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Abstract: This paper deals with pure argon plasma studied in a magnetically enhanced inductively coupled reactor. Laser
induced fluorescence technique was performed with an optical parametric oscillator laser on the 3d*F,, and 3d°G,,

+

Ar” metastable levels and on the (2Py,)4s” neutral metastable state to determine their relative densities. Langmuir probe

was used as a complementary diagnostic to measure the electron energy distribution functions. When increasing the
confinement magnetic field, the metastable state density collapses for all cited levels, by contrast with n, which is

continuously growing. Calculations were carried out for neutral argon to explain this behaviour. The results show that the
metastable population is depleted by electron-impact excitation and ionization, these loss processes becoming dominant

compared to the metastable state creation term.
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1. INTRODUCTION

Argon gas is commonly used in high-density plasma
processing, whether in combination with molecular gases to
increase plasma density and stabilize the discharge, or in
sputtering processes. In consequence, it has been thoroughly
studied in the past years both experimentally and
numerically.

In argon plasmas, metastable levels of argon neutral and
ion play a major role [1, 2], and one of the most fitted tool to
study their behaviour is laser induced fluorescence (LIF).
This technique was first used as a plasma diagnostic in the
1970s [3, 4], and has been widely employed to determine
atom or molecule velocity distribution functions, densities
and temperatures, with the main advantage of being spatially
resolved. This technique was successfully performed to
characterize ion or neutral species in inductively coupled
plasmas (ICP) [5-7] helicon discharges [8, 9], electron
cyclotron resonance (ECR) reactors [10, 11] and magnetron
sputtering devices [12-14].

During the characterization in pure argon of a helicon
configuration source designed to study chemical etching
[15], tunable diode-laser induced fluorescence (TD-LIF) on
the 3d*F,, Ar® metastable level showed a process of
metastable depopulation when increasing confinement
magnetic field in inductive mode. This phenomenon was
assumed to be due to metastable state electron-impact
excitation towards higher radiative levels.
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In the 1990s, several research teams published results on
electron-impact excitation cross sections (Bretagne et al.
[16], Vlcek [17], and were modified later by Bogaerts et al.
[18] and Bultel et al. [19]). These databases were also
complemented in the last decade [20-23]. The latter cross
sections have enabled to deepen the knowledge of argon
metastable Kkinetics in various conditions, such as in
microwave discharges [24, 25], ICP [2], or helicon plasmas
[26]. However, as far as we know, no numerical model
explaining metastable quenching at fixed low pressure while
varying confinement magnetic field could be found in the
literature.

The present experimental study is focused on furthering
the interpretation of this argon ion metastable state
depopulation. We carried out LIF measurements with a
tunable pulsed optical parametric oscillator (OPQO) laser on

the 3d*F,, Ar® metastable state to confirm the results of
our previous work [15] where this depopulation phenomenon
was first observed. LIF was also performed on the 3d°G,,

Ar* and (2Py,)4s” Ar metastable levels to determine if

they also present a population depletion in similar
conditions. Langmuir probe diagnostics measuring the
electron energy distribution function (EEDF) complement
these experiments. Finally, knowing that, unlike Ar”
metastable states, electron-impact cross sections are
available for neutral argon levels, a calculation estimating
neutral argon metastable density is presented. The latter
enforces this assumption of a depopulation mainly by
electron-impact excitation leading to a secondary ionization
source from neutral metastable state.
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1. Pyrex source chamber
2. Boswell-type antenna
3. Coils around the
source chamber

4. Diffusion chamber

5. Coils around the
diffusion chamber

6. OPO laser
(h=611.492, 668.429
or 696.543 nm)

7. Focus lens

8. Photomultiplier + filter
9. Langmuir probe

Fig. (1). Scheme of the helicon configuration reactor with the two diagnostics: LIF and Langmuir probe.

2 MATERIALS AND METHODOLOGY
2.1. Plasma Source

Experiments were performed in a helicon configuration
reactor illustrated in Fig. (1) [27]. A 158 -mm diameter and
180-mm high Boswell-type antenna [28] surrounds the
Pyrex source chamber of an internal diameter of 132 mm
and a height of 300 mm. The former is connected to a
13.56 -MHz RF power supply via a IT matching network.
RF power was fixed at 500, 700 and 900 W. A static
magnetic field Bg,,. generated by copper coils can be

applied in the source chamber up to 200 G.

