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Abstract

CrossMark

The efficiency of radio-frequency (RF) power absorption, RF magnetic field structure and

plasma parameters were measured in cylindrical inductive RF plasma sources 20 cm in diameter
and 22, 32, 53 cm in length with a low value external magnetic field. The experiments were
carried out in argon at pressures of 13—140 mPa. The RF power supply changed from 200 W to
800 W. The spiral antenna was used for sustaining the discharge. It was shown that efficiency of
RF power absorption depended nonlinearly on the external magnetic field values. At maximal
values of the RF power absorption efficiency, the axial distributions of longitudinal B, and
azimuthal B, components of RF magnetic field manifested the formation of the partially standing
wave with a half wavelength close to 8 cm. At the same conditions, the axial dependence of the
radial RF magnetic field component B, differed drastically. It was concluded that the B, and B,
amplitudes were largely determined by the RF field of Trivelpiece-Gould wave, while B,
amplitude represented the radial RF field of the helicon wave.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The low-pressure radio-frequency (RF) inductive discharge
located in an external magnetic field is an important part of
numerous ground and space technologies. Due to its ability to
generate high-density plasma with relatively low RF power
input, this type of discharge has found applications in plasma
reactors for etching in the semiconductor industry, as the
active medium of electric propulsion engines for spacecraft
[1-3], in the processes of surface modification [4—6], and
deposition of coatings with ion assistance [7-31].

RF inductive discharge with an external magnetic field is
of great interest not only from the applied point of view. To
date, an enormous number of papers [1-37] have been
accumulated in the literature on the studies of the fundamental
properties of the discharge. The effect of a significant rise of
electron density in RF inductive discharge under external
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magnetic fields about 1000 Gs was discovered by R Boswell
in the 1970s. His first papers [1-3] were followed by many
works [4—44] conducted in laboratories all over the world.

Modern ideas about physical properties of the discharge,
which is usually called in literature a helicon one, can be
briefly characterized as follows.

Under conditions when the inequality wy; < w < Q. K
wr e 1s satisfied (w. and wy; are the electron and ion plasma
frequencies respectively, and €). is electron cyclotron fre-
quency), two waves, i.e. helicon and Trivelpiece-Gould (TG)
waves can be resonantly excited in a limited plasma volume.
The helicon azimuthal component of the RF electric field
substantially exceeds the longitudinal one, while for the TG
wave, on the contrary, the longitudinal component of the RF
electric field significantly exceeds the azimuthal one. Calcu-
lations show that the absorption of RF power in the discharge
at low pressures (less than 133 mPa), weak external magnetic
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fields (less than 200 Gs) and relatively low plasma densities
(less than 1012cm*3) occurs due to Cherenkov’s mechanism
of TG wave damping [19-23]. A considerable number of
studies on helicon discharges consider the values of an
external magnetic field induction of 500-1,000 Gs and RF
power values of about 1 kW. In this case, the concentration of
electrons reaches values of about 3 x 10'2cm ™, while the
frequency of electron-ion collisions exceeds the value of kv,
which characterizes the collisionless absorption (here k is the
wave number and v, is the thermal velocity of the electrons).
An increase in the number of electron-atom or electron-ion
collisions with an increase in pressure or plasma density leads
to a decrease in the role of the TG wave [6, 7, 23, 39]. This is
due to the fact that under conditions typical for helicon
experiments, the TG wave is strongly absorbed and attenuates
rapidly as it propagates from the boundaries into the depth of
the plasma. At the same time, helicons penetrate well into the
bulk of the plasma and damps due to the collisional
mechanism.

The papers [24-33] studied the properties of the dis-
charge in the region of low (up to 100 Gs) external magnetic
fields. It was found that in some cases the efficiency of the RF
power input (characterized by equivalent plasma resistance)
had a local maximum at external magnetic fields of about
30 Gs. The nature of the local maximum in [23, 25-27] is
associated with the excitation of a TG wave, which under
these conditions is capable of penetrating deep into the
plasma [23, 39].

