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The results of comprehensive experimental studies of the operation, stability, and plasma parameters
of the low-frequencys0.46 MHzd inductively coupled plasmas sustained by the internal oscillating
rf current are reported. The rf plasma is generated by using a custom-designed configuration of the
internal rf coil that comprises two perpendicular sets of eight currents in each direction. Various
diagnostic tools, such as magnetic probes, optical emission spectroscopy, and an rf-compensated
Langmuir probe were used to investigate the electromagnetic, optical, and global properties of the
argon plasma in wide ranges of the applied rf power and gas feedstock pressure. It is found that the
uniformity of the electromagnetic field inside the plasma reactor is improved as compared to the
conventional sources of inductively coupled plasmas with the external flat coil configuration. A
reasonable agreement between the experimental data and computed electromagnetic field
topography inside the chamber is reported. The Langmuir probe measurements reveal that the
spatial profiles of the electron density, the effective electron temperature, plasma potential, and
electron energy distribution/probability functions feature a high degree of the radial and axial
uniformity and a weak azimuthal dependence, which is consistent with the earlier theoretical
predictions. As the input rf power increases, the azimuthal dependence of the global plasma
parameters vanishes. The obtained results demonstrate that by introducing the internal oscillated rf
currents one can noticeably improve the uniformity of electromagnetic field topography, rf power
deposition, and the plasma density in the reactor.
© 2005 American Institute of Physics. [DOI: 10.1063/1.1826214]

I. INTRODUCTION

Plasma sources employing a variety of low-pressure
(typically 1 mTorr–few Torr) gas discharges, including direct
current (dc), wave-driven, microwave, radio-frequency(rf)
discharges are extensively used by many industries for the
processing of various dielectric, semiconductor, and conduct-
ing surfaces and bulk materials. Nowadays, the applications
of the plasma discharges expand into the areas of synthesis
of novel and advanced nanostructured and biocompatible
materials with advanced functionalities.1,2

Inductively coupled plasmas(ICPs) is a subclass of rf
gas discharges, which has recently attracted a great deal of
interest as efficient sources of high-densitys.1011

−1012 cm−3d low-temperature plasmas in large volumes and
over large surface areas.3–6 ICP discharges enable an inde-
pendent control of the ion flux and ion-bombarding energy,
high efficiency in terms of ionization and power utilization,
and have several other attractive features, which make them

promising sources of low-temperature plasmas for the semi-
conductor industry, synthesis of novel and advanced materi-
als and fabrication of unique nanostructures.7–17

In the ICP reactors, the plasma is produced by rf elec-
tromagnetic fields generated by inductive coils of various
configurations placed outside or inside the processing cham-
ber. The rf power is coupled to the plasma inductively, via
the excitation of rf currents in the chamber volume. The
power that can be gainfully used for the plasma production
critically depends on the configuration of the electromagnetic
fields and rf currents excited in the chamber. Most of the
existing ICP sources use 13.56 MHz rf generators to drive rf
currents in the inductive coil.

However, some of the applications of the existing ICP
devices suffer from nonuniformities of the main plasma pa-
rameters caused by nonuniform rf power deposition.18 In par-
ticular, in the 13.56 MHz ICP devices employing flat spiral
(“pancake”) inductive coils, most commonly adopted in the
semiconductor manufacturing, the above nonuniformities
persist in the areas near the chamber axis. Secondly, genera-
tion and maintaining the uniformity of inductively coupled
plasmas over large volumes has proved to be a troublesome
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problem.19 This can result in substantial drawbacks in vari-
ous applications of the ICP devices for technological pro-
cesses that require a high level of uniformity over large vol-
umes and surface areas. It is understood that this is intrinsic
to most of external-coil configurations featuring noticeable
depletion of the ion density along the axial direction.20 Data
on axial profiles of optical emission intensity(which is pro-
portional to the number densities of species) of ionic and
neutral argon species in the inductively coupled plasmas con-
firm that the ion density noticeably diminishes at distances
less than a half of the chamber length.20 Another shortcom-
ing of the external-coil ICP configurations is a substantial rf
power loss to the ambient, which also affects the power
transfer efficiency.

Several attempts have been reported to solve the nonuni-
formity problem by modifying the rf power coupling, coil
structures, or plasma confinement.21–27 One of the possibili-
ties to improve the uniformity of the power deposited into
the plasma and plasma density is to generate internal rf cur-
rents with a spatially constant phase, also termed IOCs.26

This paper presents the results of the experimental inves-
tigation of the electromagnetic fields and plasma parameters
in the inductively coupled plasma source with the internal
oscillating current sheet. The operation and design of the
plasma source are detailed. The experimental results confirm
that the uniformity of the electromagnetic fields and power
density, a troublesome problem in most conventional ICP
sources, can indeed be improved by introducing a low-
frequency internal current with a spatially constant phase.
Moreover, the plasma can be generated with lower rf powers
as compared to the plasma sources with external inductive
coil configurations. Furthermore, the uniformity of the power
density is improved and the rf power consumption is mini-
mized.

