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Abstract—Results are presented from experimental studies of low-pressure inductive RF discharges (including
those with a capacitive component) employed in plasma technology. It is shown that both the RF power
absorbed in the plasma and the electron density depend nonmonotonically on the external magnetic field. Dis-
charge disruptions occurring at critical values of the magnetic field and the spatial redistribution and hysteresis
of the plasma parameters were observed when varying the magnetic field and RF generator power. The param-
eters of the plasma of low-pressure (0.5-5 mTorr) inductive RF discharges were investigated, and the discharge
properties related to the redistribution of the RF generator power between the plasma and the discharge external
circuit were revealed. The experiments were performed with both conventional unmagnetized inductive plasma

sources and plasma sources with a magnetic field.
PACS numbers: 52.80.Pi
DOI: 10.1134/S1063780X07090048

1. INTRODUCTION

Over the few past decades, inductive RF plasma
reactors and low-pressure ion sources have been widely
used in ground-based and space technologies. The main
advantages of inductive RF discharges due to which
they have received wide application in engineering are
the possibility of achieving high electron densities at
relatively low RF powers, no contact between the
plasma and metal electrodes, the relatively low electron
temperature, and the low plasma potential relative to
the discharge chamber wall. The development of ion-
beam and plasma technologies imposes stringent
requirements on the performance and parameters of ion
and plasma sources and gives further impetus to the
revision of concepts and improvement of plasma
devices. All this requires detailed knowledge of the
physical processes occurring in inductive RF dis-
charges.

Inductive RF discharges have been known for more
than a century [1]. Over this period, a great body of
experimental data has been accumulated [2—6], theoret-
ical models of the penetration of RF fields into the
plasma have been developed, and mechanisms for RF
power absorption have been thoroughly investigated
[7-10]. Recent studies, however, have shown that the
properties of actual RF discharges depend not only on
the current flowing through the inductor (antenna) but
also on other factors. Among those are the influence of
the parasitic capacitance between the inductor and
plasma and the values of the active and reactive compo-
nents of the external circuit impedance.

The effect of the capacitive component on the
parameters of an inductive discharge was considered in
[11-13]. It is now commonly accepted [11] that, at low
RF powers, an inductive discharge is ignited and oper-
ates in the capacitive mode and that, after reaching a
certain critical power, it passes over to the inductive
mode, which is characterized by a higher plasma den-
sity than the capacitive mode. However, the effect of the
capacitive component on the discharge operating in the
inductive mode has still been poorly investigated.

The role of the external circuit of an unmagnetized
inductive RF discharge was most thoroughly consid-
ered in [14, 15]. Using a transformer model of an induc-
tive RF discharge, the authors showed that the RF
power supplied by the generator to the external circuit
is not equal to the power absorbed in the plasma. The
power is redistributed between two channels: the
plasma and the active elements of the external circuit.
The power lost in the external circuit is determined by
the ratio between the active resistance of the external
circuit and the equivalent resistance of the plasma and
can comprise a significant fraction of the generator
power.

In [16, 19], theoretical models for bounded low-
pressure inductive plasma sources in the absence and
presence of an external magnetic field were developed
and expressions for the equivalent plasma resistance,
which determines the RF power absorbed in the
plasma, were derived. In [20, 21], systematic measure-
ments of the equivalent resistance of low-pressure
inductive plasma sources were performed and the
results of measurements were compared with calcula-
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Fig. 1. Block diagram of the experimental setup.

tions [16-19]. Both theoretical and experimental
results show that the efficiency of RF power absorption
depends substantially on the plasma parameters, the
dimensions of the plasma source, and the external mag-
netic field.

Computer simulations [16] show that, due to the
influence of the plasma parameters on the equivalent
plasma resistance, the fraction of the RF power
absorbed in the plasma at a fixed resistance of the exter-
nal circuit depends on the electron density, the gas pres-
sure, the external magnetic field, and the dimensions
and configuration of the plasma source. The conditions
under which the plasma is matched to the RF generator
depend on the same parameters [11]. In turn, the elec-
tron density and temperature depend on the fraction of
the RF power absorbed in the plasma. As was shown in
[16], the self-consistent redistribution of the RF power
between the external circuit and the plasma can lead to
physical effects that have been poorly investigated
experimentally.

ALEKSANDROV et al.

Fig. 2. Schematics of (a) a cylindrical plasma source and
(b) an ion source: (/) discharge chamber, (2) gas injection,
(3) magnetic system, and (4) ion-optical system.

