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The influences of rf driving power, neutral gas pressure, and nitrogen seeding on the
electrostatic-to-electromagneti€E-H) mode transition dynamics in radio-frequency argon
inductively coupled plasmadCP9 in a pressure range of 50—100 kPa are investigated, both
experimentally and theoretically. TiHeH mode transition dynamics and its characteristic transition
time scale are investigated by observing the high-speed imagtg00 fp3 as well as the temporal
change of plasma loading impedance. The experimental results reveal tRatHtineode transition

time is not fixed at any operating conditions rather it depends on some important parameters such
as the rf driving power, neutral gas pressure, gas type. It is found th&tthenode transition time
depends on the unique paramegf p; the so-called effective induced electric field, rather than the
independent parameter: the rf power or neutral gas pressure. It is also found thatHdAgaode
transition time is required to ignite the high-pressure Arglasmas with a 2.5% —10%.Needing

than that of pure Ar plasmas with the same operating conditions. The experimental results are
compared with that of the recently developed theoretical models, and a good agreement is found
between them. @004 American Institute of PhysiddOl: 10.1063/1.1790066

I. INTRODUCTION The hysteresis anfl-H discharge mode transition in low
pressurg~150 mTory ICPs have been reported by Cunge
It has already been established that the typical radio freet al® and Turner and Liebermértaking the power balance
quency(rf) inductively coupled plasma$CPs are operated argument and possible nonlinear mechanisms into account
in two well-known modes: A capacitively coupled or electro- for sustaining the plasmas. Three-dimensional optical emis-
static modgE mode and inductively coupled or electromag- sjon spectroscopy with computer tomography is used by
netic mode(H mode. Recently, attention has been renewedMyoshi, Petrovic, and MakabBeo explain theE-H mode
to investigate the dynamics of thisSH discharge mode tran-  transition in low-pressuré~300 mTor) ICPs. The dynam-
sition and many theoretical and experimental works havecs of mode transition in low-pressuf0 mTorp low fre-
been conducted recently and in the past decade, but mainjuency(460 kH2 Ar and N, ICPs are reported by Ostrikov
for low-pressuremilliTorr range discharges;® because of et al* by observing the plasma images using a charge
simple and easy generation, and diagnostics of the lowcoupled devicé CCD) camera with a long exposure time of
pressure ICPs. But, when operated at high presgaresnd =17 ms. The initial startup of high-pressure Ar inductive
1 atm or morg initial startup is one of the most important discharges was reported by Uesegial.,lo by observing the
issues to ignite the discharge of induction plasmas, as thglasmas using only the CCD camera, and also without ex-
starting of high-pressure rf induction plasma torches argjaining the physical mechanism and dynamic&df mode
hard, and a high-voltage initiation is usually requife8o far  transition. However, by using the CCD camera, it is very
several techniques such as, dc ar¢ jend low-pressure ifficult to observe theE-H discharge mode transition
small-size plasma torch,are used to initiate the high- mechanism since the transition time is very short. In the
pressure rf inductive discharges. But, these hybrid plasmgpove mentioned papejr‘sl,othe E-H discharge mode transi-
torches characteristically operate at power levels of aboufon time, which is very important factor to be taken into
50-100 kW or even more, where the dimensions of theyccount for analyzing the fundamental physics of high-
Second-stage, high-power unit make it difficult to initiate andpressure ICP generation' is not considered or ana|yzed_ In
Operate in a stable mann7eT.herefOI’e, the initiation of h|gh' our previous Wori&’l the E-H mode transition dynamics of
pressure rf inductive discharges with moderate rf power of &y |CP in atmospheric pressure are observed by high-speed
few kilowatts is an interesting and challenging issue, anthnd CCD camera imaging, and the mode transition times are
with that in mind, we have investigated the high-presgupe  estimated by three different proposed models. However, the

to 1 atm) ICP discharges at the ignition stage. rf driving power, neutral gas pressure, and the S¢eding

has remarkable influence on the generation of high-pressure
dElectronic mail: razzak@ees.nagoya-u.ac.jp induction plasmaé’.6'7'12 Therefore, the motivation of this
0021-8979/2004/96(9)/4771/6/$22.00 4771 © 2004 American Institute of Physics
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50-100 kPa by using a mechanical rotary pump. The rf
power level, which is limited by the cooling capability of the
FIG. 1. Schematic diagram of experimental setup. system, is modulated with a 100-5000 ms square wave
pulse without applying any cooling system. Repetitive spark
work is to investigate the influences of rf driving power, discharge, using the spark discharge technifd@with a
neutral gas pressure, and, Needing(2.5%-10% on the  repetition frequency of 500 Hz and duration of 20—30 ms, is
E-H mode transition dynamics as well as on the mode tranapplied simultaneously with the rf pulse to initiate the dis-
sition time in high-pressur@up to 1 atm Ar induction plas-  charge. This task is performed by using a typical automobile
mas in a frequency range of 1-1.2 MHz and moderate rfpark plug, placed at the center of the bottom flange of the
power of about 1-5 kW. The experimental results are comdischarge chamber with a high-voltage transformer circuit as
pared with that of the recently developed theoretical modeshown in Fig. 1. An L-C matching network is employed to

calculationstt optimize the power coupling efficiency. A “FASTCAM-
ultima SE” high-speed camera with a frame speed of
Il. EXPERIMENTS 13 500 fps is used to observe the mode transition dynamics.

The side view images are taken by setting the camera per-
The schematic diagram of experimental setup is depicte@endicular to the axis of the discharge chamber, while the top
in Fig. 1. The inverter dc input voltage and current, rf outputviews are taken by setting a mirror on the top of the dis-
voltage and current, and rf coil current are measured to anaharge chamber and 45° inclined to that of the discharge axis
lyze theE-H mode transition time. The plasmas are sustainecs shown in Fig. 1.
in a cylindrical Pyrex glass chamber with an internal diam-

eter of 70 mm and Iength of 200 mm by applylng a staticm. E-H MODE TRANSITION DYNAMICS:

induction transisto(SIT) inverter power source, the equiva- EXPERIMENTAL OBSERVATIONS

lent circuit of which along with rf induction coil is shown in _ N )

Fig. 2. The rating of frequency range and maximum output _ 1he E-H discharge mode transition dynamics together
power of the SIT inverter is 0.2—1.7 MHz and 20 kW, re- with the transition mechanisms and transition time are inves-
spectively. An induction coil consisting of seven turns of atigated by observing the high-speed imaging as well as the
copper tube of 1/4 inch outer diameter is used as the |oofﬁmpqral plasma loading resistance and reactance. They are
antenna. Ar gas is injected both axially and spirally into thedescribed below.

torch vessel with a total flow rate of 20 Ipm. The neutral

pressure measured with a total pressure gauge is varied frofa High-speed Imaging

In our previous work! the side view images were taken
Lo o [ , REcoil by high-speed camera with a frame speed of 4500 fps and

-

e bottom view images by conventional CCD camera with
Tl " Reoil | which, however, it is difficult to estimate tHeH mode tran-
DC-DC ) . . . .
Converter | | Ve A : sition time with high accuracy. Therefore, here we observe
Leai both the side and the top view images by only the high-speed
ey ] i imaging with a higher frame speed of 13 500 fps. The typical
4~1:1

examples of images are shown in Fig. 3, where the formation
FIG. 2. Equivalent circuit diagram of SIT inverter power source and rf Of E discharge E-H mode transition, and_ the SteadY_State
induction coil (one of the six units of SIT inverters is shown in the figure plasmas are clearly observed. The physical mechanisms of

Downloaded 29 Jan 2009 to 133.28.162.38. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 9, 1 November 2004 Razzak, Takamura, and Uesugi 4773

as follows(for more details with mathematical analysis, the |
readers are referred to Ref.)1A strong axial electrostatic
field E,, the average intensity of which is about 100 kV/m in
atmospheric pressure, develops at the initial phase of rf

the E-H mode transition dynamics can briefly be described 2T - 0.5
| —6—Resistance
%

Loading resistance (Q)
S
W

Loading reactance (Q)

breakdown due to high rf voltage on the induction coil.

Highly mobile electrons are accelerated and collide with the 0.5 }\N -
neutral particles, and picked up energy from this applied N

electrostatic field to excite and ionize the working gas atoms o Lieprers Steady state plasmas 15
(we assume that the electron-impact ionization is the domi- Y 2 4 6 8
nant process in the present conditioHowever, the electron Time (ms)

L Growth of H discharge
E-H transition point
E discharge

energy gain by the single electron-neutral collision is not
high enough to ionize the working gas. At this stage, colli-
sional heating occurs due to the strong axial electrostatic

. ) . .. _FIG. 4. Observation oE-H mode transition b lyzing the pl load-
field, which gives enough energy to the electrons for ioniza- servaton o T moce ransiion by anayzing fhe plasma foa

Ing resistance and reactance in atmospheric pressure.
tion to produce electron-ion pairs. The newly formed elec-
trons together with the primary ones repeat this process al
produce more free electrons. Therefore, cumulative ioniz
tions takes place along the direction of the electrostatic fiel
thereby developing the multiple streamerlike dischatBe
discharge paths at the bottom and very close to near the ,
surface of the discharge chamljeig. 3@)] due to the stron- B. Plasma Loading Impedance
ger E, near the torch surface. In our previous work! we measured the dc plasma load-
Then, the induced electric fiel,, which is found about ing impedance obtained by the input dc voltage and current
2.5 kV/m in atmospheric pressure, helps to connect the dissf the SIT inverter circuit. But for better understanding, it is
charge paths among the streamers. After the ionization, theustomary to observe the complex rf loading impedance
newly formed electrons move diffusively in the azimuthal (both resistance and reactapsince the rf plasma loading
direction, because the phase of these electrons may be thesistance is the crucial quantity for heating mechanism and
same as or opposite to that of the old ones since the phaseR§Wer coupling in induction plasnfaTherefore, here we
a random number between 0 and-.2These newly formed Measure the temporal plasma loading resistance and reac-
electrons together with the primary ones repeat the ionizatiofNC€ at the ignition stage, obtained by the ratio of the output
process and produce more free electrons. This process coffvoltage to the current of SIT inverter circuit, to investigate

tinues until an electrically conducting bridge between neigh-fhedI,E'H,mOd:je tranTitiokq d):cnamichs. The com_plex.form of
boring streamers has been formed. oading impedance looking from the primary circ(ifig. 2)

The motion of electrons, on the other hand, is very much"a" be written as

faster compared to that of the ions. Therefore, alternatively 7 =R+iX = X1 (1)
to the previous diffusive model, the effective motion can be L 1= Ly
considered as the ambipolar drift motion by assuming that

such an ionized plasma is convected with the ion mass an\ghere Vi and I, are the primary circuit 1f voltage and

that of the effective electron kinetic energy, which will be current, respectivel\R is the total circuit resistance, andis

described later in Sec. IV. The induced electric field, there—the total circuit reactance. Therefore, the plasma loading im-

e . . . edance can be calculated by the transformer turn (atie
fore, promotes diffusive and/or convective drift motion for b y (

. . S ) sume an ideal oneas
electrons in the azimuthal direction. These energetic elec-

trons produce ionization and make electrically conducting z _(&)zm ®)
bridges between the neighboring streamers by the diffusive ny

and/or convect!ve process described "?‘bo"e' an_d tranSfOrvn\}herenl andn, are the numbers of turns of the transformer
the streamers into the ring-shaped azimuthal dischérye

. ) in the primary and secondary side, respectively.
dischargg paths[Fig. 3b)].

X _ i Figure 4 shows the temporal rf plasma loading resistance
In the primary stage ofl discharge still some streamers 54 reactance, calculated by the inverter output voltage and

exist even after transforming it into the ring shaped plasmg;rrent using Eq(2). The timing of the respective resistance
as shown in the side view of Fig(l3. But these streamers gnq reactance of the discharge development of Ar plasmas
disappear as soon as the azimuthal current is induced by tR¢own in Fig. 3 are indicated in Fig. 4. It is noticed that the
electrically conductive ring, thereby injecting the Joule plasma loading resistance at the start of ignition, i.e., irgthe
power into the ring-shaped plasma. Therefore, for the timelischarge region remains almost constant and is not high
being, H discharge develops upward thereby forming theenough for plasma heating. But, the loading resistance in-
steady state plasmBig. 3(c)] due to this Joule heating with creases remarkably after tkeH mode transition, i.e., in the
the azimuthal rf current. From Fig. 3, it is seen that theregion of the development dfi discharge since the rf coil

r](ﬁilscharges develop near the inner surface of the discharge
vessel because of the strondggrand E, near the torch sur-
ace than the center of the chamber.

I rfl

Downloaded 29 Jan 2009 to 133.28.162.38. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



4774 J. Appl. Phys., Vol. 96, No. 9, 1 November 2004 Razzak, Takamura, and Uesugi

current decreases in this region and the steady state plasmas 1000 - -
develop as shown in Fig. 4. On the other hand, the loading "Perinetal  m Theoretical, 7,
reactance of the generated plasmas is slightly positive in the 800 || =~ Theoretical, 7,, ~=-=~Theoretical, 7, |

E mode region. Because, we adjust the matching network to
have the system a slightly inductive L-C resonant condition
in order to suppress the switching losses of the inverter ele-
ments. However, the reactance decreases aftét-tHenode
transition, since the streamers disappear in this region, an
electrically conducting ring forms and consequently, an in-
duction current flows in the azimuthal direction, but opposite 0 N
to that of the rf coil current. As a result, the magnetic flux 12 14 16 18 2 22 24 26
decreases by this plasma reaction, meaning a reduction of Induced electric field, £, (kV/m)
coil inductance and hence the reactance.

600

400

200 |

E-H transition time (us)

=

The development oE discharge E-H mode transition, —~Experimental
development ofH discharge, and finally the formation of 1000 | T Theoretieabe, |
steady state thermal plasmas can be seen clearly from the _ " Theortical, 7, "
dynamic plasma loading resistance and reactance since the § goo | heoretical, 7,1 <
slope of the curve changes at the start of every mode as g
indicated in Fig. 4. From the experimental observations by 2 600
fast camera imaging and plasma loading impedance, the :é 400
E-H discharge mode transition times, which correspond to 8 i
the duration of E discharge, are found to be about é’ 200 |
200-800us at a rf power of about 3.5 kW and pressure M=
range of 50—-100 kPa.

%050 60 70 80 90 100 110
(b) Gas pressure (kPa)

IV. EFFECTS OF rf POWER NEUTRAL GAS

PRESSURE, AND NITROGEN SEEDING ON THE E-H FIG. 5. Effects of azimuthal electric fiel@), and neutral gas pressui® on

MODE TRANSITION DYNAMICS the E-H mode transition time. Comparison between experimental results and

. 1 . that of the theoretical model calculations.
In our previous work! we proposed three different

plasma models to estimate theH mode transition time. The ] ] )
first two of them were based on the diffusion model and thd@nce a constant. Since the applied rf powarrf coil cur-

last one was based on the drift model. According to thes€€nd determines the induced azimuthal electric figkn.

models, Eqs(22), (25), and(29) of Ref. 11, to estimate the (6)], we will here consider the induced azimuthal electric
E-H mode transition times, with a unit in second can pefield, E, to investigate the effects of rf driving power on the
rewritten as E-H mode transition time. We also consider the rf coil cur-

rent by neglecting the plasma reaction, which reduces the
7 = pd(1.5% 1079), (3 coil inductance by the induced azimuthal current, since we
are considering the coil current during the mode transition
time period before the growth d¢i discharge.
The E-H mode transition time as a function of the in-
duced electric field at a fixed gas pressure of 50 kPa is
_dy 3 shown in Fig. %a), which indicates that the mode transition
Te3 = (E,/p) (5.5x107), (5) time decreases by increasing the induced electric {@idf
powel. This is because the increment of the rf power in-
whered, is the distance between neighboring streamers itreases both the axial as well as the azimuthal electric fields
the azimuthal direction in meter, which is found to be aboutjgq. (6)] which help an easy and fast ionization and acceler-
2.5X10°° m in an atmospheric pressurgjs the neutral gas  ate theE-H mode transition. Besides, with an increase of the
pressure in pascal, anf, is the amplitude of the induced rf power, the effective electron kinetic energyw,
electric field in V/m, which is given by =mw?/2) and thus the ion sound velocitgs=\W,/m) in-
creases, and consequently, the transition time decreases by
(6) assuming the interstreamer distance a constant. Hité
mode transition time, therefore, decreases with an increase of
wherew is the driving angular frequency,is the radius of the rf power with a fixed operating gas pressure.
torch of inner surfacen, is the number of antenna turns per The neutral gas pressure dependence of the mode transi-
meter, andl is the amplitude of the rf coil current. tion time, on the other hand, is shown in Figbh from
From Egs.(3)«5), it is seen that th&-H mode transi- which it is noticed that thee-H mode transition time in-
tion time is directly proportional to the neutral gas pressurecreases by increasing the operating gas pressure at a fixed rf
or its square, while inversely proportional to the inducedpower of about 3.5 kW. This is because, by increasing the
electric field or its square assuming the interstreamer disgas pressure, the electron-neutral collision frequency in-

2

— 0 3
Tep = (|E0Vp)2(45>< 107, (4)

|E | - /'Lowrna||rf|
(4 2 '

Downloaded 29 Jan 2009 to 133.28.162.38. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 9, 1 November 2004 Razzak, Takamura, and Uesugi 4775

1000 2 —
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£ 600 ¥ '
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FIG. 6. Effective induced electric field dependence of Eakel mode tran- FIG. 7. Effect of N, seeding on th&-H mode transition time by observing
sition time. Comparison between experimental results and that of the thedhe rf plasma loading resistance.
retical model calculations.

while about 170Qus for Ar-N, plasma with the same oper-

creases, which decreases the electron oscillating velocity. Ating conditions. The percentage of, Needing, therefore,
decrease of the electron oscillating velocity means a decrea§tearly affects on the initiation time and consequently on the
of the effective electron kinetic energy and thus the ionE-H mode transition. With higher Nseeding, thé-H mode
sound velocity, and consequently, an increase of the transitansition time becomes higher and vice versa with the other
tion time. The longer time, therefore, is needed for el ~ Parameters remaining unchanged. This is because, plasma
mode transition with an increase of the operating gas pres©SSes become higher with increasing the percentage,of N
sure. seeding on pure Ar plasma due to high-power consumption

From Fig. 5, it is seen that the experimental results agref" the formayon of molecular ions N and dissociation of
reasonably with that of the theoretical model calculationd2 Molecules.
using Eqs(3)—«5). The discrepancy appears because the dif-
fusive and/or convective losses, which increase with an ir)v_ CONCLUSIONS
crease of the rf power and neutral gas pressure, are not in-
cluded in the theoretical model. In this paper, the influences of rf power, neutral gas pres-

From Egs.(4) and (5), it is seen that theE-H mode  sure, and nitrogen seeding on tBeH mode transition time
transition time is inversely proportional to the so-called ef-together with the transition dynamics in rf argon inductively
fective induced rf electric fields,/ p or its square. Therefore, coupled plasmas up to atmospheric pressure are investigated,
it is customary to consider the combined effect of both the riboth experimentally and theoretically. The experimental re-
power and the neutral gas pressure onBHd mode transi-  Sults reveal that th&-H mode transition time is not fixed at
tion time. TheE-H mode transition time as a function of the all operating conditions rather it depends on some important
effective induced azimuthal electric fiel},/p is depicted in ~ parameters such as the rf driving power induced electric
Fig. 6, from where it is seen that the mode transition timefield), neutral gas pressure, gas types etc. The effects of rf
decreases with an increase of the effective induced electrigower and neutral gas pressure on the mode transition time
field. However, from the experimental results, it is not clearare investigated separately, but it is found thatfhel mode
whether the transition time is inversely proportional to thetransition time depends on the unique parameigp rather
parameterE,/p or its square. But, the tendency of the ex- than on the independent parameters, rf power or neutral gas
perimental results and that of the theoretical model calculaPressureFig. 6). A reasonable agreement is found between
tions are the same, i.e., transition time decreases with afne theoretical model calculations and experimental results.
increase of,/p, and a reasonable agreement found betweefowever, the estimated results using the drift mqéej. (5)]
the theoretical and that of the experimental results. It is@re in better agreement with that of the experimental ones
therefore, remarked that tH&-H mode transition time de- than other two modeléFigs. 5 and § From the experimen-
pends on the unique parameey p rather than the indepen- tal results it is also found that a longérH mode transition
dent parameter of the rf power or the neutral gas pressurdme is required to ignite the high-pressure Ag-Nlasmas
However, the estimated results using the drift mgéel. (5]  With @ 2.5% —10% R seeding, than that of pure Ar plasmas
are in good agreement with that of the experimental result¥ith the same operating conditions.
than other two modelgFigs. 5 and & Therefore, the drift
tmhg(rjnel is considered to be the most convincing one among ~, NOWLEDGMENTS
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