The source chamber is connected to a 320 -mm diameter
and 230 -mm high stainless steel diffusion chamber. Copper
coils surrounding the latter can generate a confinement
magnetic field By, up to 100 G. Note that B, and By

are oriented downwards, i.e. from source to diffusion
chamber. Argon is injected in the diffusion chamber through
a 50-sccm mass flow controller and a solenoid valve, using
a feedback loop from a Pfeiffer Vacuum CMR 264
capacitance gauge, keeps the working pressure constant.

urce

Depending on experimental conditions, four different RF
coupling modes are available in this plasma source [15]. At
low RF power ( P, ) and/or high pressure, capacitive mode

is achieved. If B, is weak at low pressure and high RF

power, inductive mode is obtained. In other cases, for higher
values of B the Trivelpiece-Gould (TG) mode occurs

source !
[29] due to the propagation of a TG wave along the Pyrex
tube. Finally, for specific P /B, values, helicon+TG

source
mode is achieved [30]. The latter is characterized by the
addition, with the TG mode, of a thin cylinder of luminous
plasma following the diffusion chamber axis due to helicon
wave propagation. One may note that since the power
absorption occurs within the source chamber, the plasma
creation volume, limited by the diameter of the tube
(=5000 cm®), remains relatively constant with respect to the
RF power and confinement magnetic field.

2.2. Diagnostics

Laser induced fluorescence was performed with a
Continuum Sunlite pulsed optical parametric oscillator

(OPO) laser to obtain relative densities for several
metastable states of argon ion and neutral [6, 31-33]. The use
of such a solid laser enables to probe the three considered
species in a row.

Fig. (1) shows the optical arrangement of such a
diagnostic. The laser beam enters through the front window
to excite the aimed species in the plasma. The OPO laser was

tuned at 611.492 and 668.429 nm to probe the 3d°G,,

and 3d*F,, Ar* metastable levels (with lifetimes of 4.45

and 4.9 s, respectively [34]). Subsequent fluorescence from
the centre of the diffusion chamber is detected at right angle
through a focal lens by a photomultiplier. The wavelength is
selected with an interferential filter (1-nm width) centred at
460.9 or 442.6 nm, respectively, as shown in Fig. (2). The
obtained signal is then gate-integrated over the duration of
the fluorescence signal, about 30 ns, and averaged with a
boxcar average-gated integrator from Stanford Research
Systems.
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Fig. (2). Grotrian diagram of Ar" underlying the pumping and
fluorescence transitions involved in LIF diagnostic.

The OPO laser was also tuned at 696.543 nm to probe
the (2Py,)4s” neutral metastable state (with a lifetime of 38

s [35]), as seen in Fig. (3), and the fluorescence was selected
at 772.42 nm with a monochromator.
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Fig. (3). Grotrian diagram of neutral Ar underlying the pumping
and fluorescence transitions involved in LIF diagnostic.

Since the spectral resolution of the OPO laser is about 4
GHz, which is of the same order of magnitude as the
Doppler broadening for argon, Doppler profile cannot be
obtained by OPO-LIF technique. It is possible by TD-LIF, as
described in [15]. Thus, the OPO laser was tuned at the
wavelength corresponding to the maximum of the detected
LIF signal for each species. Fig. (4) shows a comparison
between three types of LIF results for the same experiment.
The first one presents the area under the line profile obtained
by TD-LIF (1). This area is proportional to Ar™ relative
density, and is not affected by possible Zeeman line
broadening, which increases with By, up to 0.5 GHz, since

