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Positive sheath behaviour in low pressure Argon plasma
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Abstract

We measure positive ions by means of a Hiden mass spectrometer (EQP 300) in a helicon discharge. Our helicon ‘PHI-
SIS’ (plasma helicon to irradiate surfaces in situ) is used at low injected RF power, in a capacitive regime. A copper sample
is centred in the expanding chamber, 40 mm away from the mass spectrometer nozzle. We measure ion energy distribution
function (IEDF) for different sample positive bias. We show the absence of ions having energies corresponding to the full
acceleration inside the positive sheath. We attribute this effect to secondary electron emission induced by electrons
extracted from the plasma to the sample surface, which changes the potential profile and neutralise low energy ions created
close to the sample surface (radiative recombination).
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since David Bohm, ion and electron dynamics in
the sheath have been widely studied by physicists
and mathematicians. Sheath acts as the transition
between plasma and surface, and is therefore a cru-
cial element in many fields of plasma applications
like tokamak (ITER), etching [1], plasma immersion
for ion implantation (PIII) [2,3]. If dynamics of the
sheath is dominated by one specie (electron or ion)
it is called space charge limited or Child–Langmuir
(CL) sheath. The corresponding Child–Langmuir
law fixes condition between current, voltage and size
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of the sheath. Mathematician Degond published
many work about this law since 1990 [4]. This law
is used in many fields of physics [5–7], for example
in semiconductor physics [8,9]. Recent studies focus
on 2D or time dependent behaviour [5,10]. In this
paper we study plasma surface physics by measuring
ion flux coming from a positive Child–Langmuir
transition between plasma and a copper sample.
At low pressure the electron current which is space
charge limited creates few ionization inside the posi-
tive sheath. Each created ion returns towards
plasma, and reaches mass spectrometer with an
energy e = e/ corresponding to the local potential
/ at which it has been created. Ion energy dis-
tribution function (IEDF) measurements give
information on ionization inside the sheath and
on interaction of electrons with sample surface.
.
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Fig. 1. Sketch of the experimental set-up: sample, plasma and
EQP nozzle.
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In particular, it shows that a kind of electron gas
exists close to the sample positively biased. The
aim of this paper is to understand positive sheath
dynamics. Indeed positively biased samples could
be used as plasma surface interaction diagnostic in
tokamaks. X-rays emitted by bombarded samples
could be analysed to determine surface modifica-
tions [11] (appearance potential spectroscopy tech-
nique, APS). In the present paper we study a
positively biased copper sample in an argon plasma
for sake of simplicity. This paper is divided in three
parts: first we present our experimental set up, then
we describe IEDF measurements and finally we dis-
cuss on IEDF shapes.

2. Experimental set-up

The experimental set-up is described in [12]. It is
an helicon reactor, (PHISIS, plasma helicon to irra-
diate surfaces in situ) which consists of an upper
source chamber and a lower diffusion chamber.
The source has been designed by ANU (Canberra
University), it is a 150 mm diameter, 200 mm long
Pyrex cylinder, surrounded by a double loop
antenna (Boswell antenna). The matching box is
an L type with a 0–2000 pF tune capacitor and a
0–1000 pF load capacitor and is controlled manu-
ally. The total volume of the reactor is around 10 l
[12]. A base pressure lower than 10�5 Pa (penning
gauge limit) is achieved in the chamber by mean
of a 150 l/s turbomolecular pump. During plasma
operation, the pressure is controlled by a Baratron
gauge.

We use a Langmuir probe from Scientific System
(Smart Probe) to measure electronic density and
temperature.

Our mass spectrometer is a Hiden EQP 300: it
comprises an extraction orifice (diameter: 35 lm),
which can be biased to attract positive or negative
ions, an ionisation chamber for neutral analysis
(residual gas analysis: RGA), some collimating
lenses, a 45� electrostatic energy analyser, a quadru-
ple mass filter and a secondary electron multiplier.
It thus allows us to analyse the ion energy distribu-
tion function (IEDF) for positive and negative ions
and the RGA is useful for controlling gas purity.
Our spectrometer is differentially pumped to below
10�6 Pa by means of a turbomolecular pump (70
l/s) followed by a primary pump. It is horizontally
inserted in the spherical expanding plasma chamber
which places the extraction orifice 20 mm off axis, in
the centre of the stainless steel sphere.
The sample holder places our 1 cm2 copper sam-
ple 40 mm away from the mass spectrometer nozzle.
Except for one face, in front of the spectrometer, it
is totally covered by a ceramic insulator. The sample
could be polarised from 1 to �1 kV, but here it was
biased from 70 to 210 V. Fig. 1 sketches the sample,
the plasma and the EQP nozzle.