The paper is organized as follows. In Sec. II the concep-
tual design of the plasma source with internal oscillating
current is presented. Experimental details, such as experi-
mental setup and various diagnostic tools, are described in
Sec. III. Section IV addresses the issue of the rf power depo-
sition and the electromagnetic field topography in the plasma
source. The main plasma parameters, discharge operation
modes, and the plasma source reproducibility are reported in
Secs. V and VI, respectively. The key features of the new
plasma source are discussed in Sec. VII. The paper con-
cludes with a summary of the main results achieved and the
outlook for the future research given in Sec. VIII.

II. CONCEPTUAL DESIGN OF THE PLASMA SOURCE
AND ANTENNA CONFIGURATION

A schematic diagram of the plasma source with the IOC
antenna configuration is shown in Fig. 1. To produce the
unidirectional internal oscillating rf current inside the
vacuum chamber, a new coil configuration has been de-
signed. Contrary to conventional ICP sources with the exter-
nal flat coil configuration, in the device reported here the
internal rf antenna consists of the two orthogonal sets of
copper litz wires placed inside a vacuum chamber. The wires
are enclosed in fused silica tubes as shown in Fig. 2. The
resulting rf current sheet thus oscillates in ther-w plane of a

standard cylindrical coordinate system,26 with the direction
shifted,45° with respect to either set of coils.

The total number of quartz tubes in each direction is 8
and all copper wires are connected in series. Note that the
use of the two crossed unidirectional current sheets and the
way how the orthogonally directed copper wires are recon-
nected reduces a power loss outside the plasma chamber.
Due to the series connection and very low resistivity of the
copper wires, the rf current is synphased in any part of the
antenna. The inductive coil is made of 6 mm in diameter
copper litz wire and is enclosed in quartz tubes with the inner
and outer diameters of 10 and 12 mm, respectively. Figure 1
shows that one of the sets of eight quartz tubes is placed
3 cm above the top flange of the main section of the vacuum
chamber, while the other set of 8 quartz tubes, which are
perpendicular to the first one, is lifted up by 2 cm from the
first set of wires. For convenience, the horizontal plane be-
tween the lower and upper sets of the coils was chosen as the
origin for the axial axissz=0d, i.e., 4 cm above the top flange
of the main section of the vacuum chamber. Figure 2 also
illustrates the connections of the first two turns of the induc-
tive coil and the resulting direction of the rf current oscilla-
tions.

It should be noted that, contrary to the conventional ICP
case where the electric field has only the azimuthal compo-
nent, the internal oscillating current generates an additional

FIG. 1. 3D graphical representation with 1/4 isometric cut of the plasma
source. Here, 1—top section of the vacuum chamber, 2—main section of the
vacuum chamber, 3—diagnostic/observation porthole.

FIG. 2. 3D (a) and top(b) view of the rf antenna-carrying section of the
plasma source. Reconnection of only two(in each direction) coil segments
is shown (b). A solid arrow shows the direction of the resulting current
oscillation in r-w plane.
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radial electric field and, therefore, the azimuthal magnetic
field. One can thus expect that the presence of the additional
electric field component will modify the power absorbed by
the highly mobile plasma electrons.

III. EXPERIMENTAL DETAILS

A. Experimental setup

The rf antenna-carrying chamber top section(labeled 1
in Fig. 1) is mounted on the top flange of the main section of
the vacuum chamber. The vacuum between the two different
sections of the plasma reactor was sealed by a high-
temperature resilient Viton O-ring.

The main section of the vacuum chamber(labeled 2 in
Fig. 1) has a cylindrical shape with the diameter and height
of 32 cm and 23 cm, respectively. Both sections of the
plasma reactor are made of stainless steel and are double
walled to allow cold water circulation to remove the exces-
sive heat dissipation during the plasma discharges. Four rect-
angular ports(one of them is labeled 3 in Fig. 1) are sym-
metrically arranged around the circumference of the plasma
chamber to facilitate visual monitoring of the discharge and
enable the access of various plasma diagnostic tools, such as
magnetic, single rf-compensated Langmuir, and optical emis-
sion probes. The diagnostic probes can be inserted radially at
different vertical positions in the sideports, each of them has
seven portholes separated by 2 cm in the axial direction.
There are similar portholes in the aluminium bottom end-
plate of the plasma chamber. The endplate contains a set of
15 holes each separated by 2 cm, which allows the diagnos-
tic probes to be inserted axially at various radial positions.

The plasma chamber is pumped through a small side
port located at the lower portion of the vessel between two
rectangular side ports. A KYKY(type 2XZ) turbomolecular
pump (with a pumping speed of 450 l /s) backed by a two-
stage rotary pump was used to evacuate the vessel. A typical
routinely achievable base pressure can be as low as 5
310−5 Torr. A Pirani gauge(Edward model RM 10 with the
measuring pressure range from 103 to 10−3 Torr) and a Pen-
ning gauge(Edward model CP25K with the measuring pres-
sure range from 10−3 to 10−8 Torr) were used to measure
the base pressure. Both gauges were controlled by an Edward
Pirani Penning readout(model 1005). Pure argon(99.99%
purity) was used as a working gas. In order to control the
flow rate of the working gas and the equilibrium pressure
within the plasma chamber, MKS Flow Controllers 1100 se-
ries connected to MKS type 247C 4 Channel Readout were
used. A MKS Baratron capacitance manometer(model
122AA), which was connected to a MKS type PDRC-2C
power supply digital readout, was used to monitor the pres-
sure inside the chamber. The working gas pressurep0, which
is typically in the range of 1–100 mTorr was controlled by a
combination of a MKS flow controller and a manual gate
valve equipped in the pumping line.

