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Double layer formation in the expanding region of an inductively coupled
electronegative plasma
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Double-layergdDLs) were observed in the expanding region of an inductively coupled plasma with
Ar—SF; gas mixtures. No DL was observed in pure argon oy f&dctions below a few percent. They

exist over a wide range of power and pressure although they are only stable for a small window of
electronegativity(typically between 8% and 13% of g&t 1 mTor), becoming unstable at higher
electronegativity. They seem to be formed at the boundary between the source tube and the diffusion
chamber and act as an internal boundahng amplitude being roughly 1(/6T./e)] between a high
electron density, high electron temperature, low electronegativity plasma upgiretira sourcg

and a low electron density, low electron temperature, high electronegativity plasma downstream. ©
2005 American Institute of PhysidDOI: 10.1063/1.1869533

Double layers(DLs) have been studied over the past 10°® mbar. The partial gas pressures of Ar and; 8Fe de-
decades theoretically, numerically and experimentédlge  termined by controlling the flows.

Ref. 1 and references thergiThe largest part of the litera- All measurements reported here were made along the
ture treats the case of electropositive plasmas, however, Dlgvolution axis(z axis) of the discharge. Two types of elec-
were also found in electronegative plasrﬁéssMore re-  trostatic probes were used for measurements. The first is a
cently, Charles and co-work&rshave observed a current- nickel planar probe with guard ring biased at the same po-
free DL in the expanding region of a helicon wave excitedtential as the probe, to measure the real saturated positive ion
plasma at very low pressurégpically less than a mToyrA  current. The diameter of the collecting area was 4 mm and
strongly diverging static magnetic field seemed to be rethe diameter of the outer ring was 8 mm. The second is a
quired in order to reach the conditions for DL formation. passively compensated Langmuir prab®),'° of 0.25 mm
Their system also had an abrupt change in radius at thgiameter and 6 mm long platinum wire tip. The LP was used
boundary between the source and the diffusion chamberso find the plasma potential, electron densities and electron
which could possibly be a source of DL formatidn. temperature from measurements of the proiye character-

In this letter we show that a DL can be formed in aistics using a Smartsoft data acquisition systémihe elec-
system that has a similar geometry to that of Charles angonegativity, a=n_/n,, and consequently the ion densities
co-workers, but without the use of a static diverging mag-(electro-neutralityn, =n_+n, was assumegwere measured
netic field. However, this was possible only with a minimum according to the double-probe technique described in Ref.
percentage of an electronegative gaamely Sk) added to 12 This technique, which relies on the theory developed in
argon. Moreover, this electronegative DL was mostly un-ref. 3, allows to deduce from the ratio of the cylindrical
stable. It was found to be stable for a very narrow range ofrgpe current at the plasma potential to the positive ion satu-

SFs mixtures. _ o ration current measured by the planar proBe,| (Vy)/ g
The reactor is shown schematically in Fig. 1. It was

originally designed to operate in the helicon regime. For the

work presented in this letter, the system was operated with- 4 '

out a static magnetic field, i.e., in the inductive mode. The Z (cm) 1

reactor consists of a source chamber sitting on top of a 32 cm | Pump

diameter, 26 cm long aluminum diffusion chamber. Hence, | —

there is an expanding plasma underneath the source region. - 56 (54 Jo] T [ Grid

The source is a 15 cm outer diameter, 30 cm long ar_ld 0.9cm g | } Dolible.sadds
thick pyrex cylinder surrounded by a double saddle field type 5 4 | antenna
helicon antenndThe fan-cooled antenna is powered through 9 i i

a close-coupled L-type matching network by an rf power 3 S i

supply operating at 13.56 MHz and capable of delivering up @ | i 1_ Fyrexiube

to 2 kW forward power. The input power was recorded as the N gg [ iow_ | Profile
difference between the forward and reflected powers. The S i of the; L
pyrex cylinder is housed in an aluminum cylinder of 20 cm é { i <}— Gasinlet
diameter and 30 cm long. A metal grid attached to the other £