It is worth underlining that in general, it is not easy to
define the nature of excited waves based only on the mea-
surements of RF magnetic field components, especially in the
case when partially standing waves are excited in a plasma
source. The reason is that the experimentally measured values
of RF fields are the superposition of both helicon and TG
wave fields. In order to obtain more physical information
from experiments, researchers use theoretical models, num-
erical calculations and indirect measurements such as dis-
charge mode transition, peculiarities of the RF coupling
efficiency, etc. For instance, in [43], time-resolved measure-
ments of an edge-to-core power transition in the high-density
light-ion helicon discharge were carried out. The authors
obtained direct evidence that the slow wave was suppressed in
favor of the fast wave that was responsible for power coupling
in the on-axis region. However, the authors of [43] mentioned
that the physical mechanism that drove the edge-to-core
transition was not fully understood yet. Later, based on the
self-consistent helicon discharge model, it was shown in [44]
that in the first time phase, the surface source flux by the TG
wave power absorption formed the surface localized density
profile. In the second time phase, the centrally peaked density
profile is formed by the core source flux by the helicon wave
power absorption, while the surface source flux is balanced
with the loss flux toward the wall and that results in the
centrally peaked density profile at the steady-state. Thus, at
the stationary state of the inductive discharge with a high
magnetic field and high electron density, helicon waves can
be considered as the waves responsible for power coupling in
the near-axis parts of the discharge. On the contrary, at

Figure 1. Scheme of experimental facility. 1-quartz gas-discharge
chamber, 2-metal grounded flange, 3-movable metal electrode,
4-vacuum chamber, 5-upper metal flange, 6-gas drive, 7-spiral
antenna, 8-RF matching system, 9-RF power supply, 10-magnetic
system, 11-magnetic probe.

relatively low electron density (below 3 x 10'' ecm™), a TG
wave can be a volumetric one and can contribute to the RF
power absorption not only near the edge, but near the axis of
the plasma source, too [44].

In the present work, we attempt to detect the TG wave
excitation on the basis of comparative analysis of the axial
distributions of RF magnetic field components.

2. Experimental procedure

2.1. The scheme of the experimental facility

The scheme of the experimental facility is shown in figure 1.
The plasma source (PS) consists of the quartz cylinder 1 with
a diameter of 20 and a height of 42 cm. The top end of the PS
is covered with the metal grounded flange 2. The movable
metal electrode 3 is located downstream and limits the length
of the PS. Three PS lengths, i.e. 52, 32 and 22 cm were
investigated.

The PS is mounted on a metal vacuum chamber 4 with a
diameter of 60 and a height of 36 cm. The bottom part of the
quartz cylinder is located 12 cm below the upper metal flange
5 of the vacuum chamber. In some experiments the flange 3
was removed and the discharge was limited from below by
the bottom flange of the vacuum chamber. In this case the
length of the discharge was 52 cm.

The vacuum chamber is pumped out by the rotary pump
DRP-1300 and the turbomolecular pump KYKY FF-250/
2000E. Residual pressure in the chamber was not worse than
1.3 mPa. Argon was supplied with a gas drive 6.

The RF power input unit is represented by a cooled three-
turn spiral antenna 7 located around the gas-discharge
chamber at a distance of 8—12 cm from the upper end of the
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Figure 2. External magnetic field lines on the plasma source cross-
section.

Figure 3. Circuit of magnetic probe. 1—coil, 2—copper tube, 3—RF
transformer 1:1, 4—coaxial cable, 5—glass insulation case.

PS. The antenna is made of a hollow copper tube 3 mm in
diameter. It is cooled with distilled water at a temperature
of 20 °C.

The antenna is connected to the RF power source through
an automatic matching system 8. RF power supply YSR-
10AF (denoted by 9) with an operating frequency of
13.56 MHz and variable power in the range of 0-1000 W is
used for the discharge ignition and sustaining.

The PS magnetic system 10 consists of two electro-
magnets: the first one is located on the flange 5 of the vacuum
chamber; the second electromagnet is located on the bottom
of the vacuum chamber. The selected configuration of the
magnets provides the external magnetic field configuration
shown in figure 2. The range of variation of the external
magnetic field induction in the region of antenna is 10-65 Gs.
In the upper part of the plasma source the external magnetic
field is weakly divergent (see figure 2).

2.2. RF magnetic field measurements

The components of RF magnetic field were measured using a
movable L-shaped B-dot probe 11 (see figures 1 and 3). The
B-dot probe is represented by a small inductor, consisting of
10-15 wire turns in a glass insulation case. At the output from
the inductor, the wires were intertwined and passed through a
5 mm copper tube, through which the signal wire was led out
from the PS. The probe was introduced to PS through the

12 7 —=— simulation (antenna position 6-8)
1 1~ simulation (antenna position 7-9) “
10 {—*— experiment

B, (arb. un.)
o

r(cm)

Figure 4. Radial distribution of B, measured without discharge at a
distance of 8 cm from the upper flange and simulated under the same
conditions using KARAT program: (1) simulation, antenna is
located at a distance z of 6-8 cm from the upper flange; (2)
simulation, antenna is located at a distance z of 7-9 cm from the
upper flange; (3) experiment.

process port on the top metal flange of quartz cylinder 2. The
longitudinal component of the magnetic field B, was mea-
sured along the PS axis and radius. The radial B, and azi-
muthal B, components of the magnetic field were measured
only along the PS axis at the distance 5 cm from the PS axis.