An Advanced Energy rf generator(model PDX 8000,
460 kHz) was used to drive the rf current in the antenna. The
maximum output power of the generator is 8000 W into a
50 V, nonreactive load. However, the power supplied to the
inductive coil in the experiment varied from 100 to

2500 W. The generator was connected to the coil via a spe-
cially designedp-type matching network. Two cooling units
of type EYELA Cool Ace CA-1100 were used to supply cold
water to both sections of the chamber, rf generator, and tur-
bomolecular pump.

B. Diagnostic tools

To study the electromagnetic, global, and optical proper-
ties of the plasma source, a set of miniature magnetic probes,
a single rf-compensated Langmuir probe, and optical emis-
sion spectroscopy were used.

1. Miniature magnetic probes

The electromagnetic properties of the internal oscillating
current driven plasma source(IOC-PS) were studied by us-
ing two custom-designed miniature magnetic probes. The
schematics and details of the magnetic probe design and op-
eration can be found elsewhere.28 Briefly, the key element of
the probes is a miniature coil(with a different number of
turns) wound around a Teflon frame mounted at the end of an
aluminum tube with the internal diameter of 3 mm. Depend-
ing on the orientation of the probes, one of them can pick up
the azimuthal or axial components of the magnetic field,
while the other one can sense the radial magnetic field com-
ponent. A continuous flow of compressed air was used to
cool the probes. The air inflows through the aluminum tube
and exits through the periphery space between the aluminum
tube and the inner surface of the quartz feedthrough.

To minimize the effect of the rf interference on the mag-
netic probe signals, the aluminum tube was properly
grounded. The spatial resolution of the probes was 0.6 cm,
which enabled us to perform a detailed mapping of the rf
magnetic field inside the plasma chamber.

2. Langmuir probe

Global plasma parameters were obtained from the time-
resolved measurements by a single rf-compensated cylindri-
cal Langmuir probe. The probe was powered by acs50 Hzd
voltage in the range from −40 to +40 V through a variable
transformer. To isolate the electric connection between the
probe and main power supply an additional isolation trans-
former (with 1:1 ratio) was used. The probe voltage across
the plasma load resistance was measured by a Tektronix volt-
age probe and monitored on a digital storage oscilloscope
(Tektronix model 380) via a 1.0 MHz low-pass filter. The
probe current was obtained by measuring the voltage drop
across a 0.26V resistor and monitored on the same oscillo-
scope via a 0.2 MHz low-pass filter. All the obtained signals
were transmitted to a PC via the GPIB port of the oscillo-
scope. A PC-based data acquisition system was used to
record and process the data, and obtain the electron density,
effective electron temperature, plasma potential, and electron
energy distribution/probability functions(EEDF/EEPF). The
main plasma parameters were determined by using the sec-
ond derivative of the Langmuir probe current-voltage char-
acteristics(Druyvestein routine).4,29 We note that the repro-
ducibility of the data collected was excellent. All the
diagnostic tools and data acquisition system were electro-

013301-3 Tsakadze et al. J. Appl. Phys. 97, 013301 (2005)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

131.181.251.130 On: Mon, 14 Jul 2014 01:55:43



statically shielded to minimize any rf interference from the
generator and antenna rf fields. Since the plasma chamber
provides a good reference ground for the single rf-
compensated Langmuir probe measurements in the electron
collection voltage range, the plasma potential and effective
electron temperature can be accurately obtained from the
measuredI-V probe characteristics.29

3. Optical emission spectroscopy

Optical characteristics of the plasma generated in the
IOC-PS were investigated at different input rf powers and
gas feedstock pressures. The optical emission spectra from
argon gas in the wavelength range of 300–900 nm were
studied. The variation of the optical emission intensity of
different atomic/ion lines in the argon plasma was dynami-
cally monitored while the coil current was varied. The opti-
cal emission of different spectral lines of the excited/ionized
species produced by the plasma discharge were collected by
a collimated optical probe inserted radially or axially into the
plasma chamber. An optical fiber was used to transmit the
collected signal to the entrance slit of a monochromator(Ac-
ton Research SpectraPro-750i model, 0.750 m focal length
triple grating imaging monochromator/spectrograph). The
emission was amplified by a photomultiplier and then dis-
persed and analyzed by the monochromator(with a spectral
resolution of 0.023 nm) in the preset wavelength range. The
amplitude of the output signal from the photomultiplier
could be changed by adjusting the voltage output from a
high-voltage generator. In order to monitor the output signal
on the computer in real time, the signal was continuously
digitized by an A/D convertor buit-in in the scan controller.
The scanning and data acquisition process were controlled
by the data acquisition and analysis software Spectrasense™
(Acton Research Corporation). Using the data acqusition
system, we were able to record broad spectral bands or se-
lectively monitor certain spectral lines.

