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A new modification of the helicon discharge capable of producing linearly uniform plasma is investigated.
The discharge is excited in magnetic field by an inductive antenna consisting of two parallel linear conductors
with antiphase RF currents, similar to a two-wire transmission line. The wave nature of the discharge is
demonstrated. It is shown that there exist some discharge conditions in which plasma density is homogenous
along a significant part of the antenna length. A convenient for realization discharge system with the linear
antenna immersed into plasma is proposed. Provided further improvement this discharge may be used for

uniform plasma processing of large surfaces.
PACS: 52.50.Qt, 52.75.Di

INTRODUCTION

Further development of plasma technologies
demands uniform processing of still larger area
surfaces (as displays, solar batteries, light panels and
so on). The use for these purposes of well known
transformer coupled plasmas (TCP — discharges) [1]
is limited for unacceptable increase thickness of the
quartz window, capable to stand against the
atmospheric pressure. A possible solution is to create
plasma which is uniform along a single coordinate.
Then, moving the surface in the transversal direction
one can uniformly treat a sufficiently large area.

To produce linearly homogeneous plasma the

application of distributed sources was proposed. Since
the helicon discharge is one of the most efficient
technological plasma sources, F.Chen et al [2] in
USA developed a linear array of multiple small
helicon discharges. The discharges were situated in
such a way, that their density profiles, overlapping,
gave approximately uniform plasma along this line.
But the full solution of the problem was not yet
achieved.
Another approach consists in such modification of the
discharge that it itself can produce the linearly
uniform plasma. For this aim the two-turn flat circular
antenna (so called “planar” antenna), which in the
magnetic field is known to excite the azimuthally
symmetric m = 0 mode of helicon waves, was
deformed in a long, highly stretched narrow loop.
Therefore, the modified helicon discharge was excited
in the magnetic field by a linear inductive antenna,
consisted of two parallel conductors with counter-
streaming RF currents, similar to a two-wire
transmission line. The questions are whether it is
possible to excite the discharge using such antenna
and to obtain sufficient plasma uniformity along it.

1. EXPERIMENTAL SETUP 1

Preliminary experiments were performed in a
quartz discharge chamber, of 14 cm in diameter and
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40 cm long (Fig. 1). On the left end the quartz tube was
closed with a metal flange, the opposite end was

attached to a metal chamber of the same diameter,
through which the system was pumped out. On the upper
side wall along the quartz cylinder the linear antenna
30 cm long and 3 cm in width was placed. Transversal to
the axis magnetic field was created by a rectangular
electromagnet coil placed underneath the quartz chamber,
close to it, or by a flat set of permanent magnets. The
schematic drought of the device is shown in Fig.1. The
magnetic field was divergent in vertical direction and in
case of the electromagnet use the field decreased from
0.3 mT/A in the coil region to 0.1 mT/A near the antenna.
Inside the chamber, along its bottom a grounded stainless
strip of 8 cm in width was placed which imitated action
of the wafer-holder in a technological device (not shown
see in Fig. 1).

Fig. 1. Schematic diagram of experimental device with
linear antenna upon quartz discharge chamber.

1 — quartz chamber 40 cm long and 14 cm in diameter;
2 — rectangular magnetic coil; 3 —two-turn linear
antenna 30 cm long and 3 cm in width; 4 — movable flat
Langmuir probe 12 cm below the antenna

Trough a conventional matching circuit the antenna
was connected to the RF generator of frequency
13.56 MHz and output power up to 1 kW. Experiments
were carried out in Argon gas at a pressure 0.65 Pa.
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A flat Langmuir probe moved near the chamber
bottom parallel to the axis at a distance of 12 cm from
the inductive antenna. Distributions of ion saturation
current to the probe, proportional to plasma density,
were measured along the antenna.

2. PRELIMINARY PESULTS

The experimental results obtained using the
coil and with use of the permanent magnet sets are
shown in Fig. 2,a,b correspondingly. It was found that
in both cases the linear antenna could produce a stable
discharge of sufficient density, RF power was
absorbed in plasma well enough and there existed
some discharge regimes in which plasma density was
approximately uniform along essential part of the
antenna length.