All magnetic probes were balanced with a 1:1 transfor-
mer on a ferrite core to eliminate RF interferences (see
figure 3). In [40, 41], it was shown that B, measurements
performed with balanced magnetic probes were sufficiently
more accurate and showed wave structure more precisely.

Calibration measurements without a discharge were
performed to verify the accuracy of the measurements with
magnetic probes. Also, computer modelling of the RF
magnetic field components distribution in the PS in the
absence of a discharge was made using the soft KARAT
[7, 12, 13]. The simulated curves were compared with
experimental data obtained by the magnetic probe along a
radius at a distance of 8 cm from the top flange 2. The con-
sidered region is located near the RF antenna. It can be seen
from figure 4 that agreement between calculated and mea-
sured data is satisfactory. Thus, we can conclude that the
magnetic probe method is applicable for measuring compo-
nents of the RF magnetic field.

2.3. Estimation of the RF power absorption efficiency

About 30 years ago, it was shown in a number of exper-
imental works stimulated by the papers of V Godyak [45-47]
that the power value absorbed by plasma Py, was not equal to
the power of the RF power generator Pge, due to the power
losses in the external circuit of a RF generator. In order to
characterize the ability of plasma to absorb RF power quan-
titively the concept of equivalent plasma resistance Ry, was
proposed in [22].
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Let us consider the expression for RF power value cou-
pled to plasma [11]:

P, = L_w R "\E 2 " \E 2 "E. 2
pl = 2 Jo rle” [|E - + "] upl +5||| zl
+g"(E,Ef — E,ED)dr, 1)

where E,, E,, E, are azimuthal, radial and longitudinal
components of the RF electric field in plasma; ¢” |, ¢”) and g”
are the imaginary parts of the components of the plasma
permittivity tensor. The integration is across the entire plasma
volume.

The origin of the RF fields in a plasma of the inductive
RF discharge is the current flowing through antenna I,,. It
means that all components of RF electric field are propor-
tional to the antenna current amplitude. Thus, power Py,
absorbed by plasma is defined by a square of the current
flowing through antenna I,,, and multiplier Ry, having
dimensionality of resistance, i.e.:

1
-ERNL;p (2)

By =

It is worth noting that equations (1) and (2) reveal the
physical meaning of Ry, as a value characterizing the ability of
plasma to absorb RF power. The fundamental properties of
the Ry, were studied in detail in [21-23].

Having in mind that the power Py, of RF generator is
coupled not only to plasma but to the external load, having
the resistance R,,, the expression for the power balance in the
RF generator external circuit takes the form:

1
Puen = Bt + By = Elfm(Ram + Ry). 3

The comparison of the expression (3) with that obtained
on the basis of RF inductive discharge equivalent transformer
circuit [45-47] shows their similarity. The difference in the
present approach from that of [46] is that R, values can be
determined theoretically not from qualitative considerations,
as in [46], but from a rigorous electrodynamic consideration.
Experimental procedures of P, determination proposed in the
present paper and [46] are the same. The procedure of mea-
surements is simple because it is necessary to measure
external discharge parameters; there is no need to measure the
current induced in plasma.

The experimental procedure of R, and Py, determining is
as follows.

First the antenna resistance must be determined using
equation (3) based on the Pgeno and I, values measured
without discharge:
2[;gen0 . ( 4)

ant0

Rane =

As a rule, in our experiments the dependence of antenna
current on Py, without discharge was linear within 3% at the
absence of reflected power. The presence of reflected power
led to the increase of the error until 10%.