IV. RF POWER DEPOSITION

By using the rf coil configuration of our interest here,
one can inductively generate all three componentsHr, Hw,
andHz of the magnetic field, and two componentsEr andEw

of the electric field. The plasma current, with the radialJr

and azimuthalJw components, is generated by the internal
unidirectional current sheet. The rf magnetic field in the
plasma is generated by the antenna currents and the rf plasma
currents induced in the plasma bulk. The contribution of the
plasma currents is the strongest in the high-density plasma
case. On the other hand, low-density plasmas are highly
transparent to the rf field and the induced plasma currents are
usually quite weak.

The distribution of the electromagnetic field was studied
by the miniature magnetic probes. The details on the mea-
surements of the magnetic field topography in the IOC-PS
can be found elsewhere.31,32 Radial scans of the magnetic
field components were made at the following axial and azi-
muthal positions:(1) z=8, 14 cm andw=90° (perpendicular
to the internal oscillating rf current), (2) z=8 cm andw=0°
(along the IOC). Measurements by one of the probes allow

one to obtain the radial dependence of the radialHr and axial
Hz components of the magnetic field, while the second mag-
netic probe yields the azimuthalHw component of the mag-
netic field as a function of the radial position. The magnetic
field topography inside the plasma chamber was investigated
for the evacuated, rarefied, and dense plasma cases. It was
found that the difference between magnetic field distribu-
tions in the first two cases was minor. For this reason, in this
section we will focus on the results of the field topography in
the dense plasma case.

Contrary to the evacuated and rarefied plasma cases,
where the electron density is not high enough to inhibit a
deep penetration of the electromagnetic field into the plasma,
in the dense plasma case the screening effect becomes stron-
ger. It affects the field distribution inside the chamber and
results in the localization of the field near the source of ex-
citation. Along with the above screening effect, various non-
linear effects, such as the generation of high harmonic com-
ponents of the magnetic field, ponderomotive forces and
other effects, become more pronounced. These effects also
modify the field distribution in the chamber. Figs. 3 and 4
show the radial profiles of the radial, axial, and azimuthal
components of the magnetic field inside the vessel fully filled
by a denses,631011 cm−3d argon plasma. The values of the
gas pressure and power deposition into the plasma are
30 mTorr and,0.6 kW, respectively.

For comparison, the computed distributions of the corre-
sponding components of the magnetic fields are also de-
picted in the figures(solid line).26 The discrepancy between
the numerical and experimental results can be attributed to
strong nonlinear plasma effects at low rf frequencies and gas
pressures, which were not accounted for in the numerical
model.26

The axial dependence of the magnetic field components
was also studied. The axial scans of the magnetic compo-
nents were performed at the following radial and azimuthal
positions: (a) r =0, 8 cm andw=90° (perpendicular to the
IOC), (b) r =0 cm andw=0° (parallel to the IOC) and the
obtained results are depicted in Fig. 5. Figure 5 shows that
the axial profiles of the radial and azimuthal components of
the magnetic field change dramatically by switching the dis-
charge from the electrostaticE to the electromagneticH
mode. Indeed, in theE-mode discharge only a smooth decay
of all the magnetic field components with the axial distancez
can be observed. On the other hand, in the dense electromag-
netic discharge mode, we have observed a rise of theHr and
Hw with z at the axial distancesz.14–15 cm.31,32 We em-
phasize that the observed rise of the amplitudes of magnetic
fields with the axial distance is not common for conventional
sources of inductively coupled plasmas and can be attributed
to the excitation of the plasma eigenmodes propagating
along the axial direction. On the other hand, the axial profile
of the Hz [Fig. 5(c)] becomes smoother and more uniform
compared to the corresponding profile in theE-mode
discharge.31,32
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V. PLASMA PARAMETERS IN THE IOC PLASMA
SOURCE

The experimental data on the global plasma parameters
were obtained from the time resolved measurements by a
single rf-compensated cylindrical Langmuir probe. The
plasma densityne, effective electron temperatureTeff, and
plasma potentialVp were determined by using the Druyvest-
ein routine.4 In particular,ne andTeff can be expressed as

ne =E gesVddV, Teff =
2

3ne
E VgesVddV,

energy distribution functiongesVd can be obtained through
the second derivative of the probe current over the voltage
d2Ie/dV2 as

gesVd =
2me

e2A
S2eV

me
D1/2d2Ie

dV2 ,

wheree, me, andA are the elementary charge, electron mass
and the probe surface area.

