the side of the discharge, some particles
were constantly lost through the vertical slits between
the half glass tubes used for the optical diagnostics,
explaining the higher transmittance at lower beam
positions.

In Figs.9a and b, the recovered evolution of the
PSD and N are presented. They correspond to the
transmittance spectrum shown in Fig.8a. Six different
phases could be extracted in the measured NP growth
and dynamics§.

§ Note that these phases occurred independently of the LES
scanning position, the kinetics at the highest position being only
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Figure 9. a) Temporal evolution of mean diameters
(represented by squares or by circles) and the associated
standard-deviations (represented by bars) measured by LES at
the height h = 2.8 cm from the anode. A bimodal PSD is
detected, its large mode is represented by the circle line, while
its small mode is represented by the square line. b) Temporal
evolution of N , as well as αN and (1−α)N associated with the
small and large modes of the PSD, respectively.

• Before ∼70 s, no information could be accurately
extracted from the transmittance spectra. It
indicates that NPs in the LES beam were
very small and possibly in very low number
concentration.

• From ∼70 s to ∼170 s, the PSD was found to
be clearly unimodal, as the inversion procedure
forcing a bimodal distribution gave two identical
modes with the same weight. During this phase,
the mean particle diameter increased from∼20 nm
to∼30 nm. N was nearly constant (∼ 2·1014 m−3)
even if a smooth decrease (over ∼ 12 s) in N ,
coinciding with higher values of σ1, was observed
at t ∼ 80 s. This increase in σ1 could be
attributed to local higher values of the relative
noise in LES measurements (see results of the
synthetic study presented in section 3.4.3, more
particularly in Fig. 4) that could be due to very
intense and fluctuating plasma emissions occuring
after ignition [22]. As a transmittance spectrum
depends on a convolution between N and the
PSD, large recovered values of σ1 (i.e. a large

faster

distribution) imply small recovered values of N .
Moreover, the PSD remained mono-modal after
80s which favours the hypothesis of an inversion
artefact.

• At t ∼170 s, an inflection point is observed
on the transmittance rate at all wavelengths,
while the PSD became abruptly bi-modal: each
mode which were initially identical are suddenly
well separated. Simultaneously, the total
concentration in number decreased abruptly (in
less than ∼ 6 s). The number concentration of
the small (i.e original) mode particles decreased
also abruptly, while the concentration of the
large mode particles, which just appeared, was
very small. These observations suggest an
agglomeration of the small particles at constant
volume. Nevertheless as the agglomeration
process was not instantaneous, small particles
were not totally consumed and some remained in
the LES beam. After this time, the mean diameter
of the particles in the large mode stayed almost
constant while the mean diameter of the particles
of the small mode steadily increased.

Two mechanisms could explain the apparent
growth of the NPs of the small mode: surface
growth by molecular sticking or agglomeration.
If the NPs of the small mode were growing
by surface deposition or by agglomeration with
very small undetectable particles, their number
concentration should be constant. It was not
the case here, Fig. 9 clearly shows a decrease of
their number concentration. In addition, it can be
shown using the theory of Ref.[34], that tungsten
vapour concentration is maximum around 1 cm
below the cathode and is rapidly decreasing
when going towards the anode. Consequently,
surface growth on the anode side, where LES
measurements were performed, was most probably
negligible.
A more likely explanation is that they were
consummed by agglomeration to create the NPs
of the large mode. Even if the agglomeration of
the 35 nm particles should normally be suppressed
because they are negatively charged, it may still
exist due to a mechanism called the polarization-
induced ion flux asymmetry (PIFA) [35, 36]. In
the PIFA mechanism, it is proposed that a NP
becomes polarised due to the influence of the
electric field created by the neighbouring grain
which leads to an asymmetry of the ion flux
onto the surface grain resulting in a force in the
direction of the electric field. PIFA mechanism
thus allows negatively charged large particle to
agglomerate with smaller negatively charges one.
It was verified experimentally in a RF discharge
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[36]. Furthermore, as NPs were getting deeper in
the negative glow, i.e. closer to the anode, the
electron temperature decreased and so did the NP
charge (in absolute value) reducing the repulsive
force.
Finally, the agglomeration hypothesis is favoured
by the sudden appearance of the large mode in
concordance with a sudden decrease of the number
concentration of the NPs of the small mode. One
should also note that the two modes of the PSD
are log-normal and only the mean sizes are given
in Fig.9. While the PIFA mechanism allows the
agglomeration of negatively charged particles, it
still favours the agglomeration of the smallest
one with the largest one. Consequently, smallest
NPs were consumed in priority and, in return,
the mean diameter of the small mode increased.
Experiments at different heights showed that
this phase occurs quicker when closer to the
cathode. A possible explanation for the triggering
of the agglomeration phase is that when large
particle pass through a cloud of smaller particle,
agglomeration is enhanced [37, 35, 36].