Then the equivalent plasma resistance can be determined
using equation (3) based on Ry, and Pge, Il values
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Figure 5. Typical current-voltage characteristic. 125 mPa, RF power
200 W. 1—measurement with resonant filter, 2—measurement
without resonant filter

measured under current discharge conditions:

2Fyen

Rpl = — Ry (5)

Lone

The power absorbed by the plasma and power absorption
efficiency 7 = P,/ Pgen can be calculated using the formulas:

1
Ppl = _Rpllamt2 (6)
2
12 PgenO
=1 - e 7
T B Ra

2.4. Langmuir probe method of plasma parameters
determination

Langmuir probe was used to measure the electron temperature
and density as well as plasma potential along the axis of the
plasma source. The probe consisted of tungsten wire with a
diameter of 0.6 mm with a probe tip length of 7 mm. The
movable L-shaped probe was introduced into the discharge
through the same process port in the top flange of the PS as
the magnetic probe. The grounded flange was used as a
reference electrode. To suppress the RF components of the
probe current a resonant filter was used. This was the rejec-
tion filter that had high resistance on the first and second
harmonics of the operating frequency. Figure 5 illustrates the
influence of the filter at the measured probe current-voltage
characteristics. They were received and recorded using an
ADC connected to a computer.

However, in the present research work the induction of
an external magnetic fields was less or equal to 65 Gs. In such
a case, the Larmor radius of electrons with energy equal to or
higher than 1eV is at least 10 times larger than the Debye
length. This means that under the conditions of our experi-
ments, the distortions of the probe characteristics by magnetic
field can be neglected. To confirm this conclusion, we com-
pared the probe characteristics measured when the probe was
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Figure 6. The probe characteristics measured when the probe was
oriented along the magnetic field (1, blue curve) and perpendicular to
it (2, red curve). Argon pressure is 90 mPa. RF power is 800 W,
external magnetic field value is 65 Gs, z coordinate is 14 cm.
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Figure 7. Typical current-voltage characteristic argon pressure is
90 mPa, RF power is 800 W, external magnetic field value is 36 Gs.

oriented along the magnetic field and perpendicular to it. The
obtained result, shown in figure 6, allowed us to use Lang-
muir probe method without corrections.

The standard procedure for processing probe curves was
used to calculate parameters of a quasi-neutral plasma (the
Debye length, which is about 0.003 cm, is much less than
characteristic scales of plasma). First, the electron current i,
was separated from the total probe current i, assuming that the
dependence of ion current j; on probe potential V,, was linear:

ie = ip — iy, 8)

Then the electron current-voltage curve i(V,) was used
for defining main plasma parameters: plasma potential, elec-
tron temperature and electron density. Figure 7 shows that the

6,0

5,5

5,0

It (arb.un.)

B (Gs)

Figure 8. Antenna current versus external magnetic field induction.
Pgen = 300 W, argon pressure is 14.7 mPa. 1—antenna current
without discharge, 2—antenna current with discharge.

semilog dependence of i, on V, was nearly linear, i.e. the
electron energy distribution function (EEDF) was close to a
Maxwellian one. In this case the following formula is valid:

. . e(Voyy — V,
i = zeo(—%] ©)
&

and electron temperature is defined by the expression:

i:7kd(lnze). (10)
1. e dV,
Here k is the Boltzmann constant, e is electron charge, T is
electron temperature, V,, is plasma potential and i is electron
current measured at V,, = V.
The electron density n, was calculated by the formula:

oV
KTe
2wm

(1)

eS

after determination of the plasma potential V,, as an inter-
section point of two lines as shown in figure 7.

In formula (11) § is the area of the probe tip surface, and
m is the electron mass.

The measurements were carried out in argon in the
pressure range of 13—140 mPa at values of external magnetic
field from 10 to 65 Gs, and the power of the RF power supply
in the range of 200-800 W.

3. Experimental results

3.1. RF power absorption efficiency

Experiments showed that variation of the external magnetic
field induction B caused the significant change of antenna
current (see figure 8). At all considered B and fixed Pg, the
antenna current values, measured under conditions that the



Plasma Sci. Technol. 22 (2020) 115404

E Kralkina et al

0.9

a) 0.11 mTorr
—=— |00 W

500 W

0.8

0.7 4

—y

v-—-r/

/3\#_\\_&

0.64 mTorr
—e— 100 W
—v— 800 W

0.0 T T T T T T T T T T T T
15 20 25 30 35 40 45 50 55 60
B (Gs)

65

0.8
b)
0.7- / p—h—A \
0.6 A3
5 0.5 4 ."'--..-.
]
\';3. 0t T
N |
0.3 4 —n |
0.11 mTorr -..__./'
0.2 —u— 200 W \
| —e— 500 W B o e
01 —a— 800 W S
00 T T v T T T T v T T T v T T . T

B (Gs)