The plasma potentialVp can be found as the maximum
of the first derivative of the dependenceIsVd or as the zero
crossing point of the second derivative of the probe current.4

Figure 6 shows the radial(a) and axial(b) distributions
of the electron density, effective electron temperature and
plasma potential in the electromagneticH mode of a pure
argon discharge and for the azimuthal anglew=0°, which is
the direction of the resulting oscillating rf current. One can
see that the value ofne remains almost the same for radial
positionsr from 0.5 to 7.5 cm[Fig. 6(a)] and then starts to
decrease. The typical values of the plasma density for the

FIG. 3. Experimentally measured
(circle, square) and computed(solid
and dash lines) radial dependences of
the absolute values(a), (c) and phase
(b), (d) of the induced radial(a), (b)
and axial (c), (d) components of the
magnetic field in the chamber filled by
a dense plasma. Coil current and argon
gas pressure are 24 A and 51 mTorr,
respectively. The measurements have
been performed at axial distancez
=8 cm (circle, solid line) and 14 cm
(square, dash line) and azimuthal
anglew=90°.

FIG. 4. Same as in Fig. 3, for the azimuthal magnetic field component.

FIG. 5. Axial profiles of the radial(a), azimuthal(b), and axial(c) compo-
nents of the magnetic field in the plasma chamber fully filled by a dense
argon plasmasne,631011 cm−3d. Coil current and argon pressure is 24 A
and 30 mTorr, respectively. Here, circles and squares correspond to absolute
values of the measured components of the magnetic field and phase differ-
ence between them and rf coil current, respectively.
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discharge are 1.131012 and 0.731012 cm−3 for the gas feed-
stock pressures 51 and 30 mTorr, respectively. Meanwhile,
the plasma potential and effective electron temperature are
almost constant along the chamber radius.

The measurements of the axial profiles of the global
plasma parameters[Fig. 6(b)] were performed at seven dif-
ferent axial positions through the available portholes in thediagnostic side port. It was found thatne, Teff, andVp remain

fairly uniform along thez axis from 8 to 20 cm. Thus, one
can clearly see that the introduction of the unidirectional
internal rf current into the plasma indeed improves the spa-
tial uniformity of the plasma generated.

Furthermore, the plasma source of our interest here of-
fers a great deal of control of the plasma parameters along
the azimuthal direction.26 In order to investigate the azi-
muthal dependence of the plasma density, plasma potential,
and effective electron temperature, the Langmuir probe mea-
surements were carried out for the azimuthal anglesw=0 and
90°. We have observed that the rf power density features a
weak azimuthal dependence at low rf powers as shown in
Fig. 7. Note that this gives the possibility to control the rf
power deposition in the processes that require the azimuthal
profiling of the film thickness or etch rate. It was further
observed that the azimuthal dependence of the global plasma
parameters disappears with an increase of the rf power.

The dependence of the global plasma parameters on the
input rf power at different gas pressures was also studied.
For instance, the results forp0=51 mTorr are shown in Fig.
8. In this case the tip of the Langmuir probe was located at
the radial and axial positions 0.5 and 12 cm, respectively. In
particular, the electron number density was found linearly
proportional to the net rf power input in the established elec-
tromagnetic mode within the input power range of
0.5–1.0 kW. This is consistent with earlier numerical models
of the of the plasma source with the internal oscillating
currents,26 and extensive experimental and theoretical studies
of conventional inductively coupled plasma sources with flat

FIG. 7. Radial profiles of the electron density, the effective electron tem-
perature and plasma potential for theH-mode argon discharge with rf power
input Pp=0.62 kW and gas filling pressurep0=51 mTorr, respectively. All
profiles are plotted for axial positionz=12 cm and azimuthal anglew=0°
(solid circles) and 90°(hollow circles).

FIG. 8. The dependence of the electron density, effective electron tempera-
ture, and plasma potential on the input rf power for theH-mode argon
discharge and for gas filling pressurep0=51 mTorr. The Langmuir probe
was located atr =0.5 cm andz=12 cm.

FIG. 6. Radial(a) and axial (b) profiles of the electron densityne, the
effective electron temperatureTeff, and plasma potentialVp, for theH-mode
argon discharge with rf power inputPp,1.6 kW and gas pressure,p0

=51 mTorr, respectively. All profiles are plotted for axial(a) and radial(b)
positionsz=8 cm andr =0.5 cm, and azimuthal anglew=0°.
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external coil configurations(see, e.g., Xuet al.33 and refer-
ences therein). Meanwhile, in the same rf power range the
effective electron temperature appears to be a slowly increas-
ing function of the rf power, whereas the plasma potential
remains almost invariable with power.