Linear antenna
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Fig. 2. Distributions of ion saturation current along
the linear antenna; p,- = 0.65 Pa, W =750 W.
a) Elektromagnet. Magnetic coil current: 1 — 1 = 0;
2-1=7A;3-1=20A.
b) Permanent magnets. Magnetic field on the set’s
surface: 1 -Bg=63mT; 2-By=42mT;3-B;=0

It is seen that at certain conditions the ion current (and
consequently the plasma density) is approximately
constant on the distance of about 20 cm along the
antenna. Some deviation of the density profile at
X = 30 cm may be caused by proximity of the metal
section and the magnetic field inhomogenity. At the
same time any changes of discharge conditions led to
loss of uniformity and in the most cases the density
profile was not uniform.

3. EXPERIMENTAL DEVICE 2

Since in the quartz chamber the measurements
were possible only along one coordinate, the
subsequent experiments were performed in a metal
discharge chamber of cubic shape with dimensions
22x22x20cm.  The two-turn linear antenna
conductors passed through two quartz tubes of 16 mm
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diameter separated by 2 cm distance one from another in
the upper part of discharge volume, at 5 cm below the top
plane (Fig. 3). Three magnetic (or Langmuir) probes
moved along mutually perpendicular directions,
intersecting in the chamber center at 5cm under the
antenna (X — in parallel to the antenna and Z — along the
external magnetic field). Uniform external magnetic field
B, was created by two rectangular coils above and below
the discharge chamber (not shown see in Fig. 3). The
antenna plane was perpendicular to the external magnetic
field lines.
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Fig. 3. Scheme of metal discharge chamber with the
linear antenna immersed into plasma. The antenna
conductors passed inside two quartz tubes at a distance of
5 cm below the upper plane of the chamber. Two
rectangular magnetic coils — upper and lower — are not
shown

The discharge volume was pumped out through an
aperture, closed with the dense metal grid in the rear wall
of the chamber.

4. RF FIELDS AND DENSITY
DISTRIBUTIONS

It was found that increase of the magnetic field caused
several step-like jumps in plasma density and ended with
the full cease of discharge (Fig. 4). The critical magnetic
fields corresponding to the density jump and to the
discharge break down grow with increasing the RF power

and gas pressure.
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Fig. 4. lon saturation current to the probe in the chamber
center vs magnetic field. On curves 1-5 the RF power was
gradually increasing from 180 to 750 W

After the discharge brake-down the reflected power
highly increased, while the plasma density and absorbed
power decreased. The final signals see in Fig. 4 are not
the ion currents but the stray signals resulted from a
strong breach of matching conditions. Thereupon the
discharge may be restored only by decreasing of the
magnetic field. This behavior is characteristic of the
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helicon discharge in a bounded volume at limited RF
power and usually is connected with formation of the
longitudinal standing helicon waves [3].

For measurements of spatial distributions of the
wave RF magnetic fields the moveable magnetic
probes were used. The probe tip represented itself 6-
turn coil 8 mm in diameter from bare stainless wire of
0.3 mm diameter oriented to receive the component
B; of RF magnetic field. After detecting the probe
signal, proportional to amplitude of RF magnetic
field, was registered by the XY-recorder. To X input of
the recorder a voltage proportional to the probe
position or to magnetic coil current (i.e. to the
magnetic field strength) was applied. For phase
measurements the reference signal was picked up by a
small inductive loop situated near the antenna
conductors. A continuously variable spiral delay line
(0...0.25 ps) was used as a phase shifter.

Magnetic probe measurements revealed that along
the external magnetic field (Z-axis) the standing
waves really settled. Oscillations in every two
adjacent maximums had the opposite phases. The
standing wave patterns changed with the density
jumps. With increasing the magnetic field B, the
standing wave length also increased in accordance
with the helicon waves’ dispersion.

For plasma parameter measurements the X-probe
was replaced with a flat Langmuir probe. But for
relative estimations of spatial density distributions we
used the ion saturation current to the bare magnetic
probe, although its geometry was not defined.