end of the source tube confines the plasma from a turbomo- e ”T

lecular pump that routinely achieves base pressures of v 0f I_“,Movable probes
dElectronic mail: plihon@Iptp.polytechnique.fr FIG. 1. Schematic of the experimental setup.
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FIG. 3. Spatial evolution of the particles densities and electron temperature
FIG. 2. Spatial evolution of the plasma potentid), and the electronega- for a 9% SE mixture at 1 mTorr, 600 W.
tivity, a=n_/n, in (a) the no DL cas€6% Sk mixture), and(b) the DL case
(9% Sk mixture), at 1 mTorr, 600 W.
changed as shown in Fig(l9). The plasma potential presents
) ) ) ) ) a sharp drop at arourz=22 cm on the axis, that is about 4
The technique requires an estimation of the ratio of the elecsy, pelow the interface between the two chambers. The po-
tron temperature to the negative ion temperatyrele/ T tenial difference between the source chamber and the diffu-
and the positive ion mass,, both difficult to measure in the gjon chamber seems to be at least 10 V, although the sharp
gas mixture studied here. We choge 15, as is commonly drop seems to be around 5[Which is 1.8kT,/€) with the
thought .to be a reasonable yalue_ in low pressure e_|eCtr°”%*ownstream electron temperatir@his sharp drop is pre-
gative discharges, and, =40 since(i) Ar* may be dominant  ceded by a strong but smoother gradient that resembles a
since we used small percentages of; $fF argon; (i) we  pre-sheath. From visual observation, it seems that the DL has
expect a fairly high dissociation degree ofg%#ad, therefore, 5 spherical shape that is attached to the boundary between
SFK; ions with x<6 (low mass ions As a consequence of the source and the diffusion chamber and that expands into
these estimations, the absolute valuesaoshould be re- the diffusion chamberrefer to the dashed gray line on
garded as indicative. However, we believe that spatial gradigig. 1),
ents of @, or relative variations with operating conditions The electronegativity is also profoundly affected. It pre-
(pressure, power, mixtuyeare correctly captured by the sents a sharp maximum at the DL position, with a slow decay
technique. downstreambelow the DL in the diffusion chambeand a
Stable DLs are accessible for pressures from 0.3 to 1@huch faster decay upstream. The variations @fre directly
mTorr when carefully adjusting the §Eoncentration. The related to the change in the electron density, as shown in Fig.
minimum power required to obtain a stationary DL increases(a). The electron density is strongly affected by the sudden
with increasing pressure, with no upper limit observatll  drop in potential, whereas both the positive and negative ion
mTorr, DLs are observed above 200 W; at 10 mTorr, abovejensities seem to decrease continuously from the source to
1400 W. the diffusion chamber. The electron temperature changes sig-
All results presented here are for a gas pressure of hificantly when crossing the DL. The DL acts as an internal
mTorr and an input power of 600 W. Figuréa shows the  boundary(or sheath which separates two plasmas; a high
axial evolution of the plasma potential and the electronegaelectron density, high electron temperature, low electronega-
tivity for a SF; concentration of 6%. The dashed line repre-tivity plasma upstream, and a low electron density, low elec-
sents the position of the interface between the source and theon temperature, high electronegativity plasma downstream.
diffusion chamber. The plasma potential decreases continu- As the Sk concentration is increased, the upstream
ously from the source to the diffusion chamber, as expectegdlasma moves further into the diffusion chamkfer a 11%
for an expanding plasma which exhibits a gradient in theSk; mixture, the spherical shape of the DL being more elon-
electron density, while the electronegativity remains roughlygated, the position of the DL on the axiszis 18 cm) and the
constant along the axis. There is evidently no DL. For thesglasma potential drop becomes less abrupt, gradually re-
conditions of pressure and power, the transition towards thplaced by a larger region of strong gradient of potential up-
formation of the DL is observed to occur at about 8%; SF stream, before entering the DL itself. The downstream
concentration; with no DLs observed in pure argon or forplasma potential remains mostly constant at about 15 V.
Sk concentrations below 8%. Above this concentration, the  Downstream and upstream of the DL, the electrons re-

plasma potential and particles gradients are drasticallynain in Boltzmann equilibrium, with temperatures given by
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the slope of lin,) as a function ofv, being 3.2 eV down- the unstable regime is characterized by a periodic formation
stream and 4.5 eV upstream, which is very close to the temand propagation of a double layer. This instability has strong
peratures(from LP processinggiven in Fig. 3b). On the  similarities with the downstream instabilities observed and
contrary, negative ions are far from Boltzmann equilibrium,modeled by Tuszewski and co-workéfs:>However, the as-
and are present both sides of the DL. Since they cannot croggciation between the downstream instabilities and a DL was
it from upstream to downstreaftheir temperature is much not clearly established by these authors. This issue will be
too smal), they must be created downstream, i.e., the attachyeated in a separate publication.

ment rate must be strong in this region. This may be due to  \ve have observed double-layer formation in the expand-
the relatively low electron temperature, and also to highefnq region of an inductively coupled electronegative plasma.
neutral gas density because of colder neutral (@&uctive  The pL's were not observed in pure argon. They are stable
discharges are known to produce significant gas heating negf; 3 small window of electronegativity and become unstable
the coil. The negative ions created in the big buffer region t higher electronegativity. They seem to have a spherical
downstream from the DL WOUId. then be accelerated towar hape and be formed at the boundary between the source and
the source through the D.L' Unlike attachment, lonization IS¢ " giffsion chambers. They act as an internal boundary
probably mainly located in the source region where the th%etween a high electron density, high electron temperature,

electron temperature is high. Hence, positive ions are mainIYOW electronegativity plasma upstream, and a low electron

produced in the source region and are accelerated doWrc]j_ensit low electron temperature, high electronegativit
stream through the DL. The DL is, therefore, crossed by two | Y, q ¢ Th per fi ’ ?j ¢ g y
ion streams in opposite directions. plasma downstream. They exist in a wide range of pressure

The origin of the DL formation remains unclear. From and power and without a strongly divergent magnetic field,

our data and from visual observation, we can postulate thatNich can be seen as an advantage for space plasma propul-

the DL is formed at the boundary between the two chamber§ion- However, the voltage fjrop in the DL is about three

and diffuses in the diffusion chamber, as proposed in earliefMmes smaGIIer than the DL's described by Charles and

work for electropositive gasésHowever, this geometric fea- CO-Workers.

ture is not sufficient to explain our observations since we did

not observe the DL in pure argon. We can postulate that thezl’v'k;?j:e“tg E\t‘yz' Eimgfbgf (;:?M Licberman. J. Appl. PIg6, 4142
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