The objective of the present work is to experimen-
tally investigate the plasma parameters of a low-pres-
sure (0.5-5 mTorr) inductive RF discharge (including
those with a capacitive component) and to reveal its
specific features related to both the power input mode
and the redistribution of the RF generator power
between the plasma and the external circuit. Both con-
ventional unmagnetized inductive plasma sources and
plasma sources with a magnetic field, in particular,
those based on the electron cyclotron resonance [12]
and on the excitation of helicons and Trivelpiece—Gold
waves [22, 23], are considered. For the latter two types
of sources, the effects related to the influence of the
external circuit have not yet been studied.

In the second part of the work (see the present
issue), the experimental results are compared to the
results of computer simulations with the use of self-
consistent models of a purely inductive discharge and
an inductive discharge with a capacitive component.

2. EXPERIMENTAL TECHNIQUE
2.1. Experimental Setup

A block diagram of the experimental setup is shown
in Fig. 1. The experiments were performed with two
types of plasma sources, whose schematics are pre-
sented in Fig. 2. The first type of plasma source
(Fig. 2a) was a cylindrical glass discharge chamber
placed between two dielectric flanges, the inner surface
of which was covered with glass. Chambers with inner
diameters of 15 and 20 cm; lengths of 10, 15, 20, and
25 cm; and a wall thickness of 3 mm were used. The
chamber was pumped out through special holes in the
lower flange. The working gas was injected into the dis-
charge chamber at a given flow rate through an inlet
tube mounted on the lower flange, on which a metal
disk serving as a reference electrode in probe measure-
ments was also installed.

The second type of experimental device was an ion
source (Fig. 2b), which consisted of a cylindrical glass
discharge chamber; a gas inlet tube; a metal case; and
an ion-optical system, including three perforated metal
electrodes (the emitting, accelerating, and decelerating
ones). In these experiments, we used discharge cham-
PLASMA PHYSICS REPORTS  Vol. 33

No. 9 2007



PROPERTIES OF A LOW-PRESSURE INDUCTIVE RF DISCHARGE I: EXPERIMENT

Fig. 3. Arrangement of the antenna and the capacitor at the
surface of the discharge chamber.

bers with diameters of 5, 10, and 20 cm and lengths of
5,10, 15, and 20 cm.

The magnetic field in the plasma sources was pro-
duced by solenoid magnets. The induction of the axial
magnetic field inside the plasma source could be varied
within the range 1-10 mT, the field inhomogeneity
being about 30%.

A discharge in the plasma source was excited and
maintained by inductors or antennas. Spiral antennas
were mounted on the upper end surface or on the side
surface of the discharge chamber (these antennas will
be referred to as the end and side antennas, respec-
tively). The antennas were made of a copper tube 3 mm
in diameter and were cooled with running water. The
length of the dielectric water-cooling pipes was no less
than 5 m; this ensured that the resistance between the
water-cooled antenna and the ground was no less than
1 MQ.

To reduce the capacitive coupling between the
antenna and plasma, metal shields with slits are usually
employed [4]. However, such shields not only reduce
the capacitive coupling but also suppress the inductive
coupling between the antenna and plasma. In order to
study how the capacitive coupling between the antenna
and plasma affects the discharge characteristics, two
additional capacitor plates were installed on the outer
side surface of the discharge chamber (Fig. 3). The area
of each plate was 25 cm?. The plates provided a capac-
itive channel for power input; in this case, the inductive
coupling between the antenna and plasma remained
unchanged.

To excite and maintain a purely inductive discharge,
the spiral antenna was connected through a matching
box to an RF generator operating at a frequency of
13.56 MHz (Fig. 1). The generator power could be var-
ied in the range 0-300 W. The power supplied to the
external circuit Py, was determined as the difference
between the incident and reflected powers, Pr and Ppg,
measured by a CN-101L power meter inserted in a 50-
Q line between the RF generator and the matching unit.
In our experiments, the reflected power comprised 1—
10% of the incident power. For each particular set of
experimental conditions, the external circuit was
adjusted to match the RF generator.
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Fig. 4. Block diagram of experiments with inductive dis-
charges with a capacitive component: (a) discharge with
independent inductive and capacitive channels and
(b) hybrid discharge.

To study the role of the capacitive component, the
capacitor plates installed on the outer surface of the dis-
charge chamber were connected through a separate
matching unit to the second generator, whose power
could be varied independently of the first generator
(Fig. 4a). The second generator operated at a frequency
of 13.56 MHz, and its power could be varied in the
range 0-200 W. To measure the current flowing through
the capacitive channel, a Rogowski coil was inserted in
the circuit of the grounded electrode at point B. To
model an actual inductive RF discharge with a capaci-
tive component (which will further referred to as a
hybrid RF discharge), an inductor was connected in
parallel with a capacitor to one of the RF generators
(see Fig. 4b). In this case, the currents flowing through
the antenna and the capacitor were measured.