Figure 9. RF power absorption efficiency versus the external magnetic field induction. Plasma source (a) L = 22 cm: (1) argon pressure

14.7 mPa, Pge, =

100 W; (2) argon pressure 14.7 mPa, Py, = 500 W; (3) argon pressure 85.3 mPa, Py, =

100 W; (4) argon pressure

85.3 mPa, Py, = 800 W. Plasma source (b) L = 52 cm: (1) argon pressure 14.7 mPa, Py, = 200 W; (2) argon pressure 14.7 mPa,

Pgen = 500 W; (3) argon pressure 14.7 mPa, Py, = 800 W.

discharge was on, were less than in the case when the dis-
charge was off. That means that absorption of RF power by
plasma took place in our experiments (see formula (3)).
Moreover, the existence of a local minimum of 7,,(B) shows
that the power absorption efficiency 7 non-monotonically
depends on B (see formula (7)).

Figure 9 shows the RF power absorption efficiency
1 = Py /Pgen versus the external magnetic field induction B
measured under different experimental conditions in the PS
22 (figure 9(a)) and 52cm long (figure 9(b)). Similar to
[10, 11] the non-monotonous dependence of 1 was observed
in the experiments with all considered plasma sources.

In the case of the PS with a length 22 cm at a pressure
13.3 mPa there is a maximum of 7(B) in the range of external
magnetic fields 12-28 Gs. The increase of Py, as well as an
argon pressure pa, shifts the maximum position to the region
of higher magnetic fields. In addition, the peak becomes
broader. The increase of Py, leads to the growth of RF power
absorption efficiency. At the maximal value of the considered
powers from the RF power supply (800 W) 7 reaches 0.85. At
the RF generator power of 800 W and pressure 85.3 mPa the
position of the 7 peak shifts to the region of external magnetic
fields that exceed the maximal B values considered in
this work.

The results obtained for the PS with a length 52 cm
qualitatively coincide with that obtained with short PS.
However, the absolute values of 7 are lower.

3.2. RF fields structure

It was supposed that the observed increase of the plasma
absorption efficiency was the result of the resonant excitation
of waves in the PS. To check the supposition, the spatial
distributions of RF magnetic field components were measured
with the help of a B-dot probe.

Let us consider figure 10 where the axial variations of RF
longitudinal magnetic field amplitude B.(z) (figures 10(a) and

(b)) and phase (z) (figures 10(c) and (d)) are represented. At
B =20 Gs B, and ¢ do not noticeably change with z within
experimental error. At B = 28 Gs the amplitude of B, grows.
It peaks in the vicinity of antenna location, then decreases
with z and finally exhibits local maximum at z ~ 28 cm. The
phase variation indicates the appearance of partially propa-
gating wave downstream antenna. The growth of B up to
36 Gs results in the formation of the partially standing wave
with the half wavelength close to 8 cm. Further increase of the
external magnetic field leads to the decrease of the local
maxima number. The increase of the argon pressure up to
13.3 mPa leads to the shift of the magnetic field where the
formation of the partially standing wave is observed to
B = 48 Gs. It is worth remembering that the same trend was
found in experiments devoted to the study of the RF power
absorption efficiency.

Subsequent experiments were aimed at a more careful
study of the wave structure arising at the external magnetic
field equal to 36 Gs and higher. Figure 11(a) shows the axial
distributions of all three components of the RF magnetic field
measured at B = 40 Gs normalized for the maximal value of
their amplitudes. The axial distributions of the azimuthal
magnetic field B, and longitudinal one B, are close to each
other. However, the positions of local B(z) maxima and
minima are shifted relative to the field extrema of B.(z), so
that the positions of the B(z) maxima coincide with the B(z)
minima, and the positions of B(z) minima coincide with the
positions of B,(z) maxima. The same effect is typical for all
considered lengths of PS (see figure 12).

Experiments showed that at B = 36 Gs the axial dis-
tribution of the RF radial magnetic field B,(z) differed dras-
tically from the B,(z) and B(z) ones. The axial dependence of
B, has only one maximum contrary to three maxima of B..
The position of B, peak weakly depends on the external
magnetic field value. However, due to the strong dependence
of B,(z) on B, the axial dependencies of the functions B.(z)
and B,(z) become similar at external magnetic field equal to
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Figure 10. Axial distributions of amplitude (a), (b) and phase (c), (d) of B, component for different values of external magnetic field. PS
length is 32 cm. Argon pressure 80 mPa: (1) 20 Gs; (2) 28 Gs; (3) 36 Gs; (4) 48 Gs; (5) 60 Gs. Argon pressure 133 mPa: (6) 48 Gs.
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Figure 11. Axial distribution of components of RF magnetic field: (1) B,; (2) B;; (3) B,.. External magnetic field of 40 (a) and 60 Gs (b); RF

power 800 W, argon pressure 86.6 mPa.