the whole profile is integrated. The second type considers the
maximum of the line intensity profile measured by TD-LIF
(2). One can see that it presents the same behaviour as (1).
This means that the line intensity is also proportional to Ar*
relative density and is only weakly affected by Zeeman
effect. Consequently, the latter phenomenon cannot explain
the significant decrease of the Ar* LIF signal by a factor of
10 (between 1.0 and around 0.1, as seen in Fig. 4).
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Fig. (4). Comparison between TD-LIF (area of the line profile (1)
and maximum value of line intensity profile (2)) and OPO-LIF
(maximum value of line intensity profile (3)) techniques. Pge = 900
W, Bsource =0 G and P =4 mTorr.
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Finally, the line intensity maximum was measured by
LIF with the OPO laser (3). Its behaviour is mostly similar to
(1) and (2). The beam section is =5 mm? for TD-LIF and
=20 mm? for OPO-LIF and we have estimated that the
signal is integrated over a cylinder with a maximum length
of 10 mm. Therefore, these probed volumes are sufficiently
small not to induce any discrepancy between the two
techniques. The slight difference is probably due to the
experimental conditions which cannot be exactly alike a few
months later. In consequence, the maximum value of the
OPO-LIF signal can be considered as representative of the

probed metastable state behaviour ([Ar*™%%, [Ar=™1%! or

[Ar™,q ), with a weak change due to Zeeman effect.

Langmuir probe measurements complement these LIF
experiments. A Scientific Instruments Langmuir probe was
placed in the centre of the diffusion chamber as pictured in
Fig. (1). Its working principle and the underlying theory can
be found in [36]. To limit the perturbations due to By , the
tip was aligned to the magnetic field lines [37]. Measured
I (V) curves are treated by the Smartsoft software provided
with the probe to obtain the electron energy distribution
function (EEDF) f (E) with:

j:fe(E)dE =n, (1)

Since Langmuir probe measurements are performed in
the centre of the diffusion chamber, i.e. far from the source,
EEDF was assumed to be maxwellian. Thus the values for
electron density n, and temperature KT, can be deduced

from f(E) (incm=>-eV™*):

2n VE ox -E @)
Jrkry “P, )

Fig. (5) presents the experimental EEDFs and their
corresponding fit for P, = 900 W and By, = 10, 30, and

90 G. They were determined for energies ranging from 2 to
16 eV, the difference between floating and plasma
potentials being roughly 15 V. Indeed, at higher energies,
measurements become strongly noised and cannot be used

any more [38]. By choosing n, = 3.7x10%, 1.6x10" and
6.2x10" cm™®, and KT, = 39, 33 and 24 eV

respectively, one can see that the maxwellian fit curves are in
relatively good accordance with the measurements.

f.(B)=

If one considers the i— j electron-impact excitation

transition for one electron, its average reaction rate
coefficient k; is determined by the convolution of energy

dependant electron-impact excitation cross section o (E)
and electron energy distribution function f(E):

"o, (E),(EWEdE
(OVe) =k = \/z IO = . 3)
m, jo f (E)dE
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Fig. (5). Measured EEDFs and corresponding Maxwellian fits for Pge = 900 W and By; ¢ = (2) 10 G, (b) 30 G and (c) 90 G.

3. RESULTS AND DISCUSSION

3.1. Selection of B, and Pressure

Metastable density depletion can only be observed in
inductive mode with a confinement magnetic field ( By )

[15]. Fig. (6) presents n,, measured in the centre of the

diffusion chamber, as a function of pressure with B,
fixed at 0 and 75 G, and RF power at 700 W. These
experimental conditions permit the observation of all four
RF coupling modes available with this plasma source. The
behaviour of both curves, which globally decrease with
rising pressure, can be explained by two complementary
processes. Firstly, increasing pressure reduces the E/ p ratio
(E being the electric field and p the pressure) and the
electron temperature T,, resulting in a diminution of
ionization in the source chamber and transport towards
diffusion chamber. However, its influence on n, should be

progressive and thus does not explain the strong drops

observed at 20--50 mTorr and 10--20 mTorr for B, =0

and 75 G, respectively. Those drops are characteristic of a
mode transition:

. For B, = 0 G, the transition is from inductive to

capacitive mode, which results in an important
decrease of the electron creation term;

. For B,,. = 75 G, the drop is steeper, which is
typical of the transition from helicon+TG to TG
mode. Indeed, this latter transition induces the
disappearance of the helicon column along the axis of
the diffusion chamber, where the probe measurements
are carried out. Eventually, a further pressure increase

leads to a transition towards capacitive mode.