Evidently, from measurements along only three
mutually perpendicular axis it is not possible to fined
out the whole three dimensional structure of the RF
magnetic fields. As a rule, the spatial RF fields
distributions are complicated and their phase relations
are not too clear. Nevertheless, using the magnetic
probes it was revealed that there existed two the most
typical discharge states, differed one from another in
standing waves structure and in density distributions
along the linear antenna, which might be distinctly
interpreted. Both the cases are shown in Fig. 5, a,b.

Fig. 5. Wave RF magnetic fields and ion saturation
current spatial distributions. By = 2.5 mT,
par = 0,65 Pa. RF power: a) W = 640 W; b) W =750 W

In the first regime (see Fig.5,a) the wave RF
magnetic field Bz is approximately constant along the
antenna, except for its ends. In this case the ion
saturation current I; (i.e. plasma density) also is highly
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homogeneous along the antenna (X-direction). B;
distributions measured along Z (see Fig. 5) and along Y
(Fig. 6, curve 1) axis, passing through the chamber center
5 cm below the antenna, in this case showed the third
(odd) modes having the maximum amplitude in the
center. The phase of oscillations changes to opposite one
in every adjacent maximum. Note, that for small
dimensions of the experimental device the uniform region
is not large (10 cm see in Fig. 5). But the high degree of
uniformity (often about 1 %) implies that the discharge
“forgot” the boundary conditions on the antenna ends.
This makes it possible that with increase the antenna
length the uniformity will remain.

S

Fig. 6. Transversal distributions of RF magnetic fields.
By = 2.5 mT, par = 0.65 Pa; 1 —case (a) in Fig.5,
W =640 W; 2 —case (b), W=750 W

Another discharge regime is shown in Fig. 5,b. In this
case the Bz amplitude has two maximums along the
antenna, but they are not components of standing wave,
because their phases are the same. Along the external
magnetic field (Z-axis) the standing wave of fourth
(even) mode is observed with zero field in the centre,
while transversely to the antenna, along Y direction,
(see Fig. 6, curve 2) we observe the 5-th (odd) mode, but
with absent the middle maximum. In this case the density
distribution along X is strongly nonuniform as it shows
the curve [;(X) see in Fig. 5,b. These results demonstrate
that even increasing the RF power can destroy the plasma
uniformity. Generally, any changes in the discharge
parameters — magnetic field, RF power, matching
conditions or gas pressure — cause loss of the uniformity
and, as a rule, the discharge with arbitrary chosen
parameters has inhomogeneous density distribution. The
exact conditions for obtaining the uniform density profile
yet are not clear.

Plasma parameter measurements with the flat probe
showed the electron temperature in the range of 2...4 eV.
The plasma space potential was estimated from the ion
energy distribution measured with a 5-grid retarding field
energy analyzer and was found to be in the range of
15...20eV. The ion current density at a distance of
10 cm from the linear antenna was about 20 mA/cm? that
corresponded to plasma density 8x10™ cm™®. These
parameters are typical for the helicon discharges in
Argon at given levels of RF power, pressure and
magnetic  field. So, the investigated discharge
undoubtedly has the helicon nature.

The linear antenna originates from a deformed
“planar” antenna. This antenna excites the azimuthally-
symmetric mode of helicon waves m=0 (m-the
azimuthal number) by producing RF magnetic field B;

155



parallel to the external field B,. Therefore, we may
expect that the excited waves also are some modified
helicon waves with prevailing longitudinal RF
magnetic field B, but with zero wave number along
the antenna direction (kx = 0).

Though the results of preliminary experiments in
the quartz cylindrical chamber were rather hopeful,
the possibility of uniform profile at much longer
linear antenna has to be examined experimentally.
Also the question is the uniformity of plasma flux on
the grounded bottom of the chamber, where in
technological device the treated surface will be
situated, since in our experiments the uniform profiles
were obtained only in between the antenna and the
chamber bottom. These questions will be the matter
of subsequent experiments.