60 Gs (see figure 11(b)). The shift of B,(z) peak position
relative to B,(z) was earlier observed in [3] under conditions

of helicon waves excitation.

Figure 13 shows the radial distributions of the B, field
measured at various distances from the upper flange of the PS.
Near the antenna, the RF field does not penetrate into the bulk
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Figure 12. Dependence of the amplitude of B, (1) and B, (2) on the axial coordinate for the PS with length of 20 (a), 32 (b) and 52 cm (c).
Induction of the external magnetic field is 36 Gs. The power of the RF generator is 800 W. The pressure of argon is 90.6 mPa.

of plasma in all considered cases. In the central part of the PS
(z = 16cm) at external magnetic fields exceeding 20 Gs,
confirming the fact of waves excitation in the bulk of plasma
downstream antenna, the amplitude of the axial component of
the RF magnetic field peaks on the PS axis. The larger the
external magnetic field, the smaller the area near the axis
where B, is localized. Near the movable lower flange of PS the
dependence B,(r) becomes more complicated. At B > 36 Gs
the maximum of RF field amplitude B, shifts to the middle of
the radius.

3.3. Plasma parameters

Figure 14 represents the axial distribution of the electron
density n. in a PS with the length 22 cm. Electron density
peaks with external magnetic field value that corresponds to
the maximal RF input to discharge (B = 28 Gs). Here the
axial distribution of plasma density becomes more uniform.
An increase of B above 28 Gs leads to a decrease in the

plasma concentration in the entire volume of the PS. In
addition, the area of plasma uniformity narrows.

The axial distribution of the electron density correlates
with the distributions of the plasma potential V(z) and
electron temperature 7.(z) on the PS axis (see figure 15). The
plasma potential uniformity improves when B approaches
28 Gs. At B > 28 Gs plasma potential grows and a bell-
shaped distribution Vp,(z) is formed with a maximum in the
central part of the PS axis. The growth of the plasma potential
is associated with an increase in the electron temperature (see
figure 16). In this case it should be noted that the electron
temperature within the experimental error does not depend on
the z coordinate in the main plasma volume. Here T, values
belong to the range of 2—4 eV. The smallest values of electron
temperature are observed under conditions of the best RF
power input. Near the bottom flange at about 2 cm above it,
there is an increase in the electron temperature by 1-2eV.

The results obtained in experiments with the PS 32 and
52cm in length were in qualitative agreement with that
described above. The absolute values of electron density
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Figure 14. Axial dependence of electron concentration in a plasma
source with a length of 22 cm. RF power is 500 W, argon pressure is
86.6 mPa. External magnetic field: (1) 0 Gs; (2) 20 Gs; (3) 28 Gs;

(4) 48 Gs.

22

Figure 15. Axial dependence of the space potential in a PS with a
length of 22 cm. RF generator power is 500 W, argon pressure is
90.6 mPa. External magnetic field: (1) 0 Gs; (2) 20 Gs; (3) 28 Gs;

(4) 48 Gs.
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Figure 16. Axial dependence of electron temperature in a 22 cm PS.

The RF power is 500 W, pressure of argon is 86.6 mPa. External
magnetic field: (1) 0 Gs; (2) 20 Gs; (3) 28 Gs; (4) 48 Gs.
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Figure 17. Axial distribution of plasma density in plasma sources
with lengths of 22 cm (1), 32 cm (2) and 52 cm (3). RF power is
500 W, argon pressure is 90.6 mPa.

measured at a fixed power of the RF power supply decrease
with the growth of PS length (see figure 17).