Measurements were made for an injected power
of 200 W (capacitive regime), without magnetic con-
finement, for argon gas. Results for two pressures
are presented in this paper, 5 · 10�2 and 10�1 Pa.
Plasma potential (potential between plasma and
ground), as measured by Langmuir probe, is 51 V
at 5 · 10�2 Pa and 36 V at 10�1 Pa. In order to keep
a constant ion transmission function inside the mass
spectrometer, control parameters such as acquisition
time and lens potentials were kept constant for all
measurements at one pressure. Moreover, in order
to always scan the same energy window (around
20 V), the whole mass spectrometer was floating at
a potential slightly lower than the sample bias.
3. Measurements

In the sheath, ions are created by the electrons
extracted at plasma boundary with thermal velocity
and continuously accelerated. Of course charged
particles are in equilibrium with potential and
Poisson equation is always valid. We assume that
CL law is obtained between plasma and sample.
Indeed, due to the huge difference between ion
density and electron density (ratio �l06) in the
sheath, sheath potential curvature is mainly
governed by electrons. The sample is positively
biased, electrons from plasma are attracted and
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bombard the sample, and ions are created from the
background neutral Ar population by these incident
electrons in the sheath. Once created, ions are accel-
erated by the electric field in the opposite direction
and collected by mass spectrometer. Calculus of rel-
evant mean free path, such charge transfer and
momentum transfer for Ar+–Ar collisions [13] leads
to an order of magnitude of 10 cm for these reac-
tions. Ion–ion collisions rates are too low to be con-
sidered. Therefore ions do not suffer any collision
during their acceleration from the positive sheath
to mass spectrometer, and their measured energy e
corresponds to the potential at which they are cre-
ated (e = e/). Electronic ionization [14,15] mean
free path is about two orders of magnitude more
that ion mean free path. Thus, very few ionization
Fig. 2. Ion energy distribution function (IEDF) obtained in
argon plasma at 0.05 Pa, a sample bias of 70 V and 200 W of
injected power.

Fig. 3. Ion energy distribution function (IEDF) obtained in
argon plasma at 0.1 Pa, a sample bias of 130 V and 200 W of
injected power.
occurs inside the sheath, explaining low IEDF sig-
nal to noise ratio.

Figs. 2 and 3 show typical IEDF obtained at two
different sample bias, 70 V and 130 V. One can see
in Figs. 2 and 3 that no ion are detected at the full
acceleration energy (e = e/0 where /0 is the sample
surface). We call the difference between the highest
ion energy of the IEDF and sample potential, the
cut off for sake of simplicity, despite it is rather a
decrease of the signal below detection limit. In
Fig. 2 for example the cut off is around 1 eV. Cut
off is due to a small area in front of the surface sam-
ple that looks depleted of ions.

4. Discussion

Electrons coming from plasma and accelerated
inside the sheath strike the surface and induce sec-
ondary emission. Our hypothesis is that the cut off
is caused by secondary electrons emitted by the sam-
ple. First, the increase of electron density near the
sample could locally lower the potential (this effect
can be seen as a shielding effect) and reduce ion
energy. Second, the radiative recombination process
could be increased by the presence of low energy
electrons emitted by the surface, and could reduce
ion density close to surface. Finally both effects
could occur simultaneously.

In Fig. 4 we present a synthesis of cut off mea-
surements. The curves have been drawn for two
pressures (5 · 10�2 Pa and 10�1 Pa). The bias poten-
tial applied to the sample varies from 70 to 210 V
for each pressure. The cut off changes with pressure
and bias.
Fig. 4. Cut off versus sample bias for 200 W argon plasma.
Squares: 0.05 Pa. Circles: 0.1 Pa. Lines are a logarithmic fit of
experimental results.
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We assume that secondary electrons, emitted
from the surface at a temperature Tes, are in Boltz-
mann equilibrium with the potential:

nesðxÞ ¼ ne0e
e

/ðxÞ�/0
kBT es

� �
; ð1Þ

with nes(x) the secondary electronic density, ne0 the
secondary electronic density at the sample surface,
e the electronic charge, /(x) the potential, /0 the
sample bias, kB the Boltzmann constant and Tes

the secondary electronic temperature.
If we assume that close to surface secondary elec-

tron density is much higher than primary electron
density, potential is then determined by secondary
electrons only. As secondary electron density expo-
nentially decreases, potential also has an exponen-
tial curvature (this can be checked by integrating
the Poisson equation including only secondary elec-
trons and by expanding to the first order in a Taylor
series the exponential function for e(/ � /0)�
kBTes). Therefore the potential drops drastically
close to the sample, on a distance too short to
observe a significant ionization signal. This fast var-
iation ends as soon as the primary electron density is
no more negligible compared to the secondary
electron density. Assuming nesmin is the density of
secondary electrons below which the primary elec-
tron density is no more negligible, the following
calculus permits to understand the behaviour of
the cut off with the applied bias:

nðxÞ ¼ nesmin () ne0e
e

/ðxÞ�/0
kBT es

� �
¼ nesmin; ð2Þ

/0 � / ¼ kBT es

e
Ln

ne0

nesmin

� �
; ð3Þ

/0 � / is the value of the cut off.
Secondary emission yield (SEY) is the ratio

between the emitted flux and the incident flux:

d ¼ cem

cinc

/ ne0ve0

cinc

; ð4Þ

with d the SEY, cem the emitted flux of electrons, cinc

the incident flux of electrons, and ve0 the velocity of
emitted electrons. SEY varies from 1 at 30 eV inci-
dent electron energy to 2.1 at 200 eV, following an
almost linear variation between these two energies
[16]. The emission temperature of secondary elec-
trons is 2 eV in this energy range [16,17]. Secondary
electrons can not escape from the positive sheath
and are attracted by the sample. They may create
new secondary electrons (or they may be reflected).
Few is known about low energy electron secondary
emission yield, but the effective d value is probably
higher than expected. The incident electron flux cinc

is constant for a given pressure and fixed by the elec-
tronic saturation current. Thus we can write

ne0 / d ð5Þ

and ne0 increases almost linearly with applied bias
because of the linear increase of SEY with incident
electron energy. Therefore the cut off value /0 � /
increases as a logarithmic function of the applied
bias:

/0 � / ¼ kBT e

e
¼ Ln

ne0

nesmin

� �
¼ kBT e

e
Ln A/0 þ Bð Þ:

ð6Þ

This behaviour of the cut off is qualitatively verified
in Fig. 4.

The same result can be obtained considering
radiative recombination phenomena close to sur-
face. If we call Ci(x) the ionization rate and Cr(x)
the radiative recombination rate, a decrease of the
signal on the IEDF starts as soon as Cr becomes
non negligible with respect to Ci (Fig. 2, decrease
of the signal at 65 V). When Cr becomes higher than
Ci too few ions can escape from the recombination
zone to be detected and the cut off appears (Fig. 2
cut off at 9 V). If we call nesmin the density of low
energy electrons below which radiative recombina-
tion rate becomes negligible compared to the ioniza-
tion rate, we can use exactly the same calculus (Eqs.
(2)–(6)) to explain the cut off variation with bias
voltage.

From the previous paragraphs, we can conclude
that the observed phenomena is due to secondary
electrons. However, we did not determine exactly
how these secondary electrons induce it (shielding
effect or ion–electron recombination effect). There-
fore, absolute A and B values from Eq. (6) are not
studied in the present paper. In the future we plan
to model both effects to perform a full analysis of
the phenomenon and obtain information from fit
of Eq. (6) to experiments.

As plasma density, electronic saturation current
increases with pressure. The Langmuir probe indi-
cates that electronic saturation current goes from
18.8 mA m�2 for 0.05 Pa to 22.0 mA m�2 for
0.1 Pa. Thus, for each chosen bias the number of
secondary electrons increases with pressure because
of the increase of incident electron current (increase
of cinc). As electron density locally increases, radia-
tive recombination process is more efficient which
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tends to increase the cut off with pressure. This
could explain the increase of cut off with pressure
observed in Fig. 4.

The local ionization rate in the sheath can be
written as

CiðxÞ ¼ neðxÞkiðxÞ½Ar� ¼ neðxÞveðxÞrðeÞ½Ar�; ð7Þ
where ne is the electron density (electrons from the
plasma), ki the ionization coefficient, [Ar] the
neutral concentration, ve(x) the electron velocity,
and r(e) the ionization cross section with e = /
(x) � /p (/p is the plasma potential). Electron cur-
rent (ne(x)ve(x)) is conserved inside the sheath and
one can see that ionization rate should follow the
ionization cross section. Fig. 2 shows a ‘triangular’
shape of the measured IEDF at 70 V. This ‘triangu-
lar’ shape is only obtained at low bias. Plasma po-
tential for this pressure is 36 V. Therefore
electrons are accelerated across a potential of
34 eV (/0 � /p). In this energy range, ionization
cross section strongly increases. Therefore ioniza-
tion rate increases along the sheath explaining the
increase of the IEDF intensity with energy. Since to-
tal electronic ionization cross section little varies in
the energy range of 60–110 eV [15], we obtain an al-
most constant IEDF intensity over the energy range
scanned as soon as the bias is raised to 110 V
(Fig. 3).

5. Conclusion

We presented ion energy measurements by means
of a Hiden EQP300. By analyzing the behaviour of
ion creation in a positive sheath between plasma
and a positively biased sample, we showed existence
of an electron gas due to secondary electron emis-
sion. In the first approximation the potential profile
follows a Child–Langmuir law. However, curvature
of the sheath potential due to secondary electrons
and radiative recombination close to the sample
could explain the very weak density of high energy
ions on the IEDF. Results are well correlated with
sample surface characteristics, in particular with
its secondary electron emission yield (SEY). In the
future, we plan to develop a modelling of the poten-
tial profile within the sheath, to take into account
potential curvature profile induced by secondary
electrons close to surface. Once this effect will be
quantified, we plan to study other sample materials,
like graphite, in argon or in hydrogen plasmas. Con-
cerning material, we expect to have different cut off
values depending on graphite SEY and secondary
electron temperatures. Concerning gas, the main
difference will be the presence of multiple ions
(H+, Hþ2 ;H

þ
3 in H2 plasma).
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