Finally, these results show that metastable density
depletion is observed when the highest electron density is
obtained, which corresponds, in our case, to the inductive
coupling ( By, =0 G). Thus, this condition was chosen for

this study, with a working pressure fixed at 4 mTorr.
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Fig. (6). n. versus pressure with Bsource =l 0 G and O 75 G, Pre
=700 W and Bgits =70 G.

One can remark that in this case, helicon+TG mode does
not exhibit the highest electron density, unlike usual
description of helicon sources in the literature. This is due to
the fact that, in our conditions, a significant part of the
injected power is still transmitted to the plasma trough TG
waves at the boundary of the source chamber.

3.2. Effect of By, on n, and KT,

In order to understand the variations of Ar and Ar”*
metastable populations, it is first necessary to determine the
electron characteristics in the diffusion chamber centre.
Thus, as shown in Fig. (7) for 700 W of RF power, EEDFs
were measured for By, varying from O to 100 G by step of

10 G. Then, the electron density and temperature were
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Fig. (7). Evolution of EEDF as a function of Bg; ¢ from 10 to 100 G
for Pre = 700 W, Bgource =0 G and P =4 mTorr.
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determined by fitting the obtained EEDFs with maxwellian
distributions (Fig. 8%). As expected, n, increases with By .
Indeed, the latter traps the electrons in the vicinity of the
diffusion chamber centre, where the magnetic field is the
strongest, and thus, reduces electron losses towards the
reactor walls.

On the other hand, KT, behaviour is more complicated. It
increases with respect to By , reaching a maximum at 30 G
for 500 W, 20 G for 700 W and 10 G for 900 W.
Raising the magnetic field beyond those values, KT,
decreases drastically before reaching a plateau where its
value is minimal. In inductive mode, plasma is mainly
created at the lower loop of the antenna [15], i.e. at the
bottom of the source chamber. At this location, By, is two
times lower than in the centre of the diffusion chamber. It
can affect the electron motion by limiting their radial flow,
reducing electron losses in the source chamber, and
enhancing the axial flow towards the diffusion chamber.
Moreover, electron cyclotron resonance, occurring for a
magnetic field of =5 G for 13.56 MHz, could also improve
electron heating in the source chamber.

Thus, for low values of By , it seems that these electrons
coming from the source chamber, more energetic than for
By = O G, could explain the slight increase of KT,. The

reduction of electron losses still occurs with further raising
of By, but is covered up by another phenomenon lowering
electron temperature. Indeed, the electron gyromotion
around the magnetic field lines increases with By , inducing

fewer electron losses. Their residence time being longer,
electrons can suffer more inelastic electron/atom collisions,
cooling them in the diffusion chamber. In the end, the
maximum value of KT, seems to be the best compromise
between the axial transport and inelastic collisions cooling
processes.

3.3. Study of Argon lon

First experiments investigated the 3d‘F,, Ar*
metastable level. [Ar™™]% and KT, were measured as a
function of By, for different RF powers, as depicted in Fig.
(9): (@ 500 W, (b) 700 W, (c) 900 W. At low By,
[Ar=™%® as KT,, increases slightly. One can then observe
a drastic augmentation of Ar* metastable population starting
when KT, reaches its maximum value, underlined by a full

black line on the graphs: at 30 G for 500 W, 20 G for
700 W and 10 G for 900 W. This behaviour is similar to
the one of n, in Fig. (8) and occurs until KT, reaches a
specific range of values, between around 2.5 and 3.0 eV,
depending on the conditions. Then, [Ar"™]%® decreases

beyond a threshold By, value (related to the kT, range of

'For clarity, Figs. (9-11) do not present all the error bars (estimated around
+10%).
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Fig. (8). M n. and O KT, obtained by fitting the EEDFs with a maxwellian distribution as a function of By;¢¢; Prr = (a) 500 W, (b) 700 W

and (c) 900 W; Bgouree =0 G and P = 4 mTorr.

values aforementioned), underlined by a dashed grey line on
the graphs: at 60 G for 500 W, 40 G for 700 W and 35
G for 900 W. This behaviour is contrary to that of n,, as
seen in Fig. (8). This discrepancy shows that [Ar*™™] is
certainly not representative of argon ion density and that
experimentally increasing By, above a particular value

results in a diminution of Ar™ metastable population but not
of the total Ar* density. Moreover, one can notice that this
destruction of Ar” metastable state is observed when KT,
decrease becomes slower or not significant.