• At ∼220 s, the transmittance reached a minima at
all wavelengths and from this time N started to
decrease rapidly. When looking at the two modes
of the PSD, their mean size remained almost
unchanged but the weight of the smaller particles
decreased rapidly. As discussed previously, this
corresponded to the opening of the “dust-free”
region in the LES beam. From this time, the
path length of the LES beam through the cloud
(visualised by laser-light-sheet scattering) started
to decrease and the transmittance started to
increase due to a decreasing number density. Note
that in the region freed by the first generation
of NPs, new NPs were starting to grow [24].
They however remained undetectable with the
LES diagnostics as, extinction being very sensitive
to NP size, large NPs had the greatest effect and
the overall effects was almost similar to a “dust-
free” zone. It also explains why the weight of
smaller mode of the PSD was more affected. As
stated earlier, the evolution of the LES signal was
similar for the different investigated positions of
the probing beam. Only the dynamics was faster
when closer to the cathode. After inversion of
the LES spectra, another difference appeared. In
Fig.10, the size of the particle at the minimum
of transmittance for different LES beam height
are presented. The PSD was bimodal at all
investigated heights. No trend is observable for
the mean size of the NPs belonging to the small
mode which remain around 40 nm while the mean
size of the particle belonging to the large mode is

increasing when getting closer to the anode. This
is a clear indication for a continuous growth of
NPs while getting transported towards the anode.
Earlier measurements of the particle collected on
the anode showed that the NPs can reach size
up to 150 nm [24]. Such large size were not
measured by LES, strongly suggesting that NP
growth continued below the minimum investigated
LES beam height. This is also compatible with
the earlier hypothesis of an agglomeration phase
enhanced by the penetration of large NPs into
the cloud of smaller particles, the former growing
further while transported towards the anode.

• From ∼250 s to ∼350 s (see Fig. 9), the two modes
of the PSD were almost superimposed (∼50 nm
and ∼60 nm). The number concentrations of both
mode were equivalent (≤ 0.1 · 1014 m−3) and the
total number concentration was slowly decreasing.
These observations were the consequence of
two effects: the agglomeration process which
consumed the smallest particle and the opening of
the “dust-free” zone in the LES beam. However,
it has to be noted that the two modes of the
PSD remain distinct from each other as the largest
particles of the original small mode are probably
too big to agglomerate, even considering the PIFA
mechanism.

• From ∼350 s to ∼400 s, N increased rapidly
while the mean NP diameter felt down to ∼35 nm
(monomodal distribution). On the transmittance
spectrum, it corresponded to a new decrease of the
transmittance. This period of time corresponded
to the expulsion of the last large NPs of the first
generation and consequently, an easier detection of
the second generation of NPs. It is in accordance
with our earlier experiments [24]: large NPs were
expelled from the plasma and new small ones
were synthesized in the region freed from the
first generation (mainly above as the NP cloud is
pushed down) where nucleation could take place
again from sputtered atoms. This behaviour is
similar to the one observed in radio-frequency
discharges where a “void” usually appears in the
plasma center, in which new dust particles are
grown [38, 33, 39].

• From ∼400 s, the PSD became again bi-modal
with an associated decrease of N n in a very
similar manner to what happened at t ∼ 170 s.
These were signs of an agglomeration process
occurring in the second generation NP cloud.

5. Conclusion and perspectives

In this article, a detailed characterisation of a growing
NP cloud in a DC sputtering low pressure argon glow
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Figure 10. Evolution of the particle size reached at the minima
in transmittance.

discharge with a tungsten cathode was performed. The
shape and composition of NPs with ex-situ diagnostics
(SEM,TEM.HAADF-TEM and Raman spectroscopy)
was determined. The particles were found to be
mainly compact spheroids of pure tungsten crystallites
which allowed us to use the complex refractive index
of pure tungsten for the LES diagnostics. Laser-
light scattering of a vertical laser sheet positioned
at different heights in the inter-electrode gap showed
that the NP cloud was pushed towards the edge
of the discharge and the anode leaving a zone in
which nucleation of new NPs could take place. In
addition, the evolution of the PSD and N were
studied in-situ by LES. This diagnostic has revealed
a phase of NP growth by agglomeration, followed
by the appearance of a second NP generation. The
agglomeration phase was identified by a sudden change
of the PSD from monomodal to bi-modal followed by
a gradual disappearance of the small NPs. Results
have also confirmed that the second generation of
NPs appeared in the space freed by the first NP
generation. At the minimum of transmittance, while
the PSD was bi-modal at all investigated positions
between the electrode, the mean size of the NPs
belonging to the large mode of the PSD increased
when getting closer to the anode. On the contrary,
the mean size of the NPs belonging to the small
mode remained approximately constant. This results
suggests that agglomeration was triggered when the
biggest NPs passed through a cloud of smaller NPs.
They thus grew until they reach the anode side of
the discharge. It shows that the largest particles
are agglomerates of smaller ∼35 nm particles and is
consistent with our results reported in earlier studies
using electron microscopy measurements to reconstruct
PSDs of particle collected at the anode centre [22, 23,
24]. Furthermore, as the NP growth continued below
the LES scanning positions, it explains the apparent
dissimilarities observed between the in-situ optical and
the ex-situ electron microscopy PSD measurements.

Future investigations will combine local measure-
ments of plasma properties with the in-situ PSD diag-
nostics, to confirm some interpretations drawn in the
present paper and to correlate NP growths and dynam-
ics to the local evolution of the plasma parameters.
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Appendix A. LES set-up

The LES set-up (See Fig. A1) was composed of a
highly-stabilized Halogen-Deuterium lamp (Ocean Op-
tics, DH-2000-DUV) (5), solarization resistant optical
fibres (6) with a 100 µm core, an on-line intensity at-
tenuator (7), achromatic coupling and collimating op-
tics (50 nm focal length parabolic mirrors) (8-9), a di-
aphragm (10) and a CCD spectrometer (Oceans Op-
tics, Maya Pro) (12). Optical choppers (11a - 11b)
were used to chop the probing beam of 1 mm in diam-
eter and a typical probing length of 10cm, in order to
record periodically: the optical and electronic signals,
the reference signal and the plasma light emissions.
This allowed us to record one corrected transmission
spectrum (see Eq. 2) every 2 s.
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