The effect of the gas feedstock pressure onne, Teff, and
Vp was also studied. Figure 9 shows the global plasma pa-
rameters as a function ofp0 for theH-mode argon discharge
at a constant rf power inputPp=0.68 kW. Note that the
Langmuir probe position during the measurements was the
same as in Fig. 8. As one can see from Fig. 8, in the pressure
range below 51 mTorr, the electron density increases with
pressure from 3.731011 cm−3 at 20 mTorr to 8.0
31011 cm−3 at 51 mTorr. In the pressure range exceeding
51 mTorr, the electron density starts to decline with the pres-
sure and its value decreases from 8.031011 cm−3 at
51 mTorr to 5.231011 cm−3 at ,440 mTorr. Note that at rf
input power 0.68 kW the flex point corresponds top0

=51 mTorr. It should also be noted that the rate of change of
the plasma density withp0 in the range above 51 mTorr is
much slower than in the lower pressure rangesp0

,51 mTorrd. As the pressure increases from 20 to
51 mTorr, the plasma potential drops rapidly from
16.1 to 10.8 V. However,Vp decreases slowly withp0 in
the range above 51 mTorr. The electron temperature follows
a similar tendency. Initially,Teff drops from 4.8 eV atp0

=20 mTorr to 3.7 eV atp0=51 mTorr. Thereafter, the elec-
tron temperature continues to decrease and also experiences
small fluctuations.

VI. DISCHARGE OPERATION MODES AND
REPRODUCIBILITY

It was observed that, similar to many conventional ICP
sources, the IOC-PS can generate and sustain the plasma in
two distinctive discharge regimes, namely, the electrostaticE
and electromagneticH modes. In particular, Fig. 10 illus-
trates a cyclic variation of the optical emission intensity
(OEI) of the 840.82 nm neutral Ar line with the rf coil cur-
rent for different gas pressures. One can easily notice that the
E→H transition is accompanied by an instantaneous in-
crease of the OEI. The OEI further increases with the coil
current in the establishedH-mode regime. When the coil
current is reduced, the OEI decreases almost linearly. For
certain values of the rf coil current below the threshold of the
E→H transition, the discharge still remains in the bright
electromagnetic mode. However, when the point of theH
→E transition is reached, the optical emission intensity
sharply drops to the level corresponding to the electrostatic
mode. In the electrostatic regime, the OEI does not change
much and remains low compared to theH-mode discharges.
Generally speaking, the feature of forming hysteresis loops is
peculiar to many inductively coupled plasma sources.33,34 It
was further observed that the spectral lines in both discharge
modes in the IOC-PS have higher intensities(Fig. 11) as
compared to conventional ICP sources with external flat spi-
ral coils. This is particularly true for the electrostatic dis-
charge mode, which appears much brighter than the E-mode
discharges in conventional ICPs under the same conditions.

FIG. 9. The effect of the gas pressure on the electron density, effective
electron temperature and plasma potential forH-mode argon discharge and
for rf input powerPp,0.68 kW. The Langmuir probe position is the same
as in Fig. 8.

FIG. 10. Variation of the optical emission intensity of neutral Ar line
s840.82 nmd during theE→H mode transition and inverseH→E mode
transition for different gas pressures. Solid and dash lines correspond to gas
pressure 40 and 50 mTorr, respectively.

FIG. 11. Optical emission spectra from a 22 mTorr pure argon discharge in
the H-mode operating regime sustained with 0.88 kW input power(upper
curve) and in theE-mode operating regime sustained with 0.38 kW input
power, respectively. Optical probe was located atz=10 cm.
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One of the essential characteristics of any plasma pro-
cessing device is the reproducibility of its characteristics.
Indeed, in most material processing applications, the plasma
source must feature a sound reproducibility of the electrical,
optical, and global plasma parameters. In order to examine
the reproducibility of the main parameters of the plasma
source of our interest here the following set of experiments
was carried out. The processing chamber was first evacuated
to ,2310−4 Torr. The working gas was then introduced
into the plasma chamber and pressure of 51 mTorr was
maintained invariable during the experiment. The rf genera-
tor was turned on and the coil current was increased up to the
fixed value Ic,31 A, when a very brightH-mode plasma
was generated. Using a single rf-compensated Langmuir
probe, OES, and voltage and current probes, the global, op-
tical, and electrical properties of the plasma were measured.
Thereafter, the rf generator was turned off and the gas feed-
stock inlet was discontinued. A vacuum pumping system was
also switched off and pure argon was introduced in the
chamber to let the pressure inside the vessel equalize with
the atmospheric one. The above routine was repeated seven
times to exam the reproducibility of the plasma parameters in
the IOC-PS. A typical duration of each cycle was<1 h.

The main plasma parameters such as the electron den-
sity, effective electron temperature, and plasma potential
were measured using a single rf-compensated Langmuir
probe inserted radially and along the direction of rf current
oscillation (marked by the arrow in Fig. 2). The tip of the
Langmuir probe was positioned atr =0 andz=12 cm. At the
same time, the intensities of the neutrals840.82 nmd and
ionized s386.9 nmd argon lines were monitored by the opti-
cal probe inserted axially through the central hole in the bot-
tom platesr =0d.

Figure 12 illustrates the reproducibility of the rf power
density in the reactor chamber, optical emission intensities of
selected neutral and ionized argon lines, and main plasma

parameters from one experiment to another. As can be seen
from Fig. 12, the plasma density, electron temperature, and
plasma potential remained the same. For the rf coil current
Ic,31 A, Pp,1.7 kW, andp0,51 mTorr, the values ofne,
Teff, and Vp were ,1.131012 cm−3, 5.5 eV, and 12.2 eV,
respectively. Therefore, Fig. 12 demonstrates the excellent
reproducibility of the main plasma parameters in the plasma
source of our interest here.