CONCLUSIONS

In the presented work the possibility of discharge
excitation by a linear antenna has been shown and the
wave (helicon) nature of excited discharge was
demonstrated. The existence of some regimes with
uniform plasma density at essential part of the
antenna length was revealed. Standing wave patterns
corresponding to various discharge regimes were
studied. At RF power of 1kW on frequency
13.56 MHz, at Argon pressure 0.65 Pa and magnetic
field 5 mT the ion current density of 20 mA/cm?® was
obtained that corresponded to plasma density of
8x10™ cm,

A discharge system with the linear antenna
immersed into plasma, that does not need a large area
flat quartz window and is convenient for realization,

is proposed. After increasing its dimensions and more
detail study this type discharge may be used for design of
technological equipment for uniform plasma treatment of
large area products, including the flexible roll materials.
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MOJIU®UIMPOBAHHBIN I'EJTUKOHHBIN PA3PS/I, BO3BYKJIAEMbIV JIMHEMHOM
UHJIYKIIMOHHOM AHTEHHOM

A.I'. Bopucenko, M.A. berowenko, B.®. Bupko, 10.B. Bupxo, B.M. Cno6oosan

HccnenoBana HOBasi pa3HOBHIHOCTb I'€JIMKOHHOTO pa3psija, CIOCOOHOTO TeHEpUPOBaTh JIMHEHHO OJHOPOIHYIO
mia3My. Paspsin Bo30yxgaeTcs B MarHUTHOM I10JI€ MHAYKIIMOHHOW aHTEHHOMW, COCTOSINEH M3 JIByX IHapalieIbHbBIX
NPOBOJHMKOB ¢  mpoTuBodazHeiMu  BY-TokamMu, 1Om00HO  JBYXNPOBOAHOW  MepeAarolieil  JIMHHH.
IIponemoncTpupoBaHa BoIHOBAs Ipupoja paspsaa. [lokaszaHo, 4TO CyHIECTBYIOT HEKOTOPBIE pa3psiiHbIE YCIOBUS, B
KOTOPBIX IUIOTHOCTH IUIa3MBl OJIHOPOJHA Ha 3HAYMTENILHOM YacTH JUIMHBI aHTeHHBI. lIpeiytokeHa ynoOHas B
peanuzauuy paspsAHas CcUCTeMa C JIMHEHHOW aHTeHHOW, norpyxEéHHod B minasMmy. llpu nanbHelmem
YCOBEPIICHCTBOBAHUHM TAKOW PaspsiJi MOXKET OBITh MCIIOJIB30BAH JUIsl OJJHOPOJHOM I1a3MEeHHON 00pabOTKH OOIBIINX
MOBEPXHOCTEH.

MOJU®IKOBAHUM I'EJIKOHHUI PO3PSJI, 35Y/KYBAHUM JIHIHHOIO IHIYKIIMHOIO
AHTEHOIO

A.I'. Bopucenko, M.A. benowenxo, B.®. Bipko, I0.B. Bipko, BM. Cn10600an

JocmikeHo HOBHH PI3HOBHJ TENKOHHOTO PO3PSAY, 3JaTHOTO YTBOPIOBATH JIHIHHO OTHOPITHY IUIa3Mmy.
Po3psin 30ymxyeThCsi B MarHiTHOMY TOJi IHAYKIIHHOIO aHTEHOI0, IO CKJIAJAEThCS 3 JBOX MapalelbHHX
MPOBiAHUKIB 3 mpoTudasanmu BU-ctpymamu, moaibHO 10 ABOMPOBIAHOI MepenaBaibHOl JiHiil. IIporemoHcTpOoBaHO
XBHJIBOBY IIPHPOAY po3psiay. [lokazaHo, 110 iCHYIOTb €Ki pO3psiIHi YMOBH, B SIKHX I'YCTHHA IUIa3MH € OTHOPITHOIO
Ha 3HAYHIH YacCTHHI JOBXMHHM aHTEHHU. 3alpolOHOBaHA 3py4yHA B peaiizalii po3psgHa cUcTeMa 3 JIiHIIHOO
aHTEHOI0, 3aHypEeHOI0 B Iua3My. IIpu mojanbloMy yAOCKOHAJIEHHI TaKWH po3psn MOXKe OyTH BHKOPHCTaHO JUIs
OJTHOPIAHOT I1a3MOBOT 0OPOOKH BEINKNX TIOBEPXOHb.
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