4. Discussion

Estimations show that at the studied pressure of 86.6 mPa, the
electron free path is about 20 cm, which is close to the length
of the plasma source. Under such conditions, electrons
undergo only a few collisions when they move along the
plasma source axis, which is parallel to the magnetic field
lines. The radial movement of electrons is limited because at
the considered range of B the electron Larmor radius is less
than the PS radius. In such a case [42] the following picture of
physical processes is valid. The current, flowing along the
antenna, excites a discharge in the PS. An external magnetic
field prevents the movement of electrons across the magnetic

field, and they mainly move along the field lines. At suffi-
ciently large induction of the magnetic field, the electrons
reach the lower boundary of the discharge, and the discharge
closes on the bottom grounded flange. The appearance of a
prolonged plasma column simplifies excitation of waves in
the discharge. Estimations carried out on the base of the
experimentally measured plasma parameters showed that
inequality wy; € w < . < wp, was satisfied in our
experiments. It means that helicons and TG waves could be
excited in the plasma source. The excited RF fields’ structure
and the RF power absorption efficiency depend on the plasma
parameters that in turn depend on RF fields and P,;. Thus,
experiments revealed the self-consistent character of the RF
inductive discharge located in the external magnetic
field [22].

One of the most interesting results that was observed in
the present experiments is the different impact of the external
magnetic field on the z dependences of B,, B, and B,. In order
to clarify the possible reason of the mentioned peculiarity the
numerical simulation of RF electric and magnetic fields was
carried out.

In accordance with theoretical models [2—4, 17-21, 25]
the measured RF magnetic fields can be considered as the
superposition of two solutions of electrodynamic problem; the
first one represents the TG wave, and the second one repre-
sents helicon. In order to analyze qualitatively the contribu-
tions of the two solutions in the resulting RF field, we used a
numerical model of a limited inductive RF plasma source
placed in an external magnetic field [20, 21]. Under this
approach the plasma source is considered as a resonator
where a system of standing waves can be excited by a certain
antenna under resonant values of magnetic fields.

The PS (see figure 18) is represented by a dielectric
cylinder limited by metal top and bottom end-plates. The
antenna azimuthal current is located on the lateral surface of
the PS. The following boundary conditions were used [23]:

Erlz:L = Egalz:L =0. (12)

For dielectric surfaces on which the azimuthal current
was located, the boundary conditions were not fixed; they
were derived from the field equations [23]:

{Etp Jr=r =0 {Ez Jr=r =0 {BLp Jr=r =0

4
B g =—j..
{ Z} R C.]\p

(13)

The electron density was assumed to be constant in the
plasma source volume. The presence of the near-wall sheaths
was neglected. The external permanent magnetic field B was
directed along the cylinder. It was assumed that the following
conditions were satisfied:

Ve € w <K Qe € W, (14)

where v, is the frequency of electron collisions with heavy
particles.

Also, the following conditions were considered to be
valid:

w > k.vre, (15)
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Figure 18. The scheme of the RF plasma source.

Qe > ki vre, (16)

where k, and k, are the longitudinal and transverse compo-
nents of the wave vector.

It was mentioned that the theoretical and numerical
models [22, 23] considered the plasma source as a resonator
where a system of standing waves can be excited under
resonant values of magnetic fields. In the limited inductive RF
plasma source, the axial wavenumber is quantized, k, = I7/L,
where [ =1, 2, 3... is the axial mode number [6]. In the
present model, the first four terms with / = 1, 2, 3 and 4 were
taken into account.

The electrodynamics problem was solved using the di-
electric constant tensor for magnetoactive plasma. In the
expressions [11] for the components of the dielectric
permittivity tensor, the collisionless (Cherenkov and cyclo-
tron) absorption of RF power by electrons was taken into
account along with collisional absorption. At low pressure,
the collisionless mechanism of power dissipation can be
dominant. To describe the RF fields in the discharge, the
Maxwell equations were used. As a result of time-consuming
calculations, the system of Maxwell equations without any
restrictions was reduced to two coupled equations of the
second order for the longitudinal E, and azimuthal E, RF
electric fields:

O’E, 10K, 5, 1 w OE,
8r; ror (oz * Z)Egﬁ B ﬁ? 3rz (7
62EZ 1 aEZ 5 g aE@P 1
O 1% =k |22 2| a8
or? r Oor T ZEL or r (18)
4,2
72 w'g w k, ~2 €|
where o2 = 2 - “E gk o g2l
C kz C - gl

11

The solution of two coupled equations was sought in the
form for each I

E.(kr) = E.Iy(kr) and E,,(kr) = E L (kr), (19)

where Io(x) and [ (x) are zero and first-order Bessel functions
of the first kind of imaginary argument.

After substitution of (19) into the system of Maxwell
equations a biquadratic equation was obtained, which allowed
defining two values of k. Thus, E, and the field E, can be
represented as a linear combination of fields of the first and
second solutions:

E, = Eqly(kir) + Exlo(kar) and E, =
+E L (kir).

o1 (ki)
(20)

Under certain conditions the first solution can be attrib-
uted to the TG wave and the second one to the helicon
wave [22, 23].