Previous works [15] presented KT, calculated by the
Langmuir probe software (fit of measured I(V) curves)
which continuously decreases with By, . The new

determination of KT, by fitting experimental EEDFs gives
good correlations between KT, and [Ar™™]% behaviours.
Moreover, same experiments were made with the OPO-
LIF diagnostic tuned to measure 3d°G,, relative density
[Ar*™%!. The results are shown in Fig. (10). The [Ar*™%!

curves are similar to [Ar™™]%® graphs in Fig. (9), the By,
thresholds being 70, 50 and 40 G for 500, 700 and 900
W respectively. Though, a divergence is perceived for 500
W beyond the 70 G By, threshold where [Ar®™%' is

quasi constant instead of dropping. Once again, [Ar*"™]%*

stabilization or depletion occurs when KT, decrease is
slower or not significant. The fact that this phenomenon also
occurs for the 3d°G,, level supports the belief that this
density decrease of metastable state is of course not limited
to the 3d*F,, Ar” level.

However, the By, values corresponding to the [Ar™™],,

drop differ depending on the probed levels. Several factors
have to be taken into account to explain this discrepancy. By
assuming that this depopulation is mainly due to electron-
impact excitation towards upper level, the number of
available upper levels plays an important role on destruction
efficiency. Nonetheless, the most important parameters are
the cross sections of these electron-impact interactions.
Unfortunately, very few data concerning electron-impact

interactions with Ar* metastable levels can be found in the
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Fig. (9). OPO-LIF at 668.429 nm (M [Ar*™]*®®., ) and O kTe measurements versus Bgi+f; Pre = (2) 500 W, (b) 700 W and (c) 900 W; Beource

=0GandP =4 mTorr.

literature. Consequently, since neutral argon was thoroughly
investigated to simulate argon plasmas, the (2Py,)4s’

neutral argon metastable level was probed in the same
experimental conditions to confirm this assumption of
destruction by electron collisions and to explain the

correlations observed between [Ar™™] and KT, variations.
3.4. Study of Neutral Argon
3.4.1. Experiments

Fig. (11) presents [Ar™],, and KT, variations versus
B, for the three RF powers: (a) 500 W, (b) 700 W and

(c) 900 W. The graphs show that [Ar™],, exhibits the same
behaviour as KT,, it increases until a By, threshold and

drops beyond it. The maximum [Ar™] , value is reached at

30 G for 500 W, 20 G for 700 W and 15 G for 900 W.
This correlation shows that KT, is the plasma parameter

directly linked to neutral metastable state population under
our conditions.

Moreover, the conditions where n,, [Ar*™]%®

AT
the KT, maxima. That is to say when axial transport of

and
present a drastic increase seem to correspond to

energetic electrons, which implies a higher KT, thus an

expected higher ionization rate, becomes less important than
inelastic collisions, which induces electron cooling and
neutral argon metastable state depopulation. One could have
expected the ion argon metastable levels densities to present
a similar, or even accentuated, behaviour than the neutral
argon metastable one, but, the opposite is observed. This
phenomenon could be explained by the fact that a significant
part of the destroyed Ar™ must produce ions. This multi-
step ionization process provides an additional source for
Ar™ which overcomes, on the one hand, the lower efficiency
of direct, i.e. one step, electron impact ionization due to the
drop of KT, and, on the other hand, the destruction of

[Ar™™] by electron excitation towards upper levels. When

[Ar™,q is low enough (underlined by dashed grey lines),
multi-step ionization effect becomes less important and ion
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metastable population depletion is finally dominant. Thus,
the ion metastable levels are destroyed in conditions that
present a low neutral metastable density.