VII. DISCUSSION

We now discuss the effect of the internal oscillating rf
current on the field distribution, power deposition, and
plasma parameters and pinpoint the major advantages of the
IOC-PS over conventional sources of inductively coupled
plasmas with with external flat spiral coils.

In this work the plasma is generated by means of internal
orthogonal unidirectional oscillating rf current sheets inside a
vacuum chamber. The current sheets produce a time-varying
rf electric field, which is azimuthally shifted on 45° with
respect to the directions of both sets of current-carrying
wires. Physically, the introduction of an oscillating rf current
inside the vacuum chamber significantly affects the electro-
magnetic field distribution, rf power deposition and modifies
the parameters of the plasma produced. In this particular in-
ternal rf antenna arrangement, the generated electric field
oscillates in ther −w plane. Thus, the generated electromag-
netic field has all three components of the magnetic field and
two components(radial and azimuthal) of the electric field.
On the other hand, the inductively driven rf current inside the
chamber should also oscillate in ther-w plane. However,
since the current must form a closed loop, it is most likely
that the return current path will be in ther-z (commonly
termed “poloidal” in nuclear fusion devices) plane. This can
be the reason of a deep penetration of the current into the
plasma. Indeed, the experimental study of the field topogra-
phy in the dense plasma case(Fig. 3) confirms this.

A comparison of the experimentally measured and com-
puted radial and axial profiles of the electromagnetic fields
shows a remarkable agreement in the low-density plasma
E-mode discharge.26,31In particular, when the plasma density
is ,43109 cm−3 or less, the electromagnetic field profiles in
the plasma are almost the same as in the fully evacuated
vacuum chamber.31 Hence, the low-density plasma is trans-
parent to the electromagnetic field. A comparison of the com-
puted and experimentally measured radial profiles of the
electromagnetic field components in theH-mode discharge
(Figs. 3 and 4) also shows a reasonable agreement. However,
there is a noticeable discrepancy between the experimental
and numerical axial profiles in Fig. 5. This discrepancy can
be attributed to a number of non-linear effects in the electro-
magnetic field penetration into the dense plasma, which were
not accounted for in the numerical studies.26 The above non-
linear effects, including but not limited to the generation of
strong second harmonic currents in the plasma, nonlinear
Lorentz and ponderomotive forces, can be strong in the low-
frequency, low-pressure operation regime of the IOC-PS, and
noticeably affect the electromagnetic field distribution in the
plasma chamber.

FIG. 12. Reproducibility of the rf power density(a), electron number den-
sity (b), optical emission intensity of neutral argon atomss840.82 nmd (c),
plasma potential(d), optical emission intensity of an argon ions386.9 nmd
(e), and effective electron temperature(f). The coil current and operational
pressure are 31 A and 51 mTorr, respectively.
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Another serious concern in the existing ICP devices is
the axial uniformity of the main plasma parameters required
for large-volume plasma processing applications. In particu-
lar, this problem can be overcome by enhancing the rf mag-
netic field penetration due to essentially nonlinear
effects.9,35,36 Physically, in the planar external-coil ICP ge-
ometry the nonlinear poloidal currentsjer and jez generate a
strongly nonlinear azimuthal magnetic fieldHw, which does
not have a fundamental-frequency Fourier component.36 This
effect has recently been confirmed experimentally.33 Above
all, finite Hw can result in the enhanced penetration of the rf
field due tosecondarynonlinear effects(the meaning of the
terms “primary” and “secondary” nonlinear effects is ex-
plained elsewhere36), which become even stronger at lower
operation frequencies.37 The indisputable advantage of the rf
current configuration of our interest here is that the poloidal
rf current and hence, the azimuthal magnetic field are driven
in a linear fashion at the fundamental frequency and the en-
hanced rf field penetration can be achieved due toprimary
nonlinear effects. Furthermore, the internal oscillating cur-
rent eliminates the non-uniformity of the rf power density in
the vicinity of the chamber axis, which is inherent to many
inductively coupled plasma sources with external flat spiral
rf coils.20,38 Driving the oscillating rf current inside the
chamber one can achieve a substantially better uniformity of
the rf power transferred to the plasma electrons as compared
with the inductively coupled plasma devices with an external
flat coil (see, e.g., Figs. 8 and 9 of Tsakadzeet al.26 ).

On the other hand, one can expect that the azimuthal
variation of the rf power deposited to the plasma can result in
spatial nonuniformities of the ionization source, and hence,
the electron temperature. In particular, this can lead to heat
flows Q=s5neTe/2mened¹Te that can substantially modify
the power balance in the discharge and be the reason for
frequently observed deviations of the electron/ion number
density profiles from the one obtained by using the conven-
tional diffusion theory of low-temperature plasma glow dis-
charges. Indeed, the experimental study of the global param-
eters of the plasma generated in the IOC-PS shows that the
plasma density is a function of the azimuthal angle at lower
values of the input power. However, this dependence disap-
pears with an increase of the power absorbed by the plasma.