2.2. Measurements of the Power Fraction
Absorbed in the Plasma

According to [16], the measured power of the RF
generator was not equal to the power P, absorbed in the
plasma. In order to determine Py, an RF current detec-
tor (Rogowski coil) was inserted in the circuit at point A
(see Fig. 1). The signal from the coil was fed to either a
C1-122A two-beam oscillograph or the input of an RF
board of an analog-to-digital converter (ADC).
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It was shown in [16] that, if the discharge was purely
inductive and the load was matched to the generator,
then the RF power P,, supplied by the generator to the
external circuit was distributed between two channels:
a fraction of the power was spent on the antenna heat-
ing, while the rest of the generator power was absorbed
in the plasma. The total resistive antenna losses include
losses related to the heating of the antenna itself, the
components of the matching unit, the metal parts of the
device that are located near the plasma source and
undergo the excitation of induction currents, RF con-
nectors, etc. Taking this into account, the measurement
results were processed by the following scheme.

(1) First, the effective antenna resistance in the
absence of a discharge was determined by the formula

Ry = 2P/ 15, (1)

gen
where P, is the RF generator power supplied to the
external circuit and [, is the antenna current in the
absence of a discharge.

(i1) Then, by using the results of measurements of
the antenna current and the RF generator power in the
presence of a discharge, we found the total resistance of
the external circuit R,

= 2P, /. 2)

gen

(ii1) From the total resistance of the external circuit,
the antenna resistance was subtracted to find the equiv-
alent plasma resistance R, [16],

Rpl = 2Pgen/12_Rant' (3)

(iv) Finally, knowing the equivalent plasma resis-
tance, we calculated the fraction of RF power absorbed
in the plasma

Py = 05R,I. )

2.3. Probe Measurements

The plasma parameters were monitored using a set
of Langmuir probes. Three probes were placed in the
central cross section of the plasma source at distances
of 0, 2, and 6 cm from the source axis. Each probe was
a 0.3-mm-diameter tungsten wire covered with glass,
except for a 5-mm-long segment at its end.

In the present work, probe measurements were per-
formed at magnetic fields lower than 2 mT. In this case,
the Larmor radius was much larger than Debye length,
so no correction for the presence of the magnetic field
was required. We used a standard electric circuit usu-
ally employed for such measurements. To avoid a dis-
tortion of the measured probe characteristic by the RF
components of the probe current, we used resonant fil-
ters having a high resistance at the fundamental (f) and
the second (2f) harmonics of the generator frequency.

ALEKSANDROV et al.

The results of measurements were processed with a
computer.

The electron energy distribution function (EEDF)
was calculated by doubly differentiating the probe elec-
tron current with respect to the probe potential. The
effective electron temperature 7, was then calculated
from the known EEDFs by the formula

T = §[ef(e) Jede. 5)

2.4. Spectral Measurements

In parallel to probe measurements, we monitored
the intensity of plasma radiation. Radiation from the
plasma source (Fig. 1) was fed through an optical fiber
onto the entrance slit of an MDR-23 monochromator, at
the exit from which an FEU-100 photomultiplier was
installed. The photomultiplier signal was amplified and
was then recorded in a PC with the help of an ADC
board. The spectrum was scanned in the wavelength
range 3500-7500 A. When measuring the spatial distri-
bution of the plasma radiation intensity, the fiber was
displaced in the radial and vertical directions. A set of
apertures placed in front of the fiber allowed us to mea-
sure the radiation intensity with a spatial resolution of
no worse than 2 cm.

In experiments in which the electron density was
lower than 10" cm™3, we used an independent spectral
method for determining the effective temperature of
fast electrons from the intensity ratio of spectral lines.
Assuming that, in our case, the plasma coronal model is
applicable, the intensity ratio between two spectral
lines has the form

v, j q,(e)exp(—&/T*)ede

1 o
L= : ©)
2
v, j g,(€)exp(—e/T*)ede
eV,

where v, and v, are the frequencies of the spectral
lines, ¢, and ¢, are their excitation cross sections, and

T is the effective temperature of fast electrons. Using

the literature data [24] on the effective excitation cross
sections g(€) for argon spectral lines, we calculated
intensity ratio (6) as a function of the electron temper-
ature. The obtained calibration curves are shown in
Fig. 5.