The formulas (1), (12)—(20) were used for the calculation
of the equivalent plasma resistance and RF fields excited in
the plasma source with the length 30 and diameter 20 cm at
external magnetic field B values 5-200 Gs. The argon pres-
sure was set to 90 mPa and electron density belonged to the
range between 3 x 10" and 3 x 10" ecm ™.

Before starting the consideration of the numerical results,
it is necessary to underline that the goal of the present work
was to study the processes taking place in the discharge
qualitatively and determine the contribution of the first and
second solutions to the B, and B, values. In a real case the
shape of an antenna as well as a spatial distribution of electron
density will certainly change some specific features of the RF
fields and plasma parameter distribution. However, the com-
parison of the numerical results with experimental ones ful-
filled in the earlier papers [21-23] proved to be helpful in
explaining the main patterns of the RF inductive discharge
behavior under a change of B.

Figure 19 shows the calculated dependences of the
amplitudes of the longitudinal electric E, and azimuthal E,
fields on external magnetic field value in the case when
ne=1x 10" ecm™>. We can see that the solutions,
corresponding to / = 4, have significant values for small
values of B. As [ decreases, the region of magnetic fields at
which significant values of E, and E, are observed shifts to
the higher values of B. At the magnetic fields less than 14, 20,
25 and 50 Gs for the cases [ = 4, 3, 2 and 1 correspondingly
both the first and second solutions of equations (12)-(19)
have commensurate longitudinal and azimuthal components.
It means that they cannot be attributed to the TG or helicon
waves in the specified range. The situation changes at B,
exceeding the indicated threshold values. Here the first
solution represents the quasi-longitudinal wave and the sec-
ond one represents the quasi-transverse wave. Figure 19
shows that here the E, field in the discharge can be matched
with the field of TG wave, while E, can be matched with the
helicon one.

Now let us consider the RF magnetic fields. Figure 20
demonstrates the change of B, and B, on B. The increase of
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3and 4. n. = 1 x 10" em™3, argon pressure is 90 mPa.

the magnetic field leads to the decrease of the / at which B, is
maximal. In general, the longitudinal RF field B, is mainly
determined by the first solution, i.e. by the field of the TG
wave, while the radial RF field B, is mainly determined by the
second solution, i.e. by the helicon field.

Now let us consider what happens if the electron density is
increased. The dependences of B,, B, and E, on B, calculated for
n.=73 x 10" ecm 3 and [ = 2, are shown in figure 21. We can
see that the amplitude of the second solution (helicon field)
grows with respect to the amplitude of the first solution (TG
field). As a result, all components of the RF magnetic field at
higher electron density are determined by the helicon wave.
However, the longitudinal component of the RF electric field is
still close to the field of TG wave in the vast majority of B values.

The obtained numerical results allow interpretation of the
experiment in the following way. At the external magnetic field
equal to 36 Gs and electron densities observed in experiments

(ne < 3 x 10" cm™?), the B, amplitude is largely determined
by the field of the TG wave, while B, amplitude represents the
radial field of the helicon wave. At B = 60 Gs the longitudinal
mode with smaller / is realized in the discharge. Helicon fields
contribute not only to B, but to B, too.

Taking into account that RF power absorption efficiency
peaks at 36 Gs, it is possible to conclude that the TG wave plays
an essential role in establishing the properties of RF inductive
discharge located in a low value external magnetic field.

5. Conclusion

Experiments showed that the presence of the external magn-
etic field changed the properties of the inductive RF discharge
significantly. First, the increase of B leads to the formation of
the radially limited plasma column closed on the bottom

12
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grounded flange. Second, the waves are excited in the dis-
charge. The RF fields’ structure and RF power absorption
efficiency are determined by plasma parameters that in turn
depend on the RF fields and Pp;. Thus, the variation of the
external magnetic field inductance results in the self-con-
sistent change of the RF fields, RF power absorption effi-
ciency and plasma parameters [22].

At maximal values of the RF power absorption efficiency
the axial distribution of longitudinal B, and azimuthal B,
components of the RF magnetic field manifest the formation
of the partially standing wave with half wavelength close to
8 cm. The axial dependence of the radial RF magnetic field
component B, differs drastically from B, and B,. It was
concluded that the B, amplitude was largely determined by
the field of the TG wave, while the B, amplitude represented
the radial field of the helicon wave.
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