3.4.2. Estimation

Calculations on neutral argon were developed to support
the assumption of metastable levels destruction by electron-
impact excitation and to estimate the expected evolution of

[Ar™],,. This estimation considers the (2Py,)4s’

metastable state. We assume that the argon metastable 1s5
is mainly populated by electron-impact excitation from the
ground state (source term S). The loss mechanisms L are
also electron-impact interactions but this time from the
metastable to higher energetic levels. The transitions taken
into account are presented in Table 1. The total loss term L
includes transitions to several 2p levels, which have the
largest cross sections, and ionization, whose relevance is
confirmed by experiments presented in this paper. Moreover,
when compared with other cross sections taken into
consideration, that of the ionization is not to neglect.

Since the plasma is in steady state, [Ar™] follows:

dA™ _ o -

S =S-L=0, (4)
with:

S=[Ar®]xn, x ky, (T.), (5)
L= ([Armxn, x ky(T,), (6)

i>m
where:

ks is the reaction rate coefficient to produce the

metastable level m from the ground state g, and ki

is the one for destruction of m towards upper level i
or ionization.

[Ar®] is the ground state density: about
7.2x10% cm™ for P=4 mTorr at around 500 K.
The gas temperature was determined by laser
absorption spectroscopy on the argon metastable at
801.479 nm. The value grows from 400 to 530 K
between B, =0 and 200 G, respectively.
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Fig. (11). OPO-LIF at 696.543 nm (M [Arm]rel) and O kT, measurements versus By; s ; Pre = (a) 500 W, (b) 700 W and (c) 900 W; Bsource =

0GandP=4mTorr.

The cross sections corresponding to the loss terms [20,
39], start at 1.528 eV and the energy of the source term
cross section maximum is 16 eV [22]. This raises an
important issue since EEDF measurements are indeed
limited to 20 eV which is inappropriate for the source term.
Thus, n, and KT, included in the calculations were

determined by their maxwellian fit up to 50 eV.
As mentioned above, the terms are calculated as follows:

S = [Arf]xn,xkg

"6 4 (E) L,(ENWE dE
-t 2 L
m, jo f (E)dE

L = [Ar"]xn,xk

®)

i s 2 J; o (E)L(ENE dE
= n, — . — .
m VM [ f.(E)dE

Once the source S and loss L terms estimated, due to
the plasma steady state, one can deduce the Ar metastable
state density:

(A" = AT ©

L

Fig. (12) shows the probability of excitation or
destruction (per atom) n,x kg (H) and n,xk_ (A), as well

as the metastable density [Ar™]., (O), as a function of By,

for the three previous RF power values: (a) 500, (b) 700
and (c) 900 W.

The obtained [Ar™]_, are in good agreement with the
experiments (Fig. 11). [Ar™],, [Ar™],4 and KT, display a
similar behaviour with the same By, corresponding to a

peak value for each power, at 30 G for 500 W, 20 G for
700 W and 10 G for 900 W.

Due to the By, confinement, which induces a drastic
augmentation of n,, one can see that n,xKkg increases
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Table 1. Electron-Impact Excitations Taken into Account in the Model
. AE Energy of Peak Max Value of Cross
Transition (ineV) Cross Section (eV) Section (x10™" cm?) Reference
Arg — 1s5 11.548 16 0.846 [22]
1s5 — 2p2 1.78 10 6.4 [20]
1s5 — 2p3 1.754 3.89 138 [20]
1s5 — 2p5 1.725 2.28 4.94 [20]
1s5 — 2p6 1.624 8.13 88.7 [20]
1s5 — 2p8 1.547 3.29 64.5 [20]
1s5 — 2p9 1.528 5.48 250.5 [20]
15 — Ar+.g 4212 14.28 88 [39]
b
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Fig. (12). Calculated number of events ne x ks and n, x ki, and [Ar"™].. obtained with the model versus Bg; ¢ , for Pge = () 500 W, (b) 700 W

and (c) 900 W.

around 5 to 10 times with By, while n,xk_ gains a factor

of around 20. These calculations underline that the influence
of Bys on electron energy distribution favours destruction

processes over creation one by a minimum factor of 2.
Indeed, as showed in Table 1, the creation process needs

electrons with at 11.548 eV of energy while

least

destruction ones only require electrons with energy higher
than 1.528 eV.