The effective electron temperature was calculated
from the intensity ratios of the 4191-, 4198-, and
4259-A spectral lines to the 4200-A line. Slnce the
excitation cross sections for the spectral lines are
known with a poor accuracy, the temperatures calcu-
lated using different lines are markedly different. The
results obtained are given in the table.
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Fig. 5. Intensity / of argon lines normalized to the intensity
of the Ar 4200-A line as a function of the electron tempera-
ture 7,.

Probe measurements carried out under the same
conditions showed that the EEDF was close to Max-
wellian with a temperature of 4.5 eV. Comparing the
temperatures determined by two different methods, one
can see that the effective temperature obtained from the
intensity ratio of the 4198- and 4200-A lines is closest
to that determined from probe measurements. It is the
intensity ratio between these lines that was used in this
study to estimate the effective electron temperature.
Since the wavelengths of these lines were close to one
another, we could avoid the calibration of the spectral
system and could determine the /,,9g/14,0 ratio without
carrying out absolute measurements of the plasma radi-
ation intensity.

The measurements were carried out in argon and
xenon at pressures in the range 0.5-5 mTorr. The induc-
tion of the external magnetic field was varied in the
range 0-5 mT.

3. EXPERIMENTAL RESULTS

3.1. Effect of the External Magnetic Field
on the EEDF and Electron Density

Figure 6 shows typical EEDFs calculated by doubly
differentiating the probe characteristics measured in the
central cross section of the discharge chamber at the
axis of a plasma source of radius 7.5 cm and length
10 cm. The discharge was excited by the end antenna.
It can be seen that the EEDF plotted on a semilog scale
has three linear segments; i.e., the EEDF in the ranges
of low, moderate, and high energies is close to Max-
wellian. A similar result was obtained in [4], where an
inductive RF discharge in the absence of a magnetic
field was investigated. It should be noted, however, that,
in Fig. 6, the group of slow electrons is less pronounced
than in the EEDF presented in [4]. This may be related
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Fig. 6. EEDFs measured in the plasma of a purely inductive
discharge for a magnetic field of 1.1 mT, gas pressure of
2 mTorr, and different RF generator powers: (/) 100,
(2) 200, and (3) 300 W.

to a change in the mechanism for electron heating in the
presence of a magnetic field, because, in this case, the
electron heating region is no longer localized near the
chamber wall, which is inaccessible for slow electrons
due to the presence of the retarding potential between
the plasma and the wall. In the presence of a magnetic
field, the RF electric field can penetrate deep into the
plasma and can heat its internal regions.

Note that the slope of the EEDF in the range of elec-
tron energies corresponding to inelastic collisions with
argon atoms is steeper than that in the range of low and
moderate electron energies; i.e., the temperature T2 of
the fast electrons is lower than the temperature of the
two other groups of electrons. This conclusion was con-
firmed by spectral measurements. Figure 7 shows the
effective electron temperature 7 obtained from the
slope of the probe characteristic and the temperature
T2 determined from the intensity ratio between the
4198- and 4200-A Ar lines for different values of the
magnetic field. It can be seen that the values of T
determined by the spectral method are systematically
lower than the temperature 7% obtained from the probe
characteristics.

Figures 8 and 9 show how the electron density and
effective temperature at the center of the source depend
on the magnetic field at different values of the RF gen-

Effective temperature of fast electrons, determined from the
intensity ratio of Arl lines

14500 L1191/ Ls200 L4108/ 14200 L1259/ Li200
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Fig. 7. Effective electron temperature as a function of the
external magnetic field for an argon pressure of 2 mTorr and
different RF generator powers: 100 (squares), 200 (circles),
and 300 (triangles) W. The closed symbols show the tem-
perature obtained from the slope of the probe curves, and
the open symbols show the temperature determined from
the intensity ratio of argon lines. The radius and length of
the plasma source are 7.5 and 10 cm, respectively.

erator power and argon pressure. It can be seen that, in
the absence of a magnetic field, the electron density is
very low. As the magnetic field B increases, the plasma
density first increases and, after the magnetic field
reaches a certain value B,,,,,, begins to decrease. When
the magnetic field reaches its critical value B, the dis-
charge is disrupted. An increase in the RF generator
power or/and gas pressure leads to an increase in the
critical magnetic field B_. In contrast to the electron
density, the effective electron temperature depends only
slightly on the magnetic field and the RF generator
power. It should be noted that the effective electron
temperature somewhat increases at magnetic fields cor-
responding to the electron cyclotron resonance and
those preceding the discharge disruption. An increase
in the argon pressure leads to a decrease in the effective
electron temperature.

