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The results of comprehensive experimental studies of the operation, stability, and plasma parameters
of the low-frequency0.46 MH2 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 PhysidDOl: 10.1063/1.1826214

I. INTRODUCTION promising sources of low-temperature plasmas for the semi-

) ) conductor industry, synthesis of novel and advanced materi-
Plasma sources employing a variety of low-pressure,q anq faprication of unique nanostructufes.

(typically 1 mTorr—few Tory gas discharges, including direct In the ICP reactors, the plasma is produced by rf elec-

current(dc), wave-driven, microwave, radio-frequencsf) tromagnetic fields generated by inductive coils of various

dlscharges are gxtenswely u'sed by' many industries for thgonfigurations placed outside or inside the processing cham-
processing of various dielectric, semiconductor, and conductBer The rf power is coupled to the plasma inductively, via

ing surfaces anq bulk materials. pradays, the appllcanonﬁm excitation of rf currents in the chamber volume. The
of the plasma discharges expand into the areas of synthesis

of novel and advanced nanostructured and biocompatiblgower that can be gainfully used for the plasma production
materials with advanced functionaliti& critically depends on the configuration of the electromagnetic

Inductively coupled plasmadiCPs is a subclass of rf fields and rf currents excited in the chamber. Most of the

gas discharges, which has recently attracted a great deal gxisting ICP sources use 13.56 MHz rf generators to drive rf

interest as efficient sources of high-density=10tt  CUrrents in the inductive coil. o
-10'2 cm3) low-temperature plasmas in large volumes and However, some of the applications of the existing ICP

over large surface ared€ ICP discharges enable an inde- deVices suffer from nonuniformities of the main plasma pa-
pendent control of the ion flux and ion-bombarding energyf@meters caused by nonuniform rf power depogiﬁjnm. par-
high efficiency in terms of ionization and power utilization, ticular, in the 13.56 MHz ICP devices employing flat spiral

and have several other attractive features, which make thefiP@ncake) inductive coils, most commonly adopted in the
semiconductor manufacturing, the above nonuniformities

ersist in the areas near the chamber axis. Secondly, genera-
dAlso at Plasma Sources and Applications Center, NIE, Nanyang TechnoE.) d . . h . . inductivel y gl d
logical University, 1 Nanyang Walk, 637616 Singapore. tion and maintaining the uniformity of inductively couple
PElectronic mail: syxu@nie.edu.sg plasmas over large volumes has proved to be a troublesome
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problem®® 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 intrinsit
to most of external-coil configurations featuring noticeable
depletion of the ion density along the axial directfSData

on axial profiles of optical emission intensitywhich is pro-
portional to the number densities of spegie$ 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 Iené?fAnother 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 nonuniG. 1. 3D graphical representation with 1/4 isometric cut of the plasma
formity problem by modifying the rf power coupling, coil source. Here, 1—top section of the vacuum chamber, 2—main section of the
structures, or plasma confinemé@Ht’ One of the possibili-  Vacuum chamber, 3—diagnostic/observation porthole.
ties to improve the uniformity of the power deposited into
the plasma and plasma density is to generate internal rf custandard cylindrical coordinate systéfwith the direction
rents with a spatially constant phase, also termed 165Cs. shifted ~45 with respect to either set of coils.

This paper presents the results of the experimental inves-  The total number of quartz tubes in each direction is 8
tigation of the electromagnetic fields and plasma parametergnd all copper wires are connected in series. Note that the
in the inductively coupled plasma source with the internalyse of the two crossed unidirectional current sheets and the
oscillating current sheet. The operation and design of thguay how the orthogonally directed copper wires are recon-
plasma source are detailed. The experimental results confirfected reduces a power loss outside the plasma chamber.
that the uniformity of the electromagnetic fields and powerpye to the series connection and very low resistivity of the
density, a troublesome problem in most conventional ICR:opper wires, the rf current is synphased in any part of the
sources, can indeed be improved by introducing a lowantenna. The inductive coil is made of 6 mm in diameter
frequency internal current with a spatially constant phaseeopper litz wire and is enclosed in quartz tubes with the inner
Moreover, the plasma can be generated with lower rf powerand outer diameters of 10 and 12 mm, respectively. Figure 1
as compared to the plasma sources with external inductivehows that one of the sets of eight quartz tubes is placed
coil configurations. Furthermore, the uniformity of the power3 cm above the top flange of the main section of the vacuum
density is improved and the rf power consumption is mini-chamber, while the other set of 8 quartz tubes, which are
mized. perpendicular to the first one, is lifted up by 2 cm from the

The paper is organized as follows. In Sec. Il the concepfirst set of wires. For convenience, the horizontal plane be-
tual design of the plasma source with internal oscillatingtween the lower and upper sets of the coils was chosen as the
current is presented. Experimental details, such as expefgrigin for the axial axigz=0), i.e., 4 cm above the top flange
mental setup and various diagnostic tools, are described igf the main section of the vacuum chamber. Figure 2 also
Sec. lll. Section IV addresses the issue of the rf power depdtlustrates the connections of the first two turns of the induc-
sition and the electromagnetic field topography in the plasmgye coil and the resulting direction of the rf current oscilla-
source. The main plasma parameters, discharge operatigins.
modes, and the plasma source reproducibility are reported in |t should be noted that, contrary to the conventional ICP
Secs. V and VI, respectively. The key features of the newsase where the electric field has only the azimuthal compo-

plasma source are discussed in Sec. VII. The paper coment, the internal oscillating current generates an additional
cludes with a summary of the main results achieved and the

outlook for the future research given in Sec. VIII.

;‘;::::::::i A
7 i e
Il. CONCEPTUAL DESIGN OF THE PLASMA SOURCE C\\\\\ ’/,
AND ANTENNA CONFIGURATION 3 L, et
] . A\ r &
A schematic diagram of the plasma source with the IOC : S .

Resulting current

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 (a) (b)
internal rf antenna consists of the two orthogonal sets of _ _ )
copper litz wires placed inside a vacuum chamber. The wire§'C: 2- 3D (@ and top(b) view of the rf antenna-carrying section of the
. - . . lasma source. Reconnection of only two each directioncoil segments
are e_ndosed in fused silica tUbe_S as S_hown in Fig. 2. Th shown (b). A solid arrow shows the direction of the resulting current
resulting rf current sheet thus oscillates in the plane of a  oscillation inr-¢ plane.
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radial electric field and, therefore, the azimuthal magneti?500 W. The generator was connected to the coil via a spe-

field. One can thus expect that the presence of the additionalally designedr-type matching network. Two cooling units

electric field component will modify the power absorbed by of type EYELA Cool Ace CA-1100 were used to supply cold

the highly mobile plasma electrons. water to both sections of the chamber, rf generator, and tur-
bomolecular pump.

lIl. EXPERIMENTAL DETAILS

A. Experimental setup

B. Diagnostic tools

. _ To study the electromagnetic, global, and optical proper-
The rf antenna-carrying chamber top sectitabeled 1 tjes of the plasma source, a set of miniature magnetic probes,

in Fig. 1) is mounted on the top flange of the main section ofg single rf-compensated Langmuir probe, and optical emis-
the vacuum chamber. The vacuum between the two differerdjon spectroscopy were used.

sections of the plasma reactor was sealed by a high-
temperature resilie_nt Viton O-ring. . 1. Miniature magnetic probes

The main section of the vacuum chamigkatbeled 2 in . . . _—
Fig. 1) has a cylindrical shape with the diameter and height The eI.ectromagnetlc properties of the mtemal oscillating
of 32cm and 23 cm, respectively. Both sections of the_Cu"ent driven plasma sourcOC-P3 were studied by us-

plasma reactor are made of stainless steel and are doutlg two _custom-de5|_gned miniature _magnetlc prpbes. The
walled to allow cold water circulation to remove the exces-SChematICS and details of the magnetic probe design and op-

sive heat dissipation during the plasma discharges. Four rec ration can be found elsewhéreBriefly, the key element of

angular portsone of them is labeled 3 in Fig) re sym- the probes is a miniature coflvith a different number of

metrically arranged around the circumference of the plasm&ims_ woundbaroqnhd ﬁTgflon fr:;uEe mountefd3at the eDnd of gn
chamber to facilitate visual monitoring of the discharge anduminum tube with the internal diameter of 3 mm. Depend-

enable the access of various plasma diagnostic tools, such : on .thet(r)]n(lentatlon_ ?f the probest, on;e 3:( them car:_ puf:.k Ilép
magnetic, single rf-compensated Langmuir, and optical emis- € azimuthal or axial components ot the magnetic hieid,
hile the other one can sense the radial magnetic field com-

sion probes. The diagnostic probes can be inserted radially A

different vertical positions in the sideports, each of them ha@onr’m' A C(k))nt'm_:_?]us f_IO_WﬂOf cotrr?presr?etg alrl was usidbto
seven portholes separated by 2 cm in the axial direction 09" th€ Probes. 1he airintiows through the aluiminum tube

There are similar portholes in the aluminium bottom end-and exits through the periphery space hetween the aluminum

plate of the plasma chamber. The endplate contains a set IHbeTand. the_innehr sufrfface (f)fr:hefquartfz feedthroughh.
15 holes each separated by 2 cm, which allows the diagnos- 0 minimize the effect of the rf interference on the mag-

tic probes to be inserted axially at various radial positions. hetic probe S|gnal_s, the algmlnum tube was properly
The plasma chamber is pumped through a small Sid(grounded. The spatial resolution of the probes was 0.6 cm,

port located at the lower portion of the vessel between tdeh'Ch e.napled. us to perform a detailed mapping of the rf
rectangular side ports. A KYK\Xtype 2X2) turbomolecular magnetic field inside the plasma chamber.
pump (with a pumping speed of 450 ly¥acked by a two-
stage rotary pump was used to evacuate the vessel. A typicgl
routinely achievable base pressure can be as low as 5 Global plasma parameters were obtained from the time-
X 10°° Torr. A Pirani gaugéEdward model RM 10 with the resolved measurements by a single rf-compensated cylindri-
measuring pressure range fron?1® 1072 Torr) and a Pen- cal Langmuir probe. The probe was powered by(5@ H2)
ning gaugg Edward model CP25K with the measuring pres-voltage in the range from -40 to +40 V through a variable
sure range from I8 to 108 Torr) were used to measure transformer. To isolate the electric connection between the
the base pressure. Both gauges were controlled by an Edwapdobe and main power supply an additional isolation trans-
Pirani Penning readoumodel 100%. Pure argon99.99%  former (with 1:1 ratio was used. The probe voltage across
purity) was used as a working gas. In order to control thethe plasma load resistance was measured by a Tektronix volt-
flow rate of the working gas and the equilibrium pressureage probe and monitored on a digital storage oscilloscope
within the plasma chamber, MKS Flow Controllers 1100 se-(Tektronix model 38p via a 1.0 MHz low-pass filter. The
ries connected to MKS type 247C 4 Channel Readout werprobe current was obtained by measuring the voltage drop
used. A MKS Baratron capacitance manometerodel across a 0.26) resistor and monitored on the same oscillo-
122AA), which was connected to a MKS type PDRC-2C scope via a 0.2 MHz low-pass filter. All the obtained signals
power supply digital readout, was used to monitor the preswere transmitted to a PC via the GPIB port of the oscillo-
sure inside the chamber. The working gas prespgrevhich  scope. A PC-based data acquisition system was used to
is typically in the range of 1-100 mTorr was controlled by arecord and process the data, and obtain the electron density,
combination of a MKS flow controller and a manual gate effective electron temperature, plasma potential, and electron
valve equipped in the pumping line. energy distribution/probability function&EEDF/EEPH. The

An Advanced Energy rf generatgmodel PDX 8000, main plasma parameters were determined by using the sec-
460 kH2 was used to drive the rf current in the antenna. Theond derivative of the Langmuir probe current-voltage char-
maximum output power of the generator is 8000 W into aacteristics(Druyvestein routing®*® We note that the repro-
50 Q, nonreactive load. However, the power supplied to theducibility of the data collected was excellent. All the
inductive coil in the experiment varied from 100 to diagnostic tools and data acquisition system were electro-

Langmuir probe
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statically shielded to minimize any rf interference from the one to obtain the radial dependence of the radjahnd axial
generator and antenna rf fields. Since the plasma chambgr, components of the magnetic field, while the second mag-
provides a good reference ground for the single rf-netic probe yields the azimuthéd, component of the mag-
compensated Langmuir probe measurements in the electroptic field as a function of the radial position. The magnetic
collection voltage range, the plasma potential_and effectivgig|g topography inside the plasma chamber was investigated
electron temperature can be_ gccurately obtained from thl%r the evacuated, rarefied, and dense plasma cases. It was
measured-V probe characteristics. 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
Optical characteristics of the plasma generated in thgnhe dense plasma case.
IOC-PS were investigated at different input rf powers and Contrary to the evacuated and rarefied plasma cases,
gas feedstock pressures. The optical emission spectra frofhere the electron density is not high enough to inhibit a

argon gas in ”“? wavelength range of .30_0_9_00 nm Wer%Ieep penetration of the electromagnetic field into the plasma,
studied. The variation of the optical emission intensity of. .
. P . .in the dense plasma case the screening effect becomes stron-
different atomic/ion lines in the argon plasma was dynami- . R,
cally monitored while the coil current was varied. The opti—ger' It ?ﬁeCtS the T'eld_ dlstr|but|o_n inside the chamber and
cal emission of different spectral lines of the excited/ionized€SUItS in the localization of the field near the source of ex-
species produced by the plasma discharge were collected lgg';ation. Along with the above screening effect, various non-
a collimated optical probe inserted radially or axially into thelinear effects, such as the generation of high harmonic com-
plasma chamber. An optical fiber was used to transmit thgonents of the magnetic field, ponderomotive forces and
collected signal to the entrance slit of a monochrométar  other effects, become more pronounced. These effects also
ton Research SpectraPro-750i model, 0.750 m focal lengtmodify the field distribution in the chamber. Figs. 3 and 4
triple grating imaging monochromator/spectrograpfihe  show the radial profiles of the radial, axial, and azimuthal
emission was amplified by a photomultiplier and then dis-components of the magnetic field inside the vessel fully filled
persed_ and analyzed t_)y the monochrométdth a spectral by a densé~6x 101 cm3) argon plasma. The values of the
resolgtlon of 0.023 nimin thg preset wavelength range. T.he gas pressure and power deposition into the plasma are
amplitude of the output signal from the photomultiplier .
could be changed by adjusting the voltage output from a30 mTorr and~p.6 kW, respect|vely.. o
high-voltage generator. In order to monitor the output signal qu comparison, the computed dIS'[.rIbU.tIOI']S of the corre-
on the computer in real time, the signal was continuously>Ponding components.of.thezemagnegc fields are also de-
digitized by an A/D convertor buit-in in the scan controller. Picted in the figuregsolid line).”” The discrepancy between
The scanning and data acquisition process were controlledpe numerical and experimental results can be attributed to
by the data acquisition and analysis software Spectrasense3trong nonlinear plasma effects at low rf frequencies and gas
(Acton Research CorporatipnUsing the data acqusition pressures, which were not accounted for in the numerical
system, we were able to record broad spectral bands or serodel?®

3. Optical emission spectroscopy

lectively monitor certain spectral lines. The axial dependence of the magnetic field components
was also studied. The axial scans of the magnetic compo-
IV. RF POWER DEPOSITION nents were performed at the following radial and azimuthal

By using the rf coil configuration of our interest here, POSItions:(a) r=0, 8 cm andy=90° (perpendicular to the
one can inductively generate all three componétytsH,,, 'OC); (b) r=0cm a”d‘P:_0° (pgrall_el to th_e I0¢ and the
andH, of the magnetic field, and two componesandE,, obtained results are depicted in Fig. 5. Figure 5 shows that
of the electric field. The plasma current, with the radlal the axial profiles of the radial and azimuthal components of
and azimuthall, components, is generated by the internalthe magnetic field change dramatically by switching the dis-
unidirectional current sheet. The rf magnetic field in thecharge from the electrostatie to the electromagneti¢i
plasma is generated by the antenna currents and the rf plasmfode. Indeed, in thE-mode discharge only a smooth decay
currents induced in the plasma bulk. The contribution of theof all the magnetic field components with the axial distance
plasma currents is the strongest in the high-density plasmggn pe observed. On the other hand, in the dense electromag-
case. On the other hand, low-density plasmas are highly .y discharge mode, we have observed a rise ofthend

transparent to the rf field and the induced plasma currents ar|_eiw with z at the axial distances> 14—15 cni®2We em-
usually quite weak.

The distribution of the electromagnetic field was studiedphaSIze that the observed rise of the amplitudes of magnetic

by the miniature magnetic probes. The details on the mea €lds with the axial distance is not common for conventional

surements of the magnetic field topography in the 10C-P$OUrces of inductively coupled plasmas and can be attributed
can be found elsewhe?&? Radial scans of the magnetic [© the excitation of the plasma eigenmodes propagating

field components were made at the following axial and azi-along the axial direction. On the other hand, the axial profile
muthal positions(1) z=8, 14 cm andp=90° (perpendicular  of the H; [Fig. c)] becomes smoother and more uniform
to the internal oscillating rf current(2) z=8 cm andp=0°  compared to the corresponding profile in tiemode
(along the 10G. Measurements by one of the probes allowdischarge’>*?
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V. PLASMA PARAMETERS IN THE IOC PLASMA The plasma potentia¥,, can be found as the maximum
SOURCE of the first derivative of the dependent®/) or as the zero

crossing point of the second derivative of the probe curfent.

The expenmental data_l on the global plasma parameters Figure 6 shows the radigh) and axial(b) distributions
were obtained from the time resolved measurements by a . .
. S : of the electron density, effective electron temperature and
single rf-compensated cylindrical Langmuir probe. The S .
. . plasma potential in the electromagnelicmode of a pure
plasma densityn,, effective electron temperatuiEyg, and

. ) . argon discharge and for the azimuthal angke0°, which is
plasma potential/, were determined by using the Druyvest- L . I
. " . the direction of the resulting oscillating rf current. One can
ein routine’ In particular,n, and T can be expressed as

see that the value af, remains almost the same for radial
positionsr from 0.5 to 7.5 cnFig. @] and then starts to

2
ne_J 9e(V)AV, e = ?)r]nge(V)dV, decrease. The typical values of the plasma density for the

e

energy distribution functiom.(V) can be obtained through

the second derivative of the probe current over the voltage 2 7 200
d?l/dV? as 7 | =
2 o
V)= 2me( 2ev)1’20|2|e o | 10 8
8 eAlm,/ dv?’ T 1 =
- -200
wheree, m,, andA are the elementary charge, electron mass (a)
and the probe surface area. 3
- 200
o i o
3 5
L | —0
7° S S
§ x :Es 1 -
3 e - -200
f 4_ P (b) 0
0 ) 2 200
(@) 4 8 12 § §
T >
1 0
8 360 e s,
T A
'z 6 M B T -200
3 __ A———A— A sl
© A 4 ]
e o P 03 () z [om]
Is ol -—.“.__.‘.‘.*I~. -
- FIG. 5. Axial profiles of the radiala), azimuthal(b), and axial(c) compo-
0 \ \ \ 360 nents of the magnetic field in the plasma chamber fully filled by a dense
4 8 12 argon plasman,~ 6x 10'* cm ). Coil current and argon pressure is 24 A
(b) rlcm] and 30 mTorr, respectively. Here, circles and squares correspond to absolute

values of the measured components of the magnetic field and phase differ-
FIG. 4. Same as in Fig. 3, for the azimuthal magnetic field component. ence between them and rf coil current, respectively.
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=51 mTorr, respectively. All profiles are plotted for ax{@ and radial(b) 5 1
positionsz=8 cm andr=0.5 cm, and azimuthal angle=0°. 0

400 600 800 1000
discharge are 1 10'? and 0.7x 102 cm™2 for the gas feed- () P

stock pressures 51 and 30 mTorr, respectively. MeanWh"q:IG. 8. The dependence of the electron density, effective electron tempera-
the plasma potential and effective electron temperature ar@re, and plasma potential on the input rf power for thenode argon
almost constant along the chamber radius. discharge and for gas filling pressupg=51 mTorr. The Langmuir probe
The measurements of the axial profiles of the global¥as located at=0.5 cm andz=12 cm.
plasma parametei$-ig. 6b)] were performed at seven dif-
ferent axial positions through the available portholes in thediagnostic side port. It was found thay, Teg, andV, remain
fairly uniform along thez axis from 8 to 20 cm. Thus, one
1.8 — : . . , 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-
S 8809, o fers a great deal of control of the plasma parameters along
° the azimuthal directio® 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 angle® and
6 1 90°. We have observed that the rf power density features a
weak azimuthal dependence at low rf powers as shown in
3868 8 8 0 g s e, ql Fig. 7. Note _that t.his gives the possibility tc_> control t_he rf
o o 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
18k ' ' ' "] parameters disappears with an increase of the rf power.
The dependence of the global plasma parameters on the
12t ] input rf power at different gas pressures was also studied.
- o o © For instance, the results f@y=51 mTorr are shown in Fig.
6f 1 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
0 0 3 6 5 12 particular, the electron number density was found linearly
rlem] proportional to the net rf power input in the established elec-
tromagnetic mode within the input power range of
FIG. 7. Radial profiles of the electron density, the effective electron tem-Q.5—1.0 kW. This is consistent with earlier numerical models
erature and plasma potential for tHemode argon discharge with rf power : ; ot
i?1put Pp:0.62pkW ang gas filling pressungl mTorr, rgspectivelypl). All of the O]; the plasmg Source_ with the internal _oscnlatmg
profiles are plotted for axial positior=12 cm and azimuthal angle=0° currents?® and extensive experimental and theoretical studies
(solid circleg and 90°(hollow circles. of conventional inductively coupled plasma sources with flat
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1.0
g ¢ e o ; 0.15
o [ ] (o]
© L) o o by
% 05} o fz
< e £ 0.00
@ 0
6 1 FIG. 10. Variation of the optical emission intensity of neutral Ar line
z . (840.82 nm during theE—H mode transition and inversd —E mode
5 o * o e ° transition for different gas pressures. Solid and dash lines correspond to gas
=~ 3t ® o o0 | pressure 40 and 50 mTorr, respectively.
(b) VI. DISCHARGE OPERATION MODES AND
REPRODUCIBILITY
18} 1
. It was observed that, similar to many conventional ICP
s sources, the I0C-PS can generate and sustain the plasma in
2121 %, 1 two distinctive discharge regimes, namely, the electrosEtic
> [ ] [ ] ® 'Y . . . .
e oo and electromagnetitél modes. In particular, Fig. 10 illus-
6l | trates a cyclic variation of the optical emission intensity
0 100 200 300 400 (OEI) of the 840.82 nm neutral Ar line with the rf coil cur-
(c) p, [mTorr] rent for different gas pressures. One can easily notice that the

E—H transition is accompanied by an instantaneous in-

FIG. 9. The effect of the gas pressure on the electron density, el‘fectiv%reaSe of the OEI. The OEI further increases with the coil
electron temperature and plasma potentialHemode argon discharge and . . . .
for rf input powerP,~0.68 kW. The Langmuir probe position is the same current !n the establisheti-mode regime. When ) the coil
as in Fig. 8. current is reduced, the OEIl 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
external coil configurationésee, e.g., Xwet al.™ and refer- electromagnetic mode. However, when the point of khe
ences therein Meanwhile, in the same rf power range the _, £ transition is reached, the optical emission intensity
effective electron temperature appears to be a slowly increagharply drops to the level corresponding to the electrostatic
ing function of the rf power, whereas the plasma potentiamode. In the electrostatic regime, the OEI does not change
remains almost invariable with power. much and remains low compared to tHemode discharges.

The effect of the gas feedstock pressurengnT., and  Generally speaking, the feature of forming hysteresis loops is
V, was also studied. Figure 9 shows the global plasma paeculiar to many inductively coupled plasma sourted It
rameters as a function gk for the H-mode argon discharge was further observed that the spectral lines in both discharge
at a constant rf power inpuP,=0.68 kW. Note that the modes in the IOC-PS have higher intensiti@sg. 11) as
Langmuir probe pOSitiOﬂ during the measurements was thgompared to conventional ICP sources with external flat Spi-
same as in Fig. 8. As one can see from Fig. 8, in the pressuf@l coils. This is particularly true for the electrostatic dis-

range below 51 mTorr, the electron density increases witlfharge mode, which appears much brighter than the E-mode
pressure from 3.X10%cm? at 20 mTorr to 8.0 discharges in conventional ICPs under the same conditions.

|.33

X 10 cm™2 at 51 mTorr. In the pressure range exceeding

51 mTorr, the electron density starts to decline with the pres- o . ' EIE

sure and its value decreases from 810" cm™ at 2§y 202 1oa
51 mTorr to 5.2< 10 cm at ~440 mTorr. Note that at rf Tel = %53 Mo ) 3
input power 0.68 kW the flex point corresponds g ® g\ /“::(' - 3 -
=51 mTorr. It should also be noted that the rate of changeof o [ 2/ z <
the plasma density witlp, in the range above 51 mTorr is = 3 i 0.2 =
much slower than in the lower pressure rangp, B g
<51 mTorp. As the pressure increases from 20 to g0 M £
51 mTorr, the plasma potential drops rapidly from - —_— 00

16.1 to 10.8 V. Howevery, decreases slowly witlp, in 300 750 50 =5 500

the range above 51 mTorr. The electron temperature follows wavelength [nm]

a similar tendency. Initially,T.# drops from 4.8 eV afp,

=20 mTorr to 3.7 eV apy=51 mTorr. Thereafter, the elec- FIG. 11. Optical emission spectra from a 22 mTorr pure argon discharge in
. . the H-mode operating regime sustained with 0.88 kW input powgper

tron temperature continues to decrease and also eXp'*:'”en(iﬁﬁ/e) and in theE-mode operating regime sustained with 0.38 kW input

small fluctuations. power, respectively. Optical probe was located=al0 cm.
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N

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
lc~31 A, P,~1.7 KW, andp,~51 mTorr, the values df,,

Terr and V,, were ~1.1x 10" cm3, 5.5 eV, and 12.2 eV,
respectively. Therefore, Fig. 12 demonstrates the excellent
2 reproducibility of the main plasma parameters in the plasma
..o B g B @ source of our interest here.
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VII. DISCUSSION

We now discuss the effect of the internal oscillating rf
8 current on the field distribution, power deposition, and
SR plasma parameters and pinpoint the major advantages of the
IOC-PS over conventional sources of inductively coupled
T2 3 4 5 6 7 "33 4 5 6 7 plasmas with with external flat spiral coils.
© number of cycles O number of cycles In this work the plasma is generated by means of internal
FIG. 12. Reproducibility of the rf power densitg), electron number den- orthogonal unidirectional oscillating rf current shee_ts inside_a
sity (b), optical emission intensity of neutral argon ato(840.82 nm (), vacuum chamber. The current sheets produce a time-varying
plasma potentiald), optical emission intensity of an argon i¢886.9 nm  rf electric field, which is azimuthally shifted on 45° with
(e), and effective electron temperatuife. The coil current and operational respect to the directions of both sets of current-carrying
pressure are 31 A and 51 mTorr, respectively. . . . . _—
wires. Physically, the introduction of an oscillating rf current
inside the vacuum chamber significantly affects the electro-

One of the essential characteristics of any plasma promagnetic field distribution, rf power deposition and modifies
cessing device is the reproducibility of its characteristicsthe parameters of the plasma produced. In this particular in-
Indeed, in most material processing applications, the plasmirnal rf antenna arrangement, the generated electric field
source must feature a sound reproducibility of the electricalpscillates in the —¢ plane. Thus, the generated electromag-
optical, and global plasma parameters. In order to examinaetic field has all three components of the magnetic field and
the reproducibility of the main parameters of the plasmawo componentgradial and azimuthalof the electric field.
source of our interest here the following set of experiment$On the other hand, the inductively driven rf current inside the
was carried out. The processing chamber was first evacuatethamber should also oscillate in thep plane. However,
to ~2x 10 Torr. The working gas was then introduced since the current must form a closed loop, it is most likely
into the plasma chamber and pressure of 51 mTorr wathat the return current path will be in thez (commonly
maintained invariable during the experiment. The rf generatermed “poloidal” in nuclear fusion deviceplane. This can
tor was turned on and the coil current was increased up to thiee the reason of a deep penetration of the current into the
fixed valuel,~31 A, when a very brighH-mode plasma plasma. Indeed, the experimental study of the field topogra-
was generated. Using a single rf-compensated Langmujphy in the dense plasma ca@dég. 3) confirms this.
probe, OES, and voltage and current probes, the global, op- A comparison of the experimentally measured and com-
tical, and electrical properties of the plasma were measureghuted radial and axial profiles of the electromagnetic fields
Thereafter, the rf generator was turned off and the gas feedshows a remarkable agreement in the low-density plasma
stock inlet was discontinued. A vacuum pumping system wag&-mode dischargéff'glln particular, when the plasma density
also switched off and pure argon was introduced in thds ~4x10° cm2 or less, the electromagnetic field profiles in
chamber to let the pressure inside the vessel equalize witthe plasma are almost the same as in the fully evacuated
the atmospheric one. The above routine was repeated seveacuum chambet Hence, the low-density plasma is trans-
times to exam the reproducibility of the plasma parameters iparent to the electromagnetic field. A comparison of the com-
the IOC-PS. A typical duration of each cycle wad h. puted and experimentally measured radial profiles of the

The main plasma parameters such as the electron depfectromagnetic field components in thkmode discharge
sity, effective electron temperature, and plasma potentialFigs. 3 and #also shows a reasonable agreement. However,
were measured using a single rf-compensated Langmuthere is a noticeable discrepancy between the experimental
probe inserted radially and along the direction of rf currentand numerical axial profiles in Fig. 5. This discrepancy can
oscillation (marked by the arrow in Fig.)2The tip of the be attributed to a number of non-linear effects in the electro-
Langmuir probe was positioned &t 0 andz=12 cm. At the  magnetic field penetration into the dense plasma, which were
same time, the intensities of the neut(840.82 nm and  not accounted for in the numerical studf€g.he above non-
ionized (386.9 nm argon lines were monitored by the opti- linear effects, including but not limited to the generation of
cal probe inserted axially through the central hole in the botstrong second harmonic currents in the plasma, nonlinear
tom plate(r=0). Lorentz and ponderomotive forces, can be strong in the low-

Figure 12 illustrates the reproducibility of the rf power frequency, low-pressure operation regime of the IOC-PS, and
density in the reactor chamber, optical emission intensities afioticeably affect the electromagnetic field distribution in the
selected neutral and ionized argon lines, and main plasmalasma chamber.

intensity [a.u.]
F
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Another serious concern in the existing ICP devices is 1.0x10""
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®*3¢ Physically, in the planar external-coil ICP ge-
ometry the nonlinear poloidal currenis and j., generate a »
strongly nonlinear azimuthal magnetic fiett},, which does 5.0x107 1
not have a fundamental-frequency Fourier compoﬁ%ﬁhis
effect has recently been confirmed experimentiligbove
all, finite H,, can result in the enhanced penetration of the rf
field due tosecondarynonlinear effectgthe meaning of the
terms “primary” and “secondary” nonlinear effects is ex-
plained elsewhe?é), which become even stronger at lower 0.0
operation frequenci@g.The indisputable advantage of the rf
current configuration of our interest here is that the poloidal eV
rf current and hence, the azimuthal magnetic field are drives 13 Electron energy distribution function for power inp,
in a linear fashion at the fundamental frequency and the en-0.62 kw, gas pressung,~51 mTorr, axial and radial positions 12 and
hanced rf field penetration can be achieved dupr‘tmary 10.5 cm, respectively, and=0°. Solid an_d dash Iines present the experi-
nonlinear effects. Furthermore, the internal oscillating cgr-mznstglr'%'e";igsefiﬁgn"’t‘:lfjct;fdﬁg;:ggggt'icgelyaxwe”'a” EEftted for
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 spirafective electron temperature, and plasma potential over the
rf coils.2’3® Driving the oscillating rf current inside the surface and volume areas of the reactor chartfies. 6 and
chamber one can achieve a substantially better uniformity of). Meanwhile, the IOC-PS is capable to generate and sustain
the rf power transferred to the plasma electrons as comparédgh-density plasmag~10'? cm™3) with relatively lower
with the inductively coupled plasma devices with an externalvalues of the input rf power.
flat coil (see, e.g., Figs. 8 and 9 of Tsakadzeal?®). In this work, the values of the plasma density, effective

On the other hand, one can expect that the azimuthadlectron temperature, and plasma potential were derived
variation of the rf power deposited to the plasma can result ifrom the measuredl-V characteristic of a single rf-
spatial nonuniformities of the ionization source, and hencecompensated Langmuir probe by using the Druyvesteyn
the electron temperature. In particular, this can lead to heabutine® It is interesting to note that using the assumption of
flows Q=(5neTe/2mere) VT, that can substantially modify Maxwellian electrons and a simple expression for the ion
the power balance in the discharge and be the reason f@robe current in the ion collection range of th¥ curve, the
frequently observed deviations of the electron/ion numbewralue of the electron number density can be overestimated in
density profiles from the one obtained by using the convenup to two times. This is yet another indication that the
tional diffusion theory of low-temperature plasma glow dis- plasma of our interest here features non-Maxwellian elec-
charges. Indeed, the experimental study of the global parantrons. This is consistent with the results of our EEDF mea-
eters of the plasma generated in the IOC-PS shows that tteirements indicating that that the actual electron energy dis-
plasma density is a function of the azimuthal angle at lowetribution function in the discharge is more likely
values of the input power. However, this dependence disafruyvestein-like rather than Maxwellian-liké&ig. 13.
pears with an increase of the power absorbed by the plasma. Similarly to other inductively coupled plasma sources,

We recall that the electromagnetic field generated insid¢he IOC-PS features two distinctive operation modes. The
the chamber of the I0C-PS features all three componentsansition between the electrostaicand electromagnetiel
H/(r,¢,2), H,(r,¢,2), andH/r,¢,2) of the magnetic field modes reveals pronounced hysteresis phenomena, which be-
and two electric field componenk(r,¢,z) andE(r, ¢,2). come stronger at lower operating pressures. We note that the
The comparison of the rf power density in the conventionalintensity of nonlinear and nonlocal kinetic effects in the low-
ICP source and the I0C-P@nder the same conditionse-  pressure domain is usually higﬁ@ﬂ.t was also observed that
veals that the power absorbed by the plasma electrons in thhe intensities of different spectral lines of argon discharge
conventional ICP source is strongly nonuniform near thewere higherin bothE andH discharge modésompared to
chamber axigsee, e.g., Fig. (D) of Tsakadzeet al?® or Fig.  conventional ICP sources with external flat spiral coil con-
12 of Khater and Overz@l], whereas the rf power density figurations. Presumably, this can be attributed to more effi-
profiles in the I0C-PS feature excellent radial uniformity. cient rf power transfer from the antenna to the plasma in the

The results of our experimental studies suggest that $0C-PS.
uniform deposition of the rf power into the plasma results in It is also interesting to note that the IOC plasma source
the outstanding spatial uniformity of the main plasma paramean be easily converted into a conventional ICP source by
eters. The measurements conducted by a single rireplacing the chamber tapabeled 1 in Fig. 1 by a reason-
compensated Langmuir probe demonstrate a high degree ably thick fused silica window and installing a flat spiral
radial and azimuthal uniformity of the electron density, ef-antenna coil above it. In conventional ICP sources with the

40
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