Nevertheless, since no clear relationship between KT,
and n,x kg or n,xk_ can be seen, the reaction rates kg and
k_ were plotted as a function of By, in Fig. (13) (P =500
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W) to see only the influence of KkT,. The latter was added to
the figure to highlight the correlations.

One can see that while k_remains almost constant, kg is
strongly dependant of By, and follows KT,. The cross-

sections of these interactions enable the understanding of this
behaviour. As previously stated, compared to destruction
mechanisms, creation process needs higher-energy electrons
to occur. Since KT, variations have a greater impact on the

high-energy tail of the EEDF, the creation process is much
more sensitive to KT, variations than destruction ones. This

phenomenon leads to the observed kg and k_ from the Fig.
(13). Considering that [Ar™]_, is function of the reaction
rates ratio kg /k_, its behaviour is analogous to that of kT, .

T T T T T T 415
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Fig. (13). Calculated reaction rates ks and k_, and measured kT,
versus Byt for Pre = 500 W.

By focusing further on KT, behaviour, it is well known

that its decay is mainly governed by inelastic collisions.
Looking at the energy gaps between possible transitions, it
then becomes obvious that the probability of electron-impact

interactions to occur is far superior for Ar™ than for Ar?.
As a result, the main plasma parameters leading the KT,
variations are n, and [Ar™]. As previously explained, the
shape of the KT, curve is a competition between two
phenomena: axial transport of high-energy electrons and
inelastic collisions. Moreover, n,, and thus [Ar™], increase
with the confinement magnetic field which permits to reach

a significant number of { Ar™-e } collisions. Above a
certain threshold, those collisions generate the cooling of the

electrons bringing to the Ar™ depopulation. This process
could explain the shift in the By, value corresponding to the
KT, maxima that occurs when changing the RF power.

Indeed, a higher RF power induces a rise of the electron and
neutral argon metastable densities; consequently, the
collisional threshold leading to KT, drop is reached for a

lower By, value. Eventually, when the neutral argon
metastable levels are mainly destroyed, i.e at high By,

Bieber et al.

inelastic collisions are not numerous enough to significantly
cool the electrons, which leads to the stabilization of KT, .

4. CONCLUSION

Ar and Ar* metastable levels destruction was studied in
an inductively coupled plasma using a Boswell-type antenna
as a function of the confinement magnetic field B, , for

different fixed RF powers. The densities of these levels were
obtained by laser induced fluorescence, and Langmuir probe
measurements gave the electron density and temperature
deduced from electron energy distribution functions.

Experiments showed that all probed metastable levels are
depopulated with increasing confinement magnetic field. It
proves that performing LIF experiments on argon in
magnetized plasma requires caution, since metastable state
density variations do not systematically reflect ground state
density behaviour. Indeed, in dense plasmas, i.e. n, >

e
10" cm™3, the metastable destruction evidenced in [15] is
not limited to the 3d‘F,, state but can occur with other

metastable levels of Ar* and Ar, such as those studied in
this work.

Ar™ density estimations calculated in this paper show
that in our conditions, it exhibits a similar behaviour as KT,

due to the sensitivity of Ar™ creation process to KT,

variations. On the other hand, [Ar™] seems to be the major
parameter influencing KT, through inelastic collisions. It
confirms that electron impact interactions are the process
leading to this destruction phenomenon. Moreover, it means
that KT, behaviour can be determined by means of LIF on
neutral metastable. It opens interesting prospects in plasma

diagnostics in cases where electrical probe measurements are
very difficult to perform.

It was evidenced that a part of the neutral metastable
population is ionized, acting as a complementary ionization

source. This explains the drastic increase of [Ar™™],

appearing in these conditions and also why Ar™"
destruction is observed at high B, . Indeed, the two-step

ionization overcomes the depopulation process, thus, ion
metastable states density only decreases when neutral
metastable state is considerably depleted. This two-step
ionization, superimposed on the n, increase by electron
confinement effect when increasing the magnetic field,

permits to obtain very dense plasmas in our conditions which
can be an asset in plasma-surface interaction studies.
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