3.2. Disruptions of an Inductive RF Discharge

Disruptions of inductive RF discharges with
increasing magnetic field were also observed in previ-
ous experiments. According to [11, 12], such disrup-
tions are caused by a mismatch between the plasma
load and the RF generator because a change in the
external magnetic field lead to a change in the reactive
component of the plasma impedance. In our experi-
ments, the load was matched to the RF generator for
each particular value of the magnetic field, so the RF
power supplied by the generator to the external circuit
was fixed. However, as is seen from Figs. 8 and 9, the
matching between the load and RF generator did not
eliminate disruptions and did not result in the smooth-
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Fig. 8. (a) Electron density and (b) effective electron tem-
perature as functions of the external magnetic field for RF
generator powers of (/) 150 and (2) 200 W. The discharge
disruptions are indicated by asterisks.

ing of the dependence n,(B). Moreover, our experi-
ments showed that such disruptions are typical of
inductive RF discharges in an external magnetic field
over a wide range of the discharge parameters.

Figure 10 shows how the plasma radiation intensity
varies with increasing magnetic field in experiments
with ion sources of radius 7.5 cm and lengths 15 and
22 cm. It can be seen that the critical magnetic field B,,,
which limits the domain of existence of the discharge
from the side of high fields, increases with increasing
RF generator power and gas flow rate (i.e., gas pressure
in the discharge chamber). At the same time, the second
(and sometimes third) peak of the radiation intensity
appears at lower magnetic fields. The domain of exist-
ence of all the peaks is bounded sharply from the side
of high fields. The experiments with ion sources show
that the magnetic field corresponding to the discharge
disruption depends substantially on the ion extraction
mode. When no voltage is applied to the ion-optical
system and the ions are not extracted from the source,
discharge disruptions occur at higher magnetic fields
than in regimes with ion extraction (Fig. 11).

PLASMA PHYSICS REPORTS  Vol. 33 No.9 2007
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Fig. 9. (a) Electron density and (b) effective electron tem-
perature as functions of the external magnetic field at argon
pressures of (/) 2, (2) 3, and (3) 5 mTorr.

3.3. Effect of the Capacitive Component
on Discharge Disruptions

The results presented in the previous section were
obtained in experiments with purely inductive dis-
charges. To find out how the capacitive component of
the discharge affects the dependence of the plasma
parameters on the magnetic field (in particular, how it
affects discharge disruptions), we carried out a series of
experiments with discharges with independent induc-
tive and capacitive channels, as well as with hybrid dis-
charges. Figure 12 shows the measured dependences of
the argon ion current on the magnetic field in an ion
source with a purely inductive discharge, a discharge
with independent inductive and capacitive channels,
and a hybrid discharge. It can be seen that, in the purely
inductive ion source, the discharge is ignited at a mag-
netic field of about 0.5 mT, the ion current increases
with increasing magnetic field up to 1.3 mT, and the
disruption occurs at a magnetic field of 1.6 mT. The sit-
uation is somewhat different when an additional power
is supplied to the discharge through an independent
capacitive channel. In this case, the discharge can be
ignited in the absence of a magnetic field and, in the
range of magnetic fields typical of disruptions of purely
inductive discharges, it is not quenched but passes over
to a mode typical of a purely capacitive discharge. The
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Fig. 10. Plasma radiation intensity in the central cross sec-
tion of a 20-cm-diameter ion source as a function of the
external magnetic field B (a) for an argon pressure of
0.5 mTorr and RF generator powers of (/) 300 and
(2) 500 W and (b) for an RF generator power of 300 W and
argon pressures of (3) 0.5 and (4) 1 mTorr. The discharge
was excited by a spiral antenna.

greater the RF power supplied through the capacitive
channel and the higher the argon pressure, the smoother
the transition region to the capacitive mode. In the tran-
sition region (at low magnetic fields and near the dis-
charge disruption), the ion current in the hybrid dis-
charge is close to that in the discharge with an indepen-
dent capacitive channel at a power of 60 W. Near the
peak of the ion current (at magnetic fields of 1.0—
1.5 mT), the ion current in the discharge with an inde-
pendent capacitive channel is somewhat higher than
that in the purely inductive discharge, whereas in the
hybrid discharge, the ion current is somewhat lower. It
should be noted, however, that these currents differ by
no more than 10-15%.

Figure 13 shows the antenna current 7, as a func-
tion of the magnetic field for different types of dis-
charge. As was expected, the difference is the largest in
the transition region. Near the peak of the ion current,
the values of /,,, in different types of discharge coincide
to within measurement errors. This is quite natural
because, in all these cases, the current flowing through
the capacitive channel was less then 10% of the current
flowing through the antenna,



740

Ton current, mA

9 —

8 | [ )

7 -

6 -

5 -

4t &ﬁ

5L .
1

!