We recall that the electromagnetic field generated inside
the chamber of the IOC-PS features all three components
Hrsr ,w ,zd, Hwsr ,w ,zd, and Hzsr ,w ,zd of the magnetic field
and two electric field componentsErsr ,w ,zd andEwsr ,w ,zd.
The comparison of the rf power density in the conventional
ICP source and the IOC-PS(under the same conditions) re-
veals that the power absorbed by the plasma electrons in the
conventional ICP source is strongly nonuniform near the
chamber axis[see, e.g., Fig. 7(b) of Tsakadzeet al.23 or Fig.
12 of Khater and Overzet24], whereas the rf power density
profiles in the IOC-PS feature excellent radial uniformity.

The results of our experimental studies suggest that a
uniform deposition of the rf power into the plasma results in
the outstanding spatial uniformity of the main plasma param-
eters. The measurements conducted by a single rf-
compensated Langmuir probe demonstrate a high degree of
radial and azimuthal uniformity of the electron density, ef-

fective electron temperature, and plasma potential over the
surface and volume areas of the reactor chamber(Figs. 6 and
7). Meanwhile, the IOC-PS is capable to generate and sustain
high-density plasmass,1012 cm−3d with relatively lower
values of the input rf power.

In this work, the values of the plasma density, effective
electron temperature, and plasma potential were derived
from the measuredI-V characteristic of a single rf-
compensated Langmuir probe by using the Druyvesteyn
routine.29 It is interesting to note that using the assumption of
Maxwellian electrons and a simple expression for the ion
probe current in the ion collection range of theI-V curve, the
value of the electron number density can be overestimated in
up to two times. This is yet another indication that the
plasma of our interest here features non-Maxwellian elec-
trons. This is consistent with the results of our EEDF mea-
surements indicating that that the actual electron energy dis-
tribution function in the discharge is more likely
Druyvestein-like rather than Maxwellian-like(Fig. 13).

Similarly to other inductively coupled plasma sources,
the IOC-PS features two distinctive operation modes. The
transition between the electrostaticE and electromagneticH
modes reveals pronounced hysteresis phenomena, which be-
come stronger at lower operating pressures. We note that the
intensity of nonlinear and nonlocal kinetic effects in the low-
pressure domain is usually higher.39 It was also observed that
the intensities of different spectral lines of argon discharge
were higher(in bothE andH discharge modes) compared to
conventional ICP sources with external flat spiral coil con-
figurations. Presumably, this can be attributed to more effi-
cient rf power transfer from the antenna to the plasma in the
IOC-PS.

It is also interesting to note that the IOC plasma source
can be easily converted into a conventional ICP source by
replacing the chamber top(labeled 1 in Fig. 1) by a reason-
ably thick fused silica window and installing a flat spiral
antenna coil above it. In conventional ICP sources with the

FIG. 13. Electron energy distribution function for power inputPp

,0.62 kW, gas pressurep0,51 mTorr, axial and radial positions 12 and
10.5 cm, respectively, andw=0°. Solid and dash lines present the experi-
mentally measured and the corresponding Maxwellian EEDFs(plotted for
the same experimental conditions), respectively.
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external flat spiral antenna the coil usually sits horizontally
just above(usually ,1 cm) the fused silica window.28 The
minimum thickness of the window depends on the size of the
reactor and the lowest achievable base pressures in the
vacuum chamber. For example, for the chamber of our inter-
est here and base pressures of the order of 10−5 Torr, the
fused silica window should be at least 1.5 cm thick to with-
stand the atmospheric pressure load. A typical cost of such a
window is a few thousand dollars. On the other hand, the
plasma source of our interest here does not need any dielec-
tric windows, which makes it a cost-efficient alternative to
many conventional plasma sources.

Finally, from the application point of view, one can ex-
pect the outstanding uniformity, efficiency, flexibility, and
reproducibility of the plasma reactor in large area semicon-
ductor processing, LCD panel manufacturing, surface hard-
ening and modification, biotechnology and nanotechnology,
where high degree of the plasma uniformity not only over
large cross sections, but also over large volumes is essential.

VIII. CONCLUSION

A new plasma source with the IOC antenna configura-
tion was developed and tested. The electromagnetic, optical,
and global parameters of the plasma generated were experi-
mentally investigated. It was confirmed that the IOC-PS is
capable to generate high-density low-temperature plasma
with a high degree of spatial uniformity. It was also found
that by introducing the internal antenna configuration one
can control the rf power deposition in the azimuthal direc-
tion. This effect is more pronounced at lower rf input pow-
ers, which is consistent the earlier numerical models of the
IOC-PS. Moreover, by introducing the internal inductive
coil, one makes the quartz window(which is an expensive
and essential part of the conventional ICP sources with the
external flat spiral coil antenna configurations), redundant
and improves the confinement of the magnetic flux inside the
chamber. Finally, distinctive features of the ICP source with
the internal oscillating rf current makes it promising for vari-
ous plasma processing applications.
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