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Abstract

The boundary conditions in an electron cyclotron resonance (ECR) source have been modified
to mimic the operating conditions where current-free double-layers (DLs) have been recently
measured in rf helicon plasmas. The plasma is heated or generated by the ECR at 875 G inside
a dielectric source tube, and expands into a grounded diffusion chamber (terminated by a glass
plate) by a rapidly decreasing magnetic field. Preliminary studies of the plasma expansion

have been performed. For the present conditions (1 mTorr, 500 G and 500 W), no DL is
observed near the source exit and the plasma diffusion is well described by a Bolzmann
expansion.

PACS number: 52.50.Sw

1. Introduction are the potential along the axis and the reference potential,
respectivelyk is the Boltzmann constant afd the electron
lon acceleration in expanding plasmas has been studieehperature, which can be assumed fairly constant along the
experimentally, theoretically and by computer simulationgxis of expansion.
since the 193051[ 2] These studies have been motivated On the other hand, when the pressure becomes very
by a wide variety of research fields from space and solgjw, typically below 1mTorr, the mean free path for the
science B, 4], plasma thrustersS], material processing andjons becomes of the order of or larger than the dimension
microelectronics §, 7], etc. As an example, low-pressuréyf the plasma. The low collisionality in the plasma may
(expanding) plasma sources are desired for anisoropifioy a fraction of the ion population to acquire supersonic
uniform etching and controlled deposition as they providg|qcities when accelerated along the expansion. Under these
independent control of the ion energy and flux density to ”Fonditions, an electric double layer (DL) can forgy 11] and
wafer surfaced]. the plasma expansion does not necessarily obey the classical
As the plasma expands, the pressure gradi®mTe), pojtzmann relation. If the plasma expands along divergent

must_ be balanced by an elt_actrlc field or a potent agnetic field, thev x B term might also be important in
gradient along the expansion axis for electrons in Boltzmart\ﬁme Vlasov—Boltzmann equation: however, in most laboratory

equilibrium. When the ion mean free path is short, i.e. remi;fﬁasmas this effect can be considered as a second-order
high pressure typically above a few mTorr, the ions underg eﬁfect
§ )

large number of collisions in the system. Therefore, althou A DL is a narrow isolated region in the plasma that

the ions can be accelerated due to the potential gradient al%ré% sustain a large potential change and a variety of
the expansion axis, the ion distribution remains isotrofjc [ ustal ge p : 9 variety

The density and potential gradient along the expansion Wi”ﬁlectncal DLs have been studied in the laboratory and

this case follow the Boltzmann relation for electrot§][ in space for decadesl. Usgally t.he DLS, studied in
the laboratory, by computer simulations or in space, have
e(¢z — ¢o)

N =g exp[ } (1) been driven or generated by external current_s or voltages

kTe ’ [13-15]. However, recently a current-free DL discovered in
a low-pressure expanding ‘helicon’ plasma has drawn new

wheren(z) andng are the plasma density along the expansidnterests into the field of electrical DLs. In this particular
axis and the reference density, respectively, @anchind ¢ DL experiment, there is no imposed currents or voltages
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Figure 1. (a) A schematic drawing of the ECR device, ‘Menja’. (b) The magnetic field on axis of the device, where the maximum values

are 1450, 1200 and 950 G. Note that the confinement coil in (a) is disconnected, and glass is inserted in the source and at the back of the
diffusion chamber.

on the plasma, and the DL is self-consistently created Ipjasma by use of an insulated ECR source with a divergent
the plasma11l]. These ‘self-organized’ DLs have now beemmagnetic field.

measured experimentally in a variety of helicon reactors,

with different gases spanning from argon, xenon, hydrogen

and oxygen, as well as different reactor geometries apd Experimental setup

sizes [L6-18]. The formation of a current-free DL in an

inductively heated expanding plasma has also been confirmgst ECR microwave source, ‘Menja’, has been described in
by computer simulations1B]. However, all these current- detail previously 21, 22]. A sketch of the system is shown
free DLs have been created in expanding plasmas with lo#-figure 1, in order to include the modifications done for
magnetic fields, where the plasma expansion is a consequetieeexperiments reported here. Briefly, {[Enicrowaves at

of a divergent magnetic field in addition to a sharp volumg.45GHz are fed into the vacuum chamber via a circular
increase of the vacuum chamber, where typically the diametgrartz window. The ECR resonance is obtained at 875 G in the
of the chamber increase by a factor of tvé.[There have narrow part of the chamber, and its position can be adjusted
been, to our knowledge, no reports on DL formation ifrom O to 15cm from the microwave window, depending on
plasmas where the expansion is due to large magnetic fieldh& current in the solenoids. In these experiments only the
such as the one obtained in electron cyclotron resonargight resonance coils surrounding the microwave window are
(ECR) plasmas with decreasing magnetic fields from abouged. The currents in the coils are varied from 200, 260 and
1000 G in the source (EGReating region) to less than 100 G300 A and the corresponding magnetic fields on axis of the
downstream. Although hot ions (downstream) in ECR sourcesactor are plotted in figurEb), showing a rapidly decreasing
have been measured previously by many auth®r2(, 24] magnetic field along the main axis. The argon flow is kept
no DL, comparable to the one obtained in helicon plasmas, 2 sccm which correspond to a pressure of 1 mTorr, and
has been explicitly measured. Here, we report on experimetite microwave power is constant at 500 W where typically
aiming to create an electric DL in an expanding low-pressul®-20W is reflected. In order to mimic the experimental
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Electric double layer in expanding plasma
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Figure 2. (a) Plasma potential and (b) floating potential as a function of the axial position with respect to the microwave window.
Diamonds, crosses and triangles correspond to 200, 260 and 300 A in the coils, respectively.

boundary conditions in the helicon reactors, the narrow part The results show a gradually decreasing plasma potential
of the stainless steel chamber (source) and the ‘back wallhich is 30-25V in the source and 10V in the diffusion
opposite to the microwave window are shielded from thehamber. No abrupt jumps i¥,, as would be expected in
plasma by a 3mm glass cylinder and plate, respectively, ta¢ presence of a DL, are detected. However, there is a large
illustrated in figurel(a). drop in the floating potential in a narrow region in the source.
The plasma densityne, plasma potentialVy, floating When the currents in the coils are 260 and 300 A, there is a
potential,V;, and the electron temperatuii, are measured drop from 0 to—35V within 2—4 cm. The position where the
along the axis of the reactor by a planar Langmuir probkarge negative/s is measured corresponds to the position of
The data acquisition and analysis have been descrilieed ECR. At this position the plasma density and the electron
previously R3]. temperature are very high as well, indicating large electron
heating in this region, which would be expected. At 200 A,
the resonance zone is very close to the microwave window
3 Results and a small drop irv; is visible also in this case, but not as
pronounced as for larger currents.

The plasma parameters are measured as a function of position

along the horizontal axis for three different magnetic fields )

(200, 260 and 300 A). The plasma and floating potentials #fe Discussion

shown in figure2, the electron temperature in figuBeand

the plasma density in figure All positions are given relative Although we did not measure a current-free electric DL in the
to the microwave window and the intersection between tifXperiments reported here, it can be interesting to discuss the
source and diffusion chamber is at 15 cm. similarities and discrepancies between the experimental setup,
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Figure 3. Electron temperature as a function of the axial position. Diamonds, crosses and triangles correspond to 200, 260 and 300 A in the
coils, respectively.
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Figure 4. Plasma density as a function of axial position. Diamonds, crosses and triangles correspond to 200, 260 and 300 A in the caoils,
respectively.

results and physics, between this experiment and the helid@id or expansion axis. A so-called Simon short circuit current
plasma experiments where DLs are formed. will flow in or on the walls to close the circuit or current

In our case, the electron Larmor radius is very smalbop [25, 26]. In this case, the diffusion coefficients for the
r'Le = vy /wee ~ 0.003 mm, so the electrons can be considerazdectrons and ions parallel and perpendicular to the magnetic
as highly magnetized and will, or should, follow the magnetifield do not have to be equal. However, in this experiment,
field lines. However, the ions have a much larger Larmave mimic the boundary conditions for the helicon plasmas
radius, 20—-100cm depending @n, and can be consideredby inserting a glass cylinder inside the source, and terminate
as weakly magnetized and will naturally cross field lines dbe diffusion chamber by a glass plate, in order to isolate the
they orbit R4]. In a typical ECR plasma, the vacuum chambegource from the grounded walls, as is commonly the case
is usually made of stainless steel or any other metal, so finehelicon plasmas where the rf antenna is surrounding a
walls are electrically grounded everywhere (except for thguartz or glass cylinder. In that case, the Simon current cannot
microwave introduction window). Hence, while the electroniow and the source would have to charge up considerably
can follow the magnetic field lines along the expansion axiy accommodate the density gradient. If the pressure is low
the ions can be lost to the grounded walls perpendicular to theough €1 mTorr), this might result in a sudden drop in
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Figure 5. Logarithmic plot of the plasma density as a function of the plasma potential in the case of 200 A in the solenoids.

the potential, such as in the formation of DLs in the helicoAcknowledgments
plasmas.
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