1 o .’J _.—..\".——-
O—@OPCO—O0—70®

0 2.0 2.5 3.0 3.5

B, mT

Fig. 11. Ion current to a Faraday cup located 5 cm from the
ion source as a function of the magnetic field in regimes
(1) without and (2) with ion extraction.

The results obtained indicate that the capacitive
component of a discharge spreads out the domain of
existence of a purely inductive discharge, but it only
slightly affects the antenna current and the parameters
of the discharge in the high-density mode.

3.4. RF Power Absorption in the Plasma
of an Inductive Discharge

The fact that the electron density increases with
increasing magnetic field in a purely inductive dis-
charge can be attributed to the lower electron mobility

Ion current, mA
120 -

100
80
60

40

20

2.5 3.0
B, mT

Fig. 12. Ion-beam current from an ion source of radius 5 cm
and length of 10 cm as a function of the magnetic field:
squares are for a purely inductive discharge; triangles with
upward and downward vertices are for discharges with an
independent capacitive channel, the RF generator power
supplied through the capacitive channel being 60 and
200 W, respectively; and asterisks are for a hybrid dis-

charge. The argon flow rate is 10 cm’/min.
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across the magnetic field and, hence, the lower electron
losses at the side wall of the plasma source. However,
the decrease in the electron density with magnetic field
and, the more so, discharge disruptions cannot be
explained by the reduction in the electron mobility.
Obviously, there are another factors affecting the dis-
charge properties.

A possible reason for the nonmonotonic depen-
dence of the plasma density on the magnetic field is the
redistribution of the power between the antenna and the
plasma with increasing external magnetic field [16]. To
verify this, we determined the RF power absorbed in
the plasma of a purely inductive discharge by measur-
ing the antenna current [, at different values of the
magnetic field. The results of these measurements are
presented in Fig. 14. It can be seen that the initiation of
a discharge leads to a slight decrease in the antenna cur-
rent. As the magnetic field increases, the difference
between the antenna currents in the presence and
absence of a discharge increases. This indicates that the
fraction of the RF generator power absorbed in the
plasma increases. An increase in the magnetic field
above B,,,, leads to an increase in the antenna current.
After the discharge is disrupted, the antenna current
returns to the value observed before the initiation of a
discharge.

Figure 15 shows the RF power absorbed in the
plasma as a function of the external magnetic field. The
absorbed RF power was calculated from the measured
values of I, It can be seen that an increase in the mag-
netic field is accompanied by an increase in Py, until
the magnetic field reaches the value B,,.. Then, the
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Fig. 13. Antenna current in an ion source of radius 5 cm and
length of 10 cm as a function of the magnetic field: squares
are for a purely inductive discharge; triangles with upward
and downward vertices are for discharges with an indepen-
dent capacitive channel, the RF generator power supplied
through the capacitive channel being 60 and 200 W, respec-
tively; and asterisks are for a hybrid discharge. The argon

flow rate is 10 cm>/min.
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Fig. 14. Current flowing through the end antenna as a func-
tion of the magnetic field for an argon pressure of 2 mTorr
and different RF generator powers: (/) 100, (2) 150, (3) 200,
and (4) 300 W. The dashed lines show the antenna current
in the absence of a discharge.

power absorbed in the plasma decreases to a level that
is insufficient to maintain the discharge, which is there-
fore disrupted.

It is interesting to compare the dependence of the
RF power absorbed in the plasma on the magnetic field
with a similar dependence of the electron density. The
measurements showed, however, that an increase in the
magnetic field was not accompanied by a proportional
increase in the intensity plasma radiation in the center
of the plasma source, as well as near the flanges and
side wall of the source. This indicates the spatial redis-
tribution of the plasma parameters in the source. In this
case, the plasma density in different regions of the dis-
charge depend differently on the magnetic field. There-
fore, it is reasonable to study the correlation between
the volume-averaged plasma density and the power
absorbed in the plasma. For this purpose, we investi-
gated the spatial redistribution of plasma parameters in
the presence of a magnetic field and calculated the aver-
age plasma density.

3.5. Spatial Redistribution of the Plasma Parameters

Probe measurements show that applying an external
magnetic field leads to a substantial redistribution of
the plasma density n,(r), whereas the effective electron
temperature changes only slightly (Fig. 16). It can be
seen from Fig. 16a that, as the magnetic field increases,
the electron density first increases (especially, in central
regions of the discharge); then, before the disruption,
the average electron density decreases, so that the local
density becomes maximum in the peripheral regions of
the discharge.
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Fig. 15. Power deposited in a discharge excited by the end
antenna as a function of the magnetic field for an argon
pressure of 2 mTorr and different RF generator powers:
(1) 100, (2) 150, (3) 200, and (4) 300 W.

Figure 17 shows the radial profiles of the radiation
intensity from xenon plasma sources of radius 7.5 cm
and lengths of 10 and 15 cm for the cases where the dis-
charge was excited by the end and side spiral antennas.
When the magnetic field was applied to a source of
length 15 cm (Fig. 17a), the radial profile of the radia-
tion intensity initially broadened. Then, at magnetic
fields corresponding to the maximum radiation inten-
sity, the radiation intensity in the central region
increased in comparison with the peripheral regions. As
the magnetic field increased further, the maximum of
the radiation intensity shifted toward the chamber wall.
Qualitatively the same results were obtained in experi-
ments with ion and plasma sources of radii 5 and 25 cm
and lengths of 15 and 20 cm, respectively. However, for
a plasma source of radius 7.5 cm and length of 10 cm,
most of the power was absorbed in the peripheral
regions of the plasma source over the entire range of
magnetic fields under study. This effect was most pro-
nounced when we used the side spiral antenna (see
Figs. 17b-17d).

Variations in the magnetic field lead not only to the
radial but also longitudinal redistribution of the plasma
density. As the magnetic field increases, the longitudi-
nal profile of the plasma radiation intensity alters. Near
the antenna, the radiation intensity decreases with
increasing B, whereas the distribution of the radiation
intensity near the output flange varies only slightly.
When the side spiral antenna is used, the relative inten-
sity of plasma radiation from the central regions of the
discharge increases with magnetic field. It should be
noted, however, that the longitudinal profile of the
plasma radiation intensity changes more slightly than
the radial profile.
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Fig. 16. (a) Electron density and (b) effective electron tem-
perature in the plasma of an ion source of radius 7.5 cm and
length of 15 cm as functions of the distance from the source
axis for an RF generator power of 150 W, argon pressure of
4 mTorr, and different values of the magnetic field: (/) O,
(2)0.5,(3) 1.1, and (4) 1.4 mT.

3.6. Effect of the Power Absorbed in the Plasma
on the Average Electron Density

In order to analyze the dependence of the plasma
density on the RF power absorbed in the plasma by
using data of local measurements of the plasma density
n,(r) in the plasma source of radius 7.5 cm and length
of 15 cm, the average electron density N, in the central
cross section of the plasma source was calculated by the
formula

N, = Jne(r)rdr. (7

The behavior of the average electron density as a
function of the magnetic field qualitatively coincides
with that of the local density. First, the average density
N, increases; then, it drops and the discharge is dis-
rupted. An increase in the RF power and gas pressure
leads to an increase in the electron density and a shift of
the boundary of the domain of existence of the dis-
charge toward higher magnetic fields.

ALEKSANDROV et al.

Figure 18 presents the normalized electron density
n,/(P,p) (Where p is the argon pressure in the discharge
chamber) as a function of the power absorbed in the
plasma. It can be seen that, if the power deposited in the
plasma exceeds 40 W, then, within the experimental
error, all the points fall on a straight line parallel to the
abscissa. This means that the volume-averaged electron
density in the plasma of an inductive RF discharge is
proportional to the power deposited in the plasma and
that the specific behavior of the plasma density as a
function of the magnetic field is related to the redistri-
bution of the RF generator power between the effective
antenna resistance and the equivalent plasma resis-
tance. An increase in the ratio n,/(Pyp) at low (<40 W)
input powers can be explained by the effect of the
capacitive component of the discharge.

Thus, the experimental data allow us to conclude
that the specific behavior of the electron density as a
function of the magnetic field can be attributed to the
redistribution of the RF power between two active
loads: the antenna and the plasma.

3.7. Hysteresis

The results presented above were obtained at a fixed
generator power under conditions such that the mag-
netic field was increased from zero to a value By,
exceeding the value of B at which discharge was dis-
rupted. In some experiments in which the magnetic
field was first increased from zero to By, and then was
again decreased to zero, we observed a hysteresis in the
dependence of the plasma density on the magnetic field
(Fig. 19). Measurements of the RF power absorbed in
the plasma showed that, at a fixed power and certain
values of the magnetic field, two regimes could occur:
in the first regime, the power was almost completely
absorbed in the external circuit and the plasma density
was low, whereas in the second regime, the power was
almost completely absorbed in the plasma and the elec-
tron density was high.

To study conditions for the appearance of hysteresis,
we measured the dependence of the plasma radiation
intensity on the RF generator power P, at fixed values
of the magnetic field. An example of such a dependence
at magnetic fields below 1 mT is presented in Fig. 20a.
It can be seen that the discharge is initiated in the mode
characterized by the low radiation intensity (the “low”
mode). As the RF generator power is increased, the dis-
charge passes over to the mode characterized by the
high radiation intensity (the “high” mode). As the RF
generator power is decreased, the power P, at which the
discharge passes over from the high to the low mode is
nearly equal to the power P, at which the discharge has
passed over to the high mode when the generator power
was increased. At higher magnetic fields, the situation
is different (Fig. 20b). In this case, the power P, is
lower than P, i.e., the hysteresis occurs. The higher the
magnetic field, the larger the difference between P, and
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Fig. 17. Radial profiles of the plasma radiation intensity from the plasma sources of radius 7.5 cm and length of (a) 15 and
(b—d) 10 cm for different values of the magnetic field. The discharges were excited by the (a, b) end (c, d) and side antennas in

(a—c) xenon (the 4734-A line) and (d) argon (the 4200-A line).

P, It is worth noting that, as the magnetic field is
increased, the increment in the plasma density during a
transition to the high mode progressively increases. At
magnetic fields above 1.4 mT, the maximum generator
power (300 W) turns out to be insufficient to ensure a
transition from the low to the high mode.

3.8. Effect of the Capacitive Component
on Hysteresis

To find out how the capacitive component of the dis-
charge affects the transition from the low to the high
mode and back, we also performed a series of experi-
ments with discharges with independent inductive and
capacitive channels, as well as with hybrid discharges.
Let us first consider the results obtained in experiments
carried out without a magnetic field (Fig. 21). It can be
seen that the critical inductive-channel power P; at
which the discharge passes over to the high mode is
lower in the presence of the capacitive channel. The
higher the fraction of the RF power supplied through
the capacitive channel, the lower the power P, and the
more gradual the transition from the low to the high
mode. When the antenna and the capacitor are con-
nected in parallel, the situation is qualitatively the
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same, but the change in P, is appreciably smaller. This
may be explained by the power supplied through the
capacitive channel being less than 100 W.
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Fig. 18. Normalized electron density n,/(P,p) vs. power
absorbed in the plasma.
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In the presence of an external magnetic field, the
capacitive channel affects not only P,but also P, It can
be seen from Figs. 20c and 20d that, when the antenna
and the capacitor are connected in parallel, the differ-
ence between P, and P, is much smaller than in the case
of a purely inductive discharge, whereas in the presence
of an independent capacitive channel, the difference
between Pyand P, as well as the hysteresis effect, dis-
appears. Hence, in the presence of the capacitive com-
ponent, the discharge is more stable and the hysteresis
in the dependence of the plasma parameters on the RF
power and magnetic field disappears.

It is worth noting another important result that
agrees with the results obtained in studying the effect of
the capacitive component on the disruptions of induc-
tive discharges in the presence of a magnetic field.
When the antenna and the capacitor are connected in
parallel and the discharge is in the high mode, the
antenna current decreases by no more than 10% of its
value in a purely inductive discharge for all of the
experimental conditions under study. The plasma radi-
ation intensity in high-mode discharges also depends

(b)
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Fig. 20. Plasma radiation intensity vs. RF power supplied to the antennas of (a, b) inductive discharges excited in magnetic fields
of 1 and 1.4 mT, respectively; (c) a hybrid discharge; and (d) a discharge with independent inductive and capacitive channels. The
RF generator power supplied through the capacitive channel is 100 W, and the argon pressure is 2 mTorr. The squares and circles

are for an increasing and a decreasing power, respectively.
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Fig. 21. Plasma radiation intensity vs. RF generator power:
(I) purely inductive discharge excited by the end spiral
antenna, (2) discharge with an independent capacitive chan-
nel (the RF power supplied through the capacitive channel
is 100 W), and (3) hybrid discharge.

only slightly on the presence of the capacitive compo-
nent (Fig. 21). Hence, we can conclude that the capac-
itive component has little effect on the discharge
parameters in the high mode.

4. CONCLUSIONS

Our experiments have revealed the following spe-
cific features of a low-pressure inductive RF discharge
in an external magnetic field: the electron density and
the power absorbed in the plasma depend nonmonoton-
ically on the external magnetic field; at certain critical
values of the magnetic field, the discharge undergoes
disruptions; and variations in the magnetic field and RF
power are accompanied by the spatial redistribution of
the plasma parameters, which exhibit a hysteresis
effect.

In the presence of a capacitive component, the
plasma parameters vary more smoothly with varying
magnetic field and RF generator power, the discharge
becomes more stable, and the hysteresis effect